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Abstract 

/ 11 this paper we, formulated a mathematical model of yellow fever transmission 
i11co1porating secondary host using first order ordinary differential equation. We 
verified the feasible region and the positivity of solution of the model. There exi~t two 
equilibria; disease free equilibrium (DFE) and endemic Equilibrium (EE). The disease 
free equilibrium (DFE) points were obtained. 
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Introduction . . . . s mptoms include 
I- •ever known h1stoncally as yellow Jack, or yellow plague is an acute viral disease. In most ~ases Y_ d by the 
,relloW L' ' • . l . . d h Th disease is cause 
1 

1 ills Joss of appetite, nausea, muse e pams particularly in the back and hea ac es. e 1 species 
fiver c1 , . db . l b. , h ·mates and severa 
e 

0
~ fever virus an?_ 1s S_P~ea _ y t ~e 1te of the female mosquito. It only infects humar:s, ot er P~1 . A virus of the 

yell uito [I]. In c1t1es 1t 1s pnmanly spread by mosquitoes of the Aedes aegypti species. The vmis is an RN 
of rnosq . . 
crenus f/av1v1rus [2]_- . . . . . b ther mosquitoes 
0 

11 
w fever virus 1s mamly transmitted through the bite of the yellow fever mosquito Aedes aegypti, ut ~ 

1 
. 

1 
are 

Ye o . (A d lb . . . L "k th Arbov1ruses w :nc 1 
b 5 the tiger mosquito e es a opictus) can also serve as a vector for this virus. 1 e o er f . f ted 

sue a . l 11 £ . . . . h . . t the blood o an m ec mitted via mosqmtoes, t 1e ye ow ever virus 1s taken up by a female mosqmto w en 1t mges s 
1 

. 
trans n or other primate. Viruses reach the stomach of the mosquito and if the virus concentration is high enough, t 1e virUS 
burna . ' 

·nr:ect epithelial cells and replicate there [3]. 
~IU . . 
V ctor-bome diseases (e.g. malana, dengue, fever, yellow fever, lyme disease, trypanosomiases, d 
:d leislunania), amongst all the human infectious diseases, continue to remain a public health concern and a severe bu_r en 

:n economies, causing high human mortality in the world. These diseases have not _onl~ posed p~oblems to natrnnal 
economies, but have also caused poverty and low living standards, especially in countnes m the tropical and subtropical 

regions of the world [ 4]. _ _ _ _ . 
Yellow fever virus (YFV) 1s the prototype species for the genus Flavivirus [5-9). H1stoncally, YFV 1s one of the most 
important human arboviral pathogens. It continues to cause large sporadic epidemics in Africa but typically e_merge~ as 
epizootics among nonhuman primates in South America with or without associated human cases. YFV emergence 1s cyclical; 
outbreaks occur :::::7-10 years apart. Several phylogenetic studies have shown that YFV is locally maintained during these 
interepizootic periods in Peru and Brazil [9-11). Yellow fever virus undergoes regionally independent evolution within some 
countries [10]. The sporadic emergence of YFV in the Americas has been strongly associated with infection of red howler 
monkeys Alouatt aseniculus, which are particularly susceptible to disease [12). There are three types of transmission cycle: 
(a) Sylvatic (or jungle) yellow fever occurs in tropical rainforests where monkeys, infected by sylvatic mosquitoes, pass the 

virus onto other mosquitoes that feed on them; these mosquitoes, in tum bite and infect humans entering the forest. 
Because of this sy 1 vatic cycle, the yellow fever cannot be eradicated [ 131. 

(b) The intermediate cycle of yellow fever transmission occurs in humid or semi-humid savannahs of Africa . Semi
domestic mosquitoes infect both monkey and human hosts and increased contact between man and infected mosquito 
leads to disease. In recent years, this has been the most common form of transmission of yellow fever in Africa . 

(c) Urban yellow fever results in large explosive epidemics when travellers from rural areas introduce the virus into a reas 
with high human population density. Domestic mosquitoes, most notably Aedes aegypti, carry the virus from pe rson to 
person. It is well adapted to urban centres and can also transmit other diseases, including dengue fev e r and chikungunya. 
The urban cycle is responsible for the major outbreaks of yellow fever that occur in Africa. 
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II 1111 I i111 1.• . . . , . 
l'I . . . . . . . . . . . - 1 1 irincip:il CLl lllllllllllll l'S Ll l busts (humans) :in 1 1' 11 il hkl 111 y1.·l l11w kin l'p1dL·1111l·s. 11h1d1 1111 ,1 ill'S 1h..: 1111l·r:1L"l10 11~ 1.11 11 l I . , · .. 

1
. _. . l , . · · • . . . . . , I I .

1 1 I ·, ll'o rk . 1h,· ho :-- 1 l ll lllll1L11111 y w,1s l 11 id,·J 1111 " 111 1' /u, ,li ·s 11,·.i:.,1,,11 11H1squ1I LIL' S) 11 :1, l\\n\\ul :11,·d bv 1\k 11111 :1mk .) · 11 11 - . . , 0 
1 - /'() 1 ·1. ihc wc tor c11 111111t11111 y was part1t1uned 1111 111 l'l' l ' 1111111:1r1111 ..: 111 , L1l' Susl·1·p1 ibk S(1) . l11 k,·1l•l; /(/ ) :111d Rl' L"llll'l','d I I "' 11 l 0 

. . . . . . . . . , , . . 1 > 0 is ihe 1i111 ..: . I k :111 ulyzcd lhe loc;i l stab ili 111 ' ' ''' 111 1'·11 1111L' III S \\I S11 ,r ,·1111h k ,\ ' (i) :111d l11kr111·,· ur ,·,ms r :1rri ,·rs 1\/ (1) 11 h,i, - · 11 
111 iii ,· 111Pdl·I 11si 11 g .l:11·L1bi.1 11111:11 ri, :111d i11111lici1 1·1111 c1i,,11 . . . . 

1 
, , .. - , 1· , I .. · -\ , I · . . . · . . · 1 -1ddi 11 01110 11 c1cc ln1-111 cc 1~1Lc lr. 11Nnl\, 11 , · 11 1111 1 L' 1111 L' 111,1del Lll a l'l'C lL1r-h,1rnl' dis,·:i-;,· ll'lii ch h:is dm.-c l 111udc \\I 1r:111 -;i 11 1,~1,111 11 · . . . , . 

1 
_ , · 11 

I · · · I I 1· . · 11 11 ,,. ·1c11 u11 IP1111. Th,y .i , u 1nr ludc b1.,1 h 11 ·1' ' 1111 11·.I h1· 1111 1-i'v\ 111 1.! ,·111/. 11 (,! . Ch,·1• ,1..;..; 11111n l ll h' tlk tll'l' ll'rlll 111 h,· ,d I \c' ' 1 llll ,II · · · ' . . . ., I •I . I • .. • . · . . . 1 -- , . . , ·- 1. I ·1-iy t11(1d c l w11h a d1 sc rc·ll' 11 n1c dcb y Th • ' ·1'' 111 ' 1'11 111 :111· d11i n,· 1111 ;i l t'q11 :111,1 11 (\)1)1 · ) 1·r1-s 1,, 11 1,11h,· llllltkl. :111d . :11 tllctlll 1·1 le · .. , . . . -· 1 
I •I· . I 1 -- . . . 1 . . -d In bcco 111 c 1nlcc 11 ous. fh cy 111 vcs 111•:11 ed ih . ' ' ·11 111 11 1.· , tlk1\· 1111 :il -dl' lav 11111,k l :1L·cu1 1111 , l,H· 1hc 111 r 11 b:111 ,1 11 11 1111· Ill' 1L'l'. il11, lltL · " ' 

111 11 1:1,·1 ,, 1· ili l· 1k l.1y 1' ,1r:1 111,·1n ,111 !h t· s1:1[, il11 v ,, 1· 1hc c·quil 1bri:1. . 
1·1,,, 11•11 - . · I · • 1 - · . . - 1 1 1 . I . ·,-1.-11,l·d by Kun 10:1ro l'I ul. ( 17 I. and built u11 -1 , , 1 , 1111s, 1Llll I v11 :11111,·s t>I \' t' 1,,w 1,·1·,·r (\ I· ) 11·111111 111'\1 hlSI l"'IH1 .11,.,11' " ·' ' 1 c~, ~ . . . • 
I ·1, ·. · , · · · - - . - 1 -, ,1· 11• 1 I ·I wi 1h 1"1cL" 1n:1tfl1n In Ili c en11rc new b.,1-11 11 111 111111 , 11 ,· Su s1· ,·p11hk \ ':1L'l' lll :il 1\l11 l· ,11,,s,· l11lc•L'il'd • l\n:111L·1L·, IS · ' llH>ll ' , . _ ' 
I Ii,·,· 1: 111 11ul :11L·d :1 11111dl'I ltll" lhl' Sjll\':ld lll° Yc·llt1\\' 1·c,·,·1 Ill ln1111 .111 , . I L'l'l11r ,111d prn1 1.11 ,:,; pupu l:iltOl1 S. f il e lwlll:lll pu pul ali on 11" ;1\ 

di ,·idl·d i111t1 i'11·c (_'; ) l'l :1ss,·s. lhl· 1•,·1·1,,r l'l'l'lll :111 u11 11 .1, d111,kd 111lll 1l11c·,· , l.1 ,"' ' ,111d ihc· prn 11 :ilc pupubl!Lltl w:is dt1·i,lt:d ll llu lh rL\: 
1·l:1~sc·s . 11 11·:1s :1ss11rn,·d 11! :1 1 11!,· 1·:icri11:111·d :111d 1,·c,11,·1 L'd 111dt11d11 .il , I," ,· 111,· 11 111111n 11111 y ,11·1c-r ie,i year~ :itld 11 c·nl lu bc 1.1 rci11 ,,1cd 
,1 !,!,1111. rl1,·y ,·,,1bid.:r,·d 11! ,· , 1:111d:iid it1 cid ,·,ic,: ,,1 · ,111 iii,· P"l'lil ,11 1111 1' l lil·, 11 "·d ,\k1 1kr 1\l.11 ri, Iv :111 :d) t.c·d lhc gl,,b.i l , 1.tb il 1t) ,ii 

JO d1 .,,·.1s,·~ 1'1,·,· L'q11ilihri11111 (l)IT) . 
.. , 111 :11hc111 :11i ,·:1 I 111,,dl'I ,,r y,·ll,111' ll' \'L' t' 111n,,pu1.11111g 1h1· h1,ilt•g~ lll 111,· 111h.111 \l'C llll, 1h c: 111u,qu 1l \.l .-/ctfn · (/L",'.!, 1/III .111d th,: , 1.,g,·, ol 
1h,· d1 s,· :isl' 111111 ,· h,1s1 (h1111 1:1t1s) 11':i s l°L,rnlltl :111'\I h~ \,1111.1 ,·r al 11 :-.J 1·,, ,111 1hc l'p1d.: 111i u lug11.::il 1JL)1111 ul· v1c11•. 1hc mu, qui10 lu llow:, 
:1 s1 :1 ~,·q11L·111·1· (~ll SL"L'i''ihk. 1:., 1,lis,·d. l11kc111 ,·\. 111 1h,·11 111 ,llk l. 111 ,· .1duli l'<•pul.1111.1 11 , :1r1· , ubd 1v1d c·d :1cc urd111 g lu tli .:i r s1.11 u, 1111h 
1\'S jl1'\'l l1 \ 1h,· virus . rh,·v :is,11111,· 1h:11 ih ,·,,· ,~ llll IL'llll' ,ii lt.111'1111 SS l(\ 11 ,,1 liil' \ ltll , :111d c·gg,, l.1r1.1e. Pll\J.IL' :ind 11 1.111 p,lrl.l LI S .1Jul 1:, .11\' 
:il ll':1ys s11 srq11ihk . rl1c ·h111 11:111 s :ire suhdi, 11kd i11 ,11b -pop11l.1i1 L11 1s :1,·1.:urd111 g lu 1h,·1r -;1.1111 s with r1.:,11L·1.: 1 10 !he illn c·ss :1, : Slbcep1ibk 
(S) , 1' \j HlSl'd p :). illil'L' li1·,· (ll. i11 rl'111issiu11 (1 ). 1u, ir ( r) ,111d t"l0 l0 LllL' l"L'll (I{). 
I\ l:11h..:111a1 i,·:d 111,,dl'I Ill :1dd r,·ss th,· 11~111 s111i ss iL111 dy11 :n111 0 01· :in 111r,·c 11 uus .i gen t in :.i horn ogencous popu l:11ion in th e presence 01· an 
11111wril'1'I v:1c·ci11c· w:1s s1ud ied hy R:1imu11do cl al. 119] . ChL' lr ,·q u.111u11s 111 cludc the hu111 an :rnd the vcc:lvr and th ..:ir eggs-popu lJl ion. 
l'hc· q ,:g-pop11l :11i,111 inrl udl's 1h,· inlL'nncdi :llL' s1:1g,·s. such :JS l:irv:i,: ~ml pup:1c. In 1hcir 111 odd th e human popu lation was di vided 

i111,, l11 ur (--1) n 1111par11111·11 b which :1rL' susrL' jllibk S
11

• v:1,·c in :HL'ci 1'
11

• i11Ccc1ed 111 and recovered R
11

. The v..:c tor ropu lJl ion 11·Js 

:ds11 di,·idnl ill lc\ lll l\r (.J) L'0 111p:1rl111L' 11 1S ui': Sll SL'c•pti bk s,1. 111kc1cd , ., , la1e111 L,, :ind IJL)tl -inrccled eggs s, . 
l11 1hi s 11:qwr. w..: lt111 1111l :11,·d a 111:11h,·111:11ic:d t1llllk l oi' ycll ull' k,·,·r 1r:1n s111i ,, 11lt1 incorpo1·:11ing scco n(bry ho,1, we ass um ed in our 
111 L1,k l 1h :11 lh l' 1•:1L'L"i11:1tl'd suscc·p ti bk hu111 :111 s ll' iil 111 ,1 1 ,· 1,1 re,·l11',Tc·d ,·l:1s, 

' i\l:1lai:1l nnd i\ kthod s 
2. 1 i\ !odd For111ulntio11 
l'li,· 11 11.1dl'I c·q11 :11io11s :ire f,..1111,ul:11,·d usin ,! l1rs1 ortkr ,1rdi11 :1ry J iffnL' t1li :.1 I eq ua1i vn . Three popul :11ions ll'Crc con, idc1wl: hu 111.111. 
1'l',' l11 r (1 11,1squi ll1 ) :111d s,·,·crnd:11) 1 lwsi (11 w11kcy) popul:11 io 11 s. The pnp ul a1in11s arc sub- divided inl o compart rn cnt s with ;_i,;, u111p1ions 
lll° 1hc 11 :il tll'l' :111d r:11,· llf 11~111skr i'rom one rn 111p:1nme111 10 :rn1.11 hcr. \\ 'c· rn nsider 1hc 101al popu lati on sizes c!eno1ed by .\',, (!) . :\ (1) 

.ind ., ·_, (, ) l11r 1hc hu111:111s. mosq ui1 ,1es (.~cd,·.,· <IL':},_l'/ 1//) and rno11k,·ys rcspec1i1·ely. \Ve use Su sceptible , 1nrcc1cd :111J R,·1.:ll1l·rt:d ( 

SI A' )11 1,1dl'I 1·,,r 1hc hum:111 popul:11i L1 n to dc·snibc thc· 1r:1 ns111i ss it1n J~·11 :1111i L" s v i' the di se::ise . SIR mode l indic:iie, tli :il 1hc pJs;:1:;,· 
,,!" 1111!i, idu:il~ is !'nll\1 the susc,·ptibk class. s •. 10 inkued ,·l:1ss. t ,, . and lin ::i ll y to the reco very c lass. Rr,. S1o (,) i\·p i·,•,1'nt, tile 

1111111 t,rr ,11' 1miindu:ils 1\\ll ) l'I inll' l' lc·J ll'i lh 1he yelloll' k,·er ,·irus at 1i1nc· / . / ,, (, )deno tes th e number or indi vid uals ll'li,J lure lwcn 

inlt'l' IL',i ll'illi ill c ,·L'IIL"'' k,·cr l'irus :rnd is capable or sp readi ng 1hc c!isc:isc 10 those in the suscept ible ca tego ry. 
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£~istcncc of Equilibrium ... 
So111111a, Al.im I . 

V{lflt e, .l1ya al1ll Abd11/ra/1111a11 J. ufNAMP 
. ·sion or 1hc ye llow !'eve r virus bctw . 

·'\11s1111 ~- . . ccn and amon , 1 . . . . . ( ) is the 
r11.: 

11 ' 
1 

ror ind1v1du~il s who have recovered r- g l ic populal!on 1s driven by the 111osqu110 bite. I,, 1 
_ 

w1cn . • d 10111 lhc disca I h in this f 11 n11 ~ncn l ,mmunily an we assume th - t ti 'sc I irough !he lrcatmcnl and natural hea ling. The umans 
Cl1 11 •11'c pc I b a icy cannot b . 

, 55 h• .•. ra1cs bcl ween tie su -classes arc com . d c re- tnfccled by the yellow fever virus. . 
cl,1· , 11s11.,1 pose of several · d . . . h , population 
1
·11c ir,i ·cc rui1111ent number /\ , Wh , cp, c1111olog1ca! parameters. The susccp11blc uman 

. , sc b)' 1 ,, en an Aedes aeg I r . . . bT a. that 
. ·

11
c1c3- • . • 

1 
ti I . nJ I mosqu1lo bile a susceptible human there 1~ a proba 1 ,ty, l 

,1 I . will be p<iss on o ic iuman. The infected )erson . . ' . . . . ' . who arc 

I 
.. 11111.15 d id 1hose who recovered through treat I moved lo the 1nfect1ous class. The suscepllblc 111d1viduals 

11° 1c a1 , mcnt or natural I 1. t nt rates v cci11n • I Tl . , , . d • . . iea tng moved to recovered/immunity class at cons a ' ' ,,~ ·cspcc 11 ve y. ic icco,c1c md1v1duals h . . . WHO 
d y,, 1 . f . . . ave immumty lo the di sease and do not get clinically ill . In 20l 3, the 

:111 " in•dc dose o vacc 111at1on 1s sufficient 10 co ~ . I'~ 
1 

. 
1'11cd, 3 5 

.;
0 

population is divided into two I n ci I c- ong immunity against yellow fever disease. . 
f hC n1osq111 . b . . . c asses: Non-carrier vector, V and carrier vector, V.(1). The Non-cc1rncr vec tor 

. is 111creasc y 1ec1u1lmen1 number N .· 1 - . d · f t·ous 
Jli1a11011 11 , • on-can icr vector become carrier by biting infectious human an 111 cc 1 

pol The virus enters the mosquito with probabil't . d . fcctiou s 
10

nkC Y. . . 1 Y S,,,(1) and l, when the mosquito bites an infectious human an ,n 
11 pect1vely, the non-camer vector beco • h · f t·ve 

11kCY res mes earner. The 111osquitoes are control at a rate " .. We assume th 31 t c 111 cc 
1 

1110 . d . h . u , 
riod of the 11101 squ11,o ent w,1td itshdeath, and therefore the mosquito does not recover from bein,, in fccted . The mosquitoes leave 

pc lat ion I iroug 1 na ura cat I' . ~ 
,he popu . . . . . ,. 
' nkeY population is d1v1ded mto two classes: susceptible, S and infectious / . The susceptible monkey is increase by 

~0 m > Ill 

r
ui1111enl number A"' . Susceptible monkeys become infected with the mosquito bite and there is a probability, Cl.4 that the virus 

~ . ' . 
·11 enter the monkey. T~e mfect~d monkey moved to infectious class. We assume that since monkeys arc not immunized and 

iv~ated ; they don ' t have life-long unmunity like human, hence the monkeys leave the ~opulation through the natural death and 
Ir_ e- induced death at the rates ,1 and 6 respectively d,seas ,.. "' "' · 
fhe model flow diagram is shown in figure 2. I. The dash line from infected human class, !", to the non-carrier vector, v,' shows 

that the infected human individuals infect the non-carrier vector population while the dash line from carrier vector, v, , to the 

susceptible human population, a,, shows the transfer of the virus from infected mosquito to susceptible human . So also. the dash 

line frolll infected monkey class, A1, , to the non-carrier vector, /\,., shows that the infected monkey in fec t the non-carrier vector 

population while the dash line from carrier vector, A., , to the susceptible monkey population, S., , shows the transfer of the virus 

frolll carrier vector to susceptible monkey. 

\I 

1177 a.~:.µ,j-_,r:7 A 

~~ 
j l(p,+o,) ,,/ l(,, .••. J 

j / 
~ s 

Ill 

a, 

Figure 2.1: Model flowchart 

2.2 Model E·~uations 
dS,, a S V, 
-=/\ __ I _1, - · -(I/+ I/ )s 

d1 " N t" " 
I, 

dR,, 
"Y;' ~ 11S,, + r,/,, - /1 ,, R" 

di' 
-..!. . a,V I rt V I 

d1 - /\,. - - -- ' - '' --' -' -'" -(p +8 )I ' N,, N,, ' ,. I 

(2.1) 

(2 .2) 

(2.3) 

(2.4) 

J I 
.,· 

1 
N. · 

1 
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(2 .5) 

dS a S 1· - " = II _ _ ,_,,._: - I s 
dt "' N'" J. ,, "' 

~ = a ,S,,, 1
1
: - (u + <5 )! 

dt N,, ' '" '" '" 

\\/here. 

N,, = S,, + I ,, + R,, 

N,. = I~ +V, 

N =S +I 
1/J m "' 

(2 .6) 

(2 .7) 

(2 .8) 

(2.9) 

(2.10) 

Table 2.1: Notation and definition of variables and parameter are represen ted as follows 

Symbol Description 
sh(o) Number of susceptible humans at time t 
,,,(o) Number of infectious humans at time t 
R,,(O) Number of recovered/Immune human at time t 
1~{0) Number of non-carrier vectors at time t 
V:(O) Number of carrier vectors at time t 
s..(o) Number of susceptible secondary host at time t 
/., (0) Number of infectious secondary host at time t 
N,, Total human population at time t 
N ,. Total vector population at time t 
N m Total secondary vector population at time t 
al Effective virus Transmission rate from mosquito to humans 

a: Effective virus Transmission rate from humans to mosquito 

a3 Effective virus Transmission rate from secondary host to mosquito 

a4 Effective virus Transmission rate from mosquito to secondary host 
/1.h Recruitment number of human population 
A Recruitment number of mosquito population 
Am Recruitment number of secondary vector population 

(\ Disease-induced death rate of humans 

o,. Death rate of mosquito due to application of insecticide 
t5m Disease-induced death rate of secondary host 
µ ,, Natural death rate of human population 

µ ., Natural death rate of mosquito population 

µn, Natural death rate of secondary host population 

Yi, Recovery rate of human population due to drug administration 
V vaccination rate for the human population 

2.3 Invariant Region of the Model 
The entire population size N,,, N,, and N,,, can be determined by (2.8) to (2.1 O) 
Adding equation (2 I), (2.2) and (2.3) gives 

d; ,, ~ 11 1, - p,, N,, -01,I ,, 

Adding equation (2.4) and (2.5) gives 

dN,. = A, -(JI, +8, )N, 
dt . 

Adding equation (2 .6) and (2.7) gives 

dN,. _ /1. _ J.I N" -15,J,,, 

di - b"' c"'e 
0,f the disease (o = 0 = o), then, (2 .11) and (2.13) gives ln the a sen ,, " 

(2.11) 

(2.12) 

(2.13) 
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/ I' \ _ I ,,,N,, - ,\ l ,, ~ 1\ ,, - 11,,N,, (2.14) 
~ - , ~ 
,/I 

/J,\I,, _ ,, - p ,,, N,,,-i>',,,1,,,:5 11. ,,,- p ,,,N,,, (2.15) 
;..--- - " 

dr 2 I 
.
1 0 rcni · 

1. ,c system (2 .1) to (2.7) has solutions which are contain in the feasible region n- ,-.. ,-.. ,-.. for all t > O 
11JC -Hh X H ,X H., 

r~o: ~s,,. !,,, R,,, V1 , V,, S,,,, i,,,)E,be any solution of the system (2.1) to (2 .7) with non-negative initial conditions 

S
-
111

l! theorem on differential inequality [20) on (2.12), (2 .14) and (3.15) gives 
[I . -

"· (2 ,16) 
o< N,, :5 -

- JI ,, 

Hence, 
N > k ''•' where k is the constant 

/1. , -,,,, " -

similarly 
/\ ,. 

o<N <-- , - (µ ,, +o,,) 

/1., -(µ, +o,)N, ~ ke · l •,••, ► where k is the constant 

A'" o<N :5-
- m µ,,, 

(2 .17) 

(2.18) 

(2.19) 

(2.20) 

Am-µ"'N"' ~ke-P•'where kistheconstant (2.21) 

Therefore, all feasible solutions of the human, mosquito and monkey population of the model system are in the regions: 

, ,(rs,. 1,. R,), ,,, s,. ,,. ••, o, N, < :: ) (2.22) 

n. = f (v" v2)e IR2, v" V2 ~ o, N,, ~ ( \s) l (2.23) l p,,+ ,, 

Om• { (S,,J.)e•' s. ,I. > O, N. <: } (2.24) 

Thus, the feasible set of the model is given by 

\ .S1,, f1,, R1,, Sv, fv, S 111 , ]111 2:::0;
1 

·1

1

(S1,,l1,,R1,,Sv,lv,Sm,l111)E A A 
N <-" A N <-111 

- h - N <--'- m -
µI, , -(µ,+o,) µm 

(2 .25) 

Which is a positively invariant (i.e. solutions remain positive for all times, t) and the model is epidemiologically meaningful 

and mathematically well pose. 

2.4 Positivity of solutions 
Lemma 2.1 
Let the initial data be 

/(s,,(o ), 1,, (o ), R,, (o ), v; (o ), v2 (o), s,,, (o ), 1,,,(0 )) ~ o} en 
Then, the solution set 

{s,, (, ), I,,(,), R,, (, ), vi(,), v2 (1 ), S,,, (, ), I,,,(,)} 

Of the system (2 .1) to (2, 7) is positive for all t > 0 
Proof 
From (2.1) 

dS, ( S:"- •'+ Jl,,~lr 

Integrating (2.28) gives 
Sr,(t)~ s

1
,(o)e-(v+p,), 

From (2 .2) 

(2,26) 

(2 ,27) 

(2.28) 

(2 .29) 
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\ • 11 , ,i \. Ir 

l111,·:·1.1 11n!-'. (~ . .1n) ~ I\C~ 

1, (, ) , 1Jnt i,,.,, , .,, 1' 

h,,111 \ 2 .. 1\ 
,IR 
,Ir 

-.. ,u ,, 1'. i 

l11tq!r:11 i11g (2.32 ) giw~ 
",1) ' /( ,, \0~· 11,1 

i-11.,111 (2 . ..\) 
,II' 
_I ::-111 1 ii )1 '

1 .It \, ' ' 
l11 1cgr:11i11g (2 .3..\ ) giws 
1·

1
(1 h 1·/0\: 111 ··' 1' 

Frnm (2 .5) 

~ :::-(11 +<) )I'. "' . . ' . 

ln1egr:11i11g (2 .36) gives 
1·

2
(1h v

2
(o )e-l!' .• •\), 

From (2 .6) 
dS 
~ ~-Jt .. ,S,,, 

ln1egr:11 ing (2.38) gives 
s .. ,(, h s...(o)e-"·' 
From (2.7) 

Integrating (2.40) gives 
I (1) ?. / (O)e -Ii•. ~s .• ), II/ m 

(2.30) 

(3 .3 1) 

(2.32) 

(2.33) 

(2.34) 

(2.35) 

(2.36) 

(2.3 7) 

(2.38) 

(2.39) 

(2.40) 

(2.4 1) 
Therefore, all the solution of equations of system (2 .1) to (2.7) are positive for all l > 0 
2.5 Existence of Equilibrium Points of the Model At equilibrium 
dS,, _ di ,, _ dR,. _ clV, _dV, _ c!S,,, _ ell ,,, -O 
~ ~ ~ ~ ~ ~ ~ 

Let 

(s,,, 1,, R,,,v1 Yi ,s,,, , 1,,, ) = (s; ,1;, , R;,vi ,vi· ,s:,, 1,:.) 
be the arbitrary equilibrium point 
Therefore, the system (2.1) - (2 .7) becomes 
I\ - a1s;v; - (1, + I-' )s' = o I, N,, /1 /1 

a,s,·v; ( ) . - ' - · - y + I/ +O I = 0 N h ,- ,, I, I, 
I, 

a,v,·1;, a.V,' ( ( .< )ii · _0 --+--- /1 +u ' -N,, N,,, ' ' . 

11 - r, ·~·:i'; -11 ... s.:. = u 

us· v; ( ) . -'-"'-- - J.I + 8 I = 0 N,,, "' "' '" 

(2.42) 

(2.43) 

(2.44) 

(2.45) 

(2.46) 

(2.4 7) 

(2 .48) 

(2.49) 

(2 .50) 

Let 

( ). ) 1 - ( + 8 ) and A = (p + 8 ) (? S \) 
/ I 

1 
= ( I ' + /.I /, ) , A 2 = y 1, + J/ 1, + 1 I, ' / .\ - / 1,. ,. ~ Ill Ill 

_ . 

-
J. ofNAMP 
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J knee. eq uation (2 .44) to (2 .50) beco mes 

u/i/: I ( - 0 T-1~ ,,-

a. I',' ( o,v,·,:. 
1,. _ 0 1\ - - ·-----. 1, I -

, N,, N. 

0 r,·1:, (l , 1·,· , : _ -1,1·: = 0 

N,, "'~ 

., .. _,, ,~f; -." .. ,s.:= o 

tJ \ ·, • • 0 
-·-, _- 1,/. = 

Fro 111 (~.)3 ) and (2.53 ) we h::ivc 

. a,-'>) '; 
I =--
,. A, N,,· 

And 
. a,s,f; 

! ,,,=--. 
A,N,,, 

Substi tuting (2. 59) and (2.60) into (2 .56) gives 
[a,a, A,Nm .: s;v,· + a)a,A,N/s:vi - A,A3A,N/ Nm.: h· = 0 
From (2.6 1) 
v: = 0 

Or 

(2.52) 

(2. 53) 

(2.54) 

(2 .55) 

(2 .56) 

(2.57) 

(2 .58) 

(2 .59)· 

(2.60) 

(2.61) 

(2.62) 

a,a,A,N m.: s;v,· + a3a,A1N;' s,:vi - A,A3A,N/ N,,, ·' = O (2.63) 
Thus, equation (2 .61) gives the existence of two different equilibria; one satisfying (2.62) and the other satisfying (2.63). Substitut_ing (2.62) into (2 .59) and (2.60) gives 
, ; = v,· = 1;, = o (2.64) 

3. Results and Discussion 
Equations (2.62) and (2.63) are the Disease Free Equilibrium (DFE) and Endemic Euilibrium (EE) respectively. 3.1 Disease Free Equilibrium (DFE) Points 
Let, 
£0 = (sh ,/1, , R1, ,v, ,v2, Sm,/ m) = (s,~ ,!,~, R,~ ,V,0, v2°, s: ,1:) 
be the DFE point 
Substituting (2.64) into (2.52) to (2.58) gives 
A, - A

1
Si =0 

,o: -µ,, R; = 0 

A, - A31~
0

=0 

Am -µmS~ = Q 

From (2.66) to (2 .69), thus, a DFE exist at the point 

(s• 1" R" v" v" s" 1")=(~ o ~ !:.c_ o ~ o) *·~· I, · ] • ~-,,,."' AJ. ' µ ,. A,· Aj ' ' µ ftt' 

4. Conclusion 

(2.65) 

(2.66) 

(2 .67) 

(3 .68) 

(2.69) 

(2 .70) 

The feasible set l1 of the model (2.1) to (2 .7) is a positively invariant (i .e. solutions remain positive for all times, t) and the model is epidemiologically meaningful and mathematically well pose. Equation (2 .61) showed the existence of two equilibria in the model ; equation (2 .62) showed the disease free equilibrium (DFE) and equation (2.63) showed the endemicequ il ibrium (EE) . We went further to obtained the disease free equilibrium points. 

I,,,, 
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