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A class of fourth-order boundary value problems with transmission conditions are investigated. By constructing we prove that these
class of fourth order problems consist of finite number of eigenvalues. Further, we show that the number of eigenvalues depend on
the order of the equation, partition of the domain interval, and the boundary conditions (including the transmission conditions)

given.

1. Introduction

Boundary value problems with finite spectrum have been
studied recently [1-10]. These problems come from Atkinson’s
statement in his book “Discrete and Continuous Boundary
Problems” [1] in 1964. In 2001 Kong et al. [2] constructed, for
each positive integer m, a class of Sturm-Liouville problems
with separated and coupled boundary conditions whose
spectrum consists of exactly m eigenvalues. This is the first
time that the finite spectrum results about the boundary value
problems are proven. Then in 2009, Kong et al. [3] found the
matrix representations of these kinds of S-L problems with
finite spectrum. In 2011 and 2012, Ao et al. generalized the
finite spectrum results and corresponding matrix represen-
tations to S-L problems with transmission conditions [4, 6].
And soon the finite spectrum of fourth-order boundary value
problems and the matrix representations are also given by Ao
etal. [8,9].

In recent years, boundary value problems with trans-
mission conditions or eigenparameter dependent boundary
conditions have been an important research topic for their
applications in physics [11-14]. The asymptotic behaviors of
eigenvalues and eigenfunctions of a class of fourth-order
differential operators with transmission conditions have been
studied in [13]. Following [13] and together with [4, 10], we
will consider fourth-order boundary value problems with

transmission conditions in this paper. We try to show that
these problems also have finite spectrum though the analysis
is more complicated than before. The results also show that
the number of eigenvalues of these kinds of fourth-order
boundary value problems with transmission conditions is
dependent on the order of the equation, partition of the
domain interval, and the boundary conditions (including the
transmission conditions) given. The key to this analysis is still
an iterative construction of the characteristic function.

2. Notation and Preliminaries

We consider the fourth-order boundary value problems
(BVPs) consisting of the equation

(py”)/’ +qy =Awy, on]=(a,c)U(cb),

ce€(a,b), with—-oco<a<b<+o0 w
together with boundary conditions
AY (a) + BY (b) = 0,
y
it @)
Y = " , ABeM,(C),
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and transmission conditions
CY (c-) + DY (c+) =0, (3)

where ¢ is an inner discontinuous point, M,(C) denotes the
set of square matrices of order 4 over the complex numbers
C, and C, D are real valued 4 x 4 matrices satisfying det(C) =
p > 0,det(D) = 0 > 0. Here A is the spectral parameter, and
the coeflicients satisfy the minimal condition

rzll),q,weL(],a:), (4)

where L(J, C) denotes the complex valued functions which
are Lebesgue integrable on J. Condition (4) is minimal in
the sense that it is necessary and sufficient for all initial value
problems of (1) to have unique solutions on J; see [15, 16].

By introducing the quasiderivatives u; = y,u, = y', u; =
' u, = ( py”)/. Then (1) can be written as the following
system representation [17, 18]:

u) = u,, uy = ru, Uy = uy,

, ©)
u, = (Aw-q)u;, on].
Remark 1. Note that condition (4) does not restrict the sign of
any of the coeflicients r, g, w. Also, each of r, g, w is allowed
to be identically zero on subintervals of J. If r is identically
zero on a subinterval I, then there exists a solution y which is
identically zero on I, but one of its quasiderivatives u, = ',

" N .
us; = py ,u, = (py') may be a nonzero constant function
on I.

Definition 2. By a trivial solution of (1) on a subinterval I C |
we mean a solution y which is identically zero on I and whose
quasiderivatives u, = y',u; = py’, u, = (py")’ are also
identically zero on I.

We comment on the self-adjoint expressions of the
fourth-order boundary value problems (1)-(3) briefly. With-
out the transmission condition (3), it is well known [19, 20]
that the self-adjoint BCs of fourth-order problem are the
conditions (2) where the matrices A, B satisfy

rank (A : B) = 4, AE,A" = BE,B" (6)

with E, denoting the symplectic matrix

0 0 0 -1
0010

By = 0-100 @
1 0 00

However, while the transmission condition (3) occurs in the

problem, the self-adjoint conditions are alternatively given by
rank (A:B) =4,  AE,A" = BE,B",

1 .1 . (8)

—-CE,C" = -DE,D

P 0

with E, given as in (7).
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An important class of self-adjoint boundary conditions
is the separated condition. It has the following canonical
representation [19, 20]:

Aiu+A,v=0 atx=a
€
Biu+B,v=0

at x =b,

where u = (ul,uz)T, v = (u3,u4)T, and A,, A,, B,, B, are
2 x 2 matrices such that A,E,A} — A,E,A] = 0, B,E,B, —
B,E,B} = 0, with E, = (97!), and the 2 x 4 matrices A =
(A,:A,),B= (B, :B,) have rank 2.

Lemma 3. Let (4) hold and let ®(x, 1) = [(/)l-j(x, A)] denote
the fundamental matrix of the system (5) determined by the
initial condition ®(a, L) = I. Then a complex number A is an
eigenvalue of the fourth-order problem (1)-(3) if and only if

A(A) =det[A + BD (b,1)] = 0. (10)

Proof. Suppose A(A) = 0. Then [A + BD(b,1)]C = 0 has a
nontrivial vector solution. Solve the initial value problem

0 1 00
1

0 0 -0
Yy = p Y,

0 001

Aw-q 0 0 0 11)
/,
Y = p})’/” on J, Y(a)=C.
("

Then Y (b) = ®(b, L)Y (a) and [A + B®(b,1)]Y (a) = 0.

From this, it follows that the top component of Y, say, y,
is an eigenfunction of the fourth-order problem (1)-(3); this
means that A is an eigenvalue of this problem. Conversely, if
A is an eigenvalue and y is an eigenfunction of A, then

Y = " (12)

satisfies Y(b) = @(b,A)Y(a) and consequently [A +
BO(b, 1)]Y (a) = 0. Since Y(a) = 0 would imply that y is the
trivial solution in contradiction to it being an eigenfunction,
we have that det[A + BO(b, )] = 0. O

Remark 4. In the proof of Lemma 3, the transmission
condition (3) does not affect the proof and only makes the
quasiderivatives as piecewise functions. This will be given
later (see Remark 10).

Next we find a formula for A(A) which highlights its
dependence on A and on the matrices A, B.
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Lemma 5. Let (2) hold and let ®(x, 1) = [gbij(x, A)] denote
the fundamental matrix of the system (5) determined by the
initial condition ®(a, L) = I. Then the characteristic function
A(A) = det[A + BO(b, A)] can be written as

4 4
A(X) = det (A) +det (B) + Y ) ¢

i=1j=1
)

1<i, j,k,I<4, j#1

o)

1<i,jklmn<4, j#1#n

i P (13)
eijklmn¢ij¢kl¢mn’

where ¢, 1 < i,j < 4, dyjg, 1 < 0, ok 1 < 4, j#1, €500
1 <4, j,k,I,m,n < 4, j#1+nare constants which depend only
on the matrices A and B.

Proof. Firstly, for any A = (a;), B = (b;) € M,(C), it is
obvious that

det (A + B) = det (A) + det (B) + P (A, B), (14)

where P(A, B) denotes the sum of the possible products of the
elements belonging to different rows and different columns in
matrices A and B.

Hence we have

A(X) = det [A + BD (b, \)]
15
= det (A) + det (BD (b, 1)) + P (A, BO (b, 1)) =

Since ®(a, A) = I, then det(®(b, 1)) = 1, and P(A, BO(b, L))
can be written in the form

4 4
P(ABD (b,A) = Y Yeibi+ Y

i=1j=1 1<i,j, k<4, j#1

d;j1a$iiP
(16)

+ Z eijklmn¢ij¢kl¢mn’
1<i,jk,Lmn<d, j+1+n

where ¢;, 1 < i,j < 4,dy, 1 < 6,5,k 1 < 4, j#1, €m0
1 <i,j,k,I,mn < 4, j#1+n are constants which depend
only on the matrices A and B.

Then we can conclude that (13) is followed. O

Corollary 6. Consider the problem (1) with separated self-
adjoint BCs (9). Then the characteristic function A(A) of the
problem (1), (9) has the form

A=)

i Pra- a7)
1<i,jk <4, j#1

Proof. Note that the third and fourth row of A and the first
and second row of B in BCs (2) are zero, and hence we have
that det(A) = 0, det(B) = 0, and the third part and the fifth
part in (13) vanish; then the result follows. O

The fourth-order problem (1)-(3), or equivalently (5), (2),
and (3), is said to be degenerate if in (13) either A(A) = 0 for
allA € Cor A(A) #0 for every A € C.

3. Fourth-Order Problems with
Finite Spectrum

In this section we assume that (2) holds and there exists a
partition of the interval ]

a=ay<a <a,<-<a,, <0y, =6

(18)
c=by<b<b<---<b,<b,,,=b,
for some positive integers m and », such that
1
r= ; =0 on (A1),
Dier1 Dok+1
J w(x)dx+0, J w(x)xdx+0,
Dk Dok
Bfe+1
J wx)x*dx+#0, k=0,1,...,m;
Dok
1
r=—=0 on (bby,)
l&iﬂ b2i+1
J w(x)dx+0, J w(x)xdx+0,
b2i+1 2 d .
J w(x)x"dx#0, i=0,1,...,m (19)

i

q=w=0 on (a1, dx)

Dok+2 Wok+2
J r(x)dx+0, J r(x)xdx#0,

Dok+1 Doke+1

Dok+2 2
J r(x)x"dx+0, k=0,1,....,m—1;

Dok+1

g=w=0 on (b2i+1>b2i+2) >

b2i+2 b2i+2
J r(x)dx+0, J r(x)xdx#0,

i+1 h2i+1

b2i+2 2
J r(x)x"dx+0, i=0,1,...,n—1.

i+1

Given (18) and (19), let

e = J e r(x)dx, T = J e r(x) xdx,

Dok+1 Dok+1

. Dok+2 2
e = J r(x) x” dx,

Dok+1

Dke+1
4= | aGds,

Dok

k=0,1,....,m-1;

Dok+1
i = J q (x) x dx,

Dok

k=0,1,...,m;



Djer1 Dok+1
wy = J w (x) dx, Wy = J w (x) xdx,
Dok Dok
Doer1 2
Wy, = J w(x)x"dx, k=0,1,...,m;
Dok
byisz byira
r{:j r(x) dx, ?ZZJ r(x) xdx,
i+1 i+l
’ bzi+2 2
fi:J r(x)x"dx, i=0,1,...,n-1;
i+1
, by ) byiny
q; = L q(x)dx, g = I q(x) x dx,
2i i
’ b2i+1
-] "awxan i-ot.n
by
1
0

F(x, A a) = J:C (Aw - q) (x —t)dt J

J (Aw - gq) dt

1 x—a J r(x—t)dt

.

F(xAa)=[ 0 1 rdt
0 0 “
0 0
Then for 1 < k < 2m + 1 we have
O (@A) = Foy (@) A a_) © (@, A) - (22)
And more simpler, if we let
To = Fy (a;, A, a),
T = By (A1 A o) Faroy (@0 A agey) » (23)
k=12,...,m,
then
O (a;,A) = Fy(a;, A ag) = T,
O (ays1:A) = Ti® (a1, 1), (24)
k=1,2,...,m.
Hence we have the following formula:
O (ay,pA) =T Thy Ty k=0,1,...,m. (25)
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—~

b2i+1
w; J w (x) x dx,

2i i

bzi+1 2
J w(x)x"dx, i=0,1,...,n

(20)

The above mentioned notations are needed later.
Following [2] we determine the structure of the principal

fundamental matrix of system (5) on which our results are
based.

Lemma 7. Let (4), (18), and (19) hold. Let ®(x,A) =
[Gij (x, A)] be the fundamental matrix solution of the system (5)
determined by the initial condition ®(a, A) = I for each A € C

in the interval (a, c). Let

0 0
0 0

) AM-q)(x-t)(t-a)dt 1 x—a

A

J: Aw-q)(t-a)dt 0 1

X — ay
1

B (21
r(x—t)(t—a)dt

I
J

X
r(t—a)dt
3
X — ay
1

k=13,....,2m- 1.

Proof. Observe from (5) that u, is constant on each subinter-
val [ay, ayy ), k = 0,1,...,m, wherer is identically zero, and
thus on each of these subintervals we have that

u, (x) = u, (azk) >

) (x) = uy (ag) + 1y (ay) (X = ay).,
uy (x) = uy (ay) + uy (ay) L (Aw - q) dt

X

vy () | Ow =) (- o)

Dk

us (x) = us (ay) + uy (ay) (x — ay,) (26)

(o) |

Dok

vy () [ (=) (o= 1) (=)

X

(Aw —¢q) (x —t)dt

X

+uy (ay) J sdt.

Dok
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Similarly, because g and w are identically zero, u, is constant
on each subinterval [ay_;,a,), k = 1,2,...,m—1,s0 we have

Uy (x) = uy (a/zk—1))

Uy (x) = ts (age_y) + ty (agy) (x = ayy),

X

uy (x) = uy (ayy) + 13 (A1) J rd

Dok-1

X

+uy (ay,) J- r(t - ay.,)dt,

Dok-1

0

t

5
uy (%) = wy (Ayy) + 1y (Agy) (= Ay y)
X
+ 3 () j r(x-t)dt
Pk-1
X
+uy (A1) j r(x =) (t —ay.,)dt.
Dok-1
(27)
We see that u;(x), i = 1,2,3,4 are piecewise continuous

functions on [a,c¢). Let U(x) = [u;(x), u,(x), uz(x), u4(x)]T
on [a,c) and set U(j)(x,)\) = U(x,/\;ej), where e;, j =
1,2,3,4 are the standard unit vectors; then it is easy to see
that ©(x, 1) = [UPUPUPUW]. This establishes (22). [

Lemma 8. Let (4), (18), and (19) hold. Let ¥(x,A) =
[lllij(x, M)] be the fundamental matrix solution of the system (5)
determined by the initial condition ¥Y(c,A) = I foreach A € C
in the interval (c,b). Let

x—bk 0 0
1

F (v, Ab) = J: (Aw - q) (x — t) dt J;(Aw—q)(x—t)(t—bk)dt 1 x-b |

b

r (\w - q) dt

jb Ow-q)(t-b)dt 0 1

k=0,2,....2n
(28)

1 x-b Jxr(x—t)dt rr(x—t)(t—bk)dt
b,

by

E(xAb)=| 0 1 J
0 0
0 0

Then for 1 < k < 2n+ 1 we have
¥ (bk’ /\) = Fk—l (bk’ A, bkfl) ¥ (bkfl’ /\) :
Similarly, if we let
To = ﬁo (b1, L by)
Tk = sz (b2k+1a A, bzk) sz—l (bzk: A, b2k71) g
k=12,...,n
then
¥ (b, 1) = ﬁo (b, L by) = To’
Y (b pA) = T (b pA), k=1,2,...,n.
Hence we have the following formula:

¥ (byey1oA) = Ti Ty - Ty k=0,1,...,1.

X

b

rdt

1

(29)

(30)

(31)

(32)

kJ:kr(t—bk)dt ,

x—bk
1

k=13,...,2n- 1.

Lemma 9. Let (4), (18), and (19) hold. Let ®(x,A) =
[(/)i]-(x, M)] be the fundamental matrix solution of the system
(5) determined by the initial condition ®(a,A) = I for each
A € Cin the whole interval ] = (a,c)U(c, b), and let ©(x, 1) =
[Oij(x, M), P(x,A) = [l//ij(x, MA)] be given as in Lemmas 7 and
8. Then we have that

OB =Y (b,L)GO(c, M), (33)

where G = (gij)4x4 = -D7'Cand ©(c, 1) = O(c—, ) denotes
the left limit at point c.

Proof. From the transmission conditions (3) we know that
C®D (c—,A) + DD (c+,A) =0, (34)
and thus

®(c+,1) = -D'CD (c—, ). (35)



Let G = —-D7'C, and note that ®(c,\) = O(c— 1) =
®(a2m+1’ A’) = (D(C_s A’)a \{](b) A) = ‘"Il(bzn+1, A’) and \P(C, A) =1,
so we can conclude from Lemmas 7 and 8 that

OB =Y (b, A)GO(c, M), (36)

where (b, 1) = O(b,,,,;, A). ]

Remark 10. This means that the fundamental matrix solution
of the system (5) with interior discontinuous transmission
point determined by the initial condition ®(a, A) = I can be
written as

0 (x,A),
Y (x,1)GO (c—,A),

x € [a,¢)

x € (¢, b] (37)

(D(x,)t):{

from Lemmas 7, 8, and 9.

Note that ¢ = a,,,,,,. The structure of ® given in Lemma 7
yields the following.

Corollary 11. For the fundamental matrix ® we have that

ij i;j:1:2) Ori;j:3,4,

0, (c,A) = RA™! +0,(1), i=34j=12, (38)

m-1 , A . .
01']‘ (C, A) = RIJA + 611 (A) N 1= 1’2, ] = 3’ 4)

where R;; are constants related to 1,7, T k = 0,1,...,m —

L, wy, Wy, Wy, k = 0,1,...,mand the end points a and c, éij(/\)
are functions of A, in which the degrees of A are smaller than
m, m+1, orm—1, respectively. For example, 0,,(c, A) = Rj; A"+
0,,(A), so the degree of A in 0,,(A) is smaller than m.

Note that b = b,,,, . The structure of ¥ given in Lemma 8
yields the following.

Corollary 12. For the fundamental matrix ¥ we have that

I'\n 'y . .o
v (b A) = RoA" + @ (), i,j=1,2, 0ri, j = 3,4,
vy (0 N) = RA™ 49, (1), i=3,4,j=12 (39

v (b, A) = RA + 9, (1), i=1,2,j=34,

where R;j are constants related to TL,?;(,F,’(,]( =0,1,...

1, w,, @, W,k =0,1,...,mand the end points c and b, v;; (1)
are functions of A, in which the degrees of A are smaller than
n,n+1, or n— 1, respectively. For example, y,(b, A) = R} A" +

W¥11(A), so the degree of A in ;(A) is smaller than n.

M —

From Lemmas 7, 8, 9, and Corollaries 11 and 12 we have
the following.
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Corollary 13. For the fundamental matrix ® we have that
i (b, 1) = RyA™™ + 6,5 (1),

i,j=120rij=23,4,

. _ (40)
¢ (0, 1) = RA™™2 4§, (1), i=3,4,j=12,
¢ij (b;A) = Rz’jAmm + ‘Zi]’ ), i=12,j=3,4,
where ﬁ,»j are constants related to ri,, 7, /i, k = 0,1,...,m— 1,
wk,wk,u")k,k = 0,1,...,m, rli’?li’fllc’k = 0,1,....n — 1,

wy, Wy, Wi,k = 0,1,...,n the transmission matrix G, and
the end points a and b. %(/\) are functions of A, in which the
degrees of A are smaller than m +n+ 1, m + n+ 2, orm + n,
respectively. For example, ¢, (b,A) = R A™ ™ + ¢, (M), so
the degree of A in ¢,, (M) is smaller than m + n + 1.

Now we construct regular fourth-order problems with
transmission conditions which have at most 3(m +n+ 1) + 1
eigenvalues for positive m,n € N.

Theorem 14. Let m,n € N, and let (4), (18), and (19) hold.
Then the fourth-order problem (1)-(3) has at most 3(m + n +
1) + 1 eigenvalues.

Proof. Note that A(1) = det[A + BD(b, A)], where ®(b, 1) =
[¢i]-(b, A)]. From Lemma 5 and Corollary 13 we know that
the characteristic function A(A) is a polynomial of A and has
the form of (13). We denote the maximum of degree of A in
$;;(b, \) by d;j, 1 < i, j < 4,and by Corollary 13 the maximum
sz degree of A in the matrix ®(b, 1) can be written as the
following matrix:

m+n+1 m+n+1 m+n m+n
m+n+l1l m+n+l1l m+n m+n
m+n+2 m+n+2 m+n+1 m+n+1
m+n+2 m+n+2 m+n+l m+n+1

(41)

(dy) =

In terms of (13) and (41), we conclude that the maximum
of the degree of A in A(A) is 3(m + n + 1) + 1. Thus from the
fundamental theorem of algebra, A(A) has at most 3(m + n +
1)+1 roots. This implies that the fourth-order problem (1)-(3)
has at most 3(m + n + 1) + 1 eigenvalues. O

If the BCs are separated self-adjoint boundary conditions
given as (9), we can get the following corollary.

Corollary 15. Let m,n € N, and let (2), (18), and (19) hold.
Then the fourth-order problem (1)-(3) with separated self-
adjoint boundary conditions (9) has at most 2(m + n + 2)
eigenvalues.

Proof. From Corollaries 6, 13, and (41) we know that the
maximum of degree of A in characteristic function A(A) is
2(m+n+2); hence, from the fundamental theorem of algebra,
A(A) has at most 2(m +n+2) roots and the result follows. [
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Remark 16. In the end we remark on how the number of
eigenvalues depend on the order of the equation, partition of
the domain interval, and the boundary conditions (includ-
ing the transmission conditions). In fact, the characteristic
function A(A) can be written as A(a, b, A, B,C, D, 1/ p, g, w, A)
to highlight its dependence on these quantities [15]. Here for
fixeda,b, A, B,C, D, 1/p, g, w, A(A) is a polynomial function
of A, hence, any quantity does have influence on the order
of the characteristic polynomial A(A). As the number of
eigenvalus 3(m + n + 1) + 1 for example, it can be written as
(I-1)(m+n+1)+1, where I denotes the order of the equation,
m and n are related with the partition of (a,c) and (c,b),
respectively, and the influences from BCs or transmission
conditions can be seen from Theorem 14 and its corollary or
Lemma 9.
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