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Abstract. In this article, we consider a model describing hospital ac-
quired infections. The model derived is a system of delay differential
equations. The state variable is formed by the patients and the health
care workers components. The system is a slow-fast system where the
fast equation corresponds to the health care workers equation. The ques-
tion addressed in this paper is the convergence to the so-called reduced
equations which is a single equation for patients. We investigate both
finite time convergence and infinite time convergence (uniformly for all
positive time) of the original system to the reduced equation.

1. INTRODUCTION

In this article, we consider a model describing bacterial nosocomial infec-
tions (i.e. hospital acquired infections). In such a problem the pathogens
(bacteria) are assumed to be transmitted from the patients to the Health
care Workers (HCW) and from the HCWs to the patients. A Susceptible
(S) patient may become newly Infected (I) patient by contact with a col-
onized HCW. Typically, the colonization of HCWs is of a superficial form
such as dirty hands that carry the pathogen. The HCWs are decomposed
into the Uncolonized (Hy) and the Colonized (H¢). The fluxes of patients
and HCWs are summarized in Figure 1.

The time scales for the process of colonization for HCWs and the process
of infection for patients are fairly different. HCWs may recover from the
colonization due to hygiene or due to the turn over in the medical unit
(i.e. a shifts of 8 Hours). When a HCW becomes colonized, the HCW is
assumed to be immediately capable to transmit the pathogen to a patient.
The average time during which the HCW stays colonized is approximatively
one or two hours. For a patient the infection process is much longer, and a

AMS Subject Classifications: 34K26, 92C60, 34K25, 92D25.
Accepted for publication: September 2015.
321



322 A. DucroT, P. MAGAL, AND O. SEYDI

patient needs several days to be capable to transmit the pathogen to HCWs.
Therefore, when a patient become infected, the period of time necessary to
transmit the pathogen from patients to an HCW is much longer. In this
sense, there is (at least) one order of magnitude between the time scale for
HCWs and the time scale for patients.

In this article, we will consider a special version of a model presented in
Magal and McCluskey [20, Section 7]. By using the usual idea coming from
slow-fast systems, we will cancel out the HCWs component of the system.
Similar idea was already used in D’Agata et al. [11] (without mathematical
justification), and as [11] we will end up with a single equation for patients.
The model derived turn to be similar (but different) to the one introduced
in Webb et al. in [26]. A practical motivation for this study comes from the
fact that (usually) no data are available for the colonized HCWs. Therefore,
it also makes sense to try to get rid of the HCWs component in such a

problem.

Figure 1: The figure represents a diagram of the individual fluxes used to describe
hospital acquired infections. In this diagram, each solid arrow represents a flux
of individuals, while the dashed arrows represent the influence of either infected
patients or colonized HCWs on the pathogen acquisition.

Let S(t) be the number of susceptible patients at time ¢, and i(¢, a) be the
density of infected patients who have been infected for duration a at time t.
This means that f i(t,a)da, is the number of infected patients having an
age of infection (i.e., the time since infection) 0 < a_ < a < a4. The age of
infection is introduced in such a context to account for antibiotic treatment
in the model. Let Hy(t) be the number of uncolonized HCWs, H¢(t) be
the number of colonized HCWs. Assume that the number of patients and
HCWs is constant in the hospital (or the intensive care unit), therefore we
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must have
+oo
S(t)—i—/ i(t,a)da = Np and Hy(t)+ Heo(t) = Ng. (1.1)
0

Patient equation:

d
fzit) — vpNp — vRS(t) — VXZ Ly S(t)He(t),
di(t,a)  0Oi(t,a) _

o+ 2 —vrilta), (1.2)
i(t,0) = ”]VVH’ By St)He (1),
S(0) =Sy >0, i(0,.) =ig € L (0, +00).

The rate vy at which contacts between staff and patients occur is taken to
be constant. The probability for a patient to have contact with a HCW

is By := Npg/N, and when a contact occurs the probability that is with a

contaminated HCW is the faction % of HCWs that are colonized, where

Niyz is the total number of HCWs arfd N, is the total number of patients.
Finally, given a contact between a susceptible patient and a contaminated
HCW, the probability that the patient becomes infected is Pr € (0, 1]. Thus,
the rate at which incidence of new infections in the patient population is
”X,—?BVS He. All newly infected patients enter the infected population with
infection age 0.

Next, the system describing the HCWs colonization is the following :
HCW Equation:

P _ g Ny — v (1) Wy o) /0 " (@)ilt, a)da,
d}izi(t) - V]VVI:C Hy(t) /0 " ()it a)da — v Ho(t); (1.3)

HU(O) = Hyo > 0, HC(O) = Hgg > 0.

As in the patient equations, contacts occur at rate vy. Let Po € (0,1] be
the maximum probability that a contact between an infected patient and an
uncontaminated HCW leads to a new contamination. The relative infectivity
of patients of infection age a is y(a) and the density of contacts with patients
of infection age a is %, where Np is the total number of patients. Thus,
the incidence of new contaminations in the HCW population is

P, +oo
VI, / v(a)i(t, a)da.
0

Np
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The decontamination rate for HCWs is vy.
The meaning of the parameters, as well as the values used in simulations,
are listed in Table 1.

Symbol Interpretation Value Units
Np total number of patients 400* -
Ny total number of HCWs 100* -
Ty = i average time during which an HCW stays 1* hours
colonized
Ty = % average duration of visit to a patient by 1.58***  hours
a HCW plus time to the next visit
Tr = i average time spent in the hospital for an 28* days
infected patient
Py probability for a patient to be infected by 0.06** -
a HCW per visit
Pe probability for a HCW to be colonized by 0.4** -
a patient per visit
~v(a) relative infectivity of patients of infection age a
T time necessary to become infectious 9.86 days

Table 1: The parameter values are taken from [11], and are used in numerical
simulations. Values marked with * were estimated for Beth Israel Deaconess Medical
Center, Boston. Values marked with ** were estimated for Cook County Hospital,
Chicago. The parameter value T is estimated in this work.

By using (1.1), system (1.2)-(1.3) can be reduced to the following system
of equations

/ . t . t
dilt.a) | Bilta)
ot P % +oo
. vy rpv .
t,0) = ———(Np — t,a)da |Ho(t),
ZEH )(t) Nhgj ( ’ /O ! a")o a> o (14)
C vy rc .
= Ny — H, —vpgH
o) (Nu — Ho()) /O Ya)ilt, a)da — vy Ho(t),
i(0,.) =9 € L1(0,+00), He(0) = Heo > 0.
Assuming for simplicity that
1, ifa €1, +00),
v(a) = { 0, otherwise, (1.5)

and by setting
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system (1.4) can be rewritten for ¢ > 7 as

dI(t) _ vvPBy (Np — I(t))He(t) — vrl(t),

afie)  wh
C'( ) _ vy C(NH - Hc(t))e—uRT](t _ 7_) _ VHHC(t)a (17)
dt Np

I(t,) = Ip(t) > 0,¥t € [-7,0], He(0) = Heo > 0.

The global asymptotic behavior of system (1.2)-(1.3) has been studied in
[20]. For example the basic reproductive number for system (1.7) is given by

VHVR

Ro :\/ vy PrBy Poe VRT, (1.8)

The above formula suggests that the parameters 7 play a crucial role for the
persistence (or the invasion) of resistant pathogens. Clearly, these param-
eters are related to antibiotic treatments (see D’Agata et al. [11]). At the
level of single patient, antibiotic treatment provides an in-host environment
that selects in favor of the resistant strain. As a consequence, due to an-
tibiotic treatments, patients may become more likely to transmit resistant
pathogens. But the effects of treatments for a single patient are a fairly
complex system. Some mechanisms involved in such problems have been
described in [12, 1] (see also references therein).

As far as we know, no singular perturbation results are known for such age
structured systems. Moreover, relatively few examples has been considered
in the literature. We refer to Arino et al. [4] and Ducrot et al. [15] for
two examples of singularly perturbed age structured systems. One may
also observe that for functional differential equations (1.7) (as far as we
know) the usual theory does not apply (see Hale and Verduyn Lunel [17]
Diekmann et al. [14], Arino et al. [3], and Smith [25]). We also refer to
Magalhaes [21, 22] and Artstein and Slemrod [5] for more results on singular
perturbation analysis in the context of delay differential equations.

In order to introduce the singularly perturbed system, a discussion of the
processes is of order. First, the goal of the model is to describe the spread
of the hospital epidemic over several months. We observe that on the scale
of one month or year, a HCW visit of an average period % ~ 1.5 hours is
very short. Thus, we should use the idea of slow-fast system which as been
successfully used for several classes of bio-medical problems (see Auger et
al. [6], Hek [18]). The fast process corresponds here to HCW visit during
which that contamination may happen while the slow process corresponds
to patient infection, admission, and exit. Here, we set % =e<< 1l In
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order to re-scale (1.7) with respect to ¢, let us first notice that parameter
i, the average time during which an HCW stays colonized is also related to
€. Indeed the larger a visit is, the larger is the bacterial load and therefore
the larger is the time during which an HCW stays colonized. Here we shall
assume a simple proportional law, that is,

vy =ygvy = L.

Let us also mention that the probability P; for a patient to become infected
during a HCW visit also depends on % Indeed since patients are motion-
less, the contamination process arises due to manipulation of the material,
the patients themselves. As a consequence, the probability P; can be de-
composed as Pr = 131 X i where /P; denotes the probability for a patient to

become infected during a unit time of HOW visit. Here, we assume that P,
is fixed so that P; = Pje. On the other hand, the contamination process of
an HCW by the contaminated patient, described by Pg, is rather different.
Indeed, the contamination of the environment occurs as soon as the patient
is contaminated. This environmental contamination is due to the bacterial
spread as well as the manipulation of the material by the HCW. As a conse-
quence, a contaminated patient and his environment ensure a rather strong
probability of HCW colonization even if the visit time is small. Hence, we
decompose the probability Po into two terms Po = Pg + Po X % wherein
Pg > () corresponds to the initial probability of an HCW to become colonized
as soon as he enters the contaminated environment while ]30 corresponds to
an additional probability to become colonized per unit time of visit. This
leads Po := Po(e) = Pg + ﬁos. As a consequence of the above modelling,
system (1.7) re-writes as

6d1{dc7;(t) _ P]c\‘rf) (NH - Hc(t))e_VRTI(t — 7-) _ WHﬂc(t), (1.9)

I(t,.) = Ip(t) > 0, € [-7,0], Ho(0) = Heo > 0.

Formally, when € = 0 the second equation of the above system reduces to

He(t) = h(I(t — 7)), (1.10)
where h : [0, 4+00) — [0, +00), h(x) = flﬁfﬁz’ with 8 = %e‘”RT. The so-

called reduced system corresponds to the first equation of (1.9) (i.e., the slow
equation of (1.9)) in which H¢(t) is replaced by h(I(t — 7)). Therefore, the
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result model is nothing but the following single delay differential equation

artt) _ (Np — I()A(I(t — 7)) — vRI(t). (1.11)

In Section 2, we will provide a careful comparison between the solutions of
system (1.9) and the solutions of system (1.11). A question left for future
investigation is the comparison of the original model with age of infection
with the following model

di(t,a) n di(t,a)
ot oa

i(t,0) = ﬁ&iv (Np—/o+ooi(t,a)da)h</0
i(0,.) = ip € L}(0, +00).

= _VRi(ta a)7

o0

v(a)i(t, a)da)7 (1.12)

One may observe that this reduced model also corresponds to the model
introduced by Webb et al. in [26]. We refer to [9, 13, 16, 23] (and the
references therein) for more results on such a nosocomial infections model.

The plane of the paper is the following. In Section 2, we summarize the
main results of this article. Section 3 is devoted to deriving preliminary
results that will be used to the proof of Theorem 2.1 in Section 4. Finally
Section 5 is devoted to the study of the convergence as ¢ — 0 to the unique
heteroclinic solution of the reduced system.
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Figure 2: Figures (a) and (b) describe respectively the evolution of the prevalence
of infected patients at the equilibrium and Ry with respect to 1/vy and 7.
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2. MAIN RESULTS

For simplicity we fix Pc = 0, so we assume that Po(e) = PY. Then

by introducing the prevalence x° = Nip and y° = ]I\{,—g, system (1.9) can be
rewritten as the following delay differential equation
dxe(t
T 1) a1 - (1), V20,
dy* (¢
Ay et - -, 20, B
ye(0) =yo € R, 2°(0) = ¢(0),V0 € [—1,0],
wherein we have set
I =VR, = ﬁ]{é", v=ryand § = f,—%e_”m, (2.2)

while € € (0,1) is a small parameter. Note that using the above notations,
Ry defined in (1.8) re-writes as

Ry:= /%, (2.3)
Let C := C([—T,0],R) be the Banach space of continuous functions from

[—7,0] to R endowed with the supremum norm

lelle == sup (0)].

0e[—T,0

By taking ¢ = 0 in equation (2.1) and solving the second equation in y,

we obtain y(t) = % By replacing y by this expression in the first
equation of system (2.1), we obtain the reduced equation of (2.1)

dx(t)__x ah(x(t — 1 -z
= = —ua(t) + ah(z(t = 7)1~ 2(), V¢ =0, (2.4)

z(0) = p(0),V0 € [—T1,0],

where the function h : Ry — R is defined by

h(z) = 355, Va > 0. (2.5)
Set
M := C([-,0],[0,1]) x [0,1]. (2.6)

The main results are stated as follows.
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Theorem 2.1. Let 7, u, o, v, B > 0 be given positive constants and let (¢, yo)
€ M such that ¢ # 0c. Let (2%,y%) (resp. x) be the solution of (2.1) with
initial data (p,y0) € M (resp. of (2.4) with initial data ¢). Then the
following properties are satisfied

li °(t) — =
gg%gg\w (t) — z(t)| =0,

and
lim sup |y°(¢t) — h(xz(t — 7)) = 0.

€20 ¢>¢Ine|

Remark 2.2. If Ry < 1 and ¢ = 0, then the above uniform convergence
holds true.

Remark 2.3. By using the classical change of time scale z(t) = z°(et) and
y(t) = y°(et), system (2.1) becomes

) _ () + ey (1 — ()]
ddtt (2.7)
Zi) = —wy(t) + Bt — ) (1 — y(t)),

where 7. := T — 400 as £(> 0) — 0. One may observe that the equation
remains singular after this change of time scale since the delay 7. goes to
infinity as € — 0. To the best of our knowledge the only available nonlin-
ear theory is concerned with convergence local in time towards the reduced
system. We refer to Artstein and Slemrod [5] and the references therein for
general results on this topic.

Remark 2.4. Roughly speaking the proof of the above result shows that in
a very fast time t. of order ¢|Ine|, y°(t-) becomes very close to h(¢(te —7)).
Next, y°(t) stays close to h(x®(t — 7)) with the following kind of estimate for
t > 7 and ¢ small enough:

_ v(t—7)
e

y () = h(a*(t — 7)) + O(e) + Ofe )-

It is important to point out the fact that the above theorem is established
in the context that the same initial condition ¢ is taken for the system (2.1)
and (2.4). When ¢ is the zero function we do not have a global uniform
convergence of x¢ to x whenever yg # 0 and Ry > 1. The study of the
convergence of z° to x is much more delicate. The result obtained is the
following
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Theorem 2.5. Assume that Ry > 1. Then the reduced system (2.4) has a
unique (up to time shift) heteroclinic orbit x> such that

lim z°°(t) =0 and lim z™(t) =z := M.

t——00 t——4o00 ab + up
Furthermore, x> is increasing on R. Let yo € (0,1] be given and let us
denote by (x%,y°) the solution of (2.1) with initial data (Oc,yo). Define
te == sup{t > 0 : z°(t) = %} < +4o00. Then we have lim._,gt: = 400
and lim._,o 2°(t + t.) = 2°°(t), uniformly in t on each interval of the form
[T, +00) withl > 0 and where x> = x>°(t) is the unique heteroclinic orbit

of the reduced system (2.4) satisfying x>°(0) = £.

(2.8)

2
_3
1
25X10 ‘ ‘
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i —— 1jv=1n35 |
1v,=2h10
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0.5

0 56 160 150 260 250 360 350

Time in days
Figure 3: Error between the full and the reduced system for the same non zero
initial data and different vy . Precisely error(t) = |2°(t) — x(t)|, the parameters v,
W, a, (3 are computed using the relation (2.2) with the approximation P = P for

the parameter value of the Table 1. The initial data for y is yo = 0.5 and the initial
data for x and z€ is p(t) = 0.6 for ¢ € [—9.86,0].

In order to illustrate the latter results and more specifically Theorem 2.1
with realistic parameters, we shall use the values described in Table 1. Notice
that the average time necessary to become infectious, namely 7, is unknown
and needs to be estimated. This is performed by using the expression of
the endemic prevalence equilibrium T given in (2.8). Using the parameters
of Table 1, to reach 10% prevalence of patient we obtain 7 = 9.86 days.
Figure 2-(a) illustrates how the equilibrium prevalence of patients varies
with respect to the parameters 7 and % Note that the prevalence is very
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sensitive with respect to the average time of HCW visit. Indeed, for the
value 7 = 9.86 days the prevalence at equilibrium varies from 10% to 18%
when the length of visit varies from 95 min to 90 min. Figure 2-(b) illustrates
the dependence on the basic reproduction number Ry with respect to 7 and
%. An increasing of the length of visit % leads to a decrease of the basic
reproduction number and thus on the bacteria’s spread.

Finally, the convergence result stated in Theorem 2.1 is illustrated in
Figure 3. The error between the prevalence for the full and reduced system
is plotted for different values for the time of HCW visit. Together with the
parameters of Table 1 and the different values of vy recalled in Figure 3, we
obtain a maximal error of order 10~ over one year’s computation time.

3. PRELIMINARIES

The aim of this section is to derive preliminary results for (2.1) and (2.4).
We shall more specifically focus one existence and uniqueness of solution
as well as asymptotic behavior. We shall use the usual history function to
deal with delay differential equation, namely for each continuous function
x:[-71,T) — R for some given T' > 0 we write ¢ € [0,T) +— z; € C defined
by z+(0) = z(t + 0) for each 6 € [—7,0] and ¢ € [0,T). We first state the
preliminary result for the reduced system (2.4).

Lemma 3.1. Consider the set
M:={peC: 0c<¢p<lch (3.1)

Then M is positively invariant with respect to the semiflow generated by
(2.4). If we denote by {U(t)}+>0 the strongly continuous semiflow on M
generated by (2.4) defined by U(t)p = x; the following holds true:

(i) for each (p,9) € (M)?

o< = Ult)p <U(tW, Vt > 0. (3.2)
(ii) When Ry < 1 then the semiflow U only has the trivial equilibrium Oc.
When Ry > 1 the semiflow admits exactly two equilibrium points: the
trivial one and the constant T defined by

o —pv

af +pub’
(iii) When Ry < 1 then the trivial equilibrium O¢ is globally asymptoti-
cally stable in M. When Ry > 1 then the positive equilibrium % is

globally asymptotically stable in M \ {0¢} .

(3.3)
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Proof. The proof of the forward invariance of M as well as (i) directly
follows from the results of Smith [24]. Indeed if we define g : C'— R by

9(@) = —ph(0) + ah(¢(=7))(1 = 1(0)).

Then one has g(1¢) < 0 and g(0¢) = 0 so that M is forward invariant
and on M function g is quasi monotone. Now the proof (i) comes from
straightforward computations. It remains to prove (iii). To do so let us first
notice that

i 9001C)

6—0 0
Then using the results of Smith [24] for each § € (0,1) small enough we
have U(t)(01¢) — T as t — +o00. On the other hand let us also notice that
g(l¢) < 0 so that we deduce using (i) that U(t)lc — T as t — oco. To
complete the proof (44) it remains to show that for each ¢ € M\ {0c} the
solution t — x; = U(t)yp of the system (2.4) satisfies z(t) > 0 for all t > 7.
Since ¢ € M\ {0c} there exists to € [0,7] such that z(ty) > 0. Hence one
gets for each

:—u+a—f:M[R§—1]>0.

z(t) = e M)zt + / e M an(z(s — 7))(1 — z(s))ds

to
> e M) g(t0) > 0, VE > to,

and the result follows. O

Let us now state a similar preliminary result for System (2.1).

Lemma 3.2. Let € > 0 be given. Then the subset M C C' x R (defined in
(2.6)) is positively invariant by the semiflow generated by (2.1). If we denote
by {U%(t) }+>0 the continuous semiflow on M generated by (2.1) defined by
Us(t)p = (25,y5(t))T then the following holds true:

(i) for each (p,v) € (M)2:
o <cxr ¥ = U(t)p <cxr U(t)y, Vt >0, (3.4)

where the partial order <cxr s defined by the usual positive cone
C+ X R+ c CxR.

(ii) When Ro < 1, then the only equilibrium of the semiflow U€ is the
trivial equilibrium (0¢,0)T. When Ry > 1 the semiflow admits ex-
actly two equilibrium points: the trivial one and the constant (T, g
where T is defined in defined in (3.3) while y = h(T).
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(iii) When Ry < 1 then the trivial equilibrium (0c,0)T is globally asymp-
totically stable in M. When Ry > 1 then the interior equilibrium
(z,9)T is globally asymptotically stable in M \ {(0¢,0)}.

The proof of this results is straightforward and follows by the same steps
and arguments as the one of Lemma 3.1.

Our next preliminary result relies on some property of the entire solutions
of the reduced system (2.4). This will be needed in the proof of Theorem
2.1 as well as Theorem 2.5.

Lemma 3.3. Assume that Ry > 1. Then {x(t)}ier is a complete orbit in
M of (2.4) if and only if one of the following property is satisfied:

(i) = is an equilibrium point of the system (2.4), namely xz(t) = 0¢ or
z(t) = .
(ii) x is a heteroclinic orbit of the system (2.4) satisfying the following
properties
(a) 0 < z(t) <Z forallt € R.
(b) lim z(t) =z and lim z(t) =0.
t—+o00 t——00
Proof. Let us first notice that (i) or (ii) implies that = is an complete orbit
of (2.4) in M. Let {z(t)}er be a given complete orbit of the system (2.4)
in M such that z #0c and x # 7.

Let us first prove that x satisfies (ii)-(a). Since x(t) € M for each t € R
one has 0¢ < 24— < 1¢ for each ¢t € R and s € R. Lemma 3.1-(i) yields
that 0c < @ < U(s)lc for each s > 0 and ¢ € R. Lemma 3.1-(iii) implies
that U(s)1 — Z as s — +oo that ensures that 0 < x(t) < 7 for all t € R. To
complete the proof of ii)-(a) it remains to prove that 0 < x(t) for all ¢t € R.
To prove this property let us argue by contradiction by assuming that there
exists £ € R such that 2(f) = 0. Let us first notice that from the reduced
system, one gets

t
d[e“df(t)] = e"h(z(t —71))(1 — 2(t)) >0, Vt € R,
so that t — e#z(t) is non-decreasing. Hence z(t) = 0 for all ¢ < £. Since
z(t) = 0 on [t — 7,t] one concludes that x(t) = 0 for all ¢ > t. We obtain
that z(¢) = 0, a contradiction that completes the proof of (ii)-(a).

It remains to prove (ii)-(b). First since z # 0¢, Lemma 3.1-(iii) yields
that z(t) — T as t — oo. As a consequence we only need to show that



334 A. DucroT, P. MAGAL, AND O. SEYDI

z(t) — 0 as t — —oo. This property is related to the following functional

V(ze) = x(t) + u/t x(s)ds, ¥Vt € R. (3.5)

t—1
Straightforward computations yield that
dV(xt)

dt
Then due to (ii)-(a), z(t) < z for all t € R and t — V() is non-decreasing.
To conclude let us consider a decreasing sequence {t,},~, such that ¢, —

—o0 as n — +oo. Let us define the uniformly bounded sequence of shifted
maps {z"},>0 be

=h(z(t—71)) [a(Z — 2(t)) + w(Z — x(t — 7))], YVt € R. (3.6)

" (t) = x(t +tn), Vt € R.
Since z™ is a an entire solution of (2.4) and since {z"} is uniformly bounded,
one concludes that %" >0 18 also uniformly bounded. As a consequence,
possibly along a sub-sequence, one may assume that x™(t) — x®°(t) as n —

oo locally uniformly in ¢ € R and wherein °° is also an entire solution in M
of (2.4). Next for each n > 0 and K > 0, integrating (3.6) over [t,— K, t,+ K]
yields

K
Vi@, +x) = /_K h(z"(t = 7)) [el(@ — 2" (1)) + (7 — 2" (t — 7)) dt
+ V(z)(t, — K).

Since t — V(x4) is non-increasing and bounded from below one obtains when
n — +oo that

K
/K @t = 1)) [a(@ — 2°() + (@ — 2°(t — 7))] dt = 0, VK > 0.
This implies that

h(z*(t — 7)) [a(Z — 2™°(t)) + p(Z — 2™t — 7)) =0,

so that x*°(t) = 0 or 2*°(¢t) = Z. To conclude the proof we need to prove
that °°(t) = 0. Let us argue by contradiction by assuming that x*°(t) = z.
Then the functional ¢ — V() is monotone increasing therefore

T < Zf‘lc = V(l‘t) < V(f),

since t € R — V(x;) is non-decreasing, we also have V(zZ) < V(x;). There-
fore,

V(z) = V(z),Vt € R.
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As a consequence, VE;‘) = 0 that re-writes as

h(z(t — 7)) [T — 2(t)) + (@ — 2(t — 7))] = 0,

.
so that x(t) = 0 or z(t) = 7, a contradiction. The proof is completed. O

4. PROOF OF THEOREM 2.1

The aim of this section is to prove Theorem 2.1. This proof is divided
into two parts. The first part is devoted to the convergence x; — x; as
e(>0) — 0. The second part is related the behavior of t — y°(t).

4.1. Convergence of t — z°(t). In order to investigate the uniform con-
vergence of x° let us first prove the following local uniform convergence:

Lemma 4.1 (Local uniform convergence). Let (p,yo) € M be given. Let
be the solution of (2.4) with initial data w. Then for each 7 > 0 we have
lim sup |z°(t) —x(t)| =0,

e—=0 te[—7,7

and

T T
lim [ yF()(t)dt = / h(@(t — 7))()dt, Yo € L0, 7 R).
e—=0 Jo 0
Note that the proof of the above result can be directly obtained using

the theory of Artstein and Slemrod in [5]. For the sake of completeness
we provide a direct and easy proof that takes into account the particular
structure of our system to conclude to the local weak star convergence for the
y—component. Let us also notice that since the work of Artstein and Slemrod
[5] deals with Young measure narrow convergence for the y—component, it
allows to conclude to the (local) strong L!—convergence of y*(t) to h(x(t —
7)). Such a strong convergence will be derived latter on by deriving direct
uniform estimates as well as layer time estimates.

Proof. The proof of the above result also relies on Arzela-Ascoli’s theo-
rem. Since {(2%,y%)}.¢(01) € C([0,00), M) is uniformly bounded, one gets
by using (2.1) that {2 cc(0.1
Since zf = ¢ for all ¢ € (0,1) we infer from Arzela-Ascoli’s theorem that
{2} .e0,1) 1s relatively compact in Cioc([—7,00), M) while due to Banach-
Alaoglu-Bourbaki’s theorem {y°} cc(0,1) is relatively compact for the weak-x
topology of (LS, ((0, 00), R), L1 ((0, 50), R)).

Let 7 > 0 be given and let {,},>1 C (0,1) be a given sequence tending
to 0 as n — oo. Up to a sub-sequence, one may assume that z°» — 20 €

) s also uniformly bounded in C(]0,00),R).
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C([—, 7], M) uniformly on [—7,7] with 2°(0) = ¢(0) for each 6 € [—,0]
and y*» = yo € L>((0,7),R) for the weak-* topology of L®((—7,7),R).
That is to say that for each 7 € (0, +o0)

lim Y= (1) d(t)dt = /0 ’ YO (H)p(t)dt, Yo € L' ((0,7),R).

n—-+o0o 0

It follows that
/T y°(t)é(t)dt > 0 and /T [1—4°(t)] o(t)dt > 0,9 € LL((0,7),R).
0 0

Since 7 < +o00, we deduce that y° € L*((0,7),R) and

/(: y°(t)¢(t)dt > 0 and /0% [1—4°(t)] o(t)dt > 0,Y¢ € LT((0,7), R).

Now, by applying the Hahn-Banach in L'((0,7),R), it follows that 0 <
yo < 1. On the one hand, let ¥ € C([0,7],R) be a given test function.
Multiplying the y*"-equation in (2.1) by v and integrating over (0, 7) yields
for each n >0

en [ (FYU(F) — gt (0)] — e /0 "y (e () dt

= [Mer = =) — v v
Letting n — 400 provides
| 1822 = )1 =20~ 0] w0t =0, v € O (0,7, B),
0
so that
y2(t) = h(2®(t — 7)) a.e. for t € [0,7]. (4.1)
On the other hand, from the z°"-equation in (2.1) one has for each n > 0:
t
z (t) = ¢(0) +/ [a(l — a2 (s))y™" (s) — pa™(s)] ds, Yt € [0,7].
0
Letting n — 400 provides that

20(t) = ¢(0) + /0 [a(1 - 29(5))y°(s) — /mo(s)] ds, ¥t € [0,7].

Recalling (4.1) and that 29 satisfies 2°(0) = (6) for each 6 € [—7,0], we
obtain that 2 = z on [—7,7]. This completes the proof of the result. O
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Before proving Theorem 2.1, we need some preliminary lemmas. First,
we have an estimation from below of solutions independent of the parameter
e > 0.

Lemma 4.2. Assume that Ry > 1. Then for all (p,yo) € M, with ¢ # O¢.
Then the map t — we(t) defined by

t
we(t) = 2°(t) + %ya(t) + u/ x°(s)ds, Yt >0, (4.2)
t—1
satisfies the following properties:
(i) For allt>0 ande >0

dw;t(t) = af (1)(T — 25(8)) + pF () (T — 25(t — 7).

(ii) There exists 1 > 0 and g9 > 0 such that
we(t) > n,Vt > 7,Ve € (0,0).

Proof. The proof of (i) follows from straightforward computations. In order
to prove (ii), let’s observe that by integrating the z-equation in system (2.1)
in between ¢t — 7 and ¢ we obtain that

t ¢
xa(t)—i—,u/t_ me(s)ds:xa(t—T)—Fa/t_ y°(s)1 — 2°(s))ds, Vit > 1.

Thus,

we(t) = %“yf(t) Fat(t— )+ a/t ¥ (s)(1 — 2°(s))ds, Vt > T.

Since we(t) > x(t) for all ¢ > 0, one obtains
we(t) > max {z°(t),2(t — )}, Vt > . (4.3)

If one sets z; = U(t)p then since ¢ # 0 one has z(7) = [U(7)p] (0) > 0. On
the other hand due to Lemma 4.1 we know that 2°(7) — z(7) as ¢ — 0.
Thus, there exists g > 0 such that

wi(r) > 4D

To conclude the proof of (ii) we will use the following claim.

> 0, Ve € (0,e9). (4.4)

Claim 4.3. Let € € (0,¢0) be given. Then for each § € (0,1) such that
>

%1‘(7‘) < T, we have w (t) %x( ), Vt > 1.
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To prove this claim, let us notice that by (4.3) and (4.4), we have w®(7) >
x5 (1) > gl‘(T). Let us consider

tg := sup{t >710 w(l) > g

x(7), Yl € [, t]}
Then let us prove that tg = +o0o. Assume that ¢y < 400, then one has
w®(tg) = gl’(T) < Z.

One can therefore introduce t; > ¢y defined by

t1 =sup{t >to:w(l) <z, Vi€ [t,t]}.
We infer from (4.3) that

z°(t) <7 and 2°(t — 7) < T, Vit E€E [to,t1).
As a consequence (i) the map ¢ — w®(¢) is non-decreasing on [to,?1), that
implies

w®(t) > w(ty) > gx(T), Vit € [to, t1).

This contradicts the definition of ¢y and completes the proof of (ii). O

Coupling Lemma 3.3 and Lemma 4.2 lead to the following lemma.

Lemma 4.4. Let us assume that Ry > 1. Let (p,y0) € M be given such
that p # Oc. Then for each sequence {en},~q C (0,1) and {t,},5q C (0,00)
such that €, — 0 and t,, — +00 as n — +oo we have

lim z*(t+t,) =z, locally uniformly fort € R.

n——+oo

Proof. Let {ey},,~, and {t,},~, be given sequences such that e, — 0 and
t, — +oo as n — +oo. Define the sequences of shifted maps

2™ (t) = 2" (t + t,) € [0,1] and y"(t) :== y*"(t + t,,) € [0, 1],
with n > 0 and ¢ € (—t,, +00), that satisfy the system of equations:

B0 _ _ign(t) + ol - O (0, 1> o,
sndydt(t = —vy(t) + Bz (t — T)(1 — y" (1)), Yt > —tn.

Thus, by using the same techniques as in the proof of Lemma 4.1, up to a
sub-sequence, one may assume that ™ — ™ locally uniformly for ¢ € R
wherein £ is a complete orbit of (2.4) in M. It remains to prove that
x> = T that is a consequence of the uniform persistence result stated in
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Lemma 4.2-(ii). Indeed, since ¢ # 0, there exists 7 > 0 and N > 0 such that
for each n > N and each t > 7 — ¢,,:

t

e
T (t+t,) + %‘yan(t +tn) + u/ (s + ty)ds > 1.
t—1

Letting n — oo yields

¢
x> (t) + ,u/ x> (s)ds > n, Vt € R.
¢

—T
The classification of complete orbits of (2.4) provided by Lemma 3.3 allows
us to conclude that 2°°(¢t) = 7 and the result follows. O

We are now ready to prove the first part of Theorem 2.1.

Theorem 4.5. Let (p,yo) € M be given such that

eithercp;éOor(;)):(g; )

Let z be the solution of (2.4) with initial data p. Then we have
lim sup |2 (t) — z(t)| = 0. (4.5)
e—0 >0

Remark 4.6. Using similar argument as in the proof of Theorem 4.5, the
conclusion remains true whenever Ry < 1 and ¢ = 0. However, when Ry > 1
then Theorem 4.5 is no longer true when ¢ = 0 and yg > 0. The question
will be studied in Theorem 2.5.

Proof. Let us first remark that when ¢ = 0¢ and yp = 0 then (4.5) it trivial
verified since

xn(t) = z(t) = 0,¥t > 0,Ve > 0.
Let (p,y0) € M with ¢ # 0. Assume that (4.5) is not satisfied. Then there
exist 7 > 0 and two sequences {e},~o — 0 and {t,},( such that

|z (ty,) — z(tn)| > 1, ¥n > 0. (4.6)
Moreover, by Lemma 4.1, we must have {t,},~, — +00. Define the shifted
maps a
T(t) = 2 (E+ b) and g™ (8) = g (E + ),

for all n > 0 and all t € (—t,,+00). Then, we have 0 < z"(t) < 1 and
0<y™(t) <1, foraln>0andtée(—t,,+00).
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By using the same techniques as in the proof of Lemma 4.1, one may
assume that " (t) — 2°°(t) locally uniformly where * is a complete orbit
of (2.4) in M such that

|z°°(0) — L| > n, (4.7)
where L := limy_, o0 x(t). So either L = 0 or L = Z. According to the
classification provided by Lemma 3.1-(iii) we will now split the proof into
two parts: a) Rgp <1land L =0;b) Rg >1and L =7.

a) If Ry < 1 then 2 is an entire solution of (2.4) in M so that one can
deduce that 2°°(t) = 0. This is a direct consequence of Lemma 3.1 (ii) and
(7i7). Since L = 0 we obtain a contradiction with (4.7).

b) If we consider the case when Ry > 1. Then by Lemma 4.4 we deduce
that x> =7Z. But ¢ # 0 we also have L = T and we obtain a contradiction
with (4.7). This completes the proof of the result. O

4.2. Convergence of y°. The aim of this section is to study the convergence
property of y° as e — 0 in order to complete the proof of Theorem 2.1. Let’s
start with an estimation of y°(t) — h(z®(t — 7)) for t € |1, +00).

Lemma 4.7. For each € > 0 and each initial datum (p,yo) € M, we have
ly°(8) = h(a*(t = 7))| < e U [y (7) = h(p(0))] + ke, VE >,

with Kk 1= w

Proof. Let us first notice that the integration of the y—equation in (2.1)
yields for each t > 7 to:

t
ya(t) _ 6_% :(V+ﬁx5(l—7))dly£(7_)+/ e—;f:(l/-i-,@xi(l—'r))dl/fxa(s_,]_)ds. (4.8)

T

Equation (4.8) may of course be re-written for each ¢t > 7 as
YF(t) = e & Bt U=mdlye (1) 4 g (p),
where the map v° : [7,00) — RT is defined by
¢
ve(t) = / e*%f:(wrﬁzs(lq))dléxs(s —T)ds
T € ’

then we observe that

t
(L) = / %{e‘%f;(”+5$5(l—7))dl}h(gsg(s—T))ds

- [e—% s (Bt (=)l py (e (5 T))r:t

S=T
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I o (s — 7)ds.

Therefore, for each ¢ > 7, one has

t
_ / i[e—é SOl (2 (5 — 7)) 2

1 rt

VH(E) = h@(t = 7)) = —e” D o 0)) — (1),

with . _
we(t) = / et S Bt (=l (e (g T))d; (s — 7)ds.
Together with thesg notations, one gets for each ¢ > 7
[y (1) = h(a®(t = 7)) < e =77 |y (7) = h(p(0))] + |w(2)] - (4.9)

It remains to obtain an estimate for the last term in the above inequality.
But by using the x—equation in (2.1), we have

dx®(t
( )' < (a+ p), vt > 0.
dt
Therefore .
i) < [ e Bty >
- v
and the estimate follows from (4.9). O

Next, we evaluate y°(t) — h(z(t — 7)) for t € [0, 7]. Set

Hh/Hoo,[o,u = sup |h'(z)].
z€[0,1]

Lemma 4.8. Let (p,y0)" € M be given. Then for each § > 0 there exists
n :=n(d) > 0 such that for each e € (0,1) and t € [0, 7]

0 holt = < 4 gy 7 e 4]

Proof. Let 6 > 0 be given. Since ¢ is uniformly continuous on [—7, 0], there
exists 1 := n(d) > 0 such that for each 6,6, € [—7,0],
|61 = 02 <= |p(61) — p(62)] < 6. (4.10)
By using similar arguments as in the proof of Lemma 4.7, we obtain
() = e Aoy (), Vi € [0, 7],
with v : [0, 7] — R™ is defined by

t
ve(t) == / di [efif;(VJrﬁ%O(l*T))dl] h(p(s —1))ds, Vt € [0,7].
0 S
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Therefore, we obtain

[ (8) = h(p(t = T)| < €% 4 [o5(t) = hlp(t = 7))|, ¥t € [0,7].  (4.11)

In order to provide a suitable estimate of the second term of the right hand
side of the above inequality, let us notice that

o~ L [T wABp(l—T))dl
() = [ (el = )~ bl = )] ds

t de—t Jiw+Bp(—7))dl
+/0 ds
t de—t Jo(v+Bp(—7))dl
-/ (s — 7)) — hp(t — )] ds

+ (gt — 7)) — h(ep(t — 7))e ¢ Jo(wiBel=n)d

h(e(t — 7))ds

)

thus,

[0 (t) = hlp (t—T))I

/ ‘de L [f+Bp(l—7))dl ’|h(cp(s—7)) — h(p(t —7))| ds

< W ””3 [ s =) =t =l s

+ PP
< 18] o o1 M [/t_ne ) (s —7) = p(t —7)| ds

£
t—n 5
+/ e =79 |o(s — 1) — p(t — 7)) ds}
0
1/—|—ﬁ s
<2 W] gony 2 [ e H

V—i—ﬁ
I o / ot — 7 — 1) — p(t — 7| dl.
Due to (4.10), one obtains
no, moy
/eel\go(t—r—l)—ap(t—T)]dlg/ e~ <lodl, vt e [0,7],
0 0

that implies that for all ¢ € [0, 7],

tf
70 = (e =D < W] oy 20 [2 [ et s 45 [T e )
e 0 0

€
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that completes the proof. O

We are now able to complete the proof of Theorem 2.5 by investigating
the limit behavior of y* as ¢ — 0.

Theorem 4.9 (Almost global uniform convergence). Let (p,y0) € M be
given such that ¢ # 0c. Then the following holds true for each K > 0

lim sup |y°(¢t) — h(z(t —7))| =0.
=0 4> Ke|lne|

Proof. Let K > 0 be given. Let § > 0 be given. Due to Lemma 4.8 that
there exists 77 > 0 such that for all € > 0 small enough and ¢ € [K¢|lne|, 7],
one has

[y (1) = h(p(t — )| < e el ||| o # [26—% + 5] L (412)

On the other hand from Lemma 4.7, we have
ly*(t) = h(a®(t = 7))| < re + e =7 |y*(7) = h(p(0)], VE> 7.

Now, using (4.12) with ¢t = 7 to estimate |y*(7) — h(¢(0))|, one obtains that
for all € > 0 small enough and each ¢t > ¢|In¢|

—Kulln v+ _vn
95(0) — ha(t =T < ne ot e e o P e 5]
As a consequence one obtains
limsup sup |y°(t) — h(z®(t —7))| < Hh’HOO 0.1] M(S, Vo >0,
e—=0 t>Ke|lneg| ” v
and the result follows. 0

5. HETEROCLINIC ORBITS

The aim of this section is to prove Theorem 2.5. To be more specific, in
this section we consider the case where ¢ = 0¢ and yo € (0,1] and we are
interested by the convergence of ¢ whenever Ry > 1. In such a case, due to
Lemma 3.2-(iii), the uniform convergence on the half line toward the solution
of the reduced problem cannot hold true. Instead of that we will prove the
convergence to the unique heteroclinic of the reduced system. We conclude
the paper with a convergence result which achieve the proof of Theorem 2.5.
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5.1. Existence and uniqueness of heteroclinic orbits for the reduced
system. Our first result deals with the existence of heteroclinic orbits for
the reduced system and the result reads as follows:

Proposition 5.1. Assume that Ry > 1. Then there exists an heteroclinic
orbit x of the reduced system (2.4) that satisfies

0<z(t)<z, VteR; lim z(t)=0 and lim z(t) =z.

li
t——o00 t—+o00
Proof. Let ¢ = O¢ and yo € (0,1] be given. Due to Lemma 3.2 (iii) we
know that for each € > 0, 2°(t) — T as t — oo. Next since z°(0) = ¢(0) =0,
for each & > 0 there exists t. > 0 such that z°(t.) = . Moreover due to
Lemma 4.1 the family of maps ¢ — x7 converges locally uniformly to the
equilibrium O¢, so that t. — 400 as € — 0. Hence one can define the family

of shifted maps
If = xiy,, and (1) =y (t+ te), VE = —te.

Similarly to proof of Lemma 4.1, there exists a sequence {e,}n>0 C (0,1]
and tending to 0 as n — oo such that #°» — 20 locally uniformly and where
20 is an entire solution of (2.4) such that

xX0)==, 0<z™() <1, VteR.

N |8

As a consequence of the first constraint, £°° cannot be identically equal to
an equilibrium point of (2.4), namely Oc or Z. Then Lemma 3.3 applies and
completes the proof of the result. O

The next result of this section is related to the uniqueness of the het-
eroclinic orbit constructed in Proposition 5.1. Our precise result reads as
follows:

Theorem 5.2. Assume that Ry > 1. The reduced system (2.4) has a unique
(up to time shift) heteroclinic orbit x such that
lim z(t) =0 and lim xz(t) =z.
t——o0 t—+o00

The proof of this result will be related to Ikehara’s theorem (see Carr
and Chmaj [8] and the references cited therein) and Laplace transform (see
Widder [27]). Our proof is inspired by the one by Carr and Chmaj [8] and Yu
and Mei [28]. Before proving the above result, several lemmas are necessary.
The uniqueness of this orbit is related to a suitable description of its behavior
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as t — —oo, when the function is approaching 0c. We will therefore consider
the linearized equation associated to (2.4) around O¢, namely

du(t)

ke —pu(t) + b/ (0)u(t — 1), up = € C. (5.1)
The characteristic equation of the above delay differential equation is
AN) =+ p— a—fe_)‘T. (5.2)

Then our first result is related to some properties on the location of the roots
of the characteristic function A.

Lemma 5.3. Assume that Ry > 1. Then the following properties are satisfied
(i) There exists a unique Ao > 0 such that A(Xg) =0 and

A'(Ng) # 0 and A(X) <0, VA € [0, o).
(ii) For all z € C we have
A(z) =0 and Re(z) = Ag < 2z = Ao.

Proof. The proof (i) is obvious and thus omitted. Now let us prove (ii).
Let z € C be given such that A(z) = 0 and Re(z) = Ag. Then we have
A(Xg +iIm(z)) = 0 which implies that

{ Ao+ p= a—fe_T/\O cos(7Im(z)),

Im(z) = _¥677)\0 Sln(TIm(Z)) (53)

Since A(Xg) = 0, namely Ao + p = %6_7—)\0, we infer from (5.3) that

?e—ﬂo — ?e_”‘“ cos(tIm(z)) = cos(tIm(z)) = 1,

thus, sin(7Im(z)) = 0. The result follows by using the second equation of
(5.3). O

In the sequel, we always assume that Ry > 1 and let x be a given
heteroclinic orbit of the reduced system (2.4) such that 0 < =z(t) < 1,
limy, o z(t) = 0, and lim;_,o, 2:(t) = T. The aim of the next lemma is
to prove that the convergence to 0 as t — —oo is exponential. In the sequel,
we will prove that we have in fact z(t) = O(e?!) as t — —oo where \g is
described in Lemma 5.3.

Lemma 5.4. Assume that Ry > 1. There exists p > 0 such that z(t) =
O(ef) ast — —o0.
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The proof of this result is split into three steps. In step 1, we show that
ffoo x(s)ds < +oo for all ¢ € R. Step 2 is devoted to show that there exists
p > 0 such that

t
supe_pt/ z(s)ds < +00.

t<0 —00

Finally, step 3 completes the proof of the lemma.
Proof. Note that

g
Hh'Hoo,[oyu =1 (0) = ~ >0 (5.4)
Since Ry > 1, we can find n € (0,1) such that
o
— d=m)>p (5.5)
Moreover, due to (5.4), we can find 6 > 0 small enough such that
0<z<d= h(x)> g(l —n)x, (5.6)
and
of
Pl —n1 -0 > p (5.7)
Step 1: Let us prove that for each t € R, f s)ds < +oo. Integrating

(2.4) from ty to t yields

x(t) — x(tyg) = —u/ x(s)ds + a/ h(z(s —7))(1 — x(s))ds. (5.8)

to to

Recalling that z(t) — 0 as ¢ — —oo, there exists T" > 0 large enough such
that for all t < —T' 0 < z(t) < 0, where § > 0 is defined in (5.6). Hence, we
obtain

B

h(z(s—71)) > ;(1 —n)x(s—171), Vs < =T, (5.9)

and by combining (5.8) and (5.9) we obtain for all t) < ¢ < —T, that
! o

£(t) — 2(to) > —u/ x(s)ds +
to to 4

But due to Lemma 3.3, we have 0 < z(t) < z,Vt € R, therefore, for all
to <t < -T,

o(t) ~alto) =~ [ wls)ds+ of

to to v

— (1 =n)a(s—7)(1 — z(s))ds.

— (1 =n)(1 = 0)x(s — 7)ds,
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thus,

x(t) —x(tg) > A [ [z(s—7)—x(s)]ds+ B | xz(s)ds, (5.10)

to to
where

b

A::ay(l—n)(l—é)>0andB::[V (1—77)(1—5)—;1] > 0.

Note that

/t: [z(s —T) —xz(s)]ds = —/t:/OT dx(fll—i_l)dlds

= —/0 [x(l+1t) —x(l+t)] dl.

-7
Due to the above reformulation and B > 0, recalling that z(t) — 0 as
t — —oo, allow us to let tg — —oo into (5.10) yielding that for all ¢ < —T,

0 t
z(t)+ A z(l+t)dl > B/ x(s)ds, (5.11)

—T —00
that completes the proof of Step 1.
Step 2: Let us prove that there exists p > 0 and some constant x > 0
such that e fioo z(s)ds < k, for all t € (—00,0]. To do so let us define
X :R— R" by

Note that due to (5.11), X € L'(—oo, —T). Since X is non-decreasing, one
has for each t < —-T

t 0 0
‘/ (/ x(a+s)udzz X(t+1)dl < X (t),
therefore, by integrating (5.11) over (—oo, t], we obtain
t
B/ X(s)ds < (14+7A)X(¢t), Vt < —T. (5.12)

Now, let ¢ > 0 be given large enough such that
1 Bty
=—n( ) >o.
P=n "\l ra
Then note that since X is increasing then

X({t—t1) < X(t+s), Vse[—t1,0], Vt € (—o0, —T].
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This implies that for each t < —T

1 t
X(t—t) < — X(s)ds, (5.13)
1 Jt—t1
and this latter inequality combined together with (5.12) provides that for all
t<-T:

I 1+7A
Xt—11) < — X(s)ds <
(-t < [ X< T

Due to the definition of p, one obtains that sup,«_pe P X (t) < oo, that
completes the proof of Step 2. -

Step 3: This step will conclude the proof of Lemma 5.4. Integrating (2.4)
over (—oo,t) for some given ¢ < 0 yields

z(t) < / ah(z(s —7))(1 —x(s))ds

X(t).

< /:t: ah(a(s — 7))ds < /_; ﬂfm(s —7)ds.

Step 2 applies and provides that the right hand side of this inequality is
bounded by K e on (—oo, 0] for some constant K > 0 and the result follows.
O

Define the Laplace transform of u

+oo
L)\ = /0 u(t)e= M,

whenever the integral exists. We will say that the Laplace transform con-

verges if the limit
-

lim e Mu(t)dt,

T—=+00 Jo

exists, and we will say that the Laplace transform diverges otherwise.
For convenience let us recall the following theorem which can be found in
Carr and Chmaj [8].

Theorem 5.5 (Ikehara’s). Let u : [0, +00) — [0, +00) a positive decreasing
locally integrable function. Assume that there exists a function H which is
analytic in the strip ¥ := {A € C : —=¢ < Re()\) < 0} and there exists an
integer k > —1 such that

L)) = W

W,v)\ E E.
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Then (0
u(t
I .
15450 the—Ct entsts,
and this limit is equal to % where T'(x) is the gamma function.
Before recalling Widder’s theorem, let us recall that for a function w :
[0,+00) = R, we call abscissa of convergence of u,

abs(u) := inf {Re(\) : there exists A € C for which £(u)(\) exists} .

Recall also that the abscissa of absolute convergence of u is abs(|ul).
We refer to the proof of Proposition 1.4.1 p. 28 in Arendt et al. [2] of the
following lemma.

Lemma 5.6. Letu : [0, +00) — [0, +00) be a locally integrable map. Assume
that L(u)(Ng) converges for some complex number \g € C. Then L(u)(X)
converges for each A € C with Re(\) > Re(\).

Remark 5.7. By using this lemma we deduce that the Laplace transform of
u converges for each A\ € C with Re(\) > abs(u) and diverges for each A € C
with Re(\) < abs(u). This last property sometimes serves as a definition for
the abscissa of convergence of u.

The following Theorem is due to Widder [27, p.58] (see also Arendt et al.
[2, Theorem 1.5.3. p. 34]).

Theorem 5.8 (Widder’s). Let u : [0,4+00) — [0,400) be a non-negative
and locally integrable map. Assume that abs(u) < +oo. Then L(u)(N) is
holomorphic in {\ € C: Re(\) > abs(u)}. If in addition abs(u) > —oo, then
L(u)(N) has a singularity at abs(u).

Now, let us set v(t) := z(—t), Vt € R, that is an entire solution of the
equation
dv(t)
dt
Due to Lemma 5.4, we have v(t) = O(e™*!) as t — oo. Therefore the Laplace
transform L(v)(A) converges for each A € C with Re(\) > —p, and we must
haveabs(v) < —p. By applying the Laplace transform to (5.14) yields to

= pv(t) —ah(v(t +71))(1 —o(t)), t € R. (5.14)

()\ —u+ ?eh)ﬁ(v)u) =v(0) + ?eh /0 ' v(t)e Mdt + L(R)(N),
where
R) = Bt 1) — ah(o(t + 1)1 - v(®)).

v
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Recalling the definition of A in (5.2), the latter equation rewrites as

v

CACNL)A) = v(0) + 2 / Co®e Mt + LRV, (5.15)
0

Remark 5.9. Note that for all t € R

e
ah(v(t+7))(1 —v(t)) _aﬁv(t+7)+u(1 (1))
_afu(t+T1) v . afu(t+ 1) .
= ) o) < P ),
thus, for all t € R
R(t) > a—fv(t 4r) - “5“(;”)(1 — () = a—fv(t + 7)) > 0,

and we deduce that
v(0) + O‘—fe” /OT v(t)e Mdt + Om R(t)e Mdt > 0,
whenever A € R and L(v)(\) < 4o0.
In the next lemma we investigate to the analyticity of L(v)(\).

Lemma 5.10. Let Ay € R be the real number defined in Lemma 5.3. Then
the Laplace transform L(v)(X) is well defined and analytic in the strip {\ €
C : Re(X) > —Ao}. Moreover, we have

li L(v)(N\) = +00,
Ao HOI) = oo

while abs(R) < —Ao.
Proof. Let us first prove that

lim L(v)(N) = 4o0.
A>=AD)—==2

Let us assume that

lim L(v)(N\) < 4o0. (5.16)
A>=A)—==2

Next, note that since v(t) > 0 for all ¢ € R, we have for each A1, A\ € R
A1 2> A = L(v)(M1) < L(v)(A2).
Therefore, (5.16) implies that
L0)(\) < 400, YA € R with A > — ). (5.17)
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But by using Fatou’s Lemma, we obtain

“+oo
L(v)(=Xg) = / lim eMo(t)dt
0 A(>=Xo)——Xo

< lim /ﬂo eMo(t)dt < +o0.
A(>—Ao)——Ao JO
We conclude from (5.17) that
L(v)(A) < 400, VA € [—Ag, +00).
Now, by using (5.15), it follows that
0 < L(v)(N\) < +00, YA € [=Ag, +00),

and since A()\g) = 0 by taking the limit when A goes to —AJ (with A € R)
into (5.15), we obtain

-
lim L(R)(A\) = L(v)(—Ao) = —v(0) — O[Be_)‘OT/ v(t)eMtdt <0,
A(>=Xo)——Xo 14 0
that is a contradiction with the fact that R(¢) > 0 for each ¢t > 0 (see Remark
5.9).
The contradiction proves that £(v) has a singularity at —\g and
lim L(v)(A) = 4o0.
A>=AD)—==AF

As a consequence of Lemma 5.6, we deduce that —X\g < abs(v) < —p < 0.
Next, we will prove that £(v) is analytic on the strip {\ € C: =Xy < Re(\)}.
Due to Theorem 5.8 it is sufficient to show that abs(v) = —Ao. Assume by
contradiction that —\g < abs(v). Since A\* := abs(v) < 0, we have —\g <
A* < 0, therefore, by Lemma 5.3-(i), we obtain

A(=M") < 0. (5.18)
Let 1 € (0, p) (where p > 0 is defined above). We also have for each £ € R
0< R(t) = a—fv(t +r) - QMQ ()
)
o] oy
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Hence,

+o0 af [T .
R(t)e~ N =n/2tgp < =2 / o(t + 7)o(t)e” N 12ty
0

+oo
ab / /2t sup e ot + 7).
>0
Recalling Lemma 5.4 and the definition of v, due to the choice of n € (0, p)
one has

sup e™v(t + 7) < +o0,
>0

while since abs(v) +1/2 > abs(v), we obtain that
+o00 .
/ v(t) e~ Mg < 0o
0

so by (5.15)
+o0
/ R(t)e” V=12t < 0.
0

Thus,

abs(R) < abs(v) —n/2, ¥n € (0, p).
Moreover, since abs(R) < abs(v) and since —\g < abs(v) there exists k > 0
small enough such that the map

1 £ AT —At
Yoy [ (0)+= /0 v(t)e™Mdt + LR)(N)]
is analytic on the strip {\ € C: Re(\) > abs(v) — x} and it is an extension

of L(v), a contradiction with Widder’s theorem, namely, Theorem 5.8. As a

A=

consequence abs(v) = —Ag. To complete the proof of the Lemma let us notice
that using the same arguments as before, one has abs(R) < —\o(= abs(v))
and the result follows. g

Before proving Theorem 5.2, we need to derive the precise behavior of
x(t) when t goes to —oo. This will be achieved in the next lemma. Let us
introduce, due to Lemma 5.10 the analytic function H acting from the strip
{A € C: Re(\) > —\o} into C defined by

H(X) :== (A4 Xo)L(v)(N), (5.19)
or equivalently
_ (A+X) %eh TU Y
) = S5 [ 0+ /0 BeMdt+ L(R)N)] . (5.20)

Using this function, our next lemma reads as
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Lemma 5.11. The following holds true
z(t)  H(=Xo—p)
im =
t——oo Mt T(1+ Ao+ p)
with Ao defined in Lemma 5.3.

0, (5.21)

Proof. Since we have defined v(t) = x(—t) for all ¢t € R, (5.21) is equivalent

to

20 (=)
t—+o0 e~ Aot L(1+ Ao+ p)

But, equation (5.14) implies that
d [e " (t)]

dt

therefore, the map ¢t € [0,+00) — e #v(t) is a decreasing. Set 0(t) :=
e Ho(t), Vt > 0. Next, notice that for each A € {A € C: —X\g—pu < Re()) <

= —e Mah(v(t+71))(1 —v(t)) <0, Vt € R,

0} one has
too H(A
/ f)(t)e_ktdt — M
0 )\ + AO + ,U
Therefore, since ¥ is positive and decreasing, and Ikehara’s theorem implies

. o(t) H(=Xo — p) . o(t) _ H(=Xo—p)
1 — = .
tiinw e—(Ao+p)t F(l + Ao + ,u) < tﬁlfmoo elot F(l + Ao + 'u)

That completes the proof. (]
Corollary 5.12. Function z is increasing on R.

Proof. According to Lemma 5.11, there exists o, > 0 such that e 0%z (t) —
ay as t — —oo. Now from (2.4) one obtains that

t_lzr_noo e_’\ota:’(t) =g |—p+ O‘—fe_)‘m] = az Ao > 0.

The result follows from the results of Smith [24]. O

We now have all the necessary ingredient to complete the proof of Theorem
5.2.

Proof of Theorem 5.2. Let x and y be two heteroclinic orbits of the re-
duced system (2.4). From Lemma Lemma 5.11 there exists oy > 0 and
oy, > 0 such that

: — Aot _ : — Aot _
tiulnooe x(t) = ap and til{rlooe y(t) = ay.
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Hence, there exists h € R such that

. — Aot _ . —MXot
ti}gloo e "z (t) = ti}Hloo e 'yt + h).

Up to change y(t) by y(t + h), one may assume that h = 0, that is

: —Xot _ : —Xot
Jim el = e o)

Next, let us define
_x(t) —y(t)
We aim to show that w(t) = 0, so that z(t) = y(¢). To do so note that
Lemma 5.11 ensures that w(t) — 0 as ¢ — —oo and one can also notice that
since x and y are bounded, one has w(t) — 0 as t — co. We conclude that w
is bounded on R. Assume by contradiction that w(t) # 0. Then, replacing
eventually  — y by y — x, we can assume, without loss of generality, there
exists tg € R such that
w(tp) = sup |w(t)| > 0. (5.22)
teR
We claim that w(tg) = w(to— 7). Indeed since w(tp) is a maximum, we have
dw(to)
dt

0= —(\o + p)w(ty)
470 Ngah(a(to — )1~ 2(to)) — ah(y(to ~ )1 ~ y(to))],
thus,
(Ao + p)w(to)
h(z(to — 7)) — h(y(to — 7))

—a - (1~ (to)) — aw(to)hy(to — 7))
o Hetts =)~ hiyito )
X e
< a/ B (sxz(to — 1) + (1 — s)y(tg — 7))dsw(to — 7)
0
045 —AoT

< ah'(0)w(ty — 1) < —e w(ty — 7).

Here, recalling that A\g + p = %e_/\‘” it follows thatw(ty) < w(ty — 7).
Therefore, since w(tp) is a maximum point we also have w(ty) > w(ty — 7)
so that w(tp) = w(tg — 7). By induction one concludes w(ty) = w(ty — n7)
for all n € N which implies that

w(ty) = nli)riloow(to —nT) = tg@ww(t) = 0.
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That contradicts the fact that w(tp) > 0. Therefore, w(t) = 0 and the result
follows. O

5.2. Convergence to the heteroclinic orbits. In this subsection, we
study the convergence of z® whenever the initial conditions ¢ = 0¢ and
yo # 0 and we complete the convergence part stated in Theorem 2.5. In
the sequel we denote x*° the unique heteroclinic orbit of the reduced system
provided by Theorem 5.2 such that 2°°(0) = %.

Lemma 5.13. Assume that Ry > 1. Let yo € (0,1] be given and let us
denote by (z°,y°) the solution of (2.1) with initial data (Oc,yo). Then for
each € > 0 one has

te:=sup{t>0: 2°(t) = 5} < 0o and gii%tg = 00,
and the following convergence holds true
lim o (t + 1) = x™(t),
converges uniformly on any intervals of the form [—T,4o00) with T > 0.

Proof. By using the same arguments as in the proof of Proposition 5.1 we
obtain that there exists a family {¢.},. such that for each € > 0:

x(te) = L and lim te = 00, (5.23)

2 e—0
and such that the family of function z°(t) := x°(¢t + t.) converges locally
uniformly to the unique heteroclinic orbit z°°. Now, let T" > 0 be given. We
claim that ¢ converges uniformly to °° on [-7, +00). Indeed, assume that
the convergence is not uniform on [—7,4+00). Then there exists a sequence
{en} tending to 0 as n — oo, n > 0 and a sequence t,, — +00 as n — +00
such that

|25 (tn) — 2% (tn)| > 1, ¥n > 0. (5.24)

Consider now the sequence of map 2" (t) := 2" (¢, +t). Then since £ (0) =
5, Lemma 4.4 applies and provides that

lim z°"(t +t,) = Z, locally uniformly.
n——+o0o
Since x*°(t,,) — T as n — oo we reach a contradiction with (5.24). This com-
pletes the proof of the lemma and therefore completes the proof of Theorem
(2.4). O
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6. DISCUSSION

In this article, we have investigated finite and infinite time singular limit
for the following system of delay differential equations

T patt) + ()1~ (1)), vt 20,
gdil(tt) = —vy(t) + Ba(t — 7)(1 — y(t), ¥t =0, (6.1)

y(0) =yo € R, and zg = ¢ € C([-7,0],R).

From a practical point of view, no information is available for the parameters
of the second equation (i.e. HCW equation). The results of this paper show
that we can replace y in first equation of system (6.1) by

pa(t — )

t = h t —_ = .
v = et —7) = ST
Therefore, the system (6.1) is reduced to a single equation

dx(t)
dt

= —px(t) + ah(z(t — 7))(1 — z(t)), ¥t > 0.

This new model provide a good generally approximation of the first equation
in system (6.1) as soon as ¢ is small enough. We prove that the finite time
convergence is always true. Nevertheless, when the infection starts only with
contaminated HCW, some difficulties arise for the long term comparison.

In terms of mathematical perspectives, many questions remain. One
should first extend the presents results to the original age-structured mod-
els (1.2)-(1.3). Another class of questions is can we reconsider the systems
from abstract point of view. Namely it would be interesting to regard sys-
tems (6.1) as non-densely defined Cauchy problem. By using (for example)
the approach presented in Liu, Magal and Ruan [19], one can reformulated
system (6.1) in the following form

(%) =% )+ r (%))
g% = —vy(t) + Bu(t, —r) (1 = y(t))a
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where A : D(A) C X — X is a linear operator on the Banach space X =
R x c( [—7,0] ,]R) defined by

A<(:f> - (‘fp’fo)> with D(4) = {0} x C' ([-7,0] ),

and F': D(A) — X is the map defined by

P((%% o) = (20 +ay(1-¢(0)) )

Oc

According to our best knowledge, very few results are available in the liter-
ature for infinite dimensional singular limit. Some results are obtained for
linear diffusion operators (see Bates, Lu and Zeng [7] and reference therein),
but for hyperbolic operators no general theory has been developed.
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