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Abstract: In this study, we aimed to determine the stationary distribution of a Susceptible-Vaccine-
Infected-Bacteria (SVIB) Cholera model that incorporates environmental noise and reaction-diffusion.
First, we demonstrated the model’s invariant set. Subsequently, a Lyapunov function was constructed
to prove the existence and uniqueness of the solutions, and the model’s finite-time stability was
demonstrated. Furthermore, we derived the stationary distribution of the stochastic cholera model with
reaction-diffusion. Finally, the theorem’s results were verified through numerical simulation. Notably,
the noise intensity could impact the model’s stationary distribution. When the number of infected
individuals and cholera bacteria decreases with reduced noise intensity, the system is characterized by
a normal distribution. Therefore, appropriate measures should be taken to reduce the interference of
external factors when a disease outbreak occurs.
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1. Introduction

Since 2021, cholera cases have increased worldwide. Globally, cholera cases reported to WHO
in 2022 more than doubled those reported in 2021. In 2023, there were over 700,000 cholera cases
worldwide. In 2024, global cholera cases decreased by 21% compared with the year, while deaths
from cholera increased by 5%. As of 31 December 2024, there have been 49,554 cholera infections in
Sudan, with 1316 fatalities. The WHO data on December 23, 2024, showed that Yemen reported
approximately 250,000 suspected cholera cases, accounting for 35% of the global cholera cases,
with 861 related deaths. From January 1 to May 16, 2025, the Democratic Republic of the Congo
reported 24,395 suspected cholera cases and 513 deaths. From January 1 to May 9, 2025, Angola
reported 17,967 cholera cases, including 937 confirmed cases and 576 deaths. Because of the high
infection and mortality rates of cholera, it is of practical significance to study the pathogenesis and
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dynamic behavior of avian influenza models, respectively.

Apart from helping us understand the epidemic’s dynamic behavior, mathematical models also
provide effective information for controlling outbreaks. By reviewing the literature, we observed that
there were ordinary differential equation models and partial differential equation models, respectively.
First, we listed the research for the ordinary differential equation model. Musundi [1] established
cholera models across and within hosts and explored the model’s dynamic behavior. Yang et al. [2]
proposed a time-delay stochastic cholera model, including media coverage and those driven by Lévy
noise, and revealed how Lévy jumps, time-delays, and media coverage affect the model’s asymptotic
characteristics. Additionally, Ghosh et al. [3] developed a cholera model based on machine learning
data of the epidemic and predicted short-term cholera cases in a certain area. In order to simulate the
impacts of various control strategies, Edward and Nyerere [4] considered a cholera model with four
different control strategies, namely public health education campaigns, vaccination, health, and
treatment. Furthermore, Mustapha et al. [S] introduced personal hygiene as a control strategy into the
cholera model with vaccines to evaluate its impact on the vaccines. Madubueze et al. [6] incorporated
health education information, as well as treatment and vaccination details into the model,
demonstrating the impact of different measures on diseases. Additionally, Mohammad et al. [7]
designed a two-strain cholera model to evaluate the impact of basic control measures, treatment, and
dosages of large-scale vaccination on the cholera outbreak in the population. Many researchers have
considered other models for ordinary differential equations [8—13].

Spatial heterogeneity is crucial in epidemiological models and natural ecosystems. Therefore,
researchers introduced the reaction-diffusion equation to capture the complex influence of
heterogeneity and human mobility on the dynamics of cholera [14-18]. Hu et al. [14] established a
nonlocal delayed reaction-spread cholera model, and discussed the effects of delay and diffusion.
Moreover, Wu et al. [15] proposed a degenerative reaction-spread cholera model. This model
combined various human mobility and behavioral changes in a spatially heterogeneous environment
to study the dynamic behavior of cholera. Bai and Han [16] built a partially degraded reactive spread
cholera model and investigated the effects of spread rate, seasonality, and heterogeneity on the basic
reproduction number. Furthermore, Wang et al. [17] evaluated a reaction-advection-diffusion model
that involved human hosts and Vibrio cholera aquatic hosts. Based on this, they established the global
dynamics of the system. [18] and discussed the effects of nonlocal transmission, spread rate, and
incubation period on the transmission speed and wave pattern in a reaction-diffusion cholera model
with highly contagious Vibrio cholera and spatiotemporal delay. Many researchers have assessed
other partial differential equation models [19-22].

Some researchers have evaluated the stationary distribution of cholera models under ordinary
differential equations [23-28]. However, researchers have not assessed the stationary distribution of
stochastic cholera models with reaction-diffusion due to the cholera models’ strong complexity under
partial differential equations during calculation and analysis. Thus, our objectives of this study were
as follows: (i) Since vaccinations reduce the infection and mortality rates of diseases, incorporating
their effects into epidemic models can help evaluate and design optimal intervention policies.
Therefore, to better consider the cholera model’s dynamic behavior, we introduced vaccination into
the cholera model with reaction-diffusion; (ii) because epidemic models are inevitably affected by
environmental noise, it is necessary to introduce random fluctuations in cholera models. In epidemic
models, diseases are significantly influenced by the transmission rate. Hence, we introduced a random
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term through the transmission rate to establish a stochastic cholera model.

Our innovations were as follows: (1) We first established an SVIB cholera model with stochastic
noise and spatial diffusion; (2) we also proved the well-posedness of the cholera model’s solution and
demonstrated that the model was stable within a finite time; (3) we provided the sufficient conditions
for the stationary distribution of cholera model’s solution and proved the existence and uniqueness of
the stationary distribution of cholera model’s solution. The remainder of this paper has been
organized as follows. In Section 2 introduced the model’s formulation. In Section 3, we proved the
well-posedness of the solution and the finite-time stable. In Section 4, we derived the sufficient
conditions for a stationary distribution. In Section 5 verified the theorem’s results through numerical
simulations. Conclusions are presented in Section 6.

2. Model formulation

Based on the motivation (i) in the introduction, we first built the following model:

& = dsAS + A = Bi()ST = o(0)S B~ S = rv(0)S,

& =dyaV + ry(0)S = B3(0)b VI = B4(x)bVB — 1, (),

% =diAL+ B1(x0)ST + B2(x)S B + B3(x)b VI + B4(x)b2 VB — i (x)I — d(x)I,
% = dgAB + k(x)] — pp(x)B,

S('7 0) = SO(')a V(7 O) = VO(')’ I(’ 0) = IO(')’ B(, 0) = BO(')’

xe€0,t>0,

2.1

with boundary condition
oS oV 9l OB
v v dy v
Where S, V, and I denote the number of suspected humans, vaccinated humans, and infected humans,
respectively. B represents the concentration of Cholera bacteria in the environment. S := S(x,7),V :=
Vix,t),I .= I(x,1),B := B(x,t), S(-,0) := S(x,0), V(-,0) := V(x,0),1(-,0) := I(x,0), B(-,0) := B(x,0).
ds, dy, d;, and dp are the diffusion coefficients of S, V, I, and B. The other parameters are in Table 1.

=0, x €00, t>0.

Table 1. Parameters and their description.

Parameter Description of parameter

A(x) the recruitment rate of humans

B1(x) the transmission rate from infected to suspected
Ba(x) the transmission rate from environment to human
Bs(x) the transmission rate from infected to vaccinated
Ba(x) the transmission rate from environment to vaccinated
u1(x) the natural death rate of humans

ry(x) the vaccination rate

d(x) the recovery rate

k(x) the rate of human contribution to bacteria

o (x) the natural death rate of bacteria
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Based on the main motivation (ii) in the introduction, stochastic noise is introduced into model (2.1)
through the transmission rate, that is 5; = 8; + omi(t), dWi(t) = ni(tH)dt (i = 1,2,3,4), and n; (i =
1,2,3,4), denoting the noise intensity, and W;(¢),(i = 1,2, 3,4) representing the standard Brownian
motion. Wi(?), (i = 1,2) defined on (Q, F, {F}0, P), (Q, F, {F:}=0, P) is a complete probability space.
|| - || denotes the norm.

dS ={dsAS + A(x) = B1(x)ST — Bo(x)S B — i1 S — ry(x)S }dt — o1 S IdW,(t) — 0,8 BAW, (1),
dV ={dyAV + ry(x)S — B3(x)b1 VI — Bs(x)b, VB — 1 (x)Vidt — o730, VIAW;5(t) — 04b VBAW,(1),
dl = {d;Al + B1(x)S 1 + B2(x)S B + B3(x)b1 VI + B4(x)b, VB — py(x)I — d(x)1}dt + oS IdW, ()
+ 028 BAW,(t) + 030 VIAW;(t) + 040, VBAW (1),
B = {dpAB + k(x)I — uy(x)B}dt,
S(,0)=S80(), V(-,0) = Vo(-), I(-,0) = Ip(-), B(-,0) = By(-),
xe€0,t>0,

(2.2)

with boundary condition
as oV ol 0B
R
Where g—i = aa‘y/ = gi aB denote the directional derivative, with the v being the outer normal direction
on 00. Next, we explored the properties of system (2.2). First, we prove the boundedness of solutions,

the existence and uniqueness of positive solutions, and the existence of an attractive set for system (2.2).

=0, xe€ 90, t> 0.

3. Well-posedness of the solution

Lemma 3.1. For system (2.2), there exists an invariant set
Dy :={S. .)€ Y,, [[(S +V + Ddx < A'O'} and D, := (B € X,, [ Bdx < 212y

=1=2
where yi - and p_ represent the minimum of 1( ) and u,(+), respectively. A and k denote the maximum

of A(+) “and k(°), respectively. |O| indicates the modulus of Q.

Proof. By virtue of system (2.2) and formula of integration by parts, we have
gt f@(S +V+Ddx = f@{dSAS +dyaAV +dinl + A(x) — i (DS = (V= (DI = d(H1}dx
= f@){A(X) — (S =V = (i () + d()I}dx (3.1
<AO] - p, f@ (S +V+ Iydx,

Integrating both sides of Eq (3.1), we have

f(S+V+I)dx<g+(50()+VO()+IO()—ﬂ) Y
0

e e

AlO)]
Hence, as t — oo, fO(S +V+Ddx < o
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For the fourth equation of system (2.2), according to formula of integration by parts, we have

ﬁfgdx:f{dBAB+k(-)I—uz(-)B}a’X
ot 0 0

< f (KO - p2()B)dx (3.2)
@)
f (k. )L ~ 1a()Bldx

Therefore, we have f@ B(x,dx < kﬁ'@)' as t — oo. The Lemma is proved.
—1 2

Remark 1. Lemma 3.1 indicated that system (2.2) has an invariant set.

Furthermore, we prove the uniqueness of the positive solution of system (2.2). For the needs of the
following calculation, we first present the following theorem.

Theorem 3.1. (1t0’s formula) [29, Theorem 6.2] Let y(t) be on Ito process on t > 0 with the stochastic
differential

dy(t) = f(t)dt + g(t)dW,,

where f € L'(R.;R) and g € L' (R.;R). Let V. € C*'(RX R, : R). Then V(¥(1),t) is again an Ito
process on t > 0 with the stochastic differential given by

dv(y(,n = [Viy(@), 0 + V,((@0), D f(1) + 5 V}y(y(t) ng*(Dldt + V,(y(1), Ng(dW, a.s.

Theorem 3.2. If initial value (S ((x), Vo(x), Iy(x), Bo(x)) is positive, then system (2.2) has a unique
positive solution (S (x,1), V(x,1),[(x,1), B(x,t)) fort >0 on Q.

Proof. Since the coeflicients of system (2.2) satisfy the local Lipschitz condition, there is a unique
local solution on ¢ € [0, 7.), where 7, is the explosion time. Let [, > 1 be sufficiently large for

1
— < min [|N]| < max INIl < lo,
ly — O<t<z, 0<

where N = (S, V, I, B). For each integer / > [, define the stopping time
1
7, =infl{t €[0,7.] : min(S,V,1, B) < 7 or max(S,V,1,B) > l}.
Let inf( = oo (0 represents the empty set). 7; is increasing as [ — oo. Let 7o, = lim;_,, 7;, then 7, < 7,
a.s. In the following, we need to show 7., = oo a.s.
Define the Lyapunov function as follows:

L(S,V,I,By=(S —1—-logS)+(V-1—-logV)+ (I —-1-logl)+(P—-1-1logP).
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Therefore, according to Ito’s formula, we have
dL(S,V,1,B)
={( - é)(ds AS + A(x) = B1()ST = Bo(x)S B — 1S — ry(x)S) + %(a?ﬁ + 05 BY))dt
- (- é)o-lSIdWl (-1 - Sl)o-zSBde(t) +{(1 - ‘l/)(dVAV + ry(0)S = B3(x)b VI
— Bs(x)b, VB — 11 (x)V) + %(aébflz +02biBY))dt - (1 - ‘11)0'3b1VIdW3(t) (3.3)
-(1- %)mbzvmm(n +{(1 - %)(d,AI + B1(X)S T + B(x)S B + B3(x)b, VI + B4(x)b, VB
— (I = d(x)0D) + %I%(afshz + 058 2B + o3bi VI + o5 VA Bt + (1 - ;)(alsmw1 (0
+ 0,8 BAW, (1) + 03b, VIAW5(t) + 04b, VBAW,(0)) + {(1 — %)(dBAB + k(x)I — x(x)B)).
Moreover, integrating both sides for system (3.3) from O to 7; A T and taking the expectations
EL(SC,ri AT), Ve, 1 AT), IC, 7 AT), BG, 1 AT)) = Li(So(-) + Vo() + Lo(-) + Bo(-))
=E fo W{(l - é)(dSAS + A(x) = B1()ST = Br(x)S B — 11,5 — ry(x)S) + %(0%12 +03B%)
+(1- ‘l/)(dVAV + ry(X)S = B3(x)b VI = B4(x)b, VB — 11, (x)V) + %(agb%lz +02biB?)

1
+ (L= ol + Bir()S T+ Br(0)S B + B3 (b1 VI + By(0)b2 VB — ()] = d(0)])
11

1
+ 51—2(0%5212 + 058 B + o3b1 VAP + oy VPB?) + (1 - S pAB+ kO - (OB (3 4

TINT
<E f {40 + (1 - %)(A(x) — B1(X)ST = Bo(x)S B — 1S — ry(x)S) + %(cr%ﬂ +03B%)
0
+(1- ‘l/)(rv(x)s = B3()b VI = Ba(x)b, VB — 11 (0)V) + %(agbfﬂ + 03b3B?)

1
+ (1= DBIST+BoA0)S B+ B3(0b1 VI + Ba(0b2VB = (0] = d(x)])
11 1
+ 51—2(039212 + 058 B> + o3bi VAP + oy VPB?) + (1 - kDI - pa(x)B))dr,

where Ay = max{A;, A3, A3, A4}, A; = inf,cq/ || Vu||?/|lu;]]>. By virtue of Lemma 3.1, we have

1 1
(1= AR = S1()ST = Bo(0)S B — 11§ — rv(x)S) + 5(0%12 + 03B+

(1- ‘l/)(rv(x)S — B3(X)b1 VI = B4(x)b, VB — 1 (x)V) + %(o-gbflz +02biBY)+

1
(1= DB1OS T+ S2(0)S B + B3(0)b1 VI + Ba()b2 VB = pu ()] — d(x)])+
11

1
Eﬁ(afszlz +0382B* + 03bI VI + obsVABY) + +(1 — I = i(0B) < M.
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Hence, Eq (3.4) be equivalent to
ELI(S(’ T A T)7 V(7 T A T)7I("Tl A T)’ B('?Tl A T))
S Li(So() + Vo) + Io(-) + Bo(+)) + (40 + M)E(7; A T).
Let Q = {r; < T}, we know that P(Q);) > €. Note that for any @ € ), there is at least one of S (1}, @),

V(t;, @), I(1),w), P(1;, w) equaling either [ or ;. Therefore,

1 1
LiSC,unAT), Ve, AT, IC, T, ANT),BC,7;ANT)) > (I =1-=1loglh) A (7 - 1-log 7).

Furthermore,

Li(So() + Vo) + Ip(-) + Bo(-)) + (4o + M)E(T; AT)
> E{lgk.E(S A, Ve, AT I, ANT),B(-,7; AT))}

1 1
>ef(k—1-logk) A(=—1-1log-)},
k k
where 1q, denotes the indicator function. As [ — oo, we have
0 > Li(So() + Vo() + Io() + Bo(-)) + (440 + M)T = co.

This is a contradiction. Hence, we have 7., = co.

Remark 2. By virtue of Theorem 3.2, we prove the existence and uniqueness of the solution for
system (2.2).

Before proving the stationary distribution of the system, we first show that the system is stablity in
finite time.

Theorem 3.3. There exists positive number T, K, K,(where K, > K;) such that system (2.2) is finite-
time stability, if S*(-,0) + V2(-,0) + I’(-,0) + B*(-,0) < K|, then, for any t € [0, T], we have

ES*+V*+ P +B)<K,.

Proof. Define
Lo = ISIP +IVIP + M1 + |BIP.

By virtue of Ito’s formula, we can obtain

d(ISIP + VAP + 11> + 1BIP)
=(24(S, ds AS +T1(x) — B1(x)ST — Bo(x)S B — 11;S — ry(x)S) + 2V, dy AV + ry(x)S
= B3(x0)b VI = Bs(x)D2 VB — iy (x)V) + 2(I, d; Al + B1(x)S T + B2r(x)S B + B3(x)b, VI
+ Ba(0)b2 VB — ()] = d(x)Iy + 2(B, dAB + k(x)I — po(x)B) + 20 11IS [P
+ 205lISIPIBIP + 203B1IVIPIIP + 203 b3 lIVIPIBIP Yt + 2(S, =01 S IdWi (1) — 0728 BAW (1))
+ 2V, 03 VIAW;(£) — 04bs VBAWA(D) + 2(1, 1S IAW (1) + 028 BAW(t) + o3b, VIdW5(1)
+ 04by VBAW4(1)).
(3.5)
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Moreover, integrating both sides of system (3.5) and taking expectation for # € [0, T'] leads to
ELS G DI+ IVEDIP + 1C DIP +1BC TIPT = AIS oI + IVoOIP + oGNP + 11Bo()I)
T
< Ef {=2(VS(,0,dsVS (. 0) =XVV(, 0,dyVV(, 1) = XVI(,0),d,VI(, 1)
0

—2 _ _
= 2VB(,1),dgVBC, 1)) + IT +[ISI? = 24 ISP = 21, ISI* + 7S IP + 7, IVIP?
Alo] Alo| N®)

=20, IVIP + 2081 + Bab) ==l + 2B,= =S I + 2(B2 + Biba)= = I1BIF
—1 —1 —1
AlO| — - AlO|
+ 2Baba= —IVIP = 244 P = 21 + KT + KIBIF = 240, |BIP + 2071 = =111
—1 —1
Al0] Al0] kAIOP
+ 205 SIBIP + 2036 = I + 20505 = IVIPr

| =1 —1=2

T
Alo|
SEf (@ +1ISIP + 7SI + BAVIP + KIP + KIBIP + 2073 ' —IS1?
0

—1

kA|OP

AlO| AlO| AlO|
——IBI* + 2037 —— || + 2073b3 IVIP +2(81 + Bsbr)—IIII

—1 —1 —1=2 —1

2ﬁzgllSll +2(8, + ,34bz)g||3|| 2ﬁ4szIIVII}
7 K Iz

1 —1 —1
Next, we can obtain

EQISCDIP +IVEDIP + MC DIP +1IBC, TP

+ 20'2

—2 g A|O] AlO]  _
< ISoOIP + IVoOIP + oGP + 1BoGIP +TUT + Ef {1 +207 ot 2B> T DINE

—1 —1

O
MOV, T 2 e

0 0
+ o+ 2, ,Lll | +203b; VI + 2B +Bsb 1)g b’

—1 —1=2 —1 —1

AlO 0
+ (2(B2 +,84b2)—| | Aol + k)|IBI*}dt
Iz P

—1 —1

kA|OP?

Hence, we have

ES G DIP +IVEDIE + MG TIP + IBC, THIP]
T
<A+ AzEf ISP+ IVIE + 112 + 1BI)dz
0

where

—2
Ay =S oI + VOO + IO + I1BoOIP +TT T,
o) AlO AlO
Ay =max{l + 207 —— Al L +28, ol , oo Ty + 2B4b> o, 205b;
—1 Hl —1 'L_llﬁz

O A|O A|O /_\(O) —
2By + Bsb oﬁ sz%wc 26> + mbz)J ALY

_1 —1 —1 —1

kA|OP?
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By the Gronwall inequality

ELIS G DI+ IVEDIP + WC DIP +1IBC TP < A = K.

Remark 3. According to Theorem 3.3, we demonstrate that system (2.2) can reach a stable state within
a finite time.

4. Stationary distribution

In this section, we prove that the system admits a stationary distribution.
Definition 4.1. [30-32] A stationary distribution for N, system (2.2) is defined as a probability
measure A € P(H) satisfying

A(f) = AP f),t >0,
here

Mﬂ:iLf@MMQPJ@%=EﬂN@mOLfEQWﬂ

For Ay, A, € P(H), define a metric on P(H) by

d(Ay, ) =sup| | f(OA(d]) — f(0)A(ds)l,
feA H

where

A={f:H->RIf() - fI=<I{-o0ln { 0€Hand|f() < 1}.
P(H) is complete under the metric d(-, -).

0 0
H={p|¢¢€ LX(Q), 6_¢ € L*(Q), where 8_¢ are generalized partial derivatives}.
X X
Moreover, we have the following theorem
Theorem 4.1. For any bounded subset B of H, a > 1, if
() lim sup EINC,t,4) = NC,t,0)llq, = 05
1—00 l//,(pEB

(i) there is a constant y > 0, a > 2, such that y + Q > 0,

then, system (2.2) has a unique stationary distribution.

Proof. First, we define the difference of two mild solutions of system (2.2) with distinct initial data

l,0€O
ﬂl('at’g’g) S("tag)_S(‘vt’Q)
. _ ﬁZ("t’ g’g) _ V(. 1, {) - V(',I,Q)
Yo wenso 7] 1600 - 110 @D
ﬁ4('9t’ g’Q) B("t9 g) - B(',I,Q)

AIMS Mathematics Volume 10, Issue 10, 22769-22790.
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According to the /0’ s formula, we have

d(e[9C,1,£,0II")
=xe“9C, 1, £, )I*dt + (it (-, 1, £, N (-, 1, £, 0), ds 891, 1,4, 0) = th (-, 1,4, 0)
=S CLDICLD) = SC1L0I,1,0)) = B2(NS 1, OB, 1,4) = S, 1,0)B(, 1,0))
— (YN 1,4,00) + alla(, 1, £ W, 1,4, 0), dy s (-, 1,4, 0) + rv()h (1,4, 0)
= BsObi (V. DI, 1,0) = V(. 1,0)I(,1,0)) = Ba( )2 (V(-, 1, O)B(, 1,4) = V(. 1,0)B(-, 1,0))
— O, 1,800 + allds (1, £ N3 (1,4, 0), dinds (1,4, 0) = i (V3( 1,4, 0)
—d()03(,1.4,0) + B1(O)S L DIC,1,0) = S, 1,01, 1,0)) + S2()(S (1, O)B(-, 1,0) = S (-, 1,0)B(:, 1,0))
+B3(bi (V6,01 1,0) = V(. 1,0I(,1,0)) + Bs(D2(V(-, 1, O)B(, 1,4) = V(. 1,0)B(-, 1,0)))
allda (1, £, O B4+ 1,£,0), dgAsB + k()] — p1(x)B)

+%aw—1Mﬂwmﬁfﬂm”%yhh0ﬂhhﬁ—S%J@ﬂ%J@D+%MQ—DU?
IWNJJ@mm%VhLDWELO—S%J@B%J@D+%Ma—DU%W%@LL@W”
(WELDPELO—V%JQH%J@D+%M@—Dﬁﬁﬂ%ﬁhéquﬂﬂhhﬁyhhﬁ
—WELQB%J@D+%Ma—DU%%C$§@W”%¢@LDFQLD—S%J@H%J@D
+%MQ—MﬁW%JJ@W”G%JIW%JI%S%ﬁ@B%ﬁ@D+%Ma—Dﬁﬁx

1
I|ﬂ3(" f, 4’ Q)”a/—2(v2(_’ f, g)lz(’ f, {) - Vz('9 f, Q)12(9 f, Q)) + Ea(a/ - I)O'ib%||ﬁ3(, f, g’ Q)”a—Z

(V2 , OB 1,0 = V2, ,0B*(, o)t — aori|[9: (1, £, 017 (S ¢ 1, DI, 1,0)

=S, 1,01, 1,0)dW1 (1) — @l (-, 1, £, I (S ¢, £, OBC, 1,0) = S, 1,0)B(-, 1,0))dWs (1)
= 3b1al[95C, 1, LN (VELDIC, 1,0) = Ve, 1,0)1(,1,0)dWi(1) = aabrallda (-, 1,4, o)l
X (V- 1, OBC, 1,0) = V(- 1,0)B(, 1,0)dWa(t) + ao 193 1, £, "™ (S (. 1, DI, 1, )=

S 1,1, 1,0)dWi (1) + aca|l§3(, 1, LN (S (1, B, 1,0) = S (-, 1,0)B(-,1,0))dW(1)

+ o3b1al[ 93¢, 1, LN (VELDIC, 1,0) = VI, 1,0)1(,1,0)dWs(1) + aubsallds (-, 1,4, o)l
X(V(,,)B(,1,0) = V(. 1,0)B(-, 1,0))dW4(1).

To proceed, the following equation must be considered:

S(" L 5)1(’ f, g) - S(’ z, Q)I(5 z, Q)
= S(’ f, {)I(’ Z, é’/) - S(’ f 4)1(’ f, Q) + S(’ Z, {)I(, 2 Q) - S(’ f, Q)I(’ f, Q)
= S(’ f, {)ﬂ3(’ f, g’ Q) + I('»L Q)ﬁl(’ f, (’Q)
AlO
< S 180+ a1 o).

—1
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Using the same method, we can obtain

SCt, OB~ S(,1,0B(,1,0) < %w L0:0)+ (o140,
—1
A|O]

V(" f, g)l(a f, é/) - V(a t’Q)I(a t’Q) < /l_(ﬂ3(’ f, 57 Q) + ﬂZ('? f, ga Q))’

—1

V(,t,)B(,1,0) = V(. 1,0)B(-,1,0) < %(04( 1,4,0) +9(,1,4,0)).

=i
For <ﬁl('9 f, (, Q)’ dS Aﬁl('a f, g’ Q)) = _dS /l()ﬂ%(a f, {a Q) Integrating on both sides of d(eXt”ﬂ('9 f, ga Q)”a)
and taking expectations

E(|l9C,1,¢, 01"
T

T
< I19¢,0,Z, 0" + Ef xevl9C, 1, ¢, 0)lI"dt + Ef ae{(=ds Ao — muy — )91 (-, 1, 0ll")
0 0

+ (=dv Ao = p)l92C, 1, O + rvllda(, 1, N 191 1,4, 0l + (=dido = pn = DT (-, 1, I

ﬁl%qwh( 080 + 1956, 1, £ DIt L DI

—1

ﬁzﬁmwc, 00 + 11911 L DI, 2 I

1

+ﬁ3%(|lﬁ3( 40l + 11920, 1,4, 0IDNI05(. 1, £, 01

—1

Al@l . . . a-1

—1

= dpoll9a .1, L O + ka1, £ OS5, 1, £ 0 = pall a5 1, £ )N
3 3
A’|0]

@ = DO L0l + 1031 L DI ot )
—1
3 3
+ (@ - DAL 19,02l + 19301, L DD 1.2 )2
1
A") 3
+ (@ - 1020 2 19,0 1.2, 00+ 1921, L DI 1.2, DI
—1
3 3
+ (@ - D)o3b3 ' | (194G, 1, £, 0l + 1920, 2, £, DI, 2, £, 01>
1
3@3
f@-1)o /l A8 1911, 2.l + 1956, 1., DI 1 L, D)2
—1
3 3
F(@- o2 /l A8 191 1,2, 011 + 194, 1., DI 1 £, D)2
—1

3| |3
+(a — Do3bt ———

U[93C, 1, 0l + 192 1, £, QD3¢ 1, £, N

—1
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[\3@3
+m—nﬁ%—%L

—1

(”ﬂﬁl(’ Z, él’ Q)” + ”ﬂZ(’ Z, {7 Q)”)”ﬁ3(’ f, {, Q)”a_z}dt- (42)

For Eq (4.2), applying the Young inequality and Basic inequality, we have
E(19¢,1,,0)I1")

T T
<9, 0,2,0I* + Ef xe 'll9C, 1, ¢, 0)lI"dt + Ef ae{(=dsdo — p1 = rw)I1 (.1, £, 0l

+ (=dy Ao — IS, 1, 011" +rv(

mJJ<Wmt§wW

—1

Alo| 1 2a-1)
a

IIﬁ*z( Lol + —IIﬁl(nt, 20N + (=dido — 1y = DII3( 1,2, 0l

+ 1931, L0

/32—( 194(, 2, £, 0" + —||191(-,t,§,9)||“+

1

193C. 2, £, 0%

-1
+,33%(II193( Lol + —IIﬂz(ut,{,Q)ll‘“r GTIII%('J,{,Q)II")

—1

A 2 -1
+,34%( 194(, 2. £, 0" + —||191(-,t,§,9)||“+ (aa :

5
-
+ (=dplo — p)lIF4C 1, £, 0" + k >

,N|OP 2a-3
+(ox—1)0'1 e (

93, 2. £, 0)I)

1 1
”ﬁ4('a f, g’ Q)”a + 5”03(’ z, é’a Q)”a

1 2
911, 80N + =119C, 1,8, 011" + =)
[0 a

AOP 2a-3 N )
+(—D£—;—( 91,1, £, 0l —meamn+3
—1
AOP 2a-3 . 1 )
+ (@ — Do3bi —5—( 19251, £ 0N + — I3, 1, £ Ol + =)
—1
A3|<O)|3 2a -3 . 1 . 2
+(a - Doib; ( 19201, £, + 194 1, L, QI + =)

—1

+wa—1MaA29?2“ 2051, L O + W10 + )
+<-m@“@ﬂ 916,20 + 19,1, O + +2)
1
+w—n§ﬁm'mithgww +2)
—1
+<-nzw“'ﬂ 192(,1, £, 0)II* + —wmmamW+ +§wu

—1

Due to @ > 2, we can get the following result:
EE19C,1, £, 01"

3 3 xT-1
I©| e
< 9¢, 0,40l + 2a(a - 1)

@+t + o+l +E f (c + QIO 1,2, 0",

—1
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where

A’loP Al0|
x + 0 = max{y + a{3(e - 1)7(0'% +03) + ,u_('Bl + B2+ B4) —ds Ao — u1},
1 —1
A’loP Al0)
X + a(3(@ = Dbj——=—(03 + 03) + Bs—— + rv — dydo — 1},
K Ky
%
x+af(@-1) ||6m+m5+w@%4ﬁwm4
K

AlO
+2%(ﬁ1 +ﬂ2 +ﬁ3 +ﬁ4)—d1/10—,ul —d},

—1

A’lopP 22 Al0|
X+ a2(@ — 1)——=—(03 + 03b3) + —— (B2 + Ba) + k — dpdo — pa}}.
“ K
By virtue of the Gronwall inequality, we obtain
3|©|3 e)(T 1

NG, 1, L0l < I9C,0,4, 011" + 2a(a - 1) (0} + 05 + 03 + oe O
—1
moreover

}Lrglo EN9C,t, {0 =

Remark 4. Theorem 4.1 declares the existence and uniqueness of the stationary distribution of the
solution for system (2.2).

5. Numerical simulations

In this section, the theoretical results are validated by means of numerical simulations. By virtue
of the Milstein’s method [33], the discrete form of system (2.2) is given and the algorithm process is
shown.

Sy =28 + Sa-1.)
Sy =Say + ds

+ A= BiSaplij — B2S i.pBj

(ax)?
o % 2 2 2
~HiSap = rvSaplat = 1S aplapsi Var = 8 pli (s = Dat
o3
2 2 2
— 028 Bai.psi VAt = =286, B (S5 — DAL,
Vierp = 2Vip + V-1,
Vi js1y = Vi) + ldy (o) +rvSaj = BsbiViipu,, — Bsb2Vii B j)
2
3 2172
— Vi plat — o3b Vi plipsi VA 5 S biVilig(s; = Dat
2
4 2v/2
— 0'4b2V(i,j)B(i,j)§j VA 2 —b V(z »Pa, J)(g‘] 1)At,
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Liv1 ) — 2L ) + Lo
Lijery = Laj) + [d;

> +B1S aplij) + B2S By + BsbrViiju,,
(Ax)
2
0'1
+ﬁ4b2V(i,j)B(i,j) - (,Ll] + d)](i’j)]Al' + U]S(i,j)l(i,j)gj VAL + — (l 0 (l j)(gj 1)At

2

2
+ O'2S G, ])B(l S VAL + S(l PG, j)(gj I)Al + O'3b1 V(i,j)l(,-,j)g‘j VAL
2

3 2 4 2172 2 2
b Ve nli (67 = DAt + aaba Vi B jys; Vit - b Vi nBay(si — DAL,

Bis1.j) — 2B j) + Bi-1,))
B j+1) = Bij) + [ds ()2 + kli j) — paB jlat

5.1. The influence of noise intensity

For Figures 1 and 2, let A = 10, yy = 0.45, uy = 0.35,d = 0.35, k = 0.35, up, = 0.33, dg = 0.35

dy = 04,d;, = 0.25,dg = 0.5, 8, = 0.08, B, = 007, 83 = 0.02, By = 0.03, by = 0.3, b, = 04,
oy =0, =03 =04 =0.04, Ax = 0.4, At = 0.1. Figure 1 represents the path diagrams of S, V, I, and B

in time and space. Figure 2 is the corresponding histogram for viewing the stationary distributions of
S, V,I, and B more intuitively.

WMMJ’*’**W

Figure 1. The evolution path of S, V, I, B for system (2.2) when the noise intensity is 0.04

AIMS Mathematics Volume 10, Issue 10, 22769-22790.



22783

6 7 8 9 10 11 12 13 14 15
The histograms of S

30

25

20

15

10

0

012 3 45 6 7 8 910111213 141516 17 18 19 20

The histograms of |

3 4 5
The histograms of V

(o e e e s s s S S S S A

60

50

40

30

20

10

0
0123456 7 8 91011121314 1516 17 18 19 20
The histograms of B

Figure 2. The histograms of S, V, I, B for system (2.2) when the noise intensity is 0.04.

Figure 3. The evolution path of S, V, I, B for system (2.2) when the noise intensity is 0.02.
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Figure 4.

Figure 5. The evolution path of S, V, I, B for system (2.2) with different noise intensity.
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To observe the influence of noise intensity on the stationary distribution of the solution, we adjust
the noise intensity. In Figures 3 and 4, other parameters remain unchanged, let oy = 0, = 03 = 04 =
0.02, Figure 3 shows the path diagrams of S, V, I, and B in time and space. Figure 4 is the histogram
corresponding to Figure 3. As the noise intensity increases, the amplitude of the image fluctuation
increases (Figures 1 and 3). Furthermore, a lower noise intensity yields a stationary distribution for the
solution, as evidenced in Figures 2 and 4.

Additionally, to observe the changes of the solutions more intuitively, Figure 5 depicts a
two-dimensional variation graph. Hence, it can be observed that the image with noise fluctuates on
both sides of the image without noise. Furthermore, a greater noise intensity is related to enhanced
fluctuation.

5.2. The influence of the transmission rate

For Figures 6 and 7, let A = 10, yy = 0.45, uy = 0.35,d = 0.35, k = 0.35, 4, = 0.33, dg = 0.35,
dy =04,d;, = 025,dg = 05,6, =025, 6, =021,5; =0.09, 5, = 0.12, by = 0.3, b, = 04,
oy = 0, = 03 = 04 = 0.02. Figure 6 shows the path diagrams of S, V, 1, and B in time and space,
while Figure 7 is the corresponding histogram.

Figure 6. The evolution path of S,V,I, B for system (2.2) with 8; = 0.25, 8, = 0.21,
B3 =0.09, 5, = 0.12.
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Figure 7. The histograms of S, V, I, B for system (2.2) with §; = 0.25, 8, = 0.21, 85 = 0.09,
B4 =0.12.

Figure 8. The evolution path of S,V,I, B for system (2.2) with 8; = 0.15, 8, = 0.12,
B3 = 0.06, 5, = 0.09.
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Figure 9. The histograms of S, V, I, B for system (2.2) with §; = 0.15, 8, = 0.12, 85 = 0.06,
B4 = 0.09.

To observe the influence of the transmission rate on the stationary distribution of the model’s
solution, we adjust the dimensions of the transmission rate. In Figures 8 and 9, let A = 10, yy = 0.45,
ur = 035,d =035k =035 u =033,ds =035, dy =04,d, =0.25,dg = 0.5, g = 0.15,
ﬁz = 012, ,33 = 006, ﬁ4 = 009, b1 = 03, b2 = 04, and 01 =02 =03 =04 = 0.02. Figure 8 shows
the path diagrams of S, V, I, and B in time and space, while Figure 9 is the corresponding histogram.
Figures 3, 6, and 8 demonstrate how an enhanced transmission rate can weaken the image fluctuation.
From Figures 4, 7, and 9, we can see that as the transmission rate increases, the center points of S and
V migrate to the left, and the center points of / and B shift to the right. Therefore, we can conclude
that the transmission rate can reduce randomness and change the stationary distribution of the model’s
solutions.

6. Conclusions

Cholera is an acute intestinal infectious disease caused by Vibrio cholera. Due to the rapid spread
of cholera and its high incidence and mortality rates during the epidemic period, it is a grave threat.
Therefore, an early, rapid, and correct diagnosis is crucial for the treatment and prevention of cholera.
In this study, we determined the stationary distribution of an SVIB cholera model that incorporated
stochastic noise and reaction-diffusion. Apart from the solution’s well-posedness, we also proved the
model’s finite-time stability. Furthermore, we provided sufficient conditions for the stationary
distribution of the solution of the model and proved the uniqueness of the stationary distribution of the
solution. Finally, the theorem’s results were verified through numerical simulation. For numerical
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results, we simulated the influences of noise intensity and propagation rate on the system. It could be
observed that the noise intensity could impact the model’s stationary distribution. When reducing
noise intensity, the numbers of infected individuals and cholera bacteria also decreased, and the
system tended to show a normal distribution. To conclude, the transmission rate reduces randomness
and changes the stationary distribution of solutions. Therefore, we suggest that appropriate measures
should be taken to reduce the interference of external factors in a disease outbreak. In our next phase
of research, we aim to introduce non-local diffusion, Léyy noise, and Ornstein-Uhlenbeck processes
into the model to explore the dynamic behavior of the disease.
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