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Amine Jerroudi and Mohammed Moussi

ABSTRACT: In this paper we present results concerning the existence, stability and local attractivity for non-
autonomous semilinear boundary Cauchy problems. In our method, we assume certain smoothness properties
on the linear part and the local Lipschitz continuity on the nonlinear perturbation. We apply our abstract
results to population equations.
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1. Introduction

Consider the following non-linear boundary Cauchy problem

iu(t) = Apax(Hu(t), t>s>0,
dt

Lt)u(t) = f(t,u(t), t>s>0, (1.1)
u(s) =z

)

where Anax(t) € £L(D,X), L(t) € L(D,Y), X, Y and D are Banach spaces with D densely and continu-
ously embedded in X and a function f maps from Ry x X to Y. The solution v : [s,00) — X takes the
initial value z € X at time s. The linear boundary Cauchy problem associated with (1.1) is given by

tu(t) = Apax(t)u(t), t>s>0,
L(tu(t)=0, t>s5>0, (1.2)
u(s) =z

This type of equation has recently been considered and studied as a model class with various appli-
cations like population equations, functional differential equations and boundary control problems (see
[3,4,7,8] and the references therein).

A crucial question concerning nonautonomous boundary equations is the existence of solutions. In [4],
the authors proved that the solutions of (1.1) in the case that f(t,z(t)) = f(¢) are given by a variation of
constants formula which, following the same argument as in [10], we extend to a variation of constants
formula solution of (1.1) in the present work.

The variation of constants formula has played a very important role in the study of the regularity
properties and the long time behavior for this type of evolution equations, see [1,5,9], for example.
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2 A. JERROUDI AND M. MoussIi

In the present work, our contribution is concerning with the stability and the local attractivity which
are among the most topics in the qualitative theory of infinite dynamical systems attracting in the last
years a big interest.

Roughly speaking, our goal is establishing existence of mild solution vanishing at infinity. The second
goal is to establish sufficient conditions for guaranteeing the existence of local attractivity. More precisely,
by assuming that the solution of the linear problem (1.2) is exponentially stable and the nonlinear
perturbation f is locally Lipschitzian, we will prove that the solution of (1.1) is locally attractive.

Our plan in this paper is as follows: in section 2, we give some preliminaries concerning definitions
and natural assumptions for well-posedness. Section 3 is devoted to the existence of mild solution in a
variation of constants formula form. In section 4 and section 5, we prove a stability and a local attractivity
results, respectively, of the problem (1.1). The last section is devoted to an application of structured
population equation.

To end this section, we give notations used in this paper. For Banach spaces X,Y, £L(X,Y’) denotes
the space of all linear bounded operators from X to Y. We denote by idx the identity map defined on
X. By C(Ry,X) we denote the space of all continuous functions from Ry into X, Cp(Ry, X) is the
space of all bounded continuous functions from Ry into X, and by Co(R4, X) we denote the space of the
continuous functions on R converging to zero at the infinity.

B(R) :={z € X : ||lz|| < R} is the closed ball centred at zero with radius equal to R .

Let A: D(A) C X — X be a closed linear operator, we denote by

p(A) ={NeR | Xidx — A: D(A) — X is bijective}
the resolvent set of A. For A € p(A), the operator R(\, A) := (Aidx — A)~" is called the resolvent of A.
2. Preliminaries
In this section we recall some definitions and results, and formulate assumptions.

Definition 2.1. A family of bounded linear operators U := (U(t, s))i>secs, J := Ry or R, on a Banach
space X is an evolution family if

1. U(t,")U(r,s) =Ul(t,s) and U(t,t) =idx forallt >r>se J;
2. the mapping {(t,s) € I x J :t > s} > (t,s) = U(t,s) € L(X,X) is strongly continuous.
An evolution family is called exponentially bounded if, in addition,

3. There exist constants M > 1 and w € R such that:
|U(t,s)]] < Me“t=%) ¢ >5>0.
When w < 0 we say that the evolution family is exponentially stable.

Definition 2.2. Let I CR. A family of linear (unbounded) operators (A(t))ier on a Banach space X is
called a stable family if there are constants M > 1, w € R such that (w, +00) C p(A(t)) for allt € I and

m

[T RO At)

=1

<MAN—w)™™

for X\ > w and any finite sequence t1,....;ty, in I such that t1 <ty < -+ <tp,, m=1,2,...

Let X, D and Y be Banach spaces such that D is densely and continuously embedded in X. The
operators Amax(t) € L(D, X), L(t) € £L(D,Y) are supposed to satisfy the following assumptions.

(H1) There are positive constants ¢1, co such that
allzllp < z]] + [[Amax(t)z|| < cal[z|[p

forall z € D and t > 0.



STABILITY AND LOCAL ATTRACTIVITY FOR NON-AUTONOMOUS BOUNDARY CAUCHY PROBLEMS 3

(H2) For each x € D, the mapping ¢t — Apyax(t)x is continuously differentiable.

(H3) The family of operators (A(t));>0, where A(t) := Amax(t)|ker (), 1S stable with stability constants
M and wy.

(H4) The operators L(t) : D — Y, ¢t > 0, are surjective.
(H5) For each x € D the mapping ¢ — L(t)x is continuously differentiable.
(H6) There exist constants v > 0 and w € R such that

A—w

L)zl =

]|

for all x € ker(A — Amax(t)), A > w and ¢ > 0.

In the following lemma, we cite consequences of the above assumptions from [6, Lemma 1.2].
Lemma 2.3. If the conditions (H1)-(H6) are satisfied, then for all X in p(A(t))

1. L(t)ker(A— Amax (t)) @8 an isomorphism from ker(X — Apax(t)) to Y.

A
2. The function t — Ly is continuously differentiable for ally € Y and [[ALx .|| < ﬁ, where
—1
Lt = (L) ker(r=Aman(t)) VA > w.

Under the above assumptions, it was shown in [7] that there exists an evolution family (U (¢, $))i>s>0
generated by (A(t));>s and
|U(t,s)|| < Me*o®=%) vt >s>0. (2.1)

That is U(t, s)x is a solution of the problem (1.2).
3. Existence of mild solution

In this section we are interested in the nonlinear case. More precisely, we discuss the existence of mild
solution for the problem (1.1). We start by giving the following definition.

Definition 3.1. A function u € C([s,+oo[,X) is said to be a mild solution of the problem (1.1) if it
satisfies the integral equation

t

u(t) =U(t, s)z + )\lim U(t,0)\Lxof(o,u(0))do, Yit>s. (3.1)

—+o0 Jg

Remark 3.2. Let x € X and t > s > 0. Define the operator S on the space C([s;+oo[, X) by

(Su)(t) =U(t,s)z+ lim [ U(t,0)ALxof(o,u(o))do. (3.2)

A—+oo Jq

It was shown in [8, Proposition 3.2.2] that Su € C([s;+o00[, X). Therefore, one can see that a continuous
function u is a mild solution of (1.1) if and only if it is a fized point of the operator S.

In the next theorem, we give a result on the existence and uniqueness of mild solution of the problem
(1.1). For that, the nonlinear perturbation f is needed to satisfy f(¢,0) = 0 and the following local
Lipschicity condition:

(C) For every T > 0 and R > 0, there is a constant Cr r such that:
£t w) = fE )| < Crrllu—vl,

for all w and v in B(R) and t € [s, T).
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Theorem 3.3. Under the conditions (H1)-(H6), (C) and for all x € X, there exists a positive constant
Tinax < 400 such that the problem (1.1) has a unique mild solution u on [s, Tymax| with the initial value
u(s) = x. Moreover, if Tiax < +00, then

im  u()] = +oc

t—Tmax

Proof. We follow the same arguments as in the proof of [10, p 185, Therorem 1.4]. Let s > 0 and z € X.
o b where R = 2M(9) ] M(s) = v U0, 5)] and
'YRSCRS,erl -
CR, s+1 the constant provided by (C). Let 7 := s+ 05 4, we will prove that there is a mild solution of
(1.1) on the interval [s, 7] whose length is d; ;.

Let S be the operator as defined in (3.2) on the space C ([s, 7], X). From [8, Proposition 3.2.2],
we have S(C ([s, 7], X)) C C([s, 7], X). Furthermore, S maps the ball B(R;) C C ([s, 7], X) into itself.
Indeed, supposing that u € C' ([s, 7]; X) such that |Ju|| < Rs. Then, for ¢ € [s, 7] we have

[(Sw)@®I < U, s)z]] +AETOO/S 1U(E )AL HI(f (o, ulo)[| do

(s ||w|\+M(8)7/ £ (o, u(0))|| do

<M

< M(s) ||| + M(s)(t = s)YCr, s11 lu]
S M(S) ||{I?H + M(s)és,w'YCRs,erle

< 2M(s) ||

Denoting by d , := min {1

S+

Thus, S (B(Rs)) C B(R,). Moreover, one can show, by induction, that for all v and v in B(R,)

(v M($)Cr 1)
n!

1(S™u — S™)|| < lu—v|, VneN".

Hence, for n sufficiently large, S is a contraction on B(Rs). Thus, by the fixed point theorem, there
exists a unique function u in B(R;) satisfying Su = u. This fixed point is the desired mild solution
on [s,7]. The above procedure can be reproduced in the way that the mild solution u on [s, 7] can be
extended to the interval [s,7 + d] for 6 > 0 depending on |[u(7)|, R, and Cg, r4+1 by u(t) = v(t) on
[T, 7 + d], where v is the solution of the integral equation

t
v(t) =U(t, T)u(r) + )\lim U(t,o)A\Lxof(0,v(0))do, for 7 <t <71 4.
— 400 r

Hence, one can conclude that there exists Tiax > s such that [s; Timax[ is the maximal interval of the
existence of mild solution of (1.1).

Now, supposing that Tyax < 0o and . li%n ||[u(t)]] < co. Then, there is a sequence (t,) and ng € N

— max
such that 1irJrrl tn = Tmax and |lu(t,)|| < C for all n > ng. From the above argument, we can prove
n—-+oo

that, for ¢, near enough to Tiax, the mild solution on [s,t,] can be extended on [ty,t, + ¢] with § > 0,
which contradicts the definition of Tiax.

For the unicity, let 7, R > 0 and let u, v be mild solutions of (1.1) on [s,T]. Supposing that
u(s) € B(R). Then, we have

t
lu@®)] < Meot=*) u(s)|| + MACr,r / 0= |lu(o) | do
t S
< RMewo(t—s) 4 M'YCR,T/ 0= |lu(o)|| do.

Therefore,

t
e oM Ju(t)|| < RMe "% + M'YOCR,T/ e 7 ||lu(o)]| do.
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Using the Gronwall’s lemma we get
|u(t)|| < RMet=9wo+M1Crr) — R,

Now, let u(s),v(s) € B(R) and t € [s,T], we have
t
Ju(t) = o®)l] < M fuls) = o(s)]|+ MaCrrr [ 0= Ju(e) = v(o)| do

By the same argument as above, one can get
[u(t) = o(®)] < Met=@HMCra) flu(s) —o(s)| -

This implies the unicity of the mild solution. t

4. Stability of mild solution

Our aim, in the present section, is to show the stability of mild solutions associated with the problem
(1.1). Let z € X and t > s > 0. Define the operator I" on Cy(R4,Y") by

t

(Tw)(t) =U(t,s)r + lim U(t,o) ALy cu(o)do. (4.1)

A—=+oo J o
We have the following lemma.

Lemma 4.1. Under the assumptions (H1)-(H6) and if (U(t,s))i>s>0 s exponentially stable, then the

M
operator T' maps Co(R,Y") into Co(R4, X) and is J—Lipschitzian.

|wol

Proof. Let x € X and u € Cy(R4,Y), by [8, Proposition 3.2.2] we have I'(C(R4+,Y)) € C(R4+, X).
Moreover, for all t > s > 0 we have

t
[ITu(®)]| < [|U(E, s)z]| +AETOO/ U )| A Lxo |l llu(o)] do-

Since (U(t, s))e>s>0 is exponentially stable, then the first claim can be obtained by (2.1) and by applying
the dominated convergence theorem.
On the other hand, for v and v in Cyp(R4, X) and ¢ > s > 0, we have

[Tu(t) = To@)|

)\EIJPoo/S U(t,0)\Ly o (u(o) —v(o))do
A

M~y t
< % il wo(t—0o) _
< Jlim 5= [ e u(e) — v(o)| do

t
§M7||u—v||oo/ e@o(t=9) o

M~ °
< — llu =

= ool
This ends the proof. O

o "

Remark 4.2. For f € C(R; x X,Y) define the operator Ny on C(Ry,X) by Ny(u) := f(-,u(-)). One
can see that a function u € C(Ry, X) is a mild solution of the problem (1.1) if and only if T o Ny(u) = u.

Theorem 4.3. Let f € C(Ry x X,Y) be a globally Lipschitz function with a Lipschitz constant C' > 0.

Moreover, assume that , 1121 f(t,0) =0, wo <0 and L\LZ[—M > C. Then, under the assumptions (H1)-(HG6),
— o0 ~

every unique mild solution of (1.1) is vanishing at infinity.
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Proof. Let u, be the mild solution of (1.1) with an initial value z € X. By the Lemma 4.1, the operator

M
I is ﬁ—Lipschitzian from Co(R4,Y) to Co(R4,X), and by [2, Theorem 3.6], the operator Ny is
wo

C'—Lipschitzian from Cy(Ry, X) to Cp(R4,Y"). Thus, for all u,v € Co(R4, X) and ¢ > s > 0, we have

[T o Ny(u)(t) = T'o Ny(v)(t)]| < ol

This implies that
[T o Ny(u) =T o Np(v)|lo <llu—vl,

which means that I" o Ny is a contraction from Cy(R4, X) to Co(Ry, X). Therefore, using the Banach
fixed point theorem, we infer that there exists a unique w € Co(Ry, X) such that

(T o Np)(w) = w.

In other word, by the above remark, w is a mild solution of (1.1) with the initial value x. By the unicity
of the mild solution, one can conclude that u, = w and then the proof is achieved. 1

5. Local attractivity of mild solution

The aim of this section is to show an attractivity result of the problem (1.1). For this purpose, we
need the following Lipschitz condition on the nonlinear perturbation:
(HT) There exist constants R > 0 and 0 < a < 1 such that

1£ (¢t a(t) + ) = f(ta(t) +y)| < allz —y], ¥t = 0,Vz,y € B(R).
Where « is a mild solution of (1.1).

Definition 5.1. For an element x € X, we denote by u, the mild solution of the problem (1.1) with
indtial value uy(s) = x € X. A mild solution w of (1.1) is called locally attractive if there exists a number
R > 0 such that for all x in the ball B(u(s), R) C X, we have

lim [us(t) — u(t)] = 0. (5.1)

t—+oo
If the limit in (5.1) exists for all x € X, we say that u is globally attractive.
Let us define the mapping g : Ry x X — Y by

and its corresponding boundary Cauchy problem

Zull) = Amax(Du(t), > 5>0,
L(t)u(t) = g(t,ut)), t>s>0, (5.2)
u(s) ==z

We have the following lemma which is needed below.

Lemma 5.2. The problem (5.2) has a unique mild solution belonging to the space Co(R4., B(R)) provided

|wol
that =2 > q.
a ~ [0

Proof. Let t € Ry and z,y in B(R), from the assumption (HT7), we have

gt o)l < oflz|

= h (5.3)
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and
lg(t @) = g(t,y)ll < allz -yl (54)
We define the operator N, on Co(Ry, B(R)) by

Ny(v)(t) := g(t, v(t)).

Using (5.3), one can see that N, maps Co(R4, B(R)) into itself. Furthermore, using (5.4) we get, for vy

and vy € C()(R+, B(R)),
[[Ng(v1) = Ng(v2)ll < evflor =02l (5.5)

since N4(0) = 0, then one has
INg (@)l < @llvllee: Vv € Co(Ry, B(R)).

Using the Lemma 4.1, we obtain, for all v € Cy(Ry, B(R))

M~
TNyl < 77 INg(v)[
|wol
Mo
< V]
|wol
< R.

This shows that . .
ToN, (CO(R+, B(R))) C Co(Ry, B(R)).

M~

ol Lipschitzian and using (5.5), we conclude that for all v; and ve €
wo

In addition, since I' is

C10 (R-i-a E(R)) )

M~
[T'o Ng(v1) = T'o Ng(v2)|| < Tool [Ng(v1) — Ng (v
Mo
< —— v —wvall
|wol

<lor — vl -
Thus, T o N, is a contraction from Co(Ry, B(R)) to Co(Ry, B(R)). Applying the Banach fixed point

theorem we infer that there exists a unique function u, € Co(Ry, B(R)) such that I' o Ny(uz) = ug.
Then, by Remark 4.2, the proof is achieved. U

We are now ready to state the main result of this section.

Theorem 5.3. Assume that the problem (1.1) has a unique mild solution u, with initial value © € X
and let u be another mild solution of (1.1) associated with the initial value u(s). Under the assumptions
(H1)-(H7) and if the evolution family (U(t,s))i>s>0 is exponentially stable. Then u is locally attractive

. |wo
ded that —— >
proviae a M’y «

Proof. Let a € X and let u, be the mild solution of (1.1) with the initial value u,(s) = a. Supposing
that ||a — u(s)|| < R. We put x := a — u(s) € B(R) and consider the function v(t) := u,(t) — @(t). Then
for all t > s > 0 we have
vu(t) = ua(t) —a(t)
t
=U(t,s)a—Ul(t,s)u(s) + lim U(t,0)A\Ly o f(0,uq(0))do

A—r+4o00 [
t

— lim U(t,o)A\Lx o f(o,u(o))do

. A—+o0 [
=U(t,s)r + lim /U(t,a)/\LA_,,g(a,v(a))da
A—too J ’
— Do N, (w)(0).
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Therefore, v is the unique mild solution of the problem (5.2) with the initial value v(s) = » € B(R).
Thus, from the above lemma, v € Co(Ry, B(R)) and

Jim fua(t) = a()] = lim_[lo(o)]
= 0.
This proves that u is locally attractive and then the theorem is shown. O

6. Application: Non-autonomous dynamical population equation

Consider the following non-autonomous population equation:

%u(t,x) = —%(g(t,x)u(t,x)) —u(t, z)u(t,z), t>s>0, x>0,
g(t,0)u(t,0) = /+OO B(t,z, Pu)u(t,z)dz, t>s>0, (6.1)

0
u(s,z) = ¢(x), = > 0.
Where u(t,z) represents the density of population at time ¢ with size x, the functions g, u and

+oo
represent respectively the growth, the mortality and the fertility rates and Pu := / u(x)dx is the
0

total population.
The problem (6.1) can be reformulated as an abstract boundary Cauchy problem :

where Apax(t) is defined on X := L'(R,) by

(Amax (1) 9)(x) = —a%(g(t, 2)p(x)) — p(t, 2)p(x), for all z € Ry,

with the domain
D :=W'H(Ry),

L(t) : D — Y := R is defined by

The function f is defined on Ry x X by

—+oo

flt,u) = B(t, x, Pu)u(x) dz. (6.2)

0
To get our purpose, we make the following assumptions:

(i) 0 </ < p(t,x) and 0 < pu < p(t,x) + %g(t,x), Ve Ry, ae,z € Ry.
(i) 0 <v<g(t,z), VteR,, zeR,.
(iti) ¢ — plt,.) € CL(Ry, L2(Ry)).
() t— g(t..) € C} Ry, WI=(R.)).

(v)

)

(vi

B(.,xz,.) € C(Ry x X, R), for all z € Ry. Moreover, 5(t,x,y) < 3, for all t,y € R} and a.e. © € Ry

For each T' > 0, there exists a constant Cp such that for all ¢ € [s, T

18(t, . y1) = B, y2)ll < Crlyr — y2l, Vy1,y2 € Ry.
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Lemma 6.1. Under the above assumptions, the hypothesis (H1)-(H6) are fulfilled.

Proof. Verification of (H1): Let ¢ € D, we have

+oo +oo
16, = / () |de + / 16 (2)]de

0
+o0 too | g ) plt ) + 5-g(t @)
< / 16(2)|dz + / ()0 @) + o) de

e plt,2) + ~oglt, )
0

g(t, )
- " lotaids + /jmlgé@ "

(Amax(t)9) (x)

)
e+ gpate.)|
< | 1+sup = | 9l x | Amax (t) 9| x
t>s v
)
’u(t, )+ %g(ta )H
<max | 1+ 31;[: » e, (”(b”x + HAmax( )¢||X)

On the other hand,
+oo
Il + IAmax(D0lx = / 6(0)ds

[ ot ><z>’<>+( ﬁg( >)¢<x>\dm
(”i‘i‘; )+ a0 H) o

supllgt )l [ 16
t>s 0

t>s Oots

< max <1+sup u(t,.>+8%g<t,.>H sup lg(t, >|oo) 16l -

Verification of (H2): Follows immediately from the assumptions (iii) and (iv).

Verification of (H3): It can be shown that the resolvent of A(t) := Amax(t)|ker L(¢) is given by

ROVAW)6 = o [ L oy ar vo e x,
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Then we have, for A > —p and ¢ € X,

+oo
1A, A1)l x =/0 [(R(A, A(1))9) ()| dz

—+oo xT
1 _ [T 2t g0
< / 7D / e 7 HEF | g(r)) drda
o 9tz) Jo

+o0o +o0o x
1 o Abpto) 4o
— [ e [ o 7 e gy
0 T g(tvx)

+oo too x — )+ g(t0)
<[l [ ! R gy
0 T
o0

g(t,2)°

1
_m ; |p(7)| dT

1
= 5 Il

Hence, the family of operators (A(%)):>0 is stable with the constants of stability wg = —p and M = 1.

+oo
0 (x)dx

Verification of (H4): L(t) is linear bounded. Indeed, for ¢ € D we have ¢(0) = —/ 2
0 €T

and

L@l = 1¢(0)g(t,0)]
< sup flg(t; )l 191

ye
For y € R we take ¢(:) =
Verification of (H5): Follows from (iv).
Verification of (H6): For A > p/, let ¢ € ker(A — Apax(t)). We have

AGC) + (g, )0() + it Jo() = 0.

and we get the surjectivity of L(t).

Therefore,

LSl = 6(0)a(t.0)
+oo B
- / ($(2)g(t, z))

da
+oo
; (A + plt, 2) o ()] da
= A+ ) ol

dx

We take w = —p’ and v = 1.

Lemma 6.2. The function [ defined in (6.2) is continuous and locally Lipschitzian.

Proof. Let u € L*(R,). For all z € R,, the mapping (t,u) + B(t,z, Pu)u(z) is continuous and, for all
t,y € Ry, the mapping x + B(t, z, Pu)u(z) takes values in L*(R,). Thus, by application of continuity
of integral theorem we infer that f is continuous. Let T > 0, for u,v € L'(R,) and t € [s,T], we have

+oo
||f(t’ u) - f(t’ ’U)H = ﬁ(t7x7 Pu)u(x) - ﬁ(t’ Z, Pv)v(x)dx

—+oo oo

g/o |ﬁ(t,x,Pu)(u(x)—v(a:))|da:+/0 |(8t,2, Pu) = (t, 2, Pv) ) v(a)| do
< Bllu =l + Crllu = ol o]l -
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Thus, for a given R > 0 and u, v in X such that u,v € B(R) we obtain

[f(t,u) — f(t,0)[| < Crpyp llu— vl
with Cr gr.g = 8 + RCr. This ends the proof. O

We are now ready to state our first application result.

Theorem 6.3. Under the assumptions (i)—(vi), and for every ¢ € L*(Ry) and s > 0, there exists a
constant Tyax < +00 such that the population equation (6.1) has a unique mild solution u on [, Tyax|.

Moreover, if u is bounded, then Tiyax = +00.

Proof. From Lemma 6.1 and Lemma 6.2, the assumptions (H1)-(H6) and (C) are fulfilled. Thus, the
proof is a direct consequence of Theorem 3.3. O

As a second application of the abstract result, we state the following theorem.

Theorem 6.4. Assume that § < m := min{l,u}. If the assumptions (i)-(vi) are satisfied, then for
every p € L'(R4) and s > 0, there is Tyax < +00 such that every mild solution u of (6.1) on [s, Trmax|
is locally attractive. Moreover, if u is bounded then u is locally attractive on [s,+00].

Proof. By Lemma 6.1 and Lemma 6.2, the assumptions (H1)—(H6) and (C) are fulfilled and the problem
(6.1) has a unique mild solution.
By the proof of Lemma 6.1, especially the proof of assumptions (H3) and (H5), we have wyg = —p < 0,
M =1and~y=1.

Let u be the mild solution of (6.1) and let z,y € X. From (vi) we have

£t u(t) +x) = f(t ut) + )l < Blle =yl + Crllz —yllllyll-

Let R > 0 such that ||z]| < R and ||y|| < R. Then,

1f () +2) = ftu@) +9)| < Bz -yl + ROr ||z -yl

<
< (B+RCr) |lz —yll.

Denoting by « := g + RCrp. If we take R > 0 such that R < mc— p
T

Theorem 5.3. O

, then we get the result by applying
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