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Abstract

In this paper, a three-compartment SIRI epidemic model with reintroduced susceptibles under incorporated time delay on sus-
ceptible individuals is considered. Determined disease free, endemic equilibrium points and discussed local stability at endemic
equilibrium point. Identified the point where the system stabilizes by means of Hopf bifurcation. Ascertained the results by nu-
merical simulation using MATLAB. Observed that the system becomes unstable in both the cases of increase in the transmission
rate and additional transaction rate respectively at a fixed critical time delay parameter using numerical examples.

Keywords: Re-infection rate, additional transaction rate, disease free equilibrium point, endemic equilibrium point, time delay,
critical time delay parameter, Hopf-bifurcation

2020 MSC: 92D25, 92D30, 93Dxx, 93D05

1. Introduction

An epidemic is the fast change of location of a disease that affects a large percentage of the population in a certain
area. Epidemiology is the study of epidemics. A mathematical model is a creation of a real-world system or process
through mathematical ideas and principles such as variables, equations, and functions to describe and analyze its be-
havior. These models aim to simplify complex systems by capturing essential relationships and dynamics in a mathe-
matical form. The key components of a mathematical model include variables (which represent changing quantities),
parameters (which are fixed values), and equations that describe the interactions between variables. Mathematical
models are widely used in various fields such as physics, engineering, economics, biology, and social sciences. In
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physics, they are used to describe forces and motion (e.g., Newton’s laws), while in economics, they help analyze
market behaviors or optimize resource allocation. In biology, mathematical models explain population dynamics or
the spread of diseases through epidemiological models like SIR. Environmental science uses models to predict cli-
mate change and pollution spread, while operations research applies mathematical models to optimize logistics and
production processes. Furthermore, machine learning models, which are based on mathematical algorithms, are used
in artificial intelligence for tasks such as classification, prediction, and decision-making. Ultimately, mathematical
models are essential tools for understanding, predicting, and controlling real-world systems and phenomena.

Among the various epidemiological models, the SIS and SIR models are considered the most effective and ex-
tensively studied. Dokala et al. [2]-[7] have conducted in-depth analyses on the stability of these SIR models. Sub-
sequently, Gummala et al. [10], explored the stability of the SIR epidemic model, particularly under vaccination
coverage for newborns. They also examined the dynamics of delays by incorporating time delays in the interactions
between susceptible and infected individuals (¢f. [11]). The SIR model can be made more complex by incorporat-
ing several infection stages, age structure, and spatial variability, among other things. The SIRI model is one such
extension. The book “Population Biology and Criticality” covers partial immunity models, also known as Susceptible-
Infected-Recovered-Infected (SIRI) models (c¢f. [13]). David [1] created an epidemiological model for a community
using SIRI. The three compartments in this paradigm are identified by the letters S, I, and R: susceptible, infectious,
and removed people. This theory states that removable persons have three phases in their life cycle: infectious,
immune-mediated, and infectious again. The SIRI paradigm is applicable to certain disorders, including as herpes
and tuberculosis in humans and animals (cf. [12, 14, 15]), where recovered individuals may relapse into the infectious
class due to inadequate treatment or the reactivation of a latent infection. This type of SIRI pandemic model has been
studied by certain authors in order to comprehend the theory behind illness spread. As a result, a large number of
mathematicians and scientists started focusing on SIRI epidemic models to better understand disease transmission.
Time delays were introduced to account for various factors influencing how the disease spreads within the population.
Emandi et al. [8] explored the stability of the SIRI epidemic model with the reintroduction of susceptibles, assuming
a constant population, and applied analytical methods. They also examined the delay dynamics of the same model,
incorporating time delays in the interactions between susceptible and infected individuals, and found that an increase
in the transmission rate leads to system instability (cf. [9]). The term “time delay” in epidemic models describes the
incorporation of lags or delays in the transitions between the model’s various compartments. Individuals are some-
times classified into several categories or compartments in compartmental epidemic models according to their disease
status, such as susceptible (), infected (1), and recovered (R). Time delays in the susceptible population are included
in mathematical models of infectious illness dissemination to better represent the dynamics of disease transmission.
The concept of time delay in the susceptible population refers to the time it takes for susceptible individuals to tran-
sition into the infectious compartment after exposure to the infectious agent. This enables the model to account for
the lag between exposure and infectiousness, which can have implications for predicting the course of an epidemic,
estimating the effectiveness of control measures, and understanding the impact of interventions such as vaccination or
quarantine. Reducing the initial spread of the disease by introducing a temporal delay for the susceptible population.
This is due to the fact that people exposed to the disease do not spread the infection right away, which lowers the rate
of transmission.

In the second section, governing equations are formed by incorporating time delay in the susceptible individuals
and by choosing suitable parameters and variables. In the third section, derived the steady state points from governing
equations. In the fourth section, discussed the local stability at endemic equilibrium point and identified the conditions
at which the system becomes stable. In the fifth section, identified the critical point where the stability of the system
switches by using Hopf bifurcation. In the sixth section, an attempt is made to ascertained the results by numerical
simulation using MATLAB. Also to observe the stability of the system with respective to transmission and additional
transaction rates numerical examples are considered and it is observed that the system becomes unstable in both the
cases of increase in the transmission rate and additional transaction rate at a fixed critical time delay parameter.

2. Basic equations of the model

Stollenwerk and Jansen [13] discussed the partial immunity models, in specific discussed (Susceptible - infected
- recovered - infected) SIRI models (c¢f. [13]). The SIRI epidemic model is essential for understanding how diseases
spread within populations. By categorizing individuals into susceptible, infected, recovered, and isolated groups, it
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helps predict transmission dynamics. Writing the basic equations of this model aids in analyzing disease progression,

guiding public health decisions, and optimizing control strategies for outbreaks. We considered one of such models in
I

/
which a three-compartment SIRI model with reintroduced susceptibles i.e., SIR\ model in one of our paper (cf. [9])

S
and discussed in detail by incorporating delay in the interaction of susceptible and infected individuals. In this paper,
the same model with time delay incorporated in susceptible individuals is considered. The flowchart of the model is
presented in Figure 1 based on the model’s assumptions. The transit of people between the model compartments can

be seen in this flow chart. The description of variables and parameters that are considered in [9] are presented for
ready reference Tables 1 and 2.

S() 1) R(1)

Figure 1. Flowchart demonstrating how people travel across the model compartments

Variable Description
S Susceptible individuals with respective to time ¢
(1) Infected individuals with respective to time ¢
R(1) Recovered individuals with respective to time ¢

Table 1. Variables and its description

Parameter | Description
B Rate of infection or Reinfection rate
y Recovery rate of infected individual
a The additional rate at which recovered individuals (R) return to the susceptible (S) class
T Parameter for time delay
To Critical time delay parameter or Bifurcation point

Table 2. Parameters and its description

Using the model assumptions, we formulated the governing equations of the model are

ds

EZQ'R—ﬂS(I—T)I,
dl
EZﬂS(I—T)I—’yI+ﬁRI,

dR

— =yl —aR - BRI. 2.1
o~V -aR-p 2.1)

3. Steady-state points

In understanding the disease dynamics, equilibrium points play a vital role. Hence, an attempt is made to identify
disease-free and endemic equilibrium points using the governing equations in (2.1). The disease-free equilibrium
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represents when no infection exists, while the endemic equilibrium shows long-term disease persistence. Analyzing
both helps guide intervention strategies and predict future outbreak trends. In this section, the equilibrium points,
namely a disease-free equilibrium point, and endemic equilibrium point are determined by solving the equations in
(2.1) after equating them individually to zero. i.e.,

das dl dR
—=0,—=0,— =0.
dt dt dt

The equilibrium points are as follows:

E, : Disease free equilibrium point is

E(S*,I",R") = (N,0,0). (3.1
E, : Endemic equilibrium point is
N —y? N — N - y?
ExS*.I'R") = ( aByN-y)  PN-y PN-» ) (3.2)
Bla+pBN=y)BN-vy) B Bla+BN~-v)

Here, the basic reproduction rate of the system (2.1) is identified as Ry = BN Also it is observed that if Ry > 1, the
endemic equilibrium point exist and if Ry < 1 the system has no feasible solution.

4. Stability at equilibrium points

To predict long term disease behavior in epidemic models, the stability at endemic equilibrium point is essential.
Stability analysis helps to determine whether the disease will persist or decline. The analysis guides effective public
health interventions and strategies to control and manage ongoing disease spread in populations. In this section, we
prove that the system is asymptotically stable at the endemic equilibrium point E; subject to the condition stated in the
following theorem. Stability is studied even when time delay is introduced in the susceptible individuals and identified
the point at which the system becomes unstable to stable using Hopf bifurcation.

Theorem 4.1. The system (2.1) is locally asymptotically stable at endemic equilibrium point E>(S*, I, R*).
Proof. Let us represents the equations in (2.1) individually as g;, g», g3. Thatis
g1 =aR =S -1l,

82 =BS5St -1 -yl +pBRI,
g3 =yl —aR - BRI. 4.1)

The Jocobian matrix for the above system (4.1) is

oS 8l  OR
T=\as a1 9R|
oS oI  OR
Hence,
—Be~ M1 -BS a
J=|Be™I BS —vy+pBR Bl |.
0 v —BR —-a— Bl
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The Jacobean matrix for the system (4.1) at endemic equilibrium point E»(S*, I*, R*) is

_ﬂe—/l‘rl* _BS* a
J=|Be " BS*—y+pR* pre |. 4.2)
0 v — BR* —a - BI*

The characteristic equation of (4.2) with A as a parameter is given by
|[J—All=0
B+ (y+a+pd = (S +R)) + Aay —Pa(S* +R*) - B2S*T)
+e T 2BIY) + AByI + Bl + AT (I" = (S* + R*) + B2S*T)] = 0

i.e.,
oA, 1) = B + 22 + A + e (1A% +1,1) =0, (4.3)

where
m=y+a+pld"—(S*+R),

u = ay — Pa(S* + R*) - pS*I",
vy = BI7,
Vo = ByI* + aBI* + B2 (I* = (S* + R")) + BS*I".
To find the condition for existence of negative real roots of (4.3),

Case (i): For 7 = 0, the equation (4.3) becomes

01,0) = /l[/l2 + Ay +a+BI" +BUI" —(S* + R"))) + (ay + ByI" + aB(I" — (S* + R"))
+BA (I = (ST + R)]
= 0 “4.4)
which gives that
1=0

or
A+ Ay +a+BI +BUI = (S*+ RN+ (ay +Byl" +aBI* = (S* + R +B2I'I" = (S* +R*))) = 0. 4.5)
Thus, one of the roots of (4.4) is zero and the system is stable if equation (4.5) possesses negative real roots. Here

—(y+a+BI"+p(I" = (S*+R)))

: <0 if 2I" > N and

ay + BylI" + af(I* — (S* + R*) + B2I"(I* — (S* + R*))
1
Therefore, the system (2.1) is locally asymptotically stable at endemic equilibrium point E,(S*, I*, R*), if 2I* > N.

>0 if 2I" > N.

Case (ii): For 7 > 0, there exists a positive 7( such that the equation (4.3) has pair of purely imaginary roots, and can
be taken as +iw , w > 0.

Since equation (4.3) is a transcendental equation, Routh-Hurwitz criterion cannot be applied to find the roots of the
equation. So, by Rouche’s theorem, the transcendental equation shall have positive real part only, when the equation
has purely imaginary roots.

Let A = +iw be a purely imaginary roots of the equation (4.3). Then (4.3) becomes

(iw)® + ui (iw)* + up(iw) + e (v (iw)* + vy(iw)) = 0,
(—w2u1 - W cos(wT) + vow sin(wT)) + i(—a)3 + wuy + vow cos(wT) + viw? sin(wt)) = 0.
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Separating real and imaginary parts we get the following two equations

vow sin(wt) — v1w2 cos(wt) = a)2u1, (4.6)

Vow cos(wT) + viw? sin(wT) = W = wiy. 4.7

On adding, the equations (4.6) and (4.7) after squaring, we get

Mw?) + () = (@) + W - wi) (4.8)
i.e.,
o+ w4(u% —2u, — v%) + w2(u§ - v%) =0.
Let
W(t) =1 + My +tM, = 0,
where

My = u} = 2uy —vi, My = uj —v3, 1 = W’ 4.9)

Therefore y(t) = 0.

If we assume that M; > 0, M, > 0 then equation (4.9) have no positive real roots.

Therefore the equation (4.9) admits negative real roots. Hence, we can derive the conditions for existences of
stability at endemic equilibrium point. O

Theorem 4.2. The system is locally asymptotically stable for all T, at endemic equilibrium E, if following conditions
hold:

(i) Ry>1, (ii) (ug + V]) >0, (uy +vy) >0, (iii) M, > 0, M, > 0.

Proof. Let any one of M, M, is negative then equation (4.9) has a positive root wy. From the equation (4.6) and (4.7)
and by Cramer’s rule, we have

w2u1 Vo
(J.)3 — wuy v1w2
—vla)2 V2w

W  Vw?

cos(wt) =

s

w*(va — u1vy) — wrp vy

cos(wt) =
V%w“ + v%aﬂ

or

Ty = — COS 2
wo 0

where k =0,1,2,3,.... O

1 (g2 =wvi) = uzv, , 2kn
W ’

2 2
vlu) +V2

5. Hopf-bifurcation

A critical point where the system stability switches, and periodic solution arise is called Hopf-bifurcation. Bifur-
cation analysis helps identifing critical thresholds where disease dynamics change drastically. The Hopf-bifurcation
method allows us to figure out when the disease shifts from persistence to eradication, guiding the development of ef-
fective control strategies and interventions. Generally, the system losses its stability i.e., the system becomes unstable
due to unbounded periodic oscillations arise at this critical point. Hopf-bifurcation takes place when a pair of com-
plex conjugate eigen values cross the imaginary axis around the equilibrium points. Hopf-bifurcation exists for the
system when it is characterized by the system of ordinary differential equations. The following theorem establishes
the existence of Hopf-bifurcation for the three-dimensional system with time delay.
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Theorem 5.1. If Ry > 1 there exist a positive Ty such that the following results hold
(i) If0 < 7 < 1, the system of equations (2.1) is locally asymptotically stable at endemic equilibrium point E;.
(ii) The system (2.1) exhibits a Hopf-bifurcation if T > 1.

Proof. To obtain Hopf-bifurcation, we need to check the transversal condition for the existence of complex eigen
value at T = 7. i.e., the real part of A(7) become positive when 7 > 7. At this stage, the stable state become unstable.
That is the system exhibits Hopf-bifurcation when 7 crosses the critical value 7.

Differentiating (4.3) with respect to 7, we get

da da da da da da
3= 4+ 2ud— + uy— + e T2 A— + vi—) + (M A2 F (-1 —T1—)e " =0,

dr e dr +u2dT Temen dr Vsz) v v2A)( Td‘r)e
i.e.,

da

d—mz + 20 A+ up + e T2+ ) — (A2 + vD)Te ] = VA2 +v)le ™

-
or

s

dr (V1A% + v d)de~

d2\"" B+ 20 + w) L @udiv) 7
dr] — A2+l A2 +r)d A

(d/l)_l [322 + 2uy A + o] L @udsv) 7

(d/l)_] B2 42+ ur + €T QviA+ 1) — (12 + e ]

dt] T AP+ +wpd) A2+l A
A = iwy,
da\ 1 [[F3wR + 2iuwo + ur] Q2iviwg + v3) )
(E) - w_o (—a)g + Uy + iulwg) (=vowg — ivlw%) ”} ’
da\~! 1 (—3(u3 + 2iuwo + uz)(—wg + Urwo — iulw%) 2iviwg + v2)(=vawg + ivlwg) )
(E) "W [ (—w) + urw0)? + (uw})? (v2wp)? + (V1wp)? T} '

Now, real part of

(d/l)_l B L [(—3(4}3 + uz)(—wa + upwo) + 2u1w0(ulwé) . (—v%wo + 2v1wo(v1w(2)))}

dr wo (W} + urwo)? + (uy wj)? (v2wp)? + (V1w)?

i.e.,

(i) + (awp)* = (wou)? + (=wjy + woun)’.
Which imply real part of

(d,l)l 1 3w(5) + wg(Zu% —uy — 3uy — ZV%) + (u% - v%)wo]
dr] — wo (n2wo)? + (Viwj)? ’
i.e.,
R (d/l)_l 3w) + wh(2ud — duy = 207) + (15 — v3)
el — =

dr (v2wp)? + (Viw))?

or

d da\! 30 + WEQu? = duy — 20%) + (u? 12
[ERe(/l)]:[Re(—) ] :[ o * @y = Ay = 2vy) + (U~ v)) ifud —2uy —v3 >0 and u3—v3 > 0.
/l=l'w()

dr (v2wp)? + (V1w)?
Then
d
— Re() > 0.
dr A=iwy
Therefore, the transversality condition holds and Hopf-bifurcation occurs at 7 = 1¢. This 7 is called critical time
delay parameter from which the system becomes unstable to stable. O
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6. Numerical Simulation

Numerical simulations of the system provides visual insight into the stability at the equilibrium points. These
graphs reveal critical thresholds where disease dynamics shift, guiding interventions. By analyzing bifurcation points,
we can predict disease persistence or eradication under varying conditions. These graphs help analyze how disease
prevalence changes over time, revealing whether the disease will persist or fade. Such simulations guide decision-
making in public health interventions and outbreak management.

In this section, numerical simulation for different sets of parametric values is carried out using MATLAB. Twenty
four examples (see Examples 6.1-6.24) are considered to analyse and ascertain our results. For all the examples,
fixed populations N = 60, S = 25,1 = 31, R = 4 are considered. The following examples (see Examples 6.1-6.12)
illustrates the existence of the critical time delay parameter 7 (bifurcation point) for three sets of parametric values
in which the transmission rate 3, recovery rate y varies separately or combinedly and the remaining parameters fixed
constant.

Example 6.1. For 8 = 0.02,y =05, « = 0.7, 7 = 1.9 > 7y = 1.82, the time series response and phase portraits
obtained through simulation, are shown in Figures 2 and 3.

j: | W‘U‘W H HH WH ‘H l':'i?”e:"'ej o
N Il
b M“MH W " ‘ MM‘[M “ ”‘ I =

| 63

Jil ‘ ‘ Ll MMHM\HMH\MHUM

Figure 2. Demonstration of unstability of the system when 7 = 1.9 >  Figure 3. Demonstration of unstability of the system when 7 = 1.9 >
70 = 1.82 in support of Theorem 5.1 by frequency response 70 = 1.82 in support of Theorem 5.1 by phase portraits

Example 6.2. For 8 = 0.02,y = 0.5, @ = 0.7, 7 = 1.85 > 79 = 1.82, the time series response and phase portraits
obtained through simulation, are shown in Figures 4 and 5.

60

susceptible
Infected
50 V ‘ removable | |

il

0 “H

!v
‘ W H‘\H‘M \
H wMWHHHM‘UU\‘\Mwm‘\w WW

\\ ww‘uWuwwwww‘www
\
0

u“ {TTrem
[ H \\ ‘\‘
\‘\‘\“‘\‘HH‘\\H\ “

IS
5}

I

w

|
\‘ H\ I\

population

n
o
removable population

o

-10

0 50 100 150 200 250 300 350 400 450 500 infected population 20 10
Time susceptible population

Figure 4. Demonstration of unstability of the system when 7 = 1.85 >  Figure 5. Demonstration of unstability of the system when 7 = 1.85 >
70 = 1.82 in support of Theorem 5.1 by frequency response 70 = 1.82 in support of Theorem 5.1 by phase portraits
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Example 6.3. For 8 =
simulation, are shown in Figures 6 and 7.

002, y =

60 T T T
50

4

o

‘r

I \“H
H\ ‘MHM
h\“ﬂwwn‘n”h vV

\
I

3

S

population

2|

o

‘\H‘MHH(\H” Wi i

10 HU“ ww

"

susceptible
Infected
removable

,
IR AAAAAAmrrrreee

10 . . .
0 50 100 150

Figure 6. Demonstration of critical time delay parameter 79 = 1.82 in

200 250 300 350
Time

support of Theorem 5.1 by frequency response

400 450

500

removable population

Example 6.4. For 8 = 0.02, y =05, =07, 7=18 < 19

obtained through simulation, are shown in Figures 8 and 9.

60

50

4

o

[}
=3

population

I w\mﬂ \4

10‘

et

10 I I I

susceptible
Infected

removable | |

PAPPAAAAAAA e -

0 50 100 150

Figure 8. Demonstration of stability of the system when 7 = 1.8 < 19 =

200 250 300 350
Time

400 450

1.82 in support of Theorem 5.1 by frequency response

500

removable population

50

0.5, @ = 0.7, the time series response and phase portraits obtained through

30

30 10
0

infected population 20  -10

susceptible population

Figure 7. Demonstration of critical time delay parameter 79 = 1.82 in
support of Theorem 5.1 by phase portraits

1.82, the time series response and phase portraits

30

30 10

infected population 20 -10

susceptible population

Figure 9. Demonstration of stability of the system when 7 = 1.8 < 79 =
1.82 in support of Theorem 5.1 by phase portraits

In this case, the system converges to the fixed equilibrium point E(12,35,13) at 7 = 1.8 < 79 = 1.82 and hence
asymptotically stable. Thus, the Examples 6.1-6.4, illustrates the existence of the critical time delay parameter 7o and

it is identified as 1.82.
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Example 6.5. For 8 = 0.018,y = 03,2 = 0.7, 7 = 1.9 > 19 = 1.78, the time series response and phase portraits
obtained through simulation, are shown in Figures 10 and 11.

80 : : . . ; ; | ; : ‘
A =
60 ‘ ‘H ” ‘ H H removable |||
H ” ‘ ‘ ‘ ‘ ‘ “HH‘HM““ u\ 12
{1 ——
IR IR IR :
< | =
g ol | g4
g 3
= R
£
: |k
4
80
20 b I
60 ” 40
40 0
. \ \ . . . . . . . -20
40o 50 100 150 200 250 300 350 400 450 500 infected population 20 40
Time susceptible population

Figure 10. Demonstration of unstability of the system when 7 = 1.9 >  Figure 11. Demonstration of unstability of the system when 7 = 1.9 >
7o = 1.78 in support of Theorem 5.1 by frequency response 7o = 1.78 in support of Theorem 5.1 by phase portraits.

Example 6.6. For 3 = 0.018,y = 0.3, @ = 0.7, 7 = 1.8 > 7y = 1.78, the time series response and phase portraits
obtained through simulation, are shown in Figures 12 and 13.

70 : ‘
susceptible
60 Infected 4
removable 0
) ‘\H \”‘ ‘H ”‘ H“‘MM‘H‘w’\”(\‘\"\me AW .
40 ‘ ‘“ m \h \“H\‘\W“U\‘ M\HU‘MUM\ VIV WMWY

\U‘
30 ‘M" g

‘z ﬂﬂﬂuﬂunvwvﬂu%ﬁu”UnUﬂUﬂUﬂUAUAUﬂVﬂUﬂ\rUﬂVHUMVAVHURVAVAUAU it ”UAu“U"UAUwvvwwVWWW .

population
removable population

30

40

30
20 . . . . . . . . . _ _
0 50 100 150 200 250 300 350 400 450 500 infected population 20 20
Time susceptible population

Figure 12. Demonstration of unstability of the system when 7 = 1.8 >  Figure 13. Demonstration of unstability of the system when 7 = 1.8 >
70 = 1.78 in support of Theorem 5.1 by frequency response 7o = 1.78 in support of Theorem 5.1 by phase portraits

Example 6.7. For 8 = 0.018, y = 0.3, @ = 0.7, the time series response and phase portraits obtained through
simulation, are shown in Figures 14 and 15.
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70 ! !
susceptible
60 Infected B
removable
50 H\H H"v i 1 10
Hm Il I — 5 o
40 \ | “ W 1 kS
\u h‘ w 3 8
j =
£ aof i ] g
= [0
2 °
2 20 n I g § 6
< H‘UM\ s
10 M\‘H\H}HW\f\uﬂrmm MM AR g 5
\“\ Il H I ‘“/W ‘\“‘ NN TR
H MUH\‘ \J 4
0 w ] 60
30
.10 4
20 . . . . . . . . . 30 10
0 50 100 150 200 250 300 350 400 450 500 infected population 20 20
Time susceptible population

Figure 14. Demonstration of critical time delay parameter 7o = 1.78 in
support of Theorem 5.1 by frequency response

Figure 15. Demonstration of critical time delay parameter 79 = 1.78 in
support of Theorem 5.1 by phase portraits

Example 6.8. For 8 =0.018,y =03, = 0.7, 7 = 1.75 < 19 = 1.78, the time series response and phase portraits
obtained through simulation, are shown in Figures 16 and 17.
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Figure 16. Demonstration of stability of the system when 7 = 1.75 < Figure 17. Demonstration of stability of the system when 7 = 1.75 <
70 = 1.78 in support of Theorem 5.1 by frequency response. 7o = 1.78 in support of Theorem 5.1 by phase portraits

From Figures 16 and 17, observe that the system converges to the fixed equilibrium point E(8,43,9) at 7 = 1.75 <
7o = 1.78 and hence asymptotically stable. Thus, the Examples 6.5-6.8, illustrates the existence of the critical time
delay parameter 7( and it is identified as 1.78.

Example 6.9. For = 0.02,y =03, =0.7, 7= 178 > 7y =
obtained through simulation, are shown in Figures 18 and 19.

1.57, the time series response and phase portraits
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Figure 18. Demonstration of unstability of the system when 7 = 1.78 >  Figure 19. Demonstration of unstability of the system when 7 = 1.78 >
70 = 1.57 in support of Theorem 5.1 by frequency response 70 = 1.57 in support of Theorem 5.1 by phase portraits

Example 6.10. For 8 = 0.02,y = 0.3, @ = 0.7, 7 = 1.62 > 19 = 1.57, the time series response and phase portraits
obtained through simulation, are shown in Figures 20 and 21.
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Figure 20. Demonstration of unstability of the system when 7 = 1.62 >  Figure 21. Demonstration of unstability of the system when 7 = 1.62 >
70 = 1.57 in support of Theorem 5.1 by frequency response 7o = 1.57 in support of Theorem 5.1 by phase portraits

Example 6.11. For g = 0.02, y = 0.3, @« = 0.7, the time series response and phase portraits obtained through
simulation, are shown in Figures 22 and 23.
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Figure 22. Demonstration of critical time delay parameter 7o = 1.57 in

support of Theorem 5.1 by frequency response

Figure 23. Demonstration of critical time delay parameter 79 = 1.57 in

support of Theorem 5.1 by phase portraits

Example 6.12. For § = 0.02, ¥y = 0.3, 2 = 0.7, 7 = 1.5 < 79 = 1.57, the time series response and phase portraits
obtained through simulation, are shown in Figures 24 and 25.
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Figure 24. Demonstration of stability of the system when 7 = 1.5 < Figure 25. Demonstration of stability of the system when 7 = 1.5 <
7o = 1.57 in support of Theorem 5.1 by frequency response 70 = 1.57 in support of Theorem 5.1 by phase portraits

From Figures 24 and 25, observe that the system converges to the fixed equilibrium point E(7,45,8) at 7 = 1.5 <
79 = 1.57 and hence asymptotically stable. Thus, the Examples 6.9-6.12, illustrates the existence of the critical time
delay parameter 7 and it is identified as 1.57.

The parametric values and the corresponding critical time delay parameters (bifurcation points) are tabulated in

the Table 3.
S. No. | Example Parametric Values Critical Bifurcation Parameter (1)
1 6.1-6.4 B=0.02,y=0.5,a=07 70 = 1.82
2 6.5-6.8 | B=0.018,y =03, =0.7 70 =1.78
3 6.9-6.12 | B=0.02,y=0.3,a0=0.7 70 = 1.57

Table 3. Critical time delay parameters for different sets of parametric values
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For the above three sets of parametric values, the critical time delay parameter 1 evaluated theoretically and it
is observed that the obtained values are closure to the values obtained graphically. The corresponding values are

tabulated in the Table 4.
Parameters | S=0.02,7=05,a=0.7 | 5=0.018,y=03,2a=07 | =002,y =03,a =0.7

U 14 1.468 1.6
U -0.168 -0.115656 -0.126
Vi 0.7 0.774 0.9
12 1.148 1.247688 1.4512
N, 1.806 1.78726 2.002
N> -1.28968 -1.54335 -2.089525
wy 0.74 0.8 0.872

7o (Theoretical) 1.87 2.01 1.34

7o (Graphical) 1.82 1.78 1.57

Table 4. Comparison of theoretical and graphical values of critical time delay parameter 7o

In the following examples (see Examples 6.13 and 6.14), considered two sets of parametric values in which the
transmission rate 3 is varied to ascertain the unstability of the system at fixed critical time delay parameter 7.

Example 6.13. For 8 = 0.018, ¥ = 0.5, @ = 0.05, the time series response and phase portraits obtained through
simulation, are shown in Figures 26 and 27.
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Figure 26. Demonstration of how £ influences the stability of the system  Figure 27. Demonstration of how S influences the stability of the system
when S = 0.018 at critical time delay parameter 79 = 2.49 by frequency when 8 = 0.018 at critical time delay paramter 79 = 2.49 by phase

response.

portraits.

Example 6.14. For 8 = 0.019, y = 0.5, @ = 0.05, 7y = 2.49, the time series response and phase portraits obtained
through simulation, are shown in Figures 28 and 29.
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Figure 28. Demonstration of how S influences the stability of the system  Figure 29. Demonstration of how § influences the stability of the system
when 8 = 0.019 at critical time delay parameter 7o = 2.49 by frequency when 8 = 0.019 at critical time delay parameter 79 = 2.49 by phase
response portraits

Example 6.15. For g = 0.02, y = 0.5, @ = 0.05, 7y = 2.49, the time series response and phase portraits obtained
through simulation, are shown in Figures 30 and 31.
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Figure 30. Demonstration of how S influences the stability of the system  Figure 31. Demonstration of how S influences the stability of the system
when 8 = 0.02 at critical time delay parameter 7o = 2.49 by frequency when 8 = 0.02 at critical time delay parameter 79 = 2.49 by phase
response. portraits.

From the Examples 6.13-6.15, it is observed that when the transmission rate (8) is increased at critical time delay
parameter 7y = 2.49, the system becomes unstable.

Example 6.16. For 8 = 0.015, y = 0.3, @ = 0.7, the time series response and phase portraits obtained through
simulation, are shown in Figures 32 and 33.
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Figure 32. Demonstration of how S influences the stability of the system  Figure 33. Demonstration of how S influences the stability of the system
when 8 = 0.015 at critical time delay parameter 7o = 2.2 by frequency when 8 = 0.015 at critical time delay parameter 79 = 2.2 by phase
response portraits

Example 6.17. For 8 = 0.016, vy = 0.3, @ = 0.7, 79 = 2.2, the time series response and phase portraits obtained
through simulation, are shown in Figures 34 and 35.
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Figure 34. Demonstration of how S influences the stability of the system  Figure 35. Demonstration of how S influences the stability of the system
when 8 = 0.016 at critical time delay parameter 7o = 2.2 by frequency when 8 = 0.016 at critical time delay parameter 79 = 2.2 by phase
response portraits

Example 6.18. For 8 = 0.017, vy = 0.3, @ = 0.7, 79 = 2.2, the time series response and phase portraits obtained
through simulation, are shown in Figures 36 and 37.

573



Emandi, Shaik, Dokala and Umme / Montes Taurus J. Pure Appl. Math. 6 (3), 558-578, 2024

H“M’

Infected
removable

100

F———

I

HM

| I

population

removable population

60 . h h . . . . \ . )
0 50 100 150 200 250 300 350 400 450 500 infected population 0 -50
Time susceptible population

Figure 36. Demonstration of how S influences the stability of the system  Figure 37. Demonstration of how 3 influences the stability of the system
when 8 = 0.017 at critical time delay parameter 7o = 2.2 by frequency when 8 = 0.017 at critical time delay parameter 79 = 2.2 by phase
response portraits

From the Examples 6.16-6.18, it is observed that when the transmission rate (8) is increased at critical time delay
parameter 7 = 2.2, the system becomes unstable.

The parametric values and the corresponding transmission rate () are tabulated in the Table 5.

S. No. | Example Parametric Values B Observation
1 6.13 v =0.5,a=0.051 =249 | 0.018 70 = 2.49
2 6.14 v=0.5,0=0.0571 =249 | 0.019 unstable
3 6.15 vy=05,a=0.051=249 | 0.02 unstable
4 6.16 vy=03,0a=07,7=22 0.015 To =22
5 6.17 vy=03,0=07,19=22 0.016 unstable
6 6.18 y=03,a=07,79=22 0.017 unstable

Table 5. Table displaying the impact of the transmission rate 8 on the delay

Two sets of parametric values is considered in which the additional transaction rate « is varied to ascertain the
unstability of the system at fixed critical time delay parameter 7 in the Examples 6.19-6.24.

Example 6.19. For 8 = 0.02, y = 0.5, @« = 0.3, the time series response and phase portraits obtained through
simulation, are shown in Figures 38 and 39.
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Figure 38. Demonstration of how « influences the stability of the system  Figure 39. Demonstration of how « influences the stability of the sys-
when o = 0.3 at critical time delay parameter 79 = 1.92 by frequency tem when @ = 0.3 at critical time delay parameter 79 = 1.92 by phase
response portraits
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Example 6.20. For g8 = 0.02, y = 0.5, @ = 0.5, 19 = 1.92, the time series response and phase portraits obtained
through simulation, are shown in Figures 40 and 41.
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Figure 40. Demonstration of how @ influences the stability of the system  Figure 41. Demonstration of how «@ influences the stability of the sys-
when o = 0.5 at critical time delay parameter 79 = 1.92 by frequency tem when @ = 0.5 at critical time delay parameter 7o = 1.92 by phase
response portraits

Example 6.21. For g8 = 0.02, y = 0.5, @ = 0.7, 19 = 1.92, the time series response and phase portraits obtained
through simulation, are shown in Figures 42 and 43.
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Figure 42. Demonstration of how @ influences the stability of the system  Figure 43. Demonstration of how « influences the stability of the sys-
when o = 0.7 at critical time delay parameter 79 = 1.92 by frequency tem when @ = 0.7 at critical time delay parameter 7o = 1.92 by phase
response portraits

In Examples 6.19 to 6.21, it is observed that as the additional transition rate @ increases at the critical time delay
parameter 7y = 1.92, the system becomes unstable.
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Example 6.22. For 8 = 0.018, ¥ = 0.3, @ = 0.05, the time series response and phase portraits obtained through
simulation, are shown in Figures 44 and 45.
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Figure 44. Demonstration of how @ influences the stability of the system  Figure 45. Demonstration of how « influences the stability of the system
when a = 0.05 at critical time delay parameter 7o = 1.93 by frequency when & = 0.05 at critical time delay parameter 79 = 1.93 by phase
response portraits

Example 6.23. For 8 = 0.018, ¥ = 0.3, @ = 0.1, 79 = 1.93, the time series response and phase portraits obtained
through simulation, are shown in Figures 46 and 47.
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Figure 46. Demonstration of how « influences the stability of the system  Figure 47. Demonstration of how « influences the stability of the sys-
when @ = 0.1 at critical time delay parameter 79 = 1.93 by frequency tem when @ = 0.1 at critical time delay parameter 79 = 1.93 by phase
response. portraits.

Example 6.24. For 8 = 0.018, y = 0.3, @ = 0.15, 79 = 1.93, the time series response and phase portraits obtained
through simulation, are shown in Figures 48 and 49.
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Figure 48. Demonstration of how @ influences the stability of the system  Figure 49. Demonstration of how « influences the stability of the system
when @ = 0.15 at critical time delay parameter 79 = 1.93 by frequency when @ = 0.15 at critical time delay parameter 79 = 1.93 by phase
response. portraits

In Examples 6.22-6.24, it is observed that as the additional transition rate @ increases at the critical time delay
parameter 7o = 1.93, the system becomes unstable.

The parametric values and the corresponding to the additional transaction rate (@) is increases are tabulated in the
Table 6.

S. No. | Example Parametric Values a Observation
1 6.19 B =0.02,y=051=192 0.3 70 =192
2 6.20 =002,y =057 =192 0.5 unstable
3 6.21 B£=0.02,y =051 =192 0.7 unstable
4 6.22 B =0018,y =0.3,79 = 1.93 | 0.05 70 =1.93
5 6.23 B =0.018,y =0.3,7 =193 | 0.1 unstable
6 6.24 B =0018,y=03,79 =193 | 0.15 unstable

Table 6. Table illustrating the impact of the additional transition rate & on the delay

7. Results and conclusions

I
/
A three-compartment SIRI epidemic model with reintroduced susceptibles (i.e., SIR ) under incorporated time

delay on susceptible individuals is considered. It is observed that the model admits a disgase free equilibrium point
if the basic reproductive rate is less than one. Also the system admits an endemic equilibrium point, if the basic
reproductive rate is greater than one and from Theorem 4.1 the system is locally asymptotically stable if 2/ > N.
Numerical simulation is carried out by considering twenty four examples to support the results using MATLAB.
Obtained bifurcation points for three different sets of parametric values subject to variation in the transmission rate
B and recovery rate vy and the remaining parameters fixed constant. Also considered two sets of parametric values to
observe the effect of transmission rate 8 on delay and observed that when the transmission rate 3 is varied the system
is becoming unstable at fixed critical time delay parameter 7y. Further, considered two sets of parametric values to
observe the effect of additional transaction rate @ on delay and observed that when the additional transaction rate « is
varied the system is becoming unstable at fixed critical time delay parameter 7.
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