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Abstract

The techniques and methods that help to obtain necessary and sufficient conditions to determine the
local stability of linearized systems are paramount. In this paper, a corollary of the Gershgorin’s circle
theorem was used to establish the local stability of different epidemic models with three or more states
including, a Tuberculosis model, a SEIRS model, a vector-host model and Staged HIV/AIDS Model. It
was observed that no matter the state or the dimension of the system or matrix, this corollary can be
used to analyse the local stability for both disease-free and endemic equilibria, by establishing that when
Ro < 1, the Jacobian matrix evaluated at the disease free equilibrium will have negative eigenvalues
or negative real part eigenvalues where Ry is the basic reproduction number of the tuberculosis model.
Thus, the disease-free equilibrium is stable but when Ro > 1, the Jacobian matrix evaluated at the
endemic equilibrium will have negative eigenvalues or negative real part eigenvalues making the endemic
equilibrium is stable.

1 Introduction

The stability of an equilibrium point (stationary state) 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 [9, 12].

The main method used 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 complex 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 [10]. In most of these methods, it is complicated to apply in problem of many dimensions [4].

The local asymptotic stability analysis using Routh-Hurwitz criteria involves calculation of the character-
istic equation and the determinants of the n Hurwitz matrices. The Routh-Hurwitz condition also becomes
intractable especially for large n [1].

In [2], the authors investigated the local stability of the disease-free equilibrium point of different epidemic
models with four states.

In this study, we investigate the local stability of the disease-free and endemic equilibrium points of
some selected epidemic model with four or more states 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, 13, 11]. That is, the local stability can be established without the need to calculate
the eigenvalues, instead the basic reproduction number which describes averagely the number of secondary
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160 Local Stability Analysis of Epidemic Models

infections produced by one infected individual in a susceptible population during their whole infectious period
gives a condition for an equilibrium point to be stable is used for the analysis. Informally, the theorem says
that if the off-diagonal entries of a square matrix over the complex 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 [8].

Corollary 1 (Corollary of Gershgorin Circle Theorem) Let A be an n x n matriz with real entries.
If the diagonal elements a;; of A satisfy
Gy < —T4

where
n

ri= Y lay| (1)

j=1,5#i
fori=1,...,n, then the eigenvalues of A are negative or have negative real parts [1].
The following theorems will be used in the analysis of the equilibrium points of the selected models.

Theorem 2 The disease-free equilibrium is locally asymptotically stable if Ro < 1.

Theorem 3 The endemic equilibrium is locally asymptotically stable if Ry > 1.

2 Tuberculosis Model

Using the tuberculosis model in [5], the population under consideration is sub-divided into three epidemio-
logical classes: susceptible individuals S, latent or exposed infected individuals F, and infectious individuals
I. The incidence rate given by 8ST (using the mass action law). A portion p3ST gives rise to immediate
active cases (fast progression), while the rest (1 — p)3SI 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 xE. The total incidence rate is
pBSI + kE. The model is given by the following system:

S=A—BSI—puS, E=1-p)BSI—kE—puE, I=pBSI+kE—pul—>0l. (2)

Let A be recruitment rate of susceptible individuals, p be the natural death rate, S be transmission rate of
active TB, k be 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 equilibrium points of model (2) are
1. disease-free equilibrium point (P°) given as

(SO,EO,IO> - (%70,0).

The basic reproduction number R was computed using the Next Generation Matrix approach in [7]

and it is given as
__ BA(s+ pp)
(k4 p) (e + 6)

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

(3)

oy _ar e ey (A (= DRo—Dp(p+96) (Ro—Dp
(P1) = (8757, 1) = (e = B ),
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2.2 Local Stability Analysis of the Equilibrium Points

The Jacobian matrix J of the system (2) is

—BI —p 0 —-B8S
J=| 1-pBl —(k+pn) (1-pBS |. (4)
pBI K pBS —0—p

2.3 Local Stability Analysis of the Disease-Free Equilibrium

Evaluating the matrix (4) at the disease-free equilibrium gives

AP A
1 - p)BA
J() = 0 —(H+M) (717 . (5)
gr "
0 KR pT - (M+(S)

The matrix Jy has one eigenvalue which is negative that is, —u. The remaining sub-matrix is given by

[ Lo
' L

According to Corollary 1, the matrix (J,.) will have negative eigenvalues if the following inequalities are

satisfied: A
(o) > TP, (60)

PR o) (6b)

Dividing (6a) through by (x + p) and (6b) by & yields

(1—p)BA

L ) "
WK

From (7) and (8). After expanding and simplifying yields,

—pBA + p(p +0) o1 (1—-p)BA
pk (ke + )
(k + pp)BA
RERTI
= 1>TRy
= Ro<1l.

Therefore, we conclude that from the above proof the disease-free equilibrium (Fjy) is locally asymptotically
stable.
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2.4 Local Stability Analysis of the Endemic Equilibrium Point

Evaluating the matrix (4) at the endemic equilibrium gives

—(Ro— Dp—p 0 —%
=] 1 -pA-Rou —(xt ) “;;’L“ . (9)
—p(1 ~ Ro)u D~ (u+9)

According to Corollary 1, the matrix (J#) will have negative eigenvalues if the following inequalities are
satisfied:
BA

(Ro—Dp+p> Ropt’ (10a)
(e 1) > (L= p)(1 = Ro)u+ S22, (101)
- %+(u+5)fp(17720)u>/{. (10c)

Dividing (10b) through by (k + p) and (10c) by & gives
(1 = p)Rop(l —Ro)pu+ (1 — p)BA

L> Rop(k + 1) , 1D
—pBA+ (n+ ) Rop — pRop(L — Ro)u _ 4 (12)
Ropk '
From (11) and (12),
—pBA+ (1 + ) Rop — pRop(1 — Ro)p 1
Ropr
o (L=pRop(l ~ Ro)p+ (1 —p)BA (13)

Rop(k + 1)
Expanding and simplifying (13) gives
0>pu(l—Ro)(up+r) = Ro> 1

This shows that the Endemic Equilibrium point is locally asymptotically stable since Rg > 1.

3 SEIRS Model

The SEIRS model consists of four compartments, but the individual loses immunity after some time and
moves back into the S class (that is, the individual becomes susceptible again). Let S be the number of
susceptible individuals, F, be the number of exposed individuals, (infected but are not yet infectious), I,
be the number of infectious individuals, and R, is the number of recovered individuals, (with temporary
immunity). Furthermore, let the contact rate be given by S, A is the recruitment rate, p is the birth rate
(equal to the natural death rate), k be the progression rate from E to I, 7 the recovery rate, § is the
additional rate of disease-induced mortality, p is the rate of loss of immunity, « is the vaccination rate.

S = A-BIS—(u+a)S+pR, E=PBIS— (k+p)E, (14)
I = KE—(u+vy+0)I, R=~I—(u+p)R+as.

The system (14) has two equilibrium points:
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i) a disease-free equilibrium point PY, given b
g Y

Alp+p) Aa

PO = SO?‘EO?IO’RO = b b b
( ) (u(a+u+p) pla+p+p)

).

The Basic Reproduction number R was computed using the Next Generation Matrix approach given
as

P S B C L) B
Tkt (tptp) (Y Hpto)

(ii) endemic equilibrium point P* = (S*, E*, I*, R*) expressed in terms of Ry as

o Alp+p)
Rop(a+p+p)’
g~ v+ O)Re —Dpl(p+ w)(a+p+p) (v + 1 +9)]
ak(d 4 p) + p((a+ p+ p) (v + p+9)) ’
o~ Ro—Dpl(utr)(atptp)(y+putd)
ak(d + p) + pl(a+p+p) (v + p+9))
B - pRokY AL (y + p +9)

ploc+ p+ p)ar(d +p) + p((a+p+p)(y + p+9))’

where Ay = (a+ p+ p) — (=0kp — dup +ywp — yup — Kpp — p2p)lp(p + K) (@ + g+ p).

3.1 Local Stability Analysis for the Equilibrium Points

The Jacobian matrix J for the system (14) give by

—pI *ﬁ(ﬂ* a) ( 0 ) TB%S p
_ I —(K+ 0
/= 0 K (Y4 p+9) 0 ' (15)
o 0 gl —(n+p)

3.2 Local Stability Analysis for the Disease-free Equilibrium Point

Evaluating the matrix J at the disease-free equilibrium gives

Alp+
—(u+a) 0 __BAutp)
%(Xf(Jr n +) p)
ptp
Jo = 0 —(k+p) ——m— 16
0 plo+ i+ p) 16)
0 K —(y+p+9) 0
a 0 gl —(n+p)
According to Corollary 1, the matrix (Jp) will have negative eigenvalues if the following inequalities are
satisfied BA( )
p+p
+a)> ——<+p, 17a
(b +a) atpty P (17a)
BA(p+ p)
K4+ p) > ———, 17b
( ) pla+p+p) (17b)
(vy+pu+9) >k, (17¢)

(+p)>(a+7). (17d)
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Combining (17b) and (17d) gives

BA(p+ p)
(18)
ple+ p+ p)(p+ k)
and 5
w > 1. (19)
From (18) and (19) we have
(Hp+d) o BA(p+ p)
K pla+ p+p)(p+ k)
It follows that
BA(p + p)k _=
=R,.
pla+p+p)(p+ K)(v+ p+6)
This shows that the Disease-free equilibrium point is locally asymptotically stable since Ry < 1.
3.3 Local Stability Analysis for the Endemic Equilibrium
The Jacobian matrix J evaluated at the endemic equilibrium gives
0
b— (o + ) 0 _ju+@%+v+)
0
J1 = —b —(k+p) (H+’i)(l;+7+ ) 0 ) (20)
0 K —(y+p+0) 0
0 v —(p+p)

where
(a+p+p)(pp+r)(p+y+6)(1—Ro)

ol R) (e 8) + p(u(p 4y +8) + K(p +9))
According to Corollary 1, the matrix (Jy) will have negative eigenvalues if the following inequalities are
satisfied

(@)
(a+p+p)(pp+r)(p+y+6)(Ro—1) (p+rK)(p+v+9)
Rl )+ 6 F (T £ 0) F a8 T @ z e
(i1")
(h+p) > (a+p+p)(pp+£K))(+v+6)(1 —Ro) (n+rK)(p+v+9)
p(p+ &) (p+ v +0) + plp(p + v+ 6) + s +9)) K '
(it3*) (p+0+7) > k.
(") (p+p)>a+n.
Dividing (i4*) through (x + p) and (i4*) by &, and simplifying gives
1> (a+p+p)(p)(p+v+6)(1 = Ro) (L+v+9) (21)
p(p+ 6)(p+y+6) + plu(p + v +06) + 5(p+9)) K
and
@i%iﬂ>L (22)
The above inequality holds if
0>1-—"7Ry,
that is,
Ro > 1.

The endemic equilibrium point is locally asymptotically stable since Rg > 1.
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4 T7-Staged States Vector-Host Model

In this section, a malaria modelled as an SETRS for the host population and SEIT for the vector population
similar to that of [6] and a Zika virus model in [3] are analyzed.

4.1 The malaria model

The malaria model divides the human population into 4 classes: Susceptible, S}, then comes the latent or
exposed, Ly, 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.

The vector population is divided into 3 classes: Susceptible, S,, Latent or Exposed, L, and Infectious,
I,. Let ), be Humans birth rate = Humans death rate, x be transition rate from Latent class to infectious
class at time t, v be recovery rate of human, [, be transmission rate of host (bite rate plus probability
of transmission of disease), ¢ be Disease-induced death rate for humans, p be Rate of loss of immunity for
humans, p. be Vector birth rate = vector death rate.

Sh =ty — BpSuly — aSp + pRy — 11, Sh,

Ep = B1,Snly — (K + ) En,

In = kEp — (v + py + 6) I,

Ry, = ~I), — wp Ry + aSy — pRy, (23)
S = e = B,Suln = p1.Su,

E, = B3,SuI) — 0B, — p E,,

I, =0E, — pI,.
4.2 Equilibrium Points of the Model and Basic Reproduction Number (R,)
The system (23) has two equilibrium points namely;

e The Disease-Free equilibrium; and

e The Endemic equilibrium.

4.2.1 The Disease-Free Equilibrium

The disease-Free equilibrium of the system (23) is given by

poz<52,E2,12,Rz,53,E3,13>=( tp) oo @ ,1,0,0).
(a+ py, +p) (a+ py, +p)

4.2.2 The Basic Reproduction Number (Rg)

The basic reproduction number (R’ &) of the model was computed using the next generation matrix approach
discussed in [7].The basic reproduction for (23) is given as

RNG — \/ Buln + p)k 8,0
(ks )(

pop, 47+ 0) (4, +p) (0 + po)pe
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According to [10], the square of the reproduction number obtained via the next-generation approach [7]:
(RYF)* =Rao

is the basic reproduction number (Rg) of the model. Therefore, the basic reproduction number for (23) is
given as

ﬁh(:u“h+p)‘y’: 51}0
Ro = . . 24
O (ot ) (i v Oty +0) O+ pone (24)

Now, for a population where there is no prevention effort, a = 0, the basic reproduction number is represented
by

/ Buk 8,0
Ry = . . 25
O Gt ) un ¥ 1) O+ e (25)

4.2.3 Endemic Equilibrium

The solution for the endemic equilibrium is obtained in terms of the infected humans which is also expressed
in terms of Ry and after some algebraic manipulation, we have

S* _ :u’h(a + Mc)(I;;ﬂv + :u“c)
" (e + 1) O+ p ) (I8, + o) + 01 8,8,
E* — el}fﬁvﬂhuh
h (k4 1) (ke (0 + o) (@ + ) + 15 B, (08, (0 + 1) (o + 1))
Ro—1
I; =
" Bo(y+ 0+ ) (5 + 1) 08, + (0 + po) (@ + py, + )’
R* — (F)/Ih+a+/’['h)(9+:uc)(l;:6v +:u’c) + (GI;:.BU)
h /”Lh(0+ﬂc)(l;:ﬂv +/”Lc) ’
S _ M ,E _ hZvFe ,
! (L5By +pe) " 0+ p) (LB, + k)
o 01; 8,

(0 + p) (I3 By + o)

4.3 Local Stability Analysis of the Vector-Host Model

The Jacobian matrix for the system (23) is given as

n* 0 0 p 0 0 —B,5n |
Bl —(k+ ) 0 0 0 0 BrSh
0 K —(pp +v+0) 0 0 0 0
J= a 0 ¥ —(pp +p) 0 0 0 (26)
0 0 —B,5, 0 8,1y — 0 0
0 0 Bvsﬂ 0 ijh 7(0+Nc) 0
0 0 0 0 0 0 —pe |

where n* = 8,1, — (o + py,)-

4.4 Local Stability Analysis of the Disease-Free Equilibrium Point

Now, we investigate the local stability of the disease-free equilibrium point with @ = 0, since the basic
reproduction for the model without prevention is always greater than the basic reproduction for the model
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with prevention, that is, Rg < ’Rz). Evaluating the Jacobian matrix at the disease equilibrium point (Ep)
yields

“Hhp 0 0 P 0 0 —Bh
0 —(rk+pu) 0 0 0 0 B,
0 K —(pp, +v+9) 0 0 0 0
Jo = 0 0 Y —(un+p) O 0 0 (27)
0 0 —B, 0 — e 0 0
0 0 B, 0 0 —O+mu,) O
| O 0 0 0 0 0 —He |
From rows 1,4 and 5, we get three negatives eigenvalues which are A\; = —pp,, A2 = —(pp, +p) and A3 = —p,..
Eliminating rows 1, 4 and 5 from Jy, we end up with the sub-matrix
—(k+ 1) 0 0 B
K —(pp +v +9) 0 0
Js = 28
0 /81) _(9 + :uc) 0 ( )
0 0 0 — e
The matrix J satisfies the corollary of Gershgorin’s circle theorem, if the following inequalities hold;
(k4 1) > B (29)
(o, +v+9) > K, (30)
0+ pe > By, (31)
e > 0. (32)
Combining Eq. (29) to Eq. (32) gives
Hﬂheﬂv

1>

1 (0 + ) (5 + ) (g, +v 4 0)

Hence, from (25), RB < 1. Since RE) < 1, it implies Ry < 1. Therefore, Ry < 1, ensures local stability of the
disease-free equilibrium.

4.5 Local Stability Analysis of Endemic Equilibrium Point

The Jacobian matrix evaluated at the Endemic equilibrium (Ey) gives

a* — o — 0 0 P 0 0 —b*
—a* —(K + ) 0 0 0 0 b*
0 K —(up, +7+9) 0 0 0 0
Jo = o 0 v —(untp) 0 0 0 (33)
0 0 —c* 0 d* — ., 0 0
0 0 c* 0 h* —0—pu. O
L 0 0 0 0 0 0 —p,
where h* = 7d7 a* = ﬂa b* = %7 = %a dr = %a a; = ﬁh(I}tﬂvﬂh)a bl = (0+:LI’C)(I;;B’U +:u‘c)7
by ba b3 by

az = Bhﬂh7b2 = (Ot + :u‘c)(e + Mc)(l;lkﬁv + H’c) + QI;:Bvﬁha
asz = By, bs = aalf B, + 1., as = 8,(Ro — 1) and

by = B,(v+ 6 + pp) (K + 1) (08, + (0 + p) (@ + py, + p))-
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Using Corollary 1, the matrix (J.) will have negative eigenvalues if the following inequalities are satisfied.

That is,
wy, Fa>p+a* 40",

a* b*

1> + ;
Byt K pptE

8+, +
Hh ’Y>
K

1

)

o+
Hp t P

<1,

pe > d* 4+ ¢,
0+ p. >h"+c",

e > 0.

From Eq. (35) and Eq. (36) we get

1> a*K n b*k
(b +R8)(O + pp +7) (i +8)(0 + py, +)°
Let
= ar and b** = b
(b + £)( + g, +7) (b + £)(O + 1y, +7)
Then Eq. (41) becomes
1>a™ +b*.
Adding Eq. (38) and Eq. (39) yields
0+ 2u, > 2c*.

Since h* = —d*, we see that
20 4+ 2p, > 2.

From Eq. (40) and Eq. (43), we have
c*

I
(0 + pe) e

But
c 1

O+ p)pe 0
This implies Eq. (44) becomes
—1>-b".

Adding Eq. (42) and Eq. (45) gives a** < 0. Simplifying a** gives 0 > (1 — Ro) and Ry > 1.
Therefore, Rg > 1, ensures local stability of the endemic equilibrium p*.

(34)

(35)

(36)

(41)

(45)
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5 A-Staged HIV/AIDS Model

We consider a sexually active population N(t), divided into six compartments: S(t), I1(¢), I2(t), I3(t),
A(t) and T'(t). S(t) represents the number of susceptible individuals; I (¢) represents the number of HIV-
positive individuals in the asymptomatic stage of HIV infection; I5(t) represents the number of HIV-positive
individuals in the pre-AIDS stage but not receiving antiretroviral (ARV) treatment, I5(¢), A(t) represents the
number of individuals with full-blown AIDS but not receiving ARV treatment; T'(¢) represents the number
of individuals who are receiving ARV treatment; and R(t), the removed class, represents the number of
individuals who have changed their sexual habits sufficiently such that they are, literarily, ‘immune’ to HIV
infection by sexual contact. Note that the individuals in the R class are people who take up safe sexual
habits and maintain the habits for the rest of their lives. The significance of the removed R class is that
it emphasizes the importance of prevention for a disease, such as HIV, that has no cure. Increasing the
members in this class is one of the keys to controlling the spread of the disease. The population dynamics
is given by the following equations:

. Bili | Bala | B3ls

S=A ( N + N + N )S (1 +p)S,

. (Bl | Boly | Bsls

Il—( N + N + N >S_(,U/+a1)ll7

IL=aly — (p+ ag 4+ v,) I, (46)

Iy = asly — (p+ as +73) s,
A:Oégfg— (/.L+5+’YA)A,
T = oIz + vy3ls + v 4 A — uT,

where 8, = ¢p;, i = 1,2, 3 is the product of the average number of sexual partners (c) and the probability (p;)
of the infection per partner with an infected individual in I7, I and I3 respectively. Let 8, be infection rate
of primary infectious individual, 8, be infection rate of asymptomatic infectious individual, S5 be infection
rate of symptomatic infectious individual, A be recruitment rate, p be natural death rate, oy be progression
from the I to I, as be progression from the I5 to I3, ag be progression from the I3 to A, § be disease-induced
death, p be rate of removal of susceptible, cy be treatment rate of asymptomatic infectious individual, a3
be treatment rate of symptomatic infectious individual, ag be treatment rate for advance AIDS individual.
The total population, N(t) is given by

N = S(t) + I (t) + L(t) + Is(t) + A(t) + T(2). (47)

5.1 Equilibrium Points of A-Staged HIV/AIDS Model
The model is made up of two equilibrium points.
(a) Disease free Equilibrium point given by

A
(SO:7+, nN=o0, 19=0 19=0 A°=0, T°=0).
H+p

(b) Endemic Equilibrium point given by

A
S = —, 48
A+p+p (48)
A
Iy = S*, 49
D= (49)
o

I* — *7
2 (B+az+7yy) "
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531 a2

I; = I,
’ (4t az+72) (n+as+73)
% (651 (&%) a3 *
A = Ilv
(bt a2 +7,) (Wt as +73) (B+ 0 +7,4)
* Y2 ai 73 ai a2
T = —= 13
po(ptoz+ys)  p(ptaz+y) (p+as+7;)
« (e o
+1A ! 2 E (50)

B+ oo +7) (p+as+7s) (m+d+v4) 1

I I I
5114_522_'_633'

h =
where \ N N N

5.2 Basic Reproduction Number R, of HIV/AIDS Model

The basic reproduction number for the model is given as

51 04152 041042/83

Ro = + +
T (wta)  (ptoan)(ptaztys)  (mton)(utaz+v2)(utas+7s)

where

B84
W ey

Bo
(1 + a2 +75)

is the probability of an infective that progresses from I to Is,

(2)

is the probability of an infective that progresses from I3 to I3,

3) Bs

ﬁ is the probability of an infective that progresses from I3 to A.
B3t

From (49) we have

ﬁ B A
S* (1+a)
I 1 Byl + Bola + Bl
S (1 +a1) N ’
N~ 1 ( Bol2 ﬂ313)
= —— (B + + :
S (u+ ay) A Ir I
N* _ 1 (5 n 184 . aaafs )
s (o) VT (ntaz+75)  (ptas )+ as+75)/
N*
= R
S* 05
N*
R g
0 S*
S L+ AT AT
— =
1
= 14+ + A M Y Q102 +
(p+a1)  (pta)(p+az+vz) (p+a)(p+as+79)(p+asz+ ;)
A 10903 n
(1 +a1)(p+ oo+ 72) (0 + as +v3) (0 + 6+ 74)

A aq YA Q273 Q2037 5

A + s
(o) (p+ar+y)bp  plp+oas+vs)  plp+as+y3)(p+0+74)
Ro—1 = Am,
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\ (Ro—l)’
™

where 7 is the mean infective period given by

1 + (65} + 109
(p+a1)  (pta)(pt+az+vs)  (p+aor)(p+az+y)(p+as+73)
+ 1o
() (p+ o+ 7o) (1 + a3 +73) (46 +74)
a1 [714 Q273 Q237 4 }
+ L4 +
(k+o1)(p+az+7,) plp+as +73)  plp+az+y3)(p+0+74)

by substituting A into the endemic equilibrium point expressed in (49)-(50), we will obtain the endemic
equilibrium in term of Ry to be

S* =
[Ro—l +/J,+p]
! W(uﬂh ’
I = Ro — 1),
: [WMJFOH M+a2+72)}( o~ 1)
109
I = Ro — 1)57,
° [Wu+a1 M+042+72)(M+043+73)}( °=1)
Q103
A* = Ro — 1)5%,
[W/Hral u+a2+72)(M+a3+73)(u+5+%4)}( o~ 1)
T = o
m(p+o1)(p+ a2 +72)
V2 Q273 Qo237 4 *
2 + Ro — 1)S*.
[u p(p+ as +73) u(u+a3+73)(u+5+m)]( 0o~ 1)

Jacobian matrix of the system (46) is given as

. By Ba B3
n ; — fﬁﬁs fﬁﬁs 0 0
m* ﬁlS— (o1 + 1) NQS B3g 0 0
J=1 o0 o —(ag + 7o + 1) 0 0 0 (51)
0 0 as —(ag + 73+ 1) 0 0
0 0 0 as —(p+d+v4) O
0 0 V2 73 7A —H

where

X il Bola  Bilz « Bl | Bola B3l

n:—N—N—N—(u—i—p)andm:N N N

5.3 Local Stability Analysis at the Disease Free Equilibrium Point

The Jacobian matrix J evaluated at the disease free equilibrium point is given as

Bk Bt Bap
—(u+p) - _ 2l ST 0 0
( ) (1 +p) (1 +p) (1 +p)
0 . Bap Bs 0 0
0 0 aq —(a2 +v9 + ) 0 0 0
0 0 Qs —(asz +v3+ 1) 0 0
0 0 0 Qg —(p+d+v4) O
0 0 V2 V3 YA —H
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where

B Bl:u“ _
A

The matrix Jy has three negative eigenvalue, \y = p, Ao = (u+ p), A3 = (L + 9 + v4). The sub-matrix is
given as

BIM 62” 53,“
— (o1 +p) —
s_ | (w+p) (n+p) (n+p)
Jo = o —(az+7, +p) 0 ' (53)
0 Q2 —(a3 + 3+ 1)

We now determine the eigenvalue of the sub-matrix J§ by applying a corollary of Gershgorin’s circle theorem.

Ry 1> B Bapt Bap
(w+p)oa+p)  (m+p)ar+p)  (p+p) o+ p)
Ry, : 1>— 2
(a2 + vy + 1)
(6%}
Ry + 1>——2
’ (a3 + 75 + 1)

where R;,i = 1,2, 3 stands for the rows in the matrix.
By multiplying the second term of the right hand side (rhs) of R; by the term obtained in the rhs of Ry
and also by multiplying the third term of rhs of Ry by the terms obtained in rhs of R; and Rg gives

Bip 1B
(k+p)(p+ar)  (p+p)(p+o)(p+ az+7;)
i 0104253M

(+p)(p+ar)(p+ az +72) (1 + as+73)

which implies Ro(p) < 1, hence the disease free equilibrium point is locally asymptotically stable.

5.4 Local Stability Analysis at the Endemic Equilibrium Point

The Jacobian matrix evaluated at the endemic equilibrium gives

* 51 52 ﬂ3
AF — _Zr _2 _U3
(1 +p) R Re ﬂRO 0 0
A" b* 2 P 0 0
T — Ro Ro
B= 0 a1 —(aa+ v, + ) 0 0 0
0 0 Qg —(az+v3+ 1) 0 0
0 0 0 ag —(p+0d4+7v4) O
0 0 V2 V3 Ya —p
where 5.1 8.1 BaI 5 N
x _ Piha 242 343 4. _ P1 _
N=y oty Ty ey, (et and Re =
Two of the eigenvalues of Jg are A\; = pr and Ay = — (0 +v4 + ). Furthermore,
* ﬂl 62 63
A — _ L _2 _U3
(H’+p) B RO gzo /‘gzo
s __ * Lt S 72 73
0 oy —(a2 + 7, + 1) 0



Adom-Konadu et al. 173

. + By +
A by +(M+p)>w,
Ro
Ay —A*+(a1+u)>7ﬁl+52+ﬂ3,
Ro
aq
Az 1> —
’ (a2 + 79 + 1)
as
Ay 1> —
(a3 + 3+ 1)
Adding inequalities A; and Ay gives
281+ B2+ 8
() + (o + ) > D)

Dividing through by (u + p)(ay + u) gives

1 1 i B1 Ba Bs
e ) T R e ) e s T G el

Multiplying the above inequality by u gives

o o l By Bt B i
@t  wtp)  Ra [(u+p)(a1 ) R (7S | T R praa TP +u)]

Dividing through by 2 gives

L np 1 1 Bip Bap Bsp
U (@rm  5r) m e s T G TR T G e

or

1 {( Bip Bap Bs } (54)

1> - +
Rol(p+p)lar+p)  (n+p)(ar+p)  (n+p)(loa+p)
From the inequalities A3 and Ay, it is obvious that

Bip Bapt « Ag + B
ptp)or+p) - (p+p)loa +p) (1 +p)(oa + )

Hence (54) holds provided R > 1.

R0>[( *(Ag*A4)].

6 Concluding Remarks

In this paper, we investigated the local stability of both the disease-free and endemic equilibria of a tuber-
culosis model, SEIRS, a vector-host model and a-Staged HIV/AIDS Model. The corollary of Gershgorin’s
circles theorem which is an essential tool that helps to determine the regions of the complex plane in which
the eigenvalues of a matrix are located was used. This criterion is very practical given that the local stability
of the equilibrium points 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 were obtained for
each model after simple computations by establishing that if Ry < 1, the Jacobian matrix evaluated at the
disease-free equilibrium will have negative or negative real part eigenvalues. Thus, disease-free equilibrium
is stable but if Ry > 1, then the Jacobian matrix evaluated at the endemic equilibrium will have negative
or negative real part eigenvalues making the endemic equilibrium stable.
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