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Abstract. In this work, direct and inverse scattering problems on the real axis for the
quadratic pencil of the Sturm-Liouville operator with piece-wise constant coefficient are
studied. The new integral representations for solutions are given, the scattering data is
defined, the main integral equations of the inverse scattering problem are obtained, the
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1. Introduction

Consider the differential equation
—y" + @)y + 22p(2)y = Np(x)y, © € (—00, +00), (1)

where

1, x>0,
,O(JC): Oé2 <0
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a # 1,a > 0, ) is a spectral parameter, ¢(z) and p(x) are real-valued functions such that
p(x) is absolutely continuous on every closed interval of the real axis and

+oo +oo
/ lp(z)|dz < oo, / (L+ [2]) (lg(2)] + [ (2)]) do < +oo. (2)
Let us define
+oo

ot (z) = /<s—x>\q<t>|+2|p<t>| dt

x

and
xT

_ 2
o @ = | [@-sla@l+ 2] ] d.
— 00
We denote by fi (x, ) the solution of (1) with the condition

: Fip(z) —
A e )P = 1

where p () = x+/p (). The solutions fi (z,A) and f_ (x, ) will be called the right and
the left Jost solutions of (1) respectively.

Theorem 1. (see [36]) For any X\ from the closed upper half plane ImX > 0, the discon-
tinuous Sturm-Liowville equation (1) has the Jost solutions fi (x, ) which is represented
as

“+o0
fi(x,A) = Ry (z) &M@ £ R (z)e”(®@) 4 / K* (x,t) e, (3)
w(x)
where
1 1 i+foc p(t) dt
Ry(z)=5(1+ e = VO
2 p(x)

+oo
1 1 i p(t)sgntdt
Ro(z)==|1-—= e{ Ve
2 p(z)

and the kernel K+ (z,t) satisfies the inequality
400
/ K+ (@,t)] de < ¢ {eo 00 1}
()

for some C > 0. Moreover, the following expressions are satisfied:

+oo
1 q(s) p*(s)
K" (2,n(2) = Re (1) § 5 "’
(z, 1 (2)) = Ry () 2!<M+P(S)M> "
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+oo 2 2
i 1 p(s) /
2x/ [( p(@) +<1— p(x)> ]p(s)ds}7 (4)

K* (2, —p(2) +0) = K (2, —p(2) — 0) =

+o0o
NI LIV
R‘(){2!< 5 () p<s>> gnedst

+oo 2 2
i 1 sgns\/p (s) ,

Theorem 2. (see [36]) For any X\ from the closed upper half plane ImA > 0, the discon-

tinuous Sturm-Liowville equation (1) has the Jost solutions f_ (x, \) which is represented
as

w(x)
fo (@, \) = Ty (2) M@ 4 T (2)e” @) 4 / K~ (x,t) e”™dt, (6)
where )
1 i f p(t)sgntdt
T (z)==(1- a e — VOO ,
2 p(x)
1 i [ ”“)t dt
T_(z)== {1+ a e~ VPO
2 p(x)

and the kernel K~ (x,t) satisfies the inequality

w(x)

/ IK_ (z,t)|dt <C {e”f(“(x)) - 1}

— 00

for some C > 0. Moreover, the following expressions are satisfied:

_ o)l [ as) p*(s) .
) =1 ){2_4 <m+p<s>m>d
i LY @Y .
24 [( p<x>> +<1 \/p<s>> 7 } "
K_(va—M(x)"‘O)—K_(%‘M(l‘)_o)
RS O I IO N O N P
‘T*(){2£< " p() p<s> gnedet
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% / [1+ <1 % V(Z;”) ]p/(s)ds}. (8)

— 00

Theorem 3. (see [36]) The kernel functions K+ (x,t) of the integral representation
(3), (6) have both partial derivatives of the first order. If q(x) and p'(x) are differen-

tiable functions, then the kernel functions K* (x,t) satisfy (a. e. ) the partial differential
equations

2K+ 2 pr+ I
TEDD ) PEE ) (1) 20 KB ),

with conditions (4), (5) and (7), (8) for K* (z,t) and K~ (x,t) respectively.

We see that the equalities (4), (5) and (7), (8) can be written alternatively as

(K @) @) =

(0 @) 4 0) — K~ (@ —ple) — 0)) 6% )
_1f,__« q(z) p*(x) (@)
4<1 p(a:))( EEENAT p(x>>’
where
+ 7 p(t) o [ p(t)sgnt
wr(z) = / p(t)dt7 w*(z) = / 0
Clearly,
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By setting ReK*(z,t) = M*(x,t) and InK*(x,t) = N*(x,t) from (4), (5) and (7),
(8) we have

1 1 oo @Y
o) (”m) (s 257)

= —2% (M (z, 1 () cosw™ (z) + NT(z, p () sinw™ (2)]
“+o0
wt(z) = / (14 Vo) Vo) [MF (1 (0) sinw® (1) = N* (1,1 (6)) cose™ (8)] dt—

+o0

- / (1= Vo®) Vo) [PM*(t, ~p (1) sinG* (8) = PN (t, ~pu (1) cos &+ ()]

x

1 a o2 @Y
5 G (”m) s+ 23

20 (M (a1 (2)) cosr™(2) + N~ (oo () sines™ (2]

w(z) = / (1 + /;(t)> p(t) [M~(t,p(t))sinw™ (t) — N~ (t,u(t)) cosw™ (t)] dt+

— 00

/ (1 _ @) Vo) + [PM(t,—u (t)sind~ () — PN~ (t, —u (1)) cos (1)) dt,

— 00

where Pg(t,z) = g(t,z +0) — g(t, z — 0) denotes the jumping of the function g(¢, z) with
respect to z.

When the condition (2) is satisfied equation (1) has certain solutions u™(z, \),
ut(x, A) which hold the asymptotic expressions

- [oNe% Y
u”(z,\) = L()\)e_““m +& 4 o(1), x— —o0,
a
u” (2, \) = t(N)e* 4+ 0(1), = — +oo,
ut(z,\) =t(\)e % £ o(1), x — —o0,
qu(x’)\) — T+(/\)€i)\m + efi)\x + 0(1)’

x — +00,
where L
P = o ) = 2,
a) = g W L4 2), f- (5 )}, A€ R =R\(0}, )
bV = ——W

% {f+(x,)\),f_(a:,/\)}, X € R* = R\{0}, where R = (—o0, +00).
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The solutions u™ (z,\) and u™(x, \) are called the eigenfunctions of the left and the
right scattering problems respectively. Here the coefficients r—(\), r()\) and ¢(\) are
called the left, the right reflection coefficients and the transmission coefficient respectively.
Let Ap(k =1,2,...,n) be the zeros of the function a(A) in the upper halfplane ImA > 0.
We denote by my, the multiplicity of the root Ax of the equation a(\) = 0.

The following properties of the roots A\; can be obtained from the formula (9) (see
also [28], [29]).

Lemma 1. There exist the number chains (%,:fo, . %,:fmkil) such that the identities

1 d
ﬁ@fﬂl‘a)\)

J
1 av
+
N Z;]%’“’j*”ﬁ ol @)

A=Ap A=Ay

are satisfied, where j =0,....mp — 1, k=1, ..n, %ki,o # 0.

It is easy to prove that the following relationship holds between the right and the
left normalization chains:
+ -
2.0%%,0 = L

+ +
; %’fgl %]fEO (j)[ .. 0
= (-1 Ko Pka o o 0
kg = 1
J ( + )J+
V4
%.0 + o+ + +
A i P i—1 -2 o Pk

o . . Jr Jr = — .
Definition. The collections of numbers (”k,O’ e %k7mk71) and (”k,O’ e %k7mk71) will

be called the right and the left normalization chains, respectively, corresponding to the
root A\, of the equation a(\) =0 for the equation (1).

The collections
{r+ (N)s My 56850 G = Oy — 1, k=1, n}

and
{r_ N, Ak, # g J=0,my — 1, k= 1,..n}

are called the right and the left scattering data, respectively, for the equation (1).

The construction of the potential functions in equation (1) with the help of the
asymptotics of the wave functions is referred as the inverse scattering problem. In
other words, the inverse scattering problem for the (1), (2) consists in recovering the
coefficients ¢(z) and p(z) from the scattering data.

In this work the potentials ¢(z) and p(x) are constructed by slightly varying the
method of Marchenko-Fadeev. We set

“+o00
- i 1 1—a _. )
Fi(m) = E Pki(x)ei“w + o / (T:I: O E: Haey(aiw)> JEXEN
k=1

— 00



90 On an inverse scattering problem for the quadratic pencil

with
mip—1 ] m i
. 1 & ()\ _ >\k) k 6:tz>\a:
PE(z) = —jeTFiree o i {
k ( ) ]z::o k,mzrlfjj[ d\J a()\) ) A=\p

and derive the integral equations

“+o0
Ry (2)F* (pu(z) +y) + R-(2)F* (—p(x) +y)+K+(ar7y)+/( ) Fr(y+ )K" (a,t)dt+
L V@) i)

1+ +/p(x)

Ty (2)F~ (=p(x) +y) + T-(2)F~ (p(z) +y) + K~ (2, 9)+

Kt(z,—y) =0, y > u(x), (10)

n(x
v/ 7 P4 DK (et YD o~ 0, y<p@) (1)
~oo 1+ +/p(x)

for the unknown functions K *(z,t). These integral equations are called the main equa-
tions of the inverse problem of scattering theory for the equation (1). The main equa-
tions are different from the classical equations in Marchenko-Fadeev’s method because
the discontinuity of the function p(z) which strongly influences the structure of the main
equations.

Obviously, in order to write the integral equations (10) and (11) we need the func-
tions F'*(z) which are defined by the scattering data. If equation (10) and (11) which
are constructed by the scattering data, have unique solutions K (x,y) and K~ (z,y),
respectively, the functions ¢(x) and p(z) can be found from (4), (5) and (7), (8). In
the paper it is examined the solvability of the equations (10), (11) and introduced the
algorithm for recovering the potentials ¢(x) and p(z).

In the spectral theory of Sturm-Liouville and Dirac operators, especially in the exam-
ination of inverse spectral and inverse scattering problems on finite and infinite intervals,
the method of transformation operators, introduced by V.A. Marchenko [32]-[34] and
later developed by fundamental works of Faddeev, Levitan, Gasimov, Gelfand [5]-[7],
[12], [15], [27], gave new impetus to researchers. After these important studies inverse
problems in various statements, especially the full-line inverse scattering problem for one
dimensional Schrodinger equation have been extensively improved and investigated by
many authors. For details we refer to [4], [16], [24]-[26], [34].

The full-line inverse scattering problem for an energy dependent (or generalized)
Schrédinger equation, as a generalization of the Marchenko method, was first investigated
by Jaulent an Jean [19], [20] and by Kaup [23] in connection with a nonlinear evolution
equation (see also [1], [2], [39]). Later for the equation, which was considered in [23], the
full-line inverse scattering problem was investigated in [38] by reduction this problem
to the inverse scattering problem for the matrix-valued energy dependent Schrodinger
equation. More systematically, in the case p(z) = 1 the direct and inverse scattering
problems for (1) without discrete spectrum was investigated by Maksudov and Guseinov
[28], [29], where a procedure through which the potentials ¢(x) and p(z) are recovered
from the scattering data are established under conditions (2). This problem and the
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inverse scattering problem on the half line for the equation (1) in the case p(z) = 1
recently has been investigated in [21], [22] where the differentiability assumptions on the
function p(x) is not required.

Some direct and inverse spectral problems for ordinary differential operator pencils
have been also investigated in series works of M.G. Gasymov (see for instance [9]-[11],
[13], [14]) who has made important contributions to the spectral theory of the ordinary
differential operators.

In recent years, it has been proven that Sturm-Liouville operators with piecewise
constant coefficients or discontinuity conditions have integral representations similar to
transformation operators for their special solutions. Therefore, it became necessary to
investigate different Sturm-Liouville inverse problems with piecewise constant coefficients
or discontinuity conditions with the modified Marchenko method. On the half line the
Sturm-Liouville inverse scattering problem with piecewise constant coefficient studied in
[3], [8], [17], [30]. In the papers [3], [8] the solution of inverse problem on the half line
[0, +00) is reduced to solution of two inverse problems on the intervals [0, a] and [a, +00).
In the case p(x) = 0 and p(z) # 1 the inverse scattering problem on the half line was also
in [17], [30] by using the new (non-triangular) integral representation of the Jost solution
for the equation (1). The direct and inverse scattering problems for the Sturm-Liouville
equation with discontinuities in an interior point recently have been investigated in [18]
where new integral representations for the Jost solutions of the Schrédinger equation,
are obtained and applied to the investigation of the inverse problem.

In the study [31], on the real line authors consider direct and inverse scattering prob-
lems for the equation (1) with p(z) = 0 and p(z) # 1. It turns out that in this case, the
discontinuity of the function p(z) strongly affects to the structure of the representation
of the Jost solutions (see [28]) and the main equations of the inverse problem.

In the study [37] in a finite interval for the equation (1) with initial conditions inte-
gral representations have been obtained for two linearly independent solutions. [36] has
devoted to the construction of the integral representations (3) and (6) of the right and
left Jost solutions respectively, for the equation (1).

Note also that the study [35] is devoted to both the direct scattering problem and the
inverse scattering problem without discrete spectrum for the equation (1) with p(x) =1
and discontinuities in an interior point.

In the present paper direct and inverse problems of the scattering theory for the
quadratic pencil of the Sturm-Liouville equation with the discontinuous coefficient is
investigated in a class of decreasing potential functions. First of all, using the known
integral expressions of the solutions of the quadratic pencil of the discontiouous Sturm-
Liouville equation, satisfying the Jost conditions for z — +o00 and ©z — —oo, the spectral
properties of the problem are investigated. Since the kernel functions of the integral rep-
resentations for the solutions have a jump discontinuity, the relationship between the
potential functions of the equation and the kernel functions has a difficult structure, but
by taking advantage of this relationship, it has become possible to reach new integral
equations of the Faddeev-Marchenko type, which have a fundamental role in the solu-
tion of the inverse problem. The solution of the inverse problem is obtained from the
unique solvability of the integral equations of the Faddeev-Marchenko type, based on the
scattering data in the special case where there is no discrete spectrum. In section 3, un-
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der assumption that the discreet spectrum is absent, the direct problem is investigated,
the main integral equations are derived and the unique solvability of these equations is
proved. In section 4 the solution of the inverse scattering problem is given, the necessary
and sufficient conditions for recovering of the potentials are obtained.

2. The Direct Scattering Problem

In the present section we consider the direct scattering problem and introduce some
properties of the scattering data necessary for the solution of the inverse problem. Since
the functions ¢(z), p(x) and the number « are real, the functions fy (z,A) and f_ (x, A)
are also solutions of the problem (1), (2) for real X. Because of

fr (@A) =e* (1+0(1), z— +oo,
f;r (z,\) = e (i/\e““’(x) + 0(1)) , T — +o0,
fo(z,\) = e @M (1 4+ 0(1)), T — —00,
fo(zN) = e M (—iare™= ) 4 o(1)), @ — —o0,

which follows from the representations (3), (6), we have the Wronskians

W {1 X, Fr @A | = (0 @) = Fi (@A) P, 3) = 20,

W{f_(i,A),f_(l’,)\)} = f/—(va)f—(va) - f_(a:,)\)f'_(x,)\) = —2i\a
for all real X. Consequently, when A # 0, the pairs fi (z,A\), fr (x,\) and
f=(x,\), f= (z,\) form two fundamental systems of solutions. Then for all real A # 0,
each solution of equation (1) can be expressed as a linear combination of the solutions

f+(z, A), f+(z,A) or f_(z,A), f—(z,A). In particular, we have

foten) = Wy oy + VR (12)
f—(xa)‘) = _Wf+($7/\)+a'()‘)f+($7/\)7 (13)
where
aN) = g W L4, 0), f- (2 )}, A€ R, (14)
b = 5 W { £ ), T @A}, AR (15)
Further, according to (12)and (13) we have
la(N))? = bV = a, X e R*. (16)

Dividing both sides of (12)and (13) by a()\), for A € R*, and using the relations

HA) = %
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TN =gy W= (17)
)

we obtain certain solutions of equation (1

S
N
=
—~
>
N

N
)

—
>

Nali%

u™ (@, A) = A (2, A) = Z2f(@,0) + L7 (N,

wt(,A) = HO) (2, 0) = 1H ) fi (2, A) + T (00
for which the asymptotic expressions

—(\ ) iAax
u (T, \) = L()eﬂ)‘o‘x +E 4 o(l), x— —o0,
a a

u” (2, \) = t(N)e* 4+ 0(1), = — +oo,
u(z,\) = t(N)e ™ £ o(1), z — —o0,
ut (2, ) = 1T (N\)e + e £ o(1), = — 400,

are satisfied. The solutions u~(z,A) and u*(x,\) are called the eigenfunctions of the
left and the right scattering problems respectively, and the coefficients r~ (), r*()\) and
t(A) are called the left, the right reflection coefficients and the transmission coefficient
respectively.

Since fi(z,A) and f_(z,A) admit an analytic continuation to half-plane ImA > 0,
formula (14) implies that the function a(A) also admits an analytic continuation to half-

plane ImA > 0 with the same formula. From (16) we also have there a(\) # 0 for
A e R

Lemma 2. The function a()\) may have a only finite number of zeros on the half plane
ImA > 0.

Proof. Assuming the converse we suppose the function a()) has a countable collection
of mutually disjoint zeros Ag(k = 1,2, ...). Then from the equality a(A\;) = 0 by virtue of
(14) we conclude that the solutions fy (z, A\;) and f_(z, A\;) and are linearly dependent,
i. e. there is a constant ¢ such that

fe(@,Ae) = cuf-(2, M), o #0, z €R.

Note that for ImA > 0 the solution f (z,A) is exponentially decreasing as  — 400 and
the solution f_(x, \) behaves in a similar way when x — —oo. Thus, for complex values
of A\ from the upper half-plane the function fi(z,\) (f—(z,A)) is a unique solution
of equation (1) which belongs to the space L2(0,00) (La(—00,0)). Therefore equation
(1) has a solution belonging to La(—00,00) only for those values of A (ImA > 0) for
which the functions fy(x,\) and f_(x,\) are linearly dependent. Then we have that
f+(z, Ag) is a nontrivial solution of the problem (1), (2) belonging to Ly (—00,+00).
Therefore, if Ly is the minimal closed operator generated in the space Lo (—o00,+00)
by the differential expression —dd—; + g(x), then Ly is a selfadjoint operator and for the
solution yg(z) = f4(x, \i) we have

Aep(@)ye () = 2Xep(@)yr, (x) = Loy, (x) = 0.
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The last equation implies that

(PYk> Y) £ \/(fvyk,yk)2 + (Loyw: yk) (pYr: Yk)
(PYK, Yk)

Ak =

)

where (.,.) denotes the standard inner product in the space Lg (—00,+00). Since Ay is
not a real number we have (Loyg,yx) < 0 for all k. Since the numbers A\, (k =1,2,3,...)
are mutually disjoint then from the asymptotic formula fi (z,\x) = e** (1 + o(1)),
x — +00 we have that the system of functions {y;} is linearly independent. As is known,
the number of negative points of the spectrum of a self-adjoint operator Lg is equal to
the maximum dimension of linear manifolds on which the inequality (Lo f, f) < 0 is sat-
isfied. This means that the selfadjoint operator Ly has a countable collection of negative
eigenvalues. But it contradicts the condition (2) on the function g(z). <

The inverse scattering problem for the equation (1) with the conditions (2) consists
of recovering the coefficients ¢(x) and p(z) of the equation (1) by the given right or
left scattering data and proving some necessary and sufficient conditions for an arbi-
trary collection {r (\), Mg, s, j=0,...,mp —1, k=1,..n} to be the right or the left
scattering data for some problem of the form of (1), (2).

Lemma 3. For A € R* the function a(\), b(N\) defined by formulas (14), (15) have the
following representations

. +oo
_lta g, dev 1 ixt
a()) = 5 € 57X +2i)\ o(t)eMdt, (19)
0
—1 .
b()\) _ (6% . 619 _ C 19 + ﬁ / d) Z}xtdt7 (20)
where
—+o0 —+o0
we [ P& 4 po / pla)sgna ,
p(z) p(z)
o 2
d—aJrl/ L) + a(2) do + 2 1<12 >Zp(0),
2 \p@)vp(z) p(z) 2

C:a;I 70( p*(z) . Q(x))>sgnxd$+a+1 <O}2_1)ip(0)

— 00

and @(t) € L1(0,400), 9(t) € L1(—00, +00).
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Proof. Since the Wronskian of two solutions of the equation (1) doesn’t depend on z we

have
1

CL()\) = ﬁw [f+(33‘, /\)a f- (.23, )‘)]

]. !
= 55 [ £ O N £ 07, 0) = £07 0 - (07,
Using the integral representation for fi(x,\) we compute

+oo “+o00
A= —2p(0) — 3 / (P*(t) + q(t)) dt | e™+©@ + / K (07, t)e™dt | x
0

0 0
| 1 OB ) i | 1 / _ B
w_(0) di — iw_ (0) K + ¢ zAtdt
e 5 / ( o3 + . an(O) e + B . (07, t)e

+00 0
: 1 ) 1 )
e+ (0 _ — / (p*(t) + q(t)) dt — ip(0) ew+(0) oY / K7 (0%, t)etat | x
0 —o00

2c 2

0 0
] 1 2(t , 4
—ioA + 5-p(0) + 5 / (p (2) +q(t)> dt | e-(0 4 / K; (07, t)e”Mdt
«

which implies (19) after some simple operations. Similarly the formula (20) is proved.

|
From the Lemma 3 we have that
1 . 1
a(\) = %e“" +0 ()\> , |A] = oo, ImA >0, (21)

and
a—1 .
el@

b = =5

+0<i>, I\ = 00, AER.

The formula (16) implies

1 <Lfor)\€R*.

la(M)] ~ Ve

The following lemma is proved by standard methods (see [28]).

Lemma 4. The function ﬁ is bounded in the region Ds = {A: |\ <4, ImA > 0}

fore some 6 > 0.
Note that, from the formulas (16) and (17) we obtain

[r= (V)] <1, AeRY,
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and the formulas (19) and (20) imply (for A € R)

— )\ a — z w
= Mt 0 (1) e
1-
rt () = - EA% —Ha <9+W>+0( ) IA| = oo.
Hence
ri(A):iiJr ¥z“’iwhro( ) IA| =00, AER.

So rt(\)F 1 e¢l(9iw) € La(—00,400) and consequently the function

1+«

+oo
1 l—a ., ,

also belongs to La(—00, 4+00).

Lemma 5. (see [29]) The function za(z)is continuous on the closed upper half plane
and there exists C > 0 such that
2
1—[rE (N 2%, A € R*.
Moreover
lim Aa(}) [ (\) +1] = 0.

Clear that the function r* () is continuous for all real A # 0. Moreover for all A € R*

we have

r(A)=—rt(\) (22)

It can be proved by analogous way as in [16], [29] that r* (\) is continuous for all real
A and if [r* (0)| < 1 then r* (0) = —1.The formula (22) shows that the left reflection
coefficient is uniquely defined by the right reflection coefficient. The following lemma
gives the way to construct the function a(z) by the right reflection coefficient.

Lemma 6. The function a(z) can be reconstructed by the right reflection coefficient as

a(z) = lra exp ¢ iw — ! 7X)IH Kl i (/\)‘2)} dA ﬁ ﬂ, (23)

2 27”0‘700 A—z oy 2 Ak

where
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) n
Proof. According to Lemma 2 and Lemma 3 the function g(z) = 1£%e' a(lz) H = ;\i is
k= k

halomorphic on the upper halfplane, uniformly bounded, has no zeros and behaves as
1+ O(2) when |z| — oo. Moreover, for real A # 0 according to the formulas (16) and
(17) we have

1 2
AN =—4=\1-|r=N)]".
eyl 7a [r=(V)]
This allows us to reconstruct the function Ing(z) (Imz > 0) by its real part
In|g(N\)] (—oo < A < o). For this we use the Poisson-Schwarz formula

+oo

i A—z

—0o0

which yields (23). <

3. The Main Equations of the Inverse Problem

In order to derive the main integral equations for the case < 0 we use identity (18).
The second relation in (18) can be rewritten as

(a(l)\) _ 1+2aeiw) Fo(z,\) = <r+(A) + Z‘Ie_“””)) i@\

a—1 —iw+o) 2 i -
_Oé—|-16 f+(l’,)\)— 1+O{e f,(l',>\)+f+(.’b,)\).

Multiplying the both sides of the last equation 7 e, where y > u(z), and integrating
it with respect to A over the interval (—oo, +00) we have

1 > 1 2 —iw iAY _
27 J_ oo (a()\) T11af )f_(x,)\)e A=

_ i > i a—1 —iw+e iry
=5 | (r N+ arit )f+(x,)\)e A+ (24)

a —1 71(w+9) 2€_iw iy
/ {f+ z,A) arit fe(z, M) 1+Oéf(3c,)\)}e dA.

Further, using the representation ( ), (6) of the solutions fi(x,\) we find

1 [ a—1 —iwte

% . <’l"+()\) + ﬁe ) f+($, )\)ei/\ydk-l-

a+1 1+«
oo —_—
= Fi(z,y) + ( )K*(x,t)F(,*R(t +y)dt + K+ (x,y)—
n(x

b [ FEA - S ) - 2 )] v
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2672'0.1

14+«

a—1 —i(w+6)

_ Kt (r. —y) —
ari® (z,~y)

K™ (z,y),

where

1 [ -1 —i ) ) )
Fi(z,y) = %/ [r*()\) AT +6)} {R+ (z) e L R (x)eﬂ)‘“(“")} eMdN\ =

Lo a+1
= Ry (2)Fylp (1(x) +y) + R (2) Fy (—p(x) +y) .- (25)
Therefore, the right hand side of (24) takes the form of
Fi(z,y) + /( )K*(x,t)F;R(t +y)dt + K+(z,y)+
p(x
1—a —iw+re) i Qe
—l—me K™ (z,—y) — 1+QK (z,y).
Now, let’s compute the left hand side of (24) by using the contour integration method.
We have 1 oo ) )
- e —iw - A z)\ydA _
27 J_o (a(A) l+a" >f (@, A)e
1 [ 1 2 . , »
. 2 e} (g N)eM(@) i A (y— () gy
27 (a()\) 1ta’ )f (=, A)e ¢
Note that
i) the function
) w(z) ]
fe (2, \)eM @) = T (2)e? @) L7 (z) + K~ (x, )@ =0 gt

is uniformly bounded on the half plane ImA > 0;
i) iy — T2a€ @ = 0, [Al = 0o (ImA > 0) by virtue of (21);
iii) according to Lemma 2 the function ﬁ, consequently the function

(a(l/\) — 1iae_w) f—(x,\)e?is bounded in some neighborhood of zero.
Hence, applying the Jordan’s lemma we have
1 (> /1 2 ,
- s —iw - A szdA _
27 J_o (a()\) 1+af ) f- (@, Ae

_ 2 —iw iAY
zZ}\refk ( T3 a¢ )f(gc, Ae'.

Since

A= 1+« A=xra(N)

B 1 dme—1 )y fo(z, \)eMv B
~ (mg —1)! {d/\mk—1 [ =A™ }A Ak a

res ((1) - e_i“) fo(z,N)e™ = res Lf,(ac,)\)ei/\y =
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mkl

_ my—1—j
T 2 o (e ),
y { Al (= A)™ eiky}
A= a () s
B mil { (A= Ap)™ ei*y} y
v a(N) N
my—1—
X kz: j%;:mk_l_j vy ! {dd):,f (z, )\)} -

=0 A=Ak

mg—1 j Mg i\

(A= )™ e
E P —
o < mp—1— j {d}\ﬂ (1()\) f+($7>\)} -

A=)k

= iRy () Pyf (p(w) + y)e Ao H0) 4

HiR_(2) P (y — pl))e™W=r@) 4 / K* (@, 1) Py(t + y)e 59,
w(zx)
where

mp—1 ;
s —IART \ d’ (>‘ A ) 1)\36
P]j(l') = —1€e Ak Z ]jmk - ] {d)\J 4(1()\) )} )
=0 A=Ak

we obtain

1 [ 1 2 , 4
o ( TIT e_w>f (2, A)eMdA =
(0%

5
M =
: S~—

—Ry(x P Yer Ak (@) +y)
k:l
Zp+y u(z /K-i-thPkt_i_y) ik (t+y)
e k=1

Taking into our account the formula (25) we obtain the following integral equation for
the kernel K (z,y) (y > p(x)) :

Fi(z,y) + /( )K*(x,t)F;R(t + y)dt+
u(x
2e—iw

14+«

a—1 —iw+o
e
a+1

—Ry(x) Y B (u(x) + y)e i)
k=1

+K+(:’C7y>_ K+($7—y)—

K_(;l?7y) =
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n

n +oo
—RfQOE:PJ@—WK@JMW_””U—-/1K+@aw§:FMt+yk”“””,

k=1 u(z) k=1

R+(x)[FO+R (u(x) +y) P]j(u(x) + y)euk(u(z)ﬂ/)]
k=1
+R_(z)[Fylr (—p(z) +y) + Z P (y — p(z)eMew—n@)] 4
k=1

— a—1 —iw+e 2e~w
+K+(l‘,y)— Ck-’-].e K+(.Z',—y)— 1+ o

K™ (z,y)+

o0 n
+/ K (2, 0)[Fop(t +y) + > Pt +y)e™ T 9]dt = 0,y > ().
p(z) k=1

The last equation is simplified to the equation

Ry (@) F* () + ) + B[P (—u(w) + ) + K (0,9) = e K (2, —y)
2 —iw +oe
- 1e+ aK*(a:,y) + / K (z,t)Ft(t+y)dt =0, y > u(x),

w(z)

where
Fr(a) = 3 P (@)™ + Fiy(a).
k=1

Since K~ (z,y) = 0 for y > p(z) we conclude that

o0

Ry(2)F*(u(x) +y) + R_(2)F* (—p(x) +y) + K+ (2,y) + ()F+@+¢ﬂTWaﬂﬁ+

1—+/p(z) —i(w+0) 7+
+—— == TV K T (z,—y) = 0,y > p(z), (26)
1+ /p(x)
where the function
“+o00
+ . + IALT 1 + -« —i(0+w) IAT
F (:c):ZPk (x)e +% T ()\)fme e dA
k=1 e

are defined by the right scattering data.
By the similar way, using the first relation in (18), we can derive

w(=)
Ty (2)F (—pla) + ) + T (2)F~ (u(2) + ) + K~ (@) + / F(y+ DK (2, 1)dt

— 00
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VA C) BT
1+m K(7 y)_o (27)

for y < p(zx), where

“+o0
- ; 1 l—a . _
F~(z) = E P (z)e” A 4 or / (r N+ Toa Zel(e“’)> e~ AT\
k=1 s

and

mp—1 i MmEg —i\x
_ i _ 1 [ d A=) e
Pk (x) — _jeirkm Z Ky i { )
= RET G0  dM a(A) A=AL
are defined by the left scattering data.
Hence, we have proved the following theorem.

Theorem 4. The kernels K*(z,y) of representation (3) and (6) satisfy the main equa-
tions (26) and (27).

4. Uniqueness

Theorem 5. The main equations (26), (27) has a unique solution K*(z,.) €
Ly (u(x), +00), and K~ (x,.) € L1(—o0, u(z)) for each fixzed x > —o0 and x < 0o, respec-
tively.

Proof. Tt is easy to show that the considered integral equations (26), (27) are generated
by completely continuous operators, and to prove their unique solvability, it is enough to
show that the corresponding homogeneous equations only have zero solutions. Consider
the equation

9(y) + () — chy(—y) + /T)F+<y+t>h+<t>dt=o, o), (28)

where h(y) = KT(z,y),c = €®“) z plays a role of a parameter and g(y) €
Li(p(x), +00). Then (28) implies that

o0 2 o
0= / ha ()P dy — / he (—) g (@)dy+
p(x) u(x)

+ / Fy(y + )h (t)hy (g)dtdy =
w(zx) J p(x)

L ? L[ ooy
_%/_w‘m@)’ d)\—l—%/_oor (\h2(\)d),

where f()\) = f:?:,:) fly)e= " d\. Since

0] = It ]
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/_oo ‘r+()\)ﬁ2—z_)\/)d)\’d)\</oo \‘m ‘2d)\

;ﬂ/_o;‘m( X <7/ A)|'fA()T)’2d)\

/: (L= ‘f/(X)‘QdA <0

which implies k4 (\) = 0 because of 1—|rT(A)| > 0 for all A # 0. Thus, homogeneous equa-
tion (28) only have the zero solution. The uniquely solvability of equation (27) is proved
analogously. <

we have

Theorem 6. Given function r+(\)(—oco < A < 00) is the right scattering data of the
problem (1), (2) without discrete spectrum and real potential functions q(x) and p(x) if
and only if the following conditions are satisfied:

I) rt (M) (=00 < A < o) is continuous, [rt(N)| < 1 for X # 0, and r*(0) = -1 if
[r*(0)] = 1. Moreover, there exists C > 0 such that

C\?

+
1—’7' )‘Zm,_oo<)\<oo,
and
+ 1- —i(0+w)
r ()\)—7 )+ 0 s A = o0,
1+a

for some real 8 and w.
II) The function zai(z), where

a1(z) =

tra g [ el on)],)

— 00

is continuous on the closed upper halfplane Imz > 0.
III) The functions

—+oo

1 l-a —i w iAx
FJR(x):§/ <r+()\)—1+ae o+ ))e)‘d)\

— 00

+oo
_ 1 a1t(A)  1—a ;4 _;
S ot i(6—w) iz
Fin(@) = 5- / < T T T >e A

— 00

and

are absolutely continuous and their derivatives %Fg}i(x), L Fin(z) satisfy
+oo
d ot
. — Fp(p(x))dr < oo, ))dz < o0,
T

for all x1 > —o0 and x5 < oo respectively.
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Proof. In the direct problem we have proven that the right reflection coefficient of the
scattering problem (1), (2) without discrete spectrum and real potential functions ¢(z)
and p(z) satisfies the conditions I)-III). Let the conditions I)-III) are satisfied. Then
based on the given function r(\) we construct the second function r~ () by the formula

a(z) = e®ay(2) (Imz > 0,z # 0),

+o00
— 1 — -« i(0—w —iAT
Fop(z) = Py / <r A+ T af ® )> e TN,

—0o0

where numbers w and 6 will defined later. Then according to the Theorem 14 we can
write the main integral equations (26) and (27) from which we have

K*(z,t) = K (2,t) cosw® () + Ki (2, 1) cosw® (), (29)

where w*(z) is defined below and K (,t), K (x,t) are solutions of the integral equa-
tions

§<1+ ;(I)>F&(u(w)+y)+;<1_ pl(x)>>e“w+9>%<—u<x>+y>+

VK ) + / Finly + 0K (x,t)dt+
w(=)

1;\/7 ”Zggei(ere)Ka'(x, —y) =0, y > u(x), (30)
; (1 + p1($)> Fialle) +9) — 5 (1 - pl(x)>>e““+9)FJR (~la) +v)
+Kff(x,y)+/oo Fia(y+ ) K (2, t)dt+
w(z)
1- P(ff)e_i(w ) Kt (. —y) — .
+71+\/@ KT (@, —y) =0,y > p(), (31)
% (1 + pa(m)> Fop(p(x) +y) + % (1 - ;X(x)>)6i(0w)F0} (—p(z) +v)
- w(z)
+ Ky (z,y) + [ Fop(y+ ) Ky (x,t)dt—
Lo VD) oo o (0, ) = 0, y < (o), (32)

1+ V@)
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% (1 + poz(@) Fop(p(x) +y) - % <1 - a) )e' T Fog (—p(e) + y)

p(z)
- (@)
K@)+ [ Fonlu+ 0K (o)
— 00
1- P\T) io—w -
VPO 0Dk a, ) =0, y < (o). (33)
1+ +/p()
At this stage we define functions w® () as the solutions of the nonlinear integral equations
+o0
w(z) = :I:/ P (t,wh(t))dt, (34)
where
p(t)

Dy (t,z) = <1+ 3

) Vo) [(ReKE (b (t) — ImEE (1, (1)) sin 22
+2ReKiE(t, u(t)) sin? 2 — 2Im K (¢, ju(t)) cos? 2]

+ <1 - p(t)> Vo) [(RePK (t, —p(t) — ImPKE(t, —pu(t)) sin2(0 £ w F 2)

g
+2RePKT (t, —pu(t))sin®(0 + w F z) — 2RePK (t, —u(t)) cos*(0 + w F z)], (35)
l1+a+x(1-«
8= —2( ) (36)
and Pg(t,z) = g(t,z + 0) — g(t,z — 0) denotes the jumping of the function

g(t,z) with respect z. Therefore from equations (29)-(36) we can define functions
wt(x), 0% (x), K*(x,t) uniquely and by these we can construct the solutions

f+ (:c,)\):1 1+ ! e (@) i (z)
2 p (@)
“+oo
. L by ) o
T em AT o [ (2, t) et (37)
2 p (@)
()
and
fen=t(1o 8 @@
2 p(x)
1 ;U'(m)
+5 <1+ \/;(7)> e—Mu<z>+m(m>+/K— (2.8) =Mt (38)

— 00
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of the equations
(@A) + [Np(x) = 20py (2) — g (2)] f1 (2,0) =0
and
F2 (@) + [Np(x) — 20— (2) — g (2)] f- (z,) =0, (39)
where
wE(z
pila) = Vo @),
N Pi(@)  4p(w) d
== T h
X [ReKi(J:, w(z)) cos wr (z) + ImK = (2, u(x)) sin wi(m)}
and
+oo +oo
/ P+ ()] da < oo, / 1+ [2]) (lg+(@)] + [Py (2)]) dz < +o0, (40)

Z1 Z1

[ipe@lde<oe, [ @lal) (lo-@)] + [ @) do <+

are satisfied for all 21 > —oo and z9 < oo respectively.

Further using the main integral equations (29)-(33)and the integral representations
(37), (38) of the solutions it can be shown (see [29], [33]) that for all real values of the

solutions fy (x,\) and f_ (z, A) have connections

rE O+ (@) + Fi(e,X) = b /- (2,0,
OV (@A) + 2T (@ N) = b fe ().

Now we obtain from (41)
F2 (@, 2) + [Np(a) = 22p(2) — a1 (2)] f- (2,3) = 0.
Subtracting equations (39) and (42) we conclude that
p—(2) = pi(2),¢-(z) = g4 (2) (—o0 <z < 00).
Consequently we can define
p(x) = p1(z), 9(z) = ¢4 (2) (mo0 <z < o0)

uniquely and from the inequalities (40) we have

+oo +oo
/ Ip(a)] dr < oo, / (1+ |2 (Jg@)] + P (2)]) dz < +oo.

(43)
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It remains to show that r*(\) and 7~ (\) are the right and left reflection coefficients of
the constructed equation

y" + [Np(z) — 2Ap(z) — q(z)] y = 0, —00 < z < o0. (44)

We define the right and left reflection coefficients of the constructed equation (44) by
7T(X) and 7 () respectively. By the formula (43) the functions fy (z,A) and f_ (z,\)
are the Jost solutions of the equation (44). Therefore by the results of the direct scattering
problem we can write

j+()\)f+(x, A+ fr(z,A) = a(lx)f—(ka)a
E (@, \) + 2T (wN) = g fe (@),

Now from (41) and (45) we have

a()‘) 7'+()\)f+<.');‘,)\) + a()‘> f+(x>)‘) = f,(ac,/\),
a(N) TN Sz, ) +a(A) fa(z,A) = f-(2,2)

(45)

which imply

(@) () =aN) T ) fe (@A) + (@A) —a (V) f+(z,A) = 0.

Since W {f+(1:, \), To (@ /\)} — 20\ # 0 for A # 0 we obtain a (A) 7 (A\)—a@ (\) 7+ (\) = 0,
a(X)—a(X) = 0. Consequently a (A) = a(X\), r™(X) = 7T ()). Similarly from (45) we have
r=(A) = 77 ()\). Since a(z) = e“ay(z) (Imz > 0,z # 0) from the condition IT) we have
that the function a(z) has no zeros in the upper halfplane. Then the equation (44) has no
discrete spectrum. Until now, the numbers w and 6 were arbitrary real numbers. Since
w +60 = 2w (0) it os sufficient to define w. From the conditions I) and II) of the theorem
we find that

li + 1) =0.

A%Aa()\) (rt(\)+1)=0

Then using the formula

we have
Xa(A) (77 () +1) = Aa(V) (7 (0) + 1) = A (a)rt () + ) 7 (V).

Since 7t () is continuous and )l\irr%) Aa(A) is finite there exist a finite limit
—

~ +()\) =
)\li%lx\a()\)r (A) =~.

Consequently we have

)1\i_>mox\a()\) (r=(A) +1) = —2Ren.

If we require that Rey = 0 we can define e uniquely. |
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