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Abstract: This paper investigated the asymptotic behavior and dynamical bifurcation of a stochastic
multi-strain epidemic model with jump diffusion. We defined a threshold parameter A as the Lyapunov
exponent of the total infected population, which incorporates the stationary distribution of strain
proportions on the disease-free boundary and a jump-induced correction term arising from the Lévy
noise:

A= fA[Z(ﬁiyi = (yi + i + m)yi) — %(Z O'zi)’i)z],u*(dy) + L[ln(l + Zn: Vifai(u)) — Z yile-(u)]y(du)‘
=1 i=1 i=1 i=1

This threshold provides a necessary and sufficient condition for overall disease persistence (1 > 0)
versus extinction (4 < 0). Moreover, we introduced strain-specific thresholds A; and established a
competitive exclusion principle: The strain with the largest A; dominates, while strains with smaller
A; go extinct; when two or more strains share the same maximal A;, they can coexist. Furthermore, A
serves as a dynamical bifurcation point: When 4 < 0, the unique invariant measure is concentrated
on the extinction set; when A > 0, this measure loses stability and a new invariant measure supported
on the positive orthant emerges. Numerical simulations confirmed the critical role of A and illustrated
competitive exclusion between strains under different noise intensities.
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1. Introduction

Multi-strain infectious diseases pose a major challenge in epidemiology and public health, as
illustrated by the successive waves of SARS-CoV-2 variants. A fundamental question is whether
different strains can stably coexist. To address this, numerous multi-strain models have been developed.
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Bremermann and Thieme [4] showed that in a two-strain Susceptible-Infected-Susceptible (SIS)
model, any strain that fails to maximize the basic reproduction number eventually goes extinct.
Bentaleb et al. [3] analyzed a multi-strain Susceptible-Exposed-Infectious-Recovered (SEIR) model
with non-monotone and bilinear incidence, deriving the basic reproduction number and characterizing
the stability of three equilibrium states. Further Ordinary Differential Equation (ODE)-based insights
into strain coexistence can be found in [14,17,25].

To overcome the limitations of deterministic models that ignore environmental fluctuations, an
increasing number of studies have begun to incorporate randomness into the transmission dynamics
of infectious diseases [8, 12, 15]. In reality, disease transmission is driven by numerous random
factors [9, 10,24], which fall into two categories. The first consists of continuous, small fluctuations—
such as daily variations in contact rates or weather—well-modeled by Brownian motion. The second
consists of rare, large shocks: Superspreading events, sudden lockdowns, travel bans, new variants, or
healthcare collapses. These cannot be captured by Gaussian noise but are naturally described by the
jump component of Lévy noise. By combining both, the Lévy process offers a unified framework that
accounts for both everyday randomness and extreme events.

In this paper, we describe these two types of randomness through a multi-strain Susceptible-
Infectious-Recovered (SIR) model that includes Brownian motion and Poisson jump terms. We begin
with the deterministic multi-strain SIR model:

dsS S > Bili

A= Zl;ln'g - uS,

dl; B BiSI; i+ 11, + 1)1
dr S+, TR
dR

—_ = "I_ iIi - R

dt Zz—l y l‘l

The parameters in the deterministic model have the following epidemiological interpretations:

e A: Recruitment rate of susceptible individuals (births or immigration).

e (;: Transmission rate of strain i (the rate at which a susceptible individual becomes infected upon
contact with an individual infected with strain 7).

e u: Natural death rate (common to all compartments, independent of disease status).

e vy;: Recovery rate from strain i (the rate at which infected individuals recover and move to the
recovered compartment).

e u;: Disease-induced death rate for strain i (excess mortality caused by the infection).

e 77;: Additional removal rate due to treatment or isolation for strain i (e.g., hospitalization or
quarantine measures).

All parameters are assumed to be positive constants.

To incorporate environmental fluctuations into the mortality rates, we introduce stochastic
perturbations following the standard approach in stochastic population dynamics [11,12]. Specifically,
we replace the constant mortality rates by

M= ﬂ+0’131(t)+ff1(u)1\7(t,du), I ,Uz'+0'2iBzi(f)+ffzi(u)N(f,du),
¥ ¥

where B, (1), B,;(¢) represent Gaussian white noise and N(t, du) represents Poisson white noise. Here
o and o; are the intensities of the Gaussian noise, while fi(«#) and f>;(u) determine the jump size
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distribution. The conditions fij(x) > —1 and f;;(u) > —1 ensure that the population sizes remain
nonnegative after a jump. Rewriting the Poisson noise in compensated form N(dt,du) = N(dt, du) —
v(du)dt and absorbing the resulting drift corrections into the deterministic part, we obtain the following
stochastic multi-strain SIR model:

S® S, Bil; —
ds (1) = [A - S((tt)) %gf 1((?) —uS (t)]dt + 1S (OdB() + [, S () fi(w)N(dt, du),

i=1 "1
a0 = [ B2 0Ny 0de + ol 0dBate) + [, 1 fuN e dw, 04D

S + Sy 1) X
dR(1) = | Ty yili() = pRO)|di + 0 ROYABy (1) + [, R fi 0N (dr, du).

In the above, g(z_) denotes the left limit of the function g(¢). Throughout this paper, we assume that the
Brownian motions By, By; (i = 1,--- ,n) and the Poisson random measure N are mutually independent.

Given the recent growing interest in epidemic modeling, we now highlight the novelty and
contributions of this work. A central question in mathematical epidemiology is to determine whether
a disease persists or goes extinct. To date, significant progress has been made for low-dimensional
stochastic models, such as SIR and SIS systems driven by Gaussian white noise [7, 18, 19]. However,
extending these results to our setting—a high-dimensional multi-strain model with Lévy jumps—
presents three substantial difficulties. First, the coexistence and competition among multiple strains
create a strongly coupled system, rendering the classical technique of reducing to a single infectious
variable inapplicable. Second, the presence of Lévy jumps disrupts path continuity and complicates the
application of standard It6 calculus, especially when deriving threshold conditions. Third, establishing
a sharp threshold requires proving the exponential ergodicity of the boundary process and carefully
handling the jump-induced drift in the Lyapunov exponent.

Two recent works are particularly relevant. In [12], Hening and Nguyen developed a persistence-
extinction theory for stochastic Kolmogorov systems, but their framework does not accommodate
discontinuous jump processes. In [20], Tuong et al. analyzed a stochastic multi-group SVIR model
with jumps; however, their study focused on a degenerate singular diffusion case and relied on a
linearized threshold definition. Moreover, their stochastic comparison method is not applicable to
our system due to the nonlinear coupling between strains. Consequently, neither work provides a sharp
threshold condition for persistence and extinction, nor do they address dynamical bifurcation, in the
context of multi-strain models with non-Gaussian Lévy noise.

To the best of our knowledge, this paper is the first to achieve the following results. First, we
establish a necessary and sufficient threshold condition (the Lyapunov exponent 1) that determines
whether the disease persists (1 > 0) or goes extinct (4 < 0) in a multi-strain epidemic model driven
by Lévy jumps. Second, we provide a rigorous dynamical bifurcation analysis showing that A acts
as a transcritical D-bifurcation parameter: When A crosses zero, the invariant measure loses stability
and a new persistent measure emerges. While most prior work on stochastic bifurcation has focused
on Gaussian white noise [6, 16, 23], our study shifts attention to systems driven by non-Gaussian
Lévy noise, offering new insights into how discontinuous stochastic perturbations shape bifurcation
phenomena [21,26]. Third, we derive strain-specific persistence and competitive exclusion criteria,
revealing how Lévy noise influences strain dominance and the possibility of coexistence.

The remainder of this paper is organized as follows. Section 2 provides the necessary preliminaries
and introduces the threshold parameter A. In Section 3, we establish conditions for the extinction and
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persistence of system (1.1). Section 4 is devoted to the analysis of dynamical bifurcations. Numerical
simulations are presented in Section 5 to illustrate and complement the theoretical findings. Finally,
Section 6 concludes the paper with a summary of our main results and a discussion of future directions.

2. Preliminaries

In the whole of this paper, let (Q,.%,{.%}»0,P) be a complete probability space with filtration
satisfying the usual conditions (i.e., it is right continuous and .%#, contains all P-null sets). As the
dynamics of the removed class do not affect disease transmission, without loss of generality, we
consider the following system:

S(0) Xiey Bili() ~
st = [A- S0 s 21?:1 ol uS (D]dt + oS (dBy (1) + [, S () fi(w)N(dt, du), o

: (g’i (;1?; = O+ O + Tl OB+ [, 1) fa(w N du.
We further let R, = [0, +00), R? = {x = (x;, %2, ,Xx,) : x; 2 0,i = 1,2,--- ,n}, R? = (0, +00), R}’ =
{x = (x1, %2, ,x,) 1 x; > 0,i = 1,2,---,n}. We adopt the same method as described in [20], and
denote the total number of infective individuals at time # > 0 as Z(r) = >, [;(t). Let Yi(¢) := %
be the proportion of the total number of infective population at time ¢ > 0, and then system (2.1) is
transformed into the following system:

dl(n)= [

S Y BY)Z _
ds () = [A - (’)SZ(’;)lf Z((;)) @ _ uS (1t + 1S (BB, (£) + fY S (1) fi (u)N(dt, du),
_BSoYw RSy
YA =155 = O+ kit Y= Y, ;(—S D1 zm R IY) Yl(; oY)
- - Y+ Yifou(w) —
— 0y, ,Z‘ o, Y1dt + Yi(ory; - JZ; 2,Y)dBa(1) + fY [+ > ];zifZ(u) — Y,IN(dt, du)
2.2)

Yi + Yifu(u) Y ;
+ f;{[l n Z?:l Yifzi(u) -Y;, - Y,-fZi(u) +Y; ; ijzj(u)]vdu, 1<i<n,

BiS ()Yi(1)

SO+20) (yi + i +n)Y1dre + Z(1) Z 0, YidByi(1)

i=1

dz(n) = 20 |
i=1

Z(t. Y.dN(dt, du),
+fY (t);fz (dt, du)

where Y(¢) = (Y (?), Y2(?), - - - , Y,(?)) lies in the simplex A = {y e R} : 37, y; = 1}. We will abbreviate
the solution of system (2.2) as W(¢) = (S (¢), Y(¢), Z(¢)) with the initial value W(0) = w = (s, Y, 2).

2.1. Existence of the positive solution

For the jump diffusion coefficient, we assume that

f fRuv(du) < oo, f (1 + fi(w) ' W(du) < oo, (2.3)
Y Y
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fY (; Jriw)*v(du) < oo, fY (1+ ; foi(w)) ™' (du) < e. (2.4)

Throughout this paper, assumptions (2.3) and (2.4) are always in force. These conditions guarantee
the finiteness of the jump-related integrals and the positivity of solutions.

Theorem 2.1. For any initial value (s,y,z) € R, X AXR,, system (2.2) admits a unique solution W(t)
for t > 0, and the solution will remain in RS X A X R,.

Proof. For any initial value w € R, X A X R, the coeflicients of system (2.2) are locally Lipschitz, so
there exists a unique local solution W(¢) on ¢ € [0, 7.), where 7, is an explosion time. Then, we prove
the local solution will remain in R? X A X R, for ¢ € [0, 7,).

From the equation of S (¢) in system (2.2), we define

A YL Bl

H@) = S@ SO+ 20

Thus
dS (1) = S(HH(t)dt + oS (1)dB; () + fS(t_)fl(u)ﬁ(dt, du). (2.5)
Y
Define U(¢) = In S (¢). By 1t6’s formula for jump-diffusion processes,

du(t) = [H(t) -~ %cr%

dt + o dBy (1) + f

Y

In(1 + fl(u))ﬁ(dt, du) + f [In(1 + fi(w) — fi(w)] v(du)dt.
¥

Integrating from O to ¢ yields

S =S0)exp (f [H(s) - %0‘% ds + alBl(t)) X E(J)(2), (2.6)
0

where E(J)(¢) is the stochastic exponential of the jump martingale part:

E(J)(1) = exp (ftfln(l + fi(u))N(ds, du) +f f[ln(l + fiw) — fi(w)] v(du)ds). 2.7)
0 Jy 0 Jy

Thus, for any S(0) > 0, we have S(¢) > O for ¢ € (0, 7,.).
From the equation of Y;(¢), we denote

dY(t) = F(S,Y;, Z)dt + G(Y))dBy(t) + H(Y)),
where

BiS (0)Y;(1)

BiS®Y (1)
S+ Z©1)

F(S,Yi,Z) = S (1) + Z(1)

—(7i+ﬂi+77i)Yi—YiZ( - (yj+ui+n)Y)
=
2
+ Yi(z; 02;Y;)" — 023Y; Z; 02;Y;,
J= J=
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G(Y)) = Yi(osi - Z 2;Y)),

Yi + Y, foi(w) d
H(Y)) = f o v R R (OB ,Zl Y, fo(u)lvdu

Yi + Y foi(u) ~
— Y;IN(dt, du).
¥ fY[l + iy Yifai(u) Nt du)

Obviously, >, F(S,Y:,Z) = >, G(Y;) = 0. Since )\, ¥; = 1, we have

o Y+ Yifiw) 3 u n )
; L+ X0, Yifu(u) L ;[_Y’fz"(”) + Yi; Yifoi(u)] =0

Consequently, >, H(Y;) = 0. It follows that if Y(0) € A, then Y(¢) € A for all 7 € [0, 7,) almost surely.
More precisely, if Y;(0) = 0, the drift and diffusion terms ensure that Y;(#) cannot become negative;
similarly, if Y;(0) = 1, the dynamics prevent Y;(¢) from exceeding 1. For nonnegativity, observe that the
stochastic differential equation (SDE) for Y; has the form dY; = Y;®,dt+ Y;¥,dB,; + fY Y,A,(u)ﬁ (dt, du),
where the coefficients are bounded. This is a multiplicative noise process that vanishes at ¥; = 0. By
the comparison theorem for jump diffusions (see [13]), Y;(0) > O implies Y;(#) > O for all ¢ almost
surely. Hence, Y(¢) € A a.s.
The SDE for Z(#) can be written as

dZ(t) = ZW¥ (0 di + Z(0) Y, ouYidBa(0) + f Z(t) ), fuwY,N(dr, du),
¥ i=1

i=1

and the drift coefficient W(7) is defined as

n n 2
_\|Bsovo | v
‘P(’)‘;[SQH 700 (yl+ul+nl>x<r>] 2[;@&0)).

Applying the stochastic exponential formula yields

t 1 t
Z(1) = Z(0) exp ( f [%) ~ 5 (Do) |ds + f > (mn(s)dBZi(s)) X EU)0),
0 i 0

where

E(Jz)(t) =exp (f fln(l + Z fz,-(u)Y,-(s_)) ]V(ds, du) +
0 JY i=1
fo f [ln(l £ fzi(u)Yi(S)) = > hiwYi(s)
Y i=1 i=1

E(JZ)(¢) > 0 almost surely because 1+ ); f:(u)Y; > 0 by assumption. Hence, if Z(0) > 0, then Z(¢) > 0
for all t almost surely. If Z(0) = 0, then Z(¢) = O for all .

v(du)d s),
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Next, we prove that 7, = co. We define
=inf{r > 0: Z(®) + S(¢) > n}.

Set 7., = lim 7, and it is sufficient to show that 7., = oo.

n—oo

For 0 < p < 1, define V(S,Z) = (S(¢) + Z(t))'*?, and we have

LV(S (0, Z(1) = p2(t) + SOYIA = uS (1) = Y (i + pi + 1) ViZ(0)]

i=1

[Z(D) + SO [(01)*S* (1) + (Z N OWA)

i=1

p(p 1)

+ f{[Z(f)(l + ZfZi(u)Yi) + SO + i) = [Z(1) + S ()P
¥ i=1

—(p+ DS @)+ Z0)[S @) fr(uw) + Z(1) Z faiw)Yi]}v(du)

i=1

< (p+ DIZWO + SOVIA ~HS @)+ 201 + P2 maxior, Z T2 HZ(0) + S ()
#1500+ 201" [ (11 mofi + (Y !
¥ i=1

= 1= (p+ DImyfiw) +m Y fu(w)v(dw),
i=1

S (1) Z(1)

20 ndm = —2_ Since0<p<1,th
SO+zo T s v zay DT P et

where u = min{u, min <<, (y; + p; + 1)}, ms =

we have
A+ <1+@(@+v+p? v> -1 (2.8)

From (2.3), (2.4), and (2.8), we have
fY ([ +m i) +m(Y " fu@)P™ = 1= (p + Dimgfiw) + m() fuu)n(du) < pe,
i=1 i=1

where c is a constant number. Therefore,

LV < [@ max{o}, ()" )} + pe— (p+ DEIS + 2y + Ap + DIZO + SOF.  (2.9)

i=1

1+
WechooseO<H2<p( p)

max{o?, (X%, 02)*} = pc + (p + D, and we get

Hy= sup {LV(S(®),Z()+ H,V(S(?),Z(1))} < o0. (2.10)

(S.2)e®R+.R4)
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Hence,
LV(S(),Z(t)) < H — H,V(S(),Z(t)), Y(S(@),Z(1)) € Ri. (2.11)

Define W(r) = ™'V (¢). By Itd’s formula,
AW (1) = He™'Vdt + e™'dV(t) < Hie™'dt + e™'dM (1),

where M(t) is a local martingale. Integrating from O to ¢ A 7,, and taking expectations,

(tATy,) H
Ee™"™V(S,Z) < V(s,2) +E f He™*ds < V(s,2) + ﬁleH”- (2.12)
0 2

On the event {7, < t}, we have V(S (1,,), Z(t,)) > n (taking p = 1). Since e™2"™V(S (tAT,), Z(tAT,)) >
l{TN}eHzT" V(S (1,), Z(1,)) > nli;, <y, taking expectations yields

E [eﬂz(f”n)v(s (t ATy), Z(t A rn))] > nP{r, <1}

Rearranging gives the first inequality:
1
P, < 1} < =B ™V(S (1 A 1,), Z(t A T0)] .
n

Applying the upper bound from (2.12) yields the second inequality:

1 H
P{r, <t} < — (V(s, 7) + —leH't).
n H2

For fixed ¢, the right-hand side tends to 0 as n — oo, so lim,,_,, P{r,, < t} = 0. Consequently, P{r,, =
oo} = 1. i

By letting n — oo in (2.12), we obtain the following lemma.
Lemma 2.2. There exist positive constants p, K, K, such that
ES (1) +Zt)'"7 <e X'(s+ )" + K;, (5,y,2) €R, x AX R%, t > 0. (2.13)
Furthermore, for any €, H,T > 0, there exists an My 1 > 0 such that

P{sup {S(t) + Z(t) < Mpyer}} > 1-¢€,(s,y,20) € (0,H]| xAX (0,H], t€[0,T]. (2.14)
1€[0,T]

2.2. Definition of the threshold parameter

Following [7, 12,20], we will use Lyapunov exponents to define the threshold between extinction
and persistence. Consider system (2.2) on the boundary {(S,Y,Z) : S € R;,Y € A,Z = 0} (that is the
case when Z(¢) = 0), and we have the following system:

dS (t) = [A — uS (H)1dt + oS (1)dB, (1) + f S () fiw)N(dt, du),
Y
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df/i(t) = [,31'?1' —(yi+pi+ Ui)?i - f/i Zﬁj?j —(yj+u+ Uj)f/j) + IAC'(Z: 0'2jf/j)2
J=1 j=1
f/i + )A]ifZi(u)

. — V.IN(dt, du)
I+ Z?:l YifZi(u)

— oY, Z oo Yi1dt + Yi(oa - Z 02, ¥ ))dBy(t) + f[
=1 =1 ¥
(2.15)

+ f St ORI A Fiw) + ¥, > Vifjlvdu,  1<i<n.
v L+ XL Yifau(u) =

Remark 1. The proportion variables Y(t) = I(t)/Z(t) are defined only when Z(t) > 0. On the set
{Z(t) = 0}, we define Yi(t) as the left limit limg, I;(s)/Z(s) (which exists because the process is cadlag).
Since Z(t) hits zero only at absorption (see Theorem 2.1), the dynamics on the boundary {Z = 0} are
obtained by taking the limit Z(t) — 0% in the equations for S(t) and Y;(t). This limiting procedure
yields system (2.15), where S(t) and Yi(t) represent the boundary processes. A rigorous justification
using the concept of boundary measures can be found in [20, Lemma 3.2].

Lemma 2.3. The Markov process S (t),?(t)) is exponentially ergodic and possesses a unique
stationary distribution, denoted by u*(-).

Proof. The proof is divided into three parts: (i) exponential ergodicity of S(r); (ii) exponential
ergodicity of Y(7) on the simplex A; (iii) joint ergodicity of (S, Y).

Part (i): Ergodicity of S (7). From 2.15, § (¢) satisfies the SDE
dS (1) = (A — uS (t))dt + oS (1)dB; (1) + f S () fi(w)N(dt, du).
Y

This is a geometric Brownian motion with jumps. Define U(f) = In S@). By Itd’s formula,

dU(1) = (AA —u- 103) dt + o dB(f) + f In(1 + f;W)N(dt, du) + f [In(1 + £i(w)) — fi(w)|v(du)dt.
S 2 v ¥

Let V;(S) = S + S-'. Applying the generator and using assumptions (2.3)—(2.4), one can show that
there exist constants a;, b; > 0 such that

LViS) <a -bVi(S), VS >0.

Moreover, the diffusion coefficient oS is non-degenerate on compact subsets of (0,c0). By
Theorem 4.1 of [22] (or Theorem 3.2 of [5]), S(¢) is exponentially ergodic with a unique stationary
distribution g on (0, 00). Specifically, there exist Mg > 0 and x5 > 0 such that

195 (3, ) = s Ollry < Mge™'(1 + Vi(8)).

Part (ii): Ergodicity of Y(¢) on A. Recall that Y(¢) lives on the simplex A ={y e R? : Y, y; = 1}.

'5'2 - O'i?i(j' dt

=

a,-ﬁ—?,-Zajf’j+
j=1
+ Y, (o0, = 3) dBi(1)

d¥yr) =

(2.16)

+ f Hi(Y, w)N(dt, du) + G(¥)dt,
Y
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where a; = i —di, di = yi + i+ mi, 0 = Y, O'JYJ',

B+ fiw)

Hif/,u: = Y;, FIA/,u: Y~u,
(Y, u) L+ F (7.0 (Y, u) ifi(w)

and
Gi(¥) = f |Hi(¥,u) = P fiw) + B (7, w)| v(du)
Y

is the compensated drift from jumps.
Step (ii-a): Lyapunov function. Consider the Lyapunov function V,(y) = — X\, Iny;, which tends to
+00 as y approaches the boundary dA. A direct computation (see Appendix A for details) yields

n

n 1 n
 — . Ve — _2 % . p— . — % 2
LV,(y) = Z a; +na—no + 0'; 0 + 5 ;(0'2, a)” + R(y),

i=1

where R(y) is the jump-induced remainder. Using |In(1 + x) — x/(1 + x)| < x* for x > —1 and
assumptions (2.3), we obtain |R(y)| < Cg for some constant Cr independent of y. Since A is compact,
there exists a constant M such that

LVy(y) < M, VyeA.

Moreover, by the inequality —Iny; > 1 — y;, one can show that there exists 6 > 0 (e.g., 6 = % min;(y; +
M; + 1)) such that
LVy(y) <C-6Va(y), VyeA’,

where C = M+ supyp Va2(y) < co. This Lyapunov condition implies that the process does not explode
and has a unique invariant measure.

Step (ii-b): Hormander condition. The diffusion matrix of Y is a; i(y) = yiyj(oa — 0) oo — &). Its
rank is n — 1 on A°® because the vector (0; — 0)7_, is orthogonal to (1,..., 1) and non-zero unless all
0, are equal. If all o; are equal, the diffusion degenerates, but the jump vector fields

(il + foiw) 0
W(y) =y |22 ) 2
) ;(Hijjfzj(u) rs

provide the missing directions. The Lie algebra generated by {V;, W,} spans the tangent space TyA at
every y € A° (see [1, Theorem 6.5.1]). Hence, the generator is hypoelliptic, and the semigroup has the
strong Feller property and is topologically irreducible.

Step (ii-c): Exponential ergodicity. With the Lyapunov condition LV, < C — ¢V, and the strong
Feller property, Theorem 4.1 of [22] (or Theorem 3.2 of [5]) implies that S?(t) is exponentially ergodic
with a unique stationary distribution y on A°. That is, there exist My > 0 and xy > 0 such that

IPY(y,) = iyOliry < Mye™ (1 + Vy(y)), Vy € A°.

Part (iii): Joint ergodicity of (S, Y). Since $(r) and Y(¢) evolve independently (their driving noises
are independent and the drift terms decouple on the boundary), the joint transition semigroup satisfies

P8,y x) =P (3, ) @PY(y,").

AIMS Mathematics Volume 11, Issue 5, 14915-14952.
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The product of two exponentially ergodic Markov processes is exponentially ergodic with mixing rate
k = min{ks, ky}. Consequently, S (), Y (1)) admits a unique stationary distribution u* = mg X my on
R, X A°, and there exist M > 0, k > 0 such that

P8, y; ) = 1 Ollry < Me™ (1 + Vi(8) + Va(y)).
This completes the proof. O

Applying 1t6’s formula, we have

NZ0) 1 (A SOTLAY® 1
= fo Z‘[ Saza sy, 2(1_:210-211) ]ds+;0'21Yszl(t)}
n n 1 n .
o [In) g0+ 0= Y Vsl [ () ¥ifatw + DN, du)
Y= i=1 Y=

When Z(?) is small, the solution (S (#), Y(¢), Z(t)) approaches S (t),f((t),O). Assume the solution of
system (2.15) is (S*, Y*), by the exponential ergodicity established in Lemma 2.3. Specifically, for any
bounded continuous function ¢ on H X A x {0},

lim 1 f d(S(5),Y(s),0)ds = f o(s,y,0)u’(ds,dy) as.
= 1 Jo HxA

This follows from the fact that the process (S (7), Y(¢)) is exponentially ergodic when Z(¢) is small,
and the contribution from times when Z(¢) is not small is negligible in the limit 1 — oo (see [12,
Lemma 4.3]). Taking ¢ to be the function inside the logarithm in the expression for In Z(7)/t yields the
convergence to A, where A is defined as

n R . 1 n R n . n .
A= f [ BF =it prm) B =5 oY1 Oy + f (n(Y" ¥ )+ 1) = Y 77 futaw)lvelu
Ao i=1 Y i=1 i=1
(2.17)

Remark 2. We note that A is the stochastic growth rate (or Lyapunov exponent) of the total infectious
population. The definition method follows the same approach as in [8, 12]. In deterministic epidemic
models, the basic reproduction number R, determines whether an infection can invade: Ry, > 1
indicates growth, while Ry < 1 indicates decay. In our stochastic setting with jumps, the threshold
A plays an analogous role: A > 0 corresponds to stochastic persistence, and A < 0 corresponds to
almost-sure extinction. However, unlike Ry, which is computed from a linearized deterministic system,
A incorporates:

o the stationary distribution of strain proportions Y* on the disease-free boundary;
e a jump-induced correction term arising from Lévy noise.

In the absence of noise (05; = 0, fo; = 0), A reduces to ) ; Y;‘(B,- — (yi + ni + 1)), and for a single strain
with identical parameters, A > 0 coincides with Ry > 1. Hence, A is a natural stochastic generalization
of the basic reproduction number.
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3. Persistence and extinction

3.1. Persistence

Lemma 3.1. If A > 0, there exist 8 > 0 and Cy > 0 such that

imEZ < Cy

>0

for any initial value w = (s,y,z) € H X A X RS.

Proof. From Lemma 2.2, there exists a compact set H C R such that the set H X A xXR? is invariant for
any initial value w = (s,y, z) € H X A X RY. Given that H X A X {0} is compact, the family of measures
{ITV(-) := % fot Pw(W(s) € -)ds} is tight. It is well-established that any weak limit of II'(-) constitutes
an invariant probability measure for the process (W(?)). Since u* is the unique invariant measure on
the invariant set H X A X {0}, it follows that IT}'(-) must converge to u* as t — co. Define

_SOILBYM o, Ly
oW) = = ;(wmm)n 2(%]021&)

* f [In) " Yifsi(w) + 1) = " Yifsi(w)lvdu,
R i=1

Thus, we have

fim 220 g [ g = [ o) =4
oo f 120 J s ax{o)

HxAx{0}
forw e H x A x {0}.

Moreover, since H X A X {0} is a compact set, there exists a T = T'(e) > 0 such that

T 31
wa d(W(r))dt > 7o We H x A x{0}.
0

We choose a sufficiently small 6 > 0 such that

T
wa d(W())dt > %, w e HXxAx(0,9).
0

By It0’s formula, we have

dz’(t) = 02" (D[P(w(1)) + 2@1 o) Yi(Dldt + 62" ) o Yi(D)dBa(t)

i=1

+ 07" f [(n(Y Yifsiw) + 1) = > fYIN(dt, du) 3.
Y= i=1

< AZ()dt + 07° ) oo Yi()dBa(1) + 07" f (> Yifu(w) + 1) = " fu()YiIN(dt, du),
i=1 R i=1
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where

A= sup  {ow()+ %Z] ) Yi(1)) < co.

|6]<1,we HXAXRS
An application of Dynkin’s formula yields that
E,Z%(t) < 7.

Let

T n n
T:— W d— ,'YidB,' - Yii 1Nd,d
#(T) f0¢< O~ 3 a0 fY(ZI fotu) + DN, du)
= —InZ(t) + In Z(0).

Then
T A
Ewo(T) = —]wa d(W(t)dt < —E,W € Hx Ax(0,0).
0

Since ¢(w) is a bounded function, there is a K7 > 0 such that
Ew[¢(T)F < Kr.

In view of (3.3) and [12], we have

AT A0T AT
InEy(e®D) < —79 + Ky < e forw € Hx A x (0,6), if = min{l, R}'
T

That is,
EwZ UT) < 7% forw e H x A x (0, 6).
In view of (3.3), we have
EWZ UT) < 770 < 670 for w € H X A X (6, ).
Combining (3.5) and (3.6), we have
EwZ UT) <kz?+ Cforwe HxAX R?,
where k = ¢=*%", C = ¢f757%. By the Markov property of W(z), we have
EwZ (nT + T) < kBZ *(nT) + C forw e Hx A xRY.
Applying (3.8), we have

1 ="
E,Z'(nT) < K"z + C 1 <
— K

(3.2)

(3.3)

(3.4)

(3.5)

(3.6)

(3.7

(3.8)

AIMS Mathematics Volume 11, Issue 5, 14915-14952.



14928

Furthermore, in view of Markov’s property and (3.3), we have

. 1 -«
B Z (T +1) < "W + O K

fort € [0, T],

thus

C A
lim sup B Z~%(f) < L.
t—o00 1 — K

Theorem 3.2. If A > 0, for any € > 0, there exists K. > 1 such that

liminf P{K.' < L(HD < K} >1-¢€

t—00
fori=1,---,n. Then the stochastic system (1.1) is persistent.

Proof. From Lemma 3.1, there exist constants 6 > 0 and Cy > 0 such that

lim sup E[Z(1)™] < C,.

—00

By the Markov inequality, for any 6 > 0, we have
P{Z(t) " > 67"} < SE[Z()™].
Taking ¢ = €/(2Cy) for sufficiently large ¢ yields

P(Z(1) < 6"/} < g

(3.9)

(3.10)

Since I;(t) = Y;(1)Z(t) and Y;(t) € [0, 1], we have I;(#) > Y;()Z(¢). However, the proportion Y;(t)
may approach zero. To obtain a uniform lower bound, we recall that the boundary process ¥Y(r) on
the simplex A is exponentially ergodic (Lemma 2.3) and its unique stationary distribution 7 has full
support on A° (the interior of the simplex). Consequently, for any r > 0, there exists a constant ¢, > 0

and a time 7, such that for all # > T,

P{Yi(t) > ¢} > 1 - g

Combining the estimates for Z(¢) and Y;(¢), we obtain for sufficiently large ¢,
P{Ii(t) > ¢,0'} 2 1 - €.

Setting K_' = ¢,6'? gives the desired lower bound.
From Lemma 2.2, there exist positive constants p, K;, K, such that

E[(S(?) + Z(1)'*F] < e X'(s + )7 + K.
In particular, lim sup,_,, E[Z(¢)'*”] < K,. For any M > 0, Chebyshev’s inequality yields

EIZ@®)'"*") _ Ko+ 1

BZ(n2 M} s — — < —
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for sufficiently large . Choosing M = (2(K, + 1)/€)"/"*" gives P{Z(1) > M} < €/2. Since I:(t) < Z(1),
we have
P{Ii(r) > M} <

N M

Setting K. = M provides the uniform upper bound.
For the same € > 0, let K, = max{M, 1/(c,6'/%)}. Then for sufficiently large z,

PIK!'<IL(t)<K}>1-e
Taking the limit inferior as t — oo yields the desired inequality. O

3.2. Strain-specific persistence and competitive exclusion

In this subsection, we analyze the dynamics of individual strains. Recall that 1;(r) = Y;(#)Z(¢) with
Y(#) € A. The following theorem provides strain-specific thresholds that determine the fate of each

strain.

Theorem 3.3 (Strain-specific persistence). For eachi=1,...,n, define
o1
A; = lim " In;(¥) a.s.,
t—o00

whenever the limit exists. Then:

1. A; exists almost surely and is given explicitly by

1 dy)+ fY [In(1 + fu() — fo:()] v(clu).

1,5,
A = fA [ﬂiyi = (vi + i +m)yi — 572 ~ Z 02i072,YiY;

J#i

2. If ; > 0, then lim inf E[;(¢)] > O (strain i is persistent).
—o0
3. If 4; <0, then lim I;(t) = 0 almost surely (strain i goes extinct).
—o0

Proof. We first compute the limit of % In 7;(r). Applying Itd’s formula to In 7;(¢) using (1.1) gives

BS®) |
m - (71' + u; + 7],‘) - 50'21-] dt + O_zidei(t)

+ fln(l +f2i(u))ﬁ(dt, du) + f [In(1 + fo:(u)) — foi(w)] v(du)dt.
Y Y

dInli(t) =

Integrating from O to ¢ and dividing by 7 yields

1 : 1 ! : 1 1
Tptw 1 f [M ~ Ot g ) = 50| ds M) + f [In(1 + f0)) — fosCu)] v(dn),
0 Y

L) 1 1S+ 20s) 2

where M;(t) is a martingale (combining the Brownian and compensated jump terms). By the strong
law of large numbers for martingales, M;(t)/t — 0 almost surely as t — oo.
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A more convenient approach uses the dynamics of Y;. Since I; = Y;Z, we have Inl; = InY; + InZ.
The limit of +InZ is A by the analysis in Section 2.2. For 11InY;, we apply Itd’s formula to In ¥;
using (2.2). After simplification (see Appendix B for detailed algebra), we obtain

1. Y@ 1 f
Zln 2L = =
t Y0 tJ

1
+ ;Ni(t),

ﬁz BiSY; 1 ]
S + (71+/lt+77!) Z S +7 (7/+/l]+771)Y +O— 0-21'0-_5(0-21'_0-)2 ds

where N;(¢) is a martingale and & = 27:1 02;Y;.
Adding % InZ to % In Y; and taking the limit, all terms involving S /(S + Z) cancel. Indeed,

"\ BiSY,
S+Z 1S +Z S+Z[’8‘ Zﬁ’ ’]’

and when combined with the corresponding terms from 1 . In Z, the factor 3> cancels because }; ¥; = 1.
The detailed algebra is provided in Appendix B.

To evaluate the limit of % fot 3 (sz)(s)ds, we note that by the exponential ergodicity of the boundary
process (Lemma 2.3), the occupation measure of (S(¢), Y(¢)) converges weakly to u* as t — oo.

Consequently,
L[ S
lim—- | ————ds= “(dy) =1,
ot Jy S+ 205 fA“(”

because on the boundary {Z = 0}, we have S /(S +Z) = 1, and the contribution from the transient phase
is asymptotically negligible.
Therefore,

1
hm—lnl(t)— i a.s.,

[—o0

with A; given by the integral formula. The existence of the limit follows from the exponential ergodicity
of the boundary process (Lemma 2.3) and the convergence of occupation measures.

If A; > 0, then I;(f) — oo almost surely, which in particular implies lim inf,_,., E[;(¥)] > 0. If 4; < O,
then I;(r) — 0 exponentially fast almost surely. O

Theorem 3.4 (Competitive exclusion). Assume A > 0 (so the total disease persists). Let Ay, =
maxi <<, A; and define D = {i : A; = Anax}. Then:

1. Foranyi ¢ D, 1im 1;(t) = 0 almost surely.

2. Foranyie€ Dand j ¢ D, lim 0 = oo almost surely.

[—co j()

3. If |D| > 2, then the proportions {Y(t)},cp converge weakly to a positive stationary distribution

supported on the face
{ZY,- =1, :0fork¢1)}.

i€D

In particular, strains with equal maximal thresholds coexist.
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Proof. Consider the ratio I;(t)/1;(¢) for two strains i and j. Since I;/I; = Y;/Y;, we analyze In(Y;/Y;).
Applying It6’s formula to In Y; and In Y; from (2.2) and subtracting, we obtain

Y; [Bi—B)S
ding- = oy~ @it ) = 0+ )

1 1
—0'2,'0_'+O'2j5'— 5(0'2,' —0_')2 + E(O'zj —0_')2 dt
+ (02; — 02j)dByi(t) + jump terms.

2

Using (05 — 0)* = 03; — 20,0~ + &2, the terms involving & cancel:

1
—0'2,'0_'+O'2j0_'— 5(—20'2,'5'4-20'2]'0_') = —00 + O'2j5'+0'2,'0_'—0'2j0_' =0.
Thus the drift simplifies to

i —B)S 1
% — (it +m) — (v +p+n)) - 5(0'51-—0'31')-

Now consider the limit of } fot 3 (52(3,)41& By the exponential ergodicity of the boundary process

(Lemma 2.3) and the comparison theorem for jump diffusions, the occupation measure of (S (¢), Y(¢))
converges weakly to y* when Z(t) is small. A standard argument (see [12, Lemma 4.3]) shows that

1S (o
i || Sz~ J e =1

because on the boundary {Z = 0}, we have /(S + Z) = 1, and the contribution from times when Z is
not small is asymptotically negligible.

Integrating d In(Y;/Y;) from O to ¢, dividing by ¢, and taking the limit as # — oo, the martingale terms
vanish almost surely. Hence,

1+ f2i(u)
1+ fo;(u)

In

= (fai(u) = fo;()) | v(duw).

1
=Bi—B) — (i +pi+n)— (yj+pj+1) - 5(0';-—02)+fy_

The right-hand side equals A; — A;, which follows from comparing with the definition of A; and
noting that on the boundary {Z = 0}, the integral against u* reduces to evaluation at the deterministic
limit Y*.

Now we prove each statement.

Statement (1): If i ¢ D, choose any k € D. Then
1. Yt
im ot 2 Z 44, <0 as.
t—co t Y (1)
Thus Yi(t)/ Yi(t) — 0 exponentially fast almost surely. Since )}; ¥; = 1 and Y,(¢) does not converge to

zero (because A, = Apnax > 0 implies strain k persists), we conclude Y;(r) — 0 a.s., and consequently
Li(t) = Y;()Z(t) — 0 a.s.
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Statement (2): Fori € O and j ¢ D, we have 4, — 4; > 0, so Y;(¢)/Y;(t) — oo a.s. Since Z(t) > 0
eventually, 1;(t)/1;(t) = Yi(2)/Y;(t) — oo a.s.
Statement (3): If A; = A; = Ay, then

1Y)

lim - In

=0 a.s.,
t—oo [ Yj(l)

which implies that neither strain dominates the other exponentially. In this case, the ratio Y;(r)/Y;(¥)
converges to a positive random variable. A more refined analysis using the martingale central limit
theorem (see [12, Section 5]) shows that the occupation measure of (Y;(7), Y;(r)) converges weakly to a
nontrivial stationary distribution supported on (0, 1). This distribution is characterized by the restriction
of u* to the face of A, where Y; = 0 for k ¢ D and )}, Yx = 1. Thus, strains with equal maximal
thresholds coexist. O

Remark 3. The competitive exclusion principle generalizes classical results from deterministic multi-
strain models to the stochastic setting with Lévy jumps. The strain-specific thresholds A; incorporate
both transmission advantages and noise-induced effects. In particular, a strain with a higher
transmission rate B; may still be outcompeted if it is more sensitive to environmental fluctuations
(larger o; or unfavorable jump distributions). When A; = A; for i # j, the coexistence is robust
to small perturbations in the parameters.

3.3. Extinction

We consider the following system:

i = S O+ 9l
S ) +e+ Y, 1(1)

+ f 1:(t2) fr()N(dt, du), (3.11)
Y

— (i + i + )1 (D1dt + ooiT (1)d By (1)

where $* is the solution of S(f) in system (2.15). Let I = (I}, 15,--- ,I;) be the solution of the
system (3.11).

Lemma 3.5. There exists

. InfI'(t)|
Iim ——— =

t—o0 t

Ae a.s. (3.12)

for any initial value (i}, i, - ,1i,) € (0, c0)".

Proof. Denote Zg(t) =2 7:(t) and I_/f(t) = ;((?) and we transform system (3.11) into the following
system:

dY (1) = F48* + € Y)dt + 5.(Y )dBo(t) + f WY )N(dt, du),

Y

a7 (1) =7 (0) Z["J;(S+—E);((? — Ot )T 1+ 250 Y. T dBa) (3.13)
- O t+te+ZL (1 i=1
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Z(t. Y (WY dN(dt, du).
+fY (t);fz(u)l (dt, du)

From Lemma 2.2 and [22], system (3.13) has a unique invariant probability measure denoted as pu¢.
Define the random occupation measure

€ 1 !
I1; () := ;L 1{?5(3)6}ds.

By the exponential ergodicity of ?E(t) (which follows from the same argument as in Lemma 2.3, since
the perturbation € > 0 keeps the process away from the boundary), IIf converges weakly to the unique
stationary distribution u€ on A almost surely as  — oco. That is, for any bounded continuous function A
on A,

Jim © f NY (5))ds = f h(y)nS(dy) a.s.
= 1 Jo A

Now consider the expression for In Zf(z). Applying It6’s formula to In Ze(t) yields

InZ(t 1 Zeo 1 &
fim 2@ 0z O 1 O'ZIY Boi(1)
t—00 t t—o00 t—oo [
S* + IY t — 1 < e
+ lim = f Z : G)Z’ LU s+ 0¥, = 1) ¥R lds
e S*+e+Z (1) 24

—e —e 1 ¢ —_
+ f [ln(z Y foi(u) + 1) Z Y, fa)lvdu + f (Z Y; foilu) + DN(dt, du)
Y vy . p

° 2 (S n BY (¢
f Z[( A+ 6) Zl_l—é l( ) (71 +,ut + 771)Y - _(Z O-ZlY ) ]Hsdy
0 ‘o S*+e+Z (1) i=1

* f (> Vi) + 1) = > Yifsi(w)lvdu
¥ooEn i=1
=: A..

€

The convergence of A, to 4 as € — 0" follows from the continuity of the stationary distribution with
respect to the perturbation and the fact that u¢ — u* weakly. O

Lemma 3.6. If 1 < 0, then W(t) has no invariant probability measure on H X A X (0, c0).

Proof. From equation (3.11), I;(r) < Ie(t) with the same initial value. By the comparison theorem,
I(r) < I (t). From Lemma 3.5, we have

In Z(1 In[X(t InfI (t
lim sup nz( = lim sup n [I®) < lim lim sup nfl ) = A
1—00 t t—o0 t e—0 t—>o0
Thus,
InZ(¢
Pilimsup 2D < 4y = 1
t—o00
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Now we assume W(7) has an ergodic probability measure on H x A x (0, c0), denoted by m. Let
= (S(1), Y(¢), Z(1)) be a stationary solution to (1.1) whose distribution is m. By the ergodicity of W,
we have

lim inf > 0. (3.14)

t—00

f S(s) 2 ZYZ(S)
0 S(s) + Z(s)

Define the stopping time & = inf{r > O : g(t) < S}, and we claim that P{& = oo} = 0. Indeed, if
& = oo almost surely, we have

lim sup & < hm sup — f(A ,u)S (s)ds — hm inf — f S(S) Liz1 Bili (s) <0.
ot 0 T+ T

One obtains a contradiction because the infection term is nonnegative, forcing S(1) to be bounded
above by a process that decays to zero, which cannot sustain a positive stationary measure. Therefore,
P{¢ < 0} > 0.

By the strong Markov property of W(t), we have

. InZ®
Iim

t—00 t

<A<0 a.s., (3.15)

this contradicts the assumption that m is supported on {Z > 0}. Hence, no such invariant measure exists
when 1 < 0. O

Theorem 3.7. If A < 0, then for any initial value,

P{lim 20

t—00 t

=A<0}=1. (3.16)

Proof. From Lemma 2.2, the process (S (7), Y(#), Z(¢)) is tight in R} X A X R,. Thus, the occupation
measure

1 !
I1(-) := ;](; P{S (@), Y(),Z()) € -}ds

is tight in R, X A X R,. The tightness implies that any weak limit of II(-) is an invariant measure of the
process (S(¢), Y(t), Z(t)) as t — oo. Thus, I1(-) converges weakly to u* X § as t — co. Thus, we have

m 1nZ(t) $(0) iz BiYi(®) IR , d
z—>c><> t f Z[ S(t)+Z(t) _(7i+/li+ni)Yi_ 5(; O-QiYi) ]dS‘l';O'ZiYiBQi(l)}

t—>c><>

n 1 n .
+ f [ln(Z Viful) + 1) = 3 Yifa)lvdu + f (O Vi) + DN(dt, du)
' i=1 Y=

S(r)Z?zlﬁii(r) s 1 =
pu— - i i iYi__ iYi th
Hooflz; S +Z(0) e b 2(;% P

* f [ln(Z Yifaw)+ 1) = > Vif(w)lvdu
Y= i=1
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n . . 1 n .
= f[Z(ﬁiYi - i+ + )Yy — E(Z oY) 1 ()dy
Ao i=1

+ f (N P + 1) = ) Pty Ivdu
= =1
=A

The proof of the theorem is now complete. O

Theorem 3.8. If 1 = 0, then

1 !
lim — EZ(s)ds = 0.

t—oo 0

Proof. From Lemma 3.6, we show that if A = 0, there is no invariant probability measure on H XAXRY,

1
and the occupation measure 11, := " fot P{W(s) € -}ds is tight on H X A X R}. Then it must converge

to the unique invariant measure u*. Moreover, the uniform boundedness and weak convergence of I,
implies that

t—oo

1 !
lim — | EZ(s) = f Z(u* x 0)(ds,dy,dz) = 0.
0 HXAXR,

The proof is complete. O
4. Dynamic stochastic bifurcation

Definition 4.1 (Dynamical bifurcation [2]). Dynamical bifurcation concerns a family of random
dynamical systems depending on a parameter a, each possessing an invariant measure [,. If there
exists a critical value ap such that in any neighborhood of ap, there exists another parameter value a
with a corresponding invariant measure yu, # v, satisfying v, — p, as a — ap. Then ap is called a
dynamical bifurcation point.

Theorem 4.2. System (2.2) undergoes a dynamical bifurcation as the parameter A crosses Q.

Proof. According to Lemma 3.6, if A < 0, there exists a unique stable invariant measure y* X 6, where
¢ is the Dirac measure concentrated at {0}. We now prove that when 4 > 0, a new invariant measure
emerges on H X A X (0, o). Since By, By;, and N are independent, the diffusion is non-degenerate. The
existence of an invariant probability measure is equivalent to positive recurrence.

From Theorem 3.2, there exists a constant M > O such that

1 73
liminf—f Z(s)ds > M,

t—oco 0

and from Lemma 2.2, we have

lim sup E[(S () + Z())'*"] < K < oo. 4.1)

t—00
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For0 < ¢} < M < { < oo, applying Holder’s inequality yields

! t % 1 t I+ ﬁ
(—f 1{2(s>241}ds) (—f(Z(S)) "dS)
t Jo t Jo

From (4.2) and Fatou’s lemma, we obtain

1

!
_f E[1iz9¢)Z(s)]ds < E
0

t (4.2)

1+p

(liminf, o 1 ["B[1z050)Z(5)]ds) 7

(limsupHoo fo [(Z(s))*P] ds)”

t—o00

1 !
hmil’lf;fE[l{Z(s»é']}]dSZ
0

1+p

> K » (hmlnf ! f E[Z(s)]lds — 51)
0

t—00

> K(M~4)7 >0,

where the last inequality follows from the fact that lim inf,_,., 1 ; fo E[Z(s)]ds > M.
From (4.1), we also have the following inequality:

) 1 [ 1 1 [ K
lim sup ;fo E[1(s(s)+z5)200)]ds < ‘:— lim sup — . j; E[(S (s) + Z(s))'*P]ds < e 4.3)

t—00 t—00
2 2

Define D = {(x,y) : y > {1, x+y < {,}. By the strong law of large numbers and (4.3), we can
choose ¢, sufficiently large and ¢; sufficiently small such that
1+p
1 M-L)r» K

lim — [ E[ls)zen]lds > .
t—oo 0 K?’

> 0. (4.4)

1+p
2
Consider the Markov process (S (7), Z(¢)) on the state space O = {(x,y) : x > 0, y > 0}. It follows
that (S (¢), Z(1)) possesses the Feller property. Due to the compactness of the subset D in O, an invariant
probability measure * exists on O.
Next, we prove that 7* is an invariant probability measure of (S (¢), Z(¢)) on Ri’o. Define D = {(x, y) :
x>&, y>4, x+y <), where € > 0 is sufficiently small. Using (4.1), we obtain

[—0o0

e A
lim inf - fo E[l{(s(‘v)’z(x»eﬁ}]ds > 0.

This implies 7*(R2?) = 1. Consequently, by the invariance of R3°, we conclude that 7* is an invariant
probability measure for (S (7), Z(t)) on R_Z;".

The invariant probability measure is unique, which allows us to apply the strong law of large
numbers. Therefore, when 4 > 0, the solution (S (¢), Y(#), Z()) admits a unique invariant probability
measure, denoted by 7. Moreover,

lim % f f(S(s),Y(s),Z(s))ds = f f(x,y,2)n"(dx,dy,dz) a.s.
=00 0

HXRXR

This completes the proof. O

AIMS Mathematics Volume 11, Issue 5, 14915-14952.



14937

5. Numerical simulations

In this section, we perform numerical simulations to verify the theoretical results established in
Sections 3 and 4. For simplicity, we consider the case of two strains (n = 2) in model (1.1). The
simulations are designed to achieve three objectives: (i) to illustrate the sharp threshold behavior
predicted by A; (ii) to demonstrate the dynamical bifurcation as A crosses zero; and (iii) to investigate
the impact of Lévy noise parameters on the stationary distributions.

5.1. Continuous model and numerical discretization

Continuous model for n = 2. For two strains, system (1.1) reduces to:

ds = |A - < flfllizz -5 fzililz —uS | dt + o1 SdB; + LS_flﬁ(dt,du),

dl, = _ASh (y1 +u1 + )l | dt + 0111dByy + fll—leﬁ(dl,du),
S +0L+1 ¥

dl, = _PSE (y2 + 2 + M) | dt + 0 1,dBo, + flz—fzzﬁ(dt, du).
S +5L+ 1 5

Numerical discretization of Lévy jumps. To simulate the stochastic differential equations with Lévy
noise, we employ the Euler-Maruyama scheme with jump correction. For a general SDE of the form

dX(t) = F(X(t))dt + o X(t)dB(t) + fX(t_)f(u)ﬁ(dt, du),
Y

the discretization over a time step At is given by

N
X(t + Af) = X(1) + F(X()At + o X (1) VAL £ + X(£) Z ),

k=1
where:

e { ~ N(0,1) is a standard normal random variable representing the Gaussian increment;

e N, is the number of jumps in the interval [z, + Af), which follows a Poisson distribution with
mean At - v(Y);

. {uk}kNj; are independent and identically distributed (i.i.d.) random variables drawn from the
normalized jump size distribution v(du)/v(Y).

In our simulations, we take v(Y) = 1 for simplicity. To generate the jump sizes, we use the Janicki-
Weron algorithm for @-stable distributions. Specifically, for «; # 1,

sin(@;(A + Co, 1)) o cos(A — ai(A + Cy ) |70
(cos A)!/ai W

é‘:i = D(l,',k,()' X + /l’

where A is uniformly distributed on (—m/2,7/2), W is exponentially distributed with mean 1, and

1
Cai,k = — arctan(k tan(a;/2)), Dai,k,a' = O‘[Cos(arctan(ﬁ tan(na,-/Z)))]”“".
a.

1
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For a; = 1, a separate formula is used (see [27] for details). This scheme converges strongly with order
0.5 under the finite jump intensity assumption.

Applying this scheme to our two-strain model, we obtain the following discrete system:

BiS il x BaS il N
Sti1 =Sr+|A - : - : —uS|At+ o S VAL o + S D D,
K+l k Sy +he+Thx  Se+hgths JINY o195k S+ Sk 2oy filu))
B1S il x )
L = L + S L 1+ + )L [ A+ ool NAE Do + 1 Z]Y:Afk Sa(uj)),
Sk+Il,k+I2,k J
BoS ikl

Ly = by + = (Y2 + 2+ )l

_PerREk At + 0l VA Gog + Dok S Fo(u)),
Se+ i+ D g VAL G + Loy 2oy Jo(uy)

where 14, &ox, G ~ N(O, 1) are independent standard normal random variables, and N 1s the
number of jumps in the k-th interval, following a Poisson distribution with mean Af - v(Y).

The baseline parameters are set as follows (unless otherwise specified):

A=2, p=u=u =01, B =04,
vi=v,=01, n =04, n,=0.1,

o1 =0 =09 =0.02, o053=001,

ar =18, a, =175 a3=19, k=009,
D, = D, = D3 =0.02.

Initial conditions are S (0) = 10, I,(0) = 1, I,(0) = 0.5 unless otherwise stated. All simulations use
the Euler-Maruyama scheme with step size At = 0.01 and sufficiently long simulation times to reach
stationarity.

5.2. Extinction case (1 < 0)

We first set the transmission rate of the second strain to 8, = 0.18, which yields a negative threshold
parameter 4 ~ —1.2 < 0. Figure 1 presents the time series of the populations under this parameter
configuration.

As shown in Figure 1, the susceptible population S (¢) increases monotonically from its initial value
S(0) = 10 and gradually stabilizes near the disease-free equilibrium S* = 20. In contrast, both infected
strains /,(#) and I,(¢) decay rapidly to zero. The total infected population Z(¢) = I,(¢) + I,(¢) exhibits
clear exponential decay.

5.3. Persistence case (1 > 0)

We now increase the transmission rate to 8, = 0.60, which gives 4 ~ 1.53 > 0. Figure 2 shows that
all populations converge to a positive stationary regime.

Figure 2 shows that S (7) stabilizes around 9.5, while /,(¢) and I,(#) fluctuate around positive means.
The stationary distributions in Figure 2 are unimodal and supported on positive intervals, confirming
the existence of a unique invariant measure on {Z > 0} when 4 > 0 (Theorem 4.1).
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Figure 1. Time series of the susceptible population S (¢), the two infected strains /;(¢) and
I5(?), and the total infected population Z(¢) = I,(¢)+1,(t) when 1 < 0 (8, = 0.18). All infected
populations decay rapidly to zero, while the susceptible population increases and stabilizes
near the disease-free equilibrium S* = A/u = 20.
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Figure 2. Persistence behavior when 4 > 0 (8, = 0.60). (a) Time series of S(7), I,(¢), I,(1),
and Z(t) converging to a positive stationary regime. (b) Stationary distributions of S (¢) and
Z(1), confirming the existence of a unique invariant measure on {Z > 0} (Theorem 4.1).

5.4. Effect of Lévy noise intensity

To investigate how the intensity of Lévy noise affects the system dynamics, we fix 8, = 0.60 (so that
A > 0) and vary the noise intensity parameters D; = D, = D3 = D from 0.02 to 0.06. Figure 3 displays
the stationary probability density functions (PDFs) of S () and Z(¢) for different noise intensities.

As shown in Figure 3, when D = 0.02, the distribution of S (7) is concentrated around 9.5, and the
distribution of Z(¢) is concentrated around 2.4. As D increases to 0.06, the mean of S (7) increases to
approximately 10.5, while the mean of Z(¢) decreases to approximately 1.6. This phenomenon can be
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explained by the fact that larger Lévy jumps cause more frequent extinctions of infected individuals,
allowing the susceptible population to recover.

5 (a) PDF of susceptible population S(t) Tl (b) PDF of total infected population Z(t)
12
z 2z
i) i)
= j =
8 { 8 os i\
2 2 I |
s EN |
2 -1
9 9
[ o
0.4
1] 1
s \
0.2+ J A\
) \
0 -
12 14 0 2 4 6 8
z

Figure 3. Effect of Lévy noise intensity on stationary distributions when A4 > 0 (8, = 0.60).
(a) PDF of the susceptible population S(¢). (b) PDF of the total infected population Z(¥).
Three noise intensities are compared: D = 0.02 (blue solid line), D = 0.04 (red dashed line),
and D = 0.06 (yellow dash-dot line). As the noise intensity increases, the PDF of S (¢) shifts
to higher values and becomes wider, while the PDF of Z(¥) shifts to lower values and also
widens. This indicates that larger Lévy noise promotes susceptible population growth but
reduces the mean infected population.

5.5. Effect of the stability index a

The stability index a € (0, 2] characterizes the tail heaviness of the Lévy jump distribution: Smaller
a corresponds to heavier tails (more frequent large jumps), while @ = 2 corresponds to the Gaussian
limit. Figure 4 displays the stationary PDFs of S (¢) and Z(¢) for @ = 0.9, 1.2, and 2.0.

As «a decreases from 2.0 to 0.9, the distribution of S (¢) shifts to higher values and becomes wider,
while the distribution of Z(7) shifts to lower values and also widens. This indicates that heavier-tailed
Lévy jumps (smaller @) have a damping effect on disease transmission: They increase the susceptible
population while reducing the infected population.

5.6. Stochastic D-bifurcation

The most significant finding of this paper is the stochastic D-bifurcation at A = 0, where the invariant
measure undergoes a qualitative change. Figure 5 illustrates this bifurcation by showing the stationary
distributions of Z(¢) for three representative values of A.

When 4 < 0 (Figure 5(a)), the distribution is concentrated at Z = 0, represented by the Dirac spike.
This indicates that the disease goes extinct almost surely. At the critical point 4 = 0 (Figure 5(b)),
the distribution exhibits a power-law tail, characteristic of critical slowing down. When 4 > 0
(Figure 5(c)), the distribution becomes absolutely continuous with a single peak at a positive Z value,
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confirming the existence of a unique invariant measure supported on {Z > 0}. This transition is a clear
manifestation of a transcritical D-bifurcation.

(a) PDF of susceptible population S(t) (b) PDF of total infected population Z(t)

o
=)

Probability Density
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Probability Density
o

o
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2 4 6 8 10 12 14 16 18 20 2 3 4 5 6 7 8 9
S z

Figure 4. Effect of the stability index « on stationary distributions when 4 > 0 (8, = 0.60).
(a) PDF of S (7). (b) PDF of Z(¢). Three stability indices are compared: @ = 0.9 (blue solid
line, heavy-tailed jumps), @« = 1.2 (red dashed line, moderate tails), and @ = 2.0 (yellow
dash-dot line, Gaussian limit). As a decreases (heavier tails), the PDF of S (¢) shifts to higher
values and becomes wider, while the PDF of Z(7) shifts to lower values and also widens.

~ (a) A <0: Dirac measure at Z=0 (b) A = 0: Critical transition (c) A > 0: Absolutely continuous measure
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Figure 5. Stochastic D-bifurcation: Evolution of the invariant measure as A crosses zero.
(@) 4 < 0 (B, = 0.18): The invariant measure is a Dirac measure concentrated at Z = 0,
represented by the red spike. This indicates almost sure extinction (Theorem 3.5). (b) 1 =0
(B, = 0.31): The system is at the critical point. The invariant measure exhibits a power-
law tail, characteristic of critical slowing down. (c) 4 > 0 (8, = 0.60): The invariant
measure becomes absolutely continuous on {Z > 0} with a unimodal shape, confirming
disease persistence (Theorem 4.1). This figure demonstrates the transcritical D-bifurcation
at1=0.
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5.7. Strain-specific dynamics and competitive exclusion

To address the multi-strain nature of the model, Figure 6 presents the dynamics of individual strains
under different scenarios.

(a) Coexistence: ,H1 = [}2 =0.50 (p) Extinction: ,81 = ,82 =0.25

10 "
—_,0
4
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(c) Competitive exclusion: ,[31 =0.70, [12 =0.30 (d) Strain proportion: Y1(t) -1
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Figure 6. Strain-specific dynamics and competitive exclusion. (a) Coexistence: both strains
persist at comparable levels when 8, = 8, = 0.50. (b) Extinction: both strains go extinct
when B = B, = 0.25. (c) Competitive exclusion: when g; = 0.70 and B, = 0.30, the
fitter strain /; dominates, while the weaker strain /, is outcompeted. (d) Proportion Y;(¢) =
I,/(I; + I,) converges to 1, confirming competitive exclusion.

When both strains have similar transmission rates (8; = S, = 0.50), Figure 6(a) shows that both
strains persist and coexist. When both transmission rates are low (8; = 8, = 0.25), Figure 6(b) shows
that both strains go extinct. When the first strain has a much higher transmission rate (8, = 0.70, 3, =
0.30), Figure 6(c) shows that the fitter strain /; dominates, while the weaker strain /, is outcompeted.
Figure 6(d) shows that the proportion Y;(¢) = I,/(I; + I,) converges to 1, confirming the competitive
exclusion principle.

5.8. Critical slowing down at 1 =0

Figure 7 demonstrates the critical behavior of the system when A is close to zero. We compare three
scenarios: Subcritical (8, = 0.25, 1 < 0), critical (8, = 0.31, 1 = 0), and supercritical (8, = 0.40,
A>0).

As shown in Figure 7(a), the subcritical case decays rapidly to zero, while the supercritical case
converges to a positive stationary level. The critical case exhibits an intermediate behavior: Z(¢) decays
much more slowly and displays large fluctuations, a phenomenon known as critical slowing down.
Figure 7(b) shows the time average (1/t) fot Z(s)ds. At criticality, the time average decays slowly
toward zero, consistent with Theorem 3.6. Figure 7(c) displays a single critical trajectory, highlighting
the large fluctuations, and Figure 7(d) shows the stationary distribution at criticality, which exhibits a
power-law tail.

AIMS Mathematics Volume 11, Issue 5, 14915-14952.



14943

(a) Comparison of Z(t) near threshold

gb) Time average of Z(t)
—
<0 (Extinction) e

S

A<0

8 { = ) ~ 0 (Critical) 25 / —_—Ax0
- [ — ) >0 (Persistence) o — >0
s . 5 2r ¢
g6 r © /
o Ne 15¢ /
£, ="/
= e et et e P £ 4
N /i hsd
2t/
[/ 05
0
0 100 200 300 400 500 0 100 200 300 400 500
Time t Time t
(c) Critical case: large i slow decay 35 (d) Distribution at criticality
5 3
=
::‘ I é 25
s Large fluctuations Q 5
; Critical slowing down > v
g =n \ Power-law tail
< 102 = .
S0 E \
€ 1 \
N b g R
~
0.5 S
10 | [} S S S el Y LT
0 100 200 300 400 500 0 1 2 3 4 5
Time t z

Figure 7. Critical slowing down at 4 = 0. (a) Comparison of Z(¢) for subcritical, critical,
and supercritical cases. (b) Time average (1/t) fot Z(s)ds for the three cases. (c) A single
trajectory at criticality, showing large fluctuations and slow decay. (d) Stationary distribution
at criticality, exhibiting a power-law tail.

5.9. Bifurcation diagram

Finally, to visualize the transcritical D-bifurcation predicted in Section 4, Figure 8 plots the
stationary mean of Z(¢) as a function of 8, (which determines A).

The bifurcation diagram reveals a clear transition at 8, = 0.31 (1 = 0). For 4 < 0, E[Z] = 0
(extinction); for 4 > 0, E[Z] > O (persistence), and the mean increases monotonically with S,.
This behavior is characteristic of a transcritical bifurcation in the space of probability measures:
The extinction measure loses stability as A crosses zero, and a new persistent measure emerges
continuously. These numerical results provide strong evidence for the theoretical findings in Section 4.
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Critical point (A = 0)

351  Extinction regime Persistence regime b

Stationary mean \mathbb{E}[Z]
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[2

Figure 8. Transcritical D-bifurcation diagram. The stationary mean E[Z] is plotted against
B> (and hence 1). The critical point at 8, ~ 0.31 (4 = 0) is indicated by the vertical red
dashed line. For 8, < 0.31 (1 < 0), E[Z] = O (extinction). For 8, > 0.31 (1 > 0), E[Z] > 0
(persistence), and the mean increases with 3,. Error bars represent standard deviations.

6. Discussion

In this paper, we have studied a multi-strain epidemic model with jump diffusion. We analyzed
the dynamical bifurcation of system (1.1) by examining qualitative changes in the stability of invariant
measures and the emergence of new invariant measures, a topic that has garnered significant research
interest in stochastic bifurcation theory.

We established that the threshold parameter A plays a central role. Specifically, when 4 < 0,
system (1.1) possesses an invariant measure u* X & concentrated on the extinction set {Z = 0};
when A > 0, this invariant measure loses stability and a new invariant measure * supported on the
positive orthant {Z > 0} emerges. The bifurcation is transcritical in the space of probability measures.
Moreover, A provides a necessary and sufficient condition for disease persistence and extinction: If
A > 0, the disease is persistent; if 4 < 0, the total infected population converges to zero almost surely
at an exponential rate.

Beyond the overall persistence or extinction of the disease, we have investigated the competitive
dynamics among multiple strains. By introducing strain-specific thresholds A;, we established a
competitive exclusion principle: The strain with the largest A; dominates in the long run, while strains
with smaller A; go extinct almost surely. Specifically, if A, = max;<;<, 4; and A, > A; for all j # k, then

im Ik—(t) =1 as., lim Ij—(t) =0 a.s. forj#k.

t—o0 Z(1) t—o0 Z(1)
When two or more strains share the same maximal A;, they can coexist, with their proportions
converging to a positive stationary distribution. These results reveal how Lévy noise influences
strain dominance and the possibility of coexistence, providing a more complete picture of multi-strain
epidemic dynamics.
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Compared with existing literature, this work makes several distinctive contributions. While previous
studies on stochastic epidemic models have primarily focused on Gaussian white noise, our model
incorporates non-Gaussian Lévy jumps, which capture both continuous small-scale fluctuations and
discontinuous rare shocks. Unlike existing works where the threshold is defined via linearization, our
threshold A is defined directly from the invariant measure of the boundary process, yielding a necessary
and sufficient condition for persistence. Furthermore, we provide a rigorous dynamical bifurcation
analysis of invariant measures, showing that A acts as a transcritical bifurcation parameter, and we
derive strain-specific persistence and competitive exclusion criteria, which are absent in previous works
on multi-strain models with jumps.

Several limitations of this work point to directions for future research. The present model
assumes homogeneous mixing of populations; future investigations could explore systems that
incorporate continuous spatial heterogeneity using stochastic partial differential equation frameworks.
Environmental conditions often switch randomly between different regimes (e.g., seasonal changes or
public health policies); systems with random switching processes would be a natural extension. In
many epidemic systems, there is a latency period between infection and recovery or between exposure
and symptom onset; incorporating time delays into the stochastic model would make it more realistic.
More intricate stochastic functional differential equations, where the evolution depends on the past
history of the process, represent another meaningful direction for further research.

In summary, this paper provides a comprehensive analysis of a stochastic multi-strain epidemic
model with Lévy jumps, establishing sharp persistence/extinction thresholds, dynamical bifurcation
results, and competitive exclusion principles. We hope that the analytical tools developed here will be
useful for studying more complex epidemic systems in stochastic environments.
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Appendix

A.

Detailed calculation of £LV,(y) for Lemma 2.3

In this appendix, we provide the complete derivation of the generator £ applied to the Lyapunov

function V,(y) = — Y., Iny; for the process f{(t) defined in (2.16). Recall thaty = (y,...,y,) € A° =

ly

eRy: X yi=1, >0}

A.l. The generator of a jump-diffusion process

For a general jump-diffusion process of the form

dX(t) = b(X(1))dt + o(X(1))dB(t) + fh(X(t_), w)N(dt, du),

Y
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the generator £ acts on a twice continuously differentiable function f as

f

Lf(x)= Z b (x)—(x) +3 Z(a(x)a(x) )i

J

A.2. Applying the generator to V,(y)

Ox;

fl+ by - 10— 3 s, u)a—)fm V).
i=1 !

For our process Y(¢), we have from (2.16):

bi(y) = aiy; — yia + y,0° — 02,0 + Gi(y),
(c(Y)o(y)")ij = yiyj(o2 — ) o2 — F),
yi(l + fai(u))

hi(y,u) = Hi(y,u) = TxFyv.) Vis

where a = Y ajy;, 0 = Yo 02y, and F(y,u) = ¥y yifaj(u).
Step 1: First-order derivatives. Since V,(y) = — >, Iny;, we have

Vv, 1 0’V 1 Vv,

dy: v oy el 0yi0y,

=0 (i #))

Step 2: Drift contribution. The drift term in LV, is

Zb (y)avz _ Z b; (Y)_

i=

We compute each component:

1 G;
——(Cl,'yl' —ya+ _)71'0_'2 — 072;y;0 + G,(y)) =—qa;,+a- 0_'2 + 0,0 — ﬁ

i

Summing over i and noting that }}; G;(y) = 0 (which follows from the same cancellation as in the
derivation of }}; H; = 0 in Section 2.1), we obtain

zav2 Gi (y)
b(y) = - al+na—n0' +0 0'2, .
Step 3: Diffusion contribution. The diffusion term is

22( ),,a 8 Z( i 2

i,j=1

since cross terms vanish. Now,

(o) = y,-2(0'2i - )
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Therefore,
1 1 + _
3 § yi(oa — ) - —?—521(021'—0)-

Step 4: Jump contribution. The jump term is

I

We compute each part separately. First,

Va(y + H(y, u)) = Va(y) - Z Hi(y, u) o

Vay + H(y,u)) = = ) In(y; + Hi(y, ).

i=1

i(1 i
Since y; + Hi(y, u) = yf%{;,(g)’ we have

In(y; + Hi(y, u)) = Iny; + In(1 + f;(u)) — In(1 + F(y, u)).

Hence,
Va(y + H(y,u) = Z Iny; - Z In(1 + f(w)) +nin(l + F(y, ),
Therefore, B
Valy + Hy, ) = Va(y) = — Z In(l + foi(w)) + nn(1 + F(y, u)).
Next, _

an H(y, u)% __ Z H(y, u)
i=1

But from the definition of H;, we have

Hi(y,w) _ 1+ fu(w) | = Sai(u) — F(y, u)
yi 1+ F(y,u 1+ F(y,u

Summing over i and using }; y; = 1, we obtain

Z”: Hi(y,w) _ 2 foi(w) —nF(y,u)  F(y,u) —nF(y,u)  (n—DF(y,u)
Sy, 1+Fyuw 1+ Fyw) 1+ F(yu)

Thus,

_znl Hl'(y’ I/t) — (n - 1)F(y9 l/l)
i=1 Yi 1+F(y’u) .
However, a more direct calculation avoids summing first. Instead, we note that the combined drift-

jump correction in the generator is standard. Using the expansion In(1 + z) = 7 — %zz + O(z%), one can
show that

nin(l + F(y, u)) — Zln(l + foilw)) + 1+(P¥E W __ Z( fai(u) — f(u))* + higher order terms,
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where f(u) = ,ll >.i Ji(un). For the purpose of the Lyapunov inequality, we only need the boundedness
of the remainder. Define

n

oV, Gi(y)
R(y) = fY [Vaty + H) = Va(y) - Z H 2 ) - Z y_y

Using the identity }};G; = 0 and the estimates |H;| < C|f5;(«)| for small jumps, one can show that
|IR(y)] < Cg for some constant Cy independent of y. This follows from assumptions (2.4) and the
compactness of A.

Step 5: Collecting terms. Combining the drift, diffusion, and jump contributions, we obtain

n

n 1 n
.£V2(y):—Za,-+nc'l—n0"2+5'20'2i+5;(0'2i—5')2+R(y),

i=1 i=1

main part

where R(y) is bounded on A. This is exactly the expression used in the proof of Lemma 2.3.

A.3. Verifying the Lyapunov inequality

Since A is compact, the main part is bounded. Let

M = sup
yeA

1
—Zj:ai+nc‘l—n5'2+0"20'2i+EZ(O'%—O_')Z"‘R(Y) < 0.

Then LV,(y) < M. Moreover, using the inequality —Iny; > 1 —y; (which follows from Inz < z — 1 for
z > 0), we have

Vay) == Inyi= Y -y =n-1.
i=1 i=1
A more refined estimate shows that there exists § > 0 such that
LVy(y) <C—-6Va(y), VyeA®,

where ¢ = % min(y; + w; + ;) and C = M + 6 - supy, V2(y). This completes the derivation. O
B. Detailed algebraic derivation for strain-specific thresholds

B.1. Derivation of dInY;
Starting from the SDE for Y; in (2.2):

BiS N (BSY;
dY; =Yl = i+ g+ m) = Y |
[ i+ g+ m) (S+Z

—(yj+u+ Uj)Yj)
S+Z7 =

+ 0% — 090 |dt + Yi(0a; — 3)dBo; + jump terms,

where & = Y 0.
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Apply It6’s formula to InY;. For a process dX = uxdt + oxdB + jump terms, we have dInX =
0'2 .
R dt — 135dt + %dB + jump terms. Thus,

BiS
dinY, = | S = i+ + 1) - Zm—(%ﬂtﬁm)l/

1
+5'2 — 00 — 5(0'2,' —&)z]dt
+ (07 — 0)dB,; + jump terms.

B.2. Simplification of the drift term
Expand the quadratic term:

(09 — 0') = 0'21 20,0 + 7.
Substitute into the drift:

0° =00 — E(Ggi — 2090 + &)

, 1 1

=0 —O'ZiU'—EO'%i+O'2iO_'— 55’2

1

= (6’2 - 50' ) + (=00 + 0;0) — 20’%,-
1._ 1

= 50'2 - EO’%,

Therefore,
BiS
dIn Y [S Z ﬂz"‘nz) Z S+Z—(7]+.UJ+77])Y

1 _2 1 2 - .
50 - 50'21. dt + (0p; — 0)dB,; + jump terms.

B.3. Reorganizing the summation terms

Note that
- ,BJSY
jZ S+7Z S+7Z Z'B’ i
and i
Z(’yl +/,Lj + T]j)Yj =:d.
j=1
Thus,

B:S S < :
dinY, = |———= - (yi+ui +1n:) — E Y
n [S ~ (yi + i + i) S+Zj:1'8] jta

o 1

O'%i dt + (0 — 0)dBy; + jump terms.

| =
\S)
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B.4. Adding InZ to obtain In I;
Since I; = Y;Z, we have InI; = InY; + InZ. The SDE for In Z from Section 2.2 is

dinZ =
n S+Z

Y (BiSY; 1 C
Z (ﬁj Ji (y;+ 1, + Uj)Yj) — 55-2} dr + Z 02;YdB;; + jump terms.
j=1 j=1

Adding dInY; and d1In Z:

_[8S Z Lo 1,
dln I [S—Z—(’y, T],)—— ﬁjY +a+20' —50'21
Z" BiSY; 1,
+j:l(S+Z—(’)/j+/lj+T]j)Yj —EO' dl

+ (07p; — 0 + 0)dB,; + jump terms.

Observe the cancellations:

BiSY;

s+zz BiYi+ 257 =
a—2(yj+mj+m)Y¥; = 0
107 - 157 =0.
—0;0 + & = 0 in the diffusion term.

Thus,

BiS

1
17 (yi+ i + 1) — 20'2, dt + 0;dB,; + jump terms,

dinl i =
which matches the SDE derived directly from Itd’s formula in Section 3.

B.5. Limitast — o

Taking the limit # — oo, the martingale terms vanish by the strong law of large numbers. The term

% foz 3 (Ss)ig(s)ds converges to 1 by the exponential ergodicity of the boundary process (Lemma 2.3).

Therefore,

fim 2 1n 1) = im 2 f [M i) - %oi,] ds + f [In(1 + f()) — fos(u)] ¥(do).
Y

=00 t—oo t S(s)+ Z(s)
Substituting the limit of <3 and using the convergence of the occupation measure of Y(7) to u*, we
obtain

w(dy) + fY [In(1 + fo:(w)) = foi(w)] v(duw).

1
A = f[ﬁiyi = (yi + i + M)y — 50'%,-)’,2 - Z 02i02,)iY;
A

J#i
This completes the derivation.
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