N

N

Sterile insect technique with accidental releases of sterile
females. Impact on mosquito-borne diseases control
when viruses are circulating

Yves Dumont, Ivric Valaire Yatat—djeumen

» To cite this version:

Yves Dumont, Ivric Valaire Yatat—djeumen. Sterile insect technique with accidental releases of sterile
females. Impact on mosquito-borne diseases control when viruses are circulating. Mathematical
Biosciences, 2022, 343, pp.108724. 10.1016/j.mbs.2021.108724 . hal-03437588

HAL Id: hal-03437588
https://hal.science/hal-03437588

Submitted on 5 Jan 2024

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial 4.0 International License


https://hal.science/hal-03437588
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr

Version of Record: https://www.sciencedirect.com/science/article/pii/S0025556421001334
Manuscript_79b53a53¢c470c187¢074781736226999

Sterile insect technique with accidental releases of sterile females.
Impact on mosquito-borne diseases control when viruses are
circulating

Y. Dumont®>¢, I.V. Yatat Djeumen®*

“CIRAD, Umr AMAP, Péle de Protection des Plantes, F-97/10 Saint Pierre, France
YAMAP, Univ Montpellier, CIRAD, CNRS, INRA, IRD, Montpellier, France
¢ Unaversity of Pretoria, Department of Mathematics and Applied Mathematics, Pretoria, South Africa
4 University of Yaoundé I, National Advanced School of Engineering of Yaoundé, Department of
Mathematics and Physics, Yaoundé, Cameroon
eUMI 209 IRD/UPMC UMMISCO, Bondy, France

Abstract

The sterile insect technique (SIT) is a technique to control some vectors of diseases
by releasing sterile males. However, during these releases, sterilized females can be (acci-
dentally) released and since only females are vectors of diseases, it is important to study
their impact when arthropod viruses are circulating. To that aim, we develop and study
an entomological-epidemiological model, considering either permanent or periodic releases.
Qualitative analysis of the continuous and periodic models is conducted. We highlight a
critical sterile males release rate, A§}"*, above which the control of wild population is always
effective, using massive releases. Estimating the basic reproduction number of the epidemio-
logical model, R, we show that if it is above a certain threshold, Rg,*, that depends on the
basic offspring number, N, and the release rate of sterile females, the epidemiological risk
can only be controlled using (very) massive releases. Otherwise, we can estimate the basic
reproduction number of the SIT epidemiological model, Rg,m, that shapes the stability
property of the (periodic) disease-free equilibrium. We show that it might be possible to
take 'Ra gy below 1 using non-massive, but large enough, releases. However, practically, it
seems more efficient to consider massive releases, followed by small releases once the vector
population is small enough.

In addition to SIT, we also recommend mechanical control, i.e. the reduction of breeding
sites, that greatly improves the efficacy of SIT, in terms of duration or size of the releases.

Our results reveal that outside an epidemic period, the release of sterile females is not
an issue, as long as the sterile males release rate is greater than AS}*. Within an epidemic
period, we show that sterile females releases do not really impact the SIT efficiency, as long
as the release rate, Ay, is lower than a critical value, A% that depends on the mosquito and
epidemiological threshold parameters, A, and RZ. To illustrate numerically our theoretical
results, we consider Dengue parameters. We estimate all thresholds and also the effective
reproduction number, Rgf s» and highlight the importance of early permanent or periodic
SIT control to prevent or mitigate the risk of a Dengue epidemic, with and without sterile
females releases.
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1. Introduction

Vector-borne diseases (VBD), including mosquito-borne diseases, are still considered as
serious threats to the health of societies around the world. The major global VBD of humans
include malaria, dengue, lymphatic filariasis, schistosomiasis, chikungunya, onchocerciasis,
Chagas disease, leishmaniasis, Zika, yellow fever and Japanese encephalitis. According to
WHO [22], the major VBD together account for around 17% of the estimated global burden
of communicable diseases and claim more than 700 000 lives every year. The burden is
highest in tropical and subtropical areas. More than 80% of the global population live in
areas at risk from at least one major VBD. Many of these VBD are co-endemic, and it is
estimated that more than half of the world’s population live in areas where two or more
VBD are present [22].

Despite the progress in knowledge on VBD, for most of them, the major problem is
the absence of effective drugs and vaccines. In addition, climate changes and travels have
increased the area where these diseases can occur, even in Europe, locally [23, 25]. That
is why, in the last decades, the development of (sustainable) vector control methods, which
can be broadly classified into chemical- and non—chemical-based tools, has become one of
the most challenging issues to reduce the impact of human vector borne diseases.

Chemical control consists on the use of massive spraying of larvicide and/or adulticide,
like Deltamethrin for mosquitoes. Even being efficient to reduce adult populations, it can
be very detrimental to the environment, and also, vectors can develop resistance. This is
actually the case in French West Indies [2]. Therefore, it is desirable to have alternative
eco-friendly controls. Several non-chemical and eco-friendly control techniques, including
the sterile insect technique (SIT), have been developed or are under development. However,
the process to reach field applications is long and complex.

Modeling, and in particular mathematical modeling, has become a useful tool in human
epidemiology since the pioneering works of Sir R. Ross and his malaria model [24]. Numerous
models have been developed to understand the dynamics of diseases and pests, to test “in
silico” the usefulness or not of control strategies (and their combination).

In this paper, we focus on the sterile insect technique within an epidemiological context.
SIT is an old control technique that has been used more or less successfully on the field
against various kind of pests or vectors (see [16] for various examples). The classical SIT
consists of mass releases of males sterilized by ionizing radiation. The released sterile males
transfer their sterile sperms to wild females, which results in a progressive decay of the
targeted population. For mosquitoes, other sterilization techniques have been developed
using either genetics (the release of insects carrying a dominant lethal technique, in short
RIDL technique) or bacteria (wolbachia) [26]. While conceptually very simple, SIT is, in
practice, difficult to conduct as it requires mass rearing and sterilization facilities, and an
efficient sexing method for production of males only, at an industrial scale.

Various models have been developed for SIT, using discrete or continuous approaches.
Our work is a companion paper of [5, 2], where SIT against pests and vectors were considered.
In [5], we showed that SIT induces a strong Allee effect, that can be useful to derive appro-
priate control strategies, based on massive releases followed by small releases. In [2], where
diffusion operators to model the spreading of the pest/vector were considered, we showed
existence of bi-stable traveling wave solutions that can be used to derive several spatial and
also locally-spatial strategies. However, these works stand within an inter-epidemic period
where the objective is to reduce the wild population under a certain threshold that can be



fixed based on several factors, like sterile insects production capacity, size of the targeted
area, etc.

Here we consider that a virus is circulating, and that SIT is used to reduce the epidemi-
ological risk, i.e. to drive or to maintain the basic reproduction number below 1. As it is
well-known for mosquito-borne diseases, only female mosquitoes are the vector of transmis-
sion, because they are blood feeding, and preferably on humans. Thus, their control is the
goal of any vector control policy. That is why the (accidental) release of sterile females is
questionable (at least for the health authorities). Indeed, during the sterilization process,
in order to produce sterile males only, it is necessary to eliminate/separate the females. Up
to now, the sex-separation system is mechanical as male nymphs are (in general) smaller
than female nymphs. However, a certain number of female nymphs can accidentally fall in
the male nymphs bucket and, then, be irradiated to become fully sterilized. Releasing a
small amount of (sterile) females is not really problematic during an inter-epidemic period
because they are fully sterile, but can be problematic when viruses are circulating, since
sterile females can transmit viruses, because they will feed blood on humans. That is why,
we consider the releases of sterile females in our model, in order to define if and how they can
impact the SIT strategy, and what should be the upper bound limit for the release of sterile
females. In the literature [19], releasing 4% of Aedes females is considered as acceptable.
Like in [14], we will also consider mechanical control (reduction of breeding sites) and show
its efficacy when it is combined with SIT control.

The outline of the paper is as follows. In the next section, we present the full epidemiological-
entomological SIT model. Then, in section 3, page 6, we briefly recall the results on the
entomological models developed in [5]. In section 4, page 10, following [14], we study the
epidemiological model without SIT. In section 5, page 12, the full epidemiological SI'T model
is studied and the theoretical results discussed in terms of control strategy. The SIT epi-
demiological model with impulsive periodic releases is studied in section 6, page 19. Finally,
numerical simulations, related to Aedes albopictus and dengue, are provided in section 7,
page 28, to discuss the timing of SIT control strategies, with and without mechanical con-
trol, with and without release of sterile females, in order to reduce the epidemiological risk.
The paper ends with a conclusion in section 8, page 37.

2. An epidemiological model with SIT releases

Our model is based on the entomological model studied in [5], and initially developed
in [3]. We also follow [14], except for the aquatic stage, and add the epidemiological stages
related to the wild and sterile (mature) females, Fs, Fg, F;, Sg, Sg, and S;, respectively.
We assume that the total population of humans, N, = Sj, + I}, + Ry, is positive and constant.
When (wild and sterile) female mosquitoes are infected, we assume that their mortality rate
can be impacted (see [12, 14] for the Chikungunya case). We also take into account the
extrinsic incubation period of the virus within the vector population, v,,, which implies to
consider three epidemiological states, i.e. the susceptible, exposed and infected states. The
previous assumptions complexify the analysis but then the model is more realistic. We don’t
consider vertical transmission (from infected female mosquitoes) of the virus because it was
showed in [1] that the observed percentages (1 —4% ) of vertical transmission do not play a
role in the long term persistence of the virus. A novelty in our model lies in the fact that,
accidentally, sterile female mosquitoes are released with sterile males. This is modeled by
the parameters Ap in equation (3);, related to the Ss compartment. We point out that the



Ss compartment gathers both sterile females that are released and young wild females that
mated with sterile males and, hence, have become fully sterile. Since all sterile females are
mixed with sterile males before the release, they are considered as mated and thus do not
participate in mating after their release. The model is summarized in the flow diagram 1,
page 4, and the full epidemiological SIT model is defined as follows:

pan + pa2A

I S, pn Ny,

777777777777 BBmn(F14Sr1)

Figure 1: Flow diagram of model (1)-(4).

( % = pnNp — BBmn Flji/’rhSI Sh = HhSh,
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O = A — B Fs — usFs 2)
% — Bﬁhm]{[_};Fs — (Um + ps) Fr,
\ % = Unlp — prfy,




(
% = Ap+ WA#TMT - Bﬁhm%SS — psSs,
% = Bﬁhm%SS — (Vm + p1s5) Sg, (3)
\ % = UnSe — 1S,
and
d;\fT = AM — ,UTMT (4)
where the parameters and state variables are described in Table 1, page 5.

Symbol | Description Unit
Sh Susceptible human Individuals
Iy, Infected human Individuals
Ry, Recovered human Individuals
A Aquatic stage (gathering eggs, larvae, nymph stages) Individuals
Fs Susceptible fertilized and eggs-laying females Individuals
Fg Exposed fertilized and eggs-laying females Individuals
Fy Infected fertilized and eggs-laying females Individuals
Ss Susceptible sterilized females Individuals
SE Exposed sterilized females Individuals
S Infected sterilized females Individuals
M Wild males Individuals
My Sterile males Individuals
1/ pn Average lifespan of human Day
1/np, Average viremic period Day
B Average mosquito bites days™!
Bmn Transmission probability from infected mosquito -
Bhm Transmission probability from infected human -
10) Number of eggs at each deposit per capita Day !
y Maturation rate from larvae to adult Day ™!
A1 Density independent mortality rate of the aquatic stage Day !
A2 Density dependent mortality rate of the aquatic stage Day~! Individuals ~*
r Sex ratio -
1/vm, Average extrinsic incubation period (EIP) Day
1/us Average lifespan of susceptible fertilized and eggs-laying female

and, susceptible sterilized female Day
1/ g Average lifespan of infected fertilized and eggs-laying female

and, infected sterilized female Day
1/pa | Average lifespan of male Day
1/ pr Average lifespan of sterile male Days
Ay Sterile male release rate Individuals x Day~!
Ap Sterile female release rate Individuals x Day ™!

Table 1: Description of parameters and state variables of model (1)-(4)




Contrary to [29], we assume a density-dependent mortality rate in the aquatic stage.
This may correspond to an intra-specific competition between the larvae stages, for instance.
However, the forthcoming methodology could be applied for a system where the non-linearity
stands for the birth-rate, like in [14, 15, 29].

Remark 1. In systems (2) and (3), we don’t consider explicitly the (mean) mating compet-
itiveness parameter, cr, of the sterile males. This parameter can be less or greater than one.
To take it into account, like in [14, 29], it suffices to replace My by ey My and to change the
following results accordingly.

Remark 2. Model (1)-(4) is not really appropriate for the RIDL approach. Indeed, with the
RIDL control technique, sterile females can lay eggs that will hatch and enter the aquatic
stage, resulting in an increase in the density-dependent mortality. However, all RIDL pupae
are supposed not to survive into the adulthood. Note also that, so far, the RIDL approach
has only been tested on Aedes aegypti.

3. The wild insect sub-models

The wild insect population model has been studied in [5]. Here, we just recall results
obtained in [5].

3.1. The wild insect sub-model without SIT

It is straightforward to deduce from system (2) that dynamics of wild insect without SIT
is modelled by system (5):

( dA
7 OFs — (74 pag + pa24)A,
dM
_dt = (1—7")7A—/LMM, (5)
dF
| & = A wsEs.

Remark 3. System (5) is very simple: it implies that all emerging immature individuals
will become either males, either females (after mating), assuming implicitly that 0 < r < 1.
Since we consider a mosquito population, we have r = 0.5, such that there are always adults
of both sex, considering at least either A(0) > 0 or Fs(0) > 0.

The basic offspring number related to model (5) is
Ne_ T (6)
ps(y + pan)

Setting the right-hand side of (5) to zero we obtain the extinction equilibrium Ogs =
(0,0,0)" and the equilibrium E* = (A*, M*, F%)T given by

(

A* — (7+NA,1)(N_ 1)’
A2
1—r)yA* 1—
! M = ( T)’Y _ ( 7“)’7 (7+UA,1)(N_ 1)) (7)
U 12374 Ha2
P - AT Q(7+MA,1)(N_ .
L Hs Hs  Haz2
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The inequalities between vectors are considered here in their usual coordinate-wise sense.
Clearly, E* > Ogs if and only if AV > 1. We summarize these results with some more details
related to basins of attraction of equilibria in the following theorem.

Theorem 1 ([5]). Model (5) defines a forward dynamical system on D = {x € R : x > Ogs}.
Furthermore,

1) If N <1 then Ogs is globally asymptotically stable on D.
2) If N > 1 then E* is stable with basin of attraction
D\ {z=(A,M Fs)" € R} : A= Fg=0},
and Ogs is unstable with the non negative M —azxis being a stable manifold.

Proof. See [5, Theorem 1] where F' = Fg and pu = pug. O

3.2. The wild insect sub-model with SIT

We now assume that A/ > 1. We take into account the constant release of sterile males
Mr by adding to model (5) an equation for My, and also the accidental release of sterile
females by considering the release rate, Ar, in the compartment Sg. Altogether, the SIT
model becomes

([ dA
- = OFs — (v + paq + pazA)A,
dd_]‘f — (1= A — M,
dd% _ #MTWA ~ ugFs, (8)
% — AF+#€WT7’7A—/~LSS&
\ di\l/t[T = Ay — purMr.

M
Remark 4. In system (8), the term ST does not appear in the deposit rate component,
T

in the aquatic/immature component, contrary to some models (see [8, 8]/, for instance) where
we have

dA M

— =¢—F¢ — AA.
o7 ¢M+MT s — (v + paq + pa4) (9)

Implicitly, in (9), it is assumed that daily deposit rate always depends on the proportion
of fertile males over the total male population: this is not true. Mosquito females, like
Aedes spp, have 3 spermathecae that allow to stock sperms such that in general one mating
1s sufficient to deposit eqgs along their lifespan. Biologically, after emergence, immature
or virgin females will enter the mature/fertile females compartment, Fs, only when they
mate with fertile/wild males, and, then, are able to deposit viable (hatching) eggs along their
lifespan. This is exactly what is modeled in system (8): the income rate in the mature
(sterile) female compartment, Fs (Ss), takes into account the fact that immature females
My

M+ My \ M + My

Using (9) is very convenient from a mathematical point of view because all nonlinear
terms appear in the same equation, but, biologically, it is false. At some point, it could

have a probability to mate with wild (sterile) males.



be, mathematically, equivalent to consider (9), but we believe that it is better to stick to
the biological reality in order to make the model understandable for entomologists, even if,
mathematically, it is a bit more challenging.

Assuming ¢ large enough, we may assume that Mp(t) has reached its equilibrium value,

M7 = “M In fact, from a practical point of view, the value Ay, /pur can be reached with
Hr
In(2
massive constant and continuous releases of 2A,; during ¢ = al ), see also [5, 6]. Hence,
Hr
model (8) reduces to
(dA
il OFs — (v + prag + pa2A)A,
dM
i (1 —=r)vA — pup M,
t
\ dFs M y - (10)
_ — e ——— —_
dSs Mz
=2 = A T  rnA— S
7 F+M_|_M;7“7 HsOS,

\

where parameters and state variables are described in Table 1, page 5. Since the state
variable Sg does not appear in the first three equations of system (10), it suffices to study
the following sub-system

( dA
il ¢Fs — (v + pag + pa24)A,
dM
S = (=)A= M, (1)
dFs M
s _ M A ugF,
| M—l—Mj*«m pst's

In fact we recover the system studied in [5]. Knowing the dynamics of A and M, the dynamics
of Sg is deduced by using the fourth equation of system (10).

Let us set
HA21M Acrit _ :uT( \Z N - 1>2
(Y +pa)d—r)y M Q

Following [5, Theorem 3], we derive existence of equilibria for 0 < Ay, < A¢*, and also
stability results for system (11), such that we can deduce the following results for system

(8):

Q= (12)

Theorem 2. System (8) defines a forward dynamical system on D' := {x € R® : & > Ops }.
Moreover,

| Ar Au\T
(1) If Apr > A, then equilibrium TE = (ORa‘, = —M) is unique and globally asymp-
Ks  HrT
totically stable on D'.



‘ A\
(2) If Apr = NS then system (8) has two equilibria, TE and E; = (AT> M, Fs,, Ss,, —M)
KT

where ) .
AC’I"’L
My = ;Z’
1
o = S (N —1-QM;) = VR -1,
M -1
MT _ aTl — \/JTZQ >O,
s VA 1 (1)
A = ——M— M. = — >0
T (1—7")’}/ T (’7"’:”1471) Lz )
ANA
Fs, = (7+NA,1";MA,2 +) T>07
1 M Ap
S, = — |Ap+r A—T) > —.
7 MS( SRR VARV s
The set

{(A, M, Fs,Ss, Mr)" € R : Os < (A, M, Fs)" < (A;, My, Fs,)"}
15 in the basin of attraction of TE, while the set
{(Aa M7 FSa S57 MT)T S R5 : (A7 Ma FS)T > (ATa MTa FST)T}
is in the basin of attraction of Ei.

. AT
(3) If0 < Ay < A, then system (8) has three equilibria TE, E, = (Al, My, Fg,, Ss,, —M)
Hr

A T
and By = (AQ, Mo, Fs, ., Ss,, —M) where
L

T
(
A
Mi = 2
1
ax = 5 (W-1-QMp) = IV =T-QMGF — 115Q))).
M*
M, = >0,
Oy
M*
My = aT>O’ (14)
A12 = (1 liM )7M172 > O,
Aio)A
Fs,, = (v + pan +gA,2 12) A1 -0,
1 M Ap
Ss,, = — |[Ap+ryA —T>>—
\ o NS( e 1’2M1,2+M} ILs

and (Al,Ml,FSI)T < (AQ,MQ,FSQ)T. The set

{(A, M, Fs, Ss, Mp)" € R® : Ogs < (A4, M, F5)" < (A1, My, Fs,)"}

9



is in the basin of attraction of TE while the set
{(A, M, Fs, Ss, Mp)" € R : (A, M, Fs)" > (Ay, My, Fs,)"}

s in the basin of attraction of Es.

Remark 5. If mechanical control is included within the SIT control strategy, this will in-
crease the density-dependent mortality rate, paq, in the aquatic compartments, such that,
according to (12), A/ will decay. In other words, mechanical control is helpful to decrease
the amount of sterile males to release.

The bifurcation diagram in Fig. 2, page 10, summarizes Theorem 1 and Theorem 2 when
N > 1: the blue (red) solid line represents (globally) stable equilibrium, while the blue
dotted line represents unstable equilibrium.

E*

E;
LAS
=
K
Eq ...rr :
.......... LAS GAS
— <
0 TE Alcl/?it Ay

Figure 2: Bifurcation diagram at equilibrium with respect to the values of Ajs for system (8) and system
(10)

4. The vector-borne epidemiological model without SIT

Most of the analysis follows [14], where a vector-borne epidemiological model was studied.
Of course only the case NV > 1 is worth of investigations and we will consider this assumption
for the rest of the paper. The model is given as a system of ordinary differential equations
as follows:

( dS), Fr
DOh Ny — BBun LSy — 11nSh.
7 nNp 5hNh h — HrSh
dly, Fr
v pg L, - I, 15
i B N, (n =+ pn) I (15)
dRy,
— I, — un R
\ "t Nhin — HUnith,

10



where Ny, = Sy, + I, + Ry, = N,(0)> 0, and

( % = (Fs+ Fp+ Fy) — (7 + ptay + piasA)A,
% = (1—r)yA— puuM,
% = r’yA—Bﬁhmjif—’;Fs—MSFS, (16)
% = Bﬁhm;f—};Fs — (s + Vi) Fr,

\ % = Vnltp — il

Let x(t) = (Su(t), In(t), Ru(t), A(t), M(t), Fs(t), Fg(t), F1(t))T. Let us consider the set
D' =R ={z €R®: 2 > Ogs}.
The following result holds true.

Lemma 1. 1. The set
Tns1={z€RY : S+ I+ Ry= Ny A< ASM < M*;Fs + Fp + F; < F§}

is positively invariant for system (15)-(16) where (A*, M*, F&)T is given by (7). That
18, any solution that starts in I~y will remain there.
2. System (15)-(16) defines a dynamical system on D".

Proof. See Appendix A. n

4.1. Equilibria of system (15)-(16)
In this section, we deal with the computation of trivial and non-trivial equilibria of system
(15)-(16). It is straightforward to obtain the following results, so its proof is omitted.

Proposition 1. 1. System (15)-(16) admits a trivial disease-free equilibrium, TDFE =
(Np, Og)T, that always exists.
2. System (15)-(16) admits a disease-free equilibrium, DFE = (Ny, 0,0, A*, M*, F5,0,0)T,
whenever N> 1 and where A*, M*, F& are defined in (7).

4.2. Stability analysis of the DFE
Using the next generation matrix (NGM) approach, see e.g. [30], we derive the basic
reproduction number related to system (15)-(16), that is

Vm Bﬂmh Bﬁhm @
Um + s fir  Mh + pin N
We further summarize stability results of the non trivial disease-free equilibrium in the
following
Theorem 3. 1. If RZ <1, then the DFFE is globally asymptotically stable.

2. If R3 =1, then system (15)-(16) has a forward bifurcation.
3. If R} > 1, then the DFE is unstable.

R =

(17)

Proof. See Appendix B, page 44. m

11



4.8. Endemic Equilibrium of system (15)-(16)

Long but straightforward computations lead to

Proposition 2. When R2 > 1, there exists a unique endemic equilibrium

EE

= (8¢, I} R AR MF L FE RO

which 1s locally asymptotically stable.

Proof. See Appendix C, page 47.

]

Remark 6. Again, if mechanical control is considered, then the size of the female population,
F%, will decrease, such that RE will also decrease.

5. The vector-borne epidemiological model with SIT

In this section, we consider that constant and permanent SIT releases are done as a
control tool. Hence, following (10), the dynamics of human and mosquito populations are

described by system (18)-

(

\

(dA
dt
M
dt
Py
dt
dFs
dt
dFy
dt
s
dt
sy
dt
s,
L dt

(19):

45,
dt
L,
dt
dR,
dt

Fr+S
= upNy — BBmn IN LSy — 11nSh,
h
Fr+ 5
= BpBmn ! ISh_nhIh_ﬂh[ha
h
= npdp — pn Ry,

¢(F3 + Fg + F]) — (’7 + A+ ,UAQA)A,
(1 _T)’}/A_MMMa

I
ryA — BBpm—Fs — jugFs,

M + M7 Ny,

I
BﬁhthFs — (Um + ps) Fe,

h
UnFg — prkr,

Mz I,
Apt —T A BB Shge S
F+M+M%T’Y B N, s Ss

I
BﬁhthSS — (Um + 1s)SE,
h

l/mSE — ,UJS[.

We provide qualitative results of system (18)-(19). Let us set

 Apt+ryA”
Hs '

*

12

(18)

(19)



5.1. Boundedness of solutions and existence of disease-free equilibria
Based on Lemma 1, page 11, it is straightforward to obtain the following result:

Lemma 2 (Boundedness of solutions). The set

F./\/'>1,SIT = {iL’ c Ri_l : Sh +Ih +Rh = Nh; (A,M)T S (A*,M*)T;FS +FE + F[ S FS*,
Sg+ Sg+ St Su*}
is positively invariant for system (18)-(19) where (A*, M*, F%)T is given by (7).

Proof. Taking into account Lemma 1, page 11, it remains to prove that Sg+ Sg + S; < u*.
By adding the last three equations of system (19) and using the fact that A < A* one
obtains:

d(Ss + Sg + Sr)
dt
Using G = (Ss + Sg + Sr) — u* and f the right-hand side of (20), we have

< Ap+17A" — ps(Ss + Sp + S1) = ps(u* — (Ss + Sp +57)).  (20)

VG - f|SS+SE+51=u* = 0. Hence Sg + Sg + Sy < u’*.
This ends the proof. m

Using Theorem 2, page 8, we deduce:
Proposition 3 (Trivial and non-trivial disease-free equilibria). Let A defined by (12),
page 8.
1. If Ay € (0,A§), then system (18)-(19) has two non-trivial disease-free equilibria
DFELQ - (Nh7 07 07 A1,27 M1,27 Fsl,za 07 07 55'1,27 07 0>T with (Ah M17 Fsl)T < (A27 M27 FSQ)T
and Ay, My, Fs,,, Ss,, are given in Theorem 2.
2. If Apy = A, then system (18)-(19) has a non-trivial disease-free equilibrium DF Ey =
(Nw, 0,0, Ay, My, Fs,, 0,0, SST,O,O)T where Ay, My, Fs,, Ss, are given in Theorem 2.

. A T
3. If Ay > NS, system (18)-(19) has a unique equilibrium, TDFE = (Nh, 07, —Z,0, 0) .
s

Following Theorem 2, in the disease-free case, equilibrium D F FE; is unreachable because
it is always unstable. Therefore, the meaningful disease-free equilibrium of system (18)-(19)

is
DFE,, when Ay € (0,A51),

DFEgit, =4 DFE;, when Ay = A", (21)

TDFE, when Ay > A§.
Using again the NGM-approach, the basic reproduction number of system (18)-(19) is

( Vm B/Bmh Bﬁhm (Fs’g + 55'2)

., when A, € O,Acrit ,
Um + s pr mn+pn Ni (0, A5%)

Vm Bﬁmh Bﬂhm (FST+SST>
Um + fs [ M+ pn Ny,

Vm B/Bmh Bﬁhm AF
\ Um + s 0 0+ fn s Ny

R(Q),SITC = ) When A]W - A?\Zit7 (22>

when Ay > A§E
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Remark 7. In the case of non-massive release, that is Ay € (0, AS}"), RE g7, has two parts:
the first part
Vm, Bﬁmh Bﬂhm FS2,T

Um + s por 0+ pn Np

related to the wild susceptible females and the second part,

Um Bﬂmh Bﬁhm SS2,T
Um + s Hr Mh+ i Np

2 _
RO,SITC,W =

2 _
RO,SITC,S =

related to the sterile susceptible females. The main question is: when R&SITC,W <1, st
possible that releases of sterile females imply R?),SITC > 17

A A A*
Remark 8. Since Fg,, + Ss,, = i+ AP g F§ = D2 itis interesting to observe
’ ’ Hs Hs
that Y
HEEE when Ay € (0,05,
Ai +A ,
Risir, = R %’ when Ay = A, (23)
A ,
m%, when Ay > AF,
\

where F§ is defined in (7)s, page 6. Thus clearly, if A is too large, i.e. Ap > ryA*, we
always have R&SITC > R32, such that the epidemiological risk increases, R&SITC might become
larger than 1. Note also that, since Ay < A*, it follows that

RE i, < R2
if and only if Ar is sufficiently small, i.e.
ry(A* — As), when Ay € (0,AS),
Ap < ry(A* = Ay), when Ay = A§H, (24)
ryA*,  when Ay > AFE

This result shows that for small releases, the constraint on the sterile females release rate is
strong.

Remark 9. e Since Ss, or Ss. is an increasing function of Ap, it is straightforward to
deduce that R g7, increases with respect to Ap.

e Using (14), it is straightforward to show that My is decreasing with respect to Ay,
such that Ay, Fs, are decreasing functions of Ay too. Thus, using (22), we deduce
that R§ grp, decreases with respect to Ay

14



5.2. Stability analysis of the disease-free equilibria

Using [30, Theorem 2] and a comparison argument, the stability properties of the biolog-
ical disease-free equilibrium DF Egr, € {DFE,, DFE;, TDFE} is summarized as follows.

Theorem 4. The following results hold true for system (18)-(19).

1. Assume Ay € (0, AS/Y).
(a) If Rg,mc < 1, then DFFE,, defined in Proposition 3, is locally asymptotically
stable.
(b) If R sy, > 1, then DFE, is unstable.
2. Assume Ay = A§H).
(a) If R(%’SITC < 1, then DFE;, defined in Proposition 3, is locally asymptotically
stable.
(b) If R§ g7, > 1, then DFE; is unstable.
3. Assume Ay > A
(a) If R&SITC < 1, then TDFE, defined in Proposition 3, is globally asymptotically
stable.
(b) If R grr, > 1, then TDFE s unstable.

Thanks to Remark 8, page 14, when Ay > AY, Rf g, < 1 <= Ap € [0, AZ*) where

ry(y 4 prag)(N —1)
a2 RG

AGH = (25)

In fact, in the disease-free context, with Ar € [0,A%"), system (18)-(19) may exhibit a
bistable dynamics. Indeed, using a similar approach as in the proof of Theorem 3 together
with Theorem 2, it is straightforward to establish:

Theorem 5. Consider system (18)-(19) with Ap € [0, AZ™).

1. Assume that Ay € (0,A5/"). If RE gy, < 1, then equilibria DFEy and TDFE are
locally asymptotically stable (LAS). Moreover, the set

{(Sha-[h7R}HA)M?FSaFE7FI7857SE7SI>TER_I::(AaM)FS>T<(A17M17F51)T}
belongs to the basin of attraction of TDFE while the set
{(Sh,In, Rn, A, M, Fs, Fg, F1, Ss,58,51)" € Ry : (A, M, Fs)" > (A1, My, Fs,)"}

belongs to the basin of attraction of DF Es.
2. Assume that Ay = NG If RE 17, < 1, then equilibria DFE; and TDFE are locally
asymptotically stable (LAS). Moreover, the set

{(Sh, In, Rn, A, M, Fs, Fig, 1, S5, Sg, S1)" € Ry + (A, M, Fs)" < (A, My, Fs.)"}
belongs to the basin of attraction of TDFE while the set

{(Sh, In, Rn, A, M, Fs, Fg, Fy, Ss, Sg, S1)" € RY « (A, M, Fg)" > (A, My, Fs,)"'}
belongs to the basin of attraction of DF E;.

However, the previous result does not give information on if and how SIT can impact

2
7?’O,SITC'
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5.3. Impact of insect releases on the SIT basic reproduction number

As stated in Remark 8, page 14, R ;7. < Rg iff Ap is sufficiently small. However, this
does not necessarily imply that there exists Ay, > 0 such that ng srr. < 1. Assume that
Ay € (0,A57"). Using formula (14), we derive

_1 * _ﬂ o 4Q A pr
Ay =S A (1 uTW—l)) <1+\/1 (uT(N—D—QAMf) > 0. (26)

Assuming Ar > 0 and using (26) and (23); 2, we deduce that
1 QAm ) 4QA Ap ,
“R2 <1 M V(11— +2F when Ay € (0, A,

1723 <1——QAM >)+C:R8 (W_1>+ Ar when Ay = At
Hr

.

2 _
RO,SITC =

[ 2 (N =1 N -1 At
(27)
Clearly, if Ar > A% this means that R?)’SITC > 1, such that whatever the size of the
releases of massive males, the epidemiological risk cannot be controlled.

We now assume Ap < AS" and we set

RE, = Nl — (28)
VN — 14 FA2tr
Ty (Y + pan)

We derive the following result

Theorem 6. Assume 0 < Ar < A¢". Consider system (18)-(19) and set
A \2

R (1= ) W)
A%

RA+R3 <1 ﬁ) (N —1)

- crit
AF

* MT(N— 1)

MR2,C — Q L=

(29)

L If R§ > R§,, then for Ay > AS", the equilibrium TDFE is globally asymptotically
stable.
2. If1<R:< Rg,*? then the following results hold true:

o When Ay > NS the equilibrium TDFE is globally asymptotically stable.

o When Ay = A}, then Rg}S]TC <1, DFE; and TDFE are locally asymptotically
stable. The set

{(S,I,R,A, M, Fs,Fg, Fy,Ss,56,51)" € R - (A, M, Fs)" < (A, My, Fs,)"'}
belongs to the basin of attraction of TDFE while the set
{(S,I,R, A, M, Fg, Fg, Fy, S, Sg, S1)" € RY! : (A, M, Fs)" > (A, M;, Fs,)'}

belongs to the basin of attraction of DF E;.
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e when Ny > A?w,ng,c’ then ’R&SITC < 1, and the equilibria DFEy and TDFE are

locally asymptotically stable. Moreover, the set

{(S.1,R, A, M, Fs,Fg, Fr,Ss,Sg,S1)" € RV : (A, M, Fs)" < (A1, My, Fs,)"}
belongs to the basin of attraction of TDFE while the set

{(S.1,R, A, M, Fs,Fg, Fr,Ss,Sg,S1)" € RV : (A, M, Fs)" > (A, My, Fg,)"}
belongs to the basin of attraction of DFEs.

Proof. We deduce from Theorem 4 that when Ay, > A¢ and 0 < Ap < AY", then TDFE
is GAS. When Ay € (0,A5/] and Ry > R§,, then RE g/, > 1, such that SIT control is
ineffective: only massive releases can be used, i.e. Ay > A/, Clearly, the larger Ap, the

-1
smaller N . In order to be able to use “small” releases strategy, we
ta2Ap
VN - 14 2Rl
ry (Y + pan)

have to define upper bounds for Ag, for a given Ay, and vice-versa.

A
We set C = —— and M7 = “M  Since € < 1 holds true, then, for a given Ap, using

Airit Hr
27)1, we have to find x = QM5 such that
(27) T
Az 21 —-C)(NV —1) )2
1— < -1 . 30
N1 (R%(N—l—x) (30)

Setting y = N — 1 — z, this leads, after some manipulation, to

N =1-y) _ (2(1—0)(/\/—1) _1)27

]_ _
y? Riy

Yy’ — 4N —1—y) 1
Y2 = Riy?
Roy? —ARGN — 1 —5) <4(1 —C)*(N —1)* + Rgy® — 4R2y(1 — C)(N — 1),
(Ro+RL—C)N —1))y < (1 —CP*N —1)> + RGN — 1),
(1—-C*N =12+ Ry(N —1)
RE+RA(1L-C)N —-1)
(1-CPN =12+ RN —1)
RE+RE(1L-C)N —-1)
(1-=CPN -1+ RN —1)

(21 = )N —1) = Riy)”,

y <

N-1l—-za<

1
N Re+RE(1-C)N —1) v
that is,
pr(N —1) (1-CP*WN-1)+R;
—— 1= =3 5 < Ay,
Q R+ RE(1—-C)N —1)
and we deduce (29). Then, the results follow from Theorem 5, page 15. O
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Clearly the constraint on the releases size given by (29) can be strong, i.e. close to A}
such that it seems to be preferable to use massive releases, i.e. Ay > A§F

In that case, the strategy developed in [2, 5], using massive and then small releases can
be adequate to reduce the epidemiological risk and maintain this risk at a lower level.

Y

Thus, in terms of vector control: when R2 < 1, vector control is not necessary; when
Rg >1land 0 < Ap < A%”t, then two cases should be considered:
e when R§ > Rj,, then massive releases of sterile insect, i.e. Ay > AF/, should be
advocated.

e When R§ < Rj,, then small, but large enough (A%, rze < A < ASY), releases of

sterile insects could be useful to control the disease. However, since A

*

MREC
to A/, from a practical point of view, it is preferable to consider massive releases of
sterile insects too.

is close

We summarize all qualitative results of system (18)-(19) related to the disease free equilibria
in Table 2, pagel8.

N | RE Ap R2 Ay Observations
<1 TDFE is GAS
<1 Releases of sterile insects are useless
because the DFE is already GAS
> 1 > Agt > A | Only massive releases could be efficient
such that TDFE is GAS
> 1 >RZ.| >A§" | TDFE is GAS
> AT | TDFE is GAS
<AF" | <RE. | =AY | Risir, <1, TDFE and DFE; are both stable
> Ay re e Ri.sir, < 1, TDFE and DFE; are both stable

Table 2: Summary table of the qualitative analysis of system (18)-(19)

Remark 10. According to Table 2, when R3 < R(Q)w we recover bifurcation diagram 2, page
10: it suffices to replace TE by TDFE and Es3 by DFEs ;.

5.4. About the effective reproduction number

SIT control is a long term strategy: it means that to lower the epidemiological risk before
entering the risky season (when DENV starts circulating), SIT has to be started far before.
However, if the basic reproduction number is estimated (even roughly), several options can
be used. Indeed, before the rainy season starts, and following (17), page 11, to get R3 < 1,
it suffices to reduce the size of the female population under the following threshold

o (Vi + ps) por (n + pn)
v Vm B2Bmh6hm

If SIT is used before the risky season, then the strategy of massive releases followed by small

releases can be used: first, massive releases to reduce the initial size below F7;, for instance,

Np. (31)

18



followed by small releases to maintain it small [5], that is Fs(t) + Ss(t) < F7,, for all
t > tpeny, where tppyy is the time where infected individuals (by Dengue) are introduced,
i.e. when the outbreak starts. However, we will highlight the fact that the starting time,
ts, of the SIT control is important relative to tppnv, even if Rf g7, < 1. That is why, it is

important to consider the effective reproduction number, R.s(),that is defined as follow

VUm BQBmhﬁhm FS(t) + SS(t)
Vm =+ fts for (N + o) Ny,

Reps(t) = : (32)

In particular, we will estimate R.ss at time tpgny. Clearly, if Rerr(tppnv) < 1 and
RG.s17. < 1, then no epidemics will occur. In contrary, even if Rf ¢, < 1but Ress(tppny) >
1 then an outbreak will occur.

Last, combining SIT with Mechanical control will also improve the previous results in
terms of size of the releases or duration of the releases in order to have R.ss(tprnv) < 0.5,
to avoid any outbreak. This will be illustrated later.

6. The SIT periodic releases case

Assuming that the releases are periodic, for example with weekly period. Then epidemi-
ological model is defined by the system (18)-(33)-(34):

(dA
a O(Fs+ Fg + Fr) — (v + pag + pagA)A,
dM
— = (=rhyA—puM,
dFs M I,

s M A~ BByl Fy — ugFs,
7 M Bh N, [s — sk
iFy I,
o BﬁhmmFS — (Um + ps) Fi,
dF’
d—tf = v Fp — uiFy, (33)
dSs Mr I,
s _ M A BB, Sy — peSs,
7 M B N, 05 T HsIs
Sy I
o Bﬁhmmss — (Um + 1s)SE,
dsS
Et/[[ = UnSE — u1Sr,
T
— M
\ dt Hr i,
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( Sp(nTy) = Sp(nT),
In(nty) = Iy(n1),
Ry(n7:) = Ry(n7),
Afnr,) = A(nr),

M(nty) = M(nT),
Fs(nty) = Fs(nt),
Fg(nty) = Fg(nr),
Fi(n7y) = Fi(n7),
Ss(nry) = Ss(nt) + AR,
SE n7-+> = SE(HT),
Sr(nty) = Si(nt),
MT(nT+ = MT(TLT) + TAM

~—

\

where 7 is the period of the releases.

Remark 11. Practically, we will consider a total amount of sterile insects released at time
ntT, Migai- Among these releases, a fraction € of sterile females will be released, such that
5Mtotal = TAF, and (1 - 5>Mtotal = TAM.

When ¢ = 0, we can use the approach already used in [1]] to study the sterile male
impulsive model. When € > 0, then we have to study the previous systems.

6.1. Existence and stability of the trivial periodic disease-free solution (T DFSe;)

Let us consider the following system (35)-(36) that models the periodic release of sterile
insects (both males and females):

ds
5 = —usSs, for t#nrT,
dt 35)
T <
a HrMr,
Ss(nty) = Ss(nt) + TAR, (36)
MT(nT+) = MT(’nT> + TAM.
Hence, as t — +o00, My and Ss converges toward the periodic solution
er 7_AAM _ —t/r|T
MP(t) = Qe pr(t=Lt/77)
(37)
Sy = —TAE sl
o 1 — e msT '
Moreover, we have that
T A
/ P (2)da = TOF (38)
0 Hs

Taking into account (37), we deduce that solutions of system (18)-(33)-(34) converge in
the sense of L>°(0,+00) norm, to solutions of system (18)-(39)-(40). Precisely, only My (t)
is substituted by M (¢) in (33) to obtain (39):
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[ dA
i O(Fs+Fg+ Fr) — (v + pa1 + pa24)A,
dM
o = (1 =7r)vA — puM,
dFg M I,
— = ————1rvA — BBnn—Fs — usFs,
dt M+M§6TT7 Bh N, S — Hslg
dF I
—L — BBm—Fs— (Vm + ps)Fr,
dt Ny, (39)
dFry 7 7
— = Unm - s
dé Ep mrlfy
dSg ]\/[T‘”" I
— = —————rvA — BByn—Ss — 1usSs,
dt M_'_Méjﬂerlrmy /Bh Nh S Hsos
dSg 1,
>t _ B Zho
7 Bhim N, Ss — (Um + 1s)SE,
dSr
\ E = VmSE - ,UISI;

( Sp(nTy) = Sp(nT),
In(nty) = In(n7),
Ry(nty) = Rp(nt),
Afnr,) = A(nr),

M(nty) = M(nT),
Fg(nty) = Fg(nr), (40)
Fp(nty) = Fg(n7),
Fi(nty) = Fy(n1),
Ss(nty) = Sg(nt) + TAFR,
SE(RT+) = SE(TLT),
Si(nty) = Si(n7).

It is straightforward to obtain that system (18)-(39)-(40) admits as trivial periodic disease-
free solution (TDFS,.,):

\

TDFS,.. = (N, 07, SE"(t),0,0)"

where S§™ is defined in (37). Finally, we set
VUm B25hm/8mh AF

m B2 mM~m 1 i er
v B B —/ ST (2)dar — Ar
Vi + b (M + ) N 7 Jo Um 4 tts (M + pn) por N s

76,pulse =

A
AM = U7 min M;er(t) — W—Me_MTT

t€[0,7] 1 — e HrT ’

— D [,LTTAM (42)
Ay = ME"(t) = ——~—
M MTEQ[S}T{] r () 1 — e—mrr”
and, using A defined in (12), page 8, we also set
) Acrit prT _ ]
g, = ML) (43)

HT
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Note that following (22), when Ay, > A§/”, then RE 517, = Topuise and both thresholds shape
the stability of the trivial disease-free state. Moreover,

7?],pulse <1 if and OIlly if AF < Agit7 (44)
where ACFl"it is defined in (25). Indeed, from (41), we deduce that

R%MAJ
ry(y + pag)(N —1)

%,pulse = AF' (45>

Hence, (44) is straightforwardly deduced. We can prove the following global attractivity
result.

Theorem 7. Let € > 0 and My > 0 be given. Assume that Ap < AG.

(1) If |
TAy > MF (46)
then solutions of system (18)-(39)-(40) are such that
lim (S(t),1(t), R(t), A(t), M(t), Fs(t), Fr(t), Fi(t), Ss(t), Se(t), St(t))" = TDF S,

t——+o0

(i) If
Ay = M (47)

T,per>s

solutions of system (18)-(39)-(40) are such that

lim (S(t),1(t), R(t), A(t), M(t), Fs(t), Fg(t), Fi(t), Ss(t), Sp(t), S;(t))" = TDF Sy,

t——+o00
whenever
(A, M, Fs + Fg + F7)"(0) € [Ors, Br(Ay)).
(iii) If |
0 <7Ay < M{L, (48)

then solutions of system (18)-(39)-(40) are such that

lim (S(t), I(t), R(t), A(t), M(t), Fs(t), Fe(t), Fi(t), Ss(t), Sg(t), S1())T = TDFS,.,

t—+4o0
whenever
(A, M, Fs + Fg + F;)7(0) € [Ogs, E;(Ay))).
Proof. See Appendix D, page 50. O]

Like in Theorem 6, we can deduce from Theorem 7 that, in the case of periodic releases,
the strategy using large and small releases is useful to decay an established mosquito pop-
ulation and thus to lower the epidemiological risk. If the mosquito population is small or
not established, then (appropriate) small releases of sterile insects are sufficient to reach
elimination too.
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6.2. Existence of a periodic disease-free solution (DFSy.;)
Taking into account (37), the disease-free sub-system derived from system (18)-(33)-(34)
is given by system (49)-(50):

( dS),
@on N, —
dcﬁ pn(Np — Sh),
o OFs — (74 pag + pa24)A,
dM
dd? = (1 —]\Z)WA — M, (49)
S — e — —_—
o M+ Mf;;erWA psks,
dSs MEET
@os _ _Mr 4 _
L dt M_i_Mjpi‘eT'rfy /’LSSS7

Sp(nty) = Sp(n),

A(nty) = A(nT),

M(nty) = M(n7), (50)
Fy(nty) = Fs(n7),

Ss(nty) = Se(nt) + TAp.

The dynamics of state variables S, and Sg, i.e. equations (49),—(50), and (49),—(50),, are
uncoupled. Hence, we will consider in the sequel the sub-system (51):

(dA
T ¢Fs — (v + pag + pagA)A,
dM
S (1—r)vA — M, (51)
dFs M
— A — ok,
| @t M) T

A A

Substituting ME (t) by ——= and by = in (51) leads to the lower system (52) and the
Hr Hr

upper system (53), with

([ dA
o OFs — (v + praq + pa2A)A,
dM
S~ (1= )7 A — pu M
dts = K TVA_,USFS
M + oM
\ HT
and
(dA
o= OFs — (7 + prag + paA)A,
dM
= (1= YA — pu M
dts = A T"‘)/A—/Lst.
M + =M
\ Hr
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Hence, one has, see e.g. [5]:

(i) When A/ > 1 and Ay, € (0, A§}], system (52) admits one or two positive equilibria
E13p < Ey3p. In addition, if the initial data of (52) is greater or equal to E; 3p, then
the corresponding solution is also greater or equal to E;3p. Recall that My, is given
by (12). Similarly, since 0 < M, < My < My, we deduce that system (53) admits
one or two positive equilibria £, 55, < E, 3p. Finally, the set

{(A,M,Fs)" € R : (A, M, Fg)" < Eisp}

belongs to the basin of attraction of Ogs = (0,0,0)7 for system (53), hence by compar-
ison, its belongs to the basin of attraction of Ogs for system (51).

(i) When N > 1 and A, > A}/, then the elimination equilibrium Ogs is globally asymp-
totically stable for system (53).

(ii)) When N < 1, then the elimination equilibrium Ogs is globally asymptotically stable
for system (53).

Taking into account Lemma 1 together with the previous discussion, leads to Proposition 4.
Proposition 4. If N > 1 and Ay € (0, A§}t], the set

Q={(A,M,Fs)" €eR : Ey13p < (A, M, Fs)" < E*}
is positively invariant by system (51) where E* is the positive wild equilibrium given by (7).

To establish the existence of a least one positive and periodic solution for system (51),
we will use the Brouwer fixed point theorem together with comparison arguments. The
following result is valid.

Theorem 8. Assume that N> 1 and Ay € (0, AS7]. Then, for
E13p < (A(0), M(0), Fs(0))" < B,

system (18)-(39)-(40) has at least one positive T-periodic disease-free solution DFSy., =
(Sn(t),0rz, A(t), M(t), Fs(t), Oz, Ss(t), Oge) " with

Eiap < (A1), M(t), Fs(t))" < B,

Sh(t) = Nh and

(It/7]=+1)T
TAR + e‘“sT/ v(x)e!sTdx .
_ Lt/7]7 psx —ps(t—[t/7]7T)
Ss(t) = e ~|—/WTJTU($)6 STdx | e7Hs (54)
where A (1)
t
v(t) = L ryA(t).
Proof. See Appendix E. n
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6.3. Stability property of a periodic disease-free solution (DFSpe;)

Now, we are in position to define the basic reproduction number, R’g; 7, of system (18)-
(39)-(40). Following the approach given in [32, 33], we set X = (I, Fg, Fy, Sg, S1, A, M, Fs, Ss, Sy, R,)T
and the non-trivial and 7-periodic disease-free solution is

XPT = (Ogs, AP (), MP7 (8), FE (1), S (1), N3, 0)"

For i € {1,2,3,4,5,6,7,8,9,10,11} and t # nr, let F;(t,X) be the input rate of newly
infected individuals in the ith compartment; V;" (¢, X) is the input rate of individuals by

others means, V; (t,X) is the rate of transfer of individuals out of compartment ¢ and
Vilt, X) =V, (t,X) — Vi (t, X). That is,

Fr + 51 (1n + ) In
BB Ny, St (Vm + ps) Fg
Iy —VUn g+ prFr
B —F
P N, ° (Vim + 15)SE
0 —UmSE + 1St
BB, ﬁgs —¢(Fs + Fg+ Fr) + (v + pag + pagA)A
"N —(1=r)vA+puM
0 _WWW + mam s+ pusFs
0 MPer(t) I
— YA+ BBpm—>S S,
0 M+M$er(t)T7 + ﬂh Nh S+,US S
0 F+8
0 — (i Nn + BB IN LS, + LnSh
h
0 —nndn + pn R
such that system (18)-(39) can be written as follows
dX
— =T X) =Vt X). (55)

It is straightforward to prove that F(¢, X), V(¢,X) and system (40) satisfy assumptions
(H1) — (H6) of [33].
The derivatives of V and F, at XP", can be parted as follows

_ F(t) 0 _ V(t) 0
D]:(x,t)—( 0 O)’ DV(m,t)—( < M) )
where
0 0 BB,
per(t) 5 h Tn + Hn 0 0
F=| Bfm—5— 0 0 |, V= 0 Vmtps O
h _
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and

“pstv) 0000000
Vm —Hr 0 0 0 0 0 0
0 0 Q66 0 ¢ 0 0 !
_ 0 0 (l=r)y =g O 0 0 0
M(t) = 0 0 ase agy  —ps 0 0 0
0 0 96 agr 0 =ns 0 X
0 —BBmh 0 0 0 0 T 0
with
er T,}/Aper t)MEP" (¢
age = — (7 + pran + 20a2AP(t)), agr = (M(2) J£ 3\47’5(;)))2’
T
gy = — VM) o — VAT OM ()
M) + ME (1)’ (MP(t) + M (1))

R0
MPre) + MET(R)

Q96

Let ®,((7) be the monodromy matrix related to the linear 7-periodic system

di—z(ft) =M()Z(t), t#nT,
Z(nt+) = Z(nt), t=nT.

We assume that the periodic equilibrium X7 = (0, 0, A" (¢), MP" (t), FE (t), S5 (t), Ny, 0)7
is locally asymptotically stable, that is

(HT)  p(Pum(7)) <1,

where p(-) is the spectral radius operator. Let us consider the sub-matrix £ of matrix M

defined by

Qg6 0 ¢
E=|0=r)y —pu O
ase agy  —Hs

and the monodromy matrix, ®¢(7), related to the linear T-periodic system

dQ(t)
- E®)Q(t), t#nr,

Q(nt+) = Q(n1), t=nrt.
It is straightforward to deduce that
p(Pum(T)) <1 <= p(Pe(r)) < 1.

Hence, we set
(HT)  p(Pe(r)) < 1.

Unfortunately, since we do not have an explicit expression of X,.,, we will only be able to
verify assumption (H7) or (H7)" numerically. Similarly, the monodromy matrix related to
the linear 7-periodic system
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dY (¢)

= -VY(t), t#nr,
Y(nt+) =Y (n7), t=nr,
1s
e~ (ntpn)T 0 0
‘b—v(T) — 0 e~ (vmtus)T 0
0 * e T

where x is a real value. Therefore, it is straightforward to deduce that
(HS)  p(® (7)) <1

holds true.
Following [33], one can define the next infection operator £ which is positive, continuous
and compact. We also define the basic reproduction number (see for instance [33])

Rg,eng = p(L),

the spectral radius of £. The next result (see Lemma 3) shows that p(®p_y (7)) — 1 has the
per 1

same sign as Ry g7 —
Lemma 3. Let X, be a non-trivial periodic disease-free solution of system (18)-(39)-(40).
Assume that (HT)" holds true. Then, one has:

L. Rbgr = 1 if and only if p(®r_y (1)) = 1.
2. Risrr > 1 if and only if p(®p_v(7)) > 1.
3. Rosrr < 1if and only if p(®p_v(7)) < L.

Hence, Xy, is locally asymptotically stable if Ry g < 1 and unstable if Ry grp > 1.

Proof. Assumptions (H1), (H2), (H3), (H4), (H5), (H6) and (HS8) are verified. Assuming
that (H7)" is verified implies that (H7) holds true. Hence, conclusions of the Lemma follow
from [33, Theorem 2.2]. O

As already pointed out in [14, 32], it is not possible to obtain explicitly an analytic
expression for p(®p_v (7)) or R g, Since F and V' are not both upper or lower triangular,
according to Theorem 4.1 [21], we cannot use a time-average method to compute R, 1t
will be computed numerically; see for instance [21] for a procedure for the linear operator
method.

Also, when Ry > 1, since R{’g;p can only be estimated numerically, we cannot derive an
analytical expression for the threshold A*RSE;»IT in order to ensure that Rgfg r < 1, assuming,
of course, that Ap < A%, This will be evaluated numerically, using the linear operator
method coupled with the bisection method. See some estimates in Tables 9, 10, 11, with
and without mechanical control.
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7. Numerical simulations

All numerical simulations are done using a standard finite difference method, the ode23tb
solver of Matlab [20] which solves system of stiff ODEs using a trapezoidal rule and second
order backward differentiation scheme (TR-BDF2) [7, 18]. Results are obtained in a couple
of seconds.

We consider Aedes albopictus mosquito parameters used in previous publications [4, 5,
11, 12, 13]. They are summarized in Table 3.

Symbol | ¢ | pran [z ro| #s | Ha| Pro| Y
Value | 10 | 0.05 | to be estimated | 0.50 | 1/10 | 1/7 | 1/7 | 0.08

Table 3: Aedes spp entomological parameter values.

According to Table 3, the basic offspring number is N' &~ 30.76, and the critical daily
release rate for sterile males is A§}" = 1613, without mechanical control. Above this value,
the wild mosquito population will decay to 0 more or less fast depending on the size of the
releases.

Following [14], we estimate p4 2 thanks to the carrying capacity (of breeding sites), K.

1
Assuming that K = 3 x IV, the aquatic stage at equilibrium is A* = <1 — ./T/) K, such
that to get the same equilibrium with our model leads to

_I_
HA2 = T AL [?A’l./\/’-

Thus according to the value taken for N, in Table 5, we derive pao ~ 6.667 x 1077, from
which we deduce the following equilibrium values for the mosquito population on a domain
with N, = 20000 inhabitants:

A* M* F*
28050 | 16254 | 23220

Table 4: Mosquito positive equilibrium

These will be the initial values in the following simulations. In Table 5, we consider
epidemiological parameters related to a Dengue epidemic, because Dengue is circulating in
La Réunion since 2019. We also assume that there is no impact of the virus on the infected
vector’s mean lifespan, i.e. pu; = pg. Values for B, Bmn, nn and v, are taken from [1].

Symbol | B | Bum | Bmn | M1 | Um n M Ny,
1
1 1 . . 1/1 1 — |1 2
Value 0.375 | 0.375 | 1/10 | 1/8 | 2———= | 1/7 | 20000

Table 5: DENV epidemiological parameter values [1]

7.1. The constant and permanent SIT releases case
According to Table 5, the basic reproduction number is R2 ~ 6.3476 such that F, =

. epi
3659, and we can also estimate A?" ~ 366 individuals. Note also that, when Ap = 0,

R, ~ 6.547.
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Since R is close to Rf ,, we have A% ., . ~ 1611, very close to A§;" = 1613, such that
3 LIRS}

it is far better to consider massive releases, i.e. Ay > A}, like, for instance, a daily release
rate of Ay = 1650 sterile male individuals. However, be careful, being just above the sterile
threshold, implies that it will take a long time to be close from TDF' E: the larger the release,
the faster the system converges to TDFE.

In Table 6 we provide several computations of some threshold parameters, when 0 <
Ap < A¢". When e = 0.01, that is Ap = 17, we have Rf g/, = R /7.5 < 1 because the
release rate for sterile males is larger than A, Once € > 0.025, sterile females are enough
to make Rf g7, above 1, because R g7, 5 > 1.

€ 0 0.01 | 0.025| 0.05 0.1

Ap 0 17 | 41 | 82 [ 165
Ay | 1650 | 1633 | 1609 | 1567 | 1485
Arze | 1611 | 1613 | 1611 | 1599 | 1528

Rg,* 6.547 | 6.074 | 5.512 | 4.744 | 3.729

Rismaw | - — 0385 0.637 | 1.004
Rigms | - | 0.0836 | 1.766 | 2.329 | 3.065
Risir. | - | 0.0836 | 2.152 | 2.967 | 4.070

Table 6: Threshold values to lower the epidemiological risk for DENV

crit
However, for a given £ > 0, as long as we consider large releases, such that 7A,; >> —
Hr
crit

that is (1 — €) X Mot >> M_ " the wild population will decay to 0, whatever the amount

Y

of sterile females that are relegsed.

However, for practical application, we have to be cautious because these results are only
true for “long time” control. That is why, in the forthcoming simulations, we estimate
Rers at time t = t;, for different starting time. It is important to understand that massive
continuous or impulsive periodic SIT control, i.e. Ay > AY with or without sterile females
releases, cannot prevent from an outbreak, when the SIT starting time is too close from the
outbreak starting time. The red stars in all figures indicate the minimal amount of sterile
insects to release considering an infinite time to get Rosrr. < 1 (Rgrp < 1)

Whatever the type of control, mechanical control is always recommended. Indeed, as
showed in Table 7, page 29, the use of mechanical control allows to lower the threshold A},
In fact, when € = 0, as expected, since A/’ depends linearly on K, the decay on A" is
proportional to the level of mechanical control.

% of Mechanical control (days) | 0 | 20% | 40% | 60%

A 1613 | 1291 | 968 | 646
Improvement 0 | 20% | 40% | 60%

Table 7: Threshold values for the release rate to eliminate the wild population, thanks to different level of
mechanical control - € =0

Figs. 3, 4, and 5 show the impact of mechanical control (MC) to improve the efficiency of
the SIT and also to reduce faster the population in order to get R.s¢ smaller than 0.5, once
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the epidemic starts. With MC, SIT control time reduction can be substantial. For instance,
assuming Ajy; = 2000, without MC, almost 400 days are necessary to get R.sy < 0.5, while
it takes only 180 days with 20% of MC, and 120 days with 40% of MC. Also, once Ay, is
ehosen such that Ay, > A, for a sufficient long time, then R grr < 1. Again, the positive
impact of MC is obvious.
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Figure 3: Reys(tr) vs the starting time and the level of the control - Without release of sterile females and
without mechanical control
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Let us now consider the effect of releasing sterile females. In general, there is at most a
small percentage of sterile females releases, but to illustrate our findings we will assume that
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5% of sterile females are released: see Figs. 6-7-8. As observed in these Figs. (see the level
set 0.5), the sterile male release rate has an impact on R.ys, such that if the release is too
large then R.¢y > 0.5. This makes sense because when the release rate is large, a significant
amount of sterile females are released, such that they maintain R s above 0.5. According
to Fig. 6, the best release rate would be Ay = 3000 to get Refr(tpeny) < 0.5 in the shortest
time, here 250 days, approximately. The addition of MC (see Figs. 7-8) can reduce this time
to 200 days for 20% of MC, and 175 days, and also, to reduce the release rate to 2500 or
even 2000, for instance. This result make sense as MC lower the threshold release rate as
showed in Table 8, page 32. The gain in time and in the release rate is very substantial and
show again the great importance of MC, with or without sterile females releases.

% of Mechanical control (days) | 0 20% | 40% 60%

A 1692 | 1357 992 594
Improvement 0 |19.8% | 41.4% | 64.89%

Table 8: Threshold values for the release rate to eliminate the wild population, thanks to different level of
mechanical control - € = 0.05
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Let us discuss briefly the particular case Ap > A%,

For that case, we know that
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R(Q), srr. > 1, whatever the size of the releases. In particular, assuming that the proportion
of sterile females is 5%, then releasing a total amount of 7320 sterile insects leads to release
exactly 366 sterile females, i.c. Ap ~ A", such that R§ ;7. > 1. If very massive releases
are used, then the percentage of sterile females within the releases have to be sufficiently
small, in order to have Ar < A%, This shows that results like [19], where an admissible
percentage of 4% of released sterile females is given, are useless if we don’t know exactly the
real sizes of the releases.

7.2. The impulsive periodic releases case

We now consider periodic impulsive releases, that is more realistic. We will estimate
numerically the periodic basic reproduction number and also estimate the minimal release
amount needed to decay the wild mosquito population to 0 for a given releases period, 7.

When ¢ = 0 (no release of sterile females), in Table 9, page 34, we derive numerically the
threshold, A;‘zgegm, and the mean number of sterile insects, for a given 7. It is interesting to
notice that for 7 = 5, the release rate is close to the release rate obtained for the continuous

daily rate, A}, 5, . = 1611.
» IO

7 (days) 5 7 10 14
Toper 1670 | 1723 | 1842 | 2080

0,5IT

Nb of insects per release | 8350 | 12061 | 18420 | 29120
Mean number of sterile | 11690 | 12061 | 12894 | 14560
males over one period

Table 9: Threshold values to lower the epidemiological risk for DENV, i.e. Rfs;r < 1

We consider 7 = 7, because, in the field, weekly releases are usually considered. With
different level of mechanical control, including also the release of sterile females (like previ-
ously, 5%), we estimate numerically the minimal amount of insect to ensure that R{'s;, is

less than one. This is based on a numerical estimate of R{g; 7, like in [14].

% of mechanical control (days) 0 20% | 40%
A% per 1723 | 1359 | 966

0,5IT
Mean number of sterile 12061 | 9513 | 6762

males

Table 10: Weakly releases (7 = 7) - Threshold values to lower the epidemiological risk for DENV, i.e.
R‘srr < 1, without release of sterile females, Ap =0

% of mechanical control (days) 0 20% | 40%
Al per 1817 | 1451 | 1053

0,SIT
Mean number of sterile 12719 | 10157 | 7371
insects over one period

Table 11: Weakly releases (7 = 7) - Threshold values to lower the epidemiological risk for DENV] i.e.

Ro‘srr < 1, with the release of 5% (from A% e, ) of sterile females
» 0,SIT
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In the following simulations, we derive an estimate of R.sr(tpeney), when the Dengue
epidemic starts, for weekly periodic impulsive releases, with different level of Mechanical
Control, also including (or not) the release of sterile females.
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Figure 9: Weekly periodic releases. Estimate of the effective reproduction number thanks to the starting
time of the control - Without release of sterile females and without mechanical control
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Figure 11: Weekly periodic releases. Impact of mechanical control (40%) on the effective reproduction
number - No release of sterile females

Comparing Figs. 9, 10, and 11, we can highlight the great impact of mechanical control
(see also Table 10) that allows to reduce the size and even the duration of the SIT control. For
instance, in the continuous case, choosing Ay, = 3000, it requires 210 days to get Rerr < 0.5
without MC, 150 days when MC = 20%, and 110 days when MC = 40%. The red dotted
lines indicate the minimal threshold, A%, . for the release rate to get Rosir < 1. The
readers have to be aware that it can take a long time (and thus a lot of releases) to have
Rosrr < 1, as showed in Fig. 9. Clearly, large periodic releases, like for continuous releases,
are more interesting. However, this might depend on the sterile insects production facilities
and also the area to treat. As usual, a balance has to be find.

Let’s turn now to the release of sterile females. Like for the continuous case, we consider
that, among the sterile insects that are released, 5% are females. As showed in Figs. 12, 13,
and 14, we derive the same simulations than before and recover somehow the same results:
very large release can induce a negative effect because the amount of sterile females can be so
large that it is impossible to decay R’y below 0.5, for instance. Following Remark 11: since
(1 — &) Miotar = TAN > ]\[;’;}ir it is important to notice that as long as Ap < A" ~ 366,
we will have R < 1. Of course, it we want R};; < 0.5, then we need to check that
Ap < A%t /2 ~ 183.

Again, the combination with mechanical control is clearly beneficial and can help lower
the time needed to reduce R.s¢ below 1 or 0.5 and also the size of the releases. For instance,
according to Fig. 9, the best release rate would be Ay, = 3500 without MC, while for
MC = 40%, the release rate Ay = 2500 would decay R.r; below 0.5 in only 150 days.

Globally, if SIT, combined with mechanical control, started early compared to the ”start”
of an epidemic, the release of sterile females, in a reasonable amount (no more than 5%)
does not have an impact on the final efficiency of the SIT control. The only issue would

be to consider very massive releases such that a sufficient amount of sterile females would
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“artificially” maintain R{ ¢, above 1. However, if the aim is to reduce the basic reproduction

number below 0.5, then our simulations show that the releases rate has to belong between
1500 and 4000 individuals, meaning that every week between 10500 and 28000 sterile males
have to be released.

In order to better illustrate our explanations, we provide additional simulations of the
time evolution of infected humans with and without SIT control, combined or not with
mechanical control (40%). In Figs. 15(a), 15(c), and Fig. 16(a), 16(c), page 40, we show
how the dynamic of infected humans can vary according to the size of the releases and
the use or not of mechanical control: while SIT control decays the maximum number of
infected individuals, it also leads to a spreading of the epidemic which can increase the
number of cumulative cases, as showed in Figs. 15(b), 15(d), Fig. 16(b), and 16(d), page
40. Clearly, also, the use of mechanical control allows to reduce significantly the size of the
periodic releases needed to avoid an epidemic. Last, the releases of sterile females impact
the maximum of the Infected compartment, but in a very limited way. This follows our
conclusion that even if irradiated females are released (at a reasonable rate), while a DENV
virus is circulating, this will not impact, i.e. favor, the dynamic of the epidemic.
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Figure 12: Weekly periodic releases. Estimate of the effective reproduction number thanks to the starting
time of the control - With the release of sterile females and without mechanical control

8. Conclusion

In this work we have considered SIT control, based on sterile males releases, coupled
with an epidemiological model, taking into account that sterile females can be (accidentally)
released too. We showed that a low SIT control is possible but only if the basic reproduction
number, Ry, is lower than a certain threshold, Rf, that depends on the basic offspring
number, A, related to the mosquito species. If not, then only massive releases (above the
threshold, A7t or Mg ) are useful. This is an important result as it can change the SIT

T,per
control strategy, locally or along the year since all these threshold parameters can change.
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Figure 13: Weekly periodic releases. Estimate of the effective reproduction number thanks to the starting
time of the control - With the release of sterile females and 20% of mechanical control
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Figure 14: Weekly periodic releases. Estimate of the effective reproduction number thanks to the starting
time of the control - With the release of sterile females and 40% of mechanical control

For mosquitoes, sex-separation is already an issue even if new approaches, like Genetic
Sex Strain, are in development [17]. Until these new technologies are operational, it is worth,
at least for the health authorities and also to reassure local people, to study if the release of
sterile females during a SIT campaign can be problematic or not. We showed that as long as
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eF=0 - SIT starts at day 200 while DENV starts circulating at day 300- MC (0%)
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Figure 15: Weakly periodic releases: Time evolution of Iy, the infected humans, and the cumulative number
of infected humans when DENV starts circulating at day 300 while SIT starts at time t=200 - without and
with 40% of mechanical control - No release of sterile females, € = 0
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eF=0.05 - SIT starts at day 200 while DENV starts circulating at day 300- MC (0%)
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the sterile females release rate, A, is below the threshold A%, then SIT control can already

be efficient, provided that it starts early enough. We emphasized the fact that if (very)
massive releases are considered, the amount of released females has to be small enough, such
that Ap < A%, This result is of primary importance because, when SIT is not efficient, the
tendency is to increase the size of the releases: outside an epidemic period, this is not an
issue, but it is when a virus is circulating. Thus, the recommendation about the maximal
percentage of sterile females to release, given by the IAEA, is not useful because we show
that it is the amount of sterile females released that matters.

We illustrated our theoretical findings on Dengue parameters since several dengue viruses
are circulating in La Réunion where our SIT project takes place (see [6] for explanations).

Our recommendation, in the absence of virus circulation, is to start SIT control, combined
with mechanical control, even when sterile females are released, as early as possible before the
risky epidemic season in order to decrease the mosquito population, such that, for instance,
Ro.sir < 0.5, and then, continue the SIT control with (very) small releases, as described
and illustrated in [2, 5].

Our model can be improved by taking into account that sterile males cannot not nec-
essarily be fully sterilized, such that a certain proportion, €, of residual fertility can occur.
This has been studied in [6], where we showed that € needs to be less than 1/A in order to
keep the SIT efficient. Most certainly the combination of residual fertility and sterile females
releases could be problematic and that is why they have to be studied seriously in order to
avoid failures in SIT programs.
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Appendix A. Proof of Lemma 1

1. The right-hand side of system (15)-(16) is continuous and continuously differentiable
on R®. Thus, according to [31, Theorem II1.10VI], for any initial condition in RS,
a unique solution exists, at least locally. The vector field defined by the right-hand
side of system (15) — (16) is either tangential or directed inwards on the boundary of
D". Hence, D" is positively invariant by system (15)-(16). Now, we use the notion
of invariant regions, see e.g. [28, Chapter 14, pages 198-212], to prove the positive
invariance of the set I'y~1. By adding equations of system (15), it is straightforward
to deduce that, for all ¢ > 0, the set S(t) + I(t) + R(t) = N is positively invariant.
From system (16), we deduce that:

( dA
" = ¢O(Fs+ Fg+ Fr) — (v + pag + pagA)A,
M
e = (1= A — e, (A1)
d(F F F
( S+th+ 7) < r7A— pg(Fs+ Fu + F)).

Let f be the right-hand side of system (A.1). Assume that N’ > 1. Hence the positive
wild equilibrium E* = (A*, M*, F*)" is defined. Recall that

M* = MA* and F* = ar — (7 + pag + papA")A
Km Hs 0

. Let us consider
Gle—M*, G22F5+FE+F[—F*, G3:A—A*
One has:

VGi - flyeryr = 1 =1)v(A—A*) <0in Lprsq, so M < M.
VGQ . f‘Fs+FE+FI=F* < T’}/(A — A*) < 0 in FN>17 SO FS _'_FE —|—F] < F.
VGs - flacar =0 (Fs+ Frg+ Fr) — (v + ptag + pragA*)A*
=¢(Fs+ Fg+ F; — F*)
<0 in Tps1, so A< A*

2. Based on he uniform boundedness, we deduce that the solutions of system (15)-(16)
exist globally, for all £ > 0. Therefore, system (15)-(16) defines a dynamical system on
D",

This ends the proof of the Lemma.

Appendix B. Proof of Theorem 3, page 11

1. Following [9], we rewrite system (15)-(16) by splitting the uninfected compartments
r=(S,R,A, M, Fs) from the infected compartments y = (I, Fg, F7)’. That is

dx

? = f(z,9),
y _

dt - g(l’,y),
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such that g(x,0) = 0. When A > 1, thanks to the results obtained in section 3, it
is straightforward to show that the equilibrium z* = (N, 0, A*, M*, F¢)" is GAS for

d d
system d—f = f(x,0). Let us consider d—i = g(x,y), that is

( dI}, Iy
— = BBun—5)— 1,
a 5hNh h— (n + pn) In
dF'g I
— = BBy,—Fg — ) Fr, B.1
i B N, s — (ue + vm)Fg (B.1)
dF
| d_tI = VUnl'e — prkr,
that can be rewritten as
dy
o =T @y) = V(zy) = (F=V)y —hiz,y),
where .
BBnn—8
b "N, (n + ) In
Fla) = I, V@) = | (v + ) Fs (B.2)
B m_F ) )
2 N, ° prFr — v Fg
0
F and V the Jacobian matrices associated with F and V at (z*,0gs)’, that is
0 0 BB,
I Bra motun 0 0
F=| BBm-= 0 0 , V= 0 ts+vm 0 |, (B.3)
N 0 —v,
0 0 0 m Hr

where F} is given by (7), and h(z,y) = (F — V)y — (F(x,y) — V(z,y)). In fact, we
have
BﬁmhFI(l - Sh/Nh)
I
h(w,y) = | Bbwmr(F = Fs) | 20,
h
0

In addition F — V is a Metzler matrix. When R2 < 1, DFE is LAS and since
assumptions (H1) and (H2) in [9] are verified, DF'E is GAS when RZ < 1.
. The Jacobian matrix of system (15)-(16) at the DFE is

— 0 0 0 0 0 0
0 0 . —— 0 0 0 0
0 M —ln 0 0 0 0
0 0 0 —Y = pag — 2paA* 0 ¢ ¢

Jpre = 0 0 0 (1—r)y —uy 0 0
F*
0  —BBum—> 0 Y 0 —ps 0
Ny,
Fy
0 Bfwm 0 0 0 —(us+vm)
Ny,
0 0 0 0 0 0 Vi
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Eigenvalues of Jprg are: —un, —pn, —pn, the solutions of the following equation in
A

N+ (s + pag + 21a0A" + V)N + psprasA* =0 (B.4)
and the eigenvalues of the matrix Z defined by
_<nh + Mh) 0 Bﬁmh
Z = | BBunF5/Ny —(is+vm) 0
0 I/m _ILLI

Eigenvalues of the matrix Z are solutions of the cubic equation in A

AP+ N2 (0 A pn A+ prs + Vi A o) + M+ pn) (pos + Vi) =+ (i + g+ s + vim))
(s + Vi) (a4 ) (1 = RE) = 0.
(B.5)
It is not hard to see that roots of (B.4) have negative real part and that when Ry = 1,
(B.5) admits zero as a root and a negative root. Moreover,

Vm + fbs ptr Nn + ptn N
Um, /Bmh ﬁhm F:g‘k

Ro=1 < B:B*:\/

A right eigenvector of Jyrprp corresponding to the zero eigenvalue is w = (w;)i—1,._s

where B
w, = — Bunn <0,
Hh
B*
wy = ﬁmh > 0,
Nh + Hn
Hh
¢(MS (1—1-&) — h1 (1+£>)
Um Um,
w = )
* fsha2A*
_ ¢ (s = pur) <0 because g < jir,
fisfia 2 A
1 —
Hnr
. S
Yo (1 + 5—1> — (v + pan + 20247y (1 + 5—)
We = = - ’
6 pspiaA*
wy = ﬂ > 0,
Vm
wg = 1>0
Since

ps < pors ps(YFpai+2pa2A%)—ryd = pspa AT > 0, ryd—pr(y+pa+2pa24%) <0,

we have

) — (v + prag + 204 24% ) — MSMA,QA*S_I

wg = < 0.
" pspaA*
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A left eigenvector of Jyrprg corresponding to the zero eigenvalue is v = (v;)i=1,. s
where v1 = v3 = vy = v5 = vg = 0 and

Uy = )
nn + pn Np
U7 = ].,
Vm+,u5'
vg = ——.
Vm

Following [10], the only non-zero term to be considered are the ones that correspond
to vy, vy and vg. From system (15)-(16), one deduces that

BB, B Bum
Bunt s+ 20, BB

Ny, Ny,

a = 2vs wowg < 0

and

*

F
b = vowsBmn + VrWwsBpm—~— > 0.
Ny,

Hence, it follows from [10, Theorem 4.1 & Remark 1], that system (15)-(16) undergoes
a forward bifurcation or transcritical bifurcation when Ry = 1.
3. Based on [30, Theorem 2], we deduce that when RZ > 1, then the DFE is unstable.

Appendix C. Proof of Proposition 2, page 12

To find the positive or endemic equilibrium, EE = (SfL, Ifl, Rg, At ME, Fé, Fg, Flﬁ)T, we
have to solve the following system

4
F
Ny — Bﬁmhﬁlsh = (nSh
h
F
Bﬁmhﬁls = (nn + pn) In,
h

ndy = pn R,
gb(FS + Fg + F]) = (’}/ + A+ /,LA’QA)A’

C.1
1
YA — BﬁhthFS = usFs,
/ h
BﬁhthFs = (ps + vm) e,
h
L VmFE = lu]F].
Using (C.1)g, (C.1)7 and (C.1)g, we deduce
BBym I
FE =t b gt 2
F s + Vnm Nh o (C )
V, Bﬁh I
Fl=—" m_h g C.3
" vt s o Ny P (C3)
and ﬁ
|4 BB T ) pr T g (C.4)
ps  Np s



Using (C.1)4, we obtain

Y+ pag + pagAf Az

Fi+ Fi+ Fl =

Thus

AF, (C.5)

BBun 1} Vi BBun It \ 4 v+ pag + pasAf
I+ ———+ ~ | Fs=
ps + Vi Ny U +ps pr Ny

that is, for A% #£ 0,

ﬁ § 4
a BB I Vi BB 1, BBum 1,

1+ —— + Zho) = 14 ZEm T n n AP
¢/LS ( s + Vm N U+ s pr Np (7 pal+ pas )

or

BB, I . BB I’ BBy, I
N 1+L_’L+ Y B Zh| = 1+i_h (1+ﬂAﬁ)7 (C.6)
ps + Vi N U +ps pr Ny ,

from which we deduce

< + Bﬁhm i VUm Bﬁhmi
+ fia1 ps + Vi N Uy +ps pur Ny
A= LTHALY 1 (C.7)
a2 1+ %I_}%
ps Ny

Note that, when p; = ug, the previous relationship reduces to

A= TTRAL gy
A2

Then, using (C.4), we deduce

1+%I_ﬁ Vi Bﬁhm]_;ﬁl
1+B/ma]-_}ﬁl Fﬁ :ﬁ’)/‘i_,uzA,l N NS+VmNh Vm+MS 1233 Nh 1
ps Nu | % ps pas (1 N BBhm [ﬁ)

such that, using (C.3), we derive

N

gt Vm BB I vyt pan 1 s+ vm Ny | Umtps . N
L vmbas e Nups paz oy B I |, BB 1
Hs Nh s Nh

Then, using (C.1),,

+ I
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we replace F? in (C.8) to obtain the following equation for I} # 0

Bﬁhm [ﬁ Vm Bﬁhm
1+ Ly
1 Um  BBmnBBrm Yy + pan N ps + Vi N v + s g Nh e
Ni U + s (M + fn) jor s fiaz N BBum I
s Np

1_(7lh+ﬂh) I 1+Bﬁhmf_2
Hn Ny, s Np’
or equivalently

R2 N 1+%[_2+ Vm Bﬂhm[_’ﬁl _ 1+%I_’§ 1_(T7h+’uh)[_]li —
0 ps +Vm N U+ s pir - Ny s Ny i Ny,

(N —1) <1+Bﬁhmﬂ>

That is,

N N v 1\ I M4\ I
i — 14+ BBy | ——— + 2 1— ho| —
RO<N + BBy <M5+Vm+mvm+,us )Nh>< ( I )Nh
2

4

h

I
Setting x = —*, we derive
Ny,

ax® +br +c =0, (C.10)
with

" 1 BBm \’
a:RgBﬁhm(A—/ m N ——) (M>+(N—1)< O ) ,
WiV + s 1S+ Vm S Hh s

b:RS(N—1)<1+n">+2(N—1) L —RgBﬁhm(— v + ——),
Hh Hs M1 Vm + s fs + Vi, LS
and
c=—-WN=-1)(R§—1)
1
such that, N being large (larger than p;/us), we have (M Im N - —) >0,
KU1 Vm + Us s + Vm s

A* >0 (see (C.7)), a >0, and ¢ < 0 when Ry > 1, (C.10) has one positive root
1
= — <—b+ Vb2 — 4ac> > 0.
a

Thus, we deduce I ,3, and, then, all other variables can be deduced. Moreover, the application
of [10, Theorem 4.1], to prove item 2 of Theorem 3, page 11, also establishes the local
asymptotic stability of the unique endemic or positive equilibrium for system (15)-(16) when
RE > 1.
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Appendix D. Proof of Theorem 7

Eigenvalues of the monodromy matrix of system (18)-(39)-(40) at TDF'S,,., are

Al = Ag=e T

A3 = Mg =e 15T,

Ns = e HMT )\ = e_(p“S“!‘VnL)T,
Ny = e T \g = e~ (vtpan)T

and the eigenvalues of the 3 x 3 sub-matrix Z defined as:

—(nn + )T 0 BByt
Bﬁhm T
7 = (Zij>1§’i,j§3 = N / Ss<l')dl' _(Vm + [I,S)T 0
h 0
0 U T — T
Moreover, let us set:
C1 = —211 — 222 — 233 > 0,
Oy = —Zzi122%33 — 221232213,
Coy
Cs = 211233 + 211222 + 222233 — o
1

Hence, according to the Routh-Hurwitz theorem, eigenvalues of the matrix Z have negative
real parts if and only if C; > 0 and C5 > 0 and C3 > 0.

Cy = —211%22233 — %21%32213,
B?BymBn 1 7
= (0 + 1) (U + (1— Y mm _/sg;dg;
(nn + pn)( 0 Vmn + 15 (T + )it Na 7 o s()
= 73(77h + luh)(ym + MS)MI (]— - %,pulse) .

Hence, C5 > 0 because Tg puise < 1. Moreover,

Cy
Cs = 211233 + 211222 + 222233 — —-,
Cy
1
= 5(01(211233 + 211292) — 292233(292 + 233) + 221232213),
> 0.

Therefore, if Ty puse < 1, then s(Z) < 0, where s(-) denotes the stability modulus (i.e., the
maximum of the real part of eigenvalues). Thus, eigenvalues of the matrix Z have negative
real part and the exponential of their real are therefore strictly less than one. Consequently,
the trivial periodic disease-free solution is locally asymptotically stable whenever 7o puse < 1.
Similarly, if 7opuse > 1, then s(Z) > 0 and the trivial periodic disease-free solution is
unstable. Moreover, solutions (A, M, Fs, F, F1)T of system (39) satisfy:

( dA
il O(Fs+ Fg+ Fr) — (v + pa1 + pagA)A,
dM
— = (=)A= pud,

d(Fs + Fg + F}) M (D.1)
= ————1rvyA— F Fg) — u F
i M_i_M:;F;erW ps(Fs + Fr) — urFy,

M
<
- M+ MK

ryA = ps(Fs + Fg + Fr).
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The auxiliary system (D.2) is a non-autonomous monotone non-decreasing system:

( dA
pr O(Fs+ Fg+ Fr) — (v + pag + papA)A,
dM
o (L =r)vA— puM, (D.2)
d(Fs + Fg + Fy) M
= A ps(Fs + Fy + Fy).
{ dt M_'_M; Y MS( S E ])

Moreover, substituting MZ" by M, in system (D.2) leads to the following constant SIT
model

( dA
pr O(Fs+ Fg + Fr) — (v + pag + papA)A,
dM
w (1 —=r)vA — puM, (D.3)
d(Fs + Fp + Fy)
= ——7r~vA— F F F
\ i M—i‘MTTV ps(Fs + Fg + Fr)

whose solution X, is such that X, > X, for all time ¢ > 0, using a comparison principle
with X,., being the solution of (D.2). Therefore, we deduce from Theorem 2, page 8 that:

e For M, > My, or equivalently, 7Ay > M%’:;ir, Ogs is globally asymptotically stable
for system (D.3). Hence, for system (D.1), one has tlir+n (A, M, Fs,, Fp, F)T(t) =
—+00
Ogs. Since 7o puse < 1, the trivial periodic disease-free solution TDFS,., is locally
asymptotically stable for system (18)-(39)-(40). The LAS property means that there
exists a neighborhood V of TDFS,., in R such that if at a time ¢* > 0,

Xper = (S(t*)vj(t*>7R<t*)7A(t*)7 M(t*), F5<t*)7 FE(t*)vFI(t*>?SS<t*)> SE'<t*)7 Sf<t*))T €V,

per

then for ¢t > t*, one has

tEerOO(S(t), I(t), R(t), A(t), M(t), Fs(t), Fg(t), Fr(t), Ss(t), Sg(t), Si(t))" = TDFS,.,.
(D.4)

It therefore follows from (D.4) that

X: eV = lim (S(t),I(t),R(t))" = (N, 0,0)".

per t—+00

However, it is straightforward to obtain from system (18) that
Vt>0, (S+I1+R)(t)=N,

which implies that
lim (S 41+ R)(t) = Nj. (D.5)

t—-+o00

We deduce from (D.5) that for all neighborhood Vy of Nj, in R, there exists a time
tT > 0 such that

(S+I+R)(t eV, = lim (S+1+R)(t) = N,. (D.6)

t——+o0

In particular for Vo =V, (D.6) holds true. By the unicity of the limit, we deduce that

for (S,1,R)"(0) e RS, lim (S(t),1(t), R(t))" = (N4,0,0)". (D.7)

t—+o00

o1



Hence, the limit system of (Ss, Sg, S)7T is

( dSs

= —ugS
dcg Hsos,
d_tE = —(Vm + 1s)SE, (D.8)
dS
\ d_tI VmSE—MISI,

Ss(nry) = Sg(nt) + 7ANM
Sg(nty) = Sp(nt), (D.9)
Si(nty) = Si(nT),

It is therefore straightforward to deduce that
lim (Ss(t), Sp(t), S;(t)" = (S%"(t),0,0) . (D.10)

t——4o00

e Assume that 7Ay, = M and (A, M, Fs+ Fg+F;)T(0) € [Ogs, E+(My)). Therefore,

T,per>

we deduce from Theorem 2, page 8, that . li+m (A, M, Fg, Fg, Fr)*(t) = Ogs. Therefore,
— 400
we proceed in the same way as in (D.4)-(D.10).

e Finally, assume that 0 < 7Ay; < M&" “and (A, M, Fs+ Fr+F7)7(0) € [Ogs, By (My)).

T,per>
Therefore, we deduce from Theorem 2, page 8, that tlifrn (A, M, Fs, Fr, F1)T(t) = Ogs.
—+00

Hence, the rest of proof is done as in (D.4)-(D.10).

This ends the proof.

Appendix E. Proof of Theorem 8
For system (51), the following result is valid.

Lemma 4. Assume that N > 1 and Ay, € (0,A§/"]. Then, system (51) has at least one
positive T-periodic solution (A(t), M(t), Fs(t))T with E1sp < (A(t), M(t), Fs(t))T < E*
whenever Ey 3p < (A(0), M(0), F5(0))T < E*.

Proof. Assume that assumptions of Lemma 4 are valid. First, we define a shift operator,
which is also known as a Poincaré mapping o : R® — R3. For (tg, (Ag, Mo, Fs,)T)T € Ry xR3,

U((AOa MOa FS()>T) = (A<7_7 th (AOa MO? FS())T)7 M<7_7 th (AOa MO? FS())T)7 FS(7—7 tO) (A07 M07 FS())T))T7

where (A(7, to, (Ao, My, Fs,)T), M (7, to, (Ao, My, Fs,)T), Fs(7, to, (Ao, My, Fs,)T))T denotes the
solution of system (51) through the point (¢, (A, My, Fs,)T)?. Proposition 4, page 24, tells
us that the set

Q={(A,M,Fs)" eR} : E; < (A, M, Fs)" <E*}

is positively invariant by system (51). That is to say, the operator o defined above maps
Q) into itself: o(2) C Q. Since the solution of (51) is continuous with respect to the initial
value, the operator ¢ is continuous. Moreover, €2 is a bounded, closed, convex set in R3.
Hence, by the Brouwer fixed point theorem, see for example [27, Theorem 2.1.11], o has at
least one fixed point in €2, i.e., there exists at least one positive 7-periodic solution of (51)
in 2. This ends the proof. n
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Let us now consider the auxiliary system (E.1):

dSg
“dt = v(t) — psSs, (E.1)

Ss(nty) = Se(nt) + 7Ap

where v is a continuous, 7-periodic, positive and bounded real valued function. The following
result is valid:

Lemma 5. System (E.1) admits a unique positive and periodic solution Sg(t) defined by:

(It/7]m+1)T
TAp + 6_“57—/ v(z)etsTdx .
L

= Yl nse gy | enstt-Lt/7im)
Ss(t) = e + /WTJTv(x)e sty | e7Hs . (B2)

Based on Lemma 4, it is straightforward to deduce Lemma 6 and Lemma 7:

Lemma 6. Assume that N' > 1 and Ay, € (0,A§/"]. Then, for
Eysp < (A(0), M(0), F5(0)" < E*,

system (49)-(50) has at least one positive T-periodic solution (Sy(t), A(t), M(t), Fs(t), Ss(t))T
with
Ey3p < (A(t), M(t), Fs(t))" < E*,

Sk(t) = Np, and Ss(t) is defined by (E.2) with

0
U<t) - M(t) +M$er(t)T7A<t>

Lemma 7. Under conditions of Lemma 6, system (18)-(39)-(40) has at least one positive
T-periodic solution DF Sp., = (Si(t), Oge, A(t), M(t), Fs(t), Orz, Ss(t), Orz)T with Sy(t), A(t),
M(t), Fs(t), Ss(t) given in Lemma 6.

Theorem 8 therefore follows from Lemma 7.
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