55 40 4555 2 1] FER AR (AR AR (FPaes0) Vol.40, No.2
202343 H Journal of Xinjiang University(Natural Science Edition in Chinese and English) Mar., 2023

BESE 5 RESFIBAEEREY
HIV {&1EiET 5

IS, T4, ZB T
(HTs RS e 5 RacRles2#be , Hrim 38 K55 830017)

B E: LT HIV R, RS B 5 18 5 RIS 16 2 R, 4 — S BT R G 2 S AR IR R AR )
AR HIV ALRREA. R — USRIk aa B A B 2 Ro RSB ZIA . e O PSS M7 V- 8 S AR
PESTENE, B 2 Ro < 1 IR 2 MW e e , 4 Ro > 1 I 5 4 Ry fa e .

REEIA - HIVALRE ; mfE o BRE s WRIIARRS 5 JEAAERG ToEE

DOTI : 10.13568/j.cnki.651094.651316. 2022.04.06.0001

PESES: 0175 XHEKFERREE: A XEHRS : 2096-7675(2023)02-0160-09

513830 A, AR, B Q. BA S a5 BRI A AR ) HIV AR SE ). BresRaorai (A /B
JiR) (FP3E3X), 2023, 40(2): 160-1684-174.

EZ 3 : WANG Yaping, WANG Shengfu, NIE Linfei. Analysis of HIV transmission model with high-risk
susceptible age and latent age[J]. Journal of Xinjiang University(Natural Science Edition in Chinese and English),
2023, 40(2): 160-168+174.

Analysis of HIV Transmission Model with High-Risk
Susceptible Age and Latent Age
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Abstract : Based on the transmission characteristics of HIV, the susceptible population is divided into general
susceptible population and high-risk susceptible population, and an HIV transmission model with high-risk suscep-
tible age and latent age is developed. The exact expression of the basic reproduction number Ry is obtained by
using the next generation operator method. The existence and stability of disease-free steady state and endemic
steady state are discussed, that is, the disease-free steady state is globally asymptotically stable for Ro < 1 and the
endemic steady state is globally asymptotically stable for Ro > 1.
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FRARE g ST HATAE RO 20 T HIV AR 02 Rsh J1264 10 . SCER (4] FIFHBENLE 5y By T HIV %
ALY, IR TR A R R AR AR —E, 4 T B KA AR S AE M e o 55 1. SR, R HIV AL4K 3 )
SERSRUTE R AR X Sy R T [R5, 206 T —LE @ fa S lHE (n, A i3, W45 L
i 5y BT 25 5 e HIV, X4 FEUITS B 25 R T e S IR SCBRG 00 —E i Im2E. BRI, K 5 B4
RS 3 SR NN 5 15 2 SRR, 25 SR N [ YL 1) HIV AR R AT T HAT B S0 L

WA, TEAG YRGB D, S ARES, WUBRILARES | 0 AR08 A5 R BB 1 (% 1 A 5 BB A5 ).
B, R ARAEE 2 B EHRRR S A RE R R & UG, B, O ECE TIX—RIE, n,
Mecluskey!s) $2 1 7 HAG VAR AFI R YL AR WS (9 1 G A0 TiE ] 1 2o AL gk e e i Y PR R — SRR R A, O
L H T Lyapunov BREHFSE T Mo 7 25 1 & Je e e, B AR 9% J i1z 5 | e 80,

BT LRvhe, HHREAA HIV/AIDS MAERERUEE, AR SO S0 BOHE 2 5 16 2 TR o SR
B, B2 — A & 6 5 AT RV R A % 1) HIV AZARABETRY | R I 3 T0 o -6 285 T b s - A S i A A
PERIAS R PE DL B RS A
1 EEIRE AR FIR

W R R HL X S 26 Rl 5 S | mfa gyl L RS L B2 L RITE, IR S, (),
Sy(t,a), E(t,b), I(t), J(t) Fw, XH a, b4 5IFRIN 165 BRI G AR, BT I0UWREA R
LR R, ST AN T HAT ZEAR I ZE R 1) HIV AR R ARAL, 2050 1 R 2l

dS; t(t) = A, —pSi(t) —pS:(t) = G151 () I(t) + /0 Oow(a)Sz(t7a)da
(gt + ;;) Sa(t,a) == (w(a)+p+Ba(a) (1) Sa(t,a),  Sa(t,0) =pS(t)
(§t+§b) B(t,b) = — (0(b)+p) E(t,b) W

E(£,0)= 4,5y ()I(1) + 1(¢) / " Ba(a)Sa(t,a)da

d%) - /O O Bt b)db— I (1) — I (1)

Gl

YO 1) ) - a0 2)

L. X, SN, AAFERRNTERS; By, Bo(a) G323 WA IR G 5 0T 38 300 oy Sk T e 16 2 SR I IR R R
p AT Sy S TR SN RAT R EE S R 16 2 B R w(a) SR a5 B8 th THEZHE B E A BT H
S PR 2R AR N3 5y BB T HE R 0(b) & HIV VAR R Ay S R R8s e S PRRE T W K H
SRBET-R. T MR SOWENG J5 TCEIR L, T R By MA IR T 3.

TR (2) SRR (1) A, R R % B (1) M3l 15470, HAIG 5544 R (S1(0), S5(0,q),
E(0,b), 1(0)) = (Si0,S20(a), Eo(b), Iy) € Ry x L1 (0,00) x L1 (0,00) x Ry, IXH R, = [0,+00), L (0,00) f&HIE X
7E (0,00) ERYAESA PR pREA B 25 [R]. 8 SCBEAY (1) BPARAS AR X =Ry x L (0,00) x L% (0,00) x R, HEEL
M@, 2, @5, 20) lx =z [+ [37 | @2(a) [ da+ [° [2s(b) [ db+ | oy |, o (21,20, 25,24) € X XHERE 2(7) € L4 (0, 00),
B |z(r)ll = [y~ [2(r) | dr.

R TR, SIAMTRIES, MMER a,b > 0, p(t,€) = w(&) +pu+ Bo()I(t —a+§), T(t,a) = e Jo -0
(@) = (@) + i+ Ba(@) T, T (@) = e~ 180", p(a) =wo(a) +ps, T(a@) = e~ I8 #%, 1(B) = (B) + p, TI(b) = e~ %,
L Volterra 233K, XA (1) A58 — . = ARSIV E L t —a=c, t—b=c (c_ HHEE) F 15

n

H(t—a,0)e” Jo PO =G, (t —a)T(t,a), t>a>0

SQ(t>a’) = { (3)

95)

L(0,a—t)e Jame P9 — G (4 —)D(t,a)T " (t,a—t), a>t>0
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B(t.b) = {(ﬂlslt b)+ [ B2(a)S(t—b,a)da) I (t—b)IL(b), t>b>0 W

Eoy(b—t)II(B) T (b—1), b>t>0

RTHEE (1) fif i v, B HM S 489 Cauchy AT, 4> X = RxRxL!((0,00), R)xRxL!((0,00), R)xR,
EXAMNET A:DA) CcX - X AL RE T F:. DA) - X K

~(p+p)pr ] [ An = b1+ [ w(a)pi(a)da |
—1(0) PP
A= —, — (W) | Foe —52040,01(% 7
—5(0) /31¢1¢2+¢2f0 Ba(a)p:(a)da
—(0+p)p: 0
—(y+wo2 I Jo" 0(b)i2(b)db

Hort o = (61,0,01,0,02,02) " (T F/REIIFEE), D(A) =R x {0} x W ((0,00),R) x{0} x W"'((0,00),R) xR,
D(A)=Rx{0} xL'((0,00),R) x {0} x L' ((0,00), )XR H D(A)7E X TS, WH((0,00),R) /& Sobolev %5 [H],
BRIV H 5 AE (0, 00) A 45X S2 BB AS 18], 4> u(t) = (S1(t),0,85(t,-),0, E(t,-), () ", MR (1) n] 5 Ny
du(t)
dt
SRAFRGE (5) TTAF u(t) = uo + A [, u(s)ds + [ Fu(s))ds. 4 Xo = D(A), Xo =R, x {0} x L ((0,00),R) x {0} x
L ((0,00),R)xR. FH3CHK [9] Hh Ay 2 3.2 ATA, ( D(A )) — > Hille-Yosida 55+, AT SCHR [9] HAY5 3 2.2,
EAEHE SO A A —A Co— 8. PRI, ST (1) fiAad a2 Pk, A 1A e 2.

EIR 1 XN uo € Xoy, B (1) FAAEME— R BUME A0S w(t). HEAL, B @ (¢ uo) = u(t,uo) E XY
BRI @ : [0, +00) x X — Xg&—DHEZE I, B, B & 22 B2 ©(0,-) =1 (L& AU Fl @ (¢, @ (2,-)) =
P(t+2z,-).

TR 2 XMERE >0, HAAEAPIIR B (1) B RaE T L R2H 7.

IERR e, WAEE >0, S, (t) BAEAY. e b, %ﬁhpo@ﬁ%&(to):oﬂxﬁte[o,to), Sy(t) >0, N
S, (to) <0. FH—J7 1, R (1) 28— I BRI (3) AT

= Au(t)+ F(u(t)), u(0)=1u,=(5:(0),0,55(0,-),0,E(0,-),I(0))" (5)

S' o fo > F(to,a)
L(to)=An+ w(a)pS;(to —a)T'(ty,a)da+ w(a)SQO(a—tO)F da >0,
0 to

(to,a_to)

DOEFIER). Hk, SHMERt >0, Si(t) > 0. [RBEE, XHTE > 0, 1(0) WwRAEGAR. ki, d(3) M 4), ST
>0, i RIEFR IR SAFI Sa(t,a) F E(t,a) ZAETT).
TR . I H(t) =S, (t) + [, Sa(t,a)da+ [° E(t,b)db+I(t), N

i ()< A — ﬂ(sl() /OOOSQ(t,a)daJr/ONE(t,b)db+[(t)).

I, limsup, o, (S1(t)+ [;° Sa(t,a)da+ [° E(t,b)db+1(t)) < Ay/p.
ke 2 AL X
- 0 A,
= { (S1,8:(:), E(-), 1) e Xy :Sl+/ Sz(a)daqL/o E()db+1< 7}

0

SRR (1) BYIE A AR,
2 IREESHEFEEMEIEEM
AR, B (1) AEAE— TR 25 £° = (S9,59(a),0,0), HiF

S = 2l

Yoptp(l- [T w(a)(a)da)’ Sy(a) =pSiT(a).
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FIHF AR A7k SUBERY (1) BY3EAS AR BON
B Ay [ 0(b) )db
(v (ptp(l— [ w
RTHAY (1) To P-4 €0 mtsErE, A Tﬁéﬁénm
EE 3 A Ro<1, M & RJmFEHAFER); 5 Ro > 1, M £ BATEN.
IERR 2S5, (t) = SO+, (1), So(t,a) = S%(a)+xs(t,a), E(t,b) =as(t,b), I(t) =z4(t), TEICIG AT £0 40X
R (1) e Lt fb T i

dx(;t(t) = —px1(t) — pa1(t) —6155334(0+/Ooow(a)x2(t,a)da

4a)) (ﬁl +p/0°° ﬁz(a)F(a)da).
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dx4

/ O(b)xs(t,b)db— vz, (t) — pay(t)

W AR5 (6) ﬁf?ﬁﬁﬁ/iﬁ%ﬁ’ixl( ) =TeM, 3y(t,a) =Ta(a)eM, z5(t,b) = Ts(b)eM, x4(t) = Tue, Hrhiz,, 7, NIE
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N\ = —piFs — s — By ST+ / w(a)Ta(a)da
0
dfg (a)

200§ X (0) =~ (0)SH@)T1) — () + 1)) T2(0) =P,
) 4 X7(0) =~ (00) +) 7 0) g

22(0) = 1 SUT4 (1) 1T (1) / " Ba(@)S2(a)da

AT, = /0o 0(b)T5(b)db— T4 (t) — uT4(t)

T RRAL (7) B 5 = AN FEE T DR AS Ta (b) = Ta(0)II(b)e ™, Ty = [ 0(b)T5(b)db/ (A +~+p). KA 2
2 (7) RS AT R AT A

B Ay [ 0(b)II(b)e —Abdb
Ay (el - [Tw
FrRic BRI R IA A G(N), R G(V) <0, lim, 4 . G(A ):oﬁa( )=Ro. B, #F Ro>1, M G(0)>1. ik
FEAE N > 014 G(N) = 18T, IIMTTCHR -4 £° & A FauE 1.
MRy < 1A, IR G(N) = LAFTEAE A SBIAR A =2 +yi(z >0), W

(8. +p / fa(a)l(a)da),

_ A [70()II(b)edb e
|G()\)|* ()\+'7+,Uz) (u—i—p(l—fooow(a)F(a)da)) (ﬂl +P/0 ﬂz( )F( )d )
Ay [ 0(b)II(D)e _“”bdb o
- ()\+»y+lu ('qup fo ) (ﬂl +p/0 ﬂz(a)F(a)da)
<Ro<1.

XAET G, I Ry <10 G(N) =1 WY FTA AR EA 71 5288, i £0 2 iRl s 1.

RS TO - A Y 2 R ds e vk, FATFR LT 3.

5138 109 B R, — REAFELLMERE, By = liminf,_ B(t), B> = limsup,___ B(t), WAFHEF
G s,y A {t,}, 52 n — oo}, A s, — o0, t, — o0, H B(s,) = Ba, B'(s,) =0, B(t,) — B>, B'(t,) — 0 JL-F-4b
Ab.
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SIEE 201 35 B: Ry — RIEAH FREOFH k(0) €L (0,00), W limsup, .. [, k(0)B(t—0)do < B=||k(0)]|,.
FEE 4 A Ry<1, MR (1) BYTCH TS £° 24 Rl e e 1.
WERR PR AE B 3 HITCH T A €0 J2 JRaBlinii AR g 1, MO TR UER €0 2R T 11). 4 (S1(t), Sa(t,a), E(t,b),
I(t)) AR (1) 16 WA 251 (S10, Sao(a), Eo(b), Io) € QUEIfE, 2t > alf, Sy(t,a) = pSi(t —a)T(t,a), HHEH
BY(1) BYEE— DI RSB LIR30 < Ay — (p+ 1) S5+ pS5 [ w(a)T(a)da, B, S5 < A, /(p+p(1— [;7w(a)
['(a)da))=S?, Sg° <pSoT(a) = S2(a). FEEE]

/wﬁ(b)E(t b)db

g/tﬁ(b)<ﬂ151(t—b)—i—/ooﬁQ(a)SQ(t—b,a)da)[(t—b)H(b)db+e‘“/mﬁ(b)Eo(b—t)db
</ 00 (55,1 —)+ / " Ba@)Sa(t— b @, 0)T (¢~ b a)date O | Be(@Sun(at+d-t)da)
x I(t—b)TI(b)db+ e+ / " 00) By (b—t)db,

y\ﬁﬁi’ltﬁooﬂi H

(/Oma(b)E(t,b)db>m§/Ow9(b) (ﬂISfO+/Ow/32(a)5;oda)]oon(b)db

. . (8)
<I* / 0(0) (559 + / fa(a)S5(a)dda) I(b)l

2, HUBUR (1) BRSSP BRI () = e 0P T(0)+ [y e [ 6(0)E(t—5.b)dbds, FHLES 131 AR
(8) 1%
H%u (@SH/OOOBQ((;)SS(a)da) I®=R,I>.

BT Ro <1, Frlh I~ =0, INIMTA lim,_ oo [(t) =0, lim,_ ., E(t,b) =
B Ja AE W lim, o Sy (t) = SO Fllim, .o So(t,a) = S(a). HFIFEL, FFAE—DFH] (£, 541, — oo T,

S1(F,) = (S1)ee H.dS, (£,)/dt — 0. W, Y (1) S — DA

dS;(t,)
dt

%?34:

:Ah—pSl(fn)—/,LSl(fn)—BlSI(fn)I(fn)+/Oow(a)82(fn,a)da.
L n—o00, 0=A,—p(S1)ec — 1(S1)oe +P(S1) e [y w(a)L(a)da, EI

Jim 83 (t) = ptp(1— [Fw(a)(a)da)

N (3), ATHF lim, o S2(t,a) =pSiT(a) = S9(a).
Z/?J:ETJZE, ER0<1 Ij”Jhmt—M)o(Sl( ) SQ( ) (t,~),[(t)):50.

FAR (1 )ﬁfi&ﬁﬁ¥@17§5 =(Sl,SQ(a), “(b), I*), W HH 2

Ah—pSf—,qu—ﬁleI*—i—/ w(a)S;(a)da=0
0

W5 _ (o)t o)) Sy (a). S3(0)=pS; o
* . 9
di;b)?(a(b)ww*(w, E(0)=BS; 1" +1" / Ba(a)5; (a)da

/ 0(b)E* (b)db—~T* —pul* =0
0
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SRARITREL (9) HOES —ANHEE = A FR T 45
Si(a)=pSiT*(a),  E*(b)=TI" (ms; 1 pS; / N 52<a>r*<a>da) T(b).

M, S; = An/ (p+ B I +p (1= [ w(a)T*(a)da)). ¥f Sy, S5(a), E*(b) ZFGAACA LA (9) WG — R
CIEES
(Bi4p ;" Ba(a)T" (a)da) Ay [~ 6(b)TL(b)db
w+ B I +p (1 — fooo w(a)l* (a)da)

WCHE (10) I ZEs R F (1), WA F(+00) =limp« oo F(I*) = —(y+p) <0, XA

—(y+n)=0 (10)

Ay [ 0(b)I1(b)db
F(0)= i e ﬂ1+p/ Ba(a —(v+mp)
_ Ahfo (b
7((v+u)(u+p(1 f ﬂ1+p/ e )(Wﬂt)

=(Ro—1)(v+p).

#Ro> 1, WA F(0) >0, HZESEREE S e A, 20— > 0ffifF F(I7) =0, BIY R, > 1 IFF
FEH 595 - A

it BiR e, TR (1) e RS e, A R IAE5e.

EE5 A Re> 1, A (1) FAAEH T £ = (57,55 (a), B (b), I7).

SRR (1) Hb 5 oe F-A AS  a JRPE , F EEUE BB 1 — B A, ik, E X

/9 )db= 0/ (b)dbzo} X =L (0,00) xR,
Y_{( (t,),1(1) €X: /Etbdb>odz%1()>o}

Y=R, xL}(0,00)x ¥, OY=X\Y, a¥=X\Y.

AR SCifk [12], Y R OY #BEEAETL (1) BIKIR D (¢, 20) FIIE A AREE.

EH 6 4 Ro>1, MBAL (1) ML { (L, m0)},0 KT (Y,0Y) 2—EFAR. B, FA7E— AR T4
ERIH R e > 0, FAEXHMTRERY 20 € Y, A lim, o || B(t,20)]|x > €.

WERR RSCIERA €0 7E OY L REAJRENEREM. 1B (Si, Se0(), Bo(-),. Lo) € 9Y, W (Ey(),1o) € OY. HIEM
(1) T RS

(gt jb) B(10) =~ (60) + 1) B(t,0),

/ O(b)E(t,b)db—~I(t)—pl(t),

E(t,0)=0.5:(t)I(t)+1I( )/0 B2(a)S2(t,a)da, E(0,b)=Ey(b), I(0)=1I.

H1F limsup,_ S, (¢) < 4An/p, limsup,_ . Ss(t,a) < Ay/p, MR CEEHL, XHMER >0, A E(t,b) < E(t,b),
I(t) <I(t), Hrr (E(t,b),1(t)) 52 T I RS Rf#

d 9\ = .
(at + ab) E(t,0) =—(0(b)+p) E(t,b),

/ O(b)E(t,b)db—~I(t)—pl(t),

E(t,0) = ﬂ—[ )+ I(t /@2 Ah E(0,b)=Ey(b), 1(0)=I,.
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£
E(t,b):{?(ﬂl+f0wﬂ2(“)da>f(t—b)ﬂ(b)» t>b>0 -
Eo(b=1)55 7% b>t>0
Wi
d{Ttt_/lh B+ /ﬁQ )da /9 It bdb+/ Eob)g(b)db—’}j(t)—ﬂf(t),

BN (Eo(-),1o) € 0Y, FTLA [ Eo(b—t)II(b)IT* (b—t)db = 0 fH K T W EI sy Jr e
%(t):ﬁ 51+/ ﬂg(a)da)/ O(b)II(D)I(t —b)db—~I(t)—pul(t), I(0)=0,
AME—RIfE I(t) =0, M= (1) 7750, SHMER > 0>0, E(t,b)=0; 24 b>t i},

e Mt

1B, =

Eulb= 015 Mngmfwl

X E(t,b) — 0, t — 0, i lim,_oo E(t,b) =0, lim,_.. I(t)=0. #, OY EIEMAZEE. #—4 lim, .. S, (t) =
S, lim, o, S5(t,a) = S9(a), HILTCHT VM £0 7 0Y T2 4 Jmliiilr A 1.
TFHAEAFLET >0 fle > 0, [T R 20 € Y, A lim, . || (¢, z0)||x > €. El

W (E)NY =0, W (&) ={a€eY: hm(I)(t z0)=E°}.

FBGIER:, BB yo € Y, 1524t — co i, ®(t,y0) — €% WAFE—DIFH {y,.} C Y, XA ¢ >
O (@ (t,yn) —E°llx < 1/n, 1, ®(t,y0) = (S (1), San (8, ), En(ts ), La(1)); Y = (S10(0),924(0,-), B (0,-), I, (0)). 1
PR RIEEE R n 15 S0 —1/n >0, S9(a) —1/n >0, X F Lk n, FF7ET >0, (#1525 ¢ > T R,

S?—% < S1a(t) <S?+1, Sa(a)—— L Sonit) <SS(a)+l, —% <In(t) < % (12)
A2 (4) FIFE(t,b) > (8,51 (t—b)I(t—b) +I(t—b) [ Ba(a)Sa(t —b,a)da) IL(b), FEN.FH HLALFHRATAR 1, (t) > u, (t),
o, (t) J2& T TH R G

(t)
dugt(t) :[& (S?— %) +/O°° Ba(a) (Sg(a) - %)da} X /Ooo9(T)H(T)un(t—7')dr—7un(t)—,uun(t%
u,(0)=I,(0)>0
Fiu,(0) =0, W, (1) > 0 % 1,(0) >0, % Ro > 1IN, FFAE RIS IIIER n, 175

W [51 (S? - %) +/Oooﬁg(a) (Sg(a) - %)da} >1

/ o(r ﬁl SO—)+/)wﬁ2(a)<53(a)—1)da}d7>7+u.

HRIE SCHk [13] A5 1B 3.5, w, (t) JETCHLAY, I 1, (¢) R TC A, X 53K (12) FJE. B DMRBEAR AL, itk
HW=(E)NY = 0. HSCHRK [12] 1, f#-00 { (¢, xo)}tmﬂz—ﬁ(?ﬁﬁﬁ’l
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