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Abstract. In this article we have investigated the spectrum of the one-dimen-
sional non-selfadjoint Schrédinger operators with boundary condition involving
spectral parameter. Discussing the spectrum of L, we have proved that, if
the potential function ¢ satisfies [ |q(z)| exp(ey/T)dz < oo, € > 0 then the
eigenvalues and the spectral singularities are of finite number and each of them
is of finite multiplicity. We have also studied the properties of principal functions
and given the spectral expansion of the operator in terms of them. Lastly we
have investigated the convergence of this representation.

1. Introduction

The spectral analysis of the non-selfadjoint abstract operators with purely
discrete spectrum have been consider, by Keldysh [9]. In this article the
spectrum, the eigenfunctions and the associated functions of the operators
of the form of a polynomial in spectral parameter have been studied. Then
he have proved the multiply completeness of the eigenfunctions and associ-
ated functions of these operators in Hilbert Spaces. The spectral analysis of
the non-selfadjoint differential operators with continuous and discrete spec-
trum has been investigated by Naimark [18]. In this paper he has proved
the existence of the spectral singularities on the continuous spectrum of the
non-selfadjoint differential operator. Later he has shown that the spectral
singularities of the operator plays an important role in the discussions of
the spectral analysis. The effect of the spectral singularities on the spectral
expansion have been studied by Lyance [11]. Gasymov and Maksudov [7]
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have considered the principal part of the resolvent in the neighbourhood of
spectral singularities and Pavlov [20] established the dependence of the struc-
ture of the spectral singularities on the behaviour of the potential function
at infinity. The spectral analysis of some types of operators with spectral
singularities have also been studied in some other articles [5,6,8,12,19,21].

To investigate the spectral analysis of dissipative differential operators
with finite defect of non-selfadjointness, Pavlov [22] has provided a technique
which is different from the ones mentioned above, that is derived from the
theories given by Lax-Phillips [10] and Nagy-Foias [4]. Using this method
the spectral analysis of some dissipative operators have been investigated
[1-3,13-16].

In all the above articles, the boundary condition are independent of the
spectral parameter. But in most of the problems arising in Mathematical
Physics and Oscillation theory, the boundary condition involve the spectral
parameter. Hence, the spectral analysis of singular non-selfadjoint differen-
tial operators with spectral parameter in boundary condition are important.

In this article we consider the operator L in La(Ry ), defined by the dif-
ferential equation

(1.1) —y" +q(z)y =Ny =0, zeRy=][0,00)
with the boundary condition
(1.2) ¥ (0) — ary(0) = 0,

where ¢ is a complex valued function and a € C is a constant. First, we have
investigated the spectrum of L and we have shown that it has finite number
of eigenvalues and spectral singularities, each of them is of finite multiplicity,
if

/OOO lg(z)| exp(ev/w)dr < 00, €>0

holds. Then, we have studied the properties of the principal functions of L

and obtained the spectral expansion of the operator in terms of the principal

functions. We also have investigated the convergence of this representation.
In the following we use the notations

R =(-00,00), Cy={AMAeC,ImA >0}, C_={MAeC,Im) <0},
R*=R\ {0}, Cr={A\AeC,ImA>0}, C_={M)eC,Im) <0}
Also, 04(L),0.(L),04s(L),p(L) and Ry(L) will denote, the eigenvalues, the

continuous spectrum, the spectral singularities, the resolvent set and the
resolvent of the operator L, respectively.
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2. The spectrum

Let ¢ be a complex valued function satisfying

(2.1) /000(1 + 2)|q()|dz < oo

and define the functions w and w; by

wie) = [l wo) = [l

It is well-known that [17], if (2.1) holds, for A € C, the Eq. (1.1) has the
solution given by

(2.2) e(x, \) = e +/ K (z,t)edt.

This solution is analytic with respect to A in C, and continuous up to the
real axis.

The kernel K (z,t) appearing in (2.2) is continuously differentiable with
respect to x and ¢ and satisfies

(23) () < g (T2

) exp{wi ()},

T+t
)|+

r+1t
5 (

24) Kol O [Ki(ot)] < 7 Ja( .

Jw(z) exp{w:(z)},
0<zx<t<oo.

1
—w
2

We will employ the following notations
é(z,\) = e(z,—A), B(N) = e, (0,\) — ale(0, )\),B(/\) =¢,(0,\) —aXé(0, \).

Let ¢(x, A) and s(z, A) represent the solutions of the Eq. (1.1) subject to
the initial conditions

@(07)‘) =1, pr(o’ )‘) = al,
s(0,A) =0, s,(0,A) =1
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Let us introduce the sets

p1(N) = {MA € Ch, B(N) # 0}, p2(A) = {AN € C_,B(N) # 0}

Using standard techniques [19] we can show that p(L) = p1(A\) U p2(A) and
for X\ € p(L), the resolvent of L is the integral operator Ry (L) defined as

RA(D) ) = | " Re, 6 0 F()dt

for f € La(R4), where the kernel R(z,t;\) (i.e. the Green’s function of L)
is given by

) _ Rl(x,t;/\), )\Gpl()\),
(25) Rl t:4) = { Ro(rt:N), A€ pa()
in which
o e(0,0) '
(2.6) Ri(z,t;\) = — 500 oz, N)p(t, A) + F(z,t; \),
(2.7) Ro(z,t;)\) = —egz’A A))Lp(x, N(t,\) + Fla,t; \)
where

—S(.%', )\)90(75, )‘)7 0<t< xz,
F(z,t;\) =
s(t, N)p(x, N), x <t < oo.

Using the definitions of the eigenvalues, continuous spectrum and spectral
singularities [19] we obtain

(28)  ou(L) = {Ar € Cy, B0 = 0} {Ar e €, (N =0},
(2.9) UC(L) =R,

(2.10) oss(L) = {AX € R*, B(N\) =0} U{NA e R*, B()\) =0}
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Lemma 2.1. {\XeR*, B\ =0}n{A)eR*, B\ =0}=¢.
The proof of the lemma may easily be obtained from

e(0, NB(A) — (0, \)B(X) = —2iA.

Definition 2.2. The multiplicity of a zero of 8 (or 3) in C4 (or C_) is called
as the multiplicity of the corresponding eigenvalue or spectral singularity of
L.

Up to now, we have assumed that condition (2.1) holds. In the rest of the
article we suppose that a # +i and

(2.11) /OOO lq(z)| exp(ev/z)dx < 00, e>0

holds.
It is evident from (2.3), (2.4) and (2.11) that

(2.12) K (z,t)] < C’exp{—e w;t}
1 +t +1
(2.13) | Ky (2, )|, [ Ki(z,t)| < ) |q(w 5 )| +C’exp{—e i 5 }

where 0 < x <t < o0, C is a positive constant.

Theorem 2.3. Under the condition (2.11) the operator L has a finite num-
ber of eigenvalues and spectral singularities and each of them is of finite
multiplicity.

Proof. In order to investigate the quantitative properties of the eigenval-
ues and the spectral singularities of L, we need to discuss the quantitative
properties of the zeros of 8 in C, and B in C_. For the sake of simplicity,
we consider only the zeros of 3 in C,. (A similar procedure may be followed
for the zeros of 3 in C_.) It is trivial from (2.12) and (2.13) that if (2.11)
holds, 3 is analytic in C, and all of its derivatives are continuous up to the
real axis. Hence we arrive to the estimates

(2.14) sup |B(A) — (i — a)A] < oo, sup |B'(N)] < oo,
AeCy AeCy
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(2.15) 1B (N)] < Cpy N€CTy, m=2,3,...

where

(2.16) Cpp = 2’”0/ t™ T exp(—eVt)dt,
0

C > 0 is a constant. For the zeros of the function § we will define the
following sets:

My = {AX € Ty, BN =0},
My = {AAER, B() =0},
_ dk
M = {A|)\ eTh, 25BN =0, k:o,1,2,..-},
M, = {)\B{)\n},)\n €Cy,B00) =0, Ay — A for n— oo},
Ms = {)\B{)\n}, M €R, BA) =0, Ay — A for n — oo}.

From the uniqueness theorem of analytic functions it is trivial that
MiNMs=¢, Mg C Ms, My C My, My C M.

Since all the derivatives of 8 are continuous up to the real axis, we simply
find

(2.17) M, C M3, My C Ms.
It is evident from (2.14)-(2.16) that, the function [ satisfy the conditions
of Pavlov theorem (see. Lemma 1.2, [20]). So M3 = ¢ or My = M5 = ¢

by (2.17). This shows that the sets M; and M; have a finite numbers of
elements. U

3. Principal Functions

In this section we assume that (2.11) holds. Let A],... ,)\;r and
[y ... 4, denote the zeroes of 8 in C, and 8 in C_ with multiplicities
my,... ,m;“ and my,...,m; respectively. Similarly let Ai,... , A\, and
W1,y be the zeroes of 3 and [ on the real axis with multiplicities

mi,..., My and ny, ... ,n, respectively.
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Let us introduce the Hilbert spaces

H, = {f:/ooo|(1+x)mf(m)|2dx<oo}, m=20,1,2,...

o ={a: [T 1040 mg@)Pds <o) m=0.1,2,...
0

with

£, = / L+ o)™ f (@) Pdz; Il = / 1+ 2) ™ g(@)Pda
respectively. It is evident that

Hy = LQ(R+) H,, CLQ(R+) CH_,,, m=1,2...

Theorem 3.1. We have

{am }A €Ly(Ry), n=0,1,---,mf =1, k=12,...,7j;

{8)\1’ } € Ly(Ry), p=0,1,---, m; —1,i=1,2,... .1

A=p,;
{8(1"

or ‘
{a)\p@(7)\)} GH_(p+1)7p:O71,...7nZ‘—1,221’27‘_'7]/_
A=pi

EH(n_H), n=01,..., my—1, k=1,2,... 0
A=Ak

Proof. Let 0(z, A) denote the solution of (1.1) subject to the conditions

lim e?®f(z,\) =1, lim €0, (z,\) = —i.
T— 00 T— 00
This solution is analytic with respect to A in C; and continuous in C; UR*

([18]). Moreover e(z,A) and 0(x,\) provide the fundamental solutions of
(1.1) for A € C; UR*. Then we find

(3.1) oz, \) = %e(gg, z = =0 2_2,;”9(0’ Me(z,2), xeC, UR".
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The proof of the theorem can be completed by use of (2.2) and (3.1) eas-
ily. O

Let us choose mg so that
Mo = max{my, ... ,Mq, N1,... N}
In the following we use the notations
Hy=Hpop1, Ho=H_(p41)-

By Theorem 3.1 we have the following
Remark 3.2.

7
{%@(-,A)})\ . €EH_, n=0,1,... mp—1, k=1,2,... ,¢q,
—Ak

'y
{aa)\psa(w)\)})\ eH_, p=0,1,..., n; —1, i=1,2,...,v.
=Hi

4. The Spectral Expansion

Let C3°(R4) denote the set of infinitely differentiable functions with com-
pact support. Hence for each f € C§°(R4) we have

(4.1) /Ooo R(w,t; A) f(t)dt = —f)(\f)

o / " R0 + a0 .

Let T', denote the disc with center at the origin and radius r;dI',. be the

boundary of I',.. r will be chosen so that all eigenvalues and spectral sin-

gularities of L are in I',. ., denotes the part of I', lying in the strip

[ImA| < 7, (the shade part in fig.1) and T',.,, := '}, UT where I'}, and

I',-,, be the parts of I'; \ My, in the upper and lower half-planes respectively.

Let us choose 1 so small that 1,.,, does not contain any eigenvalues of L
As it is seen from Fig. 1

(4.2) OT,,) = AT, \ @My
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Fic. 1

From (4.1) and (4.2) we have

(43)  f(x) = lim = / {i / R 1) - f"<>+g<>f<t>]dt}cu

Using Jordan’s lemma we see that the first term of the right hand side of
(4.3) vanishes as r — oc.

Let 4T be the contour which isolates the real zeros of 3 by semicircles with
centers at A\g, k = 1,2, -+, a having the same radius in the upper half-plane
in which 3 is analytic. Similarly v~ will denote the corresponding contour
for real zeros of (3 in the lower half-plane. The radius will be chosen so small
that two neighboring semicircles have no common points (see Fig. 2).

/A A W A . h2 e,
~ Ay As e N

Fig. 2a Fic. 2b
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From (2.5) — (2.7) and (4.3) we obtain

a0 )= ] M et ()

Tt
k=1 A=AL

~ 5 [ e et N
l
- kzl{%)mk M el VoS N}
MR EEGRV
tam | TG0 e el
where
)= MR
’ (my, = DB
and

-/ " f(@)e(e N)da
0

Lemma 4.1. For any f € C*(R4.), there ezists a constant C > 0 so that
(4.5) WUAFM<C/‘ r)|*dw.

Proof. 1t is known that for A € R*

BN B

(4.6) oz, \) = ) é(x,\) — ﬂe(aﬁ,)\).

Using (2.2), (4.6) and Parseval’s equation for the Fourier transformation we
get (4.5). O
By the preceding lemma, for every function f € Ly(Ry)
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exists with respect to the norm in Ly(R*); i.e.

(4.7) A}gn

[e.e] R*

N 2
@UJ)A ﬂLAﬁ@mﬂdAza

Since C§°(Ry) is dense in Ly(Ry ), the estimate (4.5) may be extended onto
Ly(Ry); ie. for any f € La(Ry)

(48) / Lol VPN < / (@) Pde,

— 00

where ¢(f, ) must be understood in the sense of (4.7). We shall need a
generalization of this estimate.

dS
Lemma 4.2. If f € H,,, o(f,\) has the derivatives Wnp(f, A) with s =

m

1,2,... —1 R*. The derivati
)2, ,m on e derivative I

o(f, \) exists a.e. and satisfies

v 2 oo
(4.9) / ’da;ycp(f,)\)‘ d)\SC’l,/ (4 2) f(2)Pde, v=1,2.... m,
R* 0

with C, > 0.

The proof is similar to that of Lemma 4.1.
Let us define

A = =6, Me+0), k=1,2,...,a, AP = (up—6, pu+0), k=1,2,... v,
with 6 > 0. We can choose ¢ so small that
AYNAD =g AP NAR =6

holds for every i # j. Let us denote the functions F,E]l) and F,Ej) by

7!

Q2 ATy n{A: A=A <6l k=1,....a
(4.10) EJ(N) { : +N{A:] k| <0}, o

0, Aenl,

PO _
(411) FISQ,)()\):{( ,“k), AeCon{A:i | A= <0}, k=1,...,v,
’ J

0, PYS /\(()2),
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where ,
1 1 2 2
AV = ]R\U/\() A =R\ AP

Now we will define the functlonals

o M — 1
(4.12) Fi{ga(\) )= > {M } Flg]1,>(A),
k=1 j=0 A=Ak
v nip—1
2
113 Blat-a0-3 Y {en) Ao,
k=1 j=0 A=pig

where g1 and g» are chosen so that the right hand side of the above formulas
are meaningful. It is trivial from (4.10) and (4.11) that A\, £ =1,2,... ,«
are roots of F1{g1(A\)} = 0 of order at least my, and ux, k = 1,2,... ,v are
roots of Fu{g2(\)} = 0 of order at least ny.

Now let us define the operators

@) 1) = oo [ 2 el i
(4.15) 101 = g [ 255 et et i

Lemma 4.3. For each f € Hy, there exists constants C17 > 0 and Cy > 0
such that

(4.16) D f1- < I fll+
(4.17) TP f]|- < Col|fll+
hold.

Proof. Let us start with the inequality (4.16). Since f € H, we can apply
Fy to p(z,N)e(f, ). From (4.12) and (4.14) we have

(4.18) 1M f(x)
1% 2e(0,0)

2w o BN
Ae(0, ) F (V)

1 ~ [ & ;
i 2 gl ) [ SR

Fi{o(z, N)p(f, A)}dA
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By the definition of F} and using the integral form of the remainder in the
Taylor formula, we get

(419)  Fi{e(z,Ne(f,\)}
(N (f, A, xend,

A e m
i RO = e o) b, 3 a2

where £ =1,...,a. If we us the notations

(1) 1 )\6(0,)\)

1 = — F; A M, kE=0,1,2,...
Ore) == | o B0y Fle@NAL NN k=012

i a mitle g Ae(0, ) FH (A
1050 = 53 3 { tenprn) [ 20D B

we obtain
(4.20) JOJY (O (O (ORI (O (O

from (4.18) and (4.19). We will easily prove that each of the operators

I(()l),Ip),--- ,L(ll) and I(M are continuous from H, into H_. So we get
(4.16).

In a similar way (4.17) can be proved. [

Since we know that C3°(R;) C H,,, by Lemma 4.3 we have following
remark.

Remark 4.4. For each f € C§°(Ry) the integrals in (4.4) are convergent the
norm of H_.

Theorem 4.5. Under the condition (2.11), for any f € H., the spectral
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expansion of L, in terms of the principal functions is

@21 fG@)

k=1 )\:)\;j
(8
S (e (f,A)}
,“{ o LA N
N 1 & mp—l{( P )j (@ ol f )\)} / Ae(0,N) Zgjl)()\)d)\
—_— —_— x —_—
211 =1 j—0 oA PR AP A=\, ~yt+ ﬁ(A)
np—1

1 9 N, N F (V)
tom 2 X { Gyt A)so(f,M}A:MP | e

p=1 5=0
1 > Xe(0, A)
5 | SSo Plele el ))ar
L - A;(O )” Fa{ip(, \o(f, A) A

in since of the norm of H_.

Proof. We can easily obtain (4.21) for f € C§°(Ry), by use of (4.14),
(4.15) and (4.18) in (4.4). The integrals over the contours v and v~ are
absolutely convergent. We have shown in Lemma 4.3 that the integrals

= Ae(0,4) % Aé(0, )
|Gy e e e, [ Sou T lel@ Vel )}

are convergent in the sense of the norm of H_ for f € C§°(R;.) C H,,. Since
C§°(R4) is dense in H the proof is completed. O
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