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1 Introduction

To the best of our knowledge, the human immunodeficiency virus (HIV) is a retrovirus
that causes HIV infection and, over time, acquired immunodeficiency syndrome (AIDS).
There is no cure or vaccine to AIDS. However, antiretroviral (ART) treatment improves
health, prolongs life, and substantially reduces the risk of HIV transmission. As more
people receive antiretroviral therapy, the number of new HIV infections worldwide is ap-
proximately 2.3 million, a 33 per cent decline in new infections compared to 2001. At the
same time, the number of AIDS deaths is also declining, with approximately 1.6 million
AIDS deaths in 2012, down from 2.3 million in 2005 [1]. This goes to show that access
to antiretroviral therapy has a huge impact on HIV prevention. Parvaiz et al. consider a
fractional-order HIV epidemic model with the inclusion of prostitution in the population
and its consequences on the disease transmission [2]. In [3], the authors consider a non-
linear fractional order epidemic model for HIV transmission and analyze by including an
extra compartment, namely the exposed class, to the basic SIR epidemic model. They show

through numerical simulations that the control measures effectively increase the quality

© The Author(s) 2021. This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use,
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original
author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other
third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’'s Creative Commons licence and your intended use is not permitted by

L]
@ Sprlnger statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a

copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.


https://doi.org/10.1186/s13662-021-03392-y
http://crossmark.crossref.org/dialog/?doi=10.1186/s13662-021-03392-y&domain=pdf
mailto:wangkaimath@sina.com

Wang et al. Advances in Difference Equations (2021) 2021:260 Page 2 of 17

of life and age limit of the HIV patients. The authors in [4] consider the following model:

dS_(f):)L_MS(t)_M

dt N@)
A0~ BSO0 _ (1 +y + p)I() + A(D) + 0C0), .

L0~ yI(t) - (1 + ) C(E),

L= pI(6) = (@ + p + DAQ),

where the parameters are:
« N(2): The total population at time ¢;
« S(2): Susceptible individuals at time ;
« I(t): HIV-infected individuals with no clinical symptoms of AIDS at time ¢;
+ C(#): HIV-infected individuals under ART treatment with a viral load remaining low
at time ¢;
« A(t): HIV-infected individuals with AIDS clinical symptoms at time ¢;
« A: Recruitment rate;
» w: Natural death rate;
« B: HIV transmission rate;
» y:HIV treatment rate for I individuals;
« p: Default treatment rate for I individuals;
o «a: AIDS treatment rate;
» w: Default treatment rate for C individuals;
«+ d: AIDS induced death rate.
They found that when Ry < 1, the disease-free equilibrium of system (1.1) is asymptot-

ically stable; when R, > 1, the disease-free equilibrium is unstable and there is a globally

Bla+u+d)(p+o)

nt+o)(pra+u+d)+y (@+pu+d)+pdl+pwd 18

asymptotically stable endemic equilibrium. Here, Ry = 0
the basic reproduction number.

The above studies did not consider the effect of white noise in the environment on the
model; in fact, infectious diseases are inevitably affected by random white noise in the en-
vironment. May [5] finds that because of the fluctuation of the environment, the param-
eters of the deterministic system, such as the death rate and the transmission coefficient,
and other parameters of the deterministic system show a certain degree of random fluc-
tuation. Therefore, the transmission coefficient may be affected by many environmental
factors, such as temperature, wind, rain, and snow. In [6], the authors extend the classical
SIS epidemic model from a deterministic framework to a stochastic one and formulate
it as a stochastic differential equation (SDE) for the number of infectious individuals I(¢).
They discuss perturbation by stochastic noise. In the case of persistence they show the ex-
istence of a stationary distribution and derive expressions for its mean and variance. In [7],
the authors present the threshold of a stochastic SIQS epidemic model which determines
the extinction and persistence of the disease and find that noise can suppress the disease
outbreak. Therefore, when establishing the corresponding mathematical model, we must
consider the impact of white noise on the disease. Many scholars have introduced white
noise into the infectious disease model [8—12]. In addition, there are a number of other
types of stochastic models that have been developed to further explain that stochastic fac-
tors are integral to the modeling of infectious diseases, see [13—16].

In this paper, our aim is to introduce random white noise in the environment into the
deterministic model and to study the effect of random disturbance on the number of HIV
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infected people and the conditions between the random disturbance and the parameters
of the model, and if the number of HIV infected people can be controlled. Motivated by
[6], we consider here random white noise in the environment, which is assumed to demon-
strate itself as fluctuations in the parameter $, so that 8 — B+ o dB(t), where B(¢) is a stan-
dard Brownian motion with intensity o2 > 0. Hence, we can derive the following stochastic

model:

ds(t) = [ - uS(t) - B0 dt — 25240 ap(e),

dl(e) = [E5080 — (u+y + p)I(t) + e A(t) + 0C(0)] dt + 2SO dB(@),
dC(t) = [yI(t) - (n + 0)C(1)] dt,

dA(t) = [pI(t) - (a + e + d)A(D)] dit.

This paper is organized as follows. In Sect. 2, we prove that there is a unique global
positive solution for system (1.2). In Sect. 3, we show that the disease goes to extinction
exponentially under certain conditions and the persistence of the disease, that is to say,
the disease will prevail. In Sect. 4, we carry out the numerical simulations to demonstrate
the analytical results. In Sect. 5, we give some conclusions.

Throughout this paper, we let (2, F, {F}:>0,P) be a complete probability space with fil-
tration {F};>¢ satisfying the usual conditions (that is to say, it is increasing and right con-
tinuous while Fy contains all P-null sets). On the other hand, we define Rﬁf = {x e R%|x; >
Oforall1 <i<d}.

Generally speaking, consider the d-dimensional stochastic differential equation
dx(t) = f (x(t), t) dt + g(x(¢), £) dBy, (1.3)

where (¢, x(¢)) is a function in R defined in [£o, 00] x R, and g(x(t), £) is a d x m matrix,
f, g are locally Lipschitz functions in x. B; denotes an m-dimensional standard Brownian
motion defined on the complete probability space (2, F, {F};=0, P). Denote by C>!(R? x
[to, o0]; R, ) the family of all nonnegative functions V'(x(t), £) defined on R x [£y, 00] such
that they are continuously twice differentiable in x and once in ¢. We define the differential

operator L of equation (1.3) by [17]

3 & b 1 92
L=— (%, 1) — + — T, D)g(x,1)].. )
at+zi=1:f(x ot 2;[57 (%, )g(x )]’Jax,-ax,»

If L acts on a function V € C>1(R? x [¢y, 0], R,), then

LV (x,t) = Vi(x, £) + Vi(x, £)f (x, 8) + % trace[gT(x, £) Vir(, £)g(x, t)],

. . . a2
where ‘/t(x, t) = %1 Vx(x: t) = (g_":i’“" %)1 Vxx(x, t) = (31[.2};].)&1)(&1'

From Itd’s formula, if x(¢) € R%, then

dV(x,t) = LV (x,t)dt + Vy(x,t)g(x, t) dB;.
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2 Existence and uniqueness of positive solution

Theorem 2.1 There is a unique solution (S(¢),1(t), C(¢), A(t)) of system (1.2) on t > 0 for
any initial value (S(0),1(0), C(0),A(0)) € R*, and the solution will remain in R with prob-
ability one, namely (S(t),1(¢), C(t), A(t)) € R? for all t > 0 almost surely. Moreover,

v d) < t]iToN(t) = %, (2.1)

where N(t) = S(¢) + I(t) + C(¢) + A(¢).

Proof We can easily know that the coefficients of system (1.2) are locally Lipschitz con-
tinuous, then for any given initial value (5(0),1(0), C(0), A(0)) € R?, there is a unique local
solution (S(¢),1(¢), C(¢),A(t)) on ¢ € [0, 1,), where t, is the explosion time (see [17]). To
show that this solution is global, we only need to prove that 7, = co almost surely. Let
ko > 0 be sufficiently large so that (S(0),1(0), C(0), A(0)) all lie within the interval [%, ko].
For each integer k > ko, define the following stopping time:

T = inf{t €[0,7.): min{(S(t),l(t), C(t),A(t))} <

| =

or max{(S(),1(¢), C(£),A(t))} > k},

where throughout this paper, we set inf ) = oo (as usual ¥ denotes the empty set). Accord-
ing to the definition of the stopping time, 7 is increasing as k — 00. Set Too=limi_; o0 T
whence 7., < 7, almost surely. Namely, we need to show that t,,=00 almost surely. We
assumed that there exists a pair of constants 7' > 0 and € € (0, 1) such that

Pltyo <T}>e.
As aresult, there is an integer k; > ko such that

Pty <T}>e¢ forallk> k. (2.2)
Now define a C*-function V : R* — R, by

V() = (S -1-InS@®) + (I(6) -1 -1n1(2)) + (C(t) -1 - In C(2)) + (A(t) - 1 - InA()).
Applying Ito’s formula, we obtain

) a(S@) - DIG) o) - 1DS@)
dV(t)_LV(t)dt—[ NGO N ]dB(t),

where

~ 1 BS(HI(¢) 1 o282(0)I%(¢)
LV(”‘(“%)Q“‘S(”‘ N >+2S2(t) N

1 BS(2)I(¢)
+<1_I(—t)>< o —(M+V+p)1(t)+oeA(t)+wC(t)>
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1 o2S2(6)I2(¢) 1
+ 212(t)  N2(t) + (1 - %) [y[(t) —(u+ a))C(t)]
* (1 - ﬁ)[ﬁl(t) — (o + p+d)A@D)]

BI(t) o2%(t) o2S2(¢)
NGO T 2N0) T 2N
o BS(E) QA +wCl) yIE)  pI)

S() N 1(t) CCl) A®

=A+du+y+p+a+w+d+ — uN(t) — dA(t)

<A+dp+y+p+a+ow+d+p+o’ =K.

Thus

o(S@)-1DI(E) oU((t)-1)S(t)
N(?) B N(t)

dV(t) = Kdt - [ } dB(?). (2.3)

Integrating both sides of (2.3) from 0 to T' A 7 and taking expectations, we can obtain

]EV(S(T A 'Ck),I(T A ‘L’k), C(T A ‘L’k),A(T A ‘L’k))

< V(8(0),1(0), C(0),A(0)) + KT < oc. (2.4)

Set Qi = {tx <t} for k > ky by (2.2), P(2x) > €. Notice that, for every w € €, there is at
least one of (S(tx, ), I(tx, ), C(tk, w), A(tk, w)) that equals to k or % Consequently,

V(S(rk,w),l(tk,w), C(tk,w),A(rk,a))) > (k—1-logk) A (% -1+ logk), (2.5)
where a A b denotes the minimum of a and b. In view of (2.4) and (2.5), we have
V(8(0),1(0), C(0),A(0)) + KT > E[1q, V(S(tk, ), I(ti, ), C(ti, ), A(T1, ) |
> e[(k— 1-logk) A (% -1+ logk>:|,
where 1g, is the indicator function of ;. Let kK — oo lead to the contradiction
00 > V(8(0),1(0), C(0),A(0)) + KT = co.

Therefore, we must have 7, = 0o almost surely.

In view of system (1.2), we have

dN(t)

Solving this equation, we obtain that

N(¢) = * + (N(O) _ ﬁ)e—w —d / Als)e ) gs,
1 " o
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which implies that

A
lim N(t) = — almost surely.
t—00 M

On the other hand, we have

dN(t)
dt

>A—(u+dN(t).

Then we can obtain

A
+ e wrad (N(O) - ),

N(z
(t) > v d

w+d

which implies that

A
lim N (¢
im ()>M+d

t—00

almost surely.

The proof of Theorem 2.1 is complete. O

3 Extinction and persistence in mean

In this section, we discuss under what conditions the disease will be extinct and the per-
sistence of the disease, namely, under what condition the disease will prevail. For conve-
nience, firstly, we define (X(¢)) = % fot X(s)ds.

Theorem 3.1 IfR, <1 or 0% < B and Ry <1 hold, then the disease I(t) will die out expo-
nentially with probability one, that is,

A
1(t),C(t),A(t) > 0 ast— +oo and S(f)— — ast— +00,
"

where

2024 (n+ %)

Proof Let Q(t) = 1(t) + C(t) + A(t). Making use of Itd’s formula, we can have

S(t)I
dInQ(¢t) = 0+ C(lt) AW [ﬁ ]\([t()t)(t) —ul(t) = uC(t) — (u + d)A(t)] dt
oS ()% (t) oS@)I(t) JB()

- 2N2(I(t) + C(t) + A(2))? * N@E)U(t) + C(t) + A1)
- BS)I(t) o2S2 ()% (t) ”
- [N(t)(zm rCO+A®R) T 2N U0 + ) +A(t)>2}

oS(t)I(¢t)

*NOUw o+ ae) P .
_ [_( oS@I() _ﬁﬁ)2+ﬁ_2_ ]dt .
L \VaN@u@) + Ct) + Ar)) 20 202 M

Page 6 of 17
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o S()I(¢t)
*NOU@ o+ ae) P
B o S()I(t)
= [? e ] U N ouo + co A 20
= (1R - D]de + oSO g,

N@)U(t) + C2) + AR))

Integrating on both sides of equation (3.1) from 0 to ¢, and then dividing by ¢, we can

obtain

1 1

n?(t) - n?(O) +M(R1—1)+@: (3.2)
where

~ ¢ oS(s)I(s)
M(t)‘/o NOUE + C6) 1 4w) 2"

By the large number theorem for martingale (see [17]), we can get

M(t
lim M©) =0, almost surely. (3.3)

t—+00 [

In the light of (3.2) and (3.3), if R; < 1, then

In Q(#)

limsup ——— < u(R; —1) <0, almost surely,
t—+00 t
which implies that
lim I(¢) =0, lim C(¢) =0, lim A(f) =0, almost surely.
—+00 —>+00 t—+00

On the other hand, we consider the function f(x) = Sx — #, where x € (0,1]. One can

obtain that if % < %E, that is, 02 < B, f(x) has the max value f(1) = g — % Let x =

m, we haVe
) aS(B)I() BV2\* B o?
)= _(ﬁN(t)(l(mC(t) +A(D) 20 > Y =Py
Therefore,
1 BS()I(t)
dinQ(¢t) = 10+ CO+ A0 [ N —ul(t) = uC(t) — (u + d)A(t)] dt
a2S2 ()12 (2) aS()I(t) AB(2)
- 2N2(I(t) + C(t) + A(2))? * N@E)U(t) + C(t) + A1)
- BS)I(t) o2S2 ()% (t) ”
- [N(t)(zm rCO+A®R) T 2N U0 + ) +A(t)>2}
oS(t)I(¢t)
*NOUw o+ ae) P ;
4
) [_( aSOI(2) _ ﬁﬁ)2+ B ]dt o4
L \VaN@u@) + Ct) + Ar)) 20 202 M

Page 7 of 17
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oS)I(¢)

*NOU@ o+ ae) P

o2 oS(E)I(¢t)
< [ﬂ -5 M] dt + N@OUI@) + C@) + A@))

_ o? oS()I(t)
- [(” ' 7>(R2 - 1)] Ut OU® + C + a@) -

dB(t)

Hence, if Ry < 1, we obtain

2
lim sup y = <M + %)(Rz —1)<0, almost surely,

t—>+00

which implies that

lim I(t) =0, lim C(¢) =0, lim A(f) =0 almost surely.

t—>+00 t—>+00 t—+00

Based on the above analysis, in view of (2.1), if R; <1 or 02 < 8 and R, < 1, we have

A
lim S(¢) = — almost surely.
t—>+00 2

The proof is completed. d

Theorem 3.2 For any initial value (S(0),1(0), C(0),A(0)) € R%, if Ry > 1, the disease is per-
sistence in mean. Furthermore,

Mo+ wla+p+dp+y+p+%)
iminfl/(0) > o o @ s ds ) s y@swrd] Y

>0 almost surely,

where

B

R3:702'
/,L+)/+,O+7

Proof Integrating system (1.2) from 0 to ¢, we can obtain

S(t)-S0) I(¢) - 1(0) a  A(t)-A(0) w C(t)-C(0)
t " t +,u+oz+d t +a)+,u t

- M(S(t)) + |: Y (L+y+ p):|<1(t)).

n+a+d w+p

Then
(s(®)= 2y l[ Y ey p)](l(t))— H®), (3.5)
W oplput+a+d wo+p “w
where
S(t)-S(0) 1(t) -1(0) o A(t) - A(0) w C(t)-C(0)
H(t) = + + + .
t t w+a+d t W+ [ t

Page 8 of 17



Wang et al. Advances in Difference Equations (2021) 2021:260

In addition,

C(t) - C(0)

; = y(I(t)) - (0 + W{C(®)),

then

cv-co , v

<C(t)) T (w+ @)t

(1®)).

w+ [
Furthermore,

A(t) - A(0)

= p{1(0) - (@ + p+ dA®),

then

A(t) - A(0) P

0= T(a+p+d)

a+u+ d<1(t)>'

Define

V() =-Ini(t) +e,

Page9of 17

(3.6)

(3.7)

where e is a constant. e = —min{—1n(¢)} to keep the nonnegativity of V(¢). Applying Itd’s

formula, we obtain

W= -5 N

oS(2) 028%(¢)

[ BS()

_L{ﬁﬂﬂﬂﬂ_

B aA(t) + wC(2)

(m+y +p)I(t) + aA(t) + a)C(t)] dt

~ o S(t)

"N +(u+y+p)

A

10 2N%0)
[ BN(t) —1(t) - C(t) - A(t))

N(©)

- 02

BI(t)

2
o
+/L+)/+,O+7:|dt—

BC()

0252(t)i| gt o dB(0)
oS(t)
N()

B o S(t)

dB(t)

=|-B+u+y+p+—+

According to N(t) > ﬁ, we have

o2  BI()

2 "No T

p A(t)} dt AB(t).

NGO TN N(@)

BC(t) oSO

d(V(t))f[—ﬂ+,u+y+p+—+

2 "No T
S[ 02+ﬁ(u+d)(
A

—ﬁ+,u+y+p+7

oSt

N dB(t).

pat )] AB(t)

NGO T N@ N()

I(t) + C(2) +A(t)):| dt
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Hence
_lnIt(O) - _lni(t) < -B+u+y+p+ %2 + —ﬁ(ﬂ; 9 ((1(t)> + <C(t)) + (A(t)))
L oS8(s)
-7 N dB(s).

In the light of (3.6) and (3.7), we have

2 1 1 t
)2 g o= (e vor T) B -2 o4 [ R 489)
- {C@®)-(a®)
A o2\ InI(0) InI(t) 1 ['oS(s)
‘ﬁ(u+d)[ﬂ_<“”’+p+7)+ .t i) N(s) dB()]
C(t) - C(0) y A(t) - A(0) o
* (w+ )t _w+u<1(t)>+(a+u+d)t_a+u+d< (©)
Furthermore,
Mo+ wla+p+dp+y+p+%)
) = g dws e s v dr e y@rprad) e VO
where
F(o) = (w+p)a +p+d)

(+uw)a+u+d+p)+yla+u+d)

A InI(0) Inl(¢)
X{ﬂuud)( t ¢

10S9) po) . CO=CO AW -A0)
1)y NG 5)+ (@ + )t +(a+u+d)t}‘
If R3 > 1, then
(w+MW+M+@W+V+p+—)
IminflO) = 5o Dl @ prdrp s y@rnrdl e

>0 almost surely.

4 Numerical simulations

In this section, we use Milstein’s method [18] to simulate stochastic model (1.2) with a

numerical scheme for stochastic model (1.2) given by

Sil
Ske1 =Sk + [A — Sk — ﬁ%]At

_ oSk /A Skl y2g2
Sk+1k+C/<+Ak Ek ) (gk - I)At

Sk+I/<+Ck+A/<
Sel,
Leo1 = I + [Sk”’;% —(u+ y + )i + aAr + wCr] At
oSkl N 2(&2
+ St Mo S (i 6 - DA
Cra1= G+ [yl — (n + w)Ck]At,

Aps1 = A + [pI — (a + 0 + d)Ar] At,

where &, k=1,2,...,n, are independent Gaussian random variables N (0, 1).

Page 10 of 17
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Table 1 Parameters of the HIV/AIDS model (1.2)

Symbol Description Value References
A Recruitment rate 10,724 [19]
% Natural death rate 03 Assumed
B HIV transmission rate 0.5 Assumed
y HIV treatment rate for | [0.01,0.05,0.07] Assumed
P Default treatment rate for | 0.1 [20]
o AIDS treatment rate 0.33 [21]
w Default treatment rate for C [0.9,08,0.1] Assumed
d AIDS induced death rate 1 [22]
5 x10% 10000
4 8000 — Deterministic
S3 K B 6000
53 ks
3 2 /
22 £ 4000
w
1 2000
o o
o 100 200 300 400 500 o 100 200 300 400 500
Time(years) Time(years)
(a) (b)
1000
— Deterministic 800 — Deterministic |
o 600 v 600
S =)
S 400 << 400
200 200
o o
o 100 200 300 400 500 o 100 200 300 400 500
Time(years) Time(years)
(c) (d)
Figure 1 The path S(t), [(t), C(t), and A(t) for models (1.1) and (1.2), when Ry = 0.651 < 1 and Ry = 1.259 > 1

Firstly, we choose o = 0.8, ¥ = 0.07, w = 0.9, and other parameter values given by Table 1.

In this case, we have

ﬂZ
Ry=~——=0651<1,

2021
RZZLZZO.806<1,

(n+ %)
R3:%:0.633<1,

Wy +p+ %

02-$=014>0,

then the disease I(¢) will die out (see Theorem 3.1 and Fig. 1(b)). In addition, the basic

reproduction number of the corresponding deterministic model Ry = 1.259 > 1, this means

that the corresponding deterministic model (1.1) has an endemic equilibrium which is

globally asymptotically stable, as shown in Fig. 1(a)—(d).

Page 11 of 17
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Secondly, we choose o = 0.645, y = 0.05, w = 0.8, and other parameter values given by

Table 1. In this case, we have

ﬂ2

Ry = ——=1.002>1,
2041

R —7/3 =0.9842

= - =0. <1,
(M+7)

Rs = p > =0.7599 < 1,
H+Y+p+ %

02— B =-0.084<0,

then the disease I(¢) will die out (see Theorem 3.1 and Fig. 2(b)). In addition, the basic

reproduction number of the corresponding deterministic model Ry = 1.271 > 1, this means

that the corresponding deterministic model (1.1) also has an endemic equilibrium which

is globally asymptotically stable, as shown in Fig. 2. Furthermore, we choose y = 0.07,

o =0.9,and o =0.8,1,1.2,1.4, and other parameter values given by Table 1 to study the

impact of o on the dynamics for the SDE SICA model (1.2). In this case, we can obtain the

values given in Table 2. Theorem 3.1 reveals the numerical results shown in Fig. 3.

Our results reveal that random perturbations in the environment can restrain the spread

of the disease (see Fig. 2), and the bigger the intensity of the random perturbation, the

4
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N w
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o
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Time(years)
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800 — Stochastic
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o 600
[
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S 400
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o
(0] 100 200 300 400 500

Time(years)

()

and Rp =1.271>1
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3
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(o]
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(b)
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o
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Figure 2 The path S(t), (1), C(¢), and A(t) for model (1.1) and (1.2), when R, =09842 < 1,02 — B = -0.084 < 0,

Time(years)

(d)

Table 2 The values witho =0.8,1,1.2,14

o 08 1 12 14
Ry 04156 0.266 0.1847 0.1357
R 06329 05155 04202 0.3448
o’-B 0.14 05 0.94 146
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° ° Time(130/ears) 20 ° ° Time{;ears) *
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° ° Tirne(1)°/ears) * * ° ° Time(1)°/ears) * *
(c) (d)
Figure 3 The path of (5(t), (), C(t), A(t)) for stochastic model (1.2) when o =0.8,1,1.2,1.4
Table 3 The values with 8 =0.2,04,06,0.8,1,1.2
B 0.2 04 0.6 0.8 1 1.2
R 0.104 0417 0.937 1.667 2.604 3.75
Ry 0.323 0.645 0.968 1.290 1613 1.935
o?-B 044 024 0.04 -0.16 -0.36 -0.56
R3 0.253 0.506 0.759 1.013 1.266 1.519

faster the disease dies out (see Fig. 3). However, deterministic models ignore this, so it is
essential to introduce stochastic perturbations into deterministic models.

Thirdly, we fix o = 0.8 and choose 8 = 0.2,0.4,0.6,0.8,1, 1.2 and other parameters taken
as in Table 1 to study the impact of 8 on the dynamics for the SDE SICA model (1.2). In
this case, we can obtain the values given in Table 3, and the numerical results show that
the smaller the transmission rate, the faster the disease dies out (see Fig. 4).

Finally, we choose o = 0.2, ¥ = 0.01, w = 0.1 and other parameter values given by Table 1.

In this case, we have

132

Ry = ——— =10.417,
2021

RZ:%:1.563>1, 0% - B =-0.46<0,
1+ %)

R3=%=1.163>1,
w+y+p+5

then the disease I(¢) will be persistence in mean, namely, the disease will prevail (see The-
orem 3.2 and Fig. 5(b)).

Page 13 0of 17



Wang et al. Advances in Difference Equations

(2021) 2021:260

0 10 20 30 40 50 60 70 80 90 100
Time(years)

(c) 8=0.6

x10*

Susceptible
Infected

= Chronic
——AIDS

0 10 20 30 40 50 60 70 80 90 100
Time(years)

(e) B=1

x10* 10t
4.5 —— Susceptible || —— Susceptible ||
Infected Infected
4 —— Chronic = Chronic
— ——ADS
35
3
25

20 30 40 50 60 70 80 90

0O 10 20 30 40 5 60 70 80 90 100 0o 10 100
Time(years) Time(years)
(a) =02 (b) B =04
x10* x 10
45 N 45
Susceptible Suscoptible
Infected focted
4 iI“D“’”'“ 4 —— Chronic
S —ADs
35 351
3 3+
25 25¢ I ’ | l
: f P
15 L | ’
1
05

x 10

Time(years)

(d) B=0.8

L

Susceptible
Infected
—— Chronic
——AIDS

0 10

20 30 40 50 60 70 80 90
Time(years)

(f) B =12

Figure 4 The path of (5(t), [(t), C(t), At)) for stochastic model (1.2) when o = 0.8

100

By numerical simulation, the results of numerical simulations show that HIV can be
controlled by increasing the intensity of interference and reducing the transmission rates
shown in Fig. 6 (e.g., increased HIV prevention campaigns, condom use, etc.)

5 Conclusion

This paper studied the extinction and persistence of a stochastic SICA epidemic model
with standard incidence rate for HIV transmission. Firstly, we analyze that model (1.2) has
a unique global positive solution for any initial value. Secondly, by Theorem 3.1, we can

2
find that when Ry = 252# ( ’302
Mty

<loro?<pBandR, = < 1, disease will die out (see The-
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Figure 6 The path of (5(t), (), C(t), A(t)) for stochastic model (1.2) when o =0.8,1,1.2,1.4 and
B=05,04,03,02

orem 3.1 and Fig. 1 and Fig. 2). Furthermore, lim;_, ,», S(£) = % (see Theorem 3.1), but for
the corresponding deterministic model (1.2), Ry > 1, there exists an endemic equilibrium,
which means that a stochastic perturbation can suppress the outbreak of the disease (see
Fig. 1 and Fig. 2), and the bigger the intensity of the random perturbation, the faster the
disease dies out (see Fig. 3). However, deterministic models do not take this into account,
so it is essential to include a stochastic element in deterministic models. In addition, we fix
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o to study the impact of 8 on the dynamics for the SDE SICA model (1.2). In this case, we
can find that the greater the rate of transmission, the higher the number of people infected
(see Fig. 4).

Finally, if R3 = —2£— > 1, the disease will be persistence in mean, namely, the disease

HAY +p+ T

will prevail (see Theorem 3.2 and Fig. 5).

Through numerical simulations, we can conclude that it is possible to reduce the trans-
mission coefficient of HIV while increasing the strength of the stochastic perturbation to
reduce the risk of HIV transmission, the simulation results are shown in Fig. 6.

On the other hand, in this paper, we only consider the effect of random perturbations on
HIV transmission rate 8, we can also study the effect of random perturbations on another
parameter such as natural death rate, HIV treatment rate, AIDS induced death rate, and so
on. In addition, in this paper, we only consider the effect of white noise. In fact, there are
some random perturbations which cannot be modeled by white noises, for example, the
telephone and Lévy noise, see [23—26] and the references therein. On the other hand, there
have also been extensive numerical works to establish the positive property of numerical
solutions for certain physical models (see [27—29]). We leave these investigations for future

work.
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