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Abstract

The sterile insect technique (SIT) is a technique to control pests and vectors of diseases by releasing
mainly sterile males. Several challenges need to be solved before large-scale field application in order to
guarantee its success. In this paper we intend to focus on two important issues: residual (sterile) male
fertility and contamination by sterile females. Indeed, sterile males are never 100% sterile, that is there
is always a small proportion, e, of fertile males (sperm of) within the sterile males population. Among
the sterile insects that are released, a certain proportion, e¢r, of them are sterile females due to imperfect
mechanical sex-separation technique. This can be particularly problematic when arthropod viruses are
circulating, because mosquito females, even sterile, are vectors of diseases.

Various upper bound values are given in the entomological literature for er and e without clear
explanations. In this work, we aim to show that these values are related to the biological parameters of
the targeted vector, the sterile insects release rate, and the epidemiological parameters of a vector-borne
disease, like Dengue. We extend results studied separately in [4, 7].

To study the impact of both issues, we develop and study a SIT-entomological-epidemiological math-
ematical model, with application to Dengue. Qualitative analysis of the model is carried out to highlight
threshold values that shape the overall dynamics of the system.

We show that vector elimination is possible only when Ne < 1, where A is the basic-offspring
number related to the targeted wild population. In that case, we highlight a critical sterile males release
rate, A7, above which the control of the wild population is always effective, using a strategy of massive
releases, and then small releases, to reach elimination and nuisance reduction. In contrary, when eN > 1,
then SIT-induced vector elimination is unreachable, whatever the size of the releases.

Moreover, we compute a critical value for the release rate of sterile females, A%, such that if
the release rate of the sterilized females is greater than A$ %, then the epidemiological risk increases.
When the sterile females releases rate is low, less than A$®, then whatever the value taken by eN,
the epidemiological risk can be controlled using SIT. However, this is more difficult when Ne > 1. We
illustrate our theoretical results with numerical simulations, and we show that early SIT control is better
to prevent or mitigate the risk of an epidemic, when residual fertility and contamination by sterile females
occur simultaneously. We also highlight the importance of combining SIT with mechanical control.

In order to guarantee the success of SIT control, we recommend to solve in priority the issue of
residual fertility, and, then, to decay the contamination by sterile females as low as possible.

1 Introduction

Vector-borne diseases have become very strong issues all around the World. After decades of chemical
control, the use of biological control methods are more than necessary. Many research programs are ongoing
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to develop new biocontrol tools. Among them, an old control technique, the Sterile Insect Technique (SIT), is
always under study and improvements [8, 14]. SIT is an environmentally safe, cost-effective, species-specific,
and efficient method of insect control. It is a form of insect population control that relies on the mass-
rearing and sterile release of large numbers of male insects to mate with wild female insects. This prevents
the production of viable eggs, thus reducing the overall population of the target species. This technique was
first developed in the 1950s by entomologists Edward Knipling and Raymond Bushland, who were working
for the U.S. Department of Agriculture (USDA) [12] (see also [8][chapter 1.1]). The original purpose of SIT
was to control the screwworm fly, which was devastating the cattle industry in the southern United States
[13]. Since then, SIT has been used to control a variety of other insect pests, including the Mediterranean
fruit fly, tsetse fly, and also against vectors of diseases, including anopheles and aedes mosquitoes, with
more or less success [8]. Initially, sterile insects were obtained only by ionization or irradiation, but now
new techniques have been developed for mosquitoes control in particular. One of them consists of releasing
only males carrying the bacteria Wolbachia [19]. This is called the Incompatible Insect Technique (IIT)
[14], where the sperm of Wolbachia-carrying males, W-males, is altered so that it can no longer successfully
fertilize uninfected eggs. Thus, IIT can be seen as a classical SIT. A third method exists but it is more
controversial since it relies of genetic-modified mosquitoes: this is called the RIDL method, where RIDL
stands for ”Release of Insects carrying Dominant Lethals” [22].

However, while conceptually very simple, the conditions and the difficulties to implement SIT in the field
are numerous and that is why a drastic control quality is needed. To this end, TAEA (the International
Atomic Energy Agency) has published several manuals where several control steps have to be checked in
order to ensure/maximize the success of SIT [9, 26, 16].

While several field programs are ongoing, very few have a mathematical modelling component involved.
This is a pity because mathematical modelling can bring new insights on several issues that can be detrimental
to the efficacy of SIT: see, for instance, [3, 4, 5, 7], and references therein.

Among these controls, it is necessary to evaluate an upper bound for the contamination by sterile females,
i.e. the maximal amount of sterile females that can be released during each field release in order to insure
that SIT is efficient. Indeed, in order to produce sterile males only, it is necessary to separate the females
from the males. Up to now, the sex-separation system is mechanical as male nymphs are (in general)
smaller than female nymphs. However, since sex-sorting is highly operator-dependent, a certain number of
female nymphs can accidentally fall in the male nymphs bucket and, then, be irradiated to become fully
sterilized. Thus, when sterile mosquitoes are released, if the amount of released sterile females is too large,
this could maintain or increase the epidemiological risk. Moreover, when the Incompatible Insect technique is
considered, releasing Wolbachia-carrying females, even a small amount, can induce a population replacement
as showed in [6].

For Aedes albopictus, estimates of contamination by sterile females, done in Mauritius island [10], were
around 4%, while in a recent SIT program in Réunion island estimates were around 1%. Note also carefully
that sterilized females are always 100% sterile and thus cannot participate in the wild insect dynamics. In
[7], we have showed that when no vector-borne viruses are circulating, then the release of sterile females is
not an issue, as long as enough sterile males are released. When a virus is circulating, we showed existence of
a contamination threshold for sterile females, such that if the amount of released sterile females per hectare is
lower than this threshold, then it is possible to control the wild mosquitoes population. Otherwise, whatever
the size of the releases, the basic reproduction number will always be greater than 1 and thus it will be
impossible to control the epidemiological risk even if the wild population has been reduced using massive
sterile insects releases.

Another control test to take care is the (sterile) male residual fertility, when sterilized males (sperm of)
are not necessarily 100% sterile, even if an optimal dose of radiation is used. Indeed, males are sterilized
in boxes such that full sterility is not guaranteed: There are always irradiated males with a small amount
of sperm that remains fertile. This is called residual fertility. For Aedes albopictus, some estimates done
in Mauritius [11] lead to a residual fertility between 3.8% and 4.1%, while in the SIT-program in Réunion
island, an average value of 1% was obtained. In Italy, in [17], the authors found a residual fertility between
0.82 +0.14% and 4.93 + 4.72% thanks to the age of the males, for an irradiation at 40 Gy.

In [4], using a very simple model, the authors showed that the proportion of fertile sperms, e, has to be
lower than 1/A, where A is the basic offspring number related to the targeted wild population. If, for any
reason, € > 1/, then, whatever the amount of sterile males released, the wild population will always be
above a threshold, that can be estimated, numerically at least.

Up to know we have studied these two issues separately in [4, 7], while, in fact, they do occur simulta-
neously. Thus, it would be useful to know how the combination of both issues could be problematic in the



implementation of SIT program either for nuisance reduction or to reduce the epidemiological risk.

The paper is organized as follows. In section 2, we present the full SIT-entomological-epidemiological
model and we recall theoretical results without SIT obtained in [3, 7] and we derive theoretical results
for the SIT-entomological model. The full SIT model is studied in section 3. Finally, in section 4, we
derive some numerical simulations to illustrate our theoretical results and to discuss the impact of low/high
residual fertility as well as low/high contamination by sterile females. The paper ends with a conclusion and
perspectives in section 5.

2 The SIT-entomological-epidemiological Model

Based on [7], we briefly describe the full SIT model, taking into account residual male fertility and contam-
ination by sterile females.

From the entomological point of view, we split the mosquito population into immature stage (larvae and
pupae), A, male adults, M, and mature females, Fyy .

We consider A;,; the release rate of all sterile insects, i.e. sterile males and sterile females, such that
Aot = Aps+ Ap, where Ayp = (1—€p)Aior, Ap = €pAior, and ep is the proportion of sterile females released.

Male residual sterility is modeled by considering that a proportion, e Mg, of sterile males is fertile, such

M+ eM
that emerging immature females will become fertile with a probability of ﬁ or they will become
s
. . e EMS
terile with bability of ———.
sterile with a probability o ST

Thus, in order to take into account the release of sterile females and the effect of residual fertility, we
have to consider a sub-populations of sterile females, S. Moreover, to take into account the circulation of a
vector-borne virus, with an extrinsic incubation period of the virus within the vector population, we consider
three epidemiological states, i.e. the susceptible, exposed and infected states, for the sterile and the wild
females, Ss, Sk, Sr, Fw,s, Fw,r, and Fy,;. We assume that the total population of humans, NN}, is positive
and constant. It is also divided in three epidemiological states, i.e. Ny, = Sy, + I}, + Rj,. When (wild and
sterile) female mosquitoes are infected, we assume that their mortality rate can be impacted. Thus following
[7], and the flow diagram given in Fig. 1, page 4, we derive the following SIT-entomological-epidemiological
model

dSh, Fw.r+ St
oh Ny — B L2l g s
7 1Ny, Bmn N, h — WhSh
dI,, Fw.r+ St
Ch BRI G T — 1
7 Bmn N, Sk — vrdy — pndp, (1)
dRy,
Ty — R
i Vhdlp — Hh i,
dA
g = ¢(Fws+ Fwe+Fwr)— (y+pa1 +pad)A,
dM
s = (I=r)vA—puM,
dFWS M +eMg Ip,
S TS A BByt Fw s — ps Fw s,
7 M Bh N, Fws —wsFw.s
dFw.g In
o BB Fs — (v Fyw.z,
7 Bn N, Fws (Vm + ps)Fw,e
dFy
% = UntweEe—prFw,r, (2)
dSg (1-¢e)Mg I
DS A+ S A BB~ S — 1gSs,
pn GFtt+M+MST7 Bh N, 08 T HsSs
dSE I,
v = Bﬂth—hSS — (Vm + ps)SE,
dST
— = UmSE — 1181,
d% UmoOE — K191
WS = (1 —ep)Aiot — imsMs,

with appropriate non-negative initial conditions.
We summarize all the model parameters in Table 1, page 5. In [27], the authors have considered varying
parameters to take into account variations of temperature and raining along the year in Réunion island and
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Figure 1: Flow diagram of model (1)-(2).

their impact on SIT strategies to reduce the nuisance or the epidemiological risk. Thus, in Table 1, page
5, we derive the variations for each parameters from a daily average temperature varying between 15° and
30°. These interval values will be used for a global sensitivity analysis done in section 4. In the simulations
part, we will consider parameter values related to an average temperature of 25°, that is (close to) the most
favorable temperature for Aedes albopictus mosquito dynamics.

2.1 The wild insect model without SIT
We deduce from system (1)-(2) that dynamics of wild insects, without SIT, is modelled by system (3):

dA

g = ¢Fws — (v +pa1 +papA)A,

dM

- = (A=A puM, 3)
dFyvs

0 YA — psFw,s.

System (3) is quite simple and assumes implicitly that there are always adults of both sex (male and female),
such that emerging females will always mate with a male and thus become fertile. In addition, system (3)
has been considered and studied in previous works, see e.g. [3, 7]. Hence, below we recall its main qualitative
results without any proofs.

The basic offspring number related to model (3) is

_ e
N= ps(y+pan) W

Setting the right-hand side of system (3) to zero we obtain the extinction equilibrium Ogs = (0,0,0)”



Parameters | Description Unit Range Baseline for sim- | Reference
ulation (T =
25°)
1/pn Average human lifespan Day [60,80] x 365 | 78 x 365
1/vp Average DENV viremic period Day [1,7] 7 [25]
B daily number of mosquito bites | - [0.1,1] 0.25
on human
Bmh Rate of transmission of DENV | Day~! [0.12;0.57] 0.3427 [27]
from Infected mosquito to Sus-
ceptible human
Bhm Rate of transmission of DENV | Day~! [0.4;0.96] 0.872 [27]
from Infected human to Suscep-
tible mosquito
HA Natural death rate for larvae and | Day ™! [0.019; 0.299] 0.0262 [27]
pupae stage.
e Density-induced death rate for | Day~'Ind~1| [2x107°;0.02] | 1.76 x 10~* [7, 27]
larvae and pupae stage.
¢ Daily hatching eggs deposit Day~—! [0,11] 10 [27]
vy Transition rate from non-adult | Day~! [0.028,0.12] 0.0962 [27]
stage to adult-stage.
T Sex-ratio - [0.4,0.6] 0.5
s Female mosquito death rate Day ! [0.035,0.07] 0.0453 [27]
1 Infected female mosquito death | Day~! [0.035,0.07) 0.0453 [27]
rate
137; Male mosquito death rate Day ! [0.05,0.082) 0.0722 [27]
MM Sterile Male mosquito death rate | Day ! [0.1,0.2] 0.1 [27]
Um Extrinsic incubation rate Day ! [0.015,0.25] 0.184 [27]
Ator Sterile insect release rate Ind Day~! | [0;18000] varying
€ Residual fertility - [0;0.05] varying
€F Sterile female contamination - [0;0.05] varying

Table 1: Parameters description and parameters values for the entomological-epidemiological model related

to Dengue circulation, for an average temperature of 7' = 25°C and Nj;, = 20000.

and the equilibrium E* = (A*, M*, F;‘V_’S)T given by

('Y"’/LAJ)(N_ 1)

3

12373

A* =
A2
M* =
12373
ryA*
F* = =
w.s us

A2

(—ryA” (A —r)y (v +par) W - 1)

A2

72(7"‘#/\,1)(]\/‘_1)'

The inequalities between vectors are considered here in their usual coordinate-wise sense. Clearly, E* > Ogs
if and only if ' > 1. We summarize these results with some more details related to basins of attraction of
equilibria in the following theorem.

Theorem 1 ([3, 7]). Model (3) defines a forward dynamical system on D = {x € R3 : © > Ogs}. Further-

more,

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, Fys)" €eR3 : A= Fy s =0},




and Ogs s unstable with the non negative M —axis being a stable manifold.

Proof. See [3, 7, Theorem 1]. O

Remark 1. Mechanical control, that is the removing of mosquito breeding sites, has an impact on a2
because it depends on K, the larvae-carrying capacity that is defined by K = 3 x Ny, [7][section 7]

+
fian = %N. (6)

Thus reducing K by a certain percentage, say pme, will increase pa 2 by a factor
— Pmec

2.2 The wild insect model with SIT

We now consider the following SIT-entomological model that occurs when no virus is circulating. Its study
is helpful to derive the Disease Free Equilibrium, DFE, thanks to several release sizes. Thanks to the fact

Ao
that t is sufficiently large or that the initial releases are such that Mg(0) = Mg = (1 —ep) ‘ol . The

KM

entomological model assumes the form

dA

o dFws — (Y + a1 + pa24)A,

dM

T (I —=7)vA - puM,

dfws _ M+eMy (7)

dt - M“’-M;v ’7 MS W,S,

dSs (1—e)M§

— =ephiot + ———=ryA — usSs.

ar et TRy A T s

Since the released sterile females do not play a role in the wild mosquito dynamics, we derive the following
reduced SIT-entomological model

dA

o = Pws - (Y + pag + pagA)A,

dM

5 = A=A - puM, (8)

dFW“g o M—FEM;
dt M+ M

ryA — pusFw,s.

We now deal with equilibria of model (8). Of course, given an equilibrium E = (A, M, Fyy. )T of system (8),
7),

we can recover the Sg-component of the corresponding equilibrium of system (7), by setting
- 1 1—-e)M; -
Ss = % <€FAtot + WT’}/A .

We follow the methodology developed in [3]. When A = 0, we obtain the elimination equilibrium Ey =
(0,0,0)7. Assuming A # 0, then from the first equation, we derive

ory M + M3
o S (v4+ + A). 9
s MM (v + pan + pa2A) (9)
Then, using the fact that
I
A= —-—M,
(1=r)y
setting
_ HA 21 M
(v + pan)(1 =)y’
and AL
_ Ms
a=—r



we derive ) oM
RV (10)
1+« «

Setting Qg = M£Q > 0, equation (10) becomes

(1-Ne)a? +(1+ Qs —N)a+ Qs =0. (11)
The discriminant of (11) is
A(Qs) = (Qs)? + Qs (4Ne —2(N + 1)) + (N — 1)°. (12)
To study the sign of A(Qg), we consider the sub-determinant of A
A=16(1-Ne)(1—¢e)N. (13)
Since 1 — e > 0, A’ has the same sign as 1 — Ne.

1. Assume that Me < 1. Then, A’ > 0 and A has two real roots Qg, and Qg, such that:

Qs,Qs, = (1= N)? >0,
Qs,+Qs, =2(1-Ne+N(1—¢)) >0,

Qsl=(\//\/'(1—a)—\/1—j\/s)2>0, (14)
0s, = (VN -9 + VI=H%) > Qs,.

It therefore follows that A(Qg) > 0 when Qg € (0,Qs,] U [Qs,,+00) and A(Qg) < 0 when Qg €
(Qs,, 9s,)- The following discussion is valid:

e Assume that Qg € (0, Qs, ). Then, (11) admits two real roots a_, a4 where

(N = Qs —1)+/A(Qs)

= ) 15
o 2(1— Ne) (15)
Note that
N-1-0Q0s>N—1-0g, :2(\/(1 "N (1— N — (1—/\/5)) > 0.
Since
11—
a_oy = 1_Q7/S\/_E >0 N—-1-Q¢ >0and ay +a_ = N'l—ij\/'ggs > 0, we deduce that
0<a- <ay.
e Assume that Qg € (Qg,, +00). Then, (11) admits two real roots a_, a4 where
N =Qs—1)+ VA(Qs)
= ) 16
o 2(1— Noe) (16)
Note that
N-1-Qs<N—1-0Qg, =2 (\/(1—/\/'5)(1—5)/\/4-(1—/\/'5)) <0.
Since
11—
a_oy = 1_Q7/S\/_E >0 N—-1-Qs <0and ay +a_ = N'l—ij\/'ggs < 0, we deduce that
a_ < ay <0.
e Assume that Qg € (Qg,, Qs,). Then, (11) does not admit real roots.
e Assume that Qg = Qg,. Then, (11) has only one real solution
N - 1 - QSl
=L =% o,
= U N (17)



e Assume that Qg = Qg,. Then, (11) has only one real solution

N—-1-0g,
_ = =—F—<0.
TN T RA-N ©
2. Assume that N'e > 1. Then A’ < 0 and A(Qg) > 0. Therefore, (11) admits two real roots a_, a-.
Since a_ay = 1—Q7i\/a < 0. It follows that

-~ (N —=1-09s)+ /A(Qs)

_<0 = ) 18
a-<D<ay 2 (Ne — 1) (18)
3. Assume that Ne = 1. Then, (11) admits a unique solution
Qs
=~ 19
ay > 0 whenever Qg < N — 1.
: . : A .
From the previous discussion, we deduce, for M = ——, the following:
KM
erA r
Theorem 2. System (7) always admits the trivial equilibrium Ey = (O, 0,0, M) . In addition:
Hs
1. Assume that Ne < 1. Consider the threshold
ot /’LMS 2
Ayt = 5 (\//\/'(1 s SV —Na) . (20)

(a) If (1—€p)Asor € (0, A7), then system (7) admits two positive equilibria Ey = (Ay, M, Fw.s,,S89,)"
and By = (Ay, My, Fy.s,,Ss,)" . such that (Ay, My, Fiy.s,)T < (A, My, Fiy.s,)T and

(1 —€er)Aiot

M, = ———— where ay is computed from (15),
Mg 4
1—e€rp)Aso
My = w, where a_ 1is computed from (15),
Mg C—
Ky
Al o= ——"—M o,
(L=r)y
I _ (vt ped) Aup
W,Slyg - )
1 (1 —¢e)M{
Ssy, =— Atot + ~—— 2y A .
51,2 e (6F tot T M1,2+M§T7 1,2)
(b) If (1 — ep)Aior = A}, then system (7) admits a unique equilibrium Es = (Ao, My, Fyy s, , SSO)T
where
Am .
M, = , where g is computed from (17),
,UMSO%
127
Ag= —M
o] (1 . ’f') v (o3
po (0t tpede) Ao
o I
1 (1— )Mz
Sg. = — [ ephior + ———2—SryA, ).
So MS(EF tt‘FMO_i_M;T”Y o)

2. Assume that Ne > 1. Then, for any (1 — ep)Aor > 0, system (7) admits a unique positive equilibrium



ET = (AT,MT,Fw)ST,SsT)T where

1—er)As0
M; = w, where oy s computed from (18),
Hs O
123,74
Ay = ——— M
O
oo — (v + 1 + p2Ay) At
w,Sy — (b )
a-ons, )
Sg, = — | erAior + A
St (6F tot MT—I—Mg

3. Assume that Ne = 1. Consider the threshold

At = A | wvems = PV - 1) > 0.

Q
If(1—ep)Aior € (0, A?\Zﬁ) , then system (7) admits a unique positive equilibrium Ey = (Aﬁ, My, Fw,s,, Ssu)T
where
1—er)Aso )
My = m, where oy is computed from (19),
Hnis O
I
Ay = ——— Mj,
SO P
P = bt pdy) Ay
W,Sn - )
¢
1 (1 —e)M;
Sg, = — Aot + —2ryAy | .
Sy e (EF tot T Mg+M§m §

Remark 2. When e = 0, we recover the critical rate NS} defined in [3, 7].

Taking into account the fact that system (8) is cooperative, we are able to study stability properties of
its equilibria and then to deduce the stability properties for system (7). Thus, following [2, 3, 7], we obtain
Theorem 3 where x = (A, M, Fiy.s,5)".

Theorem 3. The following results are valid for system (7):
1. Assume that Ne < 1.

(a) If (1 — ep)Aeor > AT, then Ey is globally asymptotically stable.

(b) If (1—ep)Asor € (0,A57"), then Ey is unstable, and the set {x € R* : (0,0,0)" < (A, M, Fy,5)"
(A1, My, Fyw.s,)T} is in the basin of attraction of Ey and the set {x € R* : (A1, My, Fiv.s,)7
(A, M, Fyw )T} is in the basin of attraction of Es.

(c) If (1 — ep)Ayor = ASFE, then the set {x € R*:(0,0,0)T < (A, M, Fw.s)T < (Ao, My, Fiv,s,)T} is
in the basin of attraction of Ey, while the set {x € R* : (As, My, Fiwv.s,)T < (A, M, Fw.s)T} is in
the basin of attraction of Es.

<
<

2. Assume that N'e > 1. Then, the elimination equilibrium Eq is unstable and the coexistence equilibrium
E; is globally asymptotically stable for any (1 — ep)Aior > 0.

3. Assume that Ne = 1.
(a) If (1 —ep)Aior > A‘j&f’é, then Eqy is globally asymptotically stable.

(b) If (1 —ep)Aior € (O,Aﬁff;‘é), then the elimination equilibrium FEy is unstable and the coexistence

equilibrium Ey is globally asymptotically stable.

Proof. See Appendix B. 0



3 Qualitative analysis of the full SIT epidemiological model

Now we turn to the more complex model described in the introduction. In the sequel, we assume that A" > 1.
Indeed, in the case where A/ < 1, by a comparison argument, the system will always converge toward the
trivial disease-free equilibrium.

Without SIT, this model has been studied in [7] where we derived the Basic Reproduction Number defined

as follows P
R2 = v Bmh BB WS (21)
Um + s 1 Vn+ pn Np

We assume that, without any control,
R > 1.

From [7], there exists a unique endemic equilibrium
EE = (S}, I}, R, A* M* F}y, o F§ F})”

when RZ > 1.

We will now proceed like in [7, section 5]. In this section, we consider that constant and permanent SIT
releases are done as a control tool. Hence, following (8), the dynamics of human and mosquito populations
are described by system (22)-(23):

dSh Fwr+S1
AU Ny, — BBmn—=——5n — punSh,
7 1nNp Bmh N, h = Hhoh
dI,, Fw.r+ St
dt_ [3 h N, Sh — vplp Hhlh, ( )
dRy,
il L — Iy, — upR
a Uplp Hhlth,
dA
E = ¢(FW,S —+ FW,E + FW)]) — ('7 + HAn + MA,?A)A7
dM
dFWS M+EM§ Ip,
2 = _ A_B m_F - F )
dt Mgy AT By Fws = psEws
dF; I
ﬂ = B/ma—hFW_’S—(Vm‘i‘,LLS)FW,Ev
dt Ny,
s (23)
dt7 = UnPwe—urFwr,
dSs (1—e)MZ I,
— = Ao ———=2ryA-B m Ss — Su
- erlior + TESYE 7y Bh N, s 1sSs
dSE o Ih
7 frng Bﬁth—hSS_(Vm+MS)SE7
dSt
451 nSE — 1u1Sr.
o7 UmoE — U191

In the sequel, we provide qualitative results of system (22)-(23). Let us set

.I(t) = (Sh(t)v Ih(t)a Rh(t)5 A(t)v M(t)a FW,S(t)a FW,E(t)v FW.,I(t)a SS(t)v SE'(t)v Sf(t))T

3.1 Boundedness of solutions and existence of equilibria
Using similar arguments as in [7, Lemmas 1 & 2], it is straightforward to obtain the following Lemma

Lemma 1 (Boundedness of solutions). The set

r= {IGRE : Sp+ In 4+ Ry = Np; (4, M)T < (A*vM*)T§FW75+FW-E+FWJ < Fyy s;

erphior + Ty A" }
Hns

Ss+Sg+ 51 <
is positively invariant for system (22)-(23) where (A*, M*, Fyj, 5)" is given by (5).

10



Using Theorem 2, page 8, we deduce:

Proposition 1 (Trivial and non-trivial disease-free equilibria). Whatever N'e > 0, system (22)-(23) always
has a trivial disease-free equilibrium, TDFE, such that

er\ T
TDFE = (Nh,OR7, l tOt,ORz) . (24)
Hns

1. Assume Ne < 1. Let A§}" defined by (20), page 8.

o If (1 —ep)Ator € (0,AS)"), then system (22)-(23) has two non-trivial disease-free equilibria
T .
DFE; 5 = (Np,Og2, A1,2, M1 2, Fiv,s, ,,0r2, S, 5, 0p2) " with (Ay, My, Fw,s,)" < (A2, M2, Fw,s,)"
and Ay, My o, Fw,s, ,, and Ss, , given in Theorem 2.

o If (1 —ep)Aior = A, then system (22)-(23) has one non-trivial disease-free equilibrium
DFEO = (Nhu OR27 A<>7 M<>7 FW,Sou OR27 SSou ORz)T 3
with Ay, Mo, Fw,s,, and Ss, given in Theorem 2.

2. Assume Ne > 1. System (22)-(23) admits one non-trivial disease-free equilibrium
DFET = (NhaoR%ATuMTuFW,SwORQuSSwORQ)T7

where Ay, My, Fw,s,, and Ss, are given in Theorem 2.

3. Assume that Ne = 1. If (1 — er)Asor € (0, A5L), where AGE = MMST_

has the following non-trivial disease-free equilibrium

, then system (22)-(23)

DFE; = (Ny,0g2, Ay, My, Fiws,, Og2, Ss,, Op2)
where Ay, My, Fw,s,, and Ss, are given in Theorem 2.

Note that using the relation N'e = 1 in the expression of A§}", we recover A‘j\?é Thus, in order to simplify
the reading of the paper, we will not consider the particular case N'e = 1 in the rest of the paper because
most of the forthcoming results are similar to those obtained when Ne < 1.

Following point 1.b) of Theorem 3, page 9, in the disease-free case, equilibrium DFFE; is unreachable
because it is always unstable. Therefore, in addition to TDFE, the meaningful disease-free equilibrium of
system (22)-(23) is

DFFE;, when Ne>1,

DFE;, when Ne<1 and (1—epr)Air € (0, A5,
DFEgr, = 25)
DFE,, when Ne<1 and (1—er)Aior = A5,

TDFE, when Ne<1 and (1—ep)Apr > A"

Remark 3. Note that in the last case, only TDFE exists, while in the other cases DF Egrr, and TDFE
co-exist.

Using the next generation matrix approach, see e.g. [24], the basic reproduction number of system
(22)-(23) is

11



VUm Bﬂmh Bﬂhm (‘FW,SJr + SSJ()

, when Ne>1,
Um +[s I Vh+ Hh Ny,

VUm Bﬂmh Bﬂhm (FW,S2 + 852)
Um +ps 1 Vet pn Np, ’

when Ne <1 and (1 —ep)Aior € (0,A5),
Rg,SITC =
Vm BBmn BBrm (FW,S<> —I—SSQ)

, when Ne<1 and (1—ep)Ayr = ASHH,
Um + (s M1 Vh+ Hh Ny, ( Mot Yt

Um Bﬁmh Bﬁhm 6F'Atot
Um + s B Vh+ pn prsNp '

when Ne <1 and (1 —ep)Air > A
(26)

Remark 4. In some cases, as expected, R(2), srr. has two parts: the first part

VUm, Bﬂmh Bﬂhm FW151,2,<>
Um+ps pr Ve+pn  Np
is related to the wild susceptible females that are still fertile while the second part,

VUm, Bﬁmh Bﬁhm SST,z,o
Um+ps pr Vh+pn Na

is related to susceptible females, wild and released ones, that are sterile.
The main question is: when Rg,sm,w < 1, is it possible that the releases of sterile females together with

2 _
Ro,srr.w =

2 —
RO,SITC,S -

the releases of males which are assumed not to be fully sterile imply Rg,sm >17?

ryA*

ryA A
VA2, 10 + €F Aot ——, and using (21), it is interesting

. _ * _
Remark 5. Since Fw,s,, ,+95s,,, = and Fyy, ¢ =

Hs
to observe that
Ao A
% A—I, when Ne > 1,
Ao A .
iiy/;*t + A—i, when Ne <1 and (1—ep)Aior € (0,A5}),
Rg,SITC = Rg A 4 (27)
% A—i, when Ne <1 and (1—ep)Ahior = A§T,
erhior

when Ne<1 and (1 —ep)Aior > Aﬁgit,

ryA*
where A* is defined in (5), page 5. Thus, clearly, when epAior is too large, i.e. epMior > ryA*, we
always have Rg,SITC > R3. In this case, if we already have R3 > 1, then Rg,SITC > 1 such that the SIT will

fail to lower the epidemiological risk. Conversely, since A* > A iy, then Rg,SITC < RZ whenever epAiop is
sufficiently low, i.e.
erltor <TY(A" — Azts). (28)

We recover the same result like in [7] when Ne < 1.

Remark 6. Since As ;. is an increasing function of epAior, it is straightforward to deduce that ’Rg’S]TC
increases with respect to epMior.

Remark 7. According to (27), when Ne <1 and (1 — €p)Awor > AT, then Rg)SITC <1 iff

ry A ry(y+pan)N —1) it
Ao = : = A, 29
E€EF\tot < R(Q) MA72R(2) a ( )

Also, it follows from (27) that ‘
GFAtOt > A%‘lt = R%,SITC > 1.

12



Remark 8. Clearly, er has to be chosen such that
Acrit

Atot

erp < (30)

This result is in complete contradiction with the constant maximal percentage given by IAEA for contami-
nation by sterile females: we can clearly see that the percentage of contamination may depend on the total
amount of sterile insects per release.

Thanks to the case of sterile female contamination, straightforward computations lead to

Proposition 2. When epAior > NS, then there exists a wild insects-free boundary equilibrium, WIFE,
such that A% = M#* = Ff = Fff = Ff =0, S% >0, 5% >0, 5% >0 and

s + Bﬁhm Kh
# Up + Vp
S = h €rAior
BBpm——— + s
B o THs A
(31)
sfo= — |1~ 1s erAror
pur (Vm + ps) [ s#
ps + BPpm——— (1 -2
Hh + Vh N,
Proof. See Appendix C. 0
We now have a look at the existence of non-trivial endemic equilibria.
Proposition 3. Assume pr = ps.
o Let Ne <1, and set
. 2
AGHL s = “gs (VN HT=Ne) - VI-NE) . (32)
Assume 0 < (1 —ep)Aor < Af\}ffEE, and epNior > 0 is chosen such that
EE FITV,S
erliot + 1YV ATT > —5, (33)
Rb
where
1
APE = — (W - oM —[((@Mg - N)* —4Q(1 - Ne) M3) |
(1—r)y
20—
1227}

Then there exists two endemic equilibria, EEsir1 and EEgrr2. In addition EEgrr1 = EEgrr2 when

Ne =1.

o Let Ne > 1. For all (1 — €p)Aior > 0, assume that epAior > 0 is chosen such that
Fy.s

erhior + TFYA*EE > R2
0

where

1

2Q(l —r)y
K

Then, there exists one positive equilibrium EEgsrr ..

EE _
AT" =

<N— oM} — \/((QMg —N)? +4Q (Ne — 1)M§)> :

Proof. See Appendix C. 0
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We consider the case where pug < pur. We first set the following thresholds

— V_m Bﬂmh Bﬂhm L
LI Vh + [th Vm + pis N7
140
Nell #I
1+ =
Acrit,l _ ps s
FEE = (o L1 Im\
1-Ne 5;1
142
Hs
([
ry(y+ pag) [ N—p — 1
it,2 s
At = s
A2 ((1 —€F) +€F>
L =7 png
v,
crit,3 1 a/LM(l - eF)T I+ ,UJ_tl
Atot) :Ql— \/Z‘i‘ 1— 1—./\/‘871/7” + aefp
9 ( —GF)MF (1 —7) pnrs 14
UMg s
where
Vm, Vm 2
app(l —ep)r 1+E 1+E
A= —— 2 | 1-Ne¢ 7 +acp | 1-N 7 +4
(1 —r) pwms 14 Zm 1y m
Hs Hs
Then, we derive
Proposition 4. Assume pug < .
14+ 2
o Let Ne < Ks
1+-=
1274
= IF ALY < Aoy < ALY, or
— If Aoy > max{A{{% AT and N> —F5 and Aoy < Aj2,
14—
1224

then, there exist no or 2 endemic equilibria.

crit,3 crit,l
- If AtOt > maX{Atot aAtot }7 and

14 2

* N > M:; and Nor > Ag’;”;'t*Q, or

14 2

1224

14 2

x N < /;:;,
14+

1224

then, no endemic equilibrium exists.

— If Aoy < min{ A3 AN then exists one endemic equilibrium.

tot

14

(34)

(35)




142

o Let Ne > 757751
1+ —
1221
— If Aot < ATL°, o
it,2 it,3

= If Aoy > max{Aj5,"", Ay "},
then, only one endemic equilibrium exists.

— IFAGY < Aoy < Ajpy™?
then, one endemic equilibrium exists or three endemic equilibria.

Proof. See Appendix C. 0

3.2 Stability analysis of the disease-free equilibria and uniform persistence

Let us set
Bﬁmh Vm Bﬁhm 6FAtot o R2 6F'Atot
- 0

Uh + i (Vm +ps) s Noo ps ryA*

Rg,TDFE = (37)

A straightforward computation of the Jacobian related to system (22)-(23) at equilibrium TDFFE leads to

Theorem 4. Assume Ne < 1 and Aoy > 0. Let ep > 0 such that R pppp < 1, then, the Trivial
Disease-Free Equilibrium, TDFE, is locally asymptotically stable, and unstable when R(2),TDFE > 1.

The previous theorem shows that, when Ne < 1, nuisance reduction with SIT is always possible with low
contamination by sterile females, as long as Ay, > 0, and the wild population is small or not yet established.
When the wild population is large or established we need further results.

Using [24, Theorem 2], the stability properties of the biological disease-free equilibrium DFEg;p, €
{DFE;3.,, TDFE} is summarized as follows.

Theorem 5. The following results hold true for system (22)-(23).
Assume Ne < 1.

1. Let (1 —ep)Aor € (0,A5)

(a) If R?),SITC < 1, then DFEs, defined in Proposition 1-(1), is locally asymptotically stable.
(b) If R§ srr, > 1, then DFEy is unstable.

2. Let (1 — EF)Atot = Ag\;[it

(a) If R?),SITC < 1, then DFE,, defined in Proposition 1-(1), is locally asymptotically stable.
(b) If RS srr, > 1, then DFE, is unstable.

3. Let (1 — GF)Atot > A%}lt

(a) If Rg,SITC = 'R(QJ)TDFE < 1, then TDFE, defined in Proposition 1, is globally asymptotically
stable.

(b) If RS 1. = Rirpre > 1, then TDFE is unstable.
Assume Ne > 1.
1. If Rg,SITC <1, then DFE;, defined in Proposition 1-(2), is locally asymptotically stable.
2. If Rg,SITC > 1, then DFE; is unstable.

1
In fact, when the residual fertility level is low, i.e. € < N system (22)-(23) may exhibit a bistable

dynamics in the disease-free context. Indeed, based on Theorem 3 together with Theorems 4 and 5, it is
straightforward to establish:

15



Theorem 6. Assume Ne < 1 and (1 — ep)Aior € (0, A7), If R&SITC < 1, then equilibria DFEy and
TDFE are locally asymptotically stable (LAS).

Clearly, from the two previous theorems, when contamination by sterile females is low, such that
R(%_VTDFE < 1, we derive that:

e nuisance reduction is only possible when AMe < 1. In particular, for established wild population,
massive sterile insects releases can drive the wild population close to TDFE.

e reducing the epidemiological risk is possible whatever the values taken by Ne.
Remark 9. Based on a comparison argument and a limit system argument we observe the following:

o System (22)-(23) may undergo a bistability involving the wild insects-free boundary equilibrium, WIFE
and the ‘full” endemic equilibrium EE when Ne <1, RE pppp > 1 and (1 — ep)Aor € (0, AGF).

e The wild insects-free boundary equilibrium, WIFE is GAS when Ne < 1, R rppp > 1 and (1 —
GF)Atot > A?&Zt

In order to deal with the uniform persistent of system (22)-(23), we prove the following result:
Theorem 7. If Ne > 1 and R&TDFE > 1, then the system is uniformly persistent.

Proof. See Appendix D. 0

However, the previous result does not give information on how SIT can impact RZ ¢ T,

3.3 Impact of insect releases on the SIT basic reproduction number

Now, we want to find Ay and ep, such that the epidemiological risk is low, i.e. lead Rg)SITC <1.

As stated in Remark 7, page 12, if epAy4, is large, that is epAyor > A%”t, then whatever the release rate
of sterile males (1 — er) Ao is, we will always have R§ g7, > 1. Hence, in the sequel, we first assume that

crit
EFAtot < AF .

Moreover, following Remark 5, page 12, R(2), sit. < RZ iff epAsor is sufficiently low. However, this does not

necessarily imply that there exists (1 — ep)Asr > 0 such that Rg_’ srr, < 1. Straightforward computations
lead:

1 4Q4(1 — |
Ay = §A* (1_/\/'9_51) <1+\/1—%)>0,When/\/agl and (1 — ep)Aior € (0, AS)
A* 1— |
A<> = N—l < ((1 —j\)/:;\;' — 1) ; when NE <1 and (1 _EF)Atot :Aizzt
_ 1. Qs Qs \° 4Qs(Ne—1)
4 = §A (1_N—1+\/(1_N_1> + N — 1) >0, when Ne > 1.
(38)

Using (27), (29) and (38), we deduce that
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erlhior  RE 4Q5 1 —./\/E) .

: —(1- 1 1-— h <1 d (1- Ao Agrit
A%‘lt + 2 1 * _1_QS) W GDNE_ an ( EF) t te(oa M )a
eFAtot R2 1 — E)N cri
Aerit N—O 1 ( (1= N2) -1 when Ne <1 and (1 —ep)Asor = A

R?J,SITC =
erAio
icrtitt, when Ne<1 and (1—ep)Apr > A
F

erlior | RE Qs Qs \?  4Qs(Ne—1)
-+ 01 - == 1- hy 1.
Az T No1" N-1) T T woy ) e Ne >

It is straightforward to obtain the following result.
Lemma 2. 1. IfepAior > AE™, then Rg)SITC > 1.
2. Assume that Ne <1 and (1 — €p)Asor > NS, Then R(%_VSITC <1iff 0 < ephior < AGH,

Lemma 2 depicts the fact that when the epidemiological risk is high, that is, when R3 > 1, and if in
addition the release rate of sterile females is large, that is epAzor > A%”t, then whatever the amount of
released sterile males, the SIT will fail since we will always have R(2), srr. > 1. However, massive releases of
sterile males ((1 — ep)A¢or > AS) could be successful provided that epAyor < AST.

The next question to investigate deals with the possibility to lower the epidemiological risk using small
sterile males releases when ep Ao < Ac”t and also to investigate if there exist necessary conditions to ensure
that R§ g;, < 1 when Ne > 1.

3.4 When Ne <1
Using (39)2, we define the following threshold

R proer = N | (40)
erAiotita2 (1-9N

(v 4 pan) (1 —Ne)

We derive the following result

Theorem 8. Assume 0 < epAior < AZY. Consider system (22)-(23) and set

2
401 _ o _EFAtot
ey, m0-va oy (- Ga)
M,R2,e — Q 1- e (41)
Ri(1 - N+ REW - 1) (1- L)
F

1. IfRE > Ro Ne<ls then the following results hold true:

o When (1 —ep)Aior > A, the equilibrium TDFE is globally asymptotically stable.
o When (1 —ep)Aior < A, then Rg,SITC > 1 and SIT fails.

2. If1<RE< Ro Ne<ls then the following results hold true:

o When (1 —ep)Aior > A, the equilibrium TDFE is globally asymptotically stable.

o When (1 —ep)Aior = A‘j&”, then Rg,SITC <1, DFE, and TDFE are locally asymptotically stable.
The set

{(S,I,R,A,M,FW)S,FW)E,FW)],SS,SE,S]) E]Rll (A MFWS) (A07M07FW7SQ)T}

17
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belongs to the basin of attraction of TDFE while the set
{(57 IaR7A7M7 FW)S,FW)E,FW)[,SS,SE,S])T S Ri—l : (A7M7 FW,S)T Z (A<>7M<>7FW,S<>)T}

belongs to the basin of attraction of DFE,.
o when (1 —ep)Aior > A?M.,Rg.,s’ then 'R(QJ)SITC < 1, and the equilibria DF Ey and TDFE are locally
asymptotically stable. Moreover, the set

{(S.I,R, A, M, Fws, Fw,g, Fw,,Ss,Sg, S1)" € R} : (A, M, Fws)" < (A1, M1, Fw,s,)"}
belongs to the basin of attraction of TDFE while the set

{(S,I,R, A, M, Fws, Fw g, Fwr1,Ss,Sg,S1)* € RY' : (A, M, Fw,s)" > (A1, M1, Fw,s,)"}
belongs to the basin of attraction of DF Es.

Proof. We follow the same methodology used in [7, Theorem 6] to derive (41). Then, the results follow from
Theorem 6, page 16. 0

Remark 10. Of course, when € = 0, we recover the results obtained in [7].

Clearly the constraint on the releases size given by (41) can be strong, i.e. close to A, such that it
seems to be preferable to use massive releases, i.e. (1 —ep)Asor > AGS™.

In that case, the strategy developed in [1, 3], using massive and then small releases can be adequate to
reduce the epidemiological risk and maintain this risk at a lower level.

Thus, in terms of vector control: when R% < 1, vector control is not necessary; when Rg > 1 and
0 < epAior < AZ™, then two cases should be considered:

e when R§ > Rf .., then massive releases of sterile insect, i.e. (1 —ep)Awr > AF;", should be

advocated.
e When R3 < R(QJ,N8<17 then small, but large enough (A}*W_’ng5
insects could be useful to control the disease. However, since A

< (1—ep)Aior < A, releases of sterile
*

M,R2,e
point of view, it is preferable to consider massive releases of sterile insects too.

is close to A§}, from a practical

When Ne < 1, we summarize all qualitative results of system (22)-(23) related to the disease-free equilibria
in Table 2, page 18.

N | RE | erhio R2 (1 —er)Ayor | Observations
<1 TDFE is GAS
<1 Releases of sterile insects are useless
because the DF'E is already GAS
>1 > A%”t Even massive releases could not be efficient

to reduce the epidemiological risk: R(Q), sit, > L.
WIFE and/or EE are/is LAS

> 1 >Ry | > Ay | TDFEis GAS
< Agp SIT failed since Ra s, > 1
> Ay7 | TDFE is GAS
< AGH | < R(QJ)NE<1 = A5 Rg)SITC < 1: TDFFE and DFE, are both stable
> A}‘\LR%_’E Rg)SITC < 1: TDFFE and DF E5 are both stable

Table 2: Summary table of the qualitative analysis of system (22)-(23) when Ne < 1.
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3.5 The case where Ne > 1

We want to derive if, for a given e pAzor < AGY, there exists Af\ﬁ\/Dl such that for all (1—ep)Azor > Af\ﬁle,
we always have RY ;. > 1. Conversely, for a given Ay it is possible to find a rate e such that R§ g5, > 17
Assuming R3 > 1, 0 < epAior < AS™, and using (39)4, we have the following:

Ao R2 Ao 2
e Assume that eigjtt + 70 (1 — NQf 1) > 1 or equivalently (1 — 65;%;;) R_% — (1 — NQ_S 1) <0.
Then it holds

2
RO,SITC > 1

Note also that

9(1— erhior
erhior) 2 Qs KM Ag crit,g
— . — —|1- <0< (1- Aot < —1 1———= 2 | .= A5,

Ao R2 Ao 2
e Assume that Eigztt + 70 (1 — NQfl) < 1 or equivalently (1 — Eigztt) R_% — (1 — NQ—SI> >0
or equivalently

5 (1 B 6FAtot>
Acrit ori
(1 —er)Aior > (N — I)Ngs 1- o £ =AYy i
0
Let us set
R2 _ (N— 1) 1— erhio
0,Ne>1 — (NE — 1) Airit )

Then we have

Aot R2 Qs Qs \° 4Qs(Ne—1)
R2 1 Pltol L 20 (- 1- > 1,
0.817: =4 7 “peri 3 N-1" N-1) " (N —1)°
Qs ( Qs )2 4Q5(Ne — 1) ( GFAtot) 2
— 1-—=_4 /(1= + > (1 - et} 2
N -1 \/ N -1 (N = 1) Agrit :
Qs )2 4Q5(Ne —1) ( eFAm> 2 ( Qs )
— 1— = s (- S (- .
\/( N -1 (N —1)° Agrit ) R2 N -1
o EFAtot 1— EFAtot 1— 6FAtot
Ne—1 AFit AFit Agrit
- > -1,
= S|{Wop RW-1 R R2
1— EFAtot
Ne—-1 RE Agrit
— Qg (N—l)l_EFAt_ot_l > (N —1) ” -1,
A%z"lt
| _ erhior
R2 Acm’t
1———20 “l1L—2F
= 9 < R%,Nm) <W-D RS

Thus, we deduce the two following cases:

i) If R2 > R2 , then R?2 > 1 for all (1 —ep)Aior > 0.
0 0,Ne>1 0,SIT.
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(1) Tt R < R§ pres1, then we set

erNiot
1 - Acrit
W) |1 AT
RY
cri HMs
Ay f\/a>1 =
B Q R2
1— 270
RO,N5>1

and we have _
Rg,SITC > 1< (1 — EF)Atot < A?\Zif\f&>17
Ri s, <1 = (1 —er)Aior > A N resr

To summarize the previous discussion, when Ne > 1, we have three configurations
1. When (1 — ep)Agor < A5 or (1= ep)Avor > AG7"F and RE > max(1,R3 y.-1)), then RZ g/ > 1.
2. When 1 < RZ < R31N5>1 and (1 — ep)Asor > max( f\}ff\/s>l,AjTt’n) then R(Q),SITC < 1.

3. When 1 < R3 < R3 yooy and A5/ < (1 — ep)Ator < A§jh oy then RE g7 > 1.

We therefore summarize all qualitative results of system (22)-(23) related to the disease free equilibria in
Table 3, page 20.

N | RE | erhio R2 (1 —€ep)Ator Observations
<1 Releases of sterile insects are useless
because the DF'E is already GAS
>1 > A%”t Even massive releases could not be efficient
to reduce the epidemiological risk
> RG Ares1 SIT fails since R§ 77, > 1
<AFH | <RE preoy | > max{A§h oy, AP | R2gpp, < 1, DFEy is LAS
< max{A$" A vesr } | SIT fails since R ;7 > 1

Table 3: Summary table of the qualitative analysis of system (22)-(23) when Ne > 1.

4 Numerical simulations

4.1 Sensitivity analysis

It is interesting to study the impact of parameter changes on the dynamics of our systems, and to find
which parameters are the most sensitive on the variable outputs. In Figs 2, 3, 4 and 5, we provide a LHS-
PRCC sensitivity analysis, where LHS stands for Latin Hypercube Sampling and PRCC for Partial Rank
Correlation Coefficient. The LHS-PRCC method provides mainly information about how the outputs are
impacted if we increase (or decrease) the inputs of a specific parameter. The analysis is done on the time
interval [800,1000]. The results are ordered from the most negative to the most positive ones. We derive
a LHS-PRCC analysis for the variable F' from the entomological model, and the variables S7, Fw,; and Ij
from the epidemiological model. It is very interesting to compare the impact of the parameters thanks to
the considered variables. In Fig. 2, the parameters ¢, ¢, pays and a1 are the parameters for which the
Female variable, related to the entomological model (7), is the more sensitive to. Then, the infected sterile
female variable, Sy, is mostly sensitive to parg, Vn, f14,2, €F, Atot, and B. A similar trend is observed in
Fig. 4, when dealing with wild infected female variable, Fyy 1, except that now Sy, and ¢ are now the main
parameters, while e and A;,; not. The residual fertility parameter, ¢ has also almost no effect. Finally,
considering the infected human variable, I, it is mostly sensitive to parameters pg, pa,1 € and ¢ (see also
Fig. 5).

We can notice that the two parameters of interest throughout this work € and ep have a strong impact
on F, Ih, and S[.

For all PRCC analysis, we used the PCC function (R software [18]) and 1000 bootstrap replicates, with
a probability level of 0.95 for (the bootstrap) confidence intervals.
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LHS-PRCC Sensitivity Analysis — SIT Mosquito Model
(SF contamination+RF) — Female stage — time—interval: [800,1000]
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Figure 2: LHS-PRCC Sensitivity analysis of the Entomological model - Wild Females

4.2 Simulations

All forthcoming numerical simulations are done using the ode23 solver of Matlab [15]. Results are obtained
in a couple of seconds.

Like in [7], we will consider the effective reproduction number, R.s¢(t) for all time ¢ > 0. Indeed, SIT
control is a long term strategy and the starting time of SIT treatment is important thanks to the starting
time of the risky period from the epidemiological point of view, that is when Dengue virus starts to circulate,
tpenv. That is why, it is important to consider the effective reproduction number, R,y (t), that is defined

as follow )
Vm, B ﬁmhﬁhm FW,S(t> + SS(t)
Um + s pr (Vh + pn) N,

Reps(t) = : (42)
In particular, we will estimate Ry at time ¢pgny. Clearly, if Resr(tpenyv) < 1 and RE)SITC < 1, then no
epidemics will occur. In contrary, even if R§ g7, < 1 but Ress(tpeny) > 1 then an outbreak will occur.

We consider the parameter values defined in Table 1, page 5. For these values we derive N' =~ 86.75.
This is a high value but meaningful since we have considered the “best” case for the mosquito dynamics, i.e.
the most difficult case in terms of control. For the epidemiological parameters, at a mean temperature of
T = 25°C, we find that R3 ~ 7.298, which is quite large value.

Then, according to formula (29) and the parameters values, the critical sterile females release rate, A%,
is around 391.

We provide simulations with several combination of values for e from 0% to 3%, and ¢ from 0% to 2%.

Since Ao varies from 0 to 20000, then according to ep, Aifit varies from 0 to 400, when e = 0.01, from
0 to 800, , when er = 0.02, from 0 to 1200, when , when e = 0.03. Thus, in the forthcoming simulations,
for sufficiently large values of Ay, we will have Ap > AS.

In Tables 4 and 5, we illustrate some of the cases given in Tables 2 and 3. Clearly, when Ae > 1 (see Table
5), we highlight the fact that it is more difficult to control the epidemiological risk, even with a release rate
just above the critical threshold, and such that e Ao << A%, In contrary, when Ne < 1, epidemiological
control is easier to reach even with a substantial increase of the contamination by sterile females: see Table
4. These results are also supported by the forthcoming simulations.

In Figs. 6, and 7, page 25, we consider the case where there is no contamination by sterile females, with
¢ such that eA/ < 1 and eN > 1, that is where ¢ = 0 and ¢ = 0.02. Roughly speaking, it is easy to observe
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LHS-PRCC Sensitivity Analysis — SIT Epidemiological Model
(SF contamination+RF) — Infected Sterile female stage - time-interval: [800,1000]
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Figure 3: LHS-PRCC Sensitivity analysis of the Epidemiological model - Infected Sterile Females

| r [0 [ 001 [ 0.02 ] 0.03 | 0.05 |
(1 — er)Asor | 3700 | 3663 | 3626 | 3589 | 3515
T 0 37 | 74 | 111 | 185
Rinec: | 351 | 3314|3143 | 299 | 2.72
Risit.w | O 0 | 04220527 | 0.701
REsit..s 0 |0.095 | 0.189 | 0.284 | 0.406
RE i, 0 [0095| 061 | 081 | 1.17

Table 4: Threshold values to lower the epidemiological risk for DENV when £ = 0.01, such that Ne < 1,
A = 3653, A% =391, and R3 > R%,N5<1~

that residual fertility has less impact on the rate needed to decay Reyy below 0.5. When e\ > 1, it is not
possible to lower the wild population under any given small threshold, to reduce the nuisance for instance,
but it is still possible to reduce the epidemiological risk, at least when no female contamination occurs.
From Fig. 8, page 26, to Fig. 14, page 29, we consider contamination by sterile females with a residual
fertility varying from 1% to 2% in order to consider both cases Me < 1 and Ne > 1. It is interesting
to notice that the shape of the level sets change according to ep, such that when ep increases, the area
where Res¢ < 0.5 decays. In fact, when ep is large, say 2% or 3%, then very massive releases are such that
erAior > AF" which implies R§ pppp > 1 and Repp > 10 see Figs. 11, 13, and 14. This simulation clearly
shows that increasing the release rate is not the right response, whatever if e is less or greater than 1,
when SIT is used to decay the epidemiological risk. Clearly, as long as the female contamination is large,
increasing the release rate will take the sterile females close to the release rate threshold, A%*, such that
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LHS-PRCC Sensitivity Analysis — SIT Epidemiological Model
(SF contamination+RF) — Infected Wild female stage - time—interval: [800,1000]
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Figure 4: LHS-PRCC Sensitivity analysis of the Epidemiological model - Infected Wild Females

[ [0 [ 001 [ 0.02] 003 |

(1—ex)Aror | 3700 | 3663 | 3626 | 3515
erhior 0 37 74 | 111
RInes1 | 1167 1056 | 94.58 | 83.53
ASEE 2869 | 2971 | 3074 | 3176

Ao, | 3638 | 3718 | 3806 | 3905
Risimw | 0925 | 0.0.969 [ 1.01 | 1.06
REsit..s 0 | 0095 | 019 | 0.28

Risir, | 0925 | 1.064 | 1.20 | 1.34

Table 5: Threshold values to lower the epidemiological risk for DENV when £ = 0.02, such that Ne > 1,
A§Tt =391, and RE < R(2J,N€>1'

Resr > 1. Note also, that our simulations show In that an optimal release rate exists for a given, sufficiently
large, SIT starting time.

Mechanical control is clearly beneficial to reduce the time needed to decay R.¢s below 0.5 and also the
(optimal) release rate: compare Figs. 13 and 15, page 29, where the time needed to reach 0.5 for R.yy decay
from 500 days, for Ayp: =~ 6000, to, only 300 days with A,y ~ 4000, to reduce R.¢s before DENV starts to
circulate. Compare also Figs. 11 and 14 with Figs. 16 and 17.

In fact, when Ne > 1, serious problem occurs when contamination by sterile females increases, without
mechanical control: see Fig. 14, page 29. As seen, it is no more possible to decay R.sy below 0.5 and,
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LHS-PRCC Sensitivity Analysis — SIT Epidemiological Model
(SF contamination+RF) — Infected Human stage - time-interval: [800,1000]
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Figure 5: LHS-PRCC Sensitivity analysis of the Epidemiological model - Infected Humans

as explained before, very massive release can be such that R.fy > 1. In that case, SIT cannot be used to
control the epidemiological risk, at least without mechanical control. In fig. 17, page 30, mechanical control
allows to lower the time needed to decay R.yy but does not really increase the maximal release rate such
that Repr < 1.

Altogether, our numerical simulations, that the first parameter to lower is e, the residual fertility. How-
ever, even with a low residual fertility, say 1%, contamination by sterile females should be contained: compare
Fig. 9, page 26, with Fig. 10, page 27.

5 Conclusion

Conducting SIT programs in the field is a very complex and difficult task. However, before reaching field
releases and in order to be successful, several steps have to be checked in laboratory and in semi-field, before
and during field releases. In fact, it is better to find and solve issues before starting field releases: to this
aim control quality is an essential process within SIT programs. However, SIT programs against mosquitoes
can fail, and this is in general due to a combination of several factors, among them residual male fertility
and contamination by sterile females that seem not to be always studied as deep as they should be. Indeed,
sometimes (numerical) upper bound values are given for these parameters but they do not rely on biological
parameters related to the targeted vectors nor on epidemiological parameters when epidemiological control
is the main objective. We aim to fill this gap.

Thus, using modelling and mathematical analysis, we provide threshold parameters for residual male
fertility and contamination by sterile females. We also show that these thresholds impose constraints on SIT
programs to be met. If not, then, the risk of SIT failure is high.

Our results could be used and helpful for field experts to estimate the risk of SIT failures and, thus, to
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Figure 6: Rcf¢(tr) vs the starting time without sterile female contamination, without residual fertility
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Figure 7: Resys(tr) vs the starting time and the level of the control, without contamination by sterile females,
and with 2% of residual fertility, without Mechanical control

target the main parameters to improve before field releases and to follow carefully along the SIT process.
Theoretically, we show that while residual fertility can be an issue to control the wild population, i.e. to

lower it under a given threshold, to reduce the nuisance, it is not when it comes to control the epidemiological

risk. In other words, when e/ < 1, both nuisance reduction and epidemiological risk reduction are feasible

25



Resf(tpEny) - Mechamcal Control: 0% - Sterile females Contammatlon 1% - Re:;ldual Fertlhty 0%, Wlth eN <1
|\ l T T 05™T
- R
18000 - @ s B
16000 - B
- N
o
< 14000 - B
\
o ~ ¢ S e
© 12000 @ a E
(0]
(2]
®
D 10000 - =
o] 025 0.25 0.25 0.25
= °
5 &
@ 8000 — B
2 ©
- > « -
@ S o
% 6000 — —
3 %
[
4000 | s \ B
0.75 0.25 e
1.5 ————
[ 2 = —— U =
2000 4 3 s S
4 4 4 4
¢ 6 6 6 6
| | | | | | | |
0 100 200 300 400 500 600 700 800 900 1000

SIT starting Time from the start of a DENGUE outbreak

Figure 8: Reyrs(tr) vs the starting time and the level of the control with 1% of contamination by sterile

females, 0% of residual fertility, and without Mechanical control

Reff(tDENV Mechamcal Control: 0% - Sterlle females Contamination: 1% - Residual Fertlhty 1%7 with eN < 1
| l T T o5 0.5 o S
-~ 2
18000 - @ v 2 < B
N
16000 - B
ksi
2
< 14000 - B
\
o . L
© 1200 @ N T m
9
(0] S
1%}
[3]
D 10000 — o —
e 025 0
—
13}
@ 8000 — B
2 o
= J AN 3
2 sl © ® % -
= %
Q2
(%]
0.25
4000 (— B
1 —l75 0‘5\ 025 — 55
———— . —
1 e — =05 0.5
2000 4 3 3 3 =
4 4 4 4
6
6 6 6
| | | | | | | | |
0 100 200 300 400 500 600 700 800 900

SIT starting Time from the start of a DENGUE outbreak

1000

Figure 9: Reys(tr) vs the starting time and the level of the control with 1% of contamination by sterile
females, 1% of residual fertility, and without Mechanical control

as long as the sterile female contamination is low, that is €A < Aif“.

further.

While, when eN > 1, only
epidemiological risk reduction is feasible but under rather severe constraints, that is eAsp; < Aifit and
RE < R§ nres1> With releases that are sufficiently massive.

In fact, once eV < 1 is not met, we strongly encourage the SIT program to solve this issue before going

Finally, in several SIT reports/manuals or SIT papers [10], a percentage is given for the maximal con-
tamination by sterile females. We show that this percentage is useless since the maximal amount of sterile
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Figure 10: Rcff(tr) vs the starting time and the level of the control with 2% of contamination by sterile

females, 1% of residual fertility, and without Mechanical control
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Figure 11: Reyss(tr) vs the starting time and the level of the control with 3% of contamination by sterile

females, 1% of residual fertility, and without Mechanical control

females allowed to be released will depend on the size of the total release. Indeed, you don'’t release the same
amount of sterile females when you consider 1% of 10000 or 1% of 20000 sterile insects: for the first case,
Ap < A% while in the second case, A > A$", such that the dynamics of the whole system is completely

different and so is the impact of SIT.
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Figure 12: R.s;(t7) vs the starting time and the level of the control with 1% of contamination by sterile

females, 2% of residual fertility, and without Mechanical control
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Figure 13: Reyss(tr) vs the starting time and the level of the control with 2% of contamination by sterile
females, 2% of residual fertility, and without Mechanical control

To conclude, our study shows that both contamination by sterile females, epA;y:, and residual male
fertility, e, matter in the efficiency of SIT. We provide upper bounds for these values that guarantee the
efficiency of SIT, both for nuisance and epidemiological risk reduction.

Of course, several improvements are possible, like considering impulsive releases, like in [7]. In addition
other control quality tests could be taken into account in future SIT models in order to provide more
realistic results, and eventually, when possible, to consider variable parameters, like in [27] to take into
account temporal and spatial variation of the environmental parameters that can affect the dynamics of the
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vectors and thus its control. Last, migration could be also taken into account [5].
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A A useful result on monotone systems

Let us consider an n dimensional autonomous differential system:

dx

— = 43
@) (13)
where f is a given vector function, i.e., f = (fi)i=1,....n, with f; : R™ — R. System (43) is called cooperative if
for every i,j € {1,2,...,n} such that ¢ # j, the function f;(z1,...,2,) is monotone increasing with respect to
x;. For cooperative system, the global asymptotic stability of an equilibrium can be studied by the following
theorem, see also [2]:

Theorem 9. Assume that system (43) is a cooperative system. Let a, b € Q C R™ such that a < b, [a,b] C Q
and f(b) <0 < f(a); where [a,b] = {x € R" : a < x < b}. Then (43) defines a (positive) dynamical system
on [a,b]. Moreover, if [a,b] contains a unique equilibrium p, then p is globally asymptotically stable on [a,b].

B Proof of Theorem 3

(1 - EF)Atot

For reader convenience, we recall that Mg =
KM

1. Assume that Ne < 1. By computing the eigenvalues of the Jacobian matrix of system (8) at the
elimination equilibrium FEy it is straightforward to obtain Fy is locally asymptotically stable when
Ne < 1 while it is unstable when Ne > 1.

o Let us set X = (A, M,F) € R} and f((1 — €p)Asor, X) the right hand side of system (8). For
(1 — ep)Ator > 0, we have that f((1 — ep)Asor, X) < f(0,X). Note that for (1 — ep)Aior = 0,
we recover [3, system (1)]. If (1 — ep)Aor > AG}, then system (8) admits a unique equilibrium
which is Ey. Using [3, Theorem 3, point (1)], we deduce that Ey is globally asymptotically stable

. 3
in R7.
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e The proof of points (b) and (c¢) is done in the same way like the proof of [3, Theorem 3, points

(2) & (3)].
2. Assume that Ne > 1. Then, the elimination equilibrium Ej is unstable. Moreover, the inequality
A
Yt ped > AN (44)
Y+

holds for all sufficiently large A. Let n > 0 and let A,, be so large that in addition to (44) the following
inequalities also hold:

Ap > n,
2(1—1r)y
Mn = 71471 > n,
12373 (45)
Fw_s = (FY + ul + ,UQAn) An Z n.
’ n 2¢
Let b, = (A, My, Fiv,s,,) and f be the right hand side of (8). Then
—¢Fw,s,
L M,
F(1 = er)Aror, bn) < £(0,b,) = g < Ops. (46)
it (1 Tt
AN (v + )
Similarly, for an arbitrary § > 0, let a5 = (As, Fw,s,, Ms) with
1—e€r)As0
My = L= er)hor < M;,
pars (g +0)
Ky
As = ———M;s < Ay, 47
(1—7)y f (47)
+ p1 + oA
Fiv.s, = (7 M1¢ M2 6)A5 < FW,sf-
We also have that
Ms+eM us(y+pa1)As (1+e(ag +9) Qg
FEM S o As e P o — ; 1 48
M5+M§W b HEEWSs 1 14+ar+4d N ar+0 (48)
0Qs
Ne—1)day + (Ne —1)6%*+ —=
_ ps(y +pan)As ( ) ooy + ) oy (49)
¢ (14 a4 +0) (ay +6)
> 0. (50)
Thus, it is straightforward to obtain that
0
0
F((1 = €r)Ator, as) = My + eM, A . > Ogs. (51)
Myt ME M rYAs — stw,s;

Applying Theorem 9 with a = a5 and b = b,,, we obtain that for n sufficiently large, system (8) defines
a dynamical system on [as, b,] and that E; is globally asymptotically stable on [as, b,]. Since b,, can
be selected to be larger than any point in Ri and as can be selected to be lower than any point in
R3 — {Ogs}, this implies that F; is globally asymptotically stable in R3 — {Ogs}.

3. Assume that Ne = 1.

(a) Tf (1 — ep)Asor > AG%, then Ep = (0,0,0) is the only equilibrium of system (8). Based on (46)
and Theorem 9, we obtain that for n sufficiently large, system (8) defines a dynamical system
on [Ey,by]. Since b, can be selected to be larger than any point in R%, this implies that Ey is
globally asymptotically stable on R3 .

(b) (1 —€ep)Aior € (O, Aﬁﬁ), then we proceed as in point 2 by replacing E; by Ey. Hence, we obtain
that Fy is globally asymptotically stable. Then, the elimination equilibrium FEjy is unstable and
the coexistence equilibrium Ej is globally asymptotically stable in R3 — {Ogs }.

This ends the proof.
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C Proofs of Propositions 3-4: existence of endemic equilibria

First, it is interesting to check after an artificial endemic equilibrium, without wild insect, called WIFE,
Wild Insect-Free boundary Equilibrium. This is a particular case, but it can exists. To find it it suffices to
solve

S
0 = wupNp— Bﬁth—ISh — 1nSh,
h
S
0 = Bﬂmhﬁlsh — vpdp — pndp,
h
0 = vpdp — pnRa,
and
I,
0 = EFAtot_BmaN_SS_ﬂ5537
h
1y,
0 = BﬁhmFSS - (Vm + ,US)SEv
h
0 = VmSE—,uSS].

Straightforward computations show that

Vm S
S?é = 1- K " eriot,
w1 (Vi + ps) . BB s ) Sy
s hm - =
. Ly + v, Np,

*

S
such that 0 < Nh < 1 is a positive root of the second order equation
h

Ato Ao
(Ms-i-Bﬁhm Hh )_ (us-i-?Bﬁhm Hh + €F tt>X+ (Bﬁhm‘u Hh + €F tt)XQZO'

fn Vi Ph =+ Vh 1 Agt n+ v Hs AG
_ s#
Assuming epAio < AEY, we derive —h —1, the TDFE equilibrium, and
h
Hh
S# s + Bﬁhm
Ny, Hh erhior ’
B + 4
ma L ¥ vn Hs A%‘zt
. S# ,
that is not a viable root. When epAsor = A§, we recover —b — 1. Then, assuming epAsor > A or equiv-

h
alently R(z),TDFE > 1, a boundary wild insects-free equilibrium WIFFE = (5’2, I,g, ng 0,0,0,0,0, Sus, Sﬁ;, S?)
exists such that

h
g#  Hs+BBun—
ho_ Bh + Vh <1
N, Hh erhior ’
BBum + :
Bh o Hs AT
o BBmn Sf}Sﬁ
R T TN Phr
I/h-i-uKNh
EF ot
s§to= et
Bﬁmh ﬁ7
I
s + N, h
US o
st o= =235
E v 00
Up, #
R = “Ib.
h un h
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The assumption p; = pg is to simplify the forthcoming computations. In order to derive existence of a
positive endemic equilibrium, such that Ij, > 0, Fy,; > 0, and S > 0, we solve

Fwr+8S
0 = wunNn— Bﬂmh%sh — pnSh,
F S
0 = Bﬁmh%—i_lsh = vplp — pnIn, (52)
h
0 = wvpdp — pnRa,
0 = é(Fws+ Fwe+Fwr)— (v +pan +pa24)A,
0 = (1—-r)yA—puuM,
M+ EM; Ih
0 = =TS A BBt P s — usFis,
M 1M Ty B N, Fws = wskw.s
I
0 = Bﬁhm—hFW,S — (Um + us)Fw.e,
e (53)
0 = vmFwe—psFwr,
(1—e)M I
= Mot + 77217 A — BBhm—~—Ss — )
0 erliot + N+ M Ty Bn Nth psSs
I
0 = Bﬂth—th — (Um + us)Se,
h
0 = I/mSE — ,LLSS[.
Thanks to (53)1, and summing (53)4 and (53)5 such that
BBrm 1
Fwe+ Fwi = Pr —hFW,S,
ps  Np
we derive By I
¢ (1 + ﬂi) Fws = (v +pas +pa24)A,
ps  Np
From (53)3, we have
M + eM3 I,
—_— A = B m a7 F ’
Mg ( Oy, +“S) s
that is, since A > 0,
N (M +eM3) = (1+ﬂA> M + M3).
(0 +e0i3) = (1+ HA2a) (01 + 1y
Then, using (53)2,
=0Ty
122,71
we obtain ) )
/\/<7( _T>7A+5Mg> = (1+ a2 A> <( _’”>7A+M;) ,
HUar Y+ pAan KUt
that is equivalent to the following second order equation
1— 2 1—
Q(M) A2+ S onr S YA+ (1 - Ne) ME =0, (54)
K K

We calculate

Az(i(l_T)W(QM*—N)Y—AL taz =0 (4 ey
1Y o YA+ a1 MM 5

that is )
1 —
A= <(M7’””) ((QM; —N)?—4Q(1 - Ne) M;) :
M
When Ne > 1, then A > 0, and we deduce the existence of one positive root

ape_ L N_QM;+\/((QM;—N)2+4Q(NE—1)M;) . when Ne > 1,
o) Skl

12373
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for all M§ > 0, or
1

1—r
o=
1207
for all QME < N, that is (1 — ep)Avor < Mgs N.
When Ne < 1, we have now to study the sign of A according to QM, and solve

EE __
AEE —

(N —QM3), when Ne=1

(QME — N)? —4(1 = Ne) QME = (QME) + (N)? —2(N +2(1 — Ne)) QME =0,
for which with

Ag =4 (((N+ 2(1—Ne))? — (/v)2) —16(1—Ne) (N + (1= Ne)) >0,

we can deduce the following threshold

ong, = (VN F (1 -Ne) - VI—Nz) >0,

Remark 11. Surprisingly, we derive a threshold almost similar to the threshold obtained in (14).

Using the same reasoning than in section 2.2, we deduce that, since QMg < QMg ;, then there exists
two positive roots of (54), that is

APE _ ﬁ <N— oMz — \/((QMg—/\/')2 —49(1 —Na)Ms)> ;
2Q K
AP = <N_ o3 + /(@145 - 3 ~a00 -9 Mé)) |
pYoRmititl
ny;

Then, we deduce that
mEE L2 yee

%

129,74
M M M
Thus for a given APE we are able to estimate (M _:i\/[; rvA and M+ EMfr'yA. In order to deduce the
other variables, some computations are needed. From (53)7 and (53)s, we have
v
= Bﬂhmi
Vm Vm I ps (Vi + ps) N < (1 —e)Mg )
Sp=—8Sg=—+—"—Bfmm—25s = erlhior + ——2rvA ),
I s E Ms(Vm-i-Ms) h N, S MS‘FBma]{,—’; Fi\tot M+M§ Y
Similarly, from (53)s, (53)4, and (53)5
v
— ™ BBumi
. Vi 1 Vm B I ps (Vi + ps) Prom M+€M§7””Y
1 =—Ftp1=—"—""—"—"—Bbmm—tws = "
M s ps(Vm + ps) N, o us+Bﬁhm]{,—*; M + M3

Thus, from the two previous estimates, we deduce that

VimBBh I
Sr+ Fw,r _ s (Vm + ps) "Nk (epAior +1TVA)
Nh 115 + BBhm A= Ny,
Then, from (52);
Fwir+ S
Ny = BBmn —22 221G, + 1y Sh,

Ny,
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Sr+ F
and replacing % leads to
h

Vm Bﬁhm% (erAior + rvA)
N, = | BB, n +un | S,
n Ny < B hMS(Vm-i-MS)us—i-Bﬁhm]{,—*; N, Kn | Sk
I, |7 I, (epAiot + 77A) I
N BBym— | = | BBuwh————— mN TN BBnm— Sh,
i h<us+ Bh Nh) ( Bmn 1o (v 4 119) BBy N, N, + pn | s + BBh N, h

from which we deduce

,UhNh (MS + Bﬁhm]{,—’;’)

U, (eFAtot +ryA) ( I ))
( B h o+ 1is) Bpn N, U | fs Bh N,

In particular, we can deduce

Sy =

1 Z
= Bﬂhm]{/_};HhNh

Sr+ Fw,r S, — (erAior + 17 A) MS(I/m + ps)
Ny, o Ny, Vm (EFAtot + T"}/A) I,
( B h s T 1i3) Bh Nh N, + pn | ps + BB N,
and, using (52)2, i.e.
Fyr+S
Bﬁmh%sh = (va + pn) In,
h
we have
v
S — & Y M
(cr Ao +74) psln 1) Phom i _ 3
Bﬂmh = (Vh + ,Uh) ~
Np BA Vm BS (EFAtot +rv4) n + BB In Nn
mh'u (Vm T lis ) hm Nh Hh \ BS hm Nh
Assuming I, > 0
(erAior + rvA) Vi,
BB, BBrmpn =
Bt Np, ps (Vi + 11s) Pt
U, 1, (€rAior +17A) I
(Vn + pn) (BﬁmhmBﬁ hm N NN, + pn (MS + Bﬁth—:) )
we finally deduce
erAior + ryAFE U,
Bpmn (erhror ) BBhm — (Vh + ) ts
EE Ny, /LS(Vm‘F,uS)
Iy = pn P Ny >0,
(vh + ) BB + Bg vm___(erhior AT
h Hh hm | Uh mh /LS(Vm T /LS) Nh
assuming
(GFAtot + T’YAIEE) VmBmaBﬁmh -1
Ny, s (Vi + s) (Vn + pn) pos
that is I
erhior + ryAFE > ,;/QVQS (55)

: EE pEE EE EE QEE QEE EE
From the previous formulae, we deduce S;'1, R}, 7, FWS 1 Fwe s Fwias St Sgi, and finally Sy

proceed similarly to get the second endemic equ1hbr1urn EES IT,2 OT EES IT %5 under the same condition (55)
because AFF < AFE,
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We now assume that pg < py. To derive the equilibria, such that I, > 0, A > 0 and S; > 0, we have to

solve

M +eM?
Let us consider the auxiliary variable X = $ It follows from system (56)-(57) that:

Ss

SE

St

O =
O =

Fwe =

Fywir+ S
= upNp — Bﬂmh%sh — prSh,
F S "
= Bﬁmh%ﬂsh — vpdh — pndh,
h
= vpdp — prlp,

O(Fw,s + Fw,e + Fw,r) — (Y + pai + pa4)A,
(1 =7)yA—ppuM,

M + e M
M+ M,
Bﬂhmi[—hFW,s — (Um + 1s)Fw,E,

h

vmFw.e — nrFw,r,

(1 - <)
M+ M

I
Bﬁth—hSS — (Vm + 1s)SE,
3
I/mSE —,LL]S[.

I
ryA — Bﬁth—thW,s — nsfw,s,

I
erMior + ryA — Bﬁhmﬁiss — psSs,

M + M
ryAX

Fys = —/——,

h

BBhm —

ps + BBy N,
BBum 1In

Vm + s N_h
BBrm In

Um + s Ny,

w,S»
ryAX

3

1,
BBrm—
ps + BBy N,

VUm
Fw; = —Fwpg,

Kur
Um

Bﬁhm Ih rvAX

ur N, I

WI Vm + s Np, us+35th—h
h

3

(1- )M

A
Mg

erlior +

1,
BBhm —
ps + BBy N,

(1 o)M;
Npor + ———=
Um Bﬂhm Ih e ot "

M + M

m m N Ih
K1 Vm + s Np, Lis +Bﬁth—
h

v A

Therefore, equation (57); assumes the form A =0 or

BBum 1In <1
Um + pus Np

ry¢pX <1 +

Um, 1 1
+ E)) —(v+pan) (,US + Bﬂhmﬁi) — A2 (,US + Bﬂhmﬁh;
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From (56)2, we derive
BBmn Fw.r+ St

I =
" vh +pn Nh
However,
1—e)M
Ap + &TVA
F +5 Um Bﬁhm In T’YAX + Um Bﬁhm I, M'i‘M;«
W, I I = = -~ — ~
’ 1 1, ’
o Vm+HSNhMS+Bma_h K Vi + pus Na 15 + BB
Nh Nh
_ Um Bﬁhm I, AF+T”7A
= il 7
I Vm + s Nhﬂs+33th—h
h

Therefore, for I, > 0, we have

Ih Vm, Bﬂmh Bﬂhm 1
+ BBpm— = — —(Ap +1vA) = a(Ap + rvyA), 59
ps + B - = T (A 4 A4) = (A +74) (59)

where for simplicity, we set
- V_m Bﬂmh Bﬂhm 1

o= —.
W1 Vh + [th Vm + pis N7

Hence (58) assumes the form

Um
1+ -2
g [ 1+ ﬁ(a(AF +rvA) —ps) | X = (v+ paq + pa2d)(Ar +ryA)a =0 (60)
or equivalently
azA® + ax A% + a1 A+ ag =0, (61)
where
az = —(1—=7r)y’pazar <0,
r2y3¢ (1 —71) <1 + V—m) a
az = P jeMgpazary — (L—1) 7y (v + pan) rya+ pasa Ar),
Um + s
Um
14+ -2
= (I—n)ay | ry(y+par) Nl ﬁé — QMG —1| —papAr |,
Hs
2,2 * Vm Vm
ryroume ME 1+ — | o 1+ — ) (aAp —ps)
a; = pr =+ T”)/Q(b (1 — T) 1+ Hi1

VUm + s VUm + s

—pp ME((v+ pan)ryoa+pasaAp) — (L —7)y (v + pan) Ara,

Vi,
1+ -2
= pmMgrya(y + pan) Nsl DL 1| = (1= r)y(y + pa1) Ara( QMG + 1)
+_
Hs
Vim
1+ — oA
+ry2p(1 — 1) 1+7,'[/” (—F—1> )
1+ —= \ Hs
Hs
VUm, Um Vm
app Mgr T+ T+ T+
= (1=r)v(y+par) PMZST | e #nll—l +Nps | 1— ﬁé +alp | N #é—QM;—l
1—r 1+ = 1+ = 1+ =

us Hs ks

)



ag = pmMZ|ryepe |14+

= pumMG(yv+pan)ps

Recall that since pg < pr, it follows that

(1 + :—T) (aAr —ps)

- (’Y"’/LAJ)O‘AF )

VUm + 13
1+
v MG (v + pan) | psNe | 1+ 5:1 (—F—l) —alArp |,
L+ — \ Hs
Hs
VUm, VUm,
1+— 14—
al al
NE 1_ 51"' #I F _ F
1+ -2 14 -2 #s Hs
ks us
14 2
Br
<1
142
Hs

To discuss the number of real positive solutions of equation (61) we use the Descartes’ rule of sign, see for

instance Table 6.

Number of positive real solutions

0

_|_

1

+ I

2 or0

2 or0

2 or0

INERREN
+|

3 orl

1

+
_|_
+

_|_
+[+

1

Table 6: Number of positive solutions of equation (61) with the Descartes’ rule of sign.

As explained in the numerical part, we consider a total release rate of sterile insects, Ao, and a parameter
€r, the percentage of sterile females released, such that

Ay = (1 - EF) Atot, and Ap = ephio.

Ao .
Doing like that, M§ = (1 — €r) Lot and we deduce all parameters thanks to Ay, that is

HMs
Um Um,
1+ aecp 1+
% F o
ao = pum MG (v + pai)ps | Ne [ 1— lljnlz — ot 11— Ne #ﬂi
1+ — Hns 14+
fs Hs
1+ app (1l —ep)r 1o
a1 = (L—r)y(y+pan) [ Nps | 1- ffé - M a 1—Ne I//“ + aep
1+ (1 —7) pass 14+ 2m
s s
Q(1—e
—MQEF(AM)Q ’
HMs
and ,
1+ = p
M
a2 = (1 _7’)06'7 T’Y(’Y‘i‘,uA,l) N Iljl -1 — A2 ((1 —EF) +€F) Aot
1+ = 1 =7 pms
Hs

From ayg, it is easy to deduce the following discussion thanks to N'e and for a given ep:
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14 2 142
e ag > 0if Ne > ﬁs>1orif/\/5§ ﬁs and
1+-= 1+ =
274 K1
14 2
nr
Nel1l T
it,1 _ HS Hs
AtotSA?ZE'E—E 1+V_m
1-Ne ol
1+-=
Hs
Otherwise, when Ao > A?gé, ag <0
14 2 142
e It is interesting to notice that as < 0, whatever Aoy > 0 if N < 755 In addition N < 752
1+ — 1+ —
y v ur 1274
1+-= 1+ =
implies Ne < 752 because 0 < e < 1. When N > 757751, then ay > 0 if
14 Im om
nr Hr
14 2m
ry (Y + pas) N1 1
Atot < Afgzt72 = Ks .
T 12373
pA,2 ((1 —€r) + €F>
L =7 pins
It is negative, otherwise.
e Straightforward computations show that a; > 0 if
VUm Um
! (1~ ep)r T T
Atot<At0t7 = \/Z‘f' — 1—./\/57” + aep 1—N U
o QU —er) (1 =) pars 1422 1422
UM F s 125
where
VUm, Um 2
1+ — 14+ —
1-— 1-—
A a1 = ep)r 1—Ne 51 +oaerp |1 =N 51 +4Q( ¢ )aeFNus 1-—
(1 =7) pnss 1+ 14 Ym UM
Hs Hs
e Thus, we derive
1 Ym
— Assume Ne > 5:; DI Ao < Afgft’g, then ag > 0 and a; > 0,
1+ —
1224
142 | |
— Assume Ne > 17551 If Aor > max{A§1"% A1) then ag > 0, a1 < 0, and ay < 0 because
+ -
v H v,
14+ = 1+-=
Hs . . s
Ne > T n implies N > —
M1 M1
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140

— Assume Ne < ﬁi and Ay < min{A71"? A1) then ag > 0 and a; > 0,
1+

Kmr
such that, thanks to Table 6 page 40, we deduce that only one positive equilibrium exists.

140

— Assume Ne > 5:; CTE AT < Aoy < A2 then ag > 0, ay < 0, and ag > 0,
14

1224

such that, thanks to Table 6, we deduce that there exists 1 or 3 positive equilibria.
14+ 2
o Assume Ne < —E5
1+-=
1274

— I AT < Agor < A3 then ag < 0 and ay > 0,

142
— If Ayor > max{AS3 A1 then ag < 0 and a; < 0. If N > /;:; and Agor < A2 then
1+

nr
as > 0,

such that, thanks to Table 6, whatever the sign of as, we deduce that no or 2 positive equilibria.

142

e Assume Ne < 752 If Agor > max{AS7"% ASHMY then ag < 0 and a1 < 0.
1+ -2
1274

14 2
- N /;S,thena2<0,
1+
1224
140 |
—IfN > ’LLS , and Ay > Afgzt’Q, then ay < 0,
1+ =
Kmr

such that, according to Table 6 page 40, there is no positive equilibrium.

D Proof of Theorem 7

Assume that N'e > 1 and R(%_VTDFE > 1. Let us consider the following sets

z(t) = (Sh,In,Rn,A,M,Fw,s,Fw,g,Fwr,Ss,Sg, Sr)(t),
I = {zeR!:1,>0,R,>0,4A>0,M>0,Fws >0, Fwg>0,Fy;>0S5>0,5 >0},
or = {LL‘EREZIhXRhXAXMXFW7s><Fw)EXFWJXSEXS]:O}.

Direct computations, see e.g. [23], lead that the sets I" and OI" are positively invariant with respect to system
(22)-(23). All solutions are bounded and system (22)-(23) is a point dissipative system. We denote ¢;(xo)
the flow corresponding to system (22)-(23), such that the solution of system (22)-(23) starting at ¢ at t > 0
is z(t,z0) = pi(xg). Let My = {x € T : ¢i(x) € O for t > 0}. Then we have My = OI'. The trivial
disease-free equilibrium T DFFE, the wild insects-free equilibrium WIFE and the disease-free equilibrium
DFE are in My. Let W*(TDFE), Ws(WIFE) and W*(DFE) be the stable manifold of TDFE, WIFE
and DFE, respectively. In the sequel, we prove that WS(TDFE)NT = @, WS(WIFE)NT = § and

42



W*(DFE)NT = § hold when Ne > 1 and R§ rppp > 1. We first show that W*(TDFE)NT = . Since
Ne>1and Rg)TDFE > 1, by continuity, there exists e such that for all € € [0, ¢o], we have

e e>1
Bﬂhm
s+ g€ (v + pa + page)
h
and
m BBmh BBrm 1 Ao
v Bmn Bpn _2(€F tt_6>(Nh_e)>1.
Um + s pr Vh+pn Ni U ps

We claim that there exists g9 > 0, such that for all zy € T', lim sup |¢i(x0) — TDFE| > n9. Indeed,
t—+oo

suppose that this is not true. Hence, there exists 7' > 0 such that for ¢ > T, we have:

Aso o
Np —e <S8, < N+ SR Ztot <Sg < SF ot 4 , In<e A<e
Hs Hs
From system (22)-(23), it follows that
dA
— > ¢Fws — (v +pan+ page)A,
dl*glvffs Bhme (62)
’ > A— B2 R — usky
dt = ErYy N, w,S — USL'w,s,
and
dIy, St
Bh s BB 2L (Ny — €) — vnlly — i,
u = ﬁhNh(h €) —vpdy — pndp
dR,
= = — un Ry,
ngE I, [ erAior (63)
DL > BBy () — (v + p5)Se.
dt = Bn N, < L5 E) (Um + us)SE
dS
— = vnSg—urSr.
p UmoOE — HIOT
Let us consider the matrices
—(v+ pa + pra€) o
h= ery _Bﬁ]}i]meFW,S — s
h
and N
— €
—(vn + pn) 0 0 BBmn ;;V
h
J v —Un 0 0
2= Bﬂhm (EFAtot )
— — ¢ 0 —(vm + 0
N, e ( 1s)
0 0 VUm —HKr

Let s(J) be the stability modulus of the matrix J. It therefore follows that s(.J;) > 0 and s(J2) > 0. Hence,
the positive solutions A4, Fw.gs, I, Ry, Sk and St of systems (22)-(23) are unbounded which is a contradiction.
Thus, W*(TDFE)NT = (. Exactly the same computations show also that Ws(WIFE)NT = (. To show
that W*(DFE)NI = (), we first recall that following (27), R§ pppp > 1 = R ;7. > 1. Hence by continuity
there exists € such that for all € € [0, ¢g], we also have

VUm Bﬁmh Bﬁhm 1
— (S —¢€) (N —¢€) > 1.
Um + Hs  pr Vn+ pn N} (Ss.0r =€) (N1~ ¢)

As before, we claim that there exists g > 0, such that for all g € T, lim sup ||¢i(zo) — TDFE| > no.

t——+o0

Indeed, suppose that this is not true. Hence, there exists T' > 0 such that for ¢t > T', we have:

Np—€e< S, <Np+e, Sspre—€<Ss<Sspre+e Iy<e A<e
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Hence, (63)3 assumes the form

dSE I,
— >B m Ty - — \Ym 5
2 Bh N, (Ss.pre —€) — (Um + ps)SE
and matrix Jo now becomes
Ny, — ¢
—(vn + 1) 0 0 BB ?v
h
vp, —Hh 0 0
T2 = BB,
N = (Ss,pre—€) 0 —(Vm + ps) 0
h
0 0 Vm, —HKr

As previously, we have that s(J;) > 0 and s(J2) > 0. Hence, the positive solutions A, Fw.s, I, Rn, Sk
and St of system (22)-(23) are unbounded which a contradiction. Thus, W*(DFE) NT = (). Therefore, we
have W*(TDFE) = {TDFE}, WS(WIFE) = {z € R\ : A= M = Fyy.s = Fw.p = Fw.y = 0,1, > 0, Ry, >
O,SE > O,S[ > 0} and WS(DFE) = {,T S R_li_l A > 0,M > O,Fw)s > O,FW7E = FWJ =1, ==Sg=57=
0} such that My = W*(TDFE)UW$(WIFE)UW?#(DFE). In addition, each equilibrium is isolated and
acyclic in My. Based on Theorem [21, Theorem 4.6], we found that system (22)-(23) is uniformly persistent
with respect to (I',8T) whenever Ne > 1 and R ;ppp > 1. Moreover, using the invariance of T, the
dissipativity of system (22)-(23) and its uniform persistence, we can deduce, following [20, Theorem D.3],

the existence of a least one positive coexistence equilibrium.
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