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A formal description of typical compartmental epidemic models obtained is presented by splitting the state into an infective
substate, or infective compartment, and a noninfective substate, or noninfective compartment. A general formal study to obtain the
reproduction number and discuss the positivity and stability properties of equilibrium points is proposed and formally discussed.
Such a study unifies previous related research and it is based on linear algebraic tools to investigate the positivity and the stability
of the linearized dynamics around the disease-free and endemic equilibrium points. To this end, the complete state vector is split
into the dynamically coupled infective and noninfective compartments each one containing the corresponding state components.
The study is then extended to the case of commensurate internal delays when all the delays are integer multiples of a base delay.
Two auxiliary delay-free systems are defined related to the linearization processes around the equilibrium points which correspond
to the zero delay, i.e., delay-free, and infinity delay cases. Those auxiliary systems are used to formulate stability and positivity
properties independently of the delay sizes. Some examples are discussed to the light of the developed formal study.

1. Introduction

Epidemic models have been widely studied in the last decades
involving several inter-actuating subpopulations with mutual
coupled dynamics. Important properties which have to be
required to the epidemic models for their well-posedness are
their solution positivity under any given nonnegative initial
conditions as well as their stability conditions around one of
the equilibrium points. Thus, relevant background literature
has dealt with the study of these issues for different types
of epidemic models, in both continuous and discrete-time
[1-5]. A general result is that the disease-free equilibrium
point is locally asymptotically stable when the endemic one
is not reachable and if this last one is reachable (i.e., allocated
within the closed first orthant of the real space including any
trajectory solution) then it is locally stable while the disease-
free equilibrium one is unstable. The reachability of the

endemic equilibrium point, as well as the stability properties
of the equilibrium points, is definitely linked with the value
of the so-called reproduction number (sometimes referred to
as “basic reproduction number” or “basic reproduction ratio”
in the literature [4, 5]). If such a reproduction number is less
than unity then the disease-free equilibrium point is locally
asymptotically stable and the endemic one is unattainable
(or unreachable) since it has some negative component for
some infective subpopulation. This fact implies the global
asymptotic stability to the disease-free equilibrium point
provided that all the infective subpopulations are asymptot-
ically stable. However, if the reproduction number exceeds
unity, then the disease-free equilibrium point is unstable and
the endemic equilibrium point is reachable (or attainable)
so that the disease becomes permanent through time. The
frontier between both situations typically occurs when the
reproduction number is unity. See, for instance, [6-12] and
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some references therein. In those studies, the first orthant of
the space state is an invariant subspace as a result of the non-
negativity properties of the state trajectory solutions which is
also an invoked property of other biological problems related
to species evolution dynamics. See, for instance, [13] and
some references therein. Since the reproduction number is a
very important tool to have a biological insight about if the
disease is either permanent (more than one contagion per
infectious individual, in average) or it extinguishes (less than
one contagion per infectious individual, in average) many
efforts have been done to calculate it for different epidemic
models, [4, 5]. The calculation is usually performed in a
case-by-case fashion providing the value of the reproduction
number for each particular considered model. It turns out
that there are no general analysis tools available in the
background literature to discuss those properties based on
general reasonable and generic assumptions independent of
the particular epidemic model. Although these kinds of results
are known from the background literature in a variety of epi-
demic models, they are revisited and presented here in a general
framework as a fruitful combination of algebraic results based
on positivity and stability of the linearized systems around the
equilibrium points. Thus, a general technique to obtain the
reproduction number and discuss the stability properties of
equilibrium points for any type of compartmental epidemic
models is proposed and discussed. The formal study is based
on linear algebraic tools to investigate the positivity and the
stability of the linearized dynamics around the disease-free
and endemic equilibrium points. Consequently, our results
unify previous research in this respect. To this end, the origi-
nal state vector is split into the dynamically coupled infective
and noninfective compartments each one containing the
corresponding state components. The infective compartment
includes the dynamics of all the infective subpopulations
in the model, typically, the exposed, asymptomatic and
symptomatic infectious and dead-infective, if considered in
the model. The noninfective compartment is composed of
the subpopulations being free of the disease and typically
contains the dynamics of the susceptible and the recovered.
For the subsequent study development, the characteristics
of the state transition matrices of the linearized infective
compartments around the equilibrium points of the epidemic
models, which are Metzler matrices, [14, 15], as well as
their stability properties and the relations of their properties
to those of their opposite M - matrices, are seen to be
crucial mathematical tools. The main reason is that the
linearized epidemic system versions around the equilibrium
points have also to possess nonnegative solution trajectories
since the whole epidemic model has nonnegative solution
trajectories under any given nonnegative initial conditions. In
particular, such state transition matrices define the so-called
next generation matrix [4] of the infective compartment. The
maximum modulus of such a matrix is the relevant parameter
to characterize the stability of the infective compartment
and it often determines the disease reproduction number.
It is also a crucial fact in the analysis the property that the
transmissions matrices F of such linearized systems around
the equilibrium points are nonnegative. If the Perron root
of the auxiliary matrix (next generation matrix) FV ', with
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(=V) being the disease transition matrix, i.e., its maximum
real positive eigenvalue, [2, 3, 16], is less than unity then the
linearized system around the disease-free equilibrium point
is proved to be locally asymptotically stable and conversely. It
is also proved that the reproduction number is linked to the
Perron root of the above auxiliary matrix, which coincides
with its spectral radius in typical examples of epidemic
models. The presence of delays is an important modeling tool
in epidemiology [11, 17] in cases when there are successive
outbreaks and regrowths of the disease intensity caused by
increase of the transmission vector numbers or external
immigration to the environment under study in the model.
Therefore, once the above general algebraic framework is set
for delay-free models, the above study is extended to epidemic
models under, in general, incommensurate (in the sense that
they are not all integer multiple of the smaller, or base, delay)
state point delays, [18]. The case of commensurate delays is
a particular case of the above one when all the delays are
integer multiples of the base delay [19-23]. Two auxiliary
delay-free systems are defined related to the linearization
processes around the equilibrium points which correspond
to the zero delay, ie., delay-free, and infinity delay cases.
Those auxiliary systems are used to formulate stability and
positivity properties, independent of the delay sizes, for the
whole epidemic model. As a result of the developed formal
treatment, the reproduction number in the delayed case is
not directly given by the spectral radii of certain matrices
related to the delay-auxiliary free and infinity delay linearized
systems around the equilibrium points. Those spectral radii
are, in general, lower bounds of the reproduction number.
In particular, they give a guaranteed worst-case measure of
guaranteed stability of the disease-free equilibrium point.
The remaining main body is organized in two more
sections referred to the model analysis in the delay-free case
and under the presence of delays. The positivity and stability
of the solutions in both cases are formally discussed in a
general context, rather than for specific models, based on
the linearization analysis on the infective compartment for
the disease-free and endemic equilibrium points. Illustrative
examples referred to the formal links of the presented
mathematical framework to particular epidemic models are
discussed. Two given appendices are given which contain
auxiliary technical results on stability of Metzler and M-
matrices and on the uniqueness of the equilibrium points.

1.1. Notation

p=1{12,....,p}

Ry, =R, U{0} ={reR:r>0s5R, ={reR:r >0},
Ri_=R_U{0}={reR:r<O0h5R_={reR:r<0}
Cyp, =C,U{iw: we R} ={z e C:Rez >0}
C, = {z € C: Rez > 0} i = V-1 is the complex
unity; C(0,1) is the closed circle in C centred at 0
and radius one of boundary 0C(0, 1) (that is, the unit
circumference),

C). =C_U{iw: w e R} ={z € C:Rez <0}
C_={zeC:Rez< 0}
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IfA = (A;) € RPthen (1) A x
nonnegative matrix) means that Aij >0;Vie pVjeaq.
An equivalent notation is A € Rgfq. Similarly, if A, B € RP*1
then A > B means that A — B > 0 and A < 0 means that
—(A) > 0.

(2) A > 0 (in words: A is a positive matrix) means that
A(# 0) > 0, thatis, A > 0 with at least one positive entry.
Similarly, if A, B € RP9 then A > B means that A— B > 0
and A < 0 means that —(A) > 0.

(3) A >> 0 (in words: A is a strictly positive matrix)
means that A;; > 0; Vi € p, Vj € g. An equivalent notation is

A€ foq. Similarly, if A, B € R”*I then A >> B means that
A - B >> 0and A << 0 means that —(A) >> 0,

Itturnsout that A >> 0= A>0= A > 0.

The logic conjunction (“And”) and logic disjunction
(“Or”) of propositions are defined by the symbols “A” and
“v,” respectively. The logic negation (“No”) is defined by the
symbol “=”. For instance, if A € RP”*? then =A = (A;;) > 0
means that A;; < 0 for some (i, j) € pxq.

For vectors v € R”, similar nonnegativity, positivity, and
strictly positivity notations are used, namely, v > 0, v > 0,
v >> 0 and the corresponding nonpositivity, negativity, and
strict negativity counterpart notations.

I, is the identity n-matrix, and superscript T' denotes a
matrix transposition,

p(A) = |A i (A)] is the spectral radius of A € RP*?,

A € RP*? is a Metzler matrix, denoted by A € MEF, if
A;; 2 0;Vi, j(#1) € p,

A € RP*? is an M-matrix if A;; > 0 and Ajj < 0;Vi, j(#
i) €p,

IF(s)lls is the H,, - norm of complex rational matrices
F : C — CP*1 which are analytic in Res > 0; s € C. The

« »

argument “s” stands for the Laplace transform argument.

0 (in words: A is a

2. Results for Delay-Free Epidemic Models

A general compartmental disease model of dimension (m +
n)can be written as [1]

() =F(x(®),y®)-V(x@®),y®)
=(F-V)x(@®) - f(x®),y(®)
y()=g(x(),y®) 2

for any given z(0) = (xT(O),y(O)T)T, where n and m are
the respective dimensions of the disease and nondisease
compartments of respective state vectors x(t) and y(t),
F € R" and (-V) € R™ are, respectively, the disease
transmission and state transition matrices of the linearized
system around the disease-free equilibrium point, and

fx@®),y®))=F-V)x(@t)-F(x@®),y ()
+V(x(t),y ) =0(z®)G(z ()

describes the higher-order contributions to the infective
compartment dynamics, where z(t) = (T (@), yT(t))T is
the whole model state vector, 8(z(t)) is the scalar positive

bounded incidence rate, and G(z(t)) = F(z(t))z(t), where
G(z(t)) € R™™™ jg partitioned block matrix function
of the form G(z(t)) = [G,,(y(t)) ny(y(t))]. We can also
rename, by obvious reasons, the state vectors x(t) and y(t)
of the disease and nondisease compartments as the infective
and noninfective compartment (or substates) of the epidemic
model, respectively. The following assumptions are made.

Assumptions 1. F,(0, y(t)) = Vi(0,y(t)) = 0;Vi € n =
{L,2,...,n}, Fi(x(t), y(t)) = 0, V;(x(t), y(t)) < 0 when x; = 0,
and Y, Vi(x(t), y(t)) > 0 for all x(¢), y() > 0.

The conditions of Assumptions 1 are invoked for the
nonnegativity of the state trajectory solution for initial con-
ditions in the first orthant and for the local stability of the
disease-free equilibrium point in the absence of infection,
i.e,, under a zero reproduction number. See [1-3] for more
specific details. In [1-3], the matrices F and V are real square
n-matrices defined as the following Jacobian matrices around
the disease-free equilibrium point z;; = (o7, ygf)T:

[Pl

ax]-

>

oV; (0, ya)
axj

The following assumptions on the above Jacobian matrices
are reasonable in the context of epidemic models [1]. The
notations F, V stand through the manuscript for the Jacobian
matrices around the disease-free equilibrium point. The
notations F,, V, stand for their counterparts around the
endemic equilibrium point x,,; while the notations F,, V,
stand for any generic equilibrium point z,,. It is well-known
in many typical existing epidemic models that z,,; and z,;¢
are coincident when the reproduction number is unity.

Assumptions 2. (a) The disease-free equilibrium point zgp =
(o7, ygf)T is unique and the noninfective substate dynamics
y(t) = g(0, y(1)) is locally asymptotically stable.

(b) The minus transition matrix V of the infective states
of the linearized infective subsystem around the disease-free
equilibrium point is a nonsingular M-matrix with V™' > 0
while the corresponding transmission matrix fulfills F > 0.

The above assumptions are very relevant from a physical
point of view having in mind that (=V)) and F are, respectively,
the transition and transmission matrices of the linearized
system around the disease-free equilibrium point while (F —
V) is the matrix of the dynamics of such a system. It turns
out, in practice, that F = 0 if and only if the coefficient
transmission rate f is zero, that is, there is no disease
contagion in practice. Some conditions for the uniqueness of
the disease-free equilibrium point are given in Theorem B.1
of Appendix B based on the implicit function theorem. Some
conditions are also given for the uniqueness of the endemic
equilibrium point in Theorem B.2 of Appendix B based on
the Rouché-Frobenius test for compatibility of solutions in
algebraic systems. This alternative way of proof is taken on
the basis that distinct endemic equilibrium points can have



distinct disease and nondisease endemic steady-state equi-
librium compartments while the disease-free equilibrium
has always zero infective substates. Both theorems are also
valid for the case of presence of internal delays. Note that
Assumption 2(b) can be stated in the following equivalent
form (see Theorem A.1 of Appendix A):

Assumption 3(b). The transition matrix (-V) of the infec-
tive state of the linearized system around the disease-free
equilibrium point is a stability Metzler matrix while the
corresponding transmission matrix fulfills F > 0.

Note that Assumption 3(b) is of a clear interpretation for
the linearization around the disease-free equilibrium point
while its equivalent form of Assumption 2 is easy to test since
itisnot needed to calculate the allocation of the eigenvalues of
the matrix (-V). Note also that F = F(R,, ydf) > 0 depends
on the disease-free equilibrium substate of the noninfective
components and on the reproduction number R, associated
with the disease propagation. If R, = 0 then F = F(0, y,/) =
0. Also, it usually occurs that if the epidemic model has only
a single constant transmission coeflicient rate 3, then R, = 0
and F = 0if 8 = 0. This section gives some elementary results
on positivity of the solutions and stability for the linearized
system around the disease-free equilibrium point in the case
of absence of modelling delays. The results are relevant since
if the linearized system around the disease- free equilibrium
point fails to be either positive or, respectively, stable then the
whole system cannot be either positive or, respectively, stable.
Two basic auxiliary results to be invoked concerning certain
technical relations between M-matrices and Metzler matrices
and their stability properties are given in Appendix A. The
following result on stability and positivity of the linearized
infective substate is derived under some of the conditions of
Assumptions 1-2:

Theorem 1. The following properties hold.

(i) The linearization of the epidemic model (1)-(2) around
the disease-free equilibrium point has a nonnegative infective
substate trajectory solution for any initial conditions x(0) = 0
and y(0) = 0 (i.e., the infective substate is nonnegative for all
time) if and only if (F — V) € My ™. A sufficient condition is
that (-V) € My and F > 0.

(ii) A necessary condition for an epidemic model (1)-(2) to
have a nonnegative solution trajectory, irrespective of the given
particular initial conditions x(0) > 0, ¥(0) > 0, is that (F -
V) e Mg

(iii) The linearized infective substate around the disease-
free equilibrium point has a nonnegative solution which is
uniformly bounded for all time with x(t) > 0; Vt € Ry, and
xp(t) — 0 exponentially as t — o0 for any given initial
conditions x;(0) = x(0) = 0, y.(0) = y(0) > 0 if and only if
any of the two equivalent conditions given below holds:

(1) (F-V) € My is a stability matrix.

(2) (F-V) € Mg ™ is nonsingular (or, equivalently, (V —F)
is a nonsingular M-matrix) and (V — F)ylso.

A joint sufficiency-type condition for any of the above
Conditions (1)-(2) to hold is that (-V) € Mg " is nonsingular
(or, equivalently, V is a nonsingular M-matrix), V~' > 0, F = 0
and p(FV_l) <1.
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(iv) The linearized infective substate around the disease-free
equilibrium point is nonnegative for any given initial conditions
x.(0) = x(0) = 0, y.(0) = y(0) = 0 and unstable if some of
the conditions given below hold:

(1) (F - V) € My is not a stability matrix.

(2)(F-V)e My and (V - F)7! either does not exist or
if it exists is not positive.

(3) (V) € ME" and it exists as V! which is not positive,
F > 0and p(FVfl) > 1.

Proof. The solution of the linearized infective substate around
the disease-free equilibrium point is

xp (t) = e(Ffv)th (0)

t (5)
=e V! <xL (0) + J e Fx; (1) dT>
0

It turns out that, for any x,(0) > 0, x;(t) > 0 since
eFVET o 0 for any 7(< ), t € Ry, and (F - V) € My
[14], then, x;(t) > 0; Vt € R, for any given x;(0) > 0
if (F-V) e ME™ (first term of the solution x;(t)) or if
(-V) € My and F > 0 (second term of the solution x (£)).
Then (F - V) € Mg™ and (-V) € My" and F > 0 are
both sufficient conditions for x;(0) = 0 = x,(t) > 0;
Vt € Ry,. The necessity of (F — V) € Mg" follows by
contradiction. If (F — V) ¢ My then there exists at least

one entry i, j € 7 such that (e¥™"),. < 0 for some t > 0.
Then, it suffices to take ij(O) > 0 and x7,(0) = 0; Vk(#
j) € 7 to conclude that xp,(t) = —I(e(F_V)t)ijlej(O) < 0so
that the infective substate is not positive. Thus, (F — V) €
M7 is a necessary and sufficient condition of nonnegativity
of the solution of the infective linearized substate around
the disease-free equilibrium point for all time and any
nonnegative initial condition. Property (i) has been proved.
Property (ii) is obvious from the fact that a necessary
condition for nonnegativity of any solution under arbitrary
nonnegative initial conditions is that the property holds for its
linearized counterpart system. Property (iii) follows since, on
one hand, the given conditions of Metzler matrices guarantee
the nonnegativity of the linearized solution of the infective
substates for any nonnegative initial conditions and all time.
And, on the other hand, the convergence to the disease-free
equilibrium of such a linearized subsystem follows from the
stability of the Metzler matrices under the nonsingularity
and positivity of their negative M-matrices counterparts
according to Theorem A.1 [(i) to (iii)] and Theorem A.2 (ii)
of Appendix A. Property (iv) is a dual version for instability
of the sufficiency parts of Property (iii). O

Note that if (F — V) € My for any given F > 0 then
(-V) € MZ" (otherwise, (F - V) ¢ Mp"if F = 0).
Therefore, [(F - V) € ME™ VF = 0] & [(-V) €
Mg AF > 0]. This equivalence is reasonable, in practice,
since the nonnegativity of the linearized trajectory solution
around the disease-free equilibrium point of the infective
compartment is also needed for zero reproduction numbers
or zero coefficient transmission rates. The joint sufficiency-
type condition of Theorem 1 (iii) is also necessary and this
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condition is equivalent to the other two Conditions (1)-(2).
From Theorem1 on the linearized infective substate and
some further conditions on the nonlinear contribution of the
dynamics in the model (1)-(3), we can obtain some further
results for the nonnegativity of the solution and the stability
of the whole nonlinear model as follows.

Theorem 2. The following properties hold.

(i) The state trajectory solution of (1)-(3) is nonnegative for
all time, i.e., z(t) = (x" (t), y" (£))" = 0; Vt € Ry, for any given
initial condition z(0) = (xT(O),yT(O))T > 0 if and only if the
two subsequent constraints hold:

jt Flx@,y@)dr=e™'x(0); VteRy;
0

t (6)
L g(x (), y(@)dr=-y(0); VteRy,.
Furthermore, one has that
lim sup (Jt fx(1),y@)dr - "% (0)> <0;
t—00 0
(7)

0

litn—l}o%f <y(0) + th(x (1), y (1)) d‘l’) > 0.

(ii) Assume, furthermore, that (F — V) € My is a stability
matrix or that any of the two constraints (1) or (2) of Theorem 1
(iii) holds. Then,

J f(x(@),y)dr=0,
0 (8)

fx@®),yt) —0 ast— oo

provided that f : (Ry, x Ry,) x (R, x Ry,) — Ry, is
everywhere uniformly continuous in its definition domain and
f(x(t), y()) = 0; Vt € Ry, and f(x(t),y(t)) — 0 as
t — o0 (but nonnecessarily _[;0 f(x(1), y(1))dTr = 0) if
S (RG, xRy, ) x (RY, xRy, ) — Ry, is everywhere uniformly
continuous in its definition domain.

Proof. Property (i) follows directly from (1)-(3). On the other
hand, if (F = V) € Mp™, and f(x(t),y(t)) = 0; Vt €
R,, and it is everywhere uniformly continuous for all time
for its arguments in the first closed orthant of R™™" for
all time; then it follows that IOOO f(x(1), y(1))dTr = 0, and

eFVx(0) — 0 and f(x(), y(t)) — 0ast — oo. Also,
if f(x(t), y(t)) is everywhere continuous for all time in R
and 0 = lim, e > lim, | Jot f(x(z), y(z))dz| since
(F-V) € My and it is a stability matrix. Then, it follows

from Barbalat’s lemma [18, 24] that f(x(t), y(t)) — 0 as
t — c0. Property (ii) has been proved. O

Generally speaking, Theorem 1 (iv.(3)) is also guaranteed
under sufficient conditions if the involved spectral radii [15,
25, 26] are replaced by matrix norms which are their upper-
bounds. Also, note that Theorem 2 (ii) has the assumption
that (F-V) € M} is stable which is needed to guarantee that
no eigenvalue crosses the imaginary axis under perturbations

of F resulting in (F — V) to lose the stability of (F — V) when
F =0,ie,for F -V = -V.In the following discussions (-V)
is the transition matrix in-between state of the linearized
subsystem of the infected variables around the disease-free
equilibrium point while F is the transmission matrix around
such an equilibrium point.

On the other hand, it turns out that the nonnegativity
condition [, f(x(z), y(r))dr < e"'x(0); V& € Ry, of
Theorem 2 for the whole trajectory solution, subject to non-
linear dynamics, of the infective substate does not require that
(F—V) € ME™ is a stability matrix or any conditions on the
nonlinear term f(x(t), y(t)). Note that the condition holds
directly if — f(x(t), y(¢t)) > 0 since then 0 > —eFVix(0);
Vx(0) € Ry, so that — j; f(x(7), y(r))dT = 0 = —eF M x(0).
The nonnegativity of the trajectory solution can be also easily
tested on the differential system (1)-(3) by ensuring that, for
any zero value of a state component, its corresponding time-
derivative is nonnegative. So, we have the subsequent result
which is alternative to the two first constraints of Theorem 2

().

Theorem 3. The following properties hold.

(i) The state trajectory solution of (1)-(3) is nonnegative for
all time, i.e., z(£) = (xL(¢), yT(t))T > 0;Vt € Ry, forany given
initial condition z(0) = (x£(0), yT(O))T > 0 if and only if, for
alli en, j e mandallt € Ry,, the following conditions hold:

(x;(t) =0) = (ﬁ (x(1),y (1)

n n (9)
< Y (By-Vy)x 0= ) (B - Vy)x; (t)>
j#D=1 j=1

(7; () =0) = (g;(x(®), y®) 2 0).

(ii) Property (i) al.so imﬁlifas thqt £ (0, ydf) = 'O;.Vi € .ﬁ,
9i(0,y4¢) = 0; Vj € m if a disease-free equilibrium point
Zgp = (OT,ygf)T exists.

Proof. 1t is obvious that, for any given z(0) = 0, if z;(t) = 0
for some t > 0, then £;(¢) > 0 from the given conditions and
it cannot give € € R, such that z;(t + ¢) < 0 for some i € 7.
As a result, z(t) = 0; V¢t € Ry,. The first part of the result
has been proved. The second part is proved by contradiction.
First note from the nonnegativity condition of Property (i)
that - £;(0, ydf) 2 _(Z?:I(Fij - Vij)-o) = 0. If (0, J’df) =0;
Vi € 7 then Property (ii) has been proved for the infective
substate. Now, assume that there exists some i € 7 such that
£i(0, yap) < 0. Since 9(t) = Z;;l(Fij = Vi)xiOly=0 = O,
it follows that x;], o > 0 so that z;; = (O ygf)T is not
an equilibrium point; hence a contradiction follows. In the
same way, if g;(0, yz¢) > O for some j € m then z;; =
(o7, ygf)T is not an equilibrium point; hence we have again
a contradiction. Property (ii) has been proved. O

Theorem 4. Let g : R*™ — R™ be everywhere continuously
differentiable with a Jacobian matrix:



Je(@0) = Uy(20) | Ty, (20)] at any zy = (xg,y5)" €
R™™ with x, € R" and y, € R", wherez = (x”, y7)T € ™™,
x € R", y € R™. Assume that the m x m matrix J4,y(%0) is
nonsingular at any equilibrium point z, of (1)-(3). Then, the
following properties hold

(i) There exists an open set U of R" containing x,, such that
there exists a unique continuously differentiable function h :
U — R" such that y, = h(xy) and f(x,h(x)) = 0; Vx €
U. Furthermore, any equilibrium point z, = (x,, y¢)" can be
expressed being dependent on the infective substate only, i.e.,
2o = (xg, W' (x,))", while satisfying

Yo =h(xp);

xo = (Fy (h(x)) = Vg (xo))_1 f (%01 (x0))

provided that (Fy(h(x,)) — Vy(x,)) is nonsingular at any
equilibrium point, where F,(h(0)) = F and V,(0) = V if
Zy = zgf = (07, 1T (0))7 is the disease-free equilibrium point
and F()(h(xend)) = Fe and VO(xend) = Ve leO = Zepd =
(xeTnd, hT(xmd))T is the endemic equilibrium point.

(ii) Assume, furthermore, that the transition and transmis-
sion matrices of the disease-free equilibrium point satisfy that
(-V) € MY™ is a stability matrix and F > 0. Then, (a)
the disease-free equilibrium point exists and it is defined by
Zgp = (07, hT(0))" and it is unique and locally asymptotically
stable if p(FV ') < 1. If p(FV™") > 1 then it is unstable; and

(b) the endemic equilibrium point exists (while it is
unique under the sufficiency-type conditions of Theorem B.2
of Appendix B) and it is defined by z,,; = (x. ,yr )T =

(0 g BT ()" subject to

(10)

Yend = h (xend) >
Xend = (Fe - \/e)_l f (xend’ h (xend))

If it exists then it is reachable if p(FV™") > 1 and f(X,
h(x,,q)) < f(xdf, h(xdf)) while it is unreachable, in the sense
that z,,; ¢ RO, if p(FV™") < 1 supposing that f(X,.q
h(xena)) > f(xXaqps h(xa) if Zena # 245

(11)

Proof. Assume that ], ,(xg, 7,) € R™ x R™ is nonsingular.
Then, there exits an open set U of R” containing x,, such that
there exists a unique continuously differentiable function # :
U — R" such that y, = h(x,) and f(x, h(x)) = 0; Vx € U.
Let z, be either the disease-free equilibrium point z, = z,; =
(OT,yOT)T = (07,17 (0))" or the endemic one zZy = 2
(2 o yE )T = (x! 1 h" (x,,4)). Both of them are unique in a
neighbourhood centred at the respective equilibrium point,
since h(-) is unique, while they satisfy (10) and, respectively,
(1) if J, . (z4¢) and, respectively, ], ,(2.,4) are nonsingular
since (F(x,) — V;(x,)) is a nonsingular matrix. Property (i)
has been proved. In order to prove Property (ii), first note that
(-V) € ME™ is nonsingular with Vvl > 0 (since (-V) is
stable) with F > 0. Then, the disease-free equilibrium point
exists being defined by z;, = (07, AT (0))7; it is unique since

h(-) is unique and given by x,;; = (F - V) £(0,h(0)) = 0.

end ~
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Furthermore, it is locally asymptotically stable if p(FV ') < 1
since then (F — V) € M7 is a stability matrix, equivalently
(V - F)™' » 0 so that the linearized system around the
disease-free equilibrium point is locally exponentially (then
asymptotically) stable. On the other hand, it is unstable if
p(FV_l) > 1 [Theorem 1 (iii)-(iv)]. The part (a) of Property
(ii) has been proved. Now let z, = z,,; = (. ;, ¥ )" be the
endemic equilibrium point. The following cases can occur
(1) If p(FV™') > 1, then note that

Xend = (Ve - Fe)71 (_f (xend’ h (xend)))
= (V=F)" (=f (xap h (x))) = 0

since f(x,,4 h(x,,4)) < 0 (beinga strict inequality if and only
if Xy # Xqp = 0) and (F - V) € Mg™ is stable and then
nonsingular

(2)IfR, = p(FV™") < 1then (V—F)™" > 0,since (F-V) €
Mg, and F, > F. Therefore, (I, + (V - F)™'(F,-F)) > 0and
pl(V-F)'(F,-F)] > 0 then (I,+(I,-V'F)"'V (F,-F))™
exists, and

V,-E) " = (L, +(V-F " (F.-F) (v-F)"
- (L (L -V VE-R) v-BT 1)
<(V-F)"

= 0 since

Note that x,,; is unreachable if x,,; # x,4
_f(xend’h(xend)) < _f(xdfa ]’l(de)) =0, and

Xend = (Ve - Fe)71 (_f (xend’ h (xend)))

< (5, +(1,-V'E) 'V (F, - F)>_1
) (14)
X (V= F)" (= (xap 1 (%4r)))

- -1
= (1, +(5,-V'E) 'V (E.-F)) x4 =0.

Then, x,,; < 0. But, for the case, x,,; = 0, the endemic
equilibrium point is coincident with the disease-free one, that
is, Xppg = x4¢ = 0 and p(FV™') = 1, while, for p(FV™!) < 1,
Xena < 0,; hence a contradiction to its reachability follows
since the equilibrium point is never allocated in the open first
orthant of R”. Property (ii) has been proved. O

Remark 5. It has not been proved that the endemic equi-
librium point is necessarily unique, independently of the
concrete epidemic model, in the whole state space. A detailed
proof of the global uniqueness of the disease-free equilibrium
point is given in Theorem B.1 (i) of Appendix B under the
same conditions as those given in Theorem 4 (ii) since
the infective equilibrium substate is unique and identically
zero what guarantees also the uniqueness of the nondisease
compartment via the uniqueness of the function A(-). On the
other hand, the endemic equilibrium point z,,; is unique
in the whole state space if x,,,, i.e., its infective substate,
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is unique since from the uniqueness of /(-), the uniqueness
of the nondisease compartment and then that of the whole
endemic equilibrium point are also guaranteed under some
algebraic conditions given in Theorem B.2 in Appendix B.

It is well-known from the background literature on epi-
demic models, subject to a unique disease-free equilibrium
point and a unique endemic equilibrium one, that, typically,
if the reproduction number R, < 1 then the disease-free
equilibrium point is asymptotically stable while the endemic
one is not reachable since it has negative infective values
what is incompatible with the positivity of the state trajectory
solution. If R, > 1 then the endemic equilibrium point is
stable and the disease-free one is unstable and, if R, = 1,
then the infective variables of both equilibrium points are
coincident. Theorem 4 describes formally via algebraic tools
the reachability/unreachability of the endemic equilibrium
point depending on the value of the reproduction number.
This fact is illustrated by the subsequent example.

Example 6. A particular case of the SEIADR (susceptible-
exposed-symptomatic infectious-asymptomatic infectious-
infectious corpses-recovered) proposed in [6, 7] follows
below for the case when the vaccination and treatment
control parameters Vj, Ky, and K are constant and there is no
impulsive control for the infectious corpses removal control
action:

7
S(t)=by — (b, + BI(t) + BLA(t) + BpD (1)) S (t)
+HR () -V (t)
E(t)=-(b+y)E(®)
+(BI (1) + BaA (1) + BpD (1) S(2)
1(t)=—(by+a+1+Ke)I(t) +ypE (1)
(15)

Ay =-(b+1) A(t) +y(1-p)E(t)

D(t)=—uD(t) +b,(I(t) + A1) + &I (t)

R(t) == (b, +n) R(t) + 7 (I (t) + A (1)) + K¢I (£)
+V (t)

V)=V, +KyS(t)

where V(t) is a vaccination control of constant gain Vj
plus a linear feedback term with gain Ky, with information
of the susceptible subpopulation. There is also an eventual
treatment control on the infectious subpopulation of gain K.
The disease-free and endemic Jacobian matrices for the joint
noninfective infective dynamically coupled compartments
are, respectively,

(= (b, + Ky,) 0 —BSaf —BaSar  —PpSas no ]
0 ~ (b, +y) BSas BaSar  PBpSar 0
Ay - 0 v —(byra+r+Ky) 0 0 0 )
0 y(1-p) 0 -b+1) O 0
0 0 b+a b, —-u 0
| Ky 0 7, + K¢ T 0 —(b+n)l
where the infective compartment has a Jacobian matrix F -V 0 Sy ﬁArSﬂlf ﬁDrSdf
uncoupled to the noninfective one with 0 0 0 0
by+y 0 0 0 oo 0 o
-yp  bta+r+Kg 0 0 00 0 0
B -y (1-p) 0 b+t 0 17)
0 - (b, +a) -b, u and
[ = (B, + Blong + BaAend + BpDena + Ky) 0 ~BSend ~BaSend  ~BpSena o]
Blong + BaAend + BoDena —(b+y) BSena BaSena  BpSend 0
ALz 0 v (b ta+r+Ke) 0 0 0 )
! 0 y(1-p) 0 (b, +1) 0O 0
0 0 b+a b, - 0
i Ky 0 )+ K¢ A 0 —(b+n).




where the infective compartment Jacobian matrix is F, — V,
with

by +y 0 0 0
Vv - -yp  bta+g+Ke 0 0
-y (1-p) 0 b+t 0
0 - (b, +a) b, u
[0 Sena BarSena BorSend
0 0 0 0
B=Flo o o o |°F
o 0 o0 0
(19)
[0 Suf = Sena Par (Sdf_send) Bpr (Sdf_send)
0 0 0 0
Flo o 0 0
L0 0 0 0
01 Ba PBor
00 O 0
LTI DO
00 O 0

with Ry = p(FV™') = S4¢/S,,4. Note that F, = Fif R, < 1;
F > F,if Ry > 1;and F = F, if R, = 1 (what implies x,,; =
x4f), and

£(0.547) = 05
- f (xend’ yend)
(Blend + ﬂAAend + ﬁDDend) Send (20)
0
= >0
0
0

irrespective that the infective variables be positive or negative
since I3, A 4> and D, ; have the same sign as E,, 5, if E,,,; #
0, that is, if the endemic equilibrium point has not coincident
components with the disease-free one, that is, if R, # 1, asitis
deduced from the epidemic model. Note from the matrix A,

that if the linearized infective subsystem around the disease-
free equilibrium is identically zero, then the characteristic
equation of the linearized noninfective subsystem is given by

pm-(s)=32+(2b2+KV+11)s+b2(b2+11+KV)=0 (21)

whose roots are s; = -b, < 0Oands, = —(b, + Ky, + 1) <
0. So, such a subsystem is asymptotically stable satisfying
Assumption 2(a). As a result, the whole linearized subsystem
is asymptotically stable if R < 1.

It has been proved in Theorem 4 that the disease-free
equilibrium point is stable if p(FV ') < 1, the endemic one is
unattainable if p(FV_l) < 1, and the disease-free equilibrium
point is unstable if p(FV™') > 1 while the endemic one is
reachable if p(FV_l) > 1. The next result establishes that the
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endemic equilibrium point is unstable when unattainable and
asymptotically stable when attainable.

Proposition 7. Assume the following.

(I) The endemic and the disease-free transition matrices
(=V,) and (=V) are identical and independent of the reproduc-
tion number, and (V') € My™" is a stability matrix.

(2) The disease-free and endemic equilibrium points exist
and they are unique for any R, € [0, +0o].

(3) The disease-free and the endemic transmission matrices
are nonnegative, i.e., F = F(R)) = 0, and F, = F,(R)) =
G(Ry)F = 0, where Ry = Ry(F) = p(FVfl) is the reproduction
number, and ¢(R,) > 0.

(4) F—F, = (A-1)F > 0 for some A € R.

(5)F > F,ifRy> 1, F < F,ifR, < 1,and F = F, if R, = 1.

Then, the endemic equilibrium point is locally asymptoti-
cally stable if Ry > 1 and unstable if R, < 1.

Proof. Note that
F-V=(I,-FV')(-V) (22)

Since (-V) is a stability matrix, the disease-free equilibrium
point is locally asymptotically stable if R, = p(FV ') < 1 and
unstable if Ry, = p(FV') > 1, the critical stability case being
R, = p(FV™') = 1. Note also that

Fe -V= (In - FeV_l) (-V)
(23)
=(I,-FV '+ (F-EF)V ") (-V).

Since F—F, =(A-1)F = 0withA = A(R)) > 1forR, < 1
since F > F,, then p(F — F,) = (A — 1)p(F) = 0 and both
of them are proportional matrices because of their structure,
it follows that the endemic equilibrium point is unstable for
R, < 1 (when the disease-free is locally stable ) and locally
stable for R, > 1 (when the disease-free one is unstable). [J

Note that for Example 6, A(R;) = 2 — 1/R, in the proof
of Proposition 7. Note that assumption 4 of Proposition 7
is very reasonable if F and F, are related by a scalar factor
which is the usual case in epidemic models. The subsequent
examples show that the endemic equilibrium is unstable in
the unattainable region.

Example 8. Consider the SEIADR epidemic model of
Example 6 with the following parameterization:

b, = b, =1/25550days'; 1/1, = 15.8days; = 2u =

0.1days™";

p=0.151/y = 15.8days; 1/ = 13.3 days;

Vo = b;; Ky, = 20b;; Ky = o

B =0.11days™'; B, = 0.05days™"; B, = 0.15days ™.
Figure 1 shows the maximum of the real parts of the eigen-
values of the Jacobian around the disease-free and endemic
equilibrium points versus the reproduction number. In the

proposed example, they coincide with the maximum eigen-
value since it is real. The reproduction number is displayed
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—— max[eig(Jge.)]
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FIGURE 1: Maximum Eigenvalues of the Jacobians of the model of Example 6.
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FIGURE 2: Maximum real part of the eigenvalues versus the reproduction number.

in the real axis by keeping constant all the disease and
control model parameters except the coefficient transmission
rates which are modified from their given basic values
proportionally via the same common direct proportionality
constant. Note that the reproduction number is proportional
to the disease coeflicient rate if all the remaining parameters
are kept constant. It is seen in Figure 1 that the value R, = 11is
the critical reproduction number giving the frontier between
the stability (instability) of the disease-free equilibrium point
together with the unattainability and instability (attainability
and stability) of the endemic one.

Example 9. Consider a true mass action (i.e., the nonlinear
infective terms of susceptible-infected products are normal-
ized with the total population) variant of the SEIADR epi-
demic model of Examples 6 and 8 with the parameterization
of Example 8. Figure 3 shows a zoom of Figure 2 centred in
the stability boundary examined on the maximum eigenvalue
evolution of the Jacobian of the endemic equilibrium point.
It is seen that the endemic equilibrium is unstable in its

unattainable region under nonnegativity conditions of the
solution while the disease-free one is the unique asymptot-
ically stable attractor if the reproduction number is less than
one. However, if such a reproduction number exceeds unity,
then the disease-free equilibrium point is unstable while the
endemic one is reachable and asymptotically stable.

A global stability theorem now follows by combining the
preceding results and the analysis of Poincaré indices and the
alternate stability characteristics of limit cycles surrounding
singular points in any hyperplanes of the state space. It is
proved, in particular, that the local asymptotic stability of the
disease-free equilibrium point for a reproduction number less
than one (implying also the unattainability of the endemic
equilibrium point) leads to the global asymptotic stability of
the whole state towards the disease-free equilibrium point.
Note that Proposition 7 concludes that only one of the
equilibrium points is locally stable for each given value of
R,. In particular the disease-free one is locally asymptotically
stable if R; < 1 and the endemic one is locally asymptotically
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FIGURE 3: Zoom of the maximum real part of the eigenvalues versus the reproduction number close to the stability region boundary.

stable if R, > 1. Note also that Proposition 7 agrees with the
conclusions of Examples 6-9.

Theorem 10. Under Assumptions 1-2, assume also that (V) €
Mg, V' >0, F =0, and p(FV™') < 1. Moreover, assume
that (1) ]g,Z(O ygf) is nonsingular,

(2) gi(z(t)) 2 0if y;(t) =0 foranyi e mandt € Ry,

3) fi(z(t)) < eiT(F - V)x(t) if x;(t) = 0 for anyi € nand
t € Ry, (it suffices that f(z(t)) < 0if x;(t) = 0 for anyi € n).

(i) Then, the total population, i.e., the sum of all the sub-
populations, is uniformly bounded for all time. Furthermore,
any trajectory solution is nonnegative and uniformly bounded
for all time for any given finite initial condition x(0) > 0 and
y(0) = 0 while it is globally convergent at an exponential
rate to the disease-free equilibrium point which is the unique
reachable equilibrium point which is a globally asymptotically
stable attractor.

(ii) Assume that for R, > 1 the total population, i.e., the
sum of all the subpopulations, is uniformly bounded for all
time. Assume also that f(x(t), y(t)) and g(x(t), y(t)) are
uniformly continuous in the first closed orthant of R*™. Then,
all the trajectory solutions are bounded for all time while they
converge asymptotically to the endemic equilibrium point at an
exponential rate which is also the unique asymptotically stable
attractor.

Proof. The nonnegativity of the solutions and the local
asymptotic stability of the disease-free equilibrium point,
which is unique, follow directly from Theorem 1 (iii) and
Theorem 4 (ii. (a)), since from Theorem 4 (ii. (b)), the
endemic equilibrium is not reachable if p(FV’l) < 1
Since the unique disease-free equilibrium point is locally
asymptotically stable, its Poincaré index [17] is +1 in any
plane of the phase space containing the evolution of any
two components of the state trajectory solution. It is well-
known from the existence theorem of oscillations that any
such a solution, if it exists, should be bounded. This is a
consequence of the fact that the total population is bounded
for all time and that all the subpopulations are nonnegative
for all time what leads to the conclusion that any of them
is uniformly bounded for all time for any finite initial

conditions in the first closed orthant of R**™. Also, any such
an oscillation, if it exists, should surround the equilibrium
point, since the net global Poincaré index of all the reachable
equilibrium points is still +1, while it should be unstable and
then asymptotically vanishing to the locally asymptotically
stable disease-free equilibrium point, since such a unique
equilibrium point within the region defined by such a curve,
is locally asymptotically stable. As a result, the disease-free
equilibrium point is globally asymptotically stable for any
initial condition in the first closed orthant of R"". Property
(i) has been proved. Now, assume that the total population is
bounded for R, > 1 so that the disease-free equilibrium point
is unstable and the endemic one is attainable. Two cases can
occur.

Case a. The endemic equilibrium point is globally asymptot-
ically stable. Property (ii) follows directly.

Case b. The endemic equilibrium point is not globally
asymptotically stable. Since the total population is bounded
by hypothesis and all the subpopulations are nonnegative
for all time, all the subpopulations are bounded for all time
and a bounded limit cycle, if it exists, should surround the
endemic point to attract any trajectories in the first orthant
of the state space. This consideration follows by examining
the admissible Poincaré-type combinations of allowed sta-
ble/instable combinations of configurations of singular points
and limit cycles. Rewrite compactly (1) to (3) in the form

2(t) = f(x(®), y(0)), where f(x(t), y(®)) = [FV 81 [0 ] +

[?i’zg)ﬁg;) ] Assume that jooo f(x(t), y(z))dt = +0o0. Then,
z(t) — +o0o as t — oo which is not compatible
with the nonnegativity of the solution trajectories within
the first orthant and their boundenness. Therefore, —co <
_[OOO f(x(1), y(1))dr < +00. Since f(x(-).y(-)) is uniformly
continuous, it follows from Barbalat’s lemma, [24], that
z(t) — 0 ast — 00 so that z(t) cannot have a limit
oscillation in any of its components. So, a stable limit cycle
cannot surround the endemic equilibrium point if unstable
or critically stable. Therefore, the endemic equilibrium point
is globally asymptotically stable so that z(t) — z,,; ast —
00. Property (ii) has been proved. ]
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A very important remark is that the mathematical
hypothesis of boundedness of the total population for
the cases of reproduction numbers exceeding unity of
Theorem 10 (ii) is not strong, then fully feasibly, in practice.
This consideration is based on the proved boundedness of
the total population in the case that the reproduction number
is less than unity implying the global asymptotic stability. In
fact, it can be conjectured from simple inspection that, for
any given initial conditions in the first orthant and any given
time instant, the total population cannot exceed its value for
the disease-free case at any time because thereof the disease
mortality rates. Even if there is no infection mortality both
values would be coincident.

3. Models with Multiple Incommensurate
Point Time-Delays

A compartmental disease model of dimension (m + n) with
r constant, in general incommensurate, internal point delays
h; (i € 7) satisfying0 = hy < h, <h, <---<h, =h<h<
00, what is assumed in the sequel, can be generalized from
(1)-(2) as follows:

x(t) =Y (F

i=0

AL

M=

“Vilx(t =)oy (t-h))) = (F=V)x (e (24)

Iy
o

—h) = f(x@®),y®),x(t-hy),y(t-h),....x(t

~h,),y(t-h))
yO)=g(xX@®),y®)=g(x®),y®),x(t-
~hy),...x(t-h),y(t-h))

subject to any absolutely continuous function of initial con-
ditions ¢ : [-h,0] — R™™ with eventual finite jumps on a
subset of [}, 0] of zero measure with ¢(0) = (x7(0), yT(O))T.
Any member of such a class of functions is referred to in
the sequel as an admissible function of initial conditions,
where 1 and m are the respective dimensions of the disease
and nondisease compartments of respective state vectors x(t)
and y(t), and the nonlinear effects of (3) are replaced by the
subsequent delayed counterpart dynamics:

fEO.7@)=f(x@®),yO),x(t=h),y(t-h),

= h)y (k) = 3 (B -V)x(-h)

hy),y(t
(25)

(26)

r

ZF(x

i=0
—Vi(x(t-h),y(t-h)) =0EE)GE®)

where f(x(t), y(t)) describes the dynamics of higher-order
contributions to the dynamics, z(t) = =z (1), )7T(t)) =
(2" (0,27 (t=hy), ..., 2" (Eh,)), where 2(£) = (y" (), " (£)"

-h),y(t-h))

1

and 0(z(t)) is the scalar positive bounded incidence rate,
and G(Z(t)) = Y., Fi(z(t — h))z(t — h;) where G(Z(?)) is
a partitioned block matrix function of the form G(z(t)) =
Zl oG (x(t=Hhy)) G, (y(t h;))]. For commensurate point
delays, (24)-(26) remain valld under the additional constraint
h; = ih, for i € 7. It turns out that the solution is unique

n [-h, 0o) for any such initial conditions from the Cauchy-
Peano theorem. Note that, (24)- (26) can be rewritten as
follows:

£ =Y (B-V)x(t—h)— £ (%0, 57(0)

i=0

r

:(FO_VO)x(t)+Z(Fi_vi)x(t_hi)

i=1

-fE®,71) @7
=<F—v>x<t>+i_il<a—vi)(x<t—hi>—x<t>)
-f(x®,y0)
y()=g(x®),5®) (28)
where
FEO.50) =Y (=) x(eh)
—Z(F(x(f— i),y (t=h))
Ve By (- k) = (Fy - Vo) (0
+2(p,.—\4)x(t—h,.)
: (29)

_i(Fi(x(t—hi),y(f—hi))
h),y(t-Hh))) =

oY (B V) (et~ ) —x (1)

i=1

—Z(F(x(t—

=V (x (- (Fo = Vo) x ()

SAG)

~Vi(x(t=h;),y(t-Hh)))
with
OF;; (0, yay) ]
Fj = ;
axj (t - hj)
V. = aVﬂ (0, ydf

jeru{o}



12
F.o= e]t (xend’ yend) ]
? axj( ~hy)
V.= E]l ('xend yend) :|
ey

jeruio),
(30)

respectively, at the disease-free equilibrium point z;; =
(OT,ygf)T and at the endemic one z,,; = (x;d,y;d)T and
the redefinitions:

eS|
I
gk
e

Il
o

(31)

<
I
o1
=

Il
(=1

The extended versions of Assumptions 1 and 2 are kept for the
delayed epidemic models as follows.

Assumptions 4.2 0 ,](0 y(t—h; )) = Z . lJ(O y(t—h; )) =
0;Vi€ﬁ={12..,n}F(x(t h)y(t—h))>0
Vij(x(t - h; ) y(t — )) < 0 when x; (t - hJ) = 0, and

Y Z] 0 ,](x(t) y(t)) > 0 for all x(¢), y(t) > 0.

Assumptions 5. (a) (-V,) € MP™, V' > 0,F; = Vs Vi eT.

(b) The disease-free equilibrium point Z4p = (O ygf)T is
unique and the noninfective subsystem y(t) = g(0, y(t)) is
locally asymptotically stable.

Example 11. A simple motivation of the model (24)-(26)
subject to delays covers and generalizes classical models
in the literature which have a physical interpretation. A
well-known classical Kermack-McKendrick-based epidemic
model in integral form, revisited in [27], is the subsequent
one:

S(t) —S(t)J A(D)S(t-1)dr (32)

where S(¢) denotes the spatial density of susceptibles, i.e.,
the number of individuals per area at time ¢ where A7)
is the expected infectivity of an individual which become
infected 7 unity of times ago. That model can be interpreted
in differential form as the SI- epidemic model:

St =-BSH)I(1);
1(t)=BS) 1)~

(33)
yI(¢)

by defining I(t) = —[3_1 _[_too A(t - 7)8(7)dr, subject to the

special infectivity A(r) = Be™'", where 8 and y are the
coeflicient transmission rate and the infection rate. A more
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general differential epidemic model subject to time-delays
becomes:

$(t) = —ﬁZS(t—h)I(t h);
(34)

@)= ZS(t— YI(t - —yil(t—hi)

which corresponds to that in the integral form:
$() = ZS(t—h,-)J AOS(E-h-1dr (35
i=0 0

The physical interpretation relies on the arrival of several
infectious groups at different time instants or to the combined
contributions of several infective strains at different time
instants both with the same coefficient rates.

Sufficient conditions for the stability of the linearized
system independent of the delay sizes around the disease-free
equilibrium point can be obtained for the cases when either
V, or V is a stability matrix. For this purpose, we first write
the equations of the linearized system in two ways depending
on the nonsingularity of V, or that of Vas follows.

Lemma 12. The following properties hold.

(i) The infective linearized subsystem obtained from (24)-
(25) around the disease-free equilibrium point is given by the
subsequent dynamics:

r

X () =Y (F=V;)x, (t-h;) (36)

i=0
for given initial conditions x;(t) = x(t) = ¢(t); Vt € [-h,0],
where ¢ : [-h,0] — R™™ is an absolutely continuous
function with eventual finite jumps on a subset of [-h, 0] of zero
measure with ¢(0) = (x”(0), y(0))".
(ii) If V, is nonsingular then (36) can be equivalently
expressed as

xp () ==V, (I, - Vg ' Fy) xp ()

3 (- V) ()

r (37)
=Y (B -V)x ()
pary

e (B V) (e (6 ) -, ©)

(iii) If V is nonsingular then (36) can be equivalently expressed

§w><u—<;w> <ZG’)>&U)

e 3 (V) () -5, 0)
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- (i(a —v»)xL ®

i=0

.

i=1
(38)
(iv) If Vy and V are nonsingular then the linearized system

around the disease-free equilibrium point is described indis-
tinctly by both (37) and (38) and also by

ol ()
(e ol 2 (52)

r

xp (£) + Z (F; = V) (x (£ = 1y) = x,. ()

i=1

xp (t) =

Proof. Eq. (36) is a linearized version of (24) around the
disease-free equilibrium point. Egs. (37) and (38) are direct
from (36) if V;; and V are, respectively, nonsingular. Further-
more, if both matrices are nonsingular then V™' = (I, +
Vo (X, Vi) 'V hand (I,+Vy N(X)L, Vi)~ exists what leads
to (39). O

Some basic results, given in Theorem 1 on positivity and
stability for the delay-free linearized infective subsystem
around the disease-free equilibrium point, for the case of
multiple point delays follows.

Theorem 13. The following properties hold under Assump-
tions 4-5.

(i) The linearized epidemic model (24)-(25) around the
disease-free equilibrium point has a nonnegative solution of the
infective substate independent of the delays for any bounded
admissible function of initial conditions ¢(t) > 0; Vt € [-h, 0]
ifand only if (Fy—Vy) € My (equivalently, (V) € My and
F, > 0) and F; = V; Vi € 7. These conditions are also jointly
necessary for the epidemic model (24)-(25) to have a non-
negative solution trajectory independent of the delays for any
admissible function of initial conditions ¢(t) > 0; Vt € [-h,0].

(ii) The linearized infective substate around the disease-
free equilibrium point has a nonnegative solution trajectory
and it is globally exponentially stable independent of the
delays for any admissible function of initial conditions
@(t) = 0; Vt € [=h,0] if the following conditions jointly hold:
(Fy = V) € Mg™ is a stability matrix (equivalently, it exists
(Vo = Ey)™' > 0; equivalently (-V,) € MR, it exists V; ' > 0
Fy > 0, and pyo, = p(FyVy ") < 1), F, > V; Vi € 7, and

Poco = || (ST, + Vo = Fo)_1 <Z (F,-V)) e_Shi>
i1 .
(< (40)
= sup |(iwl, +V, - Fy) : (Z(R‘W))
weRy, i=1 2
<1

13

(iii) The linearized infective substate around the disease-free
equilibrium point is positive and globally exponentially stable
independent of the delays for any admissible function of initial
conditions ¢(t) = 0; Vt € [-h,0] if and only if the following
conditions jointly hold: Y, (F, — V;) is a stability matrix,
(Fy = Vo) € MY (equivalently, (-V,) € My and Fy > 0),

> V; Vi € 7, and the matrix (3._(F; - V,)e ") has no
nonzero imaginary eigenvalues.

(iv) The whole linearized model around the unique
disease-free equilibrium point has a nonnegative state
trajectory solution for any given admissible nonnegative
function of initial conditions which converges asymptotically
to the unique disease-free equilibrium point.

Proof. Note that the solution of the linearized infective
substate around the disease-free equilibrium point is

xp (8) = e (0)
zj BV (F _ V) x, (v = hy)dr

=57, (0)

r t—h.:
1 _ —hA—
+ Z J- . efoVo)lt=hy=m) (F, - V) x, (1) dt

= - (41)
_ e(FO*Vo)th (0)

roo~0 N

+) J TN (R - V) g (1) dr
i=1 7

+ Z J- B VWERTD (B V) &, (1) dT
i=1

The sufficiency part is direct from (41) since if (F, — V) €

My" and F; » V;; Vi € 7 then x;(t) > 0 foranyt > 0
and any given ¢(t) > 0; Vt € [-h,0]. The necessity is
proved by contradiction in two separate steps. Assume that

Ay = (A, ) = (Fy - Vy) ¢ M. Then, there is some pair
(i, k(# 1)) e 7 x n such that Ay, <0.Now, take a function of
initial conditions satisfying (pk(O) >0, ¢;(0) = 0; Vi(+ k) e,
and @(t) = 0 for t € [-h,0). Thus, xLX_(O) = |A0ik|(Pk(0) <0
and x; (0) = 0 so that x; (0") < 0 and the system is not
positive. On the other hand, assume that there is some i € 7
such that V; > F; so that there is some pair (j, k) € #1 x 71 such
that V > F . Take initial conditions as follows: ¢(t) = 0
for t e [-h, h)U( —h;,0], ¢,(=h;) = 0; Vk,&(+ k) € n
and ¢ (—h;) > 0. Then, X, (0) = —|F i Vijklcpk(—hi) <0

and ij(O) 0 so that xL]_(0+) < 0 and the system is not

positive. Therefore, F; > V; Vi € 7 and (F, - V) € My
are necessary for positivity. The first part of Property (i) for
the linearized system around the disease-free equilibrium
point has been proved. The fact that the conditions are also
necessary for the positivity of the whole nonlinear model
are obvious in the guidelines of Theorem 1 (i) for the delay-
free case since the positivity of the whole model requires that
of its linearized version around the disease-free equilibrium
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point. This proves the second part of Property (i). Property
(ii) contains conditions to guarantee the positivity (borrowed
from Property (i)) and, furthermore, the global asymptotic
stability is guaranteed as follows. Since the transfer matrix
(sI, + V, — F,)"" is stable, since (F, — V;) is a stability matrix,
that is det(sI,, + V;, — F,) # 0 for Re s > 0, then condition (40)
is equivalent to

r
det (twln + Z (V,-F) e"’“’h*') = det (1wl +V,

i=0

- F,) det (In

(42)

T )

#0; Vo €Ry,.

Thus, constraint (42) is a sufficient condition for global
asymptotic stability. Since the linearized system is time-
invariant and globally asymptotically stable and since time-
invariant time-delay systems with constant point delays can
also have a finite number of characteristic zeros to the right of
any vertical line in the complex plane of abscissa greater than
—00, then the solution is a function of time of exponential
negative order so that one concludes that the proved global
asymptotic stability is also exponential. Property (ii) has been
proved. On the other hand, note that if the jointly condition
that }'!_(F;—V;) is a stability matrix and the matrix (}|_,(F;,-
V,)e~*") has no nonzero imaginary eigenvalues holds then the
global asymptotic stability at exponential rate is also guaran-
teed since (Z;:o (F;, - Vi)e_Sh") has no imaginary eigenvalues
and it is a stability matrix in the delay-free case. Such a jointly
condition is also necessary [28] for global asymptotic stability
from the continuity of the characteristic zeros with respect to
the parameters. Since the linearized system is time-invariant
and globally asymptotically stable and since time-invariant
time-delay systems with constant point delays can also have
a finite number of characteristic zeros to the right of any
vertical line in the complex plane of abscissa greater than
—00, then the solution is a function of time of exponential
negative order so that one concludes that the proved global
asymptotic stability is also exponential. Property (iii) has
been proved. Since Assumptions 4-5 hold, then both the
linearized infective substate and the noninfective one around
the unique disease-free equilibrium point have a nonnegative
state trajectory solution which converges exponentially to
the disease-free equilibrium point for any given admissible
nonnegative function of initial conditions. Hence, Property
(iv) is proved. O

Taking into account (42) in the proof of Theorem 13, one
gets the subsequent result.

Corollary 14. The linearized infective substate around the
disease-free equilibrium point is positive and exponentially
stable independent of the set of r commensurate delays h; = ih,;
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Vi € 7 for any bounded admissible function of initial conditions
@(t) = 0; Vt € [-h,0] if and only if ¥|_,(F; — V;) is a stability
matrix, (Fy — V) € My, F, = V; Vi € 7, and

det<1w1n + Z (V,-F) zi> # 0;

i=0 (43)

Yw € Ry,, V2 € C(0,1).

If the set S = {(w,z2) € Ry, x 0C(0,1)} # & then the
infective substate around the disease-free equilibrium point is
not exponentially stable for the sets of commensurate delays
Sy=1{h=-Inz/w: (w,z) € S}

Taking into account the expression (36) to describe the
linearized infective dynamics around the disease-free equi-
librium point, it is possible to give an alternative sufficiency-
type condition for global stability of the infective subsystem
as the subsequent result reflects.

Corollary 15. The linearized infective substate around the
disease-free equilibrium point is exponentially stable indepen-
dent of the set of r incommensurate delays h; Vi € 7 if

Poo =2 Z (F,-V;)
i=1 2
0 (44)
- sup (iwln—<Z(Fi—Vi)>> <1
weR, i=1 2

provided that '"_ (F; - V;) is a stability matrix, which holds if
and only if pyy = pI(YT F)(Xio Vi) '] < L.

Proof. One gets the characteristic equation from (37) as
follows:

det | sI, - 3 F-V, 0y F -V, "“—1)
(- () -Fe-we-n)
=0 forseC

Since (Y[_,(F; — V;)) is a stability matrix then det(sI, —
(ZLO(F,- -V;)) # 0 fors € Cy, so that

det (sIn - <Zr: (F, - Vl)>> det (In
(-(Fm-)) ()

'<i(Fi_Vi) (e_his_ 1))) #0; VseC,,

provided that ||(sI,, — (YI_o(F; = V) (X1, (F; - V(e -
)llo < 1 which is guaranteed if p,, < 1. Since Z;O(F,-—V,-) is
a stability matrix, the above test is fulfilled at the origin of the
complex plane. Note also that Y.\ (F; - V;) = Y (-V))[I,, -
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Y (Vi)' Y1 F] is a stability matrix if and only if py, < 1

since Y_,(=V;) is a stability matrix. Therefore, a sufficient
condition to achieve the global (exponential) asymptotic

stability test independent of the delays is constraint (44) since
SUP,cp, le "~ 1/ <2 Vi€ T. O

It follows from Corollary15 and the “If Part” of
Theorem 13 (iii) that since Y |_,(F; — V;) is a stability matrix,
constraint (44) guarantees that (Z::O(Fi - V,»)eiSh" ) has no
nonzero imaginary eigenvalues. Otherwise, the infective part
of the linearized system around the disease-free equilibrium
point could not be globally asymptotically stable.

Remark 16. The infective linearized system around the
disease-free equilibrium point has two important particular
cases which define auxiliary linearized systems which are
useful for the local stability analysis independent of the
delays, namely,

(a) auxiliary infective linearized delay-free system
(AILDFS) describing the particular case h; = 0; Vi € 7

r

xp (1) = Z (Fi = V;) x, () (47)

i=0

for t > 0 for admissible initial conditions ¢ : [-h,0] — RJ,
with ¢(0) = x(0) = x, and h = h,;

(b) auxiliary infective linearized delayed dynamics-free
system (AILDDEFS) describing the particular case F; — V; = 0;
Vier:

%y (1) = (Fy = Vo) x1, (1) (48)

for t > 0 for admissible initial conditions ¢ : [-h,0] — Ry,
with ¢(0) = x(0) = x, and a given maximum delay h = h, <
+00. This particular system can also be interpreted for the
case of point initial conditions ¢(¢) = 0 for t € [-00,0) and
¢(0) = x(0) = x, as defined under any amounts of delayed
dynamics associated with infinity delays h; = +00; Vi € 7.

Note that the disease reproduction number R,(0,h;,
hy,...h,) is, in general, delay-dependent with particular
values Ry, = R, (0), with 0 € R™', which is the reproduction
number of the AILDFS, and R, = R, (0, inf), where inf €
R” has all components equal to +00, which is the repro-
duction number of the AILDDFS. Define the maximum
and minimum reproduction numbers for any given set of
incommensurate delays:

Ry = max Ry (0,hy,hy,...,h,);
0<h;<0c0

(49)
R, = oénmig%oRO (0,h, hy,... k)
Note also that
Ry (0,hy,hy, ..., h,) € [Ry0 Ryl s
Vh; € Ry,, VieT,
(50)

Ryp € [Ryngs Ry »

Rooo € [Rings Rago] -
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where Ry, = max(pyg, Poy)s Roce = Max(Poey» Poos)- Note
that py, and py, are the respective reproduction numbers of
the AILDFS and the AILDDFS which are delay-free auxiliary
linearized systems and the amounts p,, and p,., express
the tolerance to stability independent of the delays of the
linearized systems around the disease-free equilibrium point
compatible with guaranteeing the stability independent of the
delay sizes provided that those amounts are less than unity.
Define R, = min(Ryy, Ry,,) and note that R,; < Ry(0,h,,
hy,.oh,) < Ry < Ryjos Vh; € Ry, Vi € 7.

Thus, the asymptotic stability independent of the delays
of the linearized system around the disease-free equilibrium
point holds if Ry;y < 1 and it is then guaranteed if R, < 1.
However, the above constraint has only a partial information
about the stability and attainability of the endemic equilib-
rium point for each particular combination of delays. For,
instance, we can intuitively discuss the following cases.

(1) For a set of delays h;; Vi € 7, it holds that R, (0, h,, h,,
...»h,) < 1 < Ry < Ry We get the conclusion that the
disease-free equilibrium point is locally asymptotically stable
and the endemic is unattainable for this value of R,(-). Since
Ryo = R, > 1, we can say that there are combinations
of delays, all of them with the same amounts of delayed
dynamics, for which the disease is endemic but it also holds
that there exist some particular delays for which the disease
asymptotically extinguishes. On the other hand, since R, >
1, there are other sets of delays f1;; Vi € 7 for the same matrices
of dynamics such that the disease-free equilibrium point is
unstable and the endemic one is stable and attainable.

(2) For a set of delays h;; Vi € 7, it holds that R, (0, h;, h,,
..oh) < Ry, < 1 < Ry, We get the conclusion that
the disease-free equilibrium point is locally asymptotically
stable and the endemic one is unattainable. However, the
reproduction number range for which this holds exceeds the
lower-bound given by R,. Furthermore, there are other sets
of delays h;; Vi € 7, under the same amounts of delayed
dynamics, such that the disease-free equilibrium point is
unstable and the endemic one is stable and attainable.

(3) In the inequalities of the above cases (a) and (b), if EO
is replaced with R, or R, we get similar conclusions.

The following three results discuss the stability and
positivity independent of the delays of the linearized system
around the disease-free equilibrium point if either R, (i.e.,
the reproduction number of the AILDFS) or R, (i.e., the
reproduction number of the AILDDFS) or both amounts are
less than unity. In the first case, the complementary sufficient-
type stability condition (44) of worst-case tolerance against
delayed dynamics is also invoked. In the second case the
complementary worst-case tolerance condition (40) replaces
to (44).

Corollary 17. If Assumption 5 holds then the following prop-
erties hold.

(i) If constraint (44) holds, then there exists a real number
e = e(hy,hy,...,h,) € Ry, dependent, in general, on the
delays h; > 0 for i € 7, such that the reproduction number
is given by Ry(0,hy,h,,...,h,) = (1 + €)Ry, — & so that
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(Ryg £ 1) = (Ry(0,hy,hy,...,h,) < 1), and the implication
also holds under strict inequalities, for any given set of delays h;
Vi € 7, and then R, < Ry < 1. Then, the infective substate of
the linearized system around the disease-free equilibrium point
is globally asymptotically stable independent of the delays, with
a nonnegative state trajectory solution for any given admissible
nonnegative function of initial conditions, if Ry, < 1.

(ii) The AILDFS is globally asymptotically stable around
the disease-free equilibrium point, with a nonnegative state tra-
jectory solution for any given admissible nonnegative function
of initial conditions, if and only if pyy < 1. If pyg < 1 then,
furthermore, the endemic equilibrium point is unattainable.
If poo = 1 then the disease-free and the endemic equilibrium
points coincide. If py, > 1 then the disease-free equilibrium
point is unstable.

Proof. The positivity and stability are guaranteed for the lin-
earized infective substate from Theorem 13 (ii) and Lemma 12
(ii). Now assume that py, < 1and (44) holds, thatis,ifp,, < 1,
both combined guarantee that R, < 1. Note that the critical
stability of the infective linearized system around the disease-
free equilibrium point is given by py, = 1. It is now proved
that (Ry, < 1) = (Ry(0,hy,h,,...,h) < 1) for any set
of incommensurate delays h;; Vi € 7 if (44) holds. Assume,
on the contrary, that (Ry, < 1) = (Ry(0,h,h,,....h,) >
1) for some set of delays h; Vi € 7, so that Ry, > L.
Then, the linearized infective substate around the disease-free
equilibrium point is unstable for at least one set of delays,
a contradiction to Theorem 13 (ii) from the joint conditions
Poo < 1and (44). Hence, (Ry; < 1) = (Ry(0, hy, hy,... k) <
1). Since both Ry(0, 4y, h,,...,h,) and R, are positive real
constants which depend on the model parameterization then

Ry (0,h),hy,...,h,) =(1+¢&)Ryy— ¢
(51)

= (Ryp — 1) e+ Ry

for some ¢ = e(hy,h,,...,h,) € Ry, for each set of delays
h; > 0; Vi € 7. The nonnegativity of any solution under
any nonnegative admissible initial conditions follows from
Assumption 5. Property (i) has been proved. Property (ii)
follows since if Assumption 5 holds, then the AILDFS is
globally asymptotically stable if and only if py;, < 1 since py,
is the reproduction number of the AILDFS and any trajectory
solution is nonnegative under nonnegative initial conditions.
The other assertions in Property (ii) follow from Theorem 4
(ii) since the AILDFS is a delay-free system. O

Corollary 18. Under Assumption 5, if V. = Y. V; is
nonsingular and (40) holds then the following properties hold.

(i) Ry(0,hy, hy, ... ) = (1+€)Ryo,—€, for any given set of
delays h; > 0 fori € 7 and some &, = &,(h,, h,,...,h,) € Ry,.
Thus, the infective substate of the linearized system around the
disease-free equilibrium point is globally asymptotically stable
independent of the delays with a nonnegative state trajectory
solution for any given admissible nonnegative function of initial
conditions if py., < 1 and (40) holds, that is, if py, < L.

(ii) the AILDDEFS is globally asymptotically stable around
the disease-free equilibrium point, with a nonnegative state tra-
jectory solution for any given admissible nonnegative function
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of initial conditions, if and only if pyo, < 1. If pyoo < 1 then the
endemic equilibrium point of the AILDDEFS is unattainable. If
Poco = 1 then the disease-free and the endemic equilibrium
points coincide. If pyo, > 1 then the disease-free equilibrium
point is unstable.

Proof. It follows under a similar reasoning as that in the proof
of Corollary 17 by using Lemma 12 (iii). ]

Corollary 19. If Assumption 5 holds, V' is nonsingular and
(40) and (44) jointly hold, then Ry(0,hy, h,,...,h,) = (1 +
&,)p — &, for any given set of delays h; > 0 for i € T and some
& = &, hy,... h,) € Ry, where Ry = max(Ry, Ryo,) < 1,
and then the infective substate of the linearized system around
the disease-free equilibrium point has a globally asymptotically
stable nonnegative state trajectory solution independent of the
delays for any given nonnegative admissible function of initial
conditions.

Proof. It follows under a similar reasoning as that in the proof
of Corollary 17 by taking into account Corollary 18. O

Remark 20. If Assumption 5 holds, and V' = Y[ V; and
V' = Y Vi = V -V, are nonsingular then p, =
max(p(FOVO_l),p((zirz0 E)Xi, V)™')) = p < 1 and then
the condition Ry(0, h}, hy,...,h,) < p, = p for some set of
delays h; > 0; Vi € 7if p < 1 if both (40) and (44) hold
included in Corollary 19. Thus, the linearized description
of Lemma12 (iv) does not add any new information to
reformulate alternative conditions to those of Corollary 19.

Remark 21. Note that, since Theorem 13 (ii) gives sufficient
(while not necessary) stability conditions independent of
the delays, it cannot be proved in Corollary 17 that (R,, >
1) = (Ry(0,hy,h,,...,h,) > 1) for some set of delays
h; = 0; Vi € 7 to conclude instability. That is, Ry, < 1
guarantees stability since Ry(0,h,,h,,...,h,) < 1 but the
converse is not true, in general. In fact, if Ry, > 1 then
Ry(0,hy,hy, ... h,) > Ry, since e(Ry, — 1) > 0 so that py,
is a lower-bound of the maximum reproduction number for
any set of admissible delays. Similar considerations can be
said related to Corollaries 18 and 19 which do not provide
necessary conditions either, in general, having in mind
Theorem 13. So, py, is also a lower-bound of the maximum
reproduction number for any set of admissible delays.

Remark 22. A case of interest might be when F;, = o;F;
i € 7U {0} with y = 1. Then, p((Y/_, F)(Xi_, V)™ =
1+ Y, a)pFy(Xi, Vi)fl) in Corollaries 18 and 19. If 0 <
o, < o (respectively, o, > ) fori € r—1U {0}
then the delays lose their influence, or, at least, such an
influence does not increase (respectively, increases) in the
transmission of the disease as the delay sizes increase. So,
PUTy F)(Spg Vi) < (r+ Dp(Fy(S Vi)™, respectively,
PSS V™) = (r + Dp(Fy(T L V) ™).

Example 23. Consider the subsequent linearized model
around the disease-free equilibrium point:

1
xp (t) = Z(Fz = Vi) x (t = hy) (52)

i=0
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for any delay & > 0. The nonnegativity of the solutions of
the linearized system holds with (-V;) € ME™ and F; > 0
(AILDDFS-positivity, that is, (F, — V) € Mp"") and F, > V,
(these three joint conditions implying AILDFS-positivity, that
is, YL o(F, = V) € MP"). If furthermore, the nonlinear
contribution to the infective dynamics of the whole epidemic
model fulfills — f(X(t), y(t)) = 0; Vt € R,,, independent of
h, then the whole solution trajectory is nonnegative for all
time independent of h. The relevant amounts to guarantee the
asymptotic stability of the auxiliary delay-free systems around
the disease-free equilibrium point and to keep it under a
certain tolerance to the delayed dynamics amount (specified
by the matrix (F, — V;)) independently of the delay h, via
Theorem 13 and Corollaries 15 and 17, are

Poco = P (FoVy ')

Poco = SEI;P “(iwln +Vp - Fo)_1 (F, - Vl)"z;

Poo = P [(Fo +F) (Vo +V1)_1] ;

Poo = 2||F1 =i, su&) ||(iwIn - (F, - Vl))’lnz; (53)
weR,

E0 = min (Roo’ ROOO);
Ryp = max (Poo’ﬁoo);

ROoo = max (pOOO’ ﬁOoo) .
Note that

(1) ppso < 1 if and only if the AILDDES is locally
asymptotically stable. Since the endemic equilibrium point
is not attainable if p,,, < 1 and it is confluent with the
disease-free one if p,,, = 1, the condition also implies that
the AILDDFS is globally asymptotically stable.

(2) pooo > 1 implies that the disease-free equilibrium
point is unstable and the endemic one is stable and attainable.

(3) po < 1 if and only if the AILDFS is locally
asymptotically stable. Since the endemic equilibrium point is
not attainable if py, < 1 and it is confluent with the disease-
free one if p, = 1, the condition also implies that the AILDFS
is globally asymptotically stable.

(4) pyo > 1 implies that the disease-free equilibrium point
is unstable and the endemic one is stable and attainable.

(5) If Ryoy < 1, orif Ry, < 1, then all the disease-free
equilibrium points (which satisty the respective conditions
Poco < lorp, < 1) for any value of b > 0 are globally
asymptotically stable. In particular, F,—V; and F, -V are such
that either p,, < 1 or p,, < 1 so that the corresponding aux-
iliary delay-free system around the disease-free equilibrium
point is globally asymptotically stable. Under those respective
conditions, all the resulting endemic equilibrium points are
unattainable. They are attainable and stable if R, > 1 or if
Ry = 1.

The following result relies on sufficiency-type conditions
of global asymptotic stability independent of the delays
of the linearized infective substate around the disease-free
equilibrium point including the case when the transmission
matrices for the various delays are all identical.
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Theorem 24. The following properties hold:
(i) Assume that (Fy — Vy) and Y\_(F; — V;) are stability
matrices, and that

r T 1
P [(In’ln’#’ln) (iwIn _FO +V0)
(54)

-(F, —VI,FZ—VZ,...,F,—Vr)] <1; VYweR,,.

Then, the infective linearized subsystem around the disease-free
equilibrium point is globally asymptotically stable independent
of the delays.

(i) IfF; = Fy > O; Vi € 7, (-V,) and (-V) = =Y, V; are
stability matrices, p(FOV_l) <1/(r +1), and

r T _
P [(In’ln’?t'—’ In) (iwIn - FO + VO) '
(55)

-(FO—VI,FO—VZ,...,FO—V)] <1; VYwe€Ry,.

r

Then the infective linearized subsystem is globally asymptoti-
cally stable independent of the delays.
Proof. If (F, — V) and Y_,(F; — V;) are stability matrices
then the linearized subsystem is globally asymptotically stable
for infinity and zero delays and the property also holds
independent of the sizes of the delays [18] if (54) holds.
Property (i) has been proved. Property (ii) follows in the
same way when F, = F, > 0; Vi € 7 since p(F,V ') <
1/(r + 1) guarantees that (V) is a stability matrix if (-V}))
is a stability matrix and (55) is identical to (54) if F; = F, > 0;
Vier. O]

Remark 25. Condition 2 of Theorem 24 holds if (-V}) is
a nonsingular stability matrix (it suffices, for instance, that
(-V,) € ME™ and it exists V, 1> 0, the second condition
holds if and only if the Metzler matrix (-V}) is a stability
matrix) and /)(V(;l(zgz1 V.)) < 1 since such a condition
implies that (=V) is a stability matrix provided that (-V;) is
also a stability matrix.

A related result to Theorem 4 for the case of presence of
delays adopts the subsequent form.

Theorem 26. Let g : R*™™ — R™ be everywhere contin-
uously differentiable with a Jacobian matrix: ], (zy) =
Ugx(z0) | J4,(20)] at any z, = (I v € R™™ with x, €
R" and y, € R", where z = (x",y")T € R™™ x ¢ R",
y € R™. Assume that the m x m matrix ], ,(z,) is nonsingular
at any equilibrium point zyof (24)-(26). Then, the following
properties hold.

(i) There exists an open set U of R" containing x, such
that there exists a unique continuously differentiable function
h : U — R" such that y, = h(x,) and f(x,h(x)) = 0;
Vx € U. Also, any equilibrium point z, = (xOT,yg)T can be
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expressed being dependent only on the infective substate, i.e.,
Zy = (xg, hT(xO))T, while satisfying

Yo=h (xo);
(56)

%= | Y0 G0) Vi) | (o)

provided that [Y_(F;(h(x)) — Vi(x,))] "is nonsingular at
any equilibrium point z, = (xOT,hT(xO))T, where F;(h(0)) = F,
and Vi(z,) = Vi Vi € FU{0}if 25 = z4; = (07, h7(0))" is
the disease-free equilibrium point and F;(h(x,,,;)) = F, and
Vilong) = Vies ¥i € T U0} i 20 = Zong = (Kgas ' (na))" i5
the endemic equilibrium point.

(i) Assume, furthermore, that (=Y. V;) € Mpg™" is
nonsingular with Fy > 0. Then, (a) the disease-free equilibrium
point exists being defined by Zgp = T, hT )T, it is unique
and locally asymptotically stable independent of the delays if
Ry < 1 and

(b) the endemic equilibrium point exists being defined by
Zopd = (x;d, yeTnd)T = (x;d, W' (x,,4)" while it satisfies

Yend = h (xend) >

Xend = (Fe - Ve)71 f (xend’h (xend)) :

It is reachable independent of the delays if Ry, > 1 and
S Cenas MXeng)) = f(xqp, h(xgp)) while it is unreachable,
in the sense that z,,; ¢ RG", if Ry < 1 supposing that
f(xend’ h(xend)) > f(xdfs h(xdf)) ifzend 51: de.

(57)

Proof. Since ], ,(xg, ¥p) is nonsingular, there exists an open
set U of R" containing x, such that there exists a unique
continuously differentiable function h : U — R™ such that
¥o = h(x,) and f(x,h(x)) = 0; Vx € U. Let z, be either the
disease-free equilibrium point z, = z4¢ = (o7, yg )T or the
endemic one z, = z,,4 = (x ,, y. )'. Property (i) follows if
(Y7o (F:(h(x,)) = Vi(x,))] " exists for any equilibrium point.

To prove Property (ii), note that (-V) € Mg" is
nonsingular with F > 0. Then, the disease-free equilibrium
point exists being defined by Zg = 07, hT0)7, it is unique
since h(-) is unique, given by x; = (F - V)flf(O, h(0)) =
0 and it is locally asymptotical{y stable if Ry, < 1 since
then (F - V) € Mp™ is a stability matrix, equivalently
(V = F)™' > 0 so that the linearized system around the
disease-free equilibrium point is locally exponentially (then
asymptotically ) stable. On the other hand, it is unstable if
Ry, > 1 [Theorem1 (iii)-(iv)]. The part (a) of Property (ii)
has been proved. Now let zy = z,,; = (x. ., y> )" be the
endemic equilibrium point. Note that it is also unique, since
f and h are everywhere continuous. Note that the following
cases can occur.

(a) If Ry, = 1, note that

Xend = (Ve - Fe)71 (_f (xend’ h (xend)))

(58)
= (V=F)" (=f (xap h (xar))) = 0
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since f(x,,4, h(x,,4)) < 0 (beinga strict inequality if and only
if Xog # %46 = 0) and (F — V) € My is stable, then it is
nonsingular.

(b) If Ryy < 1 then (V — F)™' » 0, since (F - V) € M,
and F, > F. Therefore, (I, + (V - F)fl(Fe - F)) > 0and
pl(V-F)""(F,~F)] > 0 then (I, +(I,-V'F)"'V"(F,-F))™
exists, and

V.=E) ' = (L,+ (V=P (F,-F)) (V-
= (In +(1,-Vv7'F) V(E, - F))_l v-F1 (59
<(V-F"

Note that x,,; is unreachable if x,,; # x4 = 0 since
—f(xend,h(xmd)) > —f(.xdf, h(xdf)) = 0, and

Xend = (Ve - Fe)_l (_f (xend’h(xend)))

<(1,+(L,-V'F) V(- F))_l
(60)

x(V-F)"(-f (de’ h (de)))

- -1
= (L,+(L,-V'E) 'V (E-F)) x4 =0.

Then, x,,; < 0. But, for the case, x,,; = 0, the endemic
equilibrium point is coincident with the disease-free one, that
is, Xpug = xgp = 0and Ryy = 1 while, for Ryy < 1, x,y <
0, hence a contradiction to its reachability follows since the
infective components of the endemic equilibrium point are
never allocated in the open first orthant of R”. Property (ii)
has been proved. O

The above result can be reformulated directly under the
replacements Ry, — R, and Ry, — R,. Note that if Ry, <
1 or Ry, < 1orR, < 1, one concludes that the disease-free
is guaranteed to be locally asymptotically stable independent
of the delays. It can also be guaranteed that the endemic
equilibrium point is attainable and stable independent of the
delays if Ryy > 1, or Ryo, > 1, or R, > 1. However,
combinations of delays with identical amounts of associated
delayed dynamics can exist with reproduction numbers less
than Ry, respectively, Ry, or, respectively, R, so that the
disease-free equilibrium point is unstable and the endemic
one stable and attainable. From Theorem 13, and based on
the previous results of Theorem 10 for the delay-free case, the
following result holds on positivity and global asymptotically
stability of the system subject to delays.

Theorem 27. Consider the epidemic model (27)-(29) under
Assumptions 4-5 and, furthermore, assume that

(1) any of the sets of conditions of either Theorem 13 (ii), or
Theorem 13 (iii), or Corollary 18(ii), or Corollary 19 hold,

(2) there are a unique disease-free equilibrium point and a
unique endemic equilibrium point,

(3) g:(z(t)) = 0in (28) if y;(t) = O for any i € m and
t € Ry,
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(4) fi(z(t)) < eiT(F - V)x(t) if x;(t - hj) =0 foranyi €
m Vj e ruU{0}andt e Ry, (it suffices that f;(z(t)) < 0 if
x;(t = hj) =0),

(5) the epidemic model is subject to any bounded absolutely
continuous function of initial conditions ¢ : [-h,0] —
Ry with eventual finite jumps on a subset of [~h, 0] of zero
measure, where p(0) = (x7(0), yT(O))T, such that the resulting
function of initial conditions @ : [-h,0] — Ry

(i) Then, any trajectory solution is nonnegative and uni-
formly bounded independent of the delays while it is globally
convergent to the disease-free equilibrium point if R, < 1,
which is also a globally asymptotically stable attractor.

If furthermore, the following condition holds:

(6) if R, > 1 then the total population of (27)-(29),
i.e., the sum of all the subpopulations, is uniformly bounded
independent of the delays for all time.

(ii) Then, provided that f(X(t), y(t)) and g(X(t), y(t)) are
uniformly continuous in the first closed orthant of R, all the
trajectory solutions are bounded and nonnegative for all time
while they converge asymptotically to the endemic equilibrium
point which is also the unique asymptotically stable attractor.

Proof. If R, < 1 then conditions (1)-(5) with Assumptions
4-5 guarantee that the linearized model around the disease-
free equilibrium point is locally asymptotically stable and
all the trajectories within the open first orthant of R
remain within it for all time. Since it is the unique attainable
equilibrium the local asymptotic stability is also global (that
is, for any bounded function of initial conditions within the
first orthant) and asymptotic. Since all the subpopulations
of both the infective and noninfective compartments are
bounded and nonnegative for all time, the total population is
also nonnegative and bounded through time. Property (i) has
been proved. On the other hand, if condition (6) holds and
R, > 1then the disease-free equilibrium point is unstable and
the endemic one is attainable. Assume the two subsequent
cases potentially to occur.

Case a. The endemic equilibrium point is globally asymptoti-
cally stable independent of the delays. Property (ii) is proved
directly.

Case b. The endemic equilibrium point is unstable indepen-
dent of the delays. Since the total population is bounded by
hypothesis and all the subpopulations are nonnegative for all
time, all the subpopulations are bounded for all time and a
bounded limit cycle should surround the endemic point to
attract any trajectories in the first orthant from the admis-
sible Poincaré-type combinations of allowed stable/instable
combinations of configurations of singular points and limit
cycles. Rewrite compactly (27) to (29) in the form 2(t) =
f(x(t), 9(t)) by defining f : Ry, x R" x R" — R™™
from the linearized infective dynamics and the functions
f: Ry, xR"™ — R'and g : Ry, x "™ — R".
Assume that JOOO f(fc(‘f), y(1))dt = too. Then z(t) — *oo
as t — oo which is not compatible with the nonnegativity
of the solution trajectories within the first orthant and their

boundenness. Therefore, —co < IOOO f()’E(T),)?(T))dT < +00.
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Since f (X(-).¥(-)) is uniformly continuous, it follows from
Barbalat’s lemma that z(t) — 0 ast — 00 so that z(t)
cannot have a limit oscillation in any of its components. So, a
stable limit cycle cannot surround the endemic equilibrium
point. Therefore, z(t) — z,,; ast — oo for any set of
initial conditions satisfying condition (5). Property (ii) has
been proved.

Remarks 28. Note that the equilibrium points do not depend
on the delays but only on the delay-free and delayed matrices.
However, the reproduction numbers are dependent, in gen-
eral, on each particular set of delays although the threshold
R, is independent of the delays.

(2) Note also that Theorem 27 concludes the stability
(respectively, instability) of the disease-free equilibrium point
for each set of delaysif R, < 1 (respectively, R, > 1). However,
it does not conclude that, for a particular set of delays, the
endemic equilibrium point is unattainable/ unstable if R, < 1.

(3) From Remark 21, Theorem 13, Corollaries 18 and 19,
it follows that R, and R, are the reproduction numbers
for the auxiliary delay-free systems AILDFS and AILDDEFS,
respectively, and also lower bounds of the reproduction
number for the whole set of delays. They also guarantee global
asymptotic stability independent of the delays towards the
disease-free equilibrium under sufficiency-type conditions of
tolerance to the delayed dynamics given, respectively, by (44)
and (40).

Appendix

A. Some Technical Results on
Positivity and Stability of Matrices and
Meztler and M-Matrices

Some technical results on positivity and stability of matrices
and their perturbed counterparts are given. Those results are
then used concerning the stability of the linearized system
around the disease-free equilibrium point.

Theorem A.1 (see [14, 15]). Assume that G € R™". Then, the
following properties hold.

(i) G is an M-matrix if and only if (-G) € Mg ™.

(ii) G is nonsingular with G™* > 0 if and only if G is an
M-matrix.

(iii) G is nonsingular with G™' > 0 if and only if (-G) €
Mg is a stability matrix.

(iv) There exists Gg(€ R™") > 0 with maximal eigenvalue
r such that G = cI,, — Gg, wherec > r.

Theorem A.2. Assume that G € R™". Then, the following
properties hold.

(i) Assume that G is decomposed as G = G, + G, with G,
being nonsingular and G, = G — G,. Then, G is nonsingular
if G, < ¢ for some sufficiently small (in general, norm-
dependent) € € R,.

(ii) Assume that G € R™" is an M-matrix that is
decomposed as G = G, + G, with G, being an M-matrix with
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G;' > 0andG, = G-G, < 0. Then, G € R™" is a nonsingular
antistable matrix with G™' > 0 if and only if p(G,G;") < 1.
Equivalently, (-G) € My, while it is a stability matrix if and
only if p(G,G;") < 1.

Proof. Since (G, + G,) is a regular splitting of G such that G,
is nonsingular, one has from Banach’s Perturbation Lemma
[25] that

G=G,+G,=G,(I,+G['G,) (A)
Thus, G ! exists and
67 =G+ )| = |+ 6'e) 6
; BT i I
< ”Gll” ||(In + GIIGZ) H < W
for any matrix norm | - ||, provided that IIGIIGZII < 1, that

is, if |G,l < & = /1G]l = K(G,)/|IG,|l, where K(G,) =
G, 1l IIGI1 || is the condition number of G; with respect to the
matrix norm || ||. Property (i) has been proved.

To prove Property (ii), note that (G, + G,) is a regular
splitting of the M-matrix G since G, is a nonsingular M-
matrix with G;' > 0. Then, (-G,) € M is a stability matrix
(Theorem A.1(iii)) and Gy is anti-stable. Thus, G, = -G, > 0
and G;'G,, > 0 and it follows that

G=G,+G,=G, -G, =G, (I,-G|'G,,)  (A3)
and G exists and it is given by G™' = (I, - G;'G,,) "G, .
Since p(G;'G,,) = p(G;'G,) < 1, (I, - G]'Gp)™" =
ZEZO(GIIG,ZZ)” > 0 from Von Neumann’s series expansion
and since (G;'G,,)" > 0 foralln > 0 and G, > 0, it follows
that G = (3°2,(G,'G,,)")G," > 0.

On the other hand, since G,, > 0 and G;' > 0
both have a simple, in general, nonstrictly dominant Perron
root. But the inverse of the Perron root of G, is also a real
positive eigenvalue of G;' with the minimum value of all its
eigenvalues. Therefore, since G, and G| are both antistable
and the eigenvalues of a matrix are continuous function with
respect to all its entries, one concludes that the condition
p(G'G,) < 1 guarantees that G' > 0 and G are both
antistable and then (-G) is a stability Metzler matrix. The
above condition can also be expressed as p(G,G; ") < 1 since
the order of the matrix product does not affect the spectral
radius since the eigenvalues of a product of two matrices do
not depend on the product order [25]. The sufficient part has
been proved. The necessity of p(G,G;') < 1 for G to be an
antistable M-matrix follows since if p(GZGII) = 1 then, from
the continuity of all the eigenvalues with respect to the matrix
entries, one of the eigenvalues of G crosses the imaginary axis
of the complex plane. It has been proved that G € R™" is
a nonsingular antistable matrix with G™' > 0 if and only
if p(G,G;") < 1. Equivalently, (-G) € M, while it is a
stability matrix, if and only if p(GZGII) < 1. ]
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B. Two Technical Results Which Guarantee
the Uniqueness of the Equilibrium Points

Theorem B.1. The following properties hold.

(i) Let g : R”™™ — R™ be a continuously differentiable
function such that (0, y,) = 0 for 0 € R" and some y, €
R™. If the Jacobian matrix ]g’y(O,yo) = ((agi/ayj)(o,yo))
is nonsingular then the disease-free equilibrium point z;; =

(OT,ygf)T, Yag = Yo» is unique.

(i) Let g : R™™ — R™ be continuous with g(0, y,) = 0
for0 € R" and some y, € R™. If there exist open neighborhoods
A CR"0f0 € R"and B c R" of y,, such that for all x € A,
g(x,.) : A — R" is locally one-to-one then the disease-free
equilibrium point z; = (O ygf)T, Yag = Yoo is unique.

Proof. Let z;; = (OT,ygf)T, for yop = yo € R", yyp =
Yoi(# ¥y) € R™ be two distinct disease-free equilibrium
points and g : R"™™ — R™ a continuously differentiable
function such that g(0, y,) = 0 for 0 € R" and some y, €
R™. If the Jacobian matrix J4,(0, %) = ((agi/ayj)(o, ¥o)) is
nonsingular then, from the implicit function theorem, there
exists an open set U of R” with 0 € U such that there exists a
unique continuously differentiable functionh : U ¢ R" —
R" such that y, = h(0), f(x,g(x)) = 0; Vx € U, and
(0h/22})(x) = ~1J,,, (x BT [09/22¢))(x, B()]; Vix € U.
Now, take a similar reasoning for y;; = yy;, again assuming
that J, (0, y5;) = ((09;/9y,)(0, y41)) is nonsingular, what
concludes that y,, = h;(0) with h; : U; — R but since
bothh : U — R" and h; : U, — R"™ are unique
in U and U, which both are open and contain 0 € R”
so that they have a nonempty intersection, it follows that
h = h, inU N U, so that y,; = h(0) # y, = h(0) is a
contradiction. Therefore, z;, = (o7, ygf)T is unique. Property
(i) has been proved. Now, let again Zgp = (N ygf)T be a
disease-free equilibrium point with y;; = y,. The proof of
Property (ii) is supported by the implicit function theorem
for continuous (nonnecessarily continuously differentiable)
functions. If there exist open neighborhoods A ¢ R" of
0 € R"and B ¢ R” of y, € B, such that for all x € A,
g(x,-) + A — R™ is locally one-to-one, then there exist
open neighborhoods A, € R” of 0 € R”, and B, € R" of
¥y, € R" such that forall x € A), y = h(x) € By ¢ R"is
the unique local solution of g(x, y) = 0, defined by the pairs
(x,y = h(x)) € A, x By, where h is a continuous function
from A, into B,. Since any disease-free equilibrium point is
of the form Zgp = (o7, ygf = h'(0))T and h is a continuous
function from A, which contains 0 € R”, into B, such an
equilibrium point is unique; that is, two solutions (07, yOT )T
and z;; = (07, yH)T with yy, y,(# y,) cannot exist. Property
(ii) has been proved. O

Theorem B.2. Assume that all the entries of the Jacobian
matrix around any equilibrium point are additive functions
and that all the equilibrium points have the same associate
transition matrix (V). Let z, = (xz;,yg)T = (xOT, hT(xO))T
be an endemic equilibrium point. Then, the following properties
hold.
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(i) Let z, be reachable. Then, it is the unique endemic
reachable equilibrium point if and only if

[VAx, (# 0) € R",VAy, € R" : (Ax, > —x,)
A (Dxy) > —0) A (f (30 + Axgr Yo + Ayp)
< 0) A (rank [F (h (xo + Axo) — b (Axg))
+ F (h(Axg)) - 2V, 2f (Axg 1 (Axy))]) B
= rank [F (h (x, + Axg) — h (Axg)) + F (h(Ax,))
—2V,]] = [h(xo) # h (% + Axg) — b (Ax,)]

(ii) Let z, be either reachable or unattainable. Then, it is the
unique endemic equilibrium point if and only if

[VAx, (#0) € R",VAy, ¢ R"":
(rank [F (h(x + Axy) — h(Ax,)) + F (h(Axy))
=2V, 2f (Axg, h (Ax))])
(B.2)
= rank [F (h(x, + Axy) — h(Ax,))
+F (h(Axo)) = 2V,]] = [h(xg) # h(xg + Ax)
—h(Ax,)]

Proof. Assume that there exist two distinct equilibrium
points with infective and noninfective variables x, and y,,

namely, z, = (xOT,yOT)T and z; = (xlT, le)T =z, + Az, so that
Jg.2 (z1)z = Jg.z (20 + Azp) (20 + Azp)
= ]g,z (ZO) Zp = 0

Since all the entries of the Jacobian matrices are additive, one
gets

(B.3)

Jg. (21) 2 - Jg.2 (20) 2o

= Jpz (20) Azg + 1y, (A20) 20 + ]y, (Az) Azy  (B.4)
=0
then
Tgz (Z0) Azg + ], (Azg) Azg = =], (AZg) 2p.  (B.S)

Again, using the additive property assumption on the Jaco-
bian matrix, one has that the infective and noninfective
compartments satisfy the constraints:

(F (35) = Vo) Axg = f (x0, o) + (F (Ay,) = Vp) Ax,
= [ (Axg, Ay,) = = (F (Ay,) = Vo) %o
+ f (Axo, Ayy)

Yo =h(x)s

(B.6)

y1=h(x) =h(xo+Axp) = yp + h(Ax) = y,
+ Ay,
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where Ax, = x, — x, and Ay, = y, — ¥, If the
second two constraints are replaced into the first equation,
one gets that, from Rouché-Froebenius theorem of Linear
Algebra, such an algebraic equation is solvable (being either
compatible determinate with one solution or indeterminate
with infinitely many ones) in Ax, # 0 if and only if

rank [F (h (x, + Axy) —h(Ax,)) + F (h(Axp))

= 2Vp, 2 (Axg, h (Ax,))]
(B.7)
= rank [F (h(x, + Axy) — h(Ax,))

+ F(h(Ax)) - 2Vo]]

This implies the existence of at least another endemic equi-
librium point, which is not coincident with the disease-free
one since x; = Ax, # 0if h(y,) = h(x, + Axy) = h(x,) +
h(Ax,) = y,+h(Ax,). Such a point does not exist if either rank
condition fails (i.e., the algebraic system is incompatible) or if
itholdsbut h(x,) # h(xy+Ax,)—h(Ax,). There are additional
conditions on positivity needed for the point to be reachable
in the case that it exists. This leads directly to the two claimed
properties. O
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