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Abstract

In this paper the inverse scattering problem is considered for a version of the
one-dimensional Schrédinger equation with turning point on the half-line (0, 00). The
scattering data of the problem is defined and the fundamental equation is derived.
With the help of the derived fundamental equation, in terms of the scattering data,
the potential is recovered uniquely.
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1 Introduction and preliminaries

1.1 Introduction

Inverse problems of spectral analysis consist in recovering operators from their spectral
characteristics. Such problems often appear in mathematics, mechanics, physics, elec-
tronics, geophysics, meteorology, and other branches of the natural sciences. Inverse prob-
lems also play an important role in solving nonlinear evolution equations in mathematical
physics. Interest in this subject has been increasing permanently because of the appear-
ance of new important applications, and nowadays the inverse problem theory is devel-
oped intensively all over the world. The greatest success in spectral theory in general, and
in particular in inverse spectral problems, has been achieved for the Sturm-Liouville op-
erator y := —y” + q(x)y, which also is called the one-dimensional Schrédinger operator.

The main results on inverse spectral problems appeared in the second half of the 20th
century. We mention here the works by R Beals, G Borg, LD Faddeev, MG Gasymoyv,
IM Gelfand, BM Levitan, N Levinson, VA Marchenko, and others (see [1] for details). An
important role in the inverse spectral theory for the Sturm-Liouville operator was played
by the transformation operator method (see [2, 3] and the references therein).

At present, other effective methods for solving inverse spectral problems have been cre-
ated; among them we point out the method of spectral mappings connected with ideas of
the contour integration method. This method seems to offer perspective for inverse spec-
tral problems. The created methods allowed one to solve a number of important problems
in various branches of the natural sciences.

The inverse scattering theory on the half-line and on the line was studied in [4—6], and
others. In [7-11] KR Mamedov studied the inverse scattering theory on the half-line with
spectral parameter contained in the boundary condition. Lately, there grew interest in the
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investigation of the boundary value problem by numerical methods; e.g. [12] presented an
approximate construction of the Jost function for some Sturm-Liouville boundary value
problem in the case p(x) = 1 by means of the collocation method; in addition, [13] is an
application of spectral analysis of one-dimensional Schrodinger operators in a magnetic
field. Also [14, 15] are applications of the discontinuous wave speed problem in a nonho-
mogeneous medium as in our case.

In the last 30 years there appeared many new areas for applications of inverse Sturm-
Liouville problems, among them boundary value problems with discontinuity conditions
inside the interval are connected with discontinuous material properties.

Many further applications were connected with the differential equation of the form
y" + q(x)y = r(x)y with turning points when the function r(x) has zeros and/or changes
sign. For example, we have turning points connected with physical situations in which
zeros correspond to the limit of motion of a wave mechanical particle bound by a poten-
tial field. Turning points appear also in elasticity, optics, geophysics, and other branches
of natural sciences. Moreover, a wide class of differential equations with Bessel-type sin-
gularities and their perturbations can be reduced to differential equations having turn-
ing points; further inverse problems for equations with turning points and singularities
help one to study blow-up solutions for some nonlinear integrable evolution equations of
mathematical physics (see [16]).

Inverse problems of the Sturm-Liouville equation with turning points and singularities
have been studied in [17-20], and other works.

The aim of the present paper is to investigate the inverse scattering problem on the half-
line [0, 0o) for some version of the one-dimensional Schrédinger equation with turning. In
the case of p(x) = 1, the inverse problem of scattering theory for (1.1) with boundary con-
dition not containing a spectral parameter was completely solved by Marchenko [2, 21],
Levitan [3, 22], Aktosun [23], and Aktosun and Weder [24]. The discontinuous version
of p was studied by Gasymov and Levitan [25, 26], Darwish [27], and Gasymov and the
author [19, 28]. In these papers, the solution of the inverse scattering problem on the half-
line [0, 00) by using the transformation operator was reduced to the solution of two inverse
problems on the intervals [0, 4] and [a, 00). In the case p # 1 the inverse scattering problem
was solved by the author, Guseinov, and Pashaev [19, 29] by using the new non-triangular
representation of the Jost solution of (1.1). It turns out that in this case the discontinu-
ity of the function p(x) strongly influences the structure of the representation of the Jost
solution and the fundamental equation of the inverse problem.

The direct and inverse problem of (1.1) with y(0) — /zy(0) = 0 (see [21, 30]) has been solved
earlier by the so-called spectral distribution function, while the problem (1.1) with y(0) = 0
has been studied in the works [30, 31] by the inverse scattering method. Furthermore,
the inverse scattering problem of the one-dimensional Schréodinger’s eigenvalue problem
with a discontinuous coefficient was studied when y(0) = 0 and y'(0) = 0 [27, 32] and [25].
It should be mentioned that the spectrum of the boundary value problem (1.1)-(1.2) has
been previously investigated in [33] when p(x) > 0 and the boundary condition y(0) = 0
holds.

The present paper is organized as follows. Section 1 is an introduction and preliminar-
ies in which we demonstrate some historical and scientific survey to inverse scattering
problem. We introduce, from [34], the basic definitions and results that are needed in the
subsequent investigation. In addition, the scattering data for the boundary value problem
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(1.1)-(1.2) are defined and some of its spectral properties are proved. In Section 2, the main
integral equation of the inverse scattering problem is derived, by its scattering data. Finally,
Section 3 is devoted to a proof of the uniqueness of both the main integral equation and
the solution of the inverse scattering problem.

1.2 Preliminaries
Consider the initial value problem

-y +qx)y =n’px)y, 0=<x<oo, (11)
Y(0)=hy(0) =0, k>0, (12)
where
-1; 0<x<l1,
o(x) = { 1.3)
1; l<x<oo,

q(x) is a finite real valued function which satisfies

/w(l +x)|gq(x)| dx < oo, (1.4)
0

and 7 is a complex spectral parameter. In [34] the authors completely solved the direct
scattering problem of the problem (1.1)-(1.4), so that, following [34] we state the main
definitions and results that are needed in the subsequent investigations.

The totality of the quantities

{S(Tl): nk!mkyk =1, 2¢} (15)

is called the scattering data of the problem (1.1)-(1.4). Thus, the scattering data completely
determines the behavior of the normed eigenfunctions of the problem (1.1)-(1.4). Here S()
is the scattering function, n = ixx, n} the eigenvalues and m; the normalizing numbers of
the problem (1.1)-(1.4), where

f'(0,-n) — hf (0,-n)
f(0,n) = hf(0,n) °

where f'(0,7n) — if(0,n) = 0 for Ren # 0. From Lemmas 1.2 and 1.3 of [34], the function
S(n) is continuous on the real line —0o < 7 < 0o and admits the properties S(n) = S(-7),

S(n) = (1.6)

IS(n)] = 1, —00 < 1 < 0o. The eigenvalues 0% = (ix,)% x, >0,n=1,2,..., and the normaliz-
ing numbers m, <0, n=1,2,..., satisfy the asymptotic formulas

1 0 1 1t
nn:ixn:i[n<n+—)—1+C—+o(—):|, co:—/ q(t) dt, 1.7)
4 nmw n T Jo
1
my, = —e {2 + a + o(—) }, (1.8)
n n

where

8h+4 3 [! 9 [
e /0 awydrs - /1 a(6)d.

Cl =
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For all Ren # 0 we have the following equality:

2ine(x, 1)

T —hf O, F o = St m), 0

where ¢(x,n) is the solution of the problem (1.1)-(1.2) (¢(0,7n) =1, ¢’(0,n) = h), and the
scattering function S(7) is given by (1.6) and satisfies the properties

S(n) = S(-n), IS)| =1, —oo<n<oo. (1.10)
In the following lemma we evaluate the asymptotic formula of the scattering function S(n).

Lemmal.l For—oo < n <09, |n| — 0o, the scattering function S(n) satisfies the asymptotic

formula
1
s =5,00+O( 7 ), w1
where
) =7e%=) _ oo COSh = Fsinh ), (112)
£(0,n) coshn +isinhn
Proof By virtue of (2.11) in [34], for Im#n > 0, || — oo,
£(0,n) = hf (0,n) = =inf,(0,m) + O (e~ ™" Ee), (1.13)
where £,(0, ) = " (cosh 7 + isinh ), (1.14)
from which, in the special case for —oco < n < 00, || — 0o we have
F/0,1) = f(0,m) = =infy(0,1) e (115)
"(0,1) = hf(0,n) = —inf,(0,n |:1+Q< ):| 1.15
1fo(0, 1)
On the other hand, it is easy to see that
O]z & (1.16)
0 0’ Z = 116
Jo0ml = =
from (1.15) and (1.16) we deduce, for —00 < 1 < 00, || — 00, that
/ . 1
f (0: 77) - hf(O, 7}) = _"/ﬁJ(O) 77) |:1 + O<;):|,
from which, by substitution into (1.6), the proof is completed. d

2 Formulation of the inverse scattering problem
The inverse scattering problem for the boundary value problem (1.1)-(1.4) consists of re-
covering the potential function g(x) and the number % by the scattering data. For this task
to be accomplished, we must answer the following two questions:
Are the coefficient g(x) and the number / uniquely defined by the scattering data (1.5)
of the problem (1.1)-(1.4)?
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What is the effective recovering method of g(x) and % by the scattering data (1.5)?

2.1 Derivation of the main integral equation
In this section we derive the Gelfand-Levitan integral equation of the inverse scattering
problem on the interval (1, c0); this will be accomplished through Lemmas 2.1, 2.2, and

Theorem 2.1. Let A, be the rectangular contour

1 1
A,,:{|Rer)|§n<n+z),0§lmn§n<n+z>}. (2.1)

Lemma 2.1 The following inequality holds true from below:

|coshn + isinhp| > Cel®",  ne A, Vn (2.2)

Proof Letn =0 +ix,sothatontherealline x = 0,71 € A, it follows that | coshn +isinhn| =

g«/ €29 + ¢=29  from which

2 2
|coshn + isinhn| > %\/62‘"‘ = %e'ke”'.

On the other hand for  any complex number we have

2 2
|coshn +isinhp| > %«/62” +e20 _2= ge“"(l — 2N,

by which, for o = 7 (n + i), it follows that

V2 ren

|coshn +isinhn| > T8
which completes the proof of the lemma. d
Since, from [34], f,(0, ) = €”(cosh n + isinh ), and using Lemma 2.1, we have

[f,(0,m)| > Ce™™m*IRen -y € A, V. (2.3)

Lemma2.2 Foreveryx>1landne€ A, n— 0o, we have the following asymptotic formula:

=2ine(x,1n) ins PN
FOm-nfom S0 ‘O( ; ) (2.4)

where Sy(n) is given by (1.12).

Proof Following [2], p.19, we see that the fundamental system ¢ (x, n), 61 (x, n) of solutions
of (1.1), for 1 < x < oo, with conditions ¢;(1,77) =0, ¢;(1,7) =1, 6:(1,n) =1, 6;(1,n) = 0, have
the representations

o1(x,n) = w " fx Clx, t)w dt, (2.5)
n 1 n

61(x,m) =cosn(x—1) + /-x D(x, t)cosn(t —1) dt, (2.6)
1
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where the kernels C(x, £) and D(x, t) have summable first order partial derivatives [2]. For
1 < x < 0o the solution ¢(x, n) of (1.1) is a linear combination of ¢, (x, n), 6, (x, n), so that, for

l<x< o0,

@x,n) = @' (L, n)ei(x,n) + (1, )61 (x, ). (2.7)

We evaluate the asymptotic formulas for ¢ (x, ), 6;(x, ), by integrating (2.5) and (2.6) by

parts, we have

: _ (x—1)Im
@1(x, 1) = sinn(x—1) +O(e > n), (2.8)
n n
e(x—l)]mn
Ql(x,n)zcosn(x—1)+o< ; ) (2.9)

Further, by virtue of (2.9) and (2.10) of [34], we have

¢lRen|
@(1,n) = coshn + O( ; ) (2.10)
¢’ (1,n) = nsinhn + O(e' Re”‘). (2.11)

Substituting (2.8)-(2.11) into (2.7), we have

e(x—l)lm n+|Ren|
7> (2.12)

¢(x,n) =sinhnsinn(x — 1) + coshncosn(x —1) + Q(
n

when expressing sin n(x—1), cos n(x — 1), in terms of the exponential functions, (2.12) takes

the form

. ) e(x—l)Im n+|Ren|
o) = 0 + P 0,0) + O S ), 213)

where f,(0, n) is given by (1.14). Again from (2.11) of [34], we have
£/(0,1) = hf (0,n) = —ine" (cosh n + isinh ) + O eV mn+IRenly, (2.14)

Further, from (2.14) and (2.3), we have

1 N [uo(l)] (2.15)
£/0,n) = hf(0,n)  —inf,(0,n) n)] '

From (2.13) and (2.15) we have

_2me@m) e _mx[ <1>] (w)
f’(O,n)—hf(o,n)‘("’ So(m) +e™)[1+ 0O ; +0O . ) (2.16)

From (1.12), for n € A,, S,(n) has the asymptotic formula

Se(m) = O(e*™"), (2.17)
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by the aid of (2.17), (2.16) takes the form

—2ine(x,n) _ —inx inx (exlmn >
FOm-nfoy ¢ FSmeTrO(= )

which completes the proof of the lemma. d

The following theorem deals with the formulation of the main integral equation, the so-
called (Gelfand-Levitan) integral equation of the inverse problem by its scattering data. It
should be noted, here, that {S(n), nx = ixx, my} is the scattering data of the problem (1.1)-
(1.2) and {S,(n), ny = ix7, my} is the scattering data of the problem (1.1)-(1.2) with g(x) = 0,
h =0, S,(n) is given by (1.12)

0 1
mz = _e_ZXk, X]? =7 <k + E) (218)

Theorem 2.1 For x > 1, we have the following integral equation:

H(x +y) + K(x,y) + / K(x,y)H(x,9)dy=0 (x <y <00), (2.19)
where
e — Xk —XQx
H@) = Z(he ez )
1 My mk
o [ st -swlerdn x>2 (2.20)

So(n), xg and mj, are given by (2.18).

Proof Following (1.32) and (1.14) of [34], we have

2ing(x,n)
) - hf (0, T = S @21
) =™+ /ooK(x, te*tdt, 1<x<oo, (2.22)

where Im2 > 0, K(x,x) = 1 [ q() dt, 1 <x < 00.
Substituting (2.22) into (2.21), we have

2ine(x,n)
f'(0,n) = hf(0,n)

= {So(m) = S(m)}e™ + /OOI((x, e dt

X

— e 4 Sy ()™

+S,(n) / K(x,t)e™ dt

+{So(m) - S(n)} / N K (x,t)e™ dt. (2.23)



El-Raheem and Salama Boundary Value Problems (2015) 2015:57 Page 8 of 15

Multiplying both sides of (2.23) by — " and integrating with respect to n on [-N, N] where
N is a positive integer, we have

2ing(x, 1) inx , i| )
e+ 8,(n)em e d
Zn/ [/077) hf(0,n) 7 7

1 ,
o [ 5o st}

1 N o0 ’ 4
*ox / K(x, t)e‘”’tdt}e”’y dn
2w ;
1 NT 00 ’ 4
57 So(n) {/ K(x,t)e" dt}elnyi| dn
2 J N L .
1 NT 00 ‘ ’
"om {SO(U) B S(n)} {/ K ge™ dt}]e"’y an. (2.24)
2n J_nL ;

For convenience, we write (2.24) in the following abbreviated form:

Icu = Ipp1 + Irp2 — Ic12 + Ipp3, (2.25)
where
2inp(x,n) i nx | i
I _ mx SO Inx lﬂyd ) 2,26
n = f[/(om e S e |y (226)
Iep1 = —— / o(n) = S(n)}e"*] dn, (2.27)
o0
Iepy = —/ {/ K(x mldt} e dn, (2.28)
1 e ) )
Icp = —/ [So(ﬂ){/ K(x, t)emtdt}emy} dn, (2.29)
2 -N x
1 N % , ,
Ipp3 = —/ |:{So(77) —S(ﬂ)}{/ K(x, t)e_mtdt}]emy dn. (2.30)
2 -N x

We calculate Icp, Ico by means of contour integration over the contour A,, whereas, for
Irp1, Irpy, and Igp3, we use the Fourier-Plancherel formulas. First for Igp;, we see from (1.11)
that the function [S,(n) — S(1)] € La(—00, 00), consequently, by the Fourier-Plancherel the-
orem, there exists a limiting function Hg(x) € Ly(—00, 00), where

Q1 [
Hy() ™ /_w[{s (1) - S ™) dn, (2.31)

and, consequently,

: dffi > _ inx+y)
Jim o= Hsta s ) 2 [ [{8,00 = S}, (232)

Further, with the aid of the inversion formula of Fourier-Plancherel, we see that

1 N o0 ) )
lim —f {/ K(x,t)e‘"’tdt}e‘”ydn:K(x,y)

N—oo 21 J_N
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lim Ippy = K(x,9), (2.33)
N—oo
[o @]
lim 113[)3 = / K(x, t)HS(t + y) dt. (234)
N—oo x

Now, by using the contour integration method, we calculate Icp, Icio.

Let N, =7n(n + i), where n is an arbitrary positive integer, and A} = A, — [-7(n +
i),n(n + %)], i.e. A} is the part of the contour A, which lies in the upper half of imag-
inary axis, Imn > 0. For simplicity, denote

O, y,n) = So(n){ f ~ K(x,t)e " dt}e"w. (2.35)

The function ®(x,y,n) is analytic function in the half plane Im7 > 0 except for its poles

Ny = ixg. We have

1 1 [N 1

— Ox,v,n)dn = — Ox,y,n)d — Ox,y,n)dn. 2.36

i (xy,m)dn 2ni/_Nn () n+2m’/A; (xy,m)dn (2.36)
We prove that

lim/ Ox,y,n)dn =0, (2.37)

n— o0 Az

in fact, using integration by parts we see that

/ " K )i it = O(e_;:mn ) (2.38)

Further, from (2.17), (2.35), and (2.38), we have

e—(x+y—2) Imn
O, y,n) = 0(7) neA;, (2.39)
n

on the vertical part of A}, for n € A}, we have

1

7 (n+g) e—(x+y—2) Imn
e
0 n

x+y—2)n(n+é)

costant 1 — e

T+l (k+y-2)

—0, n— 0. (2.40)

Similarly, for n € horizontal part of A}, we have

7T(VH-%) e—(x+y—2)71(n+)—L)
‘/ Q(—) dn‘ -0, n— oo, (2.41)
~n(n+}) Il

the proof of (2.37) is completed from (2.40) and (2.41).

Page 9 of 15
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With the aid of the well-known residue formula, we have

1
— ¢ Ok,y,n)dn
Ap

2mi
n
0, o
= Z Res O(x,y,1 Zﬁ)( k) K(x, £)e D) g, (2.42)
-1 n:’i}l: 0(0 nk x
from (1.14) it follows that %2 70 nnk)) = ie*k, for Ny = ixg, from this (2.42) becomes
s

1
lim = f O y,n)d
n—00 27 An

oo | —zxk(Hy) .
= —if Z —K(x,t) ¢ dt, where mj = —e 2k, (2.43)
* U "

From (2.37) and (2.43), (2.36) takes the form

O omixg(t+y)
lim ICIZ = —l/ ° K(x, t) dt. (244)
n—00 x m

k=1 k

We evaluate Icj;. Let

2i X . ; .
D(x,y,1m) = W% —e So(n)e‘”":|e””; (2.45)

consider the integration

Ny

1 1 1
ai b oCymdn= 5o [ Cetnmans / (3, ) . (2.46)
21i J, 2mi 27i Ja

In a similar way to the integration Iy, it can be seen that lim,,_, o ﬁ fA+ d(x,y,1n)dn =0.

Using the residue formula we have

1 2ine(x, 1) » )
—_— O(x, 9,1 dn = — inx | giny
omi ), Permdn =5 ﬁnb(o n-hf©0,n) © ]e 7

to— P So(me"™ dn. (2.47)
2mi
It is easy to see that
Res(S,(n)e ™)) = __ieix,‘j(x+)y’
=g my
2ingp(x, ) _W} .
ORI R (2.48)
n=n¢ Lf"(0,n) — hf (0,n)

7 o]
= Mei’lky = ieﬂk(xw) +h / K(x, t)ie*)(k(x*')’) dt.
s mi x mi
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Substituting (2.4:8) into (2.47), we get

1
— ¢ ®x,y,n)dn

27i Ja,
n ix?(x+)y — Xk (x+y) 00 — Xk (x+y)
_eiXk B Xty e XKty
=i { — + + h/ K(x,t) dt}. (2.49)
k=1 my my x Mg
From (2.49), as n — o0, (2.29) becomes
x ixg (x+)y — Xk (x+y) 00 — Xk (x+y)
_eixk Je Xkx+y e XK@ty
lim Icy = lZ{ — + +h / K(x,t) dt}. (2.50)
n—00 P ny my ¥ my

By putting N = N, in (2.25), passing to the limit as # — 00, and taking into account (2.32),
(2.33), (2.34), (2.44), and (2.50), we have

H(x+y)+I<(x,y)+/00K(x,t)H(t+y)dt:0 (1<x<y<o0). (2.51)

The integral equation (2.51) is still valid for x = y, this can be proved by continuity of
K(x,y) < Co (’%) and the continuity of H(&) in the metric L, (2, 00). O

3 The uniqueness theorems

In this section we prove two theorems, first, the uniqueness theorem of the solution of the
main integral equation (2.51) on the interval (1, 00), the second is the uniqueness of the
inverse scattering problem of (1.1)-(1.2) by its scattering data (1.5).

3.1 The uniqueness theorem of the main integral equation
We prove the uniqueness of the solution of the integral equation (2.51) with respect to
K(x,t).

Theorem 3.1 For every fixed x > 1, the solution B(y) € L*(x, 00) of the equation
ot(y)+ﬁ(y)+/ BH(E+y)dt=0 (x<y<o0) (3.1)

is unique, where a(y) € L*(x, 00) is a given function

Proof 1t is sufficient to prove that the homogeneous integral equation
pO)+ [ BOHE -0 (x=y<oo) 3.2)

has only the zero solution B(y) = 0 in the space L*(x, 00).
Beside the boundary value problem (1.1)-(1.2), we consider the following boundary value
problem:

-y +qx)y=2y, 0<x<o00, (3.3)
¥ (0) - hy(0)=0, k>0, (3.4)
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with the same function g(x) of (1.1). We denote by J(x, ), where z = 12, the Jost solution
of (3.3), with the property

J(x,n) = €™ +0(1), forx— 00 (—00 <1 < 00). (3.5)

We see, from [2], that this solution, uniquely, exists and has the representation

J(x,1) =™ + / K(x,t)e™ dt. (3.6)

X

Itis clear (1.1) and (3.3) are the same for 1 < x < co and satisfy the same condition (3.4). We
deduce, from the last discussion, that f(x, n) = J(x, 1), 1 < x < 0o, from which, using (2.22),
(3.6), we obtain

K(x,t) = IN((x, t), forl<x<t<oo. (3.7)

Let g(n) denotes the scattering function of (3.3)-(3.4). From [2], and keeping in mined that
the problem (3.3)-(3.4) has no negative eigenvalues, it can be seen that

FI(x+y)+I?(x,y)+/ml?(x,t)1?1(t+y)dt=0 (x <y<o0), (3.8)

where H(x) = % f_ojo{l —S(n)e™ dn. Subtracting (3.8) from (2.51) and using (3.7), we ob-
tain

H(x+y) —ﬁ(x+y) + / K(x,t){H(t+y) —ﬁ(t+y)} dt=0 (l<x<y<o0). (3.9)
x
Putting y = x in (3.9), we have the following Volterra homogeneous integral equation:
H(2x) - H(2x) + / K(x,2¢ —0){HQ2¢) - HQ¢)}de =0 (1<x<o0), (3.10)
x

which has the zero solution with respect to H(2x) — H(2x), so that
H(Q2¢)=H(2r), for2<{ < oo, (3.11)

from which (3.2) is written in the form

o0
pO)+ [ B0y dt=0 (x=y<oo) (312)
X
By virtue of [2], the last equation has only the zero solution 8(y) = 0. O

3.2 The uniqueness theorem of inverse scattering problem
Theorem 3.2 The scattering data

{S(n) (—00 <1 <00), Ny = ixu, My (n= 1,2,...)} (3.13)

of the problem (1.1)-(1.2) uniquely defines the potential q(x) of (1.1) and the number h of the
condition (1.2).
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Proof In Theorem 2.1, we have constructed the function H(x), x > 2, and used it to de-
rive the main integral equation by the scattering data (3.13). From (2.22) we have g(x) =
-2 d%]( (%, ), also from Theorem 3.1, the function K(x, t) is unique for 1 < x < co and con-
sequently the potential g(x), 1 < x < 00, is unique. As a consequence of the uniqueness of
q(x) the functions f(1, ) and f'(1, n) are uniquely defined.

We prove, now, the uniqueness of g(x) for 0 < x < 1. Consider the solution ¢(x,n),
0 < x <1, of the problem (1.1) satisfying the initial conditions ¢(0,n) =1, ¢’(0,7) = h.
Let W[f, ¢] be the Wronskian of the two independent solutions f'(x, 1), ¢(x,n). By virtue
of W|x1 = Wlx-0, we have

F@me@n) —f @ n)¢@n) =-[f(0,n) - hf (0,n)]. (3.14)

Replacing n by —n and keeping in mind that ¢(x, n) = ¢(x, —n), we have

F@-n)o@n) —f 1, -mdLn) = ~[f(0,~n) - hf (0,~1)]- (3.15)
Solving (3.14) and (3.15) for ¢(1,7), ¢'(1, 1), then dividing the results by f'(0, 1) — Af (0, ),
we obtain

¢(1> 77) -1

S . i S ,—n) =S M) s

S0,n) = hf(0,m)  2in (=) =stf.m] (3.16)
#'(1,m) -1, / '

__ Q) e s,

o WO~ 2 (L-n) = SM)f'(1,n)}

from which we have
N & éLn)  f(Q,-n)-Sh)f1n) (3.17)

o'Ln)  f@L-n-Shf Ly

It should be noted, here, that the function N(n) defined by (3.17) is well defined because
of the uniqueness of f(1, 1), f'(1, n). The functions ¢(1, n), ¢'(1, n) are entire functions, and
then N(») is a meromorphic function for —co < 1 < oo; indeed, by analytic continuation, it
is meromorphic in the whole complex plane. Further, the zeros and poles of N(n) are the

roots of the equations

o(1,n) =0, (3.18)

¢'(1,n) =0, (3.19)

respectively. On the other hand, (3.18), (3.19) are regarded as the characteristic equations
of the two boundary value problems

-y +qx)y=-n"y, 0<x<l,

y(O) =0, J’(l) =0,

(3.20)

-y +qx)y=-n"y, 0<x<l,
¥(0) =0, y'(1)=0.

(3.21)



El-Raheem and Salama Boundary Value Problems (2015) 2015:57 Page 14 of 15

The two spectra of (3.20) and (3.21) can be considered known, so that, arguing as in [26],
we deduce the uniqueness of g(x), 0 < x < 1. It remains to prove that the number / of the
boundary condition (1.2) is uniquely defined by (3.13).

Beside the boundary value problem (1.1)-(1.2), consider the boundary value problem of
(1.1) subject to the initial condition

¥/ (0) - y(0) = 0, (3.22)
with the same weight function p(x) and potential g(x) of (1.1). Denote by {1,}5; and

{1152, the eigenvalues of (1.1)-(1.2) and (1.1)-(3.22), respectively. Let the characteristic
equations of (1.1)-(1.2) and (1.1)-(3.22) be ®(n) = 0 and ®;(n) = 0, respectively, where

@(n) =f"(0,n) - Af(0,n), (3.23)
®1(nm) =f'(0,n) = Inf (0, m), (3.24)

where f(x,n) is the solution of (1.1)-(1.2) subject to f(0,7) =1, f'(0,n) = h. From (2.21) of
[34] and (3.24) we have

_ by ©.n,)

3.25
n o (3.25)
From (3.23), (3.24), and (3.25) we have
b (n)d
h—hy = _ P Pin) (3.26)
20y,
The functions ®(n) and ®; (1) as entire functions are written in the form
= n
d(n) = CH(I - n—),
=0 n
(3.27)

®1(n) =G, H(l - NE),

=0 M
where the constants C, C; are uniquely defined with the help of the asymptotic formulas

®(n) . di(n)
1im = lim =
Imn—oco Wy (1) Imn—o0 nWy(n)

and W,(n) = e"(coshn + isinhn). From (3.26) and (3.27) we see that % — /; is uniquely
defined; moreover, % is uniquely defined by (1.19) of [34], # = A(0, 0), so that /; is uniquely
defined, which completes the proof. d
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