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ABSTRACT. In this study, firstly, the basic properties of the spectrum of the investigated problem were learned,
sine and cosine type solutions were defined, their behaviors were examined and the properties of the solution of the
given problem were learned with their help. Next, the characteristic equation of the studied problem was formed
with the help of sine and cosine type solutions. Using the characteristic equation, the asymptotic behavior of the
eigenvalues of the given problem and the ordering of the eigenvalues of the boundary value problems L(a;), j = 1,
2 when | < @, are learned.
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1. INTRODUCTION
Let us consider the boundary value problem L(«) :
—y' +qx)y=Ay, 0<x<m A=p° (1.1)

Y'(0) + (@1 + B) y(0) + wy (1) = 0,

V() + ¥y — @y (0) = 0, (1.2)

where a, 3, y are real numbers, w is a complex number and such that aw # 0, g(x) is a real-valued function in L, [0, 7r].
The solution to many problems of applied sciences and mathematical physics is reduced to the problem of examining

(1.1) - (1.2) boundary value problems.

When w = 0, (1.2) the boundary conditions become separated boundary conditions depending on the spectral
parameter. Spectral properties of operators produced by Sturm-Liouville and diffusion equations given with separated
boundary conditions depending on the spectral parameter were learned in [1, 5, 6, 10, 15] studies. In the studies of
[2-4,7-9, 11-14, 16]], straight and inverse problems were investigated for diffusion equations given with different
unseparated boundary conditions at p(x) = 0 and p(x) # 0.

In this study, important properties of the spectrum of the L(«) boundary value problem was learned when o # 0,
w # 0. In the case of one of the unseparated boundary conditions is linearly dependent on the spectral parameter,
the basic properties of the spectrum of the L(a) boundary value problem are given. In our study, the eigenvalues of
the boundary value problem L(«@) are real, the absence of conditions that function, the asymptotic behavior of the

*Corresponding Author
Email addresses: emirov@cumhuriyet.edu.tr (R. Amirov), sgulyaz@cumhuriyet.edu.tr (S. Giilyaz Ozyurt)


https://orcid.org/0000-0001-6754-2283
https://orcid.org/0000-0002-1876-6560

Spectral Properties of the Sturm-Liouville Operator Produced by the Unseparated Boundary Conditions with Spectral Parameter 374

eigenvalues and finally the ordering of the eigenvalues of the boundary value problems L(a;) and L(a;) when a; < a3
is examined.

2. MAIN REsuLrs

In this section, the eigenvalues of the L(a) boundary value problem and the properties of the eigenfunctions will be

learned and the asymptotic behavior of the eigenvalues will be obtained.
C(x,1) and S (x, 1), are linearly independent of equation (1.1) and

con=8"0,H=1, C0,)=S0,)=0, 2.1

get solutions that meet the initial conditions.
To obtain the main results of the study, let’s first give the Lemma as follow.

Lemma 2.1. The following representations are valid:
. U )
C(ﬂ', /l) = Ccosprm + 7'[6‘0% + % f@bl(t)elptdt,
/S

V4
C’ (1, ) = —psin pm + mcy €OS p7T + /% f Ua(Hedt,

-

Ve

_ sinpm Cos pr 1 ipt

S (m ) = = —ncg ™ + % [ ys(nedr,
-

. U )
$' (. 4) = cospr +meo == + L [ ya()e?'dr,
-7

where ¢o = %{ fq(t)dt, Vi) e Ly [-n,x],i=1,4.
0

The proof of Lemma 2.1 is done similarly to the proof of Lemma 1.3.2 in [ [15]].

Definition 2.2. A complex number A is called an eigenvalue of boundary value problem L(«) if equation (1.1) with
A = Ap has a nontrivial solution yy(x) is called the eigenfunction of problem L(«@) corresponding to the eigenvalue A.
The set of eigenvalues is called the spectrum of L(a). The functions y;(x), y2(x), ..., yk(x) are called as the associated
functions to the eigenfunction yy(x), if they absolutely continuous, then they satisfy the differential equations

5/ () + g(yi(x) = yi-1 () = Aoy,

and boundary conditions
yi(0) + (@ + B) yi(0) + @yi-1(0) + wy; (r) = 0,

, s (22)
Yi(m) + yyi(m) — @wy; (0) = 0, i=1,k
Theorem 2.3. If @ < 0, then the eigenvalues of the problem L(@) are real.

Proof. Let’s assume the opposite, i.e. ImA # 0. Let A be an eigenvalue of the boundary problem L(x), and let y(x) =
y(x, A) be the corresponding eigenfunction. Multiply the equality (1.1) by y(x),

=y (x) + g(X)y(x) = (x)

by y(x) and subtract one product from the other. As a result, we get

_ d (— , _
(A=) bP = -~ [yGy () - yxy' ).
X
Integrating this equality from zero to mr,then we have

2ilmA f VP dx = y(m)y' (7) = y(@)y () = y(0)y'(0) + y(0)y’ (0). (2.3)
0
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It follows from the boundary conditions (1.2) there are
YV(0) == (a1 +p) y(0) — wy (),
V() = —yy(m) + wy (0).

Let’s consider these at the equality (2.3)

2itmd [ b = 5 [y + 23(0)] -3 [T + 30|
0

—(0) [~ (@2 + ) y(0) = wy(m] + y(0) |~ (ad + B) y(0) - Wy ()]
= 2ialmA|y(0)? .

Consequently,
ImA { f ly(x)|? dx — aly(0)|2} =0.
0
Since a < 0, the expression in braces is distinct from zero. Therefore, ImA = 0. Theorem is proved. O

Theorem 2.4. If a < 0, then the eigenfunctions of the boundary value problem L(a) have no associated functions.

Proof. Let’s assume the opposite. Suppose that the boundary value problem L(«@) has an eigenfunction of y;(x) asso-

ciated to the yo(x) eigenfunction, corresponding to the eigenvalue 4y. Then, by virtue of (1.1) and (2.2), the following

equalities hold:

=y () + g(x)yo(x) = Aoyo(x) 24)
=¥/ (x) + g(x)y1(x) = yo(x) = Aoy (x). (2.5)

Multiply the equality (2.4) by y;(x) and equality (2.5) by yo(x) and subtract them side by side, we will get

d - _
o = —= [y @y0) =31 0]

Integrating this equality from zero to « for x, we obtain

f Vo) dx =y, (m)yo(m) — y1(m)yg(m) — ¥ (0)yo(0) + y1(0)y;(0).
0

According to the boundary conditions (1.2) and (2.2), we have

¥ (0) = —(ad+p)yo(0) - wyo (n),

Yo = —yyo(m) + @yo (0),

Y1(0) = —(ad+p)yi(0) — wy; (m) — ayo (0),
Yitm) = —yyi(m) + @y (0).

Yo(m [=yy1(m) + @1 (0)] = y1.() [~yy0(m) + wyo(O)]

f yo(x)I* dx
0

+30(0) [(@A + B) y1(0) = wy1(m) + @yo(0)] = y1(0) | (2 + B) Yo(0) + @yo(m)]
= alO)P.
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Hence
f oGP dx — a lyo(O) = 0.
0

This contradicts the fact that the left side of this relation is pozitive according to the inequality @ < 0. Theorem is

proved. O

The general solution of the equation (1.1) has a form
y(x, ) = AS (x, ) + BC(x, A),

where A and B are arbitrary constant. Considering the boundary conditions (1.2) and initial conditions (2.1) taking
into account the identity

C, D[S (x, ) +yS(x, D] = S (x, H[C'(x, ) + yC(x, D] = 1,
it is easy to verify that the characteristic function of the boundary value problem L(«) will be

AQ) = 2Rew — [C'(r, A) + yC(x, D] + |l S (1, 1)
+(@+B)[S'(m, D) +yS (7, D)].

The square of zeros of the characteristic function A(Q) are the eigenvalues of the problem L(a).

2.6)

Using the representation in the Lemma 1, we transform the characteristicfunction (2.6) to the form
A = ap®cospr + (1 + ancy) psinprr + ey sin prr
+ (B — aynco_mco — y) cos pm + 2Rew + e (A)

where (1) = f@(r)e“’dt, Ye(t) € Ly[-n, 7).

Let Ag(1) = ap® cos pr + psin prr + ary sin prr + (B — y) cos prr + 2Rew.
Using Lemma 1 which was proven in study [7], we can easily prove the following proposition.

Theorem 2.5. The following statements hold.
a) Let A, be the n th eigenvalue of the problem (1.1)-(1.2). Let {uy};»( be the zeros of the entire function Ao(A). If u, is

the closest point to A, then as n — oo

1
w = A, + 0l —]. 2.7
= N ( Vi ) e
In addition, if there exists a positive number oy such that {u ). satisfy

|\//J_k_ Vﬂk’| > 0p as pg F py
then (2.7) holds for n = p.
b) Fix § > 0. Then there exists a constants Cs such that
A > Cs ol p € G, ol 2 p*

for sufficiently large p*, where Gs = {p |p - \//J_n| >6,n >0}
It should be noted that {11, }, are independent of the potential q(x).
Furthermore, it is easy to see that

. P . p
lim =a;, lim—= =ay,
n—o n n—oco ‘,:u])

where both a| and a, are positive constans.
For the j= 1,2 denote the characteristic functions of the boundary value problems L(« ) by

Aj(d) =2Rew—[C' (7, ) +yC (n, D] + lwP S (7, )

2.8
+ (Olj/l +ﬁ) [S'(m, 2) + S (7, )] (2.8)
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and the negative eigenvalues arranged in increasing order by

Dy ALy A,y AL, AL, -

the positive eigenvalues arranged in increasing order by
LDy 4D TG G 3G, -

Theorem 2.6. The relative pozition of the eigenvalues A (1) and A;(2) (k= 0,+1,%2,...) of the boundary value
problems L(ay) and L(ay) with a; < a, is determined for Imw # 0 by the inequalities

0<A5() <AJR) < A7) <A;2) < A7) <A Q) <A <A;2)< ...,

0> A;(1) > A;(2) > A%, (1) > A5,(2) > AZ,(1) > AZ,(2) > A5,(1) > A5,(2) > ..,

for real w < 0 by the inequalities

0<A5() <AFQR) < A7) < A;Q) < A7) < AR <A< A2 < ...,

0> ;D) >A;2) > () >822 A-,(H) =22, > a5, 25,2 >...,

and for real w > 0 by the inequalities

0<AZM) AR <A <R <A AR < 4D <452 <.,

0>, 22225 (1)2a52)>AZ,(1H) 22,2 2 A5, 2A5,2) > ...

Proof. Ttis clear that function
U(x,) = [S'(m, ) +yS(m, )] C(x, D) + [w - C' (7, ) — yC(m, V)] S (x, )
is the solution of the equation (1.1) that satisfies the initial conditions
U©,2) =S"(m, ) +yS(m, ), U0, =w-C'(1,2) — yC(m, D). (2.9)

Also,
Ur, D) =wSm )+ 1, UOr, ) =wS' (m,1) —y (2.10)
conditions are met at the point x = 7.
By differentiating the equation
U'(x, )+ (A-q(x)U(x,)=0 2.11)
with respect to 4 and by passing to the complex conjugate in the resulting equation, for reel 4 we obtain

U (6, 2) + (A= g(x) U, D) + T = 0.

Next, we multiply this equation by U(x, 1) and equation (2.11) by U (x, A), subtract the second result from the first,

and integrate with respect to x over [0,7]; by (2.9) and (2.10) and since the functions C(x, 1), C'(r, ), S («r, 2) and
S’ (n, A) are real, we obtain

f UG, D dx = Ulr, DU (1, 1) — U (2, DU, ) — U, HU'(0, 2) + U' (0, HU(0, 1)
0

=[wS' (1, ) —¥] D.S"(n, A) — ES'(R, D[wS () + 1] - [w-C'(r, ) — yC(r, V)]
% [S’(n, ) +yS(x, /l)] - [C'(n, ) +yC(, /l)] [S7(t, ) +vS (7, D)]
= w2 S’ (m, DS (1, ) — y@S (7, A) + |l S (r, VS (1, A) — DS (7, )

—w [S"(n, 1) +7S(x, /l)] +[C'(m, D) + yC(x, )] [S"(ﬂ, )+ S, /l)]
- [C’(n, 2 +yCr, /l)] [S"(e, ) +¥S (7, )]
=- [S’(n, D +yS(x, 1)] [2Rew — C' (7, ) = yCr, 1) + | S (7, 2) + B(S" (7, A) + ¥S (m, D)

F S, D) + S (1, )] [|w|2 S(r, ) - C'(1, A) — yC, A) + B (S"(;r, ) +S(r, /1))] .
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With regard for the equations
A1(D) — A (D)

(@1 —az)d
2Rew — [C' (71, 2) + yC(mr, V)] + B[S (7, A) + ¥S (m, V)] + |w]* S (n, ) =
which follows from (2.8), we find that

5

S, D) +yS(m,A) =

@A () — a1Ar()
@ - '

_ ALDAL) = AL (DAL 4 12200 = AT A

(@2 = a) f U, DP dax + a; U, )P 1 gP . (=12
0
or
2 2 2 2 d [A(D) ,
A —a) | | UG DI dx+a;[UQO, DI ¢ = A[A(D]” — + [A2(D) — Ai(DIA;(D), (j=1,2).
da [ A
0
If we make use of [12], we get the inequalities in the ruling of the theorem. O
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