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We construct a pest control pollution model with stage-structure for pests and with epidemic in the
predator by spraying pesticides and releasing susceptible predators together. We assume that only
the pests and infective predators are affected by pesticide. We show that there exists a globally
attractive pest-extinction periodic solution and we get the condition of global attractiveness of
the pest-extinction periodic solution by applying comparison theorem of impulsive differential
equation. Further, the condition for the permanence of the system is also given.

1. Introduction

With the rapid development of modern technology, industry, and agriculture, it is of
great interest to consider the effects of toxicant on ecological communities from both an
environmental and conservational point of view. Qualitatively estimating the effect of a
toxicant on a population by mathematical models is a relatively new field that began
only in the early 1980s [1-3]. Population toxicant coupling has been applied in several
contexts including Lotka-Volterra and chemostat-like environments, resulting in ordinary,
integrodifferential, and impulsive differential equation and stochastic models. So in this
paper, we consider the above effects and introduce the pollution model to model the process
of pest control problems and study its dynamics, and this is different from the previous pest
control model which assumed that pests were reduced proportionally by spraying pesticides
[4-6].

In the natural world, many species have a life history that takes their individual
members through two stages: immature and mature; the authors of [7] studied an ecological
model with stage-structure for predator. A general functional response was considered, and
the authors analyzed the stability and the permanence of the system. The authors [8, 9]
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analyzed prey-predator models with age structure and impulsive control. The authors [10]
investigated the dynamics of a pest control model with age structure for pests by introducing
a constant periodic pesticide input and releasing natural enemies at different fixed moments.
they analyzed the conditions for the global attractivity of the pest-extinction periodic solution
and the permanence of the system.

Modeling studies on disease-dominated ecological populations have addressed issues
like disease-related mortality, reduction in reproduction, change in population sizes, and
disease-induced oscillation of population states. Chattopadhyay and Arino [11] formulated
a prey-predator model with prey infection and observed destabilization due to infection.
Venturino analyzed prey-predator models with disease in the prey [12] and the predator
[13].

Motivated by the above, in this paper, we construct a pest control model with epidemic
in the predator by spraying pesticides and releasing susceptible predators at the same time.
The pest is stage-structured, and the effects of spraying pesticides into the environment and
into the organism are considered. So the pollution model provides a natural description of
such a system and should be introduced to our model.

The organization of this paper is as follows: in Section 2, we introduce a pest
control pollution model with stage-structure for pest and with epidemic in the predator by
introducing a constant periodic pesticide input and releasing susceptible predators together.
In Section 3, we will introduce some definitions and lemmas which will be used in the paper.
In Section 4, sufficient conditions are obtained for the global attractiveness of pest-extinction
periodic solution. In Section 5, sufficient conditions are obtained for the permanence of the
system. We give a brief conclusion of our results in the last section.

2. Model Formulation

In this paper, we suppose that pesticides hardly have influence on the susceptible predators,
and the susceptible predators only feed on mature pests. Now we consider the following
impulsive differential equation:

X1 (1) = axa(t) — dixi () — ae™ 1T xa (E—T) — rico(f)xa (f)
Xo(t) = ae™MTx(t = T) — fx3(t) — frxa(t)S(E) — raco (B)xa(t)
ﬁlch(t)S(t) _ ﬂ25(t)1(t)

T 0 P e
It = Tk dsI(t) — raco(t)I(t) 2.1)
Co(t) = kee(t) — geo(t) — mey(t)
Ce(t) = —hce(t),
a(t') =x(h), 0t =x), SE)=SH+p o N

I(t") = I(£),co (") = co(t), ce(t7) = ce(t) + 4,

Here x1 = x1(t) and x» = x»(t) represent the density of the immature and mature pest
(the prey) at time t, respectively; S = S(t) and I = I(t) represent the density of susceptible
predator and infective predator at time t, respectively; c.(t) represents the concentration of
pesticide in the environment at time t; ¢, (t) represents the concentration of pesticide in the
organism at time t; we use a special functional response, that is, when the number of the
prey captured is less, the digestive capacity of the predator will increase with the density
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of the prey. Here a is the birth rate of the immature pest; d; is the death rate of the mature
pest; dy and dj are the death rates of the susceptible predator and the infective predator,
respectively; 7 is the mean length of the juvenile period; i represents the capturing rate
of the susceptible predator; h represents digestive time of the susceptible predator; c is the
transformation rate of the susceptible predator; f represents the intraspecific competition
coefficient of mature pest; f,S(t)I(t)/(1 + kI(t)) represents saturation incidence rate; T is
the period of the impulsive effect; p is the releasing amount of the susceptible predator at
t = nT; q is the amount of the pesticides spraying at every impulsive period nT; ri, 7, and r4
represent the decreasing rate of the intrinsic growth rate associated with the uptake of the
pesticide in the organism for the immature pest, mature pest, susceptible predator, and
infective predator, respectively; kc,(t) represents an organism'’s net uptake of toxin from the
environment; gc,(t) and mc,(t) represent the digestion and depuration rates of pesticide in
an organism, respectively; hc,(t) represents the loss of pesticide in the environment due to
natural degradation. All the coefficients are positive constants.
The initial conditions of system (2.1) are

(a1 (8), x2(8), S(), 1(1), cot), ce(t)) € C([-,0], RY),
x1(0)>0, x(0)>0, S0)>0, I(0)>0, ¢o(0)>0, co(0)>0,

(2.2)

where RS = {(x1,x2,5,1,¢0,¢.) : x1 >0, x>0, S>0,1>0, ¢, >0, c, > 0}. To assure the
continuity of the initial values, we assume that x;(0) = J’?T ae’?x,(0)d0. This suggests that if
we know the properties of x,(t), then the properties of x; (t) can be obtained.

Note that the variable x; (t) does not appear in the second, third, forth, fifth, and sixth
equations of system (2.1), hence we only need to consider the subsystem of (2.1) as follows:

X (t) = ae‘dﬂlegt - Tz )—szx)g(t)ﬂ—sﬂ(p;zl((t))S(t) —12Co(H)x2(t)
. 1CX2 t t 2 t t
S = 1[;r g{ﬁ)}ci(;) ETYI0) - 25
L PSIOHIE) ) t#nT, neN,
10 = B2 - el ) - ea(10) s
Co(t) = kee(t) - gco(t) — e, (t)
Ce(t) = —hee(t),

X(t7) = x2(t), S(t7) = S(t) +p, I(t") = I(¢)
Co(tT) = co(t), ce(th) = co(t) + 4,

t=nT, ne N.

The initial conditions for system (2.3) are

(x2(t), (1), 1(8), o (1), ce(t)) € C([-7,01, RS,
x(0)>0, S0)>0, I(0)>0, ¢,(0)>0, ¢c.(0)>0,

(2.4)

where R3 = {(x2, S, I,co, €o) :%2>0, S>0, >0, ¢, >0, c. >0}.
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3. Definitions and Lemmas

Let R, = [0,00],R} = {X = (x2(t),S(t),1(t),co(t),ce(t)) : xp > 0,S > 0,1 > 0,c, >
0,ce > 0}, and N be the set of all nonnegative integers, let f = (fi, f2, f3, fa, f5)T the
map defined by the right of system (2.3). The solution of system (2.3), denoted by X =
(x2(t),,S(t),I(t), co(t), ce(t)) : Ry — R, is continuously differentiable on (nT, (n + 1)T). Let
VR, x RE — R,, then V is said to belong to class V} if;

(1) V is continuous on (nT, (n + 1)T] x R, and for each X(t) € R3, n € N and

lim, ) a1+, ) V(Ey) = V(nT¥, x) exist;

(2) V is locally Lipschitzian in X.

Definition 3.1. Let V € V;, then for (t, X) € (nT, (n + 1)T] x R3, the upper right derivative of
V (t, X) with respect to impulsive differential system (2.3) is defined as

D'V (t,X) = han(}+ sup % [V(t+h X+hf(t, X)) -V(t,X)]. (3.1)

Definition 3.2. System (2.3) is said to be permanent if there are constants m, M >
0 (independent of initial value) and a finite time Tj such that for every positive solution
(x2(t), S(t), I(t), co(t), co(t)) € R} with initial conditions of system (2.3) satisfies m < x,(t) <
M, m<SH) <M m<I(t) <M, m<co(t) <M, m<c(t) <M forall t > T, here Tp may
depend on the initial condition of system (2.3).

Lemma 3.3 (the comparison theorem of impulsive differential equation [14]). Let V € Vj.
Assume that

D*V(t,x) < gt V(tx)), t#nT, (3.2)
V(t, X(t)) < 9a(V(t,x)), t=nT, ’
where ¢ : Ry x R, — R is continuous in (nT,(n + 1)T] x R,, and for each u € Ry, n €
N, limy o) @1+, w) §(t,v) = g(T™, u) exists and is finite; ¢, : R, — R, is nondecreasing.

Let r(t) be the maximal solution of the scalar impulsive differential equation defined on
[0, +o0), then

() = g(t,u(t), t#nT,

u(t’) = pa(u(t)), t=nT, (3.3)
u(0%) = up.
So V (0%, Xo) < ug implies that
V(i X(t) <r(t), t=0, (3.4)

where X (t) is any solution of system (2.3).
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Lemma 3.4 (see [15]). Consider the following equation:
dx

i ax(t—T1) —bx(t), (3.5)

where a,b, T >0, x(t) > 0 for t € [-7,0], one has

(i) ifa < b, then lim;_, o, x(t) =0,

(ii) if a > b, then lim;_, o, x(t) = +oco.

Remark 3.5 (see [16]). ¢, (t), c.(t) are the concentration of toxicant. To assure 0 < ¢, (t) <1, 0 <
ce(t) <1, itis necessary that g < k < g +m.

Remark 3.6 (see [16]). From the point of the biological meaning, we assume that k < h.

Lemma 3.7. Consider the following subsystem of system (2.3)

Co(t) = kee(t) — gco(t) — mco(t)
Ce(t) = —hce(t),

co(th) = co(t)
ce(t™) =ce(t) +q,

t#nT, ne N,
(3.6)
t=nT, ne N.

Then, system (3.6) has a unique positive T-periodic solution (c}(t),c}(t)) and for each solution
(co(t), ce(t)) of system (3.6), co(t) — ci(t) and c.(t) — ci(t) ast — +oo. Where

kq (e—(g+m)(t—nT) _ e—h(t—nT))

*(£) = * (0 —(g+m)(t-nT) ,
CO( ) Co( )e + (h—g—m)(l—e_hT>

qe—h(t—nT)
1-eT’

kq(e—(g+m)T _ e—hT)
(=g -m) (1o M) (1 - )’

|
“O =1

ci(t) =
(3.7)

c,(0) =

forte (nT,(n+1)T]and n € N.

Lemma 3.8. There exists a constant M > 0 such that x1(t) < M, xp(t) < M, S(t) < M, I(t) <
M, co(t) < M, c.(t) < M for each solution X(t) = (x1(t), x2(t), S(t), I(t), co(t), cc(t)) of system
(2.1) with all t large enough.
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Proof. Define V (t) = c(x1 +x2) + S+ 1+ ¢, + c.. Choose 0 < I < min{d,,d,,d3, g +m, h—k}, we
have V € Vy and

D*V(t) + IV(t) < —cf22 +c(l+a)xs + (1 - dy)S + (I - da) ]
+(l-g-m) co+(I+k—-h)co+c(l—di)x1, t#nT, neN,

2 (3.8)
<—cfx;+c(l+a)x,,
V(nT*)=V(nT)+p+q, t=nT, neN.
Hence there exists a positive constant K such that
D*'V(t)<K-1V(t), t#nT, neN,
() < t), t# (39)

V(nT*)=V(nT)+p+q, t=nT, n€eN,

by Lemma 3.3, for t > 0, we have

K
e +T’ te (nT,(n+1)T], n€ N.
(3.10)

1- —nlT\ ,—-1(t-nT)
E)efzu (p+q)(1-e"")e

V() < <V<0*>— :

Then lim;_, .V (t) < (K/1) + (p + 9)e'T / (e'T - 1).

So V(t) is uniformly ultimately bounded. By the definition of V(t), there exists a
constant M > 0 such that x1(t) < M, xo(t) <M, S(t) <M, I(t) <M, c,(t) <M, c.(t) <M
for t large enough. The proof is complete. O

4. The Global Attractivity of Periodic Solution

In this section, the sufficient conditions are obtained for the global attractivity of the pest-
extinction periodic solution.

We first demonstrate the expression of the pest-extinction solution of system (2.3),
in which the pest individual and infective predator individual are entirely absent from the
model, that is, x,(f) = 0,1(t) =0 forall t > 0.

When x,(t) = 0 and I(t) = 0, S(t) satisfies the following system:

$(t) = -d»S, t#nT, W)
S(t) =St +p, t=nT,

5(0%) = Sp. Clearly, we can obtain the unique positive periodic solution with the form

p o2 (t-nT)

S (t)=_1_e_d2T 7

te (T, (n+1)T], ne N. (4.2)

Therefore, S(t) = (S(0*) — p/1 — e )e™®t + S*(t), t € (nT,(n+ 1)T], n € N is the
solution of system (4.1) with initial value Sy.
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Denote m= e—(ﬁz/kerz)T/ (1 _e—(ﬂz/k+d2)T)’ M = k(e—(ngm)T _e—hT)e—(ngm)T/ (h _g_m) (1 _
e—(g+m)T)(1 _ e—hT)'

Theorem 4.1. Let X(t) = (x2(t), S(t), L(t)co(t), co(t)) be any solution of system (2.3) with positive
initial values, if

—dl’l' —dzT
L < 1, ,BZL < 1, (43)
Prmp + roqm> ds(1 - e~T)
then (0, S*(t),0, c;(t), ci(t)) is globally attractive.
Proof. From system (2.3), we have
X 73 )
St)y>—-(dy+=—)S, t#nT,
02 -(d+B2)s, ten ws
St)y=S{t)+p, t=nT.
Consider the following comparison system
u(t) = —<d2 + %)u, t#nT,
u(t) =u(t) +p, t=nT, (45)
u(0") = S(0%).
Obviously, system (4.5) has a positive periodic solution
(~d2~p2/K) (t-nT)
w( =2 te (nT,(n+1)T], (4.6)

1 = el-da~po/K)T *

which is globally asymptotically stable. By Lemma 3.3, we conclude that for an arbitrary
positive constant €1 small enough, there exists an N; € Z such that

S(t) > Z(t) > Z*(t) —e1, te€ (N1T,(N1+1DT]. (4.7)
From which, we get

pe(—dz—ﬂz/k)T
S(t) > - €1, te(NiT, (N +1)T]. (4.8)

—edpa/RT
That is,

S(t) > pmn — €1, te (NlT, (N1 + 1)T] (4.9)
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By Lemma 3.7, we conclude that for a sufficiently small &, > 0, there exists an N, € Z such
that

Co(t) > Cg(t) — &, te (NzT, (Nz + 1)T]. (4.10)
that is,

cot) >qm—¢e, te(NT,(N2+1)T]. (4.11)
Let T = max{N;T, N,T}, from the first equation of systems (2.3), (4.9), and (4.11). We have
%o (t) < ae” Ty (t - T) — fx%(t) —Bix2(t) (prn —€1) —xa(H) (g2 — €2),  t> T+1. (412)
Now consider the following comparison equation:
P(t) = ae ™™ P(t — 7) - fP*(t) - [B1(pm1 — 1) + 12(q12 — £2) ] P(2). (4.13)

Since the first condition of the theorem holds, we can choose the above ¢, £, small enough
such that

ae™ T < p (pm —&1) + (g — &2). (4.14)

By (4.14) and Lemma 3.4, we have lim;_, ., P(t) = 0.
By Lemma 3.3, we get

lim x,(#) < lim P(t) = 0. (4.15)

Incorporating the positivity of x;(t), we get lim;_, o, x(f) = 0.

Then for a sufficiently small &5 € (0, d») and ¢ large enough, we have 0 < x»(t) < €3/¢cp1,
without loss of generality, we may assume 0 < x»(t) < €3/cf1 ast > 0.

From the second equation of system (2.3), we have

S(t) < (e3—-da)S, t#nT, (4.16)
Sty=S{t)+p, t=nT.

Consider the following system:

G(t) = (63— d2)G(t), t#nT,
G{t")=G({t)+p, t=nT, (4.17)
G(0") = S(0").
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Obviously, system (4.17) has a positive periodic solution

Pe(7d2+€3> (t*TLT)

G (t) = nT <t < (n+1)T, (4.18)

1- e(—d2+€3)T ’

which is globally asymptotically stable. Thus, for a sufficiently small £, > 0, when ¢ is large
enough, we have

S(t) < G(t) < V*(t) + es. (4.19)

By the second condition of the theorem, when t is large enough, we have
*dzT
pe
p2 <1—e—dzT + €4> - d3 < 0. (420)

By (4.19), when t is large enough,

-d, T

S(b) < 1p e (4.21)

P

Combining the third equation of system (2.3) with (4.21), we obtain

—d, T
i) < I:ﬂ2<1p_ee—_dﬂ + g4> - d3:|I(t) : (4.22)

By (4.20) and I > 0, we have I(t) — Oast — oo.
Further, since I(t) — 0, for an arbitrary positive constant €5 small enough, we have
I < &5 as t is large enough. Then

S(t) > —(dy + pres)S,  t#nT, (4.23)
S(t) =S +p, t=nT.

Consider the following system:

U(t) = —(dz +ﬁ255)ll, t#i’lT,
U@y =U(t) +p, t=nT, (4.24)
U(0*) = S(0*).

So system (4.24) has a positive periodic solution

pe*(derﬁzEs)(f*nT)
u(t) = —1 T nT <t< (n+1)T, (4.25)
—e
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which is globally asymptotically stable. Therefore, for an arbitrary positive constant £ small
enough, when t is large enough, we have

S(t) > U(t) > U*(t) - e (4.26)

Combining (4.26) with (4.19), we obtain U*(t) — g6 < S(t) < G*(t) + &4, since &, €5, €6 are all
sufficient small constants, we know

tli_)I?OS(t) = S5*(t). (4.27)

By Lemma 3.7, we get
limeo (£) = c5(t), Jim c. (£) = c; (). (4.28)
The proof is complete. O

Remark 4.2. Obviously, we know that the global attractiveness of pest-eradication periodic
solution (0,0, S*(¢),0, ¢} (), c;(t)) of system (2.2) is equivalent to the global attractiveness of
mature pest-eradication periodic solution (0, S*(¢), 0, ¢ (), c;(t)) of system (2.3).

5. Permanence

Theorem 5.1. System (2.3) is permanent provided that

dir ﬁlPe_dZT ) kq (ef(ngm)T _ eth)

—dzT
ae - >0 pape

1—e @l (h-g-m)(1-ehT)(1-e&mT) =~ (1-e®T)ds

>1. (5.1)

Proof. By Lemma 3.8, we know that there exists an M > 0, and M > (ae™7)/ f such that
x(8) <M, S(t) <M, I(t) <M, co(t) < M, c.(t) < M for all t > 0, we will prove the theorem
through the following five steps.

Step 1. From (4.9), we know that there exists an my = p#1 — €1 such that S(t) > m, for t large
enough.

Step 2. From (4.11), we know that there exists an m3 = g7, — €5 such that cy(t) > m;3 for t large
enough.

Step 3. From Lemma 3.7, for an arbitrary positive constant &y small enough, when ¢ is large
-hT -hT A
enough, c.(t) >gqe ~ /(1-e ) —€y = my.

Step 4. We will prove that there exists an m; > 0 such that x(t) > m, for t large enough, we
will do it in the following two steps.
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(i) By the condition of the theorem, we can select positive constants ¢; and ms small
enough such that

—le
ae
ms < , 6= ﬂlcm5 < dg,
d pipet-2+OT 52)
ae T = fms = T i ~ Pre7 o - e > 0.

Now we will prove that x, () < m5 cannot hold for all t > 0, otherwise,
S(t) < (=dp + 6)S. (5.3)

Let

R(t) = (~=dy + 6)R,  t#nT,
R(t*) =R(t)+p, t=nT, (5.4)
R(0%) = S(0%).

By Lemma 3.3, S(t) < R(t) and R(t) — R*(t), t — oo, where R*(t) = pe-#+0){t=nT) /(1
eC@+0T) "t € (nT, (n + 1)T]. So there exists a T; > 0 such that

S(t) <R(t) < R'(t) + &7, (5.5)
for t > T7. From Lemma 3.7, we know that when ¢ is large enough,

kq(e—(g+m)T _ e—hT)

¢ * 0 —(g+m)T
co(t) <c;(0)e +(h—g—m)(1—e‘h7)+

a=n+e, (5.6)

for a sufficiently small &, > 0, then

p(-d2+6)T

Ko (t) > ae T xy(t-T) — [fm5 + b <1_eT+6>T + 67> +12(1 + 82)] x(t),  (57)

by Lemma 3.4, x,(t) — oo, ast — oo. This is a contradiction to the boundedness of x,(t). So
there exists a t; > 0 such that x; (1) > ms.

(ii) If xo(t) > ms for all t > t1, our aim is obtained. Otherwise, we consider that x;(t) is
oscillating about ms.

Let f, = infysy, {x2(t) < ms}, then xp(f) > ms for t € [t1, 1), since x,(t) is continuous,
x2(t2) = ms; and because xy(t) is oscillating about ms, we know that there exists a t; =
infesp, {x2(t) > ms}, then x2(t) < ms for t € [fp,t3), from the continuity of x;(t), we get
x;(t3) = ms; and continue we can obtain the time sequence t; <ty <f3 < -+ <o <toge1 <--+,
which satisfies
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(a) wheni=2,3,4,..., x2(t;)) = ms,
(b) when t € (t2k1 t2k+1)l k= 112/ vy xZ(ti) < ms,

(c) when t € (toxs1,taks2), k =1,2,..., x2(t;) > ms.

We claim that there exists a Tp = sup{to+1 — tok, K € N}, otherwise, there exists a
subsequence {T; | T; = tok;+1 — tok;, ] € N} such that lim; . ,, T; = +oo; obviously, (5.7) holds
whent € (t2k]»/t2kj+1)-

By Lemma 3.4, we get lim; _, xz(tzk].H) = +oo; this is a contradiction to xz(tijH) = ms.

By the boundedness of the system, we have

S{t)<M, co(t) <M, (5.8)

for t > t;. It is clear that

% (t) = —(fms + prM + r,M)xy(t), x2(tok) = ms, (5.9)
for t € (tox, toks1), k = 1,2,... Let my = mze”SmstPiM+nM)To then we have x,(t) > m; for all
t>t.

Step 5. We will prove that there exists an mg > 0 such that I(t) > m; for t large enough, we
will do it in the following two steps.
(i) From the condition of the theorem, let 117 > 0 and €5 > 0 be small enough such that

~(pomz+d2)T
ﬂ2 < pe £g> - d3 - T4M > 0. (5.10)

1+ kmy \ 1 — e~ (Bamz+d2)T -

We will prove I(t) < my cannot hold for all ¢ > 0. Otherwise, we have

S(t) > —(fomy + dp)S(b). (5.11)
Consider the following system:

Qt) =—(da + pom7)Q, t#nT,
Q) =Qt)+p, t=nT, (5.12)
Q(07) = S(0).

By Lemma 3.3, we have S(t) > Q(t) and Q(t) — Q*(t), ast — oo, where Q*(t) =
pe—(dz+ﬂ2m7)(f—"T)/(1 — e (o) Tyt € (0T, (n+ 1)T].

So there exists a T, > 0, when t > T,S(t) > Q(t) > Q*(t) — €s.

Hence,

~(famz+dy)
i) > [ P <1pe TT —58> —ds - mM]I(t), (5.13)

1+ km; — e~ (P2mz+dz)
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from (5.10), we get I(t) — oo, ast — oo, this is a contradiction to the boundedness of I(t).So
there exists a to > 0 such that I (ty) > m;.

(ii) Similar to the method of step (ii) of Step 4, we can find an m¢ = mye~ 4T such that
I(t) > mg for all t > t.

Therefore, m < x1(t), x2(t), S(t),I(t), co(t), cc(t) < M for t large enough, where m =

min{m;, my, m3, my, me}. The proof is complete.

O

6. Conclusion

In this paper, we propose and analyze a pest control model with age structure for pest
and pulse spraying pesticides and pulse releasing infective predators. By Lemma 3.8, we
know that any solution of system (2.1) is bounded for t large enough and get the specific
form of the upper boundedness. From Theorem 4.1, we get the sufficient condition of global
attractiveness of the pest-extinction periodic solution:

—le —dzT
Y _Pope™ <1 (6.1)
prmp + raqr2 ds(1 - e~T)
By Theorem 5.1, we get the sufficient condition for the permanence of the system:
~dT k —(g+m)T) _ ,—hT —-dyT
ae~hT _ Pipe _ 2 q(e € ) >0, Pape >1. (6.2)
1-e®l (h—-g-m)(1-e"T)(1-e +mT) (1-e®T)ds
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