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Abstract

The processes that help to obtain necessary and sufficient conditions to determine the local stability of lin-
earized systems is paramount. In this paper, a corollary of the Gershgorin’s circle theorem was used to establish
the local stability of different epidemic models with 3 states or more including, a Tuberculosis model, an SEIRS
model, and malaria model. It was observed that no matter the state or the dimension of the system or matrix this
corollary can be used to analyse local stability for both disease free and endemic equilibrium, by establishing that
when %Ky < 1, the Jacobian matrix will have negative eigenvalues or negative real part eigenvalues. Thus, disease
free equilibrium is stable but when %y > 1, the Jacobian matrix will have negative eigenvalues or negative real
part eigenvalues making the endemic equilibrium is stable.
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1 Introduction

Mathematical modelling plays an important role in epidemiology by providing better understanding of the under-
lying mechanisms for the spread of occurrence and reoccurrence of infectious diseases and suggesting effective
control strategies [6]. It is an important tool that helps to understand the dynamics of infectious diseases and to
support the development of control strategies [12]. Mathematical models for Infectious diseases is the represen-
tation of the dynamic transmission cycle, involving interactions between infected and susceptible hosts that are
generally expressed as a set of ordinary differential equations (ODEs) [14].

The stability of an equilibrium point (stationary states) of a mathematical model for an infectious disease helps
to determine whether the solutions remain near the equilibrium point or get further away or not. The equilibrium
point can be either stable or unstable or a saddle point [7, 10].

The main method use to analyze the local stability of the equilibrium points of epidemic models is the Lyapunov’s
indirect method that is, to determine whether the eigenvalues of the Jacobian matrix evaluated at the equilibrium
points of the system are negative or have negative real part (that is, equilibrium points lie in the left half of the com-
plex plane). Since the characteristic equation for an n— dimensional system is a polynomial equation of degree n
for which it may be difficult or impossible to find all roots explicitly, different methods such as the Routh-Hurwitz
criterion gives necessary and sufficient conditions for the eigenvalues to lie in the left half of the complex plane.
In this case, the reproduction number can be obtained from the constant term. Whether the reproduction number
is greater or less than 1 determines the sign of the constant term [8]. In most of these methods, it is complicated to
apply in problem of many dimensions [2].

In this study, we investigate the local stability of some selected epidemic model using a corollary of Gershgorin’s
circle theorem. The Gershgorin’s theorem also provides sufficient conditions for the eigenvalues to lie in the left
half of the complex plane [1, 11, 9]. That is, the local stability can be established without the need to calculate
the eigenvalues, instead the basic reproduction number which also gives a condition for an equilibrium point to
be stable is used for the analysis. The Gershgorin circle theorem is a theorem which may be used to bound the
size of the eigenvalues of a square matrix. It was first published by Belorussian mathematician Semyon Aranovich
Gershgorin in 1931. Informally, the theorem says that if the off-diagonal entries of a square matrix over the com-
plex numbers have small norms then its eigenvalues are similar in norm to the diagonal entries of the matrix. This
theorem is a very useful tool in numerical analysis, particularly in perturbation theory [5].



Corollary 1.1 (Corollary of Gershgorin Circle Theorem) Let A be an n X n matrix with real entries. If the
diagonal elements a;; of A satisfy
aji < —F;

where
n

ri= Y, laij| (1)

J=1j#i

for i = 1,...,n, then the eigenvalues of A are negative or have negative real parts [1].

The paper is organized as follows: In Section 2, we established the local stability of a tuberculosis model . We
establisheded the local stability of SEIRS model in Section 3. In Section 4, we investigated the local stability of a
malaria model and gave a short conclusion in section 5.

2 Tuberculosis Model

Using the [3], the population under consideration is sub-divided into three epidemiological classes: susceptible S,
latent or exposed E, and infectious /. The incidence rate given by BSI (using the mass action law). A portion pBSI/
gives rise to immediate active cases (fast progression), while the rest (1 — p)BSI gives rise to latent-TB cases with
a low risk of progressing to active TB (slow progression). The progression rate from latent TB to active TB is
assumed to be proportional to the number of latent-TB cases, that is, it is given by kE. The total incidence rate is
pPBSI 4 KE. The model is given by the following system:

S = A —BSI—uS
E= (1—p)BSI—XE —puE (2)
I=  pBSI+«E —pul — I

Let S be Susceptible individuals, E be Latently infected individuals or exposed individuals and / be Infectious
individuals. Let A be recruitment rate of susceptible individuals, u be natural death rate, B be transmission rate of
active TB, k be the progression rate from latent TB to active TB (Rate of slow progression), & death rate due to TB
infection and p rate of fast progression.

2.1 The Equilibrium Points
The equilibruim points of model (2) are
1. Disease free equilibrium point (P°) given as
(SO,EO,IO> - (é,o,o)
u

2. Endemic equilibrium point(P*) given as
(S* - I*) B ((8K+B,u+lcy+,u2)

Bup+x) 7
(P = 1)(ABup + ABx — Siu — 8 — i’ — )
((up+x)(u+K)B) ’
(ABup + ABx — Sku — 8u* — ku* — ) )
(B(SK T 8u-+ u-+ 1)

The basic reproduction number of the tuberculosis model is given as

BA(x+wup)

= e u D)

The endemic equilibrium point (P*) can now be expressed in terms of Ky as

i R




2.2 Local Stability Analysis of the Disease free Equilibrium
We analyze the local stability of the disease free Equilibrium by applying the theorem which follows.

Theorem 2.1 The disease free equilibrium is locally asymptotically stable if Ky < 1.

Proof 2.1 The Jacobian matrix J of the system (2) is

—BI—pu 0 —BS
J=| (1-p)Bl —(x+u) (1-p)BS 3)
pBI K pBS —8—u

Evaluating the matrix (3) at the disease free equilibrium gives

o B
1 pBA
h=| 0 —(xig UZDPA 4)
0 K pB—A—(,u—&-S)
u

The disease free equilibrium point will be locally asymptotically stable if the eigenvalues of the Jacobian matrix
are negative or have negative real parts. The matrix Jy has one eigenvalue —u which is negative. The remaining
sub-matrix is given by

Jr = BA 1
K ”7—<u+6>

According to the corollary of Gershgorin’s circle theorem, the matrix (J,) will have negative eigenvalues if the
following inequalities are satisfied:
(—p)BA
u

(k4u) > (5a)

—piA+(u+8)>K (5b)

Dividing (5a) through by (k+ 8) yields
1—p)BA
L 1=p)B ©)
u(+u)
Also dividing (5b) through by « yields
_PBA L (utd)
ux K
—PBA+p(u+d)
UK

> 1

1 (N
From (6) and (7) we have,

—pBAtuu+d) o (1-p)BA

[UN (K +u)

(k+up)BA

1(+ ) (K +p)
=1 > %
1

R <

=1 >

Epidemiologically, if Ry < 1, the epidemic is expected to be eliminated and should persist if Ky > 1. Therefore,
we conclude that from the above proof the disease free equilibrium (Ep) is locally asymptotically stable.



2.3 Local Stability Analysis of the Endemic Equilibrium Point
We now investigate the local stability of the endemic equilibrium Point.

Theorem 2.2 The endemic equilibrium is locally asymptotically stable if

Ro > 1.
Proof 2.2 Evaluating the matrix (3) at the endemic equilibrium gives
A
—(Ro—Dpu—p 0 *%
(1- p)%A
Je=| —(1-p)(1-Ro)u —(k+p) Rt ®)
PBA
—p(1— K —— —(u+9d
p(1—Ro)u R (u+9)

According to equation the corollary of Gershgorin’s circle theorem, the matrix (J§) will have negative eigenvalues
if the following inequalities are satisfied:

BA
—1 = 9
(Ro— Dp+p> Rop (92)
1—p)BA
(<440 > (1= )1 - Ko L0 9b)
u
A
OB (a+8)— pl1 o> %0)
u
Dividing (9b) through by (k+ u) gives
(I-p)(1—Ro)u  (1-p)BA
1 .
T et Rou(ktp)
e (1 - p)Rou(1 — Ro)u+ (1 p)B
1 —p)Ropu(1 — Ro)u+ (1 —p)PA
1 10
~ Rou(k+p) 10
Dividing (9c¢) through by x gives
_BA w+d) p-Rou _,
Roux K K '
Thus,
—PBA+ (u+8) Rop — pRop(1 — Kot _ (11
Roux
From (10) and (11)
—PBA+ (u+8)Ropt — pRou(1 — Ro)u ol (1—p)Rou(1 — Ro)u+ (1 —p)BA (12)

Roux Rou(x+ )
Expanding and simplifying (12) gives

0 > u(l—=Ro)(up+x)
=% > 1

This shows that the Endemic Equilibrium point is locally asymptotically stable if Ky > 1.



3 SEIRS Model

The SEIRS model consists of four compartments, but the individual looses immunity after some time and moves
back into the S class (that is, the individual becomes susceptible again).

Let S be the proportion of susceptible individuals, E, be the proportion of exposed individuals, (infected but are
not yet infectious), I, be the proportion of infectious individuals, and R, is the proportion of recovered individuals,
(with temporary immunity). Furthermore, let the contact rate be given by B, A is the recruitment rate, u is the birth
rate (equal to the natural death rate), K be the progression rate from E to I, y the recovery rate, d is the additional
rate of disease-induced mortality, p is the rate of lost of immunity, o is the vaccination rate and N is the total
population.

S = Af%f(quoc)SerR (13)
E = %—(K—&-M)E

I = xE—(u+y+9)I

R = yl—(u+p)R+as

The system (13) has two equilibrium points;

Ap+p) A

(i) adisease freee equilibrium point P, given by PY = (S, E®,1° RY) = ( ,0,0,
plotptp) " p(otp+p)

)

and

(ii) and endemic equilibrium point P* = (§*,E*,I*,R*), where
(8K + Su -+ YK -+ yu + ku -+ u?)

(Bx) ’
E* = (u+y+8)(ABwu + ABxp — oudicu — odu® — ovyicu — onyu® — ok — oy’ — Siu® — Skup — & — §up —
Y —yiup — Y —yup — e —wkp — ut —1p) /(B(Swu + kp + 8 + Sup + v+ Y+ Yup + K’ +
Kup + 18 + 1)),
I* = (ABKu+ ABKp — oy — o — otyku — oryu® — ouk” — oy’ — 8 — Skup — S — Sup —yku* —YKup —
Y,UZ— Y2p — — kP — it —12p) /(B (S + 8kp + 8% + Sup +Yiu -+ Y +Yup + K? + Kup + 18 +17p)),
an
R* = (APYK? 4 o812 + 2087 K+ 08 p? + oy + 30idyicu + 208y 4 208k u + 4odicu® 4+ 20084 + oy’ K+
oy 4 oy + 3oy ++ 2007 + ok + 200k’ + ot — Sy — dyku? —Yiu— ke — vt — v ) /(B (Sku+
8P + 8% + dup + ViU -+ Y +Yup + Ky +Kup + 4 +4°p)).

S* =

Ey and E are the disease free and endemic equilibrium points respectively. The Basic Reproduction number Kywas
computed using the Next Generation Matrix approach given as

A x (u+p) p

p(k+p) (0+pu+p) (Y+u+d)

We now express the endemic equilibrium point in terms of &y as

__ Autp)
Ro(u(o+pu+p)’
(u+v+8)(Ro — Dul(u+x) (o +u+p)(y+u+38)]
ox(d+u) +u((o+pu+p)(y+u+39))

o~ Ro— Dul(utx)(atutp)(y+utd)
ok(8+u) +u((o+p+p)(Y+u+38))

St =

E* =

)

)

and

R = [uRowy(o+p-+p)— (—8kp —up +yiu— yup —1up — 1) {1+ 1) (0 + 1+ p)
(v+p+8)/u(otp+p)lone(8 + ) +u((o+p+p) (Y+u+3))].



3.1 Local Stability Analysis for the Disease free Equilibrium Point
The following theorem gives conditions for the disease free equilibrium point to belocally asymptotically stable.

Theorem 3.1 The disease free equilibrium point (P) is locally asymptotically stable if Ry < 1.

Proof 3.1 The Jacobian matrix J for the system (13) is

—p1 —B(#Jr(x) ( 0 : —BBS P
_ ! —(K+u S 0
/= 0 K —(rtutd) 0 (9
o 0 Y —(u+p)

Evaluating the matrix J at the disease free equilibrium gives

BA(u+p)
—(u+o) 0 —W P
_ _ HP
Jo= 0 (k+u) ot ato) 0 (15)
0 K —(Y+u+9) 0
o 0 Y —(u+p)

According to the corollary of Gershgorin’s circle theorem, the matrix (Jy) will have negative eigenvalues if the
following inequalities are satisfied

@)
PA(u+p)
i+ o) > u(otputp) P
(i1)
BA(u+p)
(ea) > p(ot-p+p)’
(iii)
(Y+u+3d)>x,
(iv)
(u+p) > (+Y).
Combining (ii) and (iii) gives
PA(u+p) (16)
p(o+p+p)(u+x)’
and 5
(’YLK—F) > 17 (17)

From (16) and (17) we have,
(utd) | BAwtp)
K p(o+u+p)(u+x)

which implies that
(y+utd)  PAu+p)

K p(otp+p)(u+x)
It follows that BA( )
u+p)x
1> =%o.
ot it ) s 8



3.2 Local Stability Analysis for the Endemic Equilibrium
Theorem 3.2 The Endemic equilibrium (P*) is locally asymptotically stable if Ky > 1.

Proof 3.2 The Jacobian matrix J evaluated at the endemic equilibrium gives

b—(0+1) 0 7w
J = b —(k+p) w 0 (18)
0 K —(Y+u+9) 0
o 0 Y —(u+p)

(ot u+p) (u(u+ 1)) (u+v+8)(1 - Ko)

p(u~+K) (u+v+8) +p(u(u+v+8) +x(u+3))
According to the corollary of Gershgorin’s circle theorem, the matrix (Jp) will have negative eigenvalues if the

following inequalities are satisfied

iy o (@tatp) () (u+v+8) (R —1)
p(p+ ) (u+y+8) +p(u(u+v+8) +x(u+8))
<7((u+1<)(/]1<+v+5)+p>

where b =

— (0 +p)

) (0t 4 p) (1)) (4 Y +-8)(1 — o)
R (PR ey o e e e sy
(/~l+‘<)(#+7+5))

K

(i) —(u+d+vy) < -x
(iv) —(u+p) <—(a+y)

The inequalities (i) to (iv) can be rewritten as

() (Ot putp)(ulu+K)(u+y+8) (R —1)

p(p+ ) (u4v+48) + p(u(u+vy+8) +x(u+39))
(u+x)(u+7v+9) +p
K

+ (a+u) >

(0 +u+p)(u(u+x)(u+y+08)(1 —Ro)
) ) > ) (a1 8) + Pl Y +9) K+ 9))
(u+x)(u+y+9)
K

(ii*) (u+8+7) >«

(") (utp) >a+y
Dividing (ii*) through by (i + u) gives

(o +u+p) () (uty+8)(1—R) (u+v+9) (19)
p(u+ ) (u+v+8) +p(u(u+v+38) + k(u+3)) K
and dividing (iii*) through by « gives
W >1 (20)

From inequalities (19) and (20)

(0+u+p)()K(l - Ro)

O )ty 1 8) 4 plulut 71 8) T k(i1 8))

The above inequality holds if
0>1—-R.
that is, if
Ro > 1.



This means that the endemic equilibrium point is stable if Ky > 1.

Even though the disease malaria, falls under the infectious diseases that can be modelled using the SEIRS com-
partment, the next section looks at transmission dynamic model between the Host (human) and vector (mosquito).

4 Malaria model

In this section, a malaria model as an SE/RS for the host population and SET for the vector population similar to
that of [4] is analyzed. The model divides the human population into 4 classes: Susceptible, S;, (People enter the
susceptible class, either through birth or immigration at a constant rate); then comes the Exposed, L;, the Latent or
exposed. When an infectious mosquito bites a susceptible human, symptoms usually appear 10-15 days after the
bite [13] (people become infectious and progress to infectious class). I, people who have been infected and are
capable of spreading the disease to those in the susceptible class and finally, the recovered (immune), Ry, people
who recover from the infection through clinical treatment with temporary immunity . The recovered humans have
some immunity to the disease and do not get clinically ill, but after some period of time, they lose their immunity
and return to the susceptible class. These humans can not transmit the infection to the vector because we assume
that they have no plasmodium parasites in their bodies.

The vector population is divided into 3 classes: Susceptible, S,, Latent or Exposed, L, and Infectious, I,.

Let A;, be Humans birth rate, u;, be Humans death rate, ¥ be Transition rate from Latent class to infectious class
at time t, Y be recovery rate of human, [3;, be Transmission rate of host (bite rate plus probability of transmission
of disease), 8 be Disease-induced death rate for humans, p be Rate of loss of immunity for humans, A, be Vector
birth rate = vector death rate.

Sp = An—PBuSuly — S+ PRy — S (21)
Ly = BuSply— (K+up)Ly

I = xL,—(Yy+u+3d)I,

Ry = Yly—uRy+0S, —pRy

Sy = AM—BSl—AS,

L, = B,S,—(0+M\)L,

I, = OL,—M\J,

4.1 Equilibrium Points of the malaria model

Steady state solutions or equilibrium points are the roots or solutions of the system of equations when the right-
hand side of a nonlinear system is set to zero. That is, using the nonlinear system (21), we have

Ay — BuSply — S + PRy — Syt
BuSuly + (K+up)Ly =
KLy + (Y+u+90), =
VI — uRy +0S, —pR, =
Ay —BuSplp —ALS, =
BvSul, — (0 +A,)L, =
0L, — A I, —

(22)

S O O O O o O

Let (S;,L;.I; R}, Sy, Ly, I7) be the steady state of (22) which can be obtained by solving. The system (21) has
two equilibrium, namely;

(a) Disease Free equilibrium (Eo) = (S9,L9,1°,RY,S9, L9, 1) given by
A oAy,
(o= PEmA__ e g g W
((0u4p + ) ) (0t p + pan)pn)
S0=1, L9=0, 1°=0)

v



(b) Endemic equilibrium (Ey) = (S}, L;, I, R}, Sy, LY, I;) see equation (23)

The Basic Reproduction number Ry(0) and Rp(o.) were computed using the Next Generation Matrix approach
where Rp(a) is the basic reproduction number with effective prevention strategy, the basic reproduction number
without effective prevention strategy is R (0)

) B1B.00,+ P
Ro(a) = \/KV(K+uh)(Hh +Y+8)(O+A,) (ot + up + p)un

If o = 0, then we have

h GA;,K
v (4 ) (an + ¥+ 8) (0 + Ay Juan
The threshold parameter &y can be defined as square roots of the product of number of humans one mosquito

infects during its infectious lifetime Xy, and number of mosquitoes one human infects during the duration of the
infectious period K, provided all humans and mosquitoes are susceptible. Therefore,

Br(un + p)Ank " B0

Ro(0) = \/((x+ph+p)(K+yh)(’Y+ﬂh+6+ﬂh) (0+2M)Ay

-IRO(O): Vv Ron X Rov

Where:
K . . . . .
ﬁ means the probability that a human will survive the exposed state to become infectious.
Kt

———— is the probability that a vector will survive the exposed state to become infectious.
0+1,)
L is the number of humans that one vector infects during its infectious lifetime, provided all humans are

(0+A)A,

susceptible.

K
By is the number of vectors that one human infects during the duration of the infectious period,
(K +up) (Y+ 1, +9)
provided all vectors are susceptible.

The (L;,1;,L;,I;) and (S}, R}, S;) of the Endemic equilibrium (E;) can be expressed in terms the basic Repro-
duction number (RZ(at)) and simplified as

(Ev) = (Si, L I, Ry, S5, L3, 1) (23)
given (S, Ly I R}, Sy, Ly 1) by
Si=3
0= (1134 ) Oy 0) (V11 + 8) (AR By (9 +101) + o (8169 -+ 355+ 811+ 8422+ Y + VPRt + Y3 + Py + 42 +
put +17))
b =By (11 + ) (et + 0P (R + ) (Yt -+ )+ BB -+ Siat -+ 8 + 8422 + YK+ ¥Putn -+ + Ky +

Kuﬁ+9#%+#2))
ra
¢ = (1= R (o) Aogaaty+ ) (Ao + ) (Y4 3 +-8) s+ 0+ p) ) (Y41 + )

d=xp, (:Uh (a4 ) (an - 0+ P) (M +8) (y+ gt -+ 8) + B0 (3P + Skgap + Sppan + Spa, +Yikian + YPi +Yut, + Kppan +

L, =

Kuﬁ+9#%+#2))
—e

—e = (1—RZ (o)) Ay (ttp + €) (M + 0) (Y+ 1+ 8) (1 + 0L +p)



£ = B (AU (P +-121) + Mo (8P + 8K + 8pt + 812 + Ykt +YPu -+ W+ KPy + K + i+ 47))
Sv - z
&= o (o 9) (o + ) (r= -+ 8) (1 + -+ ) + ByB(SKP -+ 3K+ 3ppay + D4+ Y +¥Put + Y4 + Kyt +
K+ pit 127 )

h =8 (KAth(P + 1) + Aoy (8P + 8 + Py, + Sy + YK -+ VP + Vet + KPn + K, + Puty +#;3,))

va_—n

m
n ="y (1 — R (00) Mgt (un + €) (A + 0) (Y4 + 8) (1 + 0+ p)
m=Pu(0+A) (KAth(P + tn) + A (8P + Sk + Spuy, + 5,“% + YKty +YPUR +Y,u%, -+ Kpuy, +1<,u% + p:“%z +‘u/31))
=1

p
g = (1= R (0)) At (1 + ) (Ao + ) (Y+ pan + 8) (e + 0L+ p)
1= B8+ 2) (ANBL(P 1) Dy (3P - S+ Bppa + 8422+ ¥t -+ VPR + 14 + Kppa + 422 + P +427) )

4.1.1 The Relationship between ®)(a) and % (0)

From

%Z(Q) — KBhAhGBM (:uh + p)

Hn (8 4 A ) (0 + gy + p) (K + pan) (1 + Y+ B)
It can be seen that
(un+p)
(0 +u +p)

and it is obvious that

KBrAROBy (1n +p) KB AROBy

(24)

<
pnhy (84 Ay) (0 4y +p) () (un +Y+8) — unh (8 +Ay) (s + ) (up +v+ )

4.2 Local Stability Analysis of the malaria model at the Disease Free Equilibrium Point
Theorem 4.1 The disease free equilibrium (Ep) with oo = 0 is locally asymptotically stable if Ry(0) < 1.
Proof 4.1

[ A 0 0 P 0 0 _BhSh |
Buly  —(K+uy) 0 0 0 0 BrSh
0 K —(un +v+9) 0 0 0 0
J= o 0 Y —(up+p) 0 0 0 (25)
0 0 —B,S, 0 —I,B, — Ay 0 0
0 0 B,S, 0 I,By —(0+1,) 0
| 0 0 0 0 0 0 =
where A* = —B,1, — o — yp,
If o = 0, then the Jacobian matrix evaluating at the disease free equilibrium (Ep) gives
~ A 7
— 0 0 P 0 0 _ M
A
0 —(x+u) 0 0 0 0 BuAn
Hn
J=1| o0 K —(up+y+9) 0 0 0 0 (26)
0 0 Y —(u+p) O 0 0
0 0 —By 0 A 0 0
0 0 By 0 0 —(0+1) 0
L O 0 0 0 0 0 A

10



Applying the corollary of Gershgorin’s circle theorem gives the following inequalities,

Bh Ah
M

A
(-t > B
Hn

(un +7y+8) > x
(un+p) >y
Ay > By
0+A, > B,
0>A,

Hr > (p+ )

from (27b) we have,
BrAn

1> —.
Mp (K + )

And from (27¢) we obtain,
Hn+Y+3 S
K

1.

It can be seen from equation (28) and (29) that

o KBrAR
up (K + ) (, +y+9)

Also from (27f) and (27g) we obtain,

and

It can be seen from equations (31) and (32) that,

M (O+A,)

> 1
oB,

From equations (30) and (33) we get,

M(0+A,) KBr A
0B, - 1= un (K ) (, +y+9)
1 > %5(0)

Since
KBrAKLOB,

< 1.
pny (8 4+ Ay) (K + ) (un + ¥+ 8)

R (0) =
Then, from (24) we conclude that
R (@) < R (0) < 1.

Thus,
Ro(o) <1
This implies
Ro(e) < K5 (0) < 1
This satisfies the condition that the disease free equilibrium is stable if Ky(a) < 1

11
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(27b)

(27¢)
(27d)
(27e)
(276)
(27g)

(28)

(29)

(30)

€1V

(32)

(33)

(34)



4.3 Local Stability Analysis of the malaria Model at the Endemic Equilibrium Point
Theorem 4.2 The Endemic equilibrium (E) is locally asymptotically stable if Ky(at) > 1.

Proof 4.2 The Jacobian matrix evaluating at the Endemic equilibrium (Ep) gives

[ a* —a—uy, 0 0 P 0 0 —b*
—a* —(K+up) 0 0 0 0 b*
0 K —(up +v+9) 0 0 0 0
J= a 0 v —(up+p) 0 0 0 (35)
0 0 —c* 0 d =\, 0 0
0 0 c* 0 —d* —-0—A, 0
0 0 0 0 0 R

a
at=—

b
a1 = (1= RR(0) (st + ) (s + O) -+ 1+ )+ @ p)

b1 = Ba(0+ M) (AUBL(P +101) + Dy (3P —+ 3+ P+ 8422+ Yet -+ Yo + Y4 + Ky + 142 + P + 147 )
— @

=72
2
az = B (pn + %) (A +0) (Y+n +9) (KAth(P + tan) + My (8P + kuty + Sppap + 8, + Yy + YPu + Vutp + KPup +
Ku§+p#%+#2))
by = kP, (.Uh (an +) (a0t p) (A +0) (Y4 + 8) + B1, O (8 + 8w, + Sppan ++ Sty +Yiuun + Ypun + Vi, + Kppn +
Kt +puﬁ+u2))
= “
=5
as = By ((:Uh(.uh +1) (M + 0) (Y + 8) (s + 0+ p) + BuO(3KP + Skpan + 3y + Sy + Viuy + YPutn +Yut +
KPu + Kuj, + Puj; +u?,))
by = ,0 (KAth(P + 1n) + Mo (8P + 8up + P, -+ S, + YR + YPH -+ Vet + K + K + Puty +u?,))
S
=

ag = (1= R ()M (4 €) (M +0) (Y4 + 8) (1t + 0+ p)
by= (KAth(p + 1) + My (8P + 8u1y + Bty + 8t + YKy + YO -+ Vit + KP4 K + P +ui))

Applying a corollary of gershgorin’s circle theorem yields

up+o>p+a+b* (36a)
@ b (36b)
Up+¥X  up+x
StmAY (36¢)
K
Rh 36d)
Un+p
A > d 4t (36¢)
0+A, > —d* +c* (360)
A, >0 (36g)
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From equation (36b) and (36¢) we get

8+:uh+'y > a b*

1> +
Hn+X  up+K
8 * *
+un+y < a n b
K Up+K  up+X
a*K b*x
1 > + (37)
(n +6) (B +pn+7)  (n+K) (84 +7)
ark bix
Leta™ = and b** =
(n + ) (84 g +7) (b + ) (8 4 +7)
Then equation (37) becomes
1> (l** _|_b** (38)
Adding equation (36e) and equation (36f) yields
0+2X, > 2c* (39)
but
20+A,) > 2¢*
C*
=1 40
S Ay 0
also from (36g) we get
Ay
—>1 41
0 41
From equation (40) and (41) gives
c'0
1> — 42
CEESI® 42
C1 0 1
But = —
Teran T o
This implies equation (42) becomes
1
1 -
> b**
b > 1
s e 43)

Adding equation (38) and (43) gives

swx 411

b
a1t = K(1 = R (0) st ) (o + O)(1-+ 01+ 8) (a0t +-p)

b1y =Pun(0+7,) (KAth(p + 1) + Ao (8K -+ Sy, + Spptn + S, +Yicun + VP + YL + Ky + Ketp + P +#2) (un+
K)(8+un+7))

(44)

Thus,
Ro(o) > 1

This satisfies the condition that the endemic equilibrium is stable if Ry(a) > 1

13



5 Conclusion

We investigated the local stability of both the disease free and endemic equilibria of SEIRS, a Tuberculosis models
and a malaria model. It was observed that no matter the state or the dimension of the system or the matrix, this
corollary can be used to analyze the local stability for both disease free and endemic equilibrium, by establish-
ing that if Ky < 1, the Jacobian matrix will have negative or negative real part eigenvalues. Thus, disease free
equilibrium is stable but if &y > 1, the endemic equilibrium is stable.
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