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Abstract

In this article, the Caputo fractional order model with low risk individuals of the tuberculosis
is proposed. We investigate a qualitative analysis of the epidemic model via positivity, exis-
tence and uniqueness, stability and threshold quantity. Conducting a sensitivity analysis and
examining the dynamics of threshold parameters enable the assessment of the efficacy of pre-
ventive measures, prediction of future outbreaks, and the formulation of potential strategies for
disease control. Numerical computations are executed using the Laplace Adomian decompo-
sition method. The findings imply that the increment of low risk individuals can mitigate the
prevalence and impact of tuberculosis on the human population in the respective region.
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1 Introduction

Tuberculosis (TB) originates by the Mycobacterium TB bacteria and most commonly affects the
lungs. It is treatable and can be prevented. When individuals afflicted with lungs TB engage in
activities such as coughing, sneezing, or spitting, they emit TB germs into the surrounding air. In-
fection occurs due to breathing a small number of these bacterium. TB disease can be transmitted
in the following ways: when people with active pulmonary TB cough, sneeze, speak, sing or spit,
they emit infectious aerosol droplets ranging in size from 0.5 to 5.0 micrometers. One sneeze can
release up to forty thousand droplets. The infectious dosage of TB is extremely low—inhaling less
than 10 germs can result in an infection. Therefore, every droplet has the ability to transmit the
infection [34, 31]. A significant portion of the world’s population has latent TB, which means they
have been infected but are not yet sick or contagious. Those carrying TB bacteria have a 5-15%
probability of developing the disease in their entire life. Individuals with weak immune systems,
including those with HIV, experiencing malnutrition, diabetes, or smoker, have a considerably
heightened risk of contacting illness. Inadequate treatment leads to the death of around 45% of
individuals without HIV and almost all individuals with HIV who have TB [48].

TB ranks among the world’s top ten leading causes of mortality and the second largest in-
fectious killer after COVID-19. According to the World Health Organization (WHO), TB afflicted
10.4 million people, and 1.7 million fatalities, including 0.4 million people living with HIV in 2016.
Over 95% of TB fatalities take place in low and middle income countries. In 2016, around one mil-
lion children were diagnosed with TB, and 0.25 million deaths from TB, which included cases of
TB associated with HIV in children. TB is the predominant cause of death in HIV—positive pa-
tients, 40% of HIV associated fatalities were due to TB in 2016. The TB death rate declined by 37%
from 2000 to 2016, due to a 2% decline in TB incidence, and TB diagnosis and treatment saved an
approximately 53 million lives. In 2015, the success rate of treatment for newly diagnosed TB was
83% [48]. In 2022, WHO evaluated that 10.6 million individuals worldwide suffered from TB, and
1.3 million deaths from the TB, including 0.167 million individuals living with HIV. An evaluated
5.8 million men, 3.5 million women, and 1.3 million children were diagnosed with TB [51].

Mathematical models possess essential characteristics that prove invaluable in both control-
ling and investigating the spread of diseases. Mathematical models addressing numerous disease
types are documented in the literature including COVID-19 [3], TB control model [2], TB with
exogenous reinfection [20], and rubella disease [12]. Over the past few decades, it is evident
that the real-world phenomena can be more accurately represented by utilizing non-integer dif-
ferential equations, incorporating fractional orders for enhanced precision in various fields such
as bio-engineering [32], physics [23], bio-medicine and biology [24], and chemical engineering
[40]. It can improve forecast accuracy and memory effect in a variety of dynamical systems and
more accurately reflect real-world phenomena. One important aspect of fractional-order models
is memory effects, which are the phenomena where the system’s current state depends on both its
prior history and its current situations. Because TB has a protracted incubation period and can re-
main latent for years before becoming active, memory effects are especially important [4]. A more
realistic description of the disease dynamics is possible with fractional-order models, which in-
corporate non—integer order derivatives and integrals to account for these memory effects [16].

Kumar et al. [27] studied a new fractional order malaria infectious disease model with vac-
cines application. Gao et al. [18] investigated the SIRD model for lasa disease in pregnant women
by using g-homotopy analysis transform method. Mohandoss et al. [33] analyzed the existence
of fractional order SVEIR model of hand feet mouth infectious disease. Atokolo et al. [9] uti-
lized Laplace Adomian decomposition method (LADM) to investigate fractional order Zika virus
disease model. Abdulaziz et al. [1] solved fractional order system of differential equation via

920



R. Nawaz et al. Malaysian ]. Math. Sci. 18(4): 919-947(2024) 919 - 947

homotopy perturbation method.

On the other hand, investigating the TB disease is an important research topic. Waaler et al.
[47] made an early contribution to the disease epidemiology by introducing a model for TB infec-
tion. Ullah et al. [46] used the product integration (PI) rule to study TB model. Kumar et al. [28]
studied the existence and uniqueness of fractional order TB model with two type of derivatives.
Rashid et al. [41] studied the fractional order SEIR TB model with immune group by using LADM
method. Asres et al. [8] formulated a model to account for inadequate treatment and to evaluate
the effect of delayed and rapid transmission of TB infection. Liu et al. [29] developed a TB model
to investigate its global stability outcomes. Zhang et al. [50] studied a mathematical model for TB
infection that accounted for both hospitalized and non-hospitalized infectious groups.

Fractional order mathematical models based on the fractional operator have been used to study
TB transmission dynamics. Introducing fractional order models, such as the Caputo fractional
order models, provides new ways to analyze the intricate dynamics of TB transmission. These
models more accurately represent TB complex natural history, including issues such as the time
lag between infection and community response. Furthermore, the Caputo operator is more easy
and convenient as compare to other fractional operators. Its advantageous for providing natural
modeling compared to other fractional derivatives, as it assumes that the derivative of a constant
is zero. This property aligns well with real-world phenomena like epidemics including COVID-
19 [7], tumor [36], malaria [43], and mumps virus [35]. Research has shown that the Caputo
model outperforms classical integer-order model by 48% in fitting COVID-19 real data [44]. This
demonstrates its superior ability to capture the complex dynamics of disease transmission accu-
rately. The Caputo fractional epidemic models have been rigorously studied for stability, ensuring
the existence of unique solutions and their stability using fixed point theorems. This provides
a strong theoretical foundation for the models including COVID-19 [37], tumor-immune model
[11], and syphilis model [17]. However, one limitation of the Caputo technique compared to
other fractional derivatives is the lack of a clear physical or geometrical meaning of the fractional
order, even for integer-order derivatives. This can make it challenging to directly relate the frac-
tional order to real-world phenomena. Incorporating hereditary traits and population genetics
into Caputo fractional epidemic models is complex and requires further research to fully account
for genetic factors affecting disease transmission and susceptibility. The Caputo models still relies
on simplifying assumptions like homogeneous mixing of the population. Extending the models
to more realistic network-based models could enhance their predictive power like SIR COVID-19
model [6], mass spring model [15], and nipah virus model [13]. Hattaf et al. [22, 21] introduced
new mixed fractional derivative and Fractal fractional derivative definitions in the sense of Ca-
puto. Owolabi and Pindza [38] worked on the Caputo type fractional order model of TB with
constant control measures. Many other researchers worked on TB models in different way, refer
for more details [42, 10].

In this paper, we extend the integer order epidemiological model of Liu & Wang [30] which
integrates interventions via Caputo fractional derivative. The Caputo derivative used in this study
is a special case of the new Hattaf mixed fractional derivative. The proposed model having epi-
demiological relevance which provides the comparison between traditional compartmental model
with complex dynamic of TB transmission via LADM numerical method. In addition, compared to
other approaches, the Laplace-Adomian algorithm has a stronger convergence rate and is straight-
forward and easy to use. It can be seen that, in spite of these benefits, its stability is inferior to
that of other numerical methods [49]. The uniqueness of this paper includes: fractional deriva-
tive, multi component structure, data integration, sensitivity analysis, and novel mathematical
method. These innovations collectively contribute to the novelty of the TB model, making it a
more comprehensive and accurate tool for understanding and controlling the disease. The entire
population in the model, denoted as N(z), is segmented into eight distinct categories: the sus-
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ceptible class S(z), the early latent class E.(z), the later latent class E;(z), the infected TB class
I(z), the treatment TB class T'(z), the active TB with interrupted treatment class G(z), the low—
risk individuals class L,(z), and the recovered class R(z). The total population is expressed as
N(z) = S(2) + Ec(2) + Ei(2) + I(2) + T(2) + G(2) + L.(2) + R(z). The fractional order for
SE.E, ITGL,R is formulated as follows:

CDYS — A+ 0R — BSI — uS,
CDYE, =BSI+ (1 —q)nG — (m+ u+k)E.,
“DYE; = (1 - p)kEc + qnG — (n + w) Ey,
CD°I = pkE, +wE; — (r + p+dy)I + opT,
DT =rl — (p+do+v+ &+ 0)T,
DG =T — (u+ds +n)G,
“DL, = (1 - p)oT +mE, — uL,,
CDYR = €T — (u+ O)R.

In Model (1), 9 € (0, 1] denotes the fractional order, A represents the rate of introduction of the
susceptible population, and £ indicates the rate of transmission coefficient from the susceptible S
to the infected I. Furthermore, 11 signifies the natural death rate, whereas d;, d2, and ds indicate
the disease—induced fatality rates in classes I, T', and G, respectively. w represents the reactivation
rate of the long-term latent population. p shows the proportion of people in the early latent stage
with rapid TB progression. The parameter ¢ indicates the percentage of self-cured persons in
class G who move to class E;. £ denotes the recovery rate of treated active TB cases. The rate of
treatment interruption in class 7' is illustrated by . 1 denotes the rate at which persons in class
G self—cure due to the immune system, whereas r represents the rate of treatment for untreated
active TB cases and k symbolizes the reactivation rate of the early latent stage. The treatment
failure probability is represented by p, the treatment rate by o, and the progression rate from £,
to L, by m. Finally, # denotes the proportion of recovered people that become sensitive again and
re—enter the susceptible class.

T
(u+dx)T

UR

(1—=p)aT

(+d3)G ML

Figure 1: Schematic diagram of TB Model (2).

The schematic diagram of the dynamical Model (1) is depicted in Figure 1. The outward ar-
rows symbolize the terms exiting the compartments, whereas inward arrows signify the terms
entering the compartments. Considering the total population N(z), it is reasonable to assume
that for z > 0, all variables are greater than or equal to zero.
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For simplicity Model (1) can be written as,

DS = A+60R— BSI — uS,
CDYE, = BSI + kiG — ko E.,
“DYE; = k3E. + qnG — k4 Ey,
CDYI = pkE, + wE; — ksI + opT,
DT =rI — kT,
CDﬁG = ’YT - k7G,
CDYL, = ksT + mE. — puL,,
CDYR = €T — koR,
$>0, E.>0, FE >0 1>0,
T>0, G>0, L.>0, R>0,

(2)

where, k1 = (1 —q)n, ko = m+pu+k ks = (1 —pk, ky = p+w, ks =7+ p+d + o0,
ke =p+do+y+&+o0,kr=p+ds+n ks = (1 —p)o, kg = p+ 0. Further details regarding
parameters are outlined in the Table 1.

Table 1: Parameters description of the TB model.

Parameter | Description
A recruitment rate
0 fraction of recovered individuals being suspected
B rate of transmission from S to 1
7 natural fatality rate
q rate of self cured person from G enter into £
7 rate of self cured persons in G due to immune system
m progression rate from E. to L,
k reactivation rate of the early latent persons
D latent persons fast TB progression rate
w reactivation rate of long term latent individuals
r rate of treatment for untreated active TB cases
dy disease induced fatality rate in I
o treatment rate
p treatment failure probability
do TB induced fatality rate in T
¥ treatment rate interruption in class T
3 recovery rate
ds disease induced fatality rate in G
) fractional order

In this manuscript, sections are arranged as follows: Section 1 details the proposed dynamical
system for investigating TB disease dynamics. Section 2 offers some necessary definitions, lemmas
and theorems. Section 3 discusses the existence and uniqueness of solutions. The calculation of the
basic reproduction number, disease—free and endemic equilibrium points, and stability analysis
are presented in Section 4. Section 5 covers the sensitivity analysis. The construction of general
solution of the proposed model by LADM and some numerical results are displayed in Section 6.
Finally, Section 7 delves into the conclusions.
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2 Preliminaries

Definition 2.1. [25] The fractional Y-order integral of a function x : R — R is defined as,

v —i szsﬂflxs S
I'x(2) = g7 [ (6= 9" (s

T'(.) is gamma function and the integral exists.
Definition 2.2. [25] The fractional ) order Caputo type derivative of a function x € C?)((0,00),R) is
defined as,

¢p? - Zz—sp_ﬁ_lxps s
Dx(2) = s | (= s

where p = [V] + 1 and [9] is integer part of ¥ € R™T.

Corollary 2.1. [19] Let f(z) € Cle,d], DY f(2) € Cle,d], and ¥ € (0,1]. For all z € (c,d) then, if
DV f(z) > 0 then f(z) is non—decreasing, and if D” f(z) < 0 then f(z) is non—increasing.

Definition 2.3. [39] Laplace transformation of the Caputo type derivative is defined as,

n—1
LICD f(2)] = s"F(s) = > _s"771f/(0), n—-1<¥<n, neN.
j=0

3 Main Results

3.1 Existence and uniqueness of model (2)

Model (2) can be rewritten as,

“DYS(z) = A1(2,5(2)) = A+ OR — BSI — S,
o(2) = Aa(2, Ee(2)) = BST + k1 G — ko Ee,

“DYEi(2) = As(2, Ei(2)) = ks Ee + qnG — ks,
(

m

“DYI(2) = Au(2,1(2)) = pkE, + wE; — ksI + opT, 3)
DT (2) = As(2,T(2)) = rl — kT,
CDYG(2) = As(2,G(2)) =T — k:G,
CDYL.(2) = A7(2, Ly(2)) = ksT + mE, — uL,,
°DYR(z) = As(z,R(2)) = €T — koR.

To simplify, we write Model (3) in vector form as,
CDU(E) = 2(U(2), W
UD)=Uy >0, 0<z<T<o0o, 0<I<I,

where U(z), U(0) represents vectors containing the state variables and their initial values respec-
tively, and Z : [0,7] x R® — R is a continuous vector function, i.e.,

Z/{(Z) = (Sa E€7Elala Ta G,L,-,R)T,
M(O) = (SO7E607EZQ7IOaT07GOaL'r’(nRO)Ta
Z(Z,U(Z)) = [AZ(S7 E67El7I7T7G7LT7R)]T7 1= 17 s 58'
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Integrate both sides of (4), from 0 to z, gives,

U(=) —U(0) = %ﬁ) / T Z(y.UW) (= — vy, (5)

S(2) = S(0) = gy Jy (2 = 1)~ [Ai (v, S(v)) |y,
Ee(2) = Bo(0) = t5y Jy (2 = )" [As v, Eely)) | dy,
Ei(2) = Ei0) = w7 J5 (= = )"~ [As . Eu(w)) | d,
1(2) = 1(0) = gy Ji (== )" [ Aaly. 1)) | . ©
T(2) = T(0) = by Jy (2 = )" [As(y, T(v) |y,
G(2) = G(0) = gy Ji (= = )"~ [ Ao, G(w)) |y,
Lo(2) = Lo(0) = 15 Jiy (2 = )"~ [ Ar(y, L ()| v,
R(z) = R(0) = r5y J5 (2 = )"~ [ As(y, R(y)) | dy.

Theorem 3.1. All kernels,

satisfy the Lipschitz condition and they are contraction if the following inequality holds,

0<~v <1, i=1,...,8.

Proof. Let S and S, be two functions, then we have

141 (2, 5(2)) = Ai (2, S1(2)Il = [| = B{S(2) = S1(2)}H (2) = p{S(2) = S1(2)}H]-
Taking v1 = Sd + p, |I(2)| < d, by triangular inequality, we have

[A1(2,5(2)) = Ai(z, S1(2)l| < 1B(5(2) = S1(D L) + [[1(S(2) = S1(2))l
< BIHEI+mIS(2) = 512l

< (Bd+ wIS(z) = S1(2)]l

<mnlS(z) = Si1(2)l-

Similarly,
[A2(2, Ee(2)) — A2(z, Ee, (2)) || < 12llEe(2) — Ee, (2)]],
)

A3 (2, E1(2)) — As(z, En, (2)|| < sl Ei(2) — Eu, (2)]],
Aa(z, i (2)]] < nlll(z) = L),

A4z, 1(2)) =
145 (2, T(2)) = As(2, Ta(2)) | <25lT(2) = Ta(2)]),
146(2, G(2)) = As (2, G1(2)) | <6/G(2) = Ga(2)]l;

A7 (2, Ly (2)) = Az(2, L, ()| < y7l[Lr(2) = Ly (2,
[As (2, R(2)) = As(z, Ba(2))]] < [l R2(2) = Ra(2)]l;

where Y1 = ﬁd—F ", Yo = kg, Y3 = ]414, Y4 = ]4;5, V5 = k‘6, Y6 = k‘7, Yr = M, Y8 = ]419. Hence, all
A; satisfy the Lipschitz condition, and they are also contraction if 0 < v; < 1, wherei = 2,...,8.
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From (6), the recursive formula for S, E., E;, I, T, G, L,, R are

with initial conditions;

So0(2) = 5(0),  Eeo(2) = Ee(0),  Ei(2) = Ei(0),  Io(z) = 1(0),
To(2) =T(0),  Go(2) = G(0),  Lpy(2) = Lr(0),  Ro(z) = R(0).

=)

Now, taking the differences between the successive terms yields,

Applying the norm to both sides of (7), we obtain

lown(2)] < ﬁ / 1 = )" AL (9 St () — Ar (s S ().

As the kernel fulfills the Lipschitz condition, we have

no[f
<
el < 705 [ Bern @)y

where ~; is the Lipschitz constant.

926

@10(2) = Sn(2) = Su-1(2) = iy Jy (2 = )" [Aa (9, Su-1(9) = Ar(y, Su-2(v)) |y,
ban(2) = Bey(2) = Bey,(2) = i Jo (2 = 9" [ Aoy, B, () = As(y, B, ()] dy,
p3n(2) = Ei,(2) = Bi,_,(2) = gy Jo (2 = 9)"7" [As(y, Ei,_,(y) — As(y, Ez,,b,z(y))] dy,
pan(2) = In(2) = L1 (2) = s Jy (= =) [ Ay, Toma (9) = Asly T (9) ]y,
esn(2) = Tul2) = Tt (2) = gy Jy (2= )7 [ As (9, Tacs () — As (9, T2 ()| dy,
Yon(2) = Gu(2) = Guoi(2) = gy Jo (2 —9)"7" [«46(% Gn-1(y)) — As(y, Gn—2(y))} dy,
pn(2) = L, (2) = Ly, (2) = w7 5 (2 = )" [Ar(y, L, (9)) = Ar(y, Lr,,(0) |y,
Gsn(2) = Rul2) = Bu-1(2) = gy J5 (2 = )77 [As(y, Ru1 () = As(y, Ru-2(y)) | dy.

947
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Similarly, we obtain

I < w85 Jo 201y ®) 1y,
N < w5y Jo lesm1) @)lidy,
N < w5y Jo leam—1)@)ldy,
lpsn()N < w55 Jo N9s(—1) )l dy, )
I < 755 Jo Nlesm—1)@)ldy,
I < 755 Jo lerm-1)@)ldy,
I < 157 Jo llesm-1)®)lldy.

Then we can write as,

Su(2) = ; o1(2), Ee(2) = ; pai(2), B (2) = ; pi(2), Ln(2) = ; (%),
() = ; i(2), Gn(2) = ; Gei(2), Lo (2) = ; pri(2), Ral(2) = ; osi(2)

In the following theorem, we prove the existence of a solution.
Theorem 3.2. The solution to the epidemiological Model (2) exists for finite time zy, if,

Vi
I'()

<1, Vi=1,...,8.

Proof. By using (8), (9), and recursive principle [5], we obtain

o)l < ISO)] [ 755 ]
lean() < 1Be(0 >||[ z

)
n

Hence, Model (2) has at least one solution and are continuous.

Now, we prove that the functions S,,(z), E.,(2), Ei, (2), In(2), Tn(2), Gn(2), Ly, (2) and R, (2)
converges to the solutions of Model (2). Let B1,,(2), Ban(2), Ban(2), Ban(2), Bsn(2), Ben(2), Brn(2)

~
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and Bg, (z) are remainders terms after n iterations, then,

T(z) = T(0) = Tu(2) — Bsn(2),

G(2) = G(0) = Gn(2) = Ben(2),
Ly(2) = Lr(0) = Ly, (2) — Brn(2),

R(z) — R(0) = Rn(2) — Bsn(2)

Thus, using the triangular inequality with 4;, we have
_ L Syt _
1810 = g7 [ 2= 00" [Ar (0 5@) = A1 (3. 5,1 0) o]
1 : 91
<57 [ =" 1410 50) — 41w S, )],

1
< I1(19)Z||S Sn—1]l-

By using recursive principle, gives,

)n+1a.

1B1n ()1 < (35

At 2y, we have

1Bin(20)]| < (s 20) ™ a.

I'(9)
Hence,
I1B1(2)|| = 0, asn — oo.
Similarly,
|1Bin(2)]| = 0, asn — o0, i=2,...,8.
Thus, the Model (2) has at least one solution. O

Theorem 3.3. The proposed Model (2) has one unique solution if,

Vi

1= I'(9)

z>0,Vi=1,...,8.

Proof. To show the uniqueness of solution of Model (2), let

S(z)— Si(2) = ﬁ / e = )" A9, S () — A (3, 51 (). (10)

It is obvious that,

15(2) = S1(z)|| = 0. (11)

928
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Taking norm on both sides of (10), yields,

[15(2) = S1(2)]| < ﬁ /OZ(Z = )" My, S()) — Ai(y, Si(y)llldy.

Applying the Lipschitz condition on the kernel, we have

1S(2) = $1(2)]| < (== 2)15(2) = S1(2)]]

()
V1
[5(z) = S1(2)[[(1 — F(ﬁ‘)z) <0,
since,
Y
1-— F(;)Z >0,
we have
15(2) = Si(2)[| =0,
S(z) = S1(2).
Similarly,
Ee(z) = Eel (Z)7 El(z) = Ell (Z)a
I1(z) = Ii(2), T(z) =Ti(2),
G(2) =Gi(2),  Ly(2) = Ly, (),
R(2) = Ry(2).

Hence, Model (2) has a unique solution.

3.2 Positivity and boundedness

947

In this section, we analyze the positivity and boundedness of Model (2) to ensure that the

model is well-posed.

Let the functions on the right hand side of Model (2) be continuous on R . The net population

becomes,

CDﬂN(Z) :C DﬁS-f-C DﬁEe _|_C DﬂEl _|_C DﬂI—FC D'L9T_|_C D'L9G_|_C D'L9LT _|_C D'ﬂR’

which gives,
DN (z) + uN(z) < A.
Applying the Laplace transformation to (12), we have

A

N(z) < —, Vz
()_u

929
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Therefore, all the solutions of the given model restricted to the domain 2. Now, to check all the
solutions of the proposed Model (2) are positive, we observe that,

CpvS =A>0,
CDYE, = BSI+nG >0,
CDYE; = kE, +qnG >0,
Cpvr = pkEy +wEy +opT >0,
CpIT =rl >0,
CpIG = ~T >0,
CDYL, =0T +mE, > 0,
CDYR =¢T > 0.

(13)

By Corollary 2.1, we conclude that the result is in RY i.e.,
Q={(S,E, 1, ,T,G, L, R) € B} | (S+ E.+ By + [+ T+G+ L+ R) > 0.

Hence, the solution of Model (2) are positive and bounded in the feasible region 2.

3.3 Equilibrium analysis
3.3.1 Disease free equilibrium Eg

Let, °D?S =C DE, =C DYE, =C D] =C DT =€ DG =C DL, =€ DR = 0, and from
Model (2), we have

A+0R—BSI—uS =0,

BSI + kG — ko E, =0,

ksE. + qnG — k4B = 0,

pkE. +wkE; — ksl + opT = 0,

rl — k¢l =0, (14)
YT — kG =0,

ksT +mE, — pL, =0,
T — kgR = 0.

A
PutE., =E =1=T=G=0L, =01in (14), gives S = ﬁ and R = 0. Disease free equilibrium
point (DFEP) is obtainable as;

A
Eo = (M,o,o,o,o,o,o,()).

3.3.2 Basic reproduction number R,

The Ry of the presented Model (2) is determined through the utilization of the next-generation
matrix scheme [51]. To compute Ry, examine the reduced system X = (E,, E}, I,T,G, L,)", and
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derive the required matrices F and V as,

0 0 S 0 0 0 koE, 0 0 0 kG 0
00 0 00 O —ksE. k4E; 0 0 —qnG 0
F = 0O 0 0 0 O0O0 V= —pkE, —wk; ksl —opT 0 0
0O 0 0 0 0 o’ 0 0 —rl  k¢T 0 0
00 0 00O 0 0 0 —T kG 0
00 0 00O —-mkE, 0 0 —kgT 0 wL,

The Jacobian matrices computed at Eq are as follows:

00 [3% 00 0 k0 0 0 —k O

00 0 00O —ks ks O 0 —gn O

100 0 0 0 O _|-pk —w ks —op 0 O
F(Eo) = o0 0 oo0ol Y"|lo o -r ke 0 0
00 0 000 0 0 0 — kr O

00 0 000 -m 0 0 —ks O pu

Now, from simplification of V!, we have

_ (wk3 + kpky) ABkekr
kokskskekqpn — kokakqropp — kaqrunywn — (wks + pkka)kypry

Ry

3.3.3 Disease endemic equilibrium E®

Letreplace S =S*, E¥ =E., Ef =E;,I=1I"T =T*,G=G* L, = L,and R = R* in (14),
and solve the respective quantity, we obtain

A
St = ——,
KR
B (kakr(kske — rop) — qnuwyr] (korAp(Ro — 1))
¢ [(wkg + pk‘k‘4)k;7r} (Ak‘ﬁk‘gﬁ — Rouef’l“)
e _ [kskr(ksks —rop) — pkanry] (korAp(Ro — 1))
! (k71 (whs + pkka)] (Akgko3 — RopfEr)
I — kgkﬁ?"A‘LL(RO - ].)
o Ak6kgﬁ — Ro,u9§7“27
T* _ k’gT’A,u(RO — 1)
Akghof3 — Ropf&r’
o — koryAp(Ro — 1)
Ak(;kgﬁ - R(),Uﬂf?"k7 ’
I — [mkykq(kske — rop) — (wks + pkka)(krksr) — qnwrym] (korAp(Ro — 1))

" [k7rp(wk3 + pkk4)] (AkgkoB — Roubér) ’

o _hor€Apu(Ro — 1)
Akgko®B — Roubér’
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4 Stability Analysis

In this section, we analyze the stability of the equilibria by formulating the Jacobian matrix.
The purpose of analyzing the stability of fractional-order systems is to ensure the reliability and
predictability of the model’s behavior, which is crucial for applications in various fields, including
biology and epidemiology.

Theorem 4.1. The disease free equilibrium point (DFEP) Egq of Model (2) is locally asymptotically stable
(LAS) if Ry < land A < B.

Proof. The DFEP is LAS if all the eigenvalues A;, ¢ = 1, ..., 8 of the Jacobian matrix J(E¢) satisfies
the following conditions;

larg(A;)| > 19771-
Insert Eg, then the Jacobian matrix gives,
ESTR 0o -2 0 0 0 0]
0 -k 0 2 0 kK 0 0
0 ks —ky 0 0 qn 0 0
J(Eo) = 0 pk w —ks 0 0 0 0
0 0 0 r —kg O 0 0
0 0 0 0 v —kr O 0
0 m 0 0 ks 0 —u O
| 0 0 0 0 13 0 0 —Fko]
Clearly, we get A\; = —u, A2 = —ko, while the remaining eigenvalues can be obtained from the
reduced matrix,
(ke 0 220 ko 0]
ks —ks O 0 gn 0
Jq — pk w —ks 0 0 0 7
0 0 r —ks O 0
0 0 0 ¥ k7 0O
0

the trace and the determinant of J3 are
tT(Jg) = —k’gk‘4]€5k6k’7/l, <0, and det(Jg) =B - A,

where

B = pkokykskekr, A = rywkiks + qrypvwks + roppkokiky + ABwkskeky.
Thus, det(J3) > 0,if A < B, and all the eigenvalues of Jacobian matrix satisfy |arg(\;)| > %T if
and only if Ry < 1, which provides Eg is LAS. O
Theorem 4.2. The disease endemic equilibrium point (DEEP) E® of Model (2) is globally asymptotically
stable (GAS) if Ry > 1.
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Proof. Let

Fz) = 5[(S 872 + (Be — ELV + (B~ Bp)? + (1 - I')?

N

(15)
F(T =T +(G =G+ (L~ L)) + (R— R,

be well defined, continuous and positive definite for all initial condition. Applying the Caputo
fractional derivative on both sides of (15), we have
“DYF(z) < (S—S")°D"(S - §*) + (E. — E})°D"(E. — E}) + (E, — E})°D"(E, — E})
+ (I =I)°D(I = I*) + (T — THYD(T — T*) + (G — G’ DY (G - G¥)
+ (L, — LNYD?(L, — L)+ (R — R*)°DY(R — R*),
which gives
CDYF(2) <(S—8)°D’S + (E. — E)°DE, + (B, — E)°D E; + (I — I")°D’I
+(T - T°DT + (G - G*)°DG + (L, — L})°D’L, + (R — R*)°D"R.
Using (2), we obtain
CDF(2) < (8 = S*)[A+0R — BST — uS) + (E. — E)[BSI + k1G — ko E,]
+ (B — E])[ksEe + qnG — k4 Ey] + (I — I")[pkE. + wE; — ks + opT
+ (T —T")[rl — keT|+ (G — G*)WT — kvG] + (Ly — L})[ksT + mE. — pL,]
+ (R— RY)[ET — ko R,

and
CDYF(z) < AS + 6RS + BSS*I + puSS* — BS*I — puS? — AS* — ORS* + BSIE, + kyGE.
+ ko B EY — ko E? — BSIE? — k1GE? + k3 E.E) + qnGE; + kyE|Ef — kyE}
— k3B E} — qnGE} + pkE I + wEI + opTI + ksII* + k¢TT* — ks> — pkE.I*
—WE I — k¢T? —rIT +rTG + k;GG* — k7G? —yTG* + ksTL, + mE,L,
+pL, L — pL? — ksTL: — mEL; + TR + kg RR* — kgR? — €T R*,
which implies that,
°DF(z) <Y - X,
where
Y = {AS +ORS + BSS*I + uSS* + BSIE, + k1GE, + ks E EX + k3E.E,
+qnGE; + ki E\E] + pkE I + wE I 4+ opT1 + ksII* 4+ rIT + k¢TT™
+ TG + k;GG* + ksTLy, + mEeLy, + pL. L’ + TR + koRR* |,
X = [5521 + uS% + AS* + ORS™ + ko E? + BSIE! + kyGE? + kyE? + ks EE}
+ GE} + ksI? — pkEI* + WEI* + keT? + rIT* + kyG? + yTG* + puL?
+ ksTL: + mE.L: + ko R? + ETR*|.
Thus, “°D?F(2) < 0,if Y < X andif S = S*, E. = E, B, = Ef, 1 = I*',T = T*, G = G*,
L, = L, R = R* then “DYF(z) = 0. Therefore, F is Lyapunov function on the feasible region

{S,Ee, E;,I,T,G,L,,R € R8“ D'F = 0} and the largest set {S*, E}, Ef, I*,T*,G*, L, R*} in
the feasible region is singleton. Hence E® is GAS, if all these conditions and Ry > 1 holds. O
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5 Sensitivity Analysis

The sensitivity analysis of the basic reproduction number Ry is carried out by calculating the
sensitivity index of each parameter. This sensitivity index quantifies the relative change in basic
reproduction number when a parameter value changes. We employ a similar method to Tilahun et
al. [45] to compute the normalized forward sensitivity index of basic reproduction number with
respect to a particular parameter. The sensitivity index of Ry with respect to the model parameters
are given by,

k(w — pw + pk k

vfo = M2t PR K ks = ro) = (hatha = ) wan + 1) )|
YR _ ke + k7 L kp  (kskekr(ka + ka) + koka(kske + kskr + kekr)

N B

_ (rop(ks(ka + kr) + kakr) + ry(qun + pkk1))
B b
ABkek A
Tl = i 5 [kg + kp — 5 (kakshohy — hakrrop — kagryn — (ks +pk)km)} ,
1 kr r(kokakr(op — ke) + v(kaquwn + Aky))

R 1y R 2R4R7(Op 6 Y\ R2gqwn
Tpo :pl{:(k4—(.d)|:A— B :|, TT‘U: 5 ,
TRO _ 7k2k4l€6k'7d1 TRO _ i _ O'k2]<}4k7]€6 + ]C5 —Trp TRU _ k2k4]€77'p0

d B ’ 7 kg B ’ , B
rRo _ AABkg (1 ke (koka(kske —rop) — ry(keqw 4 (1 — Q)A))) YRo _q

n - ) A — b

uB B

TRO _ @ _ k2k4k5]€7d2 TRO _ l _ ’Y(k2k4k5k7 — kgqrwn — Ale)

d2 7 kg B ’ T ke B ’

k2k4k5k‘7§ R, d3 k2k4d3(]€5]€6 — ’I“O'p) R,

TR":é—i T = = — T,0 =1

¢ ke B ds ™ fy B ’ A ’
TR0 _ m(kykr(rop — kske) + qrywn) TR0 _ qryn(kow — A)

m T B 9 q B )

where A = wks + kpka, B = kakakr(kske — rop) — kagrywn — Akiry. The sensitivity index’s sign
for each parameter is presented in Table 2.

Table 2: Sensitivity index’s sign for each parameter.

Parameter | Sign || Parameter | Sign || Parameter | Sign || Parameter | Sign || Parameter | Sign
1% - p - k - do - v -
ds - r - o + w + B +
m + 13 + d + 7 + p +
A + q +

The parameters w, A, 3, &, o, n, m, di, p, and g are associated with positive indices, while
p, k, u, da, v, d3, and r exhibit negative indices. Parameters with positive indices play a pivotal
role in the disease’s expansion within the population, leading to an increase in the basic reproduc-
tion number with their rising values. Conversely, parameters with negative indices contribute to
the disease’s elimination within the population, emphasizing the importance of increasing their
values for disease eradication. It is worth noting that the sensitivity index might be a complex
expression, contingent on different system parameters, but it can also be a constant value inde-
pendent of specific parameter values. For example, T?O =1land TR0 =1.
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Figure 2 shows a graphical view of infected individuals verses time (weeks) with the varia-
tion of o. All the used parameters are exhibit in Table 3. The obtained figure corroborates the
sensitivity index o. It illustrates the number of the infected human population based on the pa-
rameter values provided in Table 3, alongside a corresponding plot reflecting 75% increment in
the parameter value. The figure shows that if we increase the value of o from 0.15 to 0.9, then
we get small changes of increment of the infected population. After 12 weeks, we observe that
both graphs coincides each other. After 45 weeks, both graphs show stability and convergence.
All the remaining parameters exhibit minimal impact on R, with changes that are not visually
discernible in the graphs. Consequently, the graphs for these parameters are omitted.

o=0.15
- = 0=09

o
o

Infected Population Class I(z)
w B
o o

T ==
0 5 10 15 20 25 30 35 40 45 50
Time (weeks)

Figure 2: Effect of I(z) verses time (weeks) with the variation of o.

6 Numerical Analysis

6.1 General solution of Model (2) by LADM

In this section, we apply the Laplace Adomian decomposition method (LADM) on Model (2)
with initial conditions. Let S(0) = Ny > 0, E.(0) = Ny > 0, E;(0) = N3 > 0, I(0) = Ny > 0,
T(0) = N5 >0, G(0) = Ng > 0, L,.(0) = N7 > 0, R(0) = Ng > 0. Taking the Laplace transform of
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Model (2), gives,

LiS()] = 21 4 S%L[A 1+ 0R — BSI — pS].
L[E.(2)] = % + 5119 L[BSI + k1G — ko E,],
LIE(2)] = % + —L{ksEe + qnG — ks Ey],
L[I(2)] = % + S%L[pkEe +wE; — ksl +opT], 16
LT ()] = % + S%L[TI — keT],
LiG(2)] = % + S%L[VT kdl,
LIL,.(2)] = % + %L[k‘gT +mEB. — pLy],
LR()] = 28+ Lier — koR]

Let the solution of Model (2) be written as an infinite series for S, F., E;, I, T, G, L., R given by,

5@) = 3 8u2), 2= X Ee(d). Bl = T (). 1()= X L),
nO:OO nOZOO n;O n; (17)
T(z) = XZ:OT”(z), G(z) = X::OGn(z), L,.(z) = Z::oLT"(z)’ R(z) = X::OR,L(,Z).
The non linearity S(z)I(z) can be written as,
= Xu(2)
n=0
where X, (z) is called the Adomian polynomials given as,
1 d" - ig - i
Xn(2) = - Z)\ (2) Y NIi(2) . (18)
1=0 A=0
Substitute (17) and (18) in (16), yields
Uso(e) = 22, UBe(a]l =22, LB (=22, Lh()] =1, o
Tz =22, UGo()] =8 ULy ()] =0 LR = 2,
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and
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LS1(2)] = LA+ 6Rg — X0 — uSo],
LBy (2)) = 5L[8Xo + kiGo — ks,
LB, (2)] = L[k Be, +anCo — kaF ],
L[I1(2)] = S%L[pkEeo +wky, — kslp + crpTO],
LT3 (2)] = LTy — ksTo),

LG ()] = LT — kiGo),

UL (2)) = gL [ksTo + mEe, — L,

LRy (2)] = 5 L[ETo — oo,
(20)

‘ 1
L[Sn+1(2)] = ST9L[A +0R, — X, — ﬂsn]y
1
L[E€n+1 (Z)] = STgL[ﬂXn + len - k2Een]7
1
L[Eln+l (Z)] = EL[k3Een + qnGn - k4Eln]7
1
LiIn41(2)] = sTgL[pkEen +wky, —ksln + UPTnL
1
L[Tn+1(z)] = siﬁl—[r]n — kﬁTn],

1
L[G71,+1(Z)] = SjL[’}/Tn - k7Gn]7

1
L[Lrn+1 (Z)] = 8719L [kSTn + mEen - ,ULrn],

L[Rpy1(2)] = S%L[ng — koR,].

Applying the Laplace inverse transform to (19) and (20), gives

So(Z) =L
I()(Z) =L"1
Ly (2)=L"1

[Ny [Ny N.

?1 =M, Eeo(z):L_l ?2 = N, Elo(z):L_l [83:| = Ns,
FN 3 :N5: N

| =Ny, To(z) =L =Ns, Go(z)=L""! [6] = N,
L S | L S s

] N

77 =N;  Ro(z)=L"1 ?8 = Ns.
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S1(z) = [A+ ONs — BN1 Ny — pulNy | 1“(1511)’
Ee,(2) = [BN1Ny + k1 N — k2No] F(jil),
By, (z) = [k3Na + qnNg — ka N3] F(ﬁzi 0
11(2) = [phN2 + Ny — ks Ni +0pNs] 1 gi oL
Ty(2) = [rNy — kgNs] 1“(511)’
G1(z) = [yNs — k7Ne] F(;i 0
Ly, (z) = [ksN5 + mNy — uN7| F(;il)’
Ry(2) = [¢N5 — ko Ng] F(;il).

So(z2) = 1“(3241-91) + [0b11 — B(N111 + Nyvir) — po ] 1%,
E.,(z) = [B(N1iz11 + Nyvi1) + k1211 — kouni | 1_‘(;:1:_1),
By, (2) = [ksui1 + qnzir — kawi] I‘(?iil)’

420

Io(2) = [pk ks =
2(2) = [pkuir + wwn T11 + opy11] T(20 + 1)
29

z
Ta(z) = [re11 — key1 ] T+ 1)
20

Ga(z) = [72/11 - k‘7211} I(

204 1)’
2219
LTQ (Z) = [kSyll + muip — ,U(lll} m,
2,219
Ry(2) = [€yn1 — kobui] NCTESIE

where

vt = A+ 60Ng — BN1 Ny — Ny,

urr = BN1 Ny — k1 Ng — kaNa,

w1 = k3 N2 + qnNe — ka N3,

211 = pkNa + wN3 — ks Ny + 0pNs,

y11 = 1Ny — keNs, 211 = 7N5 — k7N,

ay; = kgNs +mNo — uN7,  byy = EN5 — kgNg.
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Finally, we have

0 520
1S(z) = N- A —+ ...
(2) = Mo (on+ My F o)+
2,19 2219
FE.(z) = N _— —_+ ...
(2) 2+U11F(19+1)+U111F(219+1)+
20 520
E = N: - 4 ...
1(2) 3+wllr(19+1)+w111r.(219+1)+
0 520
I(z) = N. —_— —+...
() = Natonpoy Pompgg g
9 29 (21)
z z
T(z) =N, -_— —+...
(2) 5+y111“(19g-1)+y1111“(2191—91-1)+
2
z z
G(z) = N, —_— —+ ...
(2) 6+211F(19+1)+21111"(219+1)+
0 520
L.(z) =N _—— —_+...
(2) = No - anmgy Ty 1)
e 520
R(z)=Ng+bji=———+biii=——+...
() =N +bn gy Thpgg
where
vi1 = A+ 0Ng — BN1 Ny — uN1,  uy1 = BN1 Ny — ki Ng — ka No,
w11 = ksNo + qnNe — kaN3, 11 = pkN2 + wN3 — ks Ny + opN5,
yu =rNy —k¢Ns,  z11 =7N5 — k7N, ann = kgNs +mNy — 1Nz,
bi1 =E&N5 — koNs,  vin1 = 0b11 — B(N1z11 + Navi1) — poa,
u11n = B(Niw11 + Navin) + krzin — kownr,  winn = kauin + qnzan — kaws,
r111 = pkuin +wwir — ksz11 + opyi, Y111 = @11 — keyi1, z111 = YY1 — k7211,
ainn = ksyi1 +muir — pas, b1 = &y11 — kob11.
In a similar fashion, the remaining terms of the series solution can be obtained.
Table 3: Parameters values (per year) of the TB model.
Parameter | Description Value | Source
A Recruitment rate 0.02 [19]
0 Fraction of recovered individuals being suspected 0.5 | Assumed
B Rate of transmission from S to I 0.02 [14]
1 Natural fatality rate 0.0143 [30]
q Rate of self cured person from G enter into E; 0.9 [30]
Ui Rate of self cured persons in G due to immune system | 0.2 [30]
m Progression rate from E. to L, 0.2077 [26]
k Reactivation rate of the early latent persons 0.08 [30]
P Latent persons fast TB progression rate 0.075 [30]
w Reactivation rate of long term latent individuals 0.2 [30]
T Rate of treatment for untreated active TB cases 0.3 [30]
dy Disease induced fatality rate in I 0.5 [30]
o Treatment rate 0.15 [19]
p Treatment failure probability 0.2 [26]
do Disease induced fatality rate in T 0.1 [30]
vy Treatment rate interruption in class T 0.2 [30]
13 Recovery rate 0.1 [30]
ds Disease induced fatality rate in G 0.2 [30]
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6.2 Numerical results
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In this section, we present the numerical simulations of the proposed Model (2) using the
LADM described above. Parameters values are given in Table 2, subject to the initial conditions
[19] Ny = 1770, Ny = 300, N3 = 200, N4 = 30, N5 = 0, Ng = 0, N7 = 0.666, and Ng = 0, then

from (21), we obtain

Z’z9 29
= 1770 — 1087271 — 4+ 21228~ + ...
S(2) = 1770 = 1087271 s + N ESV
219 2219
E.(2) = ld———— — 490.092———— + ...
o(2) = 300+ 9TLA L s = 490.092 550 +
219 29
Ey(2) =200 — 20.66——— + 7631 — 4+ ...
1(2) =200 = 2066 75—y + 7631y
/ 2,19 2219
=30+ 12.871———— — 10445 ————— + ...
(2) T+ 1) T(20+1) ”
y y (22)
T(2) =9 — 12074+ ...
(&) =9%57 To+1) "
2219
— 18— ...
G =18+
9 29
Lo(2) = 0. 2.30———— +201.95————— + ...
() = 0666 + 62305 + NEESR
2219

We check all compartments of the proposed model to see how the model behaves dynamically
at different fractional orders. The graphical simulations for all population compartments of the
proposed model at ¥ = 0.75,0.85,0.95, 1 are depicted in Figures 3(a—d), and 4(a-d).

This simulation has a greater degree of flexibility and can be adjusted to achieve distinct re-

sponses from the different compartments. The graphical observations from Figure 3(a-d), the
susceptible population S(z) is decreasing initially and after 10 weeks it increases.

940



R. Nawaz et al. Malaysian ]. Math. Sci. 18(4): 919-947(2024) 919 - 947

5 6
10 x10 i . i 05 x10
9l
— 8 =
N w®
W 7l @
0
S 6 =
° 2
(] L
2 ° 3
54 .
2 i
5 3 >
”n ©
2r w
1+
0 -2.5 . - . -
0 20 40 60 80 100
Time (weeks) Time (weeks)
(a) (b)
5 4
4210 : : : : 110
9 =0.75
35 snnnn o) =085 ] 0 ]
s — = =0.95 e
5,_ 3 — ) = 1 \-.......__..
i r S,
" -1 ~ e,
© 25! ri
o 82t >
et K/
s 2 o
o 2
o ‘6'3'
ﬁ 1.5 2o
- i=4
g 4 4
©
-
05¢ S
0 P . . . .
0 0 20 40 60 80 100
Time (weeks) Time (weeks)

(c) (d)

Figure 3: A graphic view of susceptible, early exposed, latent exposed and infected human population compartments on arbitrary orders ¥J.

The early exposed population E.(z) is increasing initially and after 2 weeks it decreases. The
latent exposed population E;(z) is decreasing initially and after 3—4 days it increases. The infected
population I(z) is increasing initially and after one and half week it decreases. The treatment
population T'(z) is increasing initially and after 10 weeks it decreases. The treatment interrupted
population G(z) is continuously increasing. Figure 4(c-d) illustrates, the low risk population
L,(z) and recovered population R(z) are increasing rapidly throughout the time duration. The
steady—state solution at the fractional order derivative yields more consistent and effective results
than the standard solution at ¥ = 1. We observed from the graphical results, that the infection
population decreases due to growth in low risk individuals, it means separation from infected
individuals can cause to decrease the effects of disease. Figure 5 shows a graphical representation
of the proposed Model (2) at ¥ = 1 for z € [0, 40], which shows that the proposed model is stable
and convergent.
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Figure 4: A graphic view of treatment, treatment interrupted, low risk and recovered human population compartments on arbitrary orders

942

1800 T T T T

1600

1400

1200

Population N(z)
o ;
(=3 =3
o o

o
o
=]

N
o
[=]

200

20
Time (weeks)

25

30 35 40

Figure 5: Graphic view of all compartments of the Model (2) for z € [0, 40].
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7 Conclusions

In this article, we have investigated the transmission dynamics of TB infection using a math-
ematical model that incorporates the low risk individuals. The model was formulated in a non-
classical derivative of Caputo differential equations of fractional order. Initially, we analyzed the
TB model with the Caputo derivative, providing fundamental mathematical insights into the frac-
tional model. Subsequently, we established the existence and uniqueness of solution of the model.
We analyzed stability of the fractional-order TB model, stability analysis can help identify the crit-
ical values of parameters like the contact rate, treatment rate, and fractional order that determine
the stability of disease—free and endemic equilibria. The biological feasibility of the stability order
are crucial for developing reliable and accurate models in epidemiology and other biological ap-
plications. This information can guide public health interventions and control strategies. Further-
more, a sensitivity study was also performed to assess the relative impact of different parameters
of the model on TB spread.

Our observations indicated that reducing the parameter o value led to a decrease in the over-
all number of infected cases. Numerical simulations were conducted and graphically interpreted
for arbitrarily chosen orders. Graphical representations demonstrated a notable dependence of
results on the parameters values, exhibiting distinct outcomes for different values of ¥J. Notably,
decreasing the parameters values significantly reduced the infectious TB population. Moreover,
we noticed that the number of infected people goes down because there are more low-risk indi-
viduals, which means that staying away from infected people can help to reduce the effects of the
disease. This comprehensive knowledge provides a unique perspective on TB dynamics, offering
valuable insights for public health officials and policy makers to develop a more effecting disease
control and prevention strategies. Moreover, researchers can explore how stable the fractional
order TB disease model is by using different approaches. In future, we will study comparison
analysis of the outcomes of our proposed model with homotopy perturbation method and frac-
tional differential transform method.
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