
APPENDIX
The disease free equilibrium points of the model are as follow

SH =
λhNH

µh
, SE =

µmKE(a− (s+µe))

as
, SM =

KE(a− (s+µe))

a
.

The reproduction number R0 can be obtained using the method introduced by van den
Driessche (2002). We write the system of differential equations as ψ = f − v where
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 , f =
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,v =
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 (1)

The jacobian matrices F and V , associated with f and v, respectively, at the disease free
equilibrium are:

F =


0 0 0 x1bbh

0 0 0 aγ(1− SE
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)

x2bbm
NM
NH

0 0 0
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 ,

V =


µh + r 0 0 0

0 µe + s 0 0
0 0 µm + c 0
0 −s −c µm

 , (2)

and the next generation matrix G = FV−1 is:

G =



0 0
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KE µm
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, (3)

R0 is then the spectral radius of the next generation matrix, R0 = ρ(G), the largest
eigenvalue of G.
Thus

R0 =
α

2
+

√
α2

4
+β , (4)

where

α = a
(

1− NE

KE

)
sr

(µe + s)µm

β =
x1x2b2bhbmNmc

µmNh(µm + e)(µh + r)
.
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Note that β is the basic reproduction number proposed by MacDonald (1952).
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