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Abstract

This study examines traveling wave solutions of the SIS epidemic model with nonlocal
dispersion and delay. The research shows that a key factor in determining whether
traveling waves exist is the basic reproduction number Ry. In particular, the system
permits nontrivial traveling wave solutions for o > o* for Ry > 1, whereas there are no
such solutions for o < o*. This is because there is a minimal wave speed o* > 0. On
the other hand, there are no traveling wave solutions when Ry < 1. In conclusion, we
provide several numerical simulations that illustrate the existence of TWS.
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1 Introduction

In recent years, the study of traveling wave solutions in epidemic models has been a major
focus due to their significant contributions to disease dynamics [1, 2]. More precisely, the
minimal wave speed has a significant role to play in modeling the spatial propagation of an
infectious disease in structured populations. In this article, we explore the minimal wave
speed and traveling wave solutions in a nonlocal dispersion SIS epidemic model with delay.
Our study is founded on the existing theoretical framework for wave propagation in phys-
ical and biological systems. In the same vein, previous studies on wave behavior in com-
plicated media have been informative as far as transmission dynamics are concerned. For
example, Seema and Singhal [3] investigated SH wave transmission in magneto-electro-
elastic structures, while their study on Love-type wave velocity in bedded piezo-structures
[4] explained the impact of rheological models and flexoelectric effects. Along a similar
line, research on surface and interface phenomena in quasicrystals [5] has indicated the in-
tricate interactions of material characteristics on wave phenomena (see also [6]). Drawing
insights from such modeling approaches, we extend these principles to epidemiological
contexts by adding nonlocal interaction and delay dynamics, thereby presenting a more
integrated view of epidemic wavefront evolution.
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Such wave-like solutions describe the invasion of disease into new regions at a constant
speed and provide insight into critical thresholds for outbreaks, disease persistence, and
control strategies [7—13]. Among these, traveling wave solutions for the delayed SIS model
with nonlocal dispersion and time delays provide an efficient framework for understand-
ing spatial-temporal dynamics in disease consideration.

The SIS model is widely used in the study of diseases where individuals, after recovery,
become susceptible again. The dispersion of such models is nonlocal because long-range
interactions between individuals or populations are considered due to human mobility,
migration, or environmental causes [14]. Such a concept generalizes the classical model
of diffusion and is very applicable to the study of contemporary epidemics influenced by
globalization and fast transportation [15, 16].

Another important element of epidemic modeling is time delays. Delays stand for the
time that is spent for processes such as incubation periods, immune response, or behav-
ioral changes, and may significantly alter the stability and propagation of disease waves
[17-26]. In particular, delays offer a realistic way to model the variability in such pro-
cesses; for instance, see studies by Naji et al. (2022) [27] and Tian et al. (2023) [28], where
delays influenced wave speeds and dynamics in epidemic models.

Traveling waves in delayed SIS models with nonlocal dispersion and delays extend the
classical reaction-diffusion framework of Fisher (1937) and Kolmogorov, Petrovsky, and
Piskunov (1937) [29, 30]. These models explicitly include not only the spatial movement
of individuals but also the effects due to long-range interactions and/or time lags, hence
inducing richer wave dynamics. For example, the works by Fang and Zhao (2018) [31] and
Li et al. (2016) [32] point out how such factors influence minimal wave speed, stability,
and wave shape for traveling wave solutions.

This paper focuses on the SIS epidemic model with nonlocal dispersion and delays, aim-
ing at a more complete understanding of the conditions under which traveling wave solu-
tions exist and propagate. In particular, we will explore the following problems:

The existence and uniqueness of traveling wave solutions. The minimal wave speed (c*)
is required for disease invasion. The impact of some key parameters, including the basic
reproduction number (Ry) and delay terms, on wave propagation.

The advance of the mathematical theory of traveling waves in epidemic models, in which
the approach is based on theoretical analysis supported by numerical simulations, and
realistic insights into the control of infectious diseases are discussed in this paper. These
findings have special relevance to understanding the new epidemics, in which long-range
interactions and time delays may play a decisive role in shaping the disease dynamics [33,
34].

In this paper, a saturation incidence rate, constant recruitment, and cooperation with
a delayed diffusive SIR model are used to study the TWS connecting the equilibria, EES,
and IFES. We also utilized the Schauder fixed point theorem to prove that the truncated
problem admits a fixed point, and then it is used to show the convergence of the solution
to the equilibria toward x = +00. In fact, it was demonstrated that when Ry > 1, there is
o* >0, in such a way, when o > ¢*, the system admits a TWS with speed o.

The SIS model has a lengthy history [35]. It describes the transmission of human viruses
like influenza. The SIS model with a constant population is particularly useful for de-
scribing bacterial agent disorders, including gonorrhea, meningitis, and streptococcal sore
throat. SIS is a model without immunity in which the individual who has recovered from
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the virus returns to the class of susceptibles. Such mobility can be modeled by considering

a nonlocal dispersion operator, which can be defined as follows:

J[P](x) := ] * P(x) — P(x) = /I(x—y)CD(y)dy— D(x)
R

_ / J3)®(x - )dy - D), ® € C(R),
R

Then, we omit the following nonlocal dispersal SIS epidemic model with delay
St =di1(J % S(x,t) — S(x, £)) + x — uS(x, 1)) — AS(x, ) (%, £) + pl(x, t), (11)
I = db(J #1(x,8) = I(x,1)) + AS(x, £ = )I(x, 8 = 6) = (e + p)(x, ), '

with ¢ > 0and x € R. S(x, £) and I(x, £) denote the densities of susceptible, infective individ-
uals at time ¢ and location x in mathematical epidemiology, respectively; d;, d, are positive
describe the spatial motility of each class; i is positive parameters represent the death rate
of each class; p > 0 is the recovery rate of the infective individuals. ¢ > O represents the
duration of the delay. This SIS model with nonlocal diffusion and time delay is essential
for the realistic modeling of disease dynamics where mobility and latency are significant.
It enhances our understanding and provides effective tools for prediction and control in
both human and animal epidemiology. We take the following assumptions

(B) dj are positive, and u, ¢, p >0 forj=1,2.

(P) J € CH(R),J(0) > 0,](x) = J(=x) = OVx € R, [, J(®)dx = 1,1imp 100 + [ J(2)e*2dz =

+00.

2 Minimal wave speed ¢ *

Finding the constant equilibria of (1.1) is necessary to demonstrate whether or not the
traveling wave solutions for (1.1) exist. Ey = (f_u 0), which is frequently referred to as the
DFE of (1.1) is obviously always an equilibrium. To get a positive equilibrium, it is similar

to considering the following ODE system.

Se = x — uS@) - ASDI@) + pI(D),

(2.1)
I = AS(t - )t~ 6)) = (1 + p)(D).

The following is the appropriate basic reproduction number,

As®

Ro = )
W+ p

Notably, (2.1) permits a unique endemic equilibrium E* = (s*,i*) if Ry > 1, with

g* = Wto) — Ax=pQutp) _ p(p+p)(Ro=1)
A Al AL :
We shall always assume that Ry > 1 in the following. Two equilibria, Ey and E*, are ad-

mitted by the system (2.1) in this instance. Finding TWS of (1.1) that connect with E; and

E* is of primary importance to us. A unique solution of the form (1.1) isa TWS.

,and i*

(s(e),i(€)), e=x+oteR. (2.2)
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We replace (2.2) in (1.1), we get the wave form equations as

0s'(€) = di(J xs(€) — s(€)) + x — us(€) — As(€)i(€) + pi(e),

2.3
oi'(€) = dr(J % i(€) — i(€)) + As(e — 0 )i —05) = (1 + p)ie), 23

with the boundary conditions
(s,0)(—00) = (ﬁ, 0),  (s,0)(+00) = (s",i"). (2.4)

Our goal is to find a positive solution of (2.3) that meets (2.4) boundary conditions. By the
second equation of (2.3), it may be linearized at Ey = (ﬁ, 0) to get

—0i'(€) + dr(J,i(€)) + As%i(e —o¢) — (U + p + da)i(€) = 0. (2.5)

Entering i(¢) = €€ in (2.5) yields the following characteristic equation:
F(A,0):=—0A + dzf J)e Mdy + 1N —(u+ p +dy) =0. (2.6)
—00

Consequently, the following outcomes are obtained by examining the characteristic
equation (2.6).

Lemma 2.1 Suppose Ry > 1, 30* > 0 and A* > 0 such that

0F(A,0)
A2

=0 and F(A*,06")=0.
(A*,0%)

Additionally, the following options are valid:

(i) F(A,0)>0forevery A €(0,Ay) and0<o <o*, with Ay € [0, +00[.
(i) Two positive distinct real roots A1(0) < Ay(0) that fulfil F(A;0) = 0 exist ifo > o™.

>0 A€(0,A1(0)) U (Ax(0),00),

F(Avo) { <0 Ac (Al(O'),AZ(O))’

where
o* =sup{o >0|F(A,0)>0,VA € R}

exists and is constructive for the demonstration of this outcome simple.
We now examine the following sections to discuss whether a traveling wave solution

exists.

3 The absence of traveling waves solution
Next theorem illustrates the situation in which a traveling waves solution is not admitted
by the system (2.1).

Theorem 3.1 IfRy > 1and0< o <c*, hence, (2.3) has no TWS of the form (s(¢€),i(€)) that
satisfies (2.4).
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Proof Assume that for some 0 < o < 0%, there exists a TWS noted by (s*(¢), i*(¢)) of system
(2.3) that satisfies requirements (2.4). For each € > 0, we have some M, > 0 big where
s9— x <s*(€) <s° forall e < —M,,, according to (2.4) and Ry > 1. By combining the second
equation of system (2.3), we get

oi*(€) = da(J % i*(€) = i*(€)) + As(€ —0 )i —06) = (i + p)i*(€),

) ) o . ) (3.1)
> do(J % i*(€) = i*(€)) + A(s” — €)i(e — o ¢)) — ( + p)i*(€),

regarding € < —M.. Observing that traveling waves have asymptotic boundary conditions
(2.4) and continuity, there are positive constants § and MO such that, for every € € R,
s*(€) > 8 and i*(¢) < M°. By (H), we obtain that

AMs® — €)i*(e — 0 <)) - Ms*—€e)if(e—ag)  Ms®—e)i*(e —05))i*(€-0¢)
Ask(€—0Q)if(e—og) ~  Aif(e—0g))  ASi*(e—0g)if(€—0Q)
0

ASMPO

’

< As® < 00, €>-M..

A positive constant i~(¢€) > 0 exists such that i*(¢) > i~ for all € > —M,, given that i*(¢) > 0
for € € R and i*(+00) = i* > 0. As a result, we can select a constant a > 1 so that

Ms® = x)i*(e —0 )
1+i*(e—o))

<As*(e-0¢)i"(e—0og) for €>-M,.

Then, for € > -M,, the following inequality holds:

As*(e —0¢)i"(e —0¢)

o) Z P&~ FEN+ — o

= (u + p)i*(e). (3.2)

By combining (3.1) and (3.2), we obtain

0 _ % _
6(€) = da % i*(€) — () + S XTEZOE) _ (L yive), eeR. (3.3)
Q+i*(e—0¢))*

Let @(x,t) = i*(x + o) and b(P) = infy_, _pp0 Agi;’;g“’. From (3.3), it is evident that

825D > dy(J % D (x,8) — D (%, 1)) + B(P(x, £ — §)) — (p + WP, £ = S),
Dx,t)=i"(x+0¢), xeR,t>0.

Using the comparison principle [36], we get
D(x,t) > p(x,t), x€R,t>0, (3.4)

when the solution of the equation is ¢(x, t)

2D = do(] % p(x,1) - (%, 1)) + blp(x, = ) = (p + (X, = ©), 35)
o) =i*(x+05), x€R,t>0. '
We then demonstrate that for every 6 € (0,0),
lim inf @(x,¢)>0. (3.6)

t—00 |x|<5t

Page 5 of 21
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According to the asymptotic spreading concept [16]. We know that the operation J; * -
[37, 38] can result in a Cy-semigroup. The only two equilibria that system (3.5) allows are
¢ =0 and b(¢*) — (u + p)p™ =0, each is a positive equilibrium ¢ = ¢*, proving that it is
an ODE system equation. We write C := C(R x [-¢,0]) and Cy+ := {9 € C: 0 < ¢ < ¢*}.
According to the semigroup theory [37, 38], the system (3.5) generates a monotone semi-
flow Q' : Cyx — Cyr:

QW) =g +t6), xeRLc>0,¥¢€Cyr,

where the starting value is ¢(x, £ — ¢) = ¥, and ¢(x, £) is the sell solution of (3.5).
Indicate C([-¢,0]) = C the formula is Cw* ={p € C:0 < ¢ < ¢*}. The following delayed
differential equation results in a solution semi-flow that is Q¢ : C,x — C,x.

[ 240 = b~ o)~ (o + 0= ), £50,

where ¢’ = ¢(¢ - ¢), and the starting value is ¢° = ¥° € Cw*' Q, is eventually strongly
monotone on Cw*’ according to Corollary 5.3.5 in [39]. Moreover, we derive that Q;isa
highly monotone full orbit linking 0 to ¢; using the Dancer-Hess connecting orbit lemma
[14]. Thus, hypothesis (A5) in [36] is true. Indeed, it is evident that Q, meets all of the
assumptions (A1)—(A5) in [36] for every ¢ > 0. It is evident that equation (3.5) is likewise
satisfied by Q;. The restriction of Q; to Cw* is thus also Q;. This suggests that Theorem
2.17 in [36] can be used. As a result, we ultimately determine that (3.6) is true.

By selecting oy € (0,0*) and allowing x = —oyt, (3.4) and (3.6) indicate that

liminf @(x,£) > liminf v(x,t) > 0. (3.7)
t—00 t ot

— 00,|x| <o

The ultimate resultis € =x + 6t = (0 — 0y)t — —00 as t — oQ.
lim @(x,t) = lim *(x + ot) = lim i*((0 —0p)t) = lim i*(e) =0.
t—o00 t—o00 t—00 €—>—00
This is not consistent with (3.7). This completes the evidence. O

4 Noncritical TWS
We assume in this section that o > ¢*. The following subsection are used to discuss if a

traveling wave solution exists.

4.1 Upper and lower solution
Using an iterative process, we construct a pair of super- and subsolutions of (2.3) for o >
o*. The idea underlying such a structure is

Definition 4.1 (s~,i”) and (s*, i*) also represent pair of supper- and subsolutions of (2.3),
respectively, and they both fulfil

—0 (s (€) + di(J * s(€) = s(€)) + x — 1u(s")(€) = As™)(€)(I)(€) + i*(e) <O, (4.1)
~0(s7)(e) + dr(J * s(€) = s(€)) + x — u(s7)(€) = A(s)(€)(i")(€) = 0, (4.2)
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—0 (i) (€) +dy(J % i(e) —i(€)) + As" (e —0 )" (e —06) — (1 + p)(i*)(€) <0, (4.3)
—0 (i) (€) +dy(J % i(e) —i€)) + As™ (e = ¢)i (e —0¢) — (1 + p)(i”)(€) = 0, (4.4)

except for finite points of € € R.
Lemma 4.2 Suppose that Ry > 1, and o > o*. Let

st(e) =", i*(e) = eMe,

s7(e) = max{s0 —Me’“,O}, i~(€) = max{e®1¢(1 — Le"™),0},

for some positive constants «, L, then (4.1)—(4.4) are satisfied.

Proof The following points are used to establish the evidence.

(i): Clearly s*(¢) = s° satisfies
—0(s*)(€) +di(J x5(€) —s(€)) + x — us*(€) — As*(€)i~(e) + pi~(e) <0,  (4.5)

then, (4.1) is satisfied.
(i) Clearly, i*(e) = e*1€, we prove that i*(¢) fulfils (4.3). It is simple to verify that

do(J % i*(€) = i* (€)) + As")e — 0 6)i* (€ —06) — (1 + p)(i*)(€) — o (i*) (€),
(4.6)

<dry(Jxi*(e)—i*(€)) + As"((*)(€ —06) — (u + p)i*)(€) — (i) (€),
< -o(i*)(e) + dz/ J@e ™ dy + As’i* (e —05) — (u + p + do)i* (€),

+00
dz/ J)e 1 dy + As%eMET) (1 4 p + dy)eP1€ — g AjelE,
oo

eAIGF(AI; U)»
=0,

by the A; definition.
(iii) Taking 0 <y < min {Al, d% } Where € # %ln% := €*, and we assert that s~ fulfils

—o(s7Y(€)+di(J*s(e)—s(€) + x — u(s7)(€) — As™(€)i*(¢) + €i*(€) > 0.

The inequality is directly proved by assuming that € > €*, which implies that
s7(€) = 0 in (e*,00). We obtain s (¢) = s* — Me”€ if € < €*. We obtain

As(€)i(e) < As%i(€) by the concavity of L(s(¢), i(€). Next, we have

—o(s7)(€) +di(J xs7(€) =57 () + x — u(s™)(€) — As™(€)i*(€) + pi*(e) > 0,
> oMye’s + diMe"€ Jx)e " dx + x — u(s® — Me”€) — as°(s° — Me"©),

—00

A-y
+00 SO v
= eV¥¢ [oMye”E —diMe"¢ / J(x)e ¥ dx + diMe” € — rs° <A_/[> ]
—00

Page 7 of 21
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Here, we use

A—
O\ 7
e’ < | — for e <e€”.
M

Keeping yM = 1 and letting M — oo for some M > s° large enough and y small

enough, we have
—o(s7)(€) +di(J x5 (€) —s(€)) + x — u(s7)(€) — As™(€)i* () + yi*(€) = 0.

The claim is proved.
Requiring L > 0 to be suitably big and 0 < 7 < min{Ay — A;, A1}. Consequently, we

assert that i~(¢) satisfies

-0 (i) (e) +dr(J xs(e) —s(€)) + As (e —0¢)i (e —og)— (i + p)i~(€) =0,
(4.7)

with € #Z €5 := ‘ln—”L

We demonstrate this assertion for two distinct scenarios, € > €5 and € < €3,
respectively. i~(¢) = 0 if € > €, indicating that (4.7) is met. i (¢) == eA1€(1 — Le™) is
obtained if € < €. Here, we demonstrate that (4.7) holds for sufficiently big L, which

will be found later. Observe that the following is an expression for Inequality (4.7).
rli(e—0c)—As(e—oc)i(e—0C)
<-0(@) (€ +dr(Jxi (e)=i () +As’i (€ ~0¢)

(1 + p)i(€),
< —LF(A1 + n,0)eM1+me, (4.8)

Regarding every & € (0,As%). For any € < €,, i~ is a bounded function, hence § > 0
satisfies 0 < i~ < 8. Since i~ is limited for € < €; and As® > 0, we get the existence of
€ > 0 very small, the following inequality, As~ > As® — & > 0, is true for each and
every 0 < i~ < §p. We may exploit that 0 < i~ < §y to obtain

AsliT(e—oc)—As(e—0¢c)i(e—0¢) = (Aso —As (e - Gg)) i(e-0¢),

2
( Aso—ks’(e—ag)+i’(e—ag) )
2

2
|:Aso — (A" - &) +i(e— ag):| .

(4.9)

IA

IA

Then, we have

180 (e - 0g)—-As (e—0¢)i(e—0¢) < (e - 0g).

Page 8 of 21
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So, it is enough to demonstrate that
(i) (e —0¢) < —LF(A; +n,c)eM17e, (4.10)
in order to prove Inequality (4.8).
We obtain (i~ (€ — 0 ¢))? < e?21€ where i~ < i*. For the sake of (4.10), we
demonstrate that

PRISE <-LF(A; + T),O’)C(Al+n)e. (411)

Inequality (4.11) holds for M sufficiently big as both of its sides trend to 0 as
€ — —oo and are limited for any € < €;. The proof is finished. g

4.2 Truncated problem
We take into consideration the following bounded set for every 7" > max{|e*|, ||, 7}.

Cy(e) = { (P(e)p(e) € C([-T, T]yRZ) o(=7)=5(-7),
@-1)=i(-T), s(e) <p(e) <s°, i(e) <p(e) <i*(e),
ee[-T, T]}.

For any (¢, ¢(€)) € I'r(€), we define

&), €>7,
ple) =1 ple), el <7,
s(=7),e<-7,
o), €>T,
P(e) =1 ple), €| =T,
(-7),e<-7,

'y (€) is clearly a closed and convex set. It is satisfied that (qg(e), @(e))
SO <pe)<s", i()<Ple)<i'(e), €€R.

We omit the truncated problem

o5'(€) = di(J * )(€) - s(€)) + x - us(e) — Bs(e)p(e) + pi(e), (4.12)
oi'(e) = dz((] * 95) (€)= i(€) + App(e —o5)P(e —a5) — (1 + p)i(e),
with
S(=T)=s"(=T7), i(-T)=i(-7). (4.13)

The generic differential equation results guarantee that a unique nonnegative solution
(sr(€),ir(e)) can be found for the starting value problems (4.12) and (4.13) created for

Page 9 of 21
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€ € [-7,T]. Thus, we define the solution map F = (F1, F>) on I'x(€) as follows:

f1(¢1¢) =871, ]:2((15’ (ﬂ) = iT'
Lemma 4.3 For all T > max{|e*|, |eo|, 7}, map F = (F1,F2) : T'r(e) = T'r(e).

Lemma 4.2 and the comparison principle can be used to infer Lemma 4.3. As an illus-

tration, we can consult [31, Proposition 2.1]
Lemma 4.4 The map F = (F1,F32) : T'yr(€) — Ty (€) is completely continuous.

Proof We can determine from (4.12) that (sy(¢), iy (€)) € CY([-7, T'],R?) for any (¢, ¢) €
I'r(€). Thus, the Arzela—Ascoli theorem may be used to infer that the map F is compact.
The continuity of F is then examined.

Suppose that sy (€) = Fi(¢i, ¢x)(€, for € € [-7, 1], irx(e) = Foldr, px)(€), where
(or(€), pr(€)) € T'y(€) (k = 1,2). First, we determine if F; is continuous. Lemma 4.2 and
the comparison principle may be used to infer Lemma 4.3 from the first equation of (4.12).

As an illustration, we can consult [31, Proposition 2.1]

0 (8 1(€) = 8 5(€)) + (dy + )(s7,1(€) = 572(€)) = P(@2(€) — P1(€))

R R 4.14
=d; / J)(@1(e —y) — Pa(e = Y)dy + Asy 2(€)pa(€) — Asy 1(€)@1(€). (“.14)
R

Since

-r T +00
/R To)(e - y)dy = / Je - )s(y)dy + / J(e - Do)y + / Je =) (T)dy,
oo _r T

we have

‘ /R J)(1 (‘€ —y) = a(e — y))dy

< ZyEr[r_lg}T] 1) — (). (4.15)

Since i*(€) < e™€ for € € [-7, T, for any (¢, ¢1), (¢2, ¥2) € ['r(€), then

‘)@1(6)%(6) — Aa(€)ga(€)

5M4[|¢1(e> — ()] + |@1(€) — pa(€) } (4.16)

with My =sup { As%, Aoet1€:0 <o <O},

Put u(e) = o|sy,1(€) — sy2(€)|. Therefore, from (4.14)—(4.16), we get

u'(€) = o sign(sy,1(€) — sr2(€))(sy 1 (€) — 875 (€)),
< 2d;y maXyei_r,y [$1(Y) — 2N — (d1 + (o — My)|sy,1(€) — s12(€)]
+Mayl@a(€) — @1(€)| = plga(€) — @1(e)l,

= (dl(,J + A%)M(f) +2d1 maxye-r, 11 [$1(7) — P2(N)| + (Ma = p)l@2(€) — gr(€)].
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Thus, for all € € [-7, T'], we obtain

u(e) < u(-1ye () En / ‘ [(2(11 max |¢1(y>—¢2(y>|)
_ ye[—T,T]

r e, My (4.17)

+Mymaxye_r,ry |91(y) - 902()’)|] o (T e g

From (4.17), we ultimately obtain ||#(€)||r, () = 0 since u(—7") = 0. This is equivalent to
1(P2, ©2) = (D1, 9D)lIry ) = 0. F7 is therefore continuous on I'y(¢€). Using a similar logic,
we determine that F; is continuous. O

Lemmas 4.3 and 4.4, Schauder’s fixed point theorem, and the fact that I'y(¢) is closed
and convex make the following conclusion true.

Theorem 4.5 F admits at least one fixed point (s3-(€), i (€)) € I'r(e€).

This is followed by several previous estimations for the fixed point (s%.(¢), #%-(¢)). The
value of F in CM([-7,7],R?), in which

CY([-1,7] = {ue CH[-T,T1,R?):uand « are Lipschitz continuous},
endowed with the norm

|t (x) — o' (y)]
/

71| P R = max |u(x)|+ max |u(x)|+ su _ 4.18
llleriqoryry = max JuGo)l+ max|u/@) P (4.18)

xyel= T Yty X =Yl
Then, we get the result below.

Lemma4.6 Let (sy(¢), iy (¢)) be the fixed point of map F . Therefore, ||sy ()|l crriq_yr) < C
and ||iy-()llcrirry < C, VY > max({|e*|, |, 7}.

Proof Obviously, we have

as*},(e) =di] x83(€) —disy(€) + x — usy(€) — As3-(€)i-(€) + pi3.(€),

A ) . . (4.19)
oiy(e) =dyJ x i3(€) — (do + L + p)ix(€) + As}-(e —0 )i (e —0¢),
for e € [-7,T], where
(1), e>7, 3 X),e> T,
Sr(€)=1 si(e)lel <7, ir(e)=1 i(e)lel <7,
s(Y),e<-T, i(7V),e<-T.
Since s3-(€) < s° and i%-(¢) < eM1€ for € € [-7, 7], and (4.19), we can obtain
« 1 0 0 0 A€
Isy-(e)] < —(2d1s” + x + us” + As e 1€:= 1Ly, (4.20)
o

, 1
|i(€)] < ;(ZdzeA” + (1 + p)eti€ 4 asleri€ = I,. (4.21)
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Thus,

Isy-(€) = sy < Lile =nl,  liy(e) =iy ()| < Lale —n|. (4.22)
By (4.19), (4.20), and (4.21), we further obtain

o lsy(€) =57 ()]

§d1/ J@)Gr(e =) =sr(n—y)dy + (di + plsy(e) — sy

+ | 185 (€)ir(€) = Asy- (i ()| — pliy-(€) = i (), (4.23)
and
o li(e) iy ()|
<d, / :of(w(?r(e —y) —ir(n=y)dy + (da + p + p)|iy(€) — i5-(n))
+ |Asy(€ =0 g)iy(€ —06) = Asy(n -0 6)iy(n — og)'- (4.24)

Let [-r,7] be J(x)’s compact support. Since J(x) is a C!-function, J(x) < L; is verified by the
constant L; > 0. Vxy,x, € [-r, 7], and therefore |J,,(x1) — J,(x2)| < Lj|x1 — x3]. Consequently,
we deduce that

+00 +00 e-r n+r
/ Ty (e - y)dy - / )R (n - y)dy = / )5y () dy + f s () dy
—00 —00 ., €+r
+/ h(-m-Jy—-e€)sr(y)dy

n-r
< 4L;rs%|e — n|.

Likewise, we get
+00 R +00 R
/ J@lir(e -y dy - / J@)ir (1~ y)dy < ALyreMele — ).

Then, it follows from (4.16) and (4.22) that

Asy(€ —0¢)iy(e —0¢) = Asy(n —0¢)iy(n—0¢))| < My(Ly + Ly)|e — 1. (4.25)
Combining (4.23)—(4.25), we know
Is3:(€) = s (n) < Cile =l and  |i(€) - & ()| < Cile — 1l
where
1 0
C = —(4d1LJVS +(dy + WLy + My(Ly + Ly)),
o

1
Cl‘ = —(4d2L]reA15 + (dz + U+ p)Lz + M4(L1 + Lg))
(o4

Page 12 of 21
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Consequently, we have that

lIsx(e)l] Cle(=xx]) = C

and

% (N crexxpy < Cis
where C = max{s® + L; + C;,e™1€ + Ly + C;}. O

4.3 Existence of a noncritical TWS
Theorem 4.7 IfRy > 1 and o > o*, then (2.3) has a solution (s*(€),i*(¢)) defined for ¢ € R
that satisfies s™(€) < s*(¢) <% i (€) < i*(€) <i*(¢) fore € R.

Proof A series {1,,};°, that fulfils lim,_, . 7}, = +oo and 7, > max({|e*|, |&],r} should be
defined. Schauder’s fixed point theorem states that for every 7, there is a fixed point
(s7,(€),i%,(€)) € I'r,(€) of map F. Lemma 4.6 states that » = 1,2,..., and
sy, Ellci-ar,11 < Ci and [liy, (€)licii-,7,,7,1 < C. The uniform boundedness and
equicontinuity of {(S*T/n (e), ii}/n (€)) and {(s¥, (€)iy, (¢)) for any integer k are due to the fact
that n > k. Therefore, the Arzela-Ascoli theorem and the diagonal extraction technique
ensure that a subsequence {(sy, (€), i, (¢))} fulfilling

{(s’}i/m(e), i*T/m(E))} converge uniformly in each [-Xj, Xi]. (k=1,2,...), m — oo.

Let limmﬁoo(s’;m (¢), i*r,,, (€)) = (s*(€), i*(¢)), then we have

limmﬁoo(s#m (¢), i’}/m (€)) = (s*/(e), i*/(e)). Let r be the supported radius of J;(¢) and J,(¢).
Since (s, (€), 17, (€)) < (s™(€),i"™"(¢)) for e €e Rand m = 1,2,..., using the Lebesgue dom-
inated convergence theorem, it follows that

lim /l(e)s’;m(e —9y)de = lim / J(€)sy, (e —y)de =] 5" (€).
m—00 Jp m—o00 f_.
Likewise, lim,—, « i}, (€) = ] * i*(¢) may be obtained. Consequently, (s*(¢), i*(¢)) satisfies
(2.3), and for € € R, s7(¢€) < s*(¢) < s® and i~(¢) < i*(¢) < i*(e).
The next step demonstrates that s° > s*(¢) > 0 and i*(¢) > 0. Given that s(—o00) = s° > 0, if

€00 € R exists, Ye € (—00, €qp), then s'(egp) < 0, confirming that s(€g) = 0 and s(¢) > 0. The
first equation of (2.3) provides

+00
dy / J()s(ego —y)dy + x <O0.
—00
This is a contradiction. Thus, s*(¢) > 0, Ve € R. Likewise, we obtain i*(¢) > 0, Ve € R. Now,

we prove s*(¢) < s°. Assume that there is gy € R satisfying s*(ego) = s°, then, s*/(eoo) > 0.
Together with the first equation of (2.3), it yields

dy / J)(s(e0o —¥) = sV)dy + x — s’ — As*(€00)i*(€00) + pi*(€00) > O,
that is,

d / J()(s(€00 — y) — s°)dyrs* (€00)i* (€00)) = O,
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this is a contradiction with s*(ego — ¥) — s° < 0 and L(s*(ep), i*(€no)) > 0. Thus, s*(¢) < s°,
Ve e R. O

Theorem 4.8 Let Ry > 1 and o > o*, then (2.3) has a solution (s*(¢€),i*(¢)) defined for e € R
satisfying lim,_, o, (s*(€), i*(€)) = (s°,0), 0 < s*(¢) < s°, and i*(€) > 0 for € € R.

Proof By Theorem 4.7, there is a solution sequence ®,,(¢) = (s}(¢),i%(¢)),n e N*and € € R,
verifying
053 () = di] 5(6) ~ disi(€) + X  psi(€) = Asy()iz(e) + pie), @26
oi’;l/(e) =dyJ xi(€)—(da+ 1+ p)ili(e) + Asi(e —0¢)il(e —0C), '

and
s(€) <sie) <s%, i(e)<if(e) <i(e), si(e€)>0, i%(e)>0, €e€R,

because (e*1€), — +0c0 in the range [-1,1]. {®,(¢)} is uniformly confined on [-1,1] as a
result. We guarantee that {®,(¢)} and {®,(¢)}, n > n;, are both equicontinuous and uni-
formly bounded on [-1, 1] by (4.26). According to the Arzela-Ascoli theorem, {®,,(€)} is
asubsequence of {®,(¢)} that satisfies {®1,,,(€)} and {®] ,,(€)}, which converges uniformly
on[-1,1] as m — 0. i}, (€) < e'*, Ve € [-1,1], is also true.

Subsequences {®y_1,,,(€)} of {®Pi_o,,(€)} satisfying {Py_1,,(€)} and {dD;(_Lm(e)} converge
uniformly on [-k — 1,k — 1] when m — oo are chosen in [-k — 1,k — 1]. (e®1€);_1,, < el*<,
Ve € [-k—1,k—1], are also exist. As a result, in [k, k], we obtain i,’j,m(e) <el* e e [=k, k],
as (e1€);_1,, is uniformly confined on [k, k].

Therefore, {®y,(€)} is uniformly confined on [k, k] for m > my. Both {®_1,,(€)} and
{CD;H’m(e)} are equicontinuous and uniformly bounded on [-k, k], as demonstrated by
the proof of Lemma 4.6. {®y ,,(¢)} is a subsequence of {®y_; ,,(¢)} that satisfies {Dy ,,,(€)}
and {®}  (€)} converges uniformly on [-k, k] as a result for m — oo. if , (€) < el€, Ve €
[-k, k]. Moreover, the diagonal extraction approach suggests that any [k, k](k = 1,2,3,...)
has subsequences {®,,,(€)} and {®]  (e)} that converge uniformly. Let {®,,.(€)} —
(s*(e),i*(€)) be m — +00. {D],  (€)} — (s¥'(€),i* (€)) for m — +00, as a result. Since for
every m € N*, we have

as*m/,m(e)
=diJ *s, (€)= dis;, . (€) + x — us;, . (€) = As, ()i, . (€) + piy, . (€),
o . (€)

=dy] * iy, (€)= (da + n + p)iy, . (€) + As}, (€ —0 )iy (€ —0¢).

(4.27)

Taking m — +oo and using the continuity of As(¢)i(¢) function and the dominated con-
vergence theorem gives

05" (€) = diJ * 5*(€) — di5*(€) + x — 115™(€) — As*(€)i*(€) + pi*(e),

W . . ) (4.28)
oi*(€) =dy] xi*(€) = (da + u + p)i*(€) + As*(e —0¢)i*"(e —0 ),

for each and every € € R. In other words, the solution to (2.3) for € € R is (s*(¢), i*(¢€)).
s(e) < s*(€) < s® and i(e) < i*(€), € € R are the results of (4.26). We additionally ob-
tain i*(e) < 1€, € € R, i, . (€) < eM€, Ve € [~k k], and m > k. (s*(€),i*(€)) confirms
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lim,_, _oo(s*(€), i*(€)) = (s°,0), according to the upper-lower solutions. As in Theorem 4.7,
we similarly obtain 0 < s*(¢) < s%, Ve € R. Likewise, if ¢’ € R, then i*(¢’) = 0 is verified, and
i*(€) > 0, Ve € (—00,¢’). It is evident that i* (¢/) < 0 for €' > €. The second equation of
(4.28) then gives us

0¥ (€)= do] x i*(€') = (dy + . + p)i*(€)) + As* (€' — 0 ¢)i* (€' =5 ¢) > 0.

This is a contradiction. Then, i*(¢) > 0, Ve € R. O
The definition of (s*(¢),i*(¢)) may be found in Theorem 4.8. (s*(¢),i*(¢)) — (s*,i*) as

€ — +00 in order to get the asymptotic boundary condition. Using the Lyapunov-LaSalle
theorem, we must demonstrate that (s*(¢),i*(¢)) — (s*,i*) as € — 00 in order to establish
the existence of noncritical TWS. The following highlights the results that were obtained
Lemma 4.9 (s*(¢),i"(€)) — (s*,i*) uniformly as ¢ — +00.
Proof We define the Lyapunov functional V' by

V(e) = Vi(e) + Va(e), (4.29)

where

Vile)=o <%(s(e) — 52+ %i*h(%—i) +d15* K (€) + dyi* 5L Ky (),
og —&)ile —
Va(e) = “Aﬂks*i*/ h(w)da
0

S*i*

It is evident that &(x) > O for every x > 0 when A(x) = x — 1 — In(x), x € R*. With

+00 0
/ a+h<s(e:y))dy_/ d_h<s(€:y)>dy,
0 S —00 N

and

+00 . 0 .
Kz(é)=/ a*h<—l(€i:y)>dy—/ a‘h<—l(6i:y)>dy,
0 —00

s(e) > 0,i(¢) > 0, and [40, Theorem 1] allow us to conclude that Kj(¢), Ky(¢) are limited
from below. Thus, V(s,i)(¢) is bounded from below and properly defined. We have a*

satisfying a*(0) = 3, d“;y(y) =J(y), and d“d;y(y) =—J().

dlji](e) _ h(i) B /*""](y)h<s(e :y))dy’
€ S oo s

and

A& prp( (i [, (i)
de = % <h<i*> /_m ](”h( i )dy>'
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Now, we compute de(e)

dVZ(e) = brp d [ o i) ‘9)1(6 €) de
T de SH* 4
Htp 4 x| [ sle=0g)i(e—0¢) s(e—0¢)i(e—o¢) s(€)i(€)
nse [(T>_1_m( saenc) (1)
+1+ ln(s(e)‘(e)>:|.

Note that (s*, i*) satisfies

X = us* + As*i* — pi*,
(1 + p)i* = As*i*.

Then, we obtain

Me - (S(f) —S*) <d1(] x8(€) —s(€)) + x — us(e) — Bs(e)i(e) + pi(e))
+5E <1 - @) <d2(/ * i(€) —i(€)) + As(e — o ¢)i(e — 0 5) + Bs(e)i(e)
—Bs(e)i(e) — (n + p)i(e))
(z)- [ ron(22)era(5)
_/m](y)h(l(e ”)dy,

= Q1 +Qy,

sl s -son e 4)- (%2

|:(1 l(e))(dZUZ * l(é) - l(E)))

rdyi* (h(«e)) / ](y)h(l(E y)) >]
For Ql’ln<si*) (S(E_y)) <S(s€(3)) and In (%)-ln(ﬂ) In (l(if(;y))
s(e)[(l—m>(d1(/*s(e) S(E)))+d15(€) (h( ) / ](y)h( ) )j|

= ‘d1§7>/_00 f(y)h(s(z(e)y)>dy,

"T 5 (dz(/*l(e)—l(e)))+d21<<’(6>) [ ,(y)h<z<e y)) >]
S / =5 y) NG l(sii))] y’/wfziy)h Sl dy],

L

t

i(e)
2 l(é y) ile —y) i(e — y)
el P22 S o [ s 2)e]
ey / )dy
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Qa(€) = <s(e) - S*> (x — us(€) — Bs(e)i(e) + pi(6)>
+% (1 - %) (As(e —0¢)i(e —o¢)+ Bs(e)i(e) — Bs(e)i(e) — (u + p)i(e)).

Then, we have

% = <s(e) —s*) (X — us(e) — Bs(e)i(e) + pi(e))
+52 (1 - ﬁ) (Ks(e -0 ¢)i(e —0g) + Bs(e)i(e) — Bs(e)i(e) — (1 + p)i(e))

o g [(s(eag)i(eag)) _1- ln(s(eagmeas)) _ (s(s)i(e))
A §*p* s*pk s*i*

s(€)i(e)
+1+in e

s [ s(e-y) w+p T (e —y)
'dl@/_w KM( 5©) )dy_ PRl /_oo mh( i© )dy'

By [[41] Sect. 2.1], we get 22 <0and 4€ =0 if s(e) = s*, i(e) = i*.
In conclusion, we determine that (s,i)(c0) = (s*,i*) and keep in mind that the orbital

derivative of V along ¥ (¢) is nonpositive.

Moreover, it is evident that V is continuous and confined below on D. ¥ (¢) — (s*,i*) as
€ — 00, and consequently, (s, i) — (s*,i*) as € — +00, according to this and the Lyapunov-
LaSalle theorem. This completes the proof. d

Lemma 4.2 states that the solution of (2.3) satisfies s~ < s(¢) < s*, i” < i(¢) < i*, and
(s,0) — (s°,0) as € — —o00. Lemma 4.9 says that (s,i) — (s*,i*) = € — +00. We conclude
that the system (2.3) accepts the traveling wave solution of the system (1.1), and this is the
sole positive solution that satisfies the (2.4) boundary requirements.

5 Existence of a critical traveling wave solution
This section aims to prove that (2.3) admits a TWS for Ry > 1 and 0 = o™.

Lemma 5.1 IfRy>1,and o =c*. Let

S+(€)=SO, it =eA*e,

s = max{s0 —MeVE,O}, i~(€) = max{e®"¢(1 - Je'), 0},

for some positive constants y,] and M, then (4.1)—(4.4) are satisfied.

Since the proof may be accomplished similarly to the proof of Lemma 4.2, we do not
provide it here. By replacing o by 6* and A; by A*, the same process as in Sect. 2 is used
to deduce the existence of a TWS for o = o*.

6 Numerical simulation

Initially, we provide a few numerical examples to confirm the TWS of (1.1) see Fig. 1,
which links the two equilibria. To achieve this, we consider the basic conditions listed
below:

5 ifx € [-10,0],

So(x) =
@ =11 itxero,10],
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t=3 t=5 t=10
0.3
0.16
0.3
—_ —_ —~.0.14
Xo0.25 <02 =
0.2 0.12
0.1 0.1
10 0 10 -0 0 10 10 0 10
X X X
t=3 t=5 t=10
5 5 5
4 45
x =4 3
(/)3 n n 4
3
2 3.5
-0 0 10 10 0 10 10 0 10
X X X

Population of Susceptibles (S)

Population of Infected (1)

S(x, 1)
Bo 2 v v & o @

Figure 1 The existence of TWS for the system (2.1), where x =0.5,A =0.1, u =0.1, p =0.05 and Ry =4.45 > 1

0 ifxe[-10,0],
lo(x) = .
0.35 if x € [0,10].

We also adopt the kernel function as

1
Cex2-1,-05<x<05
0, otherwise,

J(x) =

with C = 0.5 satisfying fj}i J(x)dx = 1.

7 Discussion
In this paper, we have analyzed the existence and qualitative properties of traveling wave
solutions (T'WS) for a time-delayed nonlocal SIS epidemic model. Based on our com-
prehensive analysis, it is rigorously shown that the occurrence of nontrivial TWS heavily
depends on the basic reproduction number Ry and the wave speed o. Especially, we have
proved that for Ry > 1, traveling wave solutions are valid for all wave speeds o > ¢* with
o* being the lowest wave speed, and they are not valid if o < o*. The above facts have been
derived through the Schauder fixed point theorem, the construction of upper and lower
solutions, and rigorous examination of a truncated problem.

Mathematically, the addition of both nonlocal dispersion and delay is a more realistic
configuration to mathematically model the spatial-temporal dispersion of infectious dis-
eases, especially in relation to the current human movement and latency of infection of

Page 18 of 21
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the disease. The nonlocal term is used to capture long-range interactions, which become
increasingly relevant today because of rapid transport and globalization, and the delay is
used to produce such phenomena as incubation periods and delayed behavioral response.

In addition, our work generalizes the classical reaction-diffusion models by introducing
more complex dynamics, thus shedding new light on how spatial heterogeneity and time
delays influence epidemic spreading. The derivation of the minimum wave speed ¢* also
has practical implications for estimating thresholds for disease invasion and for planning
control measures to prevent or impede the spreading of infectious diseases.

The quantitative solutions provided in Sect. 6 illustrate again the character and behavior
of the traveling wave solutions under different parameter settings. These solutions not
only affirm the analytical forecast but also illustrate how different parameter adjustments
impact the wavefront and rate of disease spread.

While this work provides a good theoretical foundation, future research can explore
the specificity and stability of the traveling wave solutions and the solutions’ behavior un-
der perturbations. Further studies of the model in multi-dimensional spatial spaces or in
heterogeneous media can yield further insights. Incorporation of stochastic effects and
empirical epidemiological evidence can also make the model more applicable to practical
disease control.
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