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1 Introduction
In this paper, we study the following nonlinear multi-point boundary value problem:

-u'(t) =g(t,u(t), 0<t<l,

(1.1)
WO)=0,  w(l)= Y7 (),
where g: [0,1] x (—00, +00) — (—00, +00) is continuous; 0 < 1 < Ba <+ < Bma <l a; >
0(i=1,2...,m-2)with Y7 *a; < 1.

The multi-point boundary value problem is an important part of boundary value prob-
lems for ordinary differential equations, which arise in physics and applied mathematics
(see [1]). In 1992, Gupta considered nonlinear three-point boundary value problems (see
[2]). Since then, many authors have considered the existence of nontrivial solutions for
nonlinear multi-point boundary value problems and obtained many great results. We can
refer to [3—18] and the references therein. For example, in [4], Xu has studied the following
multi-point boundary value problem:

—x'(t)=f(x), te[0,1],

" (1.2)
x(0)=0,  x(1) =" am(ny),

where f : (—00, +00) — (00, +00) is continuous; 0 < 7y <Ny << N2 <l a; >0 (i =
1,2,...,m — 2). In [4], the author gave the result about the characteristic values of the
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relevant linear operator. In addition, the author obtained the existence of multiple positive
solutions and sign-changing solutions for BVP (1.2) by applying Leray—Schauder degree
methods.

In [5], Zhang and Sun studied the following nonlinear multi-point boundary value prob-

lem:

—(Iy)(0) = h@®)f (),  te(0,1), (13)
YO =0,  y1)=Y"ayE),
where (Ly)(¢) = (p@)y'(£)) + qt)y(¢), f : [0,+00) — [0,+00) is continuous; /# : (0,1) —
[0, +00) is continuous, and /% is singular at £ =0and t =1;0< & <& <+ <&y < 1;
a; >0 (i=1,2,...,m—2). The authors proved the existence of the first eigenvalue of the
relevant linear operator, and they considered the existence of positive solutions for BVP
(1.3). The method they used is the fixed point index theory.
In [15], Li considered the following second order three-point boundary value problem:

—y"(t) =f(t,u(t), tel0,1],
y(©0)=0,  y(1)=aym),

(1.4)

where n € (0,1),« € (0,1); f : [0,1] x (00, +00) = (—00, +00) is continuous. The author
also studied the characteristic values of the relevant linear operator about BVP (1.4). By
means of fixed point theorems with lattice structure, the author has obtained the existence
results of negative and sign-changing solution for BVP (1.4) for superlinear case.

Inspired by [3—18], we consider boundary value problem (1.1) in this paper. By the exist-
ing fixed point theorems due to Sang et al. [19], we obtain the existence results of multiple
nontrivial solutions for BVP (1.1) for asymptotically linear case, including two positive so-
lutions, one sign-changing, and two negative solutions. Characteristic value is an impor-
tant index of the linear operator. One of the features of this paper is that we give a lemma
about the characteristic values of the relevant linear operator about BVP (1.1). The other
feature of this paper is that the obtained main theorems are new results for BVP (1.1),
which improve and generalize BVP (1.4).

The rest of the paper is organized as follows. We introduce the definition of e-continuous
operator and the used fixed point theorems due to Sang et al. [19] in Sect. 2. We give the
main lemma about the characteristic values of the relevant linear operator, prove some
auxiliary lemmas that we need, and obtain the main result of the existence of multiple
solutions for BVP (1.1) in Sect. 3. We provide an example to illustrate our main result in
Sect. 4.

2 Preliminaries
In the following, we mainly introduce the e-continuous operator and list the used fixed
point theorems due to Sang et al. [19]. For detailed concepts and properties about the
cone, we can refer to [21-23].

Let E be a Banach space, P be a cone of E. Let A be an operator. If Au = u with u ¢
PU(-P), then u is said to be a sign-changing fixed point of A. The linear operator B is said
to be positive if B(P) C P.
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Definition 2.1 (see [20]) Let A : D — E be an operator, e € P\{6}, and u, € D. If, for any
given € > 0, there exists § > 0 such that

—ce < Au—Aug < ee, forall u e D with ||u—uyl| <6,

then A is said to be e-continuous at u,. If A is e-continuous at every point u € D, then A
is said to be e-continuous on D.

Lemma 2.1 (see [19]) Let E be a Banach space, P be a normal and total cone of E; B :
E — E be a positive linear completely continuous operator and be also e-continuous on E;
F :E — E be a continuous and bounded increasing operator and A = BF. Assume that
(i) there exist x1 € P\{0} and x, € (=P)\{0} such that Ax; < x1,%, < Axy; and there
exists o > 0 such that ae < x1,%, < —ae;
(i) F(6)=0,F is Fréchet differentiable at 0; and A}, has a characteristic value Ao < 1
with a characteristic function ¥ satisfying pie < ¢ < uqe, where 1 >0, g > 0;
(iii) the Fréchet derivative A. at oo exists; Al is increasing; r(AL,) > 1; 1 isnota a
characteristic value of A_,,.
Then A has at least two positive fixed points, one sign-changing solution, fixed point, and

two negative fixed points.

3 Main results
Let E = C[0, 1]. Define the norm | || = maxe[o,1] |#(£)| on E, then E is a Banach space. Let
P ={u € Elu(t) > 0,¢ € [0,1]}. It is obvious that P is a normal and total cone of E (see
[21-23)).

For convenience, we first give the following assumptions to be used in the rest of this
paper.

(H;) The sequence of positive solutions of the equation

m-2
cos/x =) a;cos(Bi/x)

i=1

ISAL <Ay <o <Ay<eee.
(H) g(£,0) = 0 and g(¢, %) is increasing in x uniformly on ¢ € [0, 1].
3) lim, o=~ =n, Vit € |0,1] and n > A;, where A; 1s define 1)
(H3) li €9 _ ) vt € [0,1] and 0 > A1, where A, is defined by (H,)
(Hg) lim,_, o g(;’x) =y,Vte[0,1] and y > A1, y # Ak, where Ax is defined by (H;), k =
2,3,....

(Hs) There exist T >0, w > 0, and C > 0 such that

gt 1) <C g(t,—w)

<C foranyte[0,1],
T —-w

where 0< C < (1 - ZZIZ Q).

Lemma 3.1 (see [5]) For y(t) € E, the following boundary value problem

u'@t)+y(t) =0, tel0,1],

e 3.1)
u'(0) =0, u(l) = 37" o),
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has a unique solution

1
u(t) = / G(t,s)y(s)ds, 0<t<1,
0

where

-2 m-2
G(t,s) = k(t,s) + E(t,s) +(1-s) (Z a;

i i=1

3

m—-2 -1
(1—204,-) , t,se[0,1]. (3.2)

Ss~—

I
—

1-s5, 0 <t<s< 1,
k(t,s) = (3.3)
1-t, 0<s<t<],
—Ol,‘(l - ZZIZ ai)_l(ﬁi - S)r 0 <s= lsi! te [0! 1]1
O’ IBiSSSLte[O’l],

zi(trs):
i=1,2,...,m—2. (3.4)

Define the following operators:

1

(Tu)(t):/0 G(t,s)g(s,u(s)) ds, (3.5)
1

(L)) = / Glt,s)uls) ds, (3.6)
0

(Gu)(£) = g(t u(t)), (3.7)

where T = LG, G(t,s) is defined by (3.2).
Obviously, T : E — E is completely continuous (see [5]).

Lemma 3.2 Assume that (H;) holds. Then the sequence of positive characteristic values of
the linear operator L defined by (3.6) is

AM<Ay< <Ay <---
and the positive characteristic values L, have algebraic multiplicity one.

Proof Let & be a positive characteristic value and u(¢) be a characteristic function corre-

sponding to the characteristic value &. O
From Lemma 3.1, we obtain

u'(t)+Eu(t)=0, 0<t<l.

m=2 (3.8)
WO)=0,  w(l)=) aulp).

i=1

Page 4 of 11
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Then the form of the general solution for the differential equation (3.8) is

u(t) = Cy sin(ty/€) + Cycos(t/E), Vi€ [0,1]. (3.9)
Since #/(0) = 0, we know that C; = 0. Then (3.9) can be reduced to

u(t) = Cycos(t/€), Vte[0,1].

From u(1) = Y7"7* ou(B;), we have

m—2
cos /& = ZOH cos(Biy/&).
i=1

By (H1), we know that & is one of the values A; < Ay <+ <A, < -+, and the correspond-

ing characteristic function is

Ua(t) = Ceos(ty/an), te[0,1],

where C is a nonzero constant.

By ordinary method, we can know that

dimKer(I — A,L) = 1. (3.10)
We need to prove that

Ker(I - A,L) = Ker(I - A,L)>. (3.11)
It is obvious that we only need to prove that

Ker(I - A,L)? C Ker(I — A,L). (3.12)

Take any u € Ker(I — A,L)%. If (I — A,L)u # 6, then (I — A,L)u is a characteristic function
of the linear operator L corresponding to the characteristic value A,,. So we have

(I = ALY = beos(ty/A,), te[0,1],

where b is a nonzero constant.
Hence we easily obtain that
u’(t) + u(t) = —Aybcos(ty/A,), 0<t<l1.
m-2 (3.13)
W0)=0, u(l)=) au(p).

i=1

Then the form of the general solution for the differential equation (3.13) is

u(t) = C; sin(t\/):,) +Cy cos(t\/)Tn) - Zcos(Zt\/E) cos(t\/ﬂ)
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_ <bsin(itx/ﬂ) + btﬁ) sin(ty/A,),  t€[0,1]. (3.14)

Since '(0) = 0, we know that C; = 0. By (3.14) and cos /%, = Zl"if a; cos(Bin/An), we
have

u(l) = C, cosf— - cos(2\/7) cosf (bsm (2v2) b@) sin\/):,

m-2 m-2
=Cy Y aicos(Biy/An) — Z(l —2sin® /) Y i cos(Biy/An)
i=1 i=1

msin/)j,

b . m—2
b sm2\/ElZ=1:aicos(/3 V) -

sm \/» (3.15)

m=2
=Gy ) aicos(Biv/An) - Zalcoswnﬁ ) -
i=1
and

m=2 m=2 b m-2
i) = Co Yot cos(Bi/hn) = 7 D 0ti 08B/ An) cos(Biv/h)
i=1 i=1 i=1

W_ afisin(s (Biv/2n)

b m—2
2 ; o Sln(zﬂt\/_) sin(;
m—-2 b m—2
=G ;ai cos(Biv/an) = ;ai cos(Biv/An)

iBisin(Biv/ 1) (3.16)

From (3.15), (3.16) and u(1) = 37> a;u(f;), we have

m-2
sin \/)T = Z ;i sin(ﬁi\/k—n). (3.17)
i=1

Applying the Schwarz inequality and (3.17), we have

m-2 2
1—cos®y/A, =sin®+/A, = (Z o;Bi sin(,B,«/)x,,))
=1

m-2
< ( ﬂlz) (Za 51n2(ﬁ, A )
i=1

m-2
[ alz(l—cos ,»\/)T,,)j|

1] Il
N T
T v 3
= [ N}

= =

o s
Ssa— S~——

) (E) o)

Page 6 of 11
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Combining cos v/4, = 371> &; cos(Bin/%n), we have

(Btnsis) (52 (5 (5) (B o)
() (2)[(2)}(2f)

+ Za ajcos(p )cos(ﬂ,\/):,)

m-2 m-2 m-2 m-2
1< cos? iy (z ﬁf) (Za?) . (z ﬁf) (Za? cos2<ﬁim>)
i=1 i=1 i=1

m-2 m-2 2
= Zaf + Z%‘%‘ = (Zal) . (3.18)

Since ZZ;Z a; < 1, we know that (3.18) is a contradiction. So (3.12) holds. By (3.10) and

(3.11), we know that the algebraic multiplicity of characteristic value A, is 1.
Lemma 3.3 The linear operator L is e(t)-continuous on E.

Proof Take ug € E. For any given € > 0, we choose § = (1 — ZZ;Z a;)€, when ||u — ug| <8,

we have

1
|(Lu)(2) - (Luo)(2)| < /0 G(t,9)|u(t) — uo(t)| ds

m-2
Zi:l o
< |lu—up|| 1+W <€,
1=

where e(t) = 1. Hence L is e(t)-continuous on u, € E. By the arbitrariness of uy, L is e(t)-

continuous on E. O

Lemma 3.4 Suppose that (Hy) and (Hs) hold. Then T is Fréchet differentiable at 0 and
T, =

Proof By (Hs), for any given € > 0, there exists § > 0, when 0 < |x| < §, we obtain

L,
‘g( x)—n <e, Vtelo,1].
x

Namely,

|g(t,x) — nx| <elxl, Vte[0,1],0< x| <8.

Page 7 of 11
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So we have
(6, u(®)) = nu(®)] < 1Gu = null < ellull, Vte[0,1],lul <8. (3.19)
By (H,), we have T6 = 6. By (3.19), we have

| Tu — TO — nLu| = |(LG)u — (nL)u|| = | L(Gu - nu) |

< ILN - 1Gu = null < €|lL|| - llull,  Vu| <é.

So we have
| T — TO — nLul|
im ———— =
llufl 0 [lz]]
Namely, T, = nL. O

Lemma 3.5 Suppose that (Hy) holds. Then the Fréchet derivative T, = y L.

Proof By (Ha), for any given € > 0, there exists M > 0, when |x| > M, we have

y|<e, Vtel0,1].

’g(t, x)
X

Namely,
lg(t,%) - yx| <elxl, Vee[0,1]]x] = M.
Let M = max;efo,1],1x <M |g(t %) — yx|. Then

’g(t,x) - yx‘ <M+e€lx), VEel0,1],x € (=00, +00).

So

1T - yLull = | (LG)u - (yL)u| = |L(Gu - yw)| < ILI - |Gu - yul

< (M+ellull) LI, VueE.
Therefore
Tu—vyL
ITu—ylul _

lul—oo  |u

Namely, T/ = yL. .

Theorem 3.1 Suppose that (Hy)—(Hs) hold. Then BVP (1.1) has at least five nontrivial
solutions: two positive solutions, one sign-changing solution, and two negative solutions.

Proof (i) By (Hs), we have

glt,t)<Cr fortel0,1].
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So

1

1
T(t) = / G(t,s)g(s,t)ds < C/ G(t,s)tds < Ct (1
0 0

Similarly, by (Hs), we have

1 1
T(-w) = / G(t,5)g(s,—w) ds > —Cw/ G(t,s)ds
0 0

m—2
_Zl 1 %

Take o = min{Ct, Cw}. Then, by (3.20) and (3.21), we have
ae(t) <t, -w<-—-ae(t),
where e(t) = 1.

From (3.20)—(3.22), condition (i) of Lemma 2.1 is satisfied.

m-2
ZZI % ><r. (3.20)
- i=1 al
(3.21)
(3.22)
0

(ii) By (Hy), we have G(0) = 6. Similar to the proof of Lemma 3.4, G is Fréchet differen-
tiable at 6. By Lemma 3.4, we know that 22 is the characteristic value of T,. Since n > A1,

T, has a characteristic value % 7 <1.Let w(t) be a characteristic function corresponding to

the characteristic value %1 < 1. Namely,

<%T9’1//>(t) =), Vtelo,1].
By (3.2)—(3.4), we have

> il it Otz(l —s)

<G(ts) <1+

(1—) <
-3 1“: 1-37 1“!

So

, 1 azfo —S)'ﬂ(s

Al
1- Zz 1 a;

-lfw(t)s)\l[l 2y

ie.,
ure(t) < ¥ (t) < pae(?),
where

= A Tl f) (1 —S)t/f(S)ds sy = /\1[1

1- Zzl o;

Then condition (ii) of Lemma 2.1 is satisfied.

Yl
21—

Zm 20[

' ,]nwn

> . }nwu,e(t)—

(iii) From Lemma 3.5, T, = yL. So T/ is increasing and k—" is the characteristic value

of T, , where A, is defined by (H;). By (Hy), since r(T,) =

)\ ’

y > A1, and y # A, we have

Page9of 11
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that r(T7,) > 1 and 1 is not a characteristic value of T, . Hence condition (iii) of Lemma 2.1
holds.
From the above proof, Theorem 3.1 holds by Lemma 2.1.

4 Application

The following nonlinear four-point boundary value problem is studied:

-u'()) =g(tu(t)), 0=<t=<l,

(4.1)
u/'(0) =0, u(l) = iu(%) + %u(%).

From simple calculations, 1 & 0.5626, A, &~ 23.3709, A3 ~ 70.0951 are solutions of the
following equation:

1 Jx 1 Jx
COS /% = = COS ~— + — COS —.
4 5 2 3
Let
439
2+ /x-5-%2, tel0,1],x€ (4 +00),
9
x-D+g-& te[0,1],x € (1,4),
9 ¢ 1
= — =, tel0,1],xe (3,1
gtx)=1 & 10112 € (5, 1) (4.2)
x+ (1=t te0,1],xe[-1,4],
5x+1)—t, t€[0,1],x € (-27,-1),
2039
2x+ Jx+ 5= —t, tel0,1],x € (-00,-27].

From (4.2), we know that g is continuous and increasing on x; g(¢,0) = 0.

t,x
imint€E Z 15,
x—0 X

t,x
1imsupg( ):2>A1.
x—>00 X

LetC= é,r =1,w=-27, then

gt ) 9 t . 1
T 64 64 5
glt,w) 13 t 1

= —+ —<-.
w 972 27 5

So, by Theorem 3.1, BVP (4.1) has at least two positive solutions, one sign-changing solu-
tion, and two negative solutions.
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