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Abstract: In this paper, we study the well-posedness
and the qualitative behavior of equilibria of a SEIR
epidemic models with spatial diffusion for the spreading
of COVID-19. The well-posedness of the model is proved
using both the Semigroup Theory of sectorial operators
and existence results for abstract parabolic differential
equations. The asymptotical local stability of both disease-
free and endemic equilibria are established using standard
linearization theory, and confirmed by illustrative numer-
ical simulations. The asymptotical global stability of both
disease-free and endemic equilibria are established using
a Lyapunov function.

Keywords: Abstract differential equations, COVID-19,
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I. INTRODUCTION

At the end of December 2019, a new disease caused
a serious respiratory problem was identified in the
city of Wuhan, Hubei province, China [I, 2]. This
disease was named COVID-19 and in a short time
an increasing number of patients were admitted to

hospitals with it, prompting the authorities of the whole
world to introduce measures to contain the spreading
of the epidemic [3]. Despite these efforts, the virus has
managed to spread fast quickly, infecting large numbers
of people in various parts of the world. Since then,
several countries have been severely affected by the
disease, generating losses of human lives and a great
impact on the economy and health systems.

With the purpose to help governments to manage
disease control as well as understanding how they
might affect the populations in the short and long
terms, several mathematical models of this outbreak
have been proposed. In this field, epidemic models of
type SEIR with ordinary differential equations were
used to describe the spread of COVID-19 and also
to study the efficiency of non-pharmacological control
measures such as the use of masks. Epidemic models
with ordinary differential equations implicitly assume
uniform encounters between the infectious and suscep-
tible subpopulations, resulting in homogeneous spatial
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distributions. However, in the human population, espe-
cially under different levels of mobility restrictions, this
assumption is likely to fail. One way to get around this
problem is to consider models with reaction-diffusion
equations [4—12].

Reaction-diffusion equations are used to model a
variety of physical and biological phenomena [13-17].
These equations describe how the concentration or
density distributed in space varies under the influence
of two processes: local interactions of the species, and
diffusion, which causes the spread of species in space.
In population dynamics, diffusion terms correspond to
a random motion of individuals and reaction terms
describe local interactions of the populations. On epi-
demic models for COVID-19 with spatial diffusion, in
[18] Viguerie, et al. present an early version of a SEIRD
mathematical model based on partial differential equa-
tions coupled with a heterogeneous diffusion model.
The model describes the spatiotemporal spread of the
COVID-19 pandemic and aims to capture dynamics
also based on human habits and geographical features.
Tsori and Granek [19] suggest an epidemic model
with diffusion for COVID-19 and present numerical
experiments to show remarkable similarity heat maps
publicly available. In this paper, it is also demonstrated
how localized lockdown/quarantine conditions can slow
down the spreading of disease from epicenters. Zhu and
Zhu [20] proved the existence of the global exponential
attractor of general dissipative evolution systems of
a SEIQR model for COVID-19. However, the well-
posedness of SEIR diffusion models [5] is not addressed
in the literature. Accordingly, in this paper, we study
this subject by addressing the stability of disease-free
and endemic equilibrium points for the COVID-19
model with diffusion being the main contribution of
the paper.

For the well-posedness of the SEIR model for
COVID-19 with spatial diffusion, we used similar re-
sults to those found in [15, 21-24]. The stability of
the equilibrium points for the SEIR model was studied
using linearization and Lyapunov theories for partial
differential equations [13, 14,25-31]. This paper is or-
ganized as follows: in Section I, we introduce some no-
tation and present relevant ideas to establish our results.
Section III is devoted to abstract and parabolic differen-
tial equations to show the existence and uniqueness of a
non-negative global solution, implying that the problem
is well posed in a biological sense. Section IV is
about the local stability of equilibria using linearization
theory and the global stability of the equilibria using
Lyapunov theory. Section V is devoted to illustrate
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these analytical results by presenting examples using
numerical simulations. Finally, Section VI closes the
paper with our conclusions.

II. THEORETICAL BACKGROUND

In this section, we introduce notations and present
key ideas for the work involving function spaces, semi-
group of linear operators theory, abstract differential
equations, and qualitative analysis of parabolic differ-
ential equations. For more details, the reader is referred
to [16,17,32-35].

In this work, we denote by 2 a bounded domain in
R3. For 1 < p < oo, the space of complex-valued
LP functions in ) denoted by LP(£2) with the usual
norm || - ||z». The complex Sobolev space in € of
order k,k = 0,1,2,..., is denoted by H*(2) with
norm || - || . The space of complex-valued continuous
functions on ) is denoted by C(Q2) with norm | - ||c.

Let X be a Banach space with norm || - ||, we
denote by C(£2; X) and C*(Q; X) the space of X -valued
continuous functions and of X-valued continuously
differentiable functions, respectively. Additionally, let
B(£2; X) be the space of X-valued bounded functions.
The Sobolev space of fractional order s > 0 is denoted
by H*(Q) with norm || - ||z7s. We assume (2 has a C2
class boundary 92, and for % < s <2by H(Q) we
denote a closed subspace of H*(£2) such that

H3(Q) = {u e H () : Oyu =0 on 99} .

In what follows, for the sake of simplicity, we use
the universal notation C' to denote any constant that is
determined for each specific occurrence of €). In cases
in which C' also depends on some parameter, say &, we
use the notation C¢.

Let us comment on the existence theorem for local
solutions to an abstract equation in a Banach space. We
consider the following Cauchy problem for an abstract
evolution equation in X

au

T HAU = F(U), 0<t<T

Uy = U.

ey

Here, A is a sectorial operator of X with angle 0 <
wa < g By definition,

o(A) C By, =N eC:|arg\)| <w), wa<w< g
and
M,
A=A < A ¢S, wa<w< 2.
Al 2
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Let F' be a nonlinear mapping from D(A") into X,
where 0 < 1 < 1, where A" represents the fractional
power of the operator A, for more details see [35]. F' is
assumed to satisfy the Lipschitz condition of the form

IE@) = FWV)I < e(lU]+ VI - (1A"U = V)|
+ (AU + ATV DT = V),
U,V e D(A"), (2)

and ¢(-) is some increasing continuous function. The
initial value Uy is taken in D(A").

Then, from [35], we state the following local solution
existence theorem to (1):

Proposition 1 ([35], Theorem 4.4). Under the above
assumptions, for any Uy € X, the equation (1) has
a unique local solution in the function space U €
C([O’TUO];X) n Cl((O7TU0]§X) n C((O’TUO];D(A»?
with the bound

dU (¢
dE)H AU < Cupy 0 <t < Ty,

Here, Ty, and Cy, are positive constants depending
only on the norm ||Up|.

U@ +1

Proposition 2 ([35], Corollary 4.3). Let the assump-
tions of Proposition [ holds and Uy € X. Assume
that any local solution U of (1) in the function space
C([0, Tur)s X) NC((0, Ty s DAY NCL((0, Ty ; X). sa-
isfies the estimative

W) < Cu,, 0<t<Ty, 3)

with some constant Cy,, > 0 independent of I1;. Then,
(1) possesses a unique global solution in the function
space C([0,T]; X) N C((0,T7; D(A)) N C*((0,T]; X).

Using the terminology of [32], define z =
(21,22, y2k)s [ = (f1, fo,..., fx), D representing
the diagonal matrix D = (D1,Ds,...,Dy), Az =
(Az1,Azg, ..., Az), a = (a1, a0, ...,qk). Let

0
a—j = DAz + f(2). 4)

in [0,00) x © where 2 is some bounded domain with
smooth boundary with initial data z(0,z) = a(x) and
Neumann boundary data 0, z(¢t,z) = 0 for x on 02
and 0 <t < 0.

Remark 1. The system (4) can be written in the
abstract form (1).

Under certain assumptions, one might expect that
solution to (4) would approach as ¢ — oo as a solution
of steady state equations

DAz + f(z) =0, (3)
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in D with Neumann boundary data. Solutions of (5)
with the Neumann boundary condition are called equi-
librium solutions.

Definition 1. An equilibrium solution B(x) is:

(1) stable if for any € > O there exists § > 0 such that
if 12(0,) — B(x) | < 6, then ||2(t,2) — B(a)]| < e
forall t > 0.

(i1) called asymptotically stable if (i) holds and there
exists § > 0 such that if ||z(0,z) — B(z)]| < 4,
then ||z(t,x) — B(z)|| — 0 as t — oo. If § can
be chosen arbitrarily large, then the solution is
globally asymptotically stable.

(iii) unstable if (i) does not hold.

In this paper, we are interested in constant equilib-
rium solutions of (5). Let f(z) = Az + g(z) where
g(0) = 0,Vg(0) = 0, and define linearized system to
be

0z

5 DAz + Az, (6)

with the same initial and boundary conditions as given
with (4). Then the zero solution of (4) is (locally)
asymptotically stable if the zero solution of (6) is
asymptotically stable.

Let 0 =Xg < A1 < Ay < A3 <..., be the sequence
of eigenvalues of the operator —A subject to the homo-
geneous Neumann conditions on {2, where each A; has
multiplicity m; > 1. Also let ®;;,1 < j < m; (recall
that $y=constant \; — oo as ¢ — o0) be a normalized
eigenfunction corresponding to A;. That is ®;; and \;
satisfy —A®;; = \;®;; in Q, with 0,®;; = 0 and
Jo ®F;(x)dz = 1. Under these conditions we can have
the following result.

Theorem 1 ([32], Theorem 1). For the linearized
system (6):

(i) The zero solution is globally asymptotically stable
if for each non-negative integer n the eigenvalues
of A— M\, D have negative real parts. Further, there
exist positive constants K,w such that for any t >
07

2(t, @)l < Ke™*"a(z)].-

(i1) The zero solution is stable if for each non-negative
integer n the eigenvalues of A — \,,D have non-
positive real parts and those with zero real parts
have simple elementary divisors.

The zero solution is unstable if for some n there
exists an eigenvalue of A — A\, D with either a
positive real part or zero real part with a non-
simple elementary divisor.

(iii)
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Theorem 2 ([32], Theorem 2). The zero solution of

(4) is asymptotically stable if the zero solution of the
linearized problem (6) is asymptotically stable.

The next result is used a lot throughout the text.

Lemma 1 ([35], Proposition 1.4). Let a € C([0,T];R)
and f € C([0,T);R), and let a function v €
C([0,T);R) N CL((0,T);R) satisfying the differential
inequality

du

o Tatu<ft), 0<t<T.

Then, for any fixed 0 <t < T, we get

¢
u(t) < e do @aMdry(0) +/ e~ Js a7 £ (5)ds,
0
In particular, if a(t) =9 > 0 and f(t) = f > 0, then
it follows that

u(t) < e tu(0)+ f6, 0<t<T.

III. MATHEMATICAL MODELING AND RESULTS

Using the methodology of compartmental models
and spatial diffusion, we can study the spreading of
COVID-19 in regions of interest. For that, the popu-
lation can be divided into four subpopulations, which
can be described with the following parameters and
compartments:

e S(t,x) denotes the susceptible population,

e E(t,x) is the exposed population to COVID-19 by
the contact with an infected,

e I(t,x) denotes the infected population,

e R(t,x) is the population of removed/recovered,

e [ > 0 is the transmission rate from the susceptible
population to the infected population,

e A > 0 comprises new births and new residents per
unit value of time,

e 1 > 0 is the rate of death,

e v > 0 is the transmission rate of confirmed
infected people from the exposed population (1/~
is the duration of the latent period).

e a > 0 is the removed/recovery rate from the
infected population (the time spent in the “infec-
tious” compartment is 1/a).

e ds,dg,d; and dgr denotes the diffusion coeffi-
cient of the populations S(t,xz), E(t,x),I(t,x)
and R(t,x), respectively.

Using the arguments of [12,36], we can describe the
disease epidemic models with spatial diffusion given by
the following partial differential equations of parabolic
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type with Neumann condition:

83((;’ D) L 4sAS(tx) — BS(t ) I(E x)
—uS(t,x) + A,
% = dpAE(t,z) + BS(t, 2)I(t, )
—(n+7)E(t, ),
o1 S£ 2 AL 2) 2Bt a) ™
—(p+a)I(t, z),
% =drAR(t,x) + al(t, x)
—uR(t, ),
(t,z) € (0,00) x £,
5(0,z) = So(z), E(0,2) = Ey(z), ®)
1(0,z) = Ip(x), R(0,z) = Ro(z), x€Q,
8nS(t,x) = . B(t,z) = OuI(t, ) o

= OpR(t,x) =0 for z on IQ and ¢ € (0, 0),
/ S(0,)+ E(0,2)+ 1(0, 2) + R(0, 2)dz = N. (10)
Q

S

Let U = . The problem (7)-(10) can be

E
I
R
formulated as an abstract Cauchy problem:

U't)+ AUty = FU), t>0, (an
UWO)=Uy € X,
where
So
_| o
=11
Ry
1—dsA 0 0 0
e 0 1—dgA 0 0
o 0 0 1—d;A 0
0 0 0 1—dgrA
A—BS(t,x)I(t,x) — uS(t,z) + S(t,x)
FU) = BS(t,x)I(t,z) — (v + p)E(t, x) + E(t, z)

al(t,x) — uR(t,x) + R(t, x)

In (11), the space X is defined by X = L?*(Q) x L?()
x L?(Q) x L*() under the norm

2

_ (/ ISI2+ (B2 + |1 + |R|2dm>
Q

o~ O,
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It is easy to verify that X is a Hilbert space. We define
the D(A) by

S
D(A) = ? €X:S8,EIRcH%Q)

R

A. Global Existence, Positivity of Solutions

In the sequel, we show the existence of local solu-
tions associated with the system (7)-9.

Theorem 3. For each initial function
(So, Eo, In, Ro) € L*(Q) x L*(Q) x L*(Q) x L*(Q),

the problem (11) admits a unique local-in-time solution
= (S, E, I, R) in the space

S,E,1I,R €C([0,Ty,]; L*(Q))N

C((0, Ty : L*($2)) N C((0, Tage s HF (2)),
where Ty, is a positive constant depending only on the
norm ||Sol| 2 + [| Eollz> + [[ol[2 + || Rol|z>-

Proof: We denote by £>°() = L () x L () x
L>(Q) x L*(Q) with the norm || -
I lzee 1 llzee + [ - |z~ and

leoe =1 -l +

As 0 0 O
0

o ag o
A=10 0 4, 0
0 0 0 Ag

Where A¢ are realizations of operators 1 — dgA¢, with
¢ = S,E,I and R, respectively, in L?(Q) under the
Neumann boundary conditions on 0f).

By [35, Theorem 2.4] we get that A is a sectorial
operator of X with angle 0 < wy < g Furthermore,
according to [35, Theorem 16.7],

D(A}) = H*>"(2), if 0<n< g
DAY = HZ(©@),  if S<n<
Let F(U;), i = 1,2, be
F(Us) =
A= BSi(t,x)I;(t,x) — pS;(t, ) + S;(t, =
BSi(t, 2)Li(t, x) — (v + p) Ei(t, x) + Eq(t, x)
VEi(t x) — (a+ p)Li(t, ) + L, x)
al;(t,x) — pRi(t,x) + Ri(t, x

Biomath 12 (2023), 2307207, https://doi.org/10.55630/j.biomath.2023.07.207

By Hy(Q) C L=(Q) with 3 < < 1, we get

| F () — F(Us)|”
< C(IS1l < 10 = L7z + | 12)7< 151 — S22
+ 151 = Sall72 + | Bx — Ezll7z + |1 — L2l7-
+ ||R1 — Ral|72)

C(UISillzes + [1Brllz + M1l + 1Ryl Le<)?
N = LallFz + (151 — Sall7a

- (I192llzoe + 1 B2l o + [ I2)| e + | Rallzo<)?
+181 = S2l|Zs + | By — B[

+ I = L7z + | Ry — Ro72)

C((IS1llze + 1Bl Lo + Hallzos + [ Rallzos
+ 1S2llze + | B2l + T2l + [ Rz )?

(IIS1 = Soll32 + | By — Eall7 + I — 2|3
+ [|R1 = Ral|72) + [1S1 — Sall72 + | By — Eall7-
+|IIn — L7 + |Ry — Ra|72)

<C((1AES1 112 + AL Ell L2 + AT 1| 2
+ [[AR R[22 + | A S|l L2 + (AL E2l| L2
+ AL L2 + [[ AR Roll£2)? - ([[S1 — Sall7-
+||Ey — Bal|72 + |1 — L|[72 + [|R1 — Ra|72)
+ 151 = Sall72 + | By — Ezl7e
+ I = Lll7: + | Ry — Rell72)

< C(IA | + | A"Us || + 1) |th — Us |,

with Uy, Us € D(A"), where

s
D(A") = ? €X:8EIRecHY)
R

By Proposition 1, the problem (7)-(9) has a unique local
solution in the function space

S,E,I,R €C([0,Ty,]; L*(2)) N
CH((0, Ty J; L*(€2)) N C((0, Ty, ); HR (€2)).

Theorem 4. For any given initial data satisfying the
condition (7)-(10), there exists a unique solution to
the problem defined on t € [0,Ty,] and this solution
remains nonnegative for all t € [0,Ty,].

Proof: We will show that S(t) > 0, E(t) > 0,
I(t) > 0 and R(t) > 0 for all 0 < ¢t < Ty,. For this
purpose, however, we have to introduce the modified
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nonlinear operator
A = B3(t,0)I(t,2) — puS(t, ) + S(t, )
BS(t,a)I(t,2) — (v + n)x(ReE)(t, )
+x(ReE)(t, ) N
I(ReB)(t,2) — o+ p)(t,2) + 1(1,2)
ol(t,x) — pR(t,z) + R(t, )
where x(u) denotes a function such that x(u) = 0 for
—00 < u < 0 and x(u) =wu for 0 < u < co. We have
to consider the auxiliary problem
u'(t) + AU(t) = FU),
U©O) =Uy € X,

FU) =

t>0,
(12)

It is clear that the new nonlinear operator F also
satisfies (2) with the same exponent 1 because

Ix(Re u) — x(Re v)| 2 < |lu—v| for u,v € L*(Q).

Therefore, (12) possesses a unique local solution
U = (S,E,I,R) on an interval [0,Ty,] in the same
functions spaces S,E,I,R € C([0,Ty,]; L*(Q)) N
C((0, Ty, ]; L2(Q ) N C((O TMO] HZ(Q)). First, we
will show that S(t) > 0, E(t) > 0, I(t) > 0 and
R(t) > 0 for all 0 < t < Tyy,.

We note that ¢/(t) is real-valued. Indeed, the complex
conjugate U(t) of U(t) is also a local solution of (12)
with the same initial value Uy. From the uniqueness of
solutions, U(t) = U(t), hence U(t) is real-valued.

Let H(-) be aCl! custoff function such that H (u) =

v % for —oo < u < 0and H(u )_Of0r0<u<oo By
Yag1 [35, page 52], the function t(t) = [, H
is continuously differentiable. _

Computing the derivative of () with u(t) = S(¢),

we get

) = /Q H'(5) (t)dx
- /Q H'(3)(A+ dsAS(1) — BS()T(1) — S (1) ) d
s / 7($)A5(t)dz + A / 7'(S)da

Q Q

- [ #ESOEI0 + i
Q
By the property (1.96) from [35], we can get

/ H'(S)ASdz = — / VH'(S) - VS(t)dx

VH'(S)-VH'(S)dx
Q

—/ IVH'(S)|?dz < 0,
Q

Biomath 12 (2023), 2307207, https://doi.org/10.55630/j.biomath.2023.07.207

therefore

Y (t) = —dg/ |VH’(§)|2das+A/QH’(§)dx

/ HE
Since H'(S) <

- / H'(8)S(1)(85 () +

< CIH'(S)S (1 + 18] )
< CIHS) o (1 + (18]l = + | Bl L~
+ [Tz + | Rll )
< CIHS) o (1 + (1Sl m20 + ] o
+ Ll gr20 + | Rl pr2n)
= CY)(L+ 1S m2n + | B prn
+ [T 2 + || R gr2n)-

BI(t) + p)da.

p)d

Therefore

(1) < Cp()(L+ AU
Thus, by Lemma 1,

W(t) < (0)eC Js AFIIAU@)dr

Using the bound JAU(T)|| < Cyyr ", which means
that [ A"U(7)| is integrable in 0 < ¢ < Ty,. Hence,
¥(0) = 0 implies ¢(t) = 0, namely S(t) > 0 for
0<t<Ty,.
__ Now, computing the derivative of v (t) with u(t) =
I(t), we get

'(t) = /Q H'(DI(t)dx

= [ B DA+ 1(Ew) - -+ ] (0)do

—d / /(DAL dz + 4 / (D (E(1))dz
—(a+p) / (D Tde

:—d1/|VH 2d:c+'y/H ))dx

—2(a+ p) /Q H(D)dx

By H(I) > 0and H'(I) < 0 we get ¢/ (t

Q
<
=

Therefore v(t) < 1(0)e“*. From (0) = O, we get
Y(t) = 0, this implies I(t) > 0 for 0 < t < Tyy,.
From the same argument before, we get E(t) >0 and
R(t) >0 for 0 <t <Ty,.
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_We now note that Y(E(t)) = E(t), which implies
U is a local solution of the original problem (11) too.
The uniqueness of solution then implies &/ = U/. Hence
S(t) >0, E(t) > 0, I(t) > 0 and R(t) > 0 for
0 <t <Ty,. Now we have the possibilities:
o If TL{O > Ty, we have finished the proof.
o If not, we define Ty = sup{0 < T < Ty, : S(t) >
0,E(t) > 0,1I(t) > 0,R(t) > 0 for every 0 <
t < T}. From

/ H(S(Ty))d
Q

we see that S(Tp) > 0. By a similar argument, we
have E(Ty) > 0,1(Tp) > 0 and R(Tp) > 0. So,
if Ty = Ty,, we have finished the proof.

o If Ty < Tyy,, we will consider again the problem
(12) but with the initial time 7 and the initial
value U(Tp). Repeating the same argument as
above, we conclude that there exists a 6 > 0 such
that S(t) > 0, E(t) > 0, I(¢t) > 0 and R(t) > 0
for every Ty <t < Ty +9. This is a contradiction,

r = lim
t—=Ty JQ

hence Ty = Ty, .
The above arguments imply the non-negativity of
solutions for all 0 < ¢ < Tyy,. |

B. Boundedness of Solutions

In the next results, we show the boundedness of
solutions.

Lemma 2. Let (S, E, I, R) be a local-in-time solution
to (7)-(9). Then, it holds that

A|Q

5@ < e+ 22

AlQ)
1@ < e+ A

Al
Ol < et + MU

IR0l < e+ 22
Proof: Let
= /Q S(t,z) + E(t,x) + I(t,z)dz + R(t,x)dx.
Using the Green’s first identity we infer
N'(t) = /Q dsAS(t,7) + deAE(L 2)

+ dIAI(t, l‘) + dRAR(t, J})
+A—pS(t,z) — pE(t,x)
—pl(t,z) — pR(t, x)dx
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8988 ds—i—d;/m—ds
+dR/mads+/A u(S(t,z) + E(t,2)
4 I(t,2) + R(t,x))da
- /QA (St x) + E(t,2) + I(t, 2) + R(t, 2))da
< MO — uN(2).

By Lemma 1,
N(t) < e MN 4 —= AIQI
therefore
IS+ B0 + 1)+ RO < e 8 + 22

From S(t) > 0, E(t) > 0, I(t) > 0, and R(t) > 0 for
all 0 <t <1y, we get

IS0z < e N + ALQ

IB@lp < e N + ALQ

0l < ev + 22

IR0 < e N + ALQ

|
Now we show the existence of global solutions for
the problem (7)-(9).

Theorem 5. For any given initial data satisfying the
condition (7)-(9), there exists a unique solution to the
problem defined on [0,00) and this solution remains
nonnegative and bounded for all t > 0.

Proof: Let S,E,I,R € C([0,Ty,]; L*(Q)). We
have that S, E, I, R are bounded in L? norm in [0, 7]
with T' < Ty, . For all ¢ > T, we consider

/ SS'dx = / dsSASdx + / AS — uS? — S?Idx
Q Q Q

—/ ds|VS|2dz +/ AS — uS? — BS*Idw
Q Q

2
L) ot e
Q
+/—dm<——/|5\da:+ Ql.
Q 21

T'herefore
< — -
th/ \S| dx / |S| dw—i— |Sl|

7/14


https://doi.org/10.55630/j.biomath.2023.07.207

Carvalho dos Santos et al., Well-posedness and qualitative analysis of a SEIR model with spatial diffusion ...

By Lemma [, we infer
_ A?
1S@)72 < [SO)[[72e7 + EIQ\-

Multiplying the third equation of the system by I(-),
we get

/I’Idx:/dIIAIdJU—F/vIE—(a—G-u)Ide,
Q Q Q

and

1d [, .,
th/\l\dw

:—dl/ |VI|2dx+/nyI—(a+u)12dx
Q Q

< /Q (a0 + )| 12dz + 7|1 o | B 11
< —(atp) /Q T2z + AT 20 | B 1
<

(ot p) / I2dz + || AT 2| Bl 1
Q
C
<o+ [ 1P+
C’
< —(a+p) / 1o+
By Lemma 1, we show

C

()72 < e 1(0)][72 + (CEnIk

Now, multiplying the second equation of the system
by E(-), we get

/EE’dx:/dEEAde—/(u+7)|E|2dx
Q Q Q
+/BSEICZ$
Q
- dEIVE|2da:—/(/A+’Y)|E|2da:
Q Q

+ / BSEIdx.
Q

By the Holder inequality and Lemma 2, we get

/ BSEIdx < B El|p~||SI| 1:
Q

< BlIEl a2 Szl 1] 2

< BIATE| L2 (S]] 2 1 1]] 22
C C

<o ST

= T
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From the previous argument, it follows that

c
20 < — 2
th/ |E|?dx /(’y+u)|E| dx + T

By Lemma 1, we get
I
(v + T

Multiplying the fourth equation of the system by
R(-), we get

1EI: < IE©)[32e720%" +

/ R'Rdz = / drRARdx + / alR — pR%dx
Q Q Q

= —/ dR|VR|2dx+/ alR — pR%*dx
Q Q

2 2
o M Q2 Hpo
< — I—[R) + —I“ — = R%dx.
/Q (m 2 2’ 2
Therefore,

/|R\ d + 2 /|R|2dx< e < .
By Lemma 1, we infer
C
IRIZ> < [[R(O0)[|Z2e7"" + "

By Proposition 2, the solution S(-), E(-), I(-) and
R(-) of (7)-(9) are globally defined for all ¢ € [0, 00).
By previous argument and Theorem 4 we obtain the
unique solution of (7)-9 which is positive and defined
for all t > 0. | |

IV. STABILITY ANALYSIS
A. Local Stability

In this work, the basic reproductive number is given

b
’ ABy
(47 + )
As we claim in the sequel, the disease-free equilibrium
point is asymptotically stable for Ry < 1. This result

is similar to the epidemic models completely described
by ordinary differential equations [36].

0=

Remark 2. In [37] the authors show that the ba-
sic reproduction numbers for the partial differential
equations epidemic models are the same for their
corresponding ordinary differential equations models in
several important cases.
Let
vE — (a4 p)I, ol — uR).
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The system (7) has two constant equilibrium points.
The disease-free equilibrium point is

A
EO = (50507070) = (,le’O’O’O) )

and the endemic equilibrium point is

e g e ey (V) ()

El _(S 7E aI aR )_( ﬂ'}/ )
plp+ ) 0 o
T(Ro—l% B(Ro—l)» ﬁ(Ro—l))'

In the next result, we show the local asymptotically
stability of disease-free equilibrium.

Theorem 6. If Rg < 1, the disease-free equilibrium
point Ey is asymptotically stable.

Proof: Let A = DF(Ep) be the Jacobian matrix
of F(-). By Theorem | and Theorem 2 the equilibrium
point Ej is asymptotically stable if for each nonnegative
integer ¢ the eigenvalue of the matrix A — p; D have
negative real part where p; are the eigenvalues of —A
and

|0 dg 0 o0
D= 0 0 dr 0
0 0 0 dg
Let
A— /LzD — f[ =
—p— pids — & 0
0 —(y+ ) = pide — €
0 Y
0 0
35S 0
BSo 0
—(a+p) = padr = ¢ 0
« —p— pidr — §

Computing det(A — p; D — £I) = 0, we get
det(A — ;D — &)
= (—p— pads — €)(—p — usdr — E)a,
where
a =&+ (uide + pads + (a+ 1) + (v + )&
+ i dpds + pilac+ p)dp + (v + p)ds
+ (o + p) (v + p) — BSov.

The eigenvalues are £ = —pu — p;dg, £ = —pu— pidg
and the rest of the eigenvalues have negative real part
if @ = 0 has roots with a negative real part. But this

Biomath 12 (2023), 2307207, https://doi.org/10.55630/j.biomath.2023.07.207

is true since Ry < 1. This implies that the equilibrium
point (S, Eo, Iy, Ro) is asymptotically stable. [ |

Theorem 7. If Ry > 1, the endemic equilibrium point
FE1 is asymptotically stable.

Proof: Let A = DF(E;), for each non-negative
integer ¢, let

A— D — €l =
—p =PI — pids — ¢ 0
pr —(v+ ) —pide —§
0 g
0 0
—BS* 0
BS* 0
—(p+a) — pidr — € 0
a —p— pidp —§

Make det(A — u; D — £I) = 0 by
det(A — ,uZD — EI)
= —(—p — pidr — &) (& + a28® + ar1€ + ap),

where

ao = (BI* + p+ pids) (il + p)de + pi(y + p)ds
+pidrdp + (a4 p) (v + p) = 8257,
a1 = (BI* 4 p+ pids) (pidp + pads
+ () + (v + )+ (a+p)(y+p)
+ pila+ p)de + iy + p)dr + pidrdg,
az = BI" + p+ pids + pidp + pidy
+la+p)+0+mn).
We get that £& = —pu — p;dg is an eigenvalue and the
rest of the eigenvalues have negative real part if
E+a®+aml+ap=0

has roots with negative real part. Using 8S*y = (o +
w)(u + ) we have ag > 0, a; > 0 and aza; > ap.
By the Routh-Hurwitz criterion we obtain £3 + ax£2 +
a1€+ap = 0 has all roots with negative real part. From
Theorem 1 and Theorem 2 we get that the equilibrium
point (S*, E*, I*, R*) is asymptotically stable. [ |

B. Global Stability

In this section, we apply the theory of Lyapunov
functionals method to study the global stability of
the SEIR model for COVID-19 with spatial diffusion.
The method is based on the construction of Lyapunov
functionals for partial differential equations using the
knowledge of Lyapunov functions for ordinary differ-
ential systems [27].
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Theorem 8. If Rog < 1, the disease-free equilibrium
point Ey is globally asymptotically stable.

Proof: We define the Lyapunov function on X =
L?(Q) x L?(Q) x L?(Q) x L*(Q) by

V) = /Q L(S, B, I, R)dx

where

1
L(S,E,I,R) = 9(5—50—50 In 5) T E
0

1
+-1.
e v

It is easy to see that

avuwm)
T_/QL(S,E,I,R)da:

1 1
:/9(1—50>S’+E’+I’dx
0 S pAy gl
:dse/ (5= 50) N ggy 4 92 /Ade
o S pty Jo

Jrﬂ/AIdCE+/2A97955179,LLS
Y Ja Q

2
L s SI+(%A ’”O‘)Id
n y

wS o opty

1
Change § = ——,
pty

AV (U(t) V|2
— = dSGSo/Qida;

We define
0 (1 +a)
)= | —(A—puS)?+—"—"2(1 - Ry)Ida.
o) = [ o=+ L0 - Ry)

By integration from 1 to ¢, we get

VUb) - V) < - / o (5)ds,

and we have [~ ¢(s)ds < V(U(1)) < oo.

The positivity of ¢(t) indicates that ¢(t) — 0 as
t — oco. We have the convergence to the S(t) — Sp in
L?—norm and I(t) — 0 in L*—norm.

Now we have again as in the proof of Theorem 5

EE'dx = — | dg|VE|*dr — / (u+ v)E*dx
Q Q Q

+ / BSEIdzx.
Q
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By the Holder inequality, we get

2dt/ |E*dx + (u+7) /|E\2d:r,

< / BSEIdx
Q

< Bl ElollS = Sollz2 ]|z + BSoll Elloc [ 1]] 1
< CllEN a2 (IS = Sollz2 + [Mlzr)
< CHA"EHLz(HS Sollz2 + []L+)

< *(IIS Sollzz + ][ L1)-

=
From Lemma 1, we have
4+ 2C
IE[3. < [E0)]|32e7 " +
L L (h+7)

¢

/ e TS (s) = Soll s + 1111 )ds
0

By the convergence of the S(¢) — Sp in L?—norm and

I(t) — 0 in L'—norm it implies that, for all £ > 0,

there exists 7' > 0 such that ||S — Sollrz + || I||zr <&

for all ¢ > T, therefore

rTy 20
E|2, < [|E(0)||22e "=t + e
1272 < | E(0)]|7: Gt )

T
/ e ;785777(”5(5) = Sollpz + [[][z1)ds
0
EE(t=8) g=ng s,

2C /t o
+ e
(w+7) Jr

This implies that E(¢) — 0 as ¢t — oo in L2-norm.
Using the same argument of the proof of Theorem 5
we arrive at the expression
d
dt

Bty

\I\ dr + (a+ p) /|I| dx

2
5/77 -
o 2(a+p)

By Lemma 1, we obtain

HOIZ- <

|E|*dz.

2
o y
e +”)t||f(0)||%2 + Aa+p)?

t
/ e” HE=)| | B(s)|| 7 ds
0

2
< —(atp)t 1(0 2 i
< O+ 5

T
/ 6_(a+“)(t_s)||E(S)||i2dS
0
2

t
Y —(a+p)(t—s) 2
4+ — e E(s ds.
2(a+/'(‘)2/’1“ H ( )”L2
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From the previous statement, it implies that I(t) — 0
as t — oo in L2-norm as t — oo.

Multiplying R(-) in the fourth equation of the system
(7), and repeating the same idea as before, we get

/|R\ o+ 2 /|R|2d:c<—||l||L2

By Lemma [, we get
2

a t
e /O e M=) I(s)]| 2ds.

From the previous statement implies that R(t) — 0 as
t — oo in L2-norm as t — oo.

Therefore, (S, E, I, R) converge to (Sp,0,0,0) in the
X = L%(Q) x L3() x L?(Q) x L*(22) norm. This
completes the proof. [ ]

Theorem 9. If Ry > 1 and ds = dg, the endemic
equilibrium FE4 is globally asymptotically stable.

IRIZ2 < [[R(O)[|72e7""+

Proof: We define a Lyapunov function

VU®) = /Q L(S, B, I, R)dx

and
S
L(S,E,I,R) = 91(5— S* — S*lnS*>
v ey P
+02<E—E —F lnE*>
+03<I—I* —I*lnI>
I+ )’
where 61, 05, 03 are positive constants. Then

avu(t))

S* ,
dt _/991(1_5)3
E* I*
1— E’ 1—=— ) I'dz.
+92< E> +93< I) dx

Substituting the previous equations of the system in the
expressions and using the first equation in equilibrium

A = BS*T* + puS*,

we get
2
avut) _ /d 0, S*IVSI  dpE* 0, |V |
dt
I2 o Qx
oo [ S5
2 o 3
*2]*
—01551—91555 1 6.85"1
E*SI .
0,881 — ba(u+ )E — 0,72 gyt m)E

*

I*E
+937E—93(M+a)l—937 7 +05(pu + a)I*dx.
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Making 6; = 6> and using the equation in the equilib-
rium,

BS*I*
E* —,[L-'—’}/,
VET = (p+a)l”,
8" = u+v)(u+a)7

v

and choose 03 such that 03 = 0, Pt 7, we get

O1(p+7)E" = 60,8S"T",
01851 — 05(11 + )T = 0,
OsvE — 61 (1 +7)E =0,
9371*E _ BS*I?E
I IE* 7’
O3(p + a)I* = 0,85 I*.

Using the previous equalities and the relation between
geometric mean and arithmetic mean, we get

2 2
VD __ [ 5+1T5E 40,7122
dt 2
VI (S — 5
+d]63[ def QGLLLT
. S* I'E  E*SI
i (S_S_IE*_ES*I*>d$
o oQ*)2
< - Hl,u(s 5%) dz.
Q S

_oQ*)2
Defining ¥(t) = / Olu%dx. By integration

from 1 to t, we get
t
- [ wlas
1

where [~ 9(s)ds < V(U(1)) < co. The positivity of
1 (t) indicates that ¥ (t) — 0 as t — oo.
We note that

JRCEESEEE /Q e

1S oo b(t)

VU) - vu)) <

Sdx

_aﬂ

C
< —||A"S(t t) < —(t 0
_01u” Ollz2v(t) < o) =
as t — oo. This implies the convergence to S(t) — S*
in L?—norm.

Using that A = —dgAS™ +B8S*I" +uS*, ( =ds =
dg and multiplying S — S* and £ — E* in the first

11/14


https://doi.org/10.55630/j.biomath.2023.07.207

Carvalho dos Santos et al., Well-posedness and qualitative analysis of a SEIR model with spatial diffusion ...

equation of (7) we get

/S’*S;das:/CS*AS*dx—/,qu—BS*S**dx,
Q ) Q

(13)
/ E. Sldx = / CE,AS. dx — / uE,S,
Q Q Q
- BE.S, . dx (14)
where we replace for readability
S, =(S-85%, E,.=(F—E"), S,,=(SI—-5"T").

By dgAE* 4+ 8S*I* — (u++)E* = 0 and multiplying
E — E* and S — 5™ in second equation of (7) we get

E Eldx= | ¢CE,AE dx — / (4 ) E2dx
Q Q Q

+/ BE.S, . dx, (15)
Q

/S*E;dx:/(S*AE*dx—/(u—l-’y)S*E*dx
Q Q Q

+/ B8S.5, . dz. (16)
Q

Adding the previous equations (13)-(16) we infer

d

= (S + E,)%dx = —( (VS*+VE*)2da:

—,u/(S*JrE*) dzf’y/Efdxf’y/S*E*dz
Q
<- “/w+E /Wm
—V/Sde—f/SQd—i- /Sde

g—m/(S*—&-E*) dx+—/Sfdx.
2 Jg 2 Jo

This implies

d

= (S +E,) dm+(u+'y)/Q(S*+E*)2dx

< 'y/ Sfdx.
Q

From Lemma 1, and replacement back of S, and E,,
we get

IS — S* +F — E| 1

< e~ 5(0) — S* + E(0) — E*|| 2

t
I — O O

S* deS.
pty .
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Therefore

IE—=E*le2 <||S= 5"+ E = E*||lL2 + S = 57|

< e S(0) — S+ E(0) — E*| 2
t
g} / ~( (=9 1 5(5) — S
_— e s) — 2ds
ey A [1S(s) 2
15 =Sl 2-

This implies that E(t) — E* as t — oo in L?-norm as
t — 00.
Using that d;AI* + yE* — (u + «)I* = 0 and
multiplying I — I'* in third equation of (7) we get
/ (I—IY(I-I)de = [ di(I—TI)AI - T*)dz
Q Q
4 [AE =B =T~ (et a1 - 1),
Q

from the same idea of Theorem 5 we have
* :u’ + « *
I —I*|%dx < — I —I")dx
5 LT = [a-ry
2
y
+/————E
a2(p+a) (
From Lemma 1, we infer

1)

— E*)?dx.

= I'|[72 < e @H|1(0) -
2

¢
g —(« —s *
+ (M+a)2/0 e~ (atu)t )”E(S)_E 17 2ds.

I*||Zs

From the previous statement, I(t) — I* as ¢ — oo in
L?-norm as t — oo.

Using dgrAR* + al* — uR* =
equation of the system (7) we get

0 in the fourth

(R—R")' =drA(R—R*)+a(l—I")— u(R— R).
Multiplying by R — R* and using the same argument

of Theorem 5 and Lemma 1 we get

IR — R*[|72 < |[R(0) -

e

Thus, R(t) — R* as t — oo in L?-norm.

Hence, (S,E,I,R) converges to the equilibrium
point (S*, E*, I*, R*) in the X = L2?(Q) x L?(Q) x
L2(92) x L?(Q) norm, finishing the proof. [ |

R [fae

#t=9)||I(s) — I*|| Lo ds.
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V. NUMERICAL EXAMPLES

To illustrate the analytical results of stability more
concretely, in this section we present numerical solu-
tions in one spatial dimension on the interval [0, 1]
which evolve to the disease-free (Fy) and endemic
(E1) equilibria asymptotically. For that, only the three
first equations of the system (7) are considered, since
R(t,z) has no influence on S(t,x), E(t,z), I(t,x).
Consistently with the Neumann homogeneous boundary
condition, we also set the initial condition I(0,z) =
sin?(rz), S(0,2) = 1 — sin?(7wz), and E(0,z) = 0.
As for the parameter values, these are listed in Table I.

The two representative cases we address here are
defined by different values of Ry changing the value
of 1. Based on the analytical results of stability derived
in the previous section, and according to the values
presented in Table I, the value of p = 0.5 implies
in Rg ~ 0.88 < 1 ensuring that £, = (2,0,0,0)
is globally asymptotically stable. On the other hand,
the value of 1 = 0.1 implies in Ry ~ 8.26 > 1,
ensuring that F; ~ (1.21,0.80,0.73,7.26) is globally
asymptotically stable. The respective numerical results
for these two cases are shown in Figure 1 (a)-(b), where
the constant values observed all over the domain at
t = 20 represent their respective steady states; Fj in
Figure 1(a), and F» in Figure 1(b). These numerical re-
sults are in agreement with Theorem 6 and Theorem 7.
Although the global stability cannot be entirely ac-
cessed by the use of numerical simulations, these results
are also consistent with Theorem 8 and Theorem 9.

VI. CONCLUSIONS

In this paper, we studied the well-posedness and
the qualitative behavior of equilibrium points to a
SEIR epidemic models with spatial diffusion for the
spreading of COVID-19. The well-posedness of the
model was proved using the theory of abstract parabolic
differential equations. The asymptotical local stabil-
ity of both disease-free and endemic equilibria were
established using standard linearization theory, and
confirmed by illustrative numerical simulations. The
asymptotical global stability of both disease-free and
endemic equilibria were established using a Lyapunov
function.
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