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Three periodic solutions for a class of higher-dimensional
functional differential equations with impulses

by YONGKUN L1, CHANGZHAO LI and JUAN ZHANG (Kunming)

Abstract. By using the well-known Leggett—Williams multiple fixed point theorem
for cones, some new criteria are established for the existence of three positive periodic
solutions for a class of n-dimensional functional differential equations with impulses of the
form

{ Y (6) = A()y(t) + glt,ye), t#t5,5 €7,
y(th) =y(t;) + Li(y(ty)),

where A(t) = (ai;(t))nxn is a nonsingular matrix with continuous real-valued entries.

1. Introduction. Impulsive delay differential equations may express
several real-world simulation processes which depend on their prehistory and
are subject to short time disturbances. Such processes occur in the theory
of optimal control, population dynamics, biotechnologies, economics, etc. In
recent years, the existence of positive periodic solutions of delay differential
equations with impulsive effects has been an object of active research; we
refer the reader to [4-7, 10-15].

Recently, based on a fixed point theorem in cones, Li et al. ([5]) investi-
gated the periodicity of the following scalar system:

m (1) = ~al)y(t) + gty — (1)), £t €L,
y(t)) = y(t;) + Ly(ty),

where a € C(R,(0,00)), 7 € C(R,R), g € C(R x [0,00),[0,00)), a,T are
w-periodic functions and g is w-periodic with respect to its first argument.
It is well known that system (1.1) includes many mathematical ecological
models (see [2, 6]).

Also, in [2], Jiang et al. employed Krasnosel’skii’s fixed point theorem
for cones to study the existence of positive periodic solutions of the system
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of functional differential equations
(1.2) i(t) = AQ)z(t) + f(t,20),
where A(t) = diag[ai(t),...,an(t)], a; € C(R,R) is w-periodic, f is a func-
tion defined on R x BC(R,R™), and f(t,z;) is w-periodic whenever z is
w-periodic, where BC(R,R") denotes the Banach space of bounded con-
tinuous functions ¢ : R — R™ with the norm ||¢|| = supgeg > [6;(0)]
where ¢ = (¢1,...,¢n)", and w > 0 is a constant. If z € BC(R,R"), then
x; € BO(R,R") for t € R is defined by x:(0) = z(t + 0) for 6 € R.
However, to the best of our knowledge, there are few papers published on
the multiple existence of positive periodic solutions for higher-dimensional
functional differential equations with impulses; moreover, the existing re-
sults on the existence of periodic solutions for system (1.2) with or without
impulses all assume that the coefficient matrix A(¢) is diagonal. Motivated
by the above, in this paper, we are concerned with the following system:

(13) y'(t) = A)yt) + 9t p), t#t5,j €,
y(t)) =y(t;) + Liy(ty)),

where A(t) = (ai;(t))nxn is a nonsingular matrix with continuous real-valued
functions as entries and A(t +7T) = A(t); g = (g1,...,9n)" is a functional
R x BC(R,R™) — R", satisfying g(t + T, y1+7) = g(t,y;) for all t € R, y; €
BC(R,R"), and if y € BC(R,R") then for any t € R, y; € BC(R,R")
is defined by yi(s) = y(t + s) for s € R; y(tj),y(tj_) = y(t;) represent
the right and the left limit of y(t) at t;, j € Z, respectively; and I; =
(I}, 132, .. ,Ijn)T € C(R™,R™), j € Z. We assume that there exists an integer
p > 0suchthatt;, =t;+7T, i1, =1;, j € Z,where 0 < t; <--- <t, <T.

The Leggett—Williams multiple fixed point theorem [3] has proved to be
a successful technique for dealing with the existence of three positive solu-
tions of two, three or multi-point boundary value problems for differential
equations (see [8, 9, 11]). Our main aim is (by using the Leggett—Williams
theorem) to study the existence of at least three positive periodic solutions
of (1.3). In the analysis we use the fundamental solution matrix of

(1.4) y' = A(t)y
and convert system (1.3) into an integral equation. Then we employ the
Leggett—Williams theorem to show the existence of triple positive periodic
solutions of (1.3). Our methods are different from those used in [2, 5, 8, 9].
In this paper, for each = = (z1,...,7,)" € R”, the norm of x is defined
as |x|o = >_;—; |xi|. For matrices A, B, the notation A > B (A < B) means
that each pair of corresponding entries of A and B satisfies the inequality
“>7 (“<”). In particular, A is called a positive matriz if A > 0.
In what follows, we assume that



Functional differential equations with impulses 171

(H1) g(t, %) is a continuous functional of ¢ for each ¢ € BC(R,R™).
(Hz) For any L > 0 and € > 0, there exists 6 > 0 such that [p,¢ €
BORR"), [ < L. 4] < L and [|p — ] < 6] implies that

lg(t, o) — g(t,¢e)lo < e, Wt e[0,T].
To simplify our description, we introduce the following notations:

g% = limsup I® = limsup

)

lyll—ox lyll 7 lyll—c ]l
T P
§= 5b1<rzf<b§) l9(s,u)|o ds, I= 5b1<%f<b; 11 (u)o.

The organization of the rest of this paper is as follows: In Section 2, we
introduce some notations and definitions, and state some preliminary results.
In Section 3, by using the Leggett—Williams multiple fixed point theorem, we
establish the existence of at least three positive periodic solutions of (1.3).

2. Preliminaries. For convenience, we first recall the related definitions
and the fixed point theorem which will be used to prove our main results.

DEFINITION 2.1. Let X be a Banach space and K be a closed, nonempty
subset of X. Then K is a cone if

(i) au+ fv € K for all u,v € K and all o, 5 > 0;

(ii) w,—u € K imply u = 0.

Every cone K C X includes an ordering in X given by x < y if and only
ify—ze K.

Define K, = {z € K : ||z|| < r}. Let o denote a positive continuous
concave functional on K, that is, a : K — [0,00) is continuous and satisfies
aAr+ (1 =Ny) > da(z)+ (1 —Na(y), Ve,ye K,0< <1,

and we set K(a,a,b) ={z € K :a < a(z), ||z| < b}.
The following lemma from [3] is useful for the proof of our main results.
LEMMA 2.1 (Leggett-Williams [3]). Let K be a cone of the real Banach
space X and H : K. — K. be a completely continuous operator, and suppose
that there exist a concave positive functional o with o(z) < ||z|| (z € K) and
numbers a,b,d with 0 < d < a < b < ¢, satisfying the following conditions:
(i) {z € K(a,a,b) : a(z) > a} # 0 and a(Hz) > a if x € K(«, a,b);
(i) ||Hz| < dif x € Kg;
(i) a(Hz) > a for all x € K(a,a,c) with |[Hz|| > b.
Then H has at least three fized points x1, 22, x3 € K. such that
71 € Ky, 13 € {z € K(a,a,c) : a(x) > a}, 23 € K \a(K(a,a,c) U Ky).
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DEFINITION 2.2 ([1, 12]). If the matrix A(t) is T-periodic, then the linear

system ,
y = Aty
is said to be moncritical with respect to T' if it has no periodic solution of

period T except the trivial solution y = 0.

Throughout this paper it is assumed that system (1.4) is noncritical. Let
&(t) be the fundamental solution matrix of (1.4) with ¢(0) = I, where [ is
the n x n identity matrix. Then we have the following results [1, 12].

(i) det®(t) # 0;
(ii) there exists a constant matrix B such that ®(t + T) = &(t)eP7, by
Floquet theory;

(iii) system (1.4) is noncritical if and only if det(I — ®(T)) # 0.

LEMMA 2.2. Let @(t) be the fundamental solution matriz of (1.4) with
&(0) = 1. Then

(2.1) PH)(P(t) =Pt +T)) P — (Pt —T) —d(t) '] =1I.
Proof. We have
()[((t) —D(t+T)) " - (@(t—T)—@(t))‘l]
(@) —d(t+T))2 ()] = [(@(t = T) — &(t))2~ ' ()] "
=([—o(t+T)" (1) = (@(t-T)o ' (t) - I)""
= (I = ®(t)eP 7 (1) — (B(t)e PTo (1) — 1)~
b(t)e PTo  (t)(@(t)e PTo7(t) — 1)~ — (@(t)e PTo7 (t) — 1)~
= (@(t)e P () — D)(@(t)e PTd (1) - 1) =1 m

In order to obtain the existence of periodic solutions of system (1.3), we
make the following preparations.
Define

PCR,R") = {y: R = R" [ yl(1;1,,,) € Cltj tj41), Iy(t;) = y(t;), y(t)),
jeZ,i=1,...,n)

and set
X ={ye PCR,R") : y(t+T) = y(t) for all ¢t}
with the norm defined by [[y|| = sup,cg [y(t)lo = supiepo,r [y(t)]o, Where
ly(t)|o = > i, |yi(t)|. Then X is a Banach space.
The following lemma is fundamental to our discussion:

LEMMA 2.3. A function y is a T-periodic solution of (1.3) if and only
if y is a T-periodic solution of the integral equation
t+T
(22) )= | Gltrgng)dr+ S Gt t)Lly(t),

t JrtjE[tt+T)
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where
(2.3)  G(t,u) = D) (P(u—T) — D)t := (Git)nxn, u€[t,t+T).
Proof. If y is a T-periodic solution of (1.3), then for any ¢ € R, there

exists j € Z such that t; is the first impulsive point after ¢. Let @(t) be a
fundamental solution of system (1.4). Since ®(t)®~1(t) = I, it follows that

0= 2 (@@e (1) = & @@)e (1) + 2(t) & (@71 1)

= (ADPE)P 1) + B(1) S (@7(0) = AW) + (1) (@7 (1)

This implies that

(2.4) L@ (0) =~ (1A,
By (2.4), we have

d d o d
(25) L@ Dw(0) = @) + 20 ()

= —0~ (1) A(t)y(t) + 2T (OAW@)Y() + g(t, o))
=7 (t)g(t, m)-
An integration of (2.5) from ¢ to s for s € [t,t;], j € Z, yields

S

y(s) = B(s) | (&7 (r)g(r, yr)] dr + B(s)D7 (£)y(t),

SO
tj

y(ty) = &(t;) | (@7 (r)g(r,y,)) dr + B(t;))d  (y(1), j €.
t
Again, integrating (2.5) over (t;,t;41], j € Z, we get

y(s) = @(s)8 " (t)y(t]) + | B(s)@~ " (r)g(r,y,) dr

)
= B(s)8 D)y (1) + B(s) | 7 (r)g(r,y,) dr + B(s)D7 ()L (y(t)).



174 Y. K. Li et al.

Repeating the above process for s € [t,t + T'], we obtain

y(s) = ()8 (t)y(t) + B(s) | @ (r)g(r, yr) dr
+ ) ()P () (y(E)-
Jitj€lt,s)
Let s =t + T in the above equality. Then
t+T
y(t+ 1) = ot + ) (t)y(t) + 2t +T) | o7 (r)g(r, ) dr
+ Y B+ TP () (y(E)).
Jit;ELt+T)
It follows from y(t + T') = y(t) that

(I = o(t+ 1)~ (1)y(t)

t+T
=o(t+T) | o7 (r)glry)dr+(t+T) > ) L(y(t;)).
t Jit;Ett+T)

So we get
t+T

y(t):<I—@<t+T>¢-1<t>>—1¢<t+T>[ [ ' (r)g(r.) dr
+ ) 451(%)%@(%))}
it E[L+T)
t+T

= (@ Yt +T) —45_1(t))_1[ | o7 (r)g(r,y,) dr

. qs-l(wj(y(tj))}
it E€[Lt+T)
t+T
— B(t)(e T —f)*[ [ gt u(r)u(r — () dr

FY e L))
JitjE€[tt+T)
t+T
= | o) " - Do (r)g(r,y,) dr
+ Y (e PT D)o () L (y(ty)
JitiE€[tt+T)
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+ Y d)(@(t; —T) - () Ly ().

Jg:tj€lt,t+T)
Consequently, let y be a T-periodic solution of (2.2). If ¢t # ¢;, i € Z, then
by (2.2), we have

t+T

y(t) = 2()| | (@ —T) = o) g(r,y,) dr

+ Y (@t —T) = (1) L(y(E)|-
it E[t4T)
Therefore, by (2.1), we obtain

t+T

Y =P W] | (@ —1) =) g(ry,) dr

+ Y (@t —T) - (1) (y(t))
it €t t+T)
+ ) [(D(t) —2(t+T)) 'g(t + T, yei7)

— (Pt —T)—D(t) "g(t,y)
t+T

= AW@(®)| § (@ —T) - 2() " g(r,y.) dr

+ Y (@t - T) - (ty) T I(y(t))
it E[tA+T)
+OM)[(@(t) —2(t+T))~" — (2(t = T) — &(1) gt ve)
=AQ)y(t) + g(t, ye)-
If t =t;, 1 € Z, then by (2.1) and (2.2), we get
yt) -yt )= > Ot) (Dt —T) - d(t;) " L(y(ty))
jrtselt tH+1)
- > ()@t —T)— (L) (u(ty))
jitjelty ty +T)
D(t:)[(D(ti) — (i +T)) "' = (D(ti—T) — D(t:)) ' 1L;(y(t5))
Ii(y(t5))-

So y is also a T-periodic solution of (1.3). =
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Define, for i,k =1,...,n
Ap:= min ’Gik(t, U)‘ > 0, By := max ’Gik(t, U)‘ >0

0<t<u<T 0<t<u<T
and
0<t<u<T‘ZGZk (t,u ‘ 0, B:= 0<t<u<T ‘ Zle (,u ‘
Let
(2.6) K ={y()= (1) yn()" € X 1 wi(t) > Myill, t € [0, 7],

i=1,...,n},
where A = Ay/By € (0,1) and Ay, By are defined above. Obviously, K is a
cone in X.
Define a mapping H by

t+T
27) (Hyt) = | Gt,r)glry)dr+ > Gt.t)L(y(ty)),
t Jit;Eett+T)

for all y € K, t € R, where G(t,u) is defined by (2.3) and
(Hy)(t) = (H1y)(?),- .., (Hay) (1)),

where
t+T n

(Hy)(t)= | Y Gagr(ryy)dr+ > ZGZ;CI i=1,...,n.
t k=1 jiti€[tt+T) k=1

Now we claim that

(2.8) Git+T,u+T)=G(tu).
In fact,
Gt+T,u+T) =t +T)(P(u) —Db(u+T)) !
= o(t)ePT (d(u) — d(u)ePT) 7!
= &(t)(P(u)e T — D(u)) ™!
=d(t)(P(u—T) —d(u) " = G(t,u).

Hereafter, we always assume that
(Hg) grGir > 0 and IJszk >0, foralli,k=1,...,n, j€Z.

Then we can easily get

n n
g Y Gk >0, IfFY Gy>0, Vk=1,...,n,j€EZ
i=1 i=1
We now give some lemmas concerning K and H defined by (2.6) and
(2.7), respectively.
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LEMMA 2.4. Assume that (H3) holds. Then H : K — K is well defined.

Proof. For any y € K, it is clear that Hy € PC(R,R"). In view of (2.8)
we obtain
42T
(Hy)(t+T)= | &t +T)(@(r—T)—d(r) " g(r,y) dr
t+T
+ > Bt +T)(D(t; —T) — B(t;)) " Li(y(t;))
it €[t+T t4+2T)
t+T
= | ot +T)(P(s) - (s +T)) " g(s + T, yerr) ds
t

+ > B+ TY(D(t) — B(ti +T)) Li(y(t:))
it €[tt+T)
t+T
= | Gt +T,s+T)g(s,ys)ds

+ ) G+ Tti+ T)i(y(t:))
it ti€[t,t4+T)
t+T
= | G9)g(sy)ds+ Y Gtt)Liy(t)) = (Hy)(?).
t it ti€[t,t+T)
That is,
(Hy)(t +T) = (Hy)(t), teR
So Hy € X.
For any y € K and t € [0,T], we have

t+T n
=] | S Gumdrs Y 3 Gull]
t k=1 Gt €[t t+T) k=1
t+T n

S Z |Gikl |lgr| dr + ZZ |Gk Uk

t k=1 7j=1k=1

n

B()(tg Z|gk|dr+22\fk> i=1,...,n.

k=1 Jj=1k=1

So
t+T n

| Hiyl| = st]\HiyrSBo( | Z\gkrdr+zzrfk) i=1...,n,
te(0,T

t k=1 j=1 k=1
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and by (Hs), we get

t+T n n
(Hiy)®) = | > |Ginllgeldr+ > > |Gl 11}
t k=l JitsELt+T) k=1
> Ao § S laldr+ 3030 124)
t k=1 j=1k=1
A t+T n P
0 .
730( VD lonldr + Z |IJ’-“\> > N|Hiyll, i=1,...,n,
t k=1 j=1 k=1

i.e., Hy € K. This completes the proof. =

LEMMA 2.5. Assume that (Hy) and (Hz2) hold. Then H : K — K is
completely continuous.

Proof. We first show that H is continuous. By (Hz), for any L > 0 and
e > 0, there exists a 0 > 0 such that [¢, p € BC(R,R"), ||¢|| < L, ||¢]|| < L,
llo — @]l < &] implies

€
sup |g(s,ds) — g(s 0< —=
5 19(5:65) = 9(s,03)lo < g

And since I; € C(R",R"), we have

g

11 (¢) — Li(p)]o < 3By’ jer.

If 2,y € K with [[z]| < L, [ly[| < L and ||z —y|| <4, then
|(Hz)(t)— (Hy)(t)]o

n t+1T n n
=S| Y Gugraydr+ > Gali (@)
i=1  t k=1 JrtiE[HT) k=1
t+T n n
= U Y Gagrapdr— > > Gk y(ty))
t k=1 Jrti€[+T) k=1
t+T n

IA

S ‘ZG”@ 9k (7, 21) — gr (7, yr)| dr

D YD Sl YA

ity €[t t+T) k=1 i=1

|1} (@ I3 (y(t))|
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T p
< B( {lg(s,2) = gls,u)lods + Y 1L(2) = L))
0 j=1

€
<B|T— — | =
( 2BT 728 > c
for all t € [0, 7). This yields |[Hz — Hy|| < e. Thus H is continuous.

Next, we show that H maps bounded sets in K into relatively compact
sets. We first prove that g maps bounded sets into bounded sets. Indeed,
let ¢ = min{2BT,2Bp}. By (H2) and continuity of I;, for any u > 0, there
exists 6 > 0 such that for z,y € BC(R,R"), the inequalities |z| < L,
Iyl < L, [l — yll <6 imply

sup [g(s,xs) — g(s,ys)|o < 1
0<s<T

and
1Ii(z) — Li(y)lo <1, jeZ.

Choose a positive integer N such that /N < . Let y € BC(R,R") and
define y*(t) = ky(t)/N for k =0,1,...,N. If ||y|| < p then

_ k kE—1 <M
ly* =y = e y(t) 3 —v(t) —— = IIyH <5 <9
Thus,
lg(s,95) — g(s, 5 Mo < 1
and

L") = L) <1, jeZ,
for all s,t; € [0,T]. This yields

N
19(s,y)lo = lg(s, u)lo <D la(s,y5) — (s, 45 Dlo + |g(s,0)lo
k=1
<N +g(s,0)[o =: Q

and

iy ()0 = 1L;(y™ (£))lo <Z!I Li(y* () + 1Z;(0)]o

<N+]Ij( Jo=:R, je€L.
It follows from (2.6) that

n n T p
|Hyl = sup S I(Hy)®)] <> B(§lgel ds+ > 11}1)
te[0,T] ;5 k=1 0 =1

= B(|gloT + p|Ijlo) < B(QT +pR) =
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Finally, for t € R, we have

(526 = A + glt. 00

So

[(Hy)(@)]] < |A®)Hy)®)lo + 19t y)lo < [AIM +Q,

0

4
dt

where [A| = maxi<i<n SUp;ejo,r) 271 i (£)]-

Hence {Hy : y € K, |ly|| < p} is a family of uniformly bounded and
equi-continuous functions on [0,7]. By the theorem of Ascoli-Arzela, the
operator H is completely continuous. =

3. Main result. Our main result is as follows:

THEOREM 3.1. Assume that (H1) and (H2) are satisfied and there exist
a,b >0 with a < b such that

(i) ¢°+1° < 1/B, and g + I < 1/B;
(ii) g+ I > 6b/A for 6b < |jul| < b, t € R.

Then system (1.3) has at least three positive T -periodic solutions.
Proof. By the condition ¢ + I*° < 1/B of (i), we deduce that for
1/B — (g™ + I™)

O<e<
€ 5 ,
there exists a C( such that
T
Vlg(s,ys)lods < (g +2)llyll, ZII < (I*+ )yl
0
where y > Cp.

Let C; = Cy/d, where § = A/B. If y € K and ||y|| > C4, then y > Cy
and we have

n

T n p
(3.1)  |(Hy Vlgr(s,ys)lds + By Y 117 (u(ty))
0

k=1 k=1 j=1

T
Bﬂ\gsys !od8+BZ!I ti)lo
7=1

< B(g + 1% 4 2¢) 1yl

< Blg® + 1%+ (1/B = (9% + I7)]llyll = llyll-
Take Ko, = {y € K : ||y|| < C1}. Then K¢, is a bounded set. Since H is
completely continuous, it maps bounded sets into bounded sets and there
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exists a number Cy such that
[Hyll < C2,  Vy € Kg.

If Cy < (4, we deduce that H : K¢, — K¢, is completely continuous. If
Cy < Cy, then from (3.1), we know that for any y € K¢, \K¢y, ||yl > Ci
and ||Hyl|| < |ly|]| < C2 hold. Thus we see that H : K¢, — K¢, is completely
continuous. Now, take ¢ = max{C7, Cy}; obviously ¢ > b, so H : K. — K,
is completely continuous.

Define a positive continuous concave functional by a(y) = inf,c(o 77 [y(?)]o-
First, we let a = 6b and take y = (a + b)/2. Then y € K(«,a,b),a(y) > a,
and so {y € K(a,a,b)} # 0. By (ii), if y € K(«,a,b), then a(y) > a, and
we have

t+T

a(Hy) = it [(Hy)(D)o > inf {4 | rg<s,ys>|ods+Aj; 1((t;)lo}

>A(g—|—])>A%

Hence condition (i) of Lemma 2.1 holds.
Secondly, by the g + I° < 1/B condition of (i), one can find that for

1/B—(¢°+1°
0<€</ (9" +1°)

2 )
there exists 0 < d < a such that
T
Vlg(s,ys)lods < (¢° +&)llyll, Z 1L (y(t)]o < (I° +&)|lyll,

0
where 0 <y <d. Ifye K;={y: |y § d}, we have

n T n p
(Hy) (Ol < B( D Vlonls w)l ds + > 3 11K (w(t))

k=10 k=1j=1
T P

— B< S l9(s,ys)|o ds + Z |Ij(y(tj))|0>
0 J=1

< B(¢° +1° + 2¢) ||yl
<B("+1°+1/B— (" + 1)yl
= [ly|l < d.

That is, condition (ii) of Lemma 2.1 holds.
Finally, if y € K(«,a,c) with |Hy|| > b, then by (3.1), we have

T
b< |[Hy| < B(g (s, 3lods + 3 L)),
j=1
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which implies that

T p
a(Hy) = inf |(Hy)(@)lo > A( Vot vlods + Z Ti(y(t)lo)
> A% = 0b =a,

which means that condition (iii) of Lemma 2.1 holds.
Therefore, by Lemma 2.1, the operator H has at least three fixed points
1, T2, r3 € K. such that

11 € Ky, w2 €{r€ K(v,a,¢),a(r)>a}, x3€ K\a(K(a,a,c)UKy).
The proof of Theorem 3.1 is complete. m

REMARK 3.1. From the proof of Theorem 3.1, one can easily see that if
condition () is replaced by

(i) if g = I° =0, and g = I = 0,
then the conclusion of Theorem 3.1 remains valid.
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