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1. Introduction

In the present work, we shall investigate the spectra of the Sturm-Liouville equation
Ly := —p(x)y” + q(x)y = Ay, x € J = [-a,0) U (0, ], (1.1)
with the boundary condition

Liy := A(@)y(-a) - &3y (—a)) — (a1y(-a) — a2y'(-a)) = 0, (1.2)
Loy : = AB1y(b) = Boy' (D)) + (Bi1y(b) = By’ (b)) = 0. (1.3)

The spectral parameters not only appear in boundary condition, but also depend on the Herglotzs
function
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Here, p(x) = 2,x € [—a,0) and p(x) = 2,x € (0,b]; g(x) is real valued continuous function in J; p;,
a;, B;, a; and /3 (i = 1,2) are nonzero real numbers. In the Herglotzs function, all parameters satisfy
the followmg conditions: aj, b; > 0,¢; < ¢iy1,dj < dj,i=1,N-1,j=1,M~-1;n,k>0,&€R
and N, M € N,. Let

D =A+é&+ V() = A+ L - . 1.6
p(d) nfgﬂ_ciw) ng;ﬂ_j (1.6)
Then according to the properties of Herglotzs function (see [1]), we know that
N’ 2
1 &
,u(/l)_o-_;/l— vi v(/l) . 5
where o, T € Rand g, €, > 0, fori = 1,N' =1, j=1,M" — 1;¥; < ¥is1, 6; < 6j41. Therefore
r ., 1
y(07) = —A’y, y'(07) = —Ay. (1.7)

p(d) v(A)

In many mathematical and physical models, it is necessary to study the eigenvalue of Sturm-
Liouville problem and its corresponding eigenfunction. When the spectral parameters appear not
only in differential equations, but also in boundary conditions, excellent results have been obtained
(see [2—4]). Binding firstly studied the eigenvalue problem of Sturm-Liouville operator with boundary
conditions dependent on spectral parameters

(@A + by(0) = (ced + di)(py) (0), (=D)(awdi = brer) < 0,k =0, 1.

In addition, similar problems for differential equations with continuous coefficient (p(x) = 1) and
boundary conditions with spectral parameter were investigated in [5-7] and other works.

It is noteworthy that the boundary condition or the coefficient in the equation in the above results are
all continuous. Now, the question is when the coefficient in the equation and the boundary condition
are both discontinuous, could we still obtain the spectral properties of the linear eigenvalue problems?
We know that discontinuous boundary value problems can also be found in many physical problems,
such as, diffraction problem (see [8]), heat and mass transfer problem (see [9]) and vibrating problem
(see [10]). To deal with the discontinuities, some conditions are necessary, such as, point interactions,
impulsive conditions, transmission conditions, jump conditions or interface conditions (see [11-13]).
For example, in [14], the author considered transmission conditions at one point and found asymptotic
formulas of eigenvalues and corresponding eigenfunctions. Moreover, for similar problems, the work
of literature [15] focused on Sturm-Liouville operators with a finite number of transmission conditions
and established the self-adjointness of linear operator in a suitable Hilbert space.

Aspired by the above results, we consider the eigenvalue problems (1.1)—(1.5), where the coefficient
p(x) is discontinuous. In details, we consider the Sturm-Liouville equation in which the first coefficient
may have the discontinuity at one point. Moreover, we allow boundary conditions and transmission
conditions (Nevanlinna-Herglotz functions) to depend on spectral parameters. In Section 2, linear
operator formulation is established, and the problems (1.1)—(1.5) can be interpreted as the eigenvalue
problem of linear operator. The fundamental solutions and characteristic determinant are given in
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Section 3. Based on the operator formulation in the Hilbert space, the resolvent operator and self-

adjointness of linear operator are constructed in the last Section.

Finally, for the sake of reader’s convenience, let us introduce the properties of the Nevanlinna-

Herglotz function as follows.

(1) if A = ¢; (¢; is the pole of u(1)), then transmission condition (1.4) and (1.5) degenerates into

¥(0") = 0 and y'(07)v() = —y(07);
(i1) if u(2) = 0 (A # ¢; is the zero of u(A1)), then A’y = 0;

(i11) if A = d; (d; 1s the pole of v(1)), then transmission condition (1.4) and (1.5) degenerates into

¥'(07) = 0 and y(0")u(2) = y'(0*);
(iv) if v(1) = 0 (A # d; is the zero of v(1)), then Ay = 0.

2. The operator eigenvalue problem

In this section, we define a special inner product in the Hilbert space

H=I1*-a,b)aCaoCaoCV o™

and a linear operator A defined on H. Moreover, the Sturm-Liouville problems (1.1)-(1.5) can be

considered as the operator eigenvalue problem.

Define
) @

’

1=
P CL’2 (0%)

For convenience’s sake, we use the following notations:

= f) =L )T
fi i= @) f(=a) — a5 f'(—a), fo:=Bfb)-B5f (b),
1= aif(—a) — arf'(—a), £ :=Bif(b) — Baof (b).

For n, k > 0, we define a new inner product in H by

0 b
(F,G) :=p’ f f0g(x)dx + p3 fo F(x)g(x)dx
1 1
+—fig1 + — g + (g + (g%
P1 P2

for
F:=(f fi. B, 87, G:= (8,81, 82,8, 8D € H,

where (-, -); denotes Euclidean inner product.
In the Hilbert space H, we consider the operator A which is defined by

/ Lf Lf

fi f1 a1 f(-a) — arf'(-a)
Al = -f? =| =BLf(b) = Bof" (b))

£ |eaf+ylf eN [ + [yilf!

) leAf +[,1F eAf + 6,1

2.1
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with the domain
D(A) = {F =(f, fi, 5. £, )" : f € AC[-a,b], ' € AC[-a,0) U (0,b],Lf € L*(-a,b),
— fO) + oA f—(f',8), =0, f(07)—7Af = (F*,€), = 0},
where [y;] := diag(yi, - - -, ya), [6;] := diag(dy,- - -,0m), € := (&) and € := ().
Lemma 2.1. The domain D(A) is dense in H.
Proof. Let W = (w, f1, f2, ', )" € H, where w € C¥[—a, 0) U (0, b] satisfying

w(=a) = w'(=a) = 0,w(b) = w'(b) =0

and the condition

w(07) = o(t', &) + (1 — ), €)1, w(0h) = (0 — D', &) — o(f, €)1,
w(07) = —t(f', &)y + (r + D, €)1, w(0") = (1 — X, &) + T(f2, €)).

Meanwhile,
Aw = (2, €), — (F', &)1, ANw = (f', &), (£, €),.

Then, it is easy to verify that W € D(A). Next, as long as it is proved that the elements in H can be
approximated by the elements in D(A), the desired result can be obtained.
Since
(Cy'(=a,0) ® C(0,b)) @ {0} & {0} ® {0} @ {0} € D(A)

and

(C(-a,0)® CY(0,b)) D L*(—a, b),

there exists a sequence {m,} € C;(-a,0) ® C;°(0,b) with m, — f —w as n — oo, where M, :=
(m,,0,0,0,0)" € D(A). Therefore, W + M,, — F as n — oo giving that D(A) D> H.

Theorem 2.1. The operator eigenvalue problem AF = AF and the considered Sturm-Liouville prob-
lems (1.1)—(1.5) are equivalent and the eigenfunction is the first components of the corresponding
eigenelements of the operator A. Moreover, for n, k > 0, we have following results:

(i)if A# y; Vi=T,N, then ' = (I - [y:) "6 f1 if A =y, A € {I,N'), then f' = ZL80;

(i) if A # 6;,Vj=1,M, then £ = (Al - [6;])""eAf; if A =y, AT € (1, M"}, then f* = J%’)ef, where
e" is the vector in R" with and except the n-th element is 1, all other elements are 0.
Proof. We just need to show that the eigenelement f of the operator A obeys the boundary conditions
(1.2) and (1.3) and transfer conditions (1.4) and (1.5). It is clear that f satisfies (1.2) and (1.3). The
definition of A implies y;f! + &A’ f = Af! for all i. Meanwhile, the domain of A gives —f(0%) + oA’ f —
(f',&); = 0. Thus, if A # 7, for all i, then

N’ 8.2
f(0+):(0-_2/1_1y.
i=1 !

If A =y, forsome I € {1,---,N'}, then — f(0*)—(f,, &)1 = 0. Thatis, f; = %ﬁ)*)_ Hence, f satisfies
(1.4).

)A’ 7.
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Similarly, if 2 # §; for all j, then f7 = ;,-6./ Af and

2
€

F0) = (T+ i — 5_)Af.
= j

While A = 9, for some j € {1, - -, M’}, the domain condition forces sz = %?7) from which (1.5)
follows.

Theorem 2.2. The linear operator A is symmetric.
Proof. Let F, G € D(A). Then it follows from the problem (1.1) and the relation (2.1) that
(AF,G) = (F,AG) =(fg")(07) = (f'8)(07) + (f'3)(0") — (f§')(0")
+(f@)(-a) - (fg)(-a) + (f8) (D) - (f'8)(D)

1 1
+ p—lflgl - p—2f2§2 +(eN [+ [y, g + (eAf + (6,1, )
1 1
- p—lflg‘ + ;2f2§’2 —(f' &N g + [yl — (P, eAg + 5,17
Moreover, we have
o1 (f'g1 - (&) = (fE)(-a) - @f)(-a),
Py (f*82 — /&) = ~((f8)(b) ~ @f)b)).
Meanwhile, the vector components satisfy
(N f+1yilf', g —(F, eA'g + [yilgh = (A f. g —(F', eAg),
(eAf + 6,1, 8% — (F, eAg + [6,18°)1 = (eAf, g™ — (. eAg),
and the domain condition D(A) implies
(N f. g — (' eNg) = N fI-8(07) + o A'g] — Ng[-f(0") + oA f],
(eAf. g — (', eAg) = Af[Z'(07) — 7AZ] — AZLf'(07) — TAf].
Therefore,
(&N f + [yt g — (t', eA'g + [yilg = A'gf(07) - A f3(07),
(eAf + 16,1, %1 — (. eAg + [6,1g° = Afg'(07) — Agf'(07).
It can be obtained by simple calculation
(f'g - f8)0") - (f'g— f&)07)
=g(0")A'f — f(ON)A'E — g'(0NHAf + f'(07)Ag.
Thus, (AF,G) — (F,AG) = 0 and so A is symmetric.
Corollary 2.1. All eigenvalues of the Sturm-Liouville problems (1.1)—(1.5) are real.

Corollary 2.2. Let A; and A, be two different eigenvalues of the Sturm-Liouville problems (1.1)—(1.5).
Then the corresponding the eigenfunctions u(x) and u,(x) are orthogonal, i.e.,

0 b
1
P%f ul(x)uz(x)dx+p§f Si)fa(x)dx + p_]fl(ul)fl(MZ)
—a 0

1
+p—2f2(bl1)f2(u2) +(F (), g' ()1 + (F(uy), g°(u2))y = 0.
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3. Fundamental solutions and characteristic determinant

Lemma 3.1. ( [5]) All eigenvalues of Sturm-Liouville problems (1.1)—(1.5), not at poles of u(1) or v(2),
are geometrically simple. In the case, Herglotz condition (1.4) and (1.5) can be transformed into

(y(0+)) _ ( 1 V() )(y(()_))
Y09\ 1+ p(v))\y'(07))
Lemma 3.2. ([16]) Let g(x) € C[—a, b], and f(A) and g(A) be given entire functions. Then for VA € C,

the equation
—p(xu” + qg(x)u = Au, x € [—a,b]

has a unique solution u = u(x, A) satisfying the initial conditions

ua) = f(), u'(a) = g(A) (or u(b) = f(), u' (D) = g(1)).
Moreover; for each fixed x € [—a, b], u = u(x, A) is an entire function of A.

Lemma 3.3. Let u_(x, 1), x € [—a,0) be the solution of the Sturm-Liouville problem (1.1) satisfying
conditions
u_(—a) = —a; + A, u' (-a) = —a; + A} (3.1

and v(x, 1), x € (0, b] denote the solution of the Sturm-Liouville problem (1.1) satisfying the conditions

vi(b) = 2 + 4By, V,.(b) = 1 + AB]. (3.2)
Then the Wronskian Wlu_,v.] = u_v, — v,u’ is independent of x.

Proof. Direct computation, we have

2 2

0 0 0
E Wlu_(x, ), vi(x, )] = u_(x, /l)ﬁ\q (x, ) —vi(x, /l)ﬁu_(x, A)

qvs — Avy qu_ — Au_
=—u ——— v, =0.
P

It follows that the Wronskian W[u_(x, A1), v,(x, 4)] is constant on [—a, 0) U (0, o] and by virtue of
Lemma 3.2, it is a function of A.

We know that the problem (1.1) exists two fundamental solutions on whole [—a, 0)U (0, b] satisfying
the boundary conditions (1.2)—(1.5). First, we extend u_(x, 1) and v,(x, 1) by the zero function to
[—a,0) U (0, b], i.e., we define

u_(x,d), x¢€l[-a,0),

u-(%,4) = {o, xe(0.5]

and

(e ) = 0, X € [—a,0),
T v 1), x € (0, b].
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Now by virtue of Lemma 3.1, it’s workable to extend u_(x, 1), x € [-a,0) and v, (x, 1), x € (0, b] by
nontrivial solution u,(x, 1), x € (0, b] and v_(x, 1), x € [—a, 0) satisfying the conditions

(u+(0+)) _( 1 V() )(u_(()‘))
W, (0M)) () 1+ p()v())\u(07)

(V-(O‘)) _ (1 + pu(v(d) —V(/l)) (V+(0+))
v.(07) —H(A) 1 J\W.(07))

Moreover, we define two linearly independent solutions of the problem (1.1) on the whole [—a, 0) U
(0, b] as

and

(3.3)

(X /l) I/l_(.x, /l)a X € [_aa O)a
u\x, =
M+(x, /l)’ X € (Oa b],

(3.4)

V) = v_(x,4), x€[—a,0),
T v, 1), x € (0,b).

It note that u# and v must satisfy boundary conditions (1.2)—(1.5). Let
y(x, ) = p(Du(x, 1) + Y(Dv(x, ). (3.5)

According to (1.4) and (1.5), we have

YO0 - &) + Ay =y(0%) )
i=1

i
/l—C,"

2
a;
A—d;

M
/(O + ) + Ay = ='(0) )
j=1
Moreover, we define

Uiy, ) := =0 = &) + AW TTL (A = ¢) + 30 T, b7 T A — 1) = 0,
(3.6)

Us(y, ) := (Y (O) Ak + ) + Ay TTL, (A = di) =y (0) X, @ [ j(A = di) = 0

and any solution to problem (1.1) on [—a, 0) U (0, b] satisfying the boundary conditions (1.2) and (1.3)
must be of the form (3.5). Let

w() = det Ui(u, 1) UI(V,/D).

Uz(l/t, /l) Uz(v, /l)

Therefore, w(A) will be referred to as the characteristic determinant of (1.1)—(1.5). It is shown in
Theorem 3.1 below that w(A) has the properties expected of the characteristic determinant.

Theorem 3.1. The eigenvalue A of the Sturm-Liouville problems (1.1)—(1.5) consists of the zero of the
characteristic determinant.
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Proof. The relation (3.6) implies
Uiy, 1) = (D)Ur(u, ) + yp(HU(v, D), k=1,2, 3.7

That is, 4 is an eigenvalue of Sturm-Liouville problems (1.1)—(1.5) if and only if U;(y,1) = 0,
U,(y, 1) = 0. Moreover, these two equations exist nontrivial solution ¢(A1) and ¥(A) if and only if
Ul (l/l, /l) Ul (V9 /1) =0
Us(u, ) U,(n, D))~

Therefore, we proved that the eigenvalue of Sturm-Liouville problems (1.1)—(1.5) coincides with
the zero of w(A).

w(d) = det(

Similar to Lemma 3.3, let W[u(x, 1), v(x, )] =: @w(A). In view of Theorem 3.1, we define

v [ u(x, ) (7 2
g(x, ) = s j:a u(t, Hh(t)dt + fo v(t, Dh(t)dt, h € L*(—a,b).

and the Green’s function of the Sturm-Liouville problems (1.1)—(1.5) is given by

weAVed) -y oyt e [—a, 0) U (0, b],

G(x, 1) = {v @ ()
’ (1,Du(x,2)
e x<t, te [—a,O) U (0, b]

Theorem 3.2. Let ,
g(x, ) = f G(x,Hh(t)dt := Th. (3.8)

a

Then g(x, A) is the solution of operator equation (1 — L)g = ph on J. Moreover, g satisfies the
boundary conditions (1.2)—(1.5).

Proof. The relation (3.8) implies

X b
gw(l) =v(x, ) f u(t, Vh(t)dt + u(x, 1) f v(t, Dh(t)dt. 3.9)
Furthermore, we have
0 0 > 0 b
—gw(d) = —v(x, ) f u(t, Hh(t)dt + —u(x, 1) f v(t, Dh(t)dt (3.10)
0x 0x —a 0x .
and
2 2

X 62 b
—v(x, ) f u(t, Vh(t)dt + —u(x, 1) f v(t, Dh(t)dt + ph(x)@
6x2 —a 5x2 X
=(q — Vgw() + phw(A).
Therefore, (1 — L)g = ph holds.
It remains only to show that g satisfies (1.2) and (1.3), (1.4) and (1.5). By (3.9) and (3.10), we
obtain

Pga8@ = (.11)

_u(=a, ) b , _u'(-a, ) b
g(—a) = =) Ia v(t, Dh(t)dt, g'(—a) = o) )

Moreover, we know that u satisfies (1.2). Then, g satisfies (1.2). Similarly, g satisfies (1.3). More-

over,
g0m) 1 (w0 f" 1 (u(Oi)) fb
(g’(0i>)‘ oD (v’(O*)) O 23 \wen) J, oo

Obviously, (1.4) and (1.5) are obeyed.

v(t, Dh(t)dt.
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4. The resolvent operator of A

In this section, we study the resolvent operator in the Hilbert space . We first consider nonhomo-

geneous conditions

—eN' f + (Al = [yDf' = ph',
—€eAf + (Al - [6;,DF = ph?.
Meanwhile, the domain of the operator A implies
—fO) + oA f—(f',8) =0
fO) = 7Af —(f, €)1 =0
If A # vy, for all i, then from (4.1) we have
—fO") + oA f =AU = [y:])"'(ph' + &N f), &)1

By inner product calculation, we get

hl ; ZA/
[0 + oA f = Z(f o ﬂ'_f).

Therefore, by (1.7), we have

—f(0%) + ( 5 —A'f = (ph', (U - [y 'e.

If A = y; for some I € {1,---,N’}, then from (4.1) we have A’ f = — i

h;g'A / Thus, from (4.3) we get

f-l

Z E; Slph 8,ph1

—f(0") - =eif;.

it &l

Similarly, if A # ¢; for all j, then

1
f(07) - @Af = (ph*, (A - [6;]) " €);.

If A =06, forsome J €{l,---, M’}, then
h? ¢; €1l — €;ph;

! OV~ pJ
0)+7— -
f( ) TGJ €y 5J_5j

= €1sz-

=

Therefore, the operator equation

(Al - A)Y = H, H = (ph, phy, phy, ph', ph®)" € [}(-a,b)® CoCaCY o CM

is equivalent to the discontinuous nonhomogeneous BVP

—p(x)y” + q(x)y = Ay(x) — ph(x), x € J,

together with inhomogeneous boundary condition

B Foriell,--
g

4.1)
(4.2)

4.3)
4.4)

SN,
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A y(=a) — a3y (-a)) - (@1y(=a) — @2y’ (=a)) = phi,
ABy(b) = By (b)) + (Bry(b) — B2y’ (b)) = phy

and transmission conditions (the case of A # y; and A # 6)

Y(O0Hu) — Ay = (ph', (A - [y &),
Y (0 W) = Ay = (ph*, (Al = [6,])"e).

We consider the resolvent set p(A) = {1 € C|(A] — A)~' € D(A)}. Then, we need to show (1] — A)~!
is the resolvent operator, just prove (1 — A)™' € D(A).

Theorem 4.1. Let A not be an eigenvalue of operator A. Then

Th
(Tah)
(AU -A)'H = (T1h), =
(A = [y:))'eAN' T h
(A =[5, " eN'T h

Q
=

Proof. Obviously, the resolvent operator (11 — A)~! exists. It remains only to show Gh € D(A). The
definition of T,h and Theorem 3.2 imply that g € AC[-a,b], g’ € AC[—-a,0) U (0, b] and obeys the
boundary conditions (1.2) and (1.3). Moreover, the equalities

Voo
8(07) = (T)(0) = [or = " 2

i=1 !

)A’(Tah) —oNg— (g e, 1%V

and
2

M’ €2
O = T O) =1+ )] = JATh) = g~ (&, n A#5,
= J

hold. Meanwhile, the properties of the Nevanlinna-Herglotz function imply that if 4 = vy, for some
I'€{l,---,N'}, then (A'T)h) = O and g' = 2!, Therefore,

g(0+) = _<g1’8>1 = O-A,g - <g1,8>1-

Similarly, we have
g,(o_) = <g2$ €>1 = TAg + <g1’ 6)1'
Thus, Gh € D(A) and the desired result holds.

Theorem 4.2. Let R(1,A) = (A1 — A)~'. Then
IR(A, AH|| < ImA|"'|H|l, HeH

holds, where ¥ A € C satisfies ImA # 0.
Proof. For Y H = (ph, phy, ph,, phs, phy)T € H and Y = R(1,A)H. Since (1l — A)Y = H, we have

(AYY) =AY - H,Y) = XY, Y) = (H.Y)
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and
(YLAY) =(Y,AY — H) = XY, Y) —(H,Y),

which imply [ImA|||Y||* = |Im(H, Y)|. On the other side, in view of Cauchy-Schwartz inequality, we get
IIm(H, V)| < |(H, Y)| < [|H[[|IY]].
Therefore, the inequality
IR(A, A)H|| = |IY]| < TmA| ™' ||H|l, H e H
holds.

Theorem 4.3. In Hilbert space H, the operator A is self-adjoint.

Proof. Obviously, A is a dense symmetric operator. To show that A is self-adjoint, it remains only to
verify that D(A*) = D(A). Let H € D(A”). Then

(AH,G) = (H, A*G) for all G € D(A). (4.5)

It follows from (4.5) that
(il - A)G,H) = (G, (—il - A")H). (4.6)

Note that A = —i is a regular point. Then, we have
(il —A)Y =—-iH—-A"H, Y € D(A). 4.7)
Substituting (4.7) in (4.6), we have
(il — A)G,H) =il - A)G,Y). (4.8)

Similarly, from A = i is a regular point, let G = R(i, A)(H — Y). Then by (4.8), we have H = Y and
thus H € D(A).
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