INVERSE SCATTERING THEORY FOR ONE-DIMENSIONAL
SCHRODINGER OPERATORS WITH STEPLIKE FINITE-GAP
POTENTIALS
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ABSTRACT. We develop direct and inverse scattering theory for one-dimensional
Schroédinger operators with steplike potentials which are asymptotically close
to different finite-gap potentials on different half-axes. We give a complete
characterization of the scattering data, which allow unique solvability of the
inverse scattering problem in the class of perturbations with finite second mo-
ment.

1. INTRODUCTION

In this paper we consider direct and inverse scattering theory for one-dimensional
Schrédinger operators with steplike finite-gap background, using the approach by
Marchenko [26].

To set the stage, let

d2

dx?
be two (in general different) one-dimensional Schrédinger operators with real finite-
gap potentials py (z). Furthermore, let

(1.1) Hi = +pi(x), zeR,

2

d
1.2 H=—— R

be the “perturbed” operator with real potential ¢(x) € Li . such that

loc

Foo
(1.3) :I:/0 lq(x) — p+(z)|(1 + 2?)dz < oo.

That is, the potential g(x) has different asymptotic behavior on different half-axes,
and we will call it a steplike potential by analogy with the case of two different
constant backgrounds.

The scattering problem for the operators f is classical and arises in
various physical applications, for example, when studying properties of the alloy
of two different semi-infinite one dimensional crystals. We refer to the recent work
[18] for a more detailed discussion of the history of such problems together with
further references to the literature. In addition, this scattering problem is of course
important for the solution of the Korteweg—de Vries (KdV) equation with initial
data in these classes.
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For a constant steplike background, that is, p+(x) = c+ (¢4 # c— some con-
stants), this problem was completely solved in [2] [6l [7], including applications to
the initial value problem for the KAV equation ([5][20]), and the asymptotic behav-
ior of the solution for large time ([22]). The case, when the potential vanishes on
the right half axis (p4(z) = 0) and is asymptotically periodic finite band on the left
half axis, was considered in [I1], 30} [3T], 33]. The initial value problem for the KdV
equation was also solved in this case ([12]), and long time asymptotics can be found
in [12] 23] 24] (see also [3] for the Jacobi operator case). The case of one-periodic
background p_(x) = p4(x) was studied in [I3] 14} 5] and [28 29] (for the Jacobi
operators the same problem was considered in [8] with the extension to different
background operators in the same isospectral class given in [I0]).

However, despite the fact that several special cases are well understood by now,
only very little was known about the general situation considered here. In fact,
the various mutual locations of the respective background spectra (cf. the example
on page [7] below) and background Dirichlet eigenvalues, produce a multitude of
different cases. To illustrate this, we mention that only a classification of all possible
singularities of the transmission coefficient at the boundary of the spectra would
require 16 case distinctions (this is for example the reason why we formulate its
properties in terms of the Wronskian of the Jost solutions in Lemma IT below).
Our goal here is to find a complete characterization of the scattering data for the
operator H, that will allow us to solve the inverse scattering problem and to prove
the uniqueness of the reconstructed potential in the class (|1.3) with the second
moment finite. In particular, we will do this without any restrictions on the mutual
location of the respective spectra and without any restrictions on the location of
the Dirichlet eigenvalues. In this respect, note that for example in [13] 14] 5]
it is required that the Dirichlet eigenvalues do not coincide with the edges of the
continuous spectrum. In fact, it was demonstrated in [8] (for the case of Jacobi
operators) that these cases give rise to a different behaviour of the scattering data,
which does not occur in the constant background case. Furthermore, the inclusion
(and understanding) of this case is important for applications to the solution of the
initial value problem of KdV equation, since these cases are unavoidable under the
KdV flow. We refer to [9] for a detailed discussion (in case of the Toda lattice) and
we will give a brief outline for the KdV equation in Section [f]

On the other hand, we should also mention that there are two things which we
do not address here: First of all, one could relax our decay assumption and replace
the second moment in by the first moment. Our approach is crafted in such a
way that this causes no principal problems. To keep our presentation more readable
we have decidedd not to include this case at this point. Secondly, one could allow
general periodic potentials, that is, an infinite number of gaps. Again there are no
serious impediments to treating this case.

Finally, let us give a brief outline of the present paper. We start with some
preliminary notations and list some standard facts of the spectral analysis for the
background Hill operators in Section[2] Then we study the properties of the scatter-
ing matrix for steplike operator, paying particular attention to analytical properties
of its entries at the edges of the continuous spectrum of operator H (Section . In
Section [4| we derive the Gel’fand-Levitan-Marchenko (GLM) equations and obtain
complementary estimates on their kernels (see also Appendix . In this section we
also formulate our main result, that characterize the scattering data (Theorem [4.3)).
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Then we discuss the unique solvability of the GLM equations, that allows us to
solve the inverse scattering problem. Section [5|is the most important section of the
present paper. Here we discuss the scheme of the solution of the inverse scattering
problem and prove the uniqueness of the reconstructed potential (Theorem [5.3).
Our approach is modeled after the generalized Marchenko approach, developed in
[26]. Our final Section |§| contains some applications to the KdV equation.

2. THE WEYL SOLUTIONS OF THE BACKGROUND OPERATORS

Let Hy be two finite-gap one-dimensional Schrodinger operators associated with
the potentials p+ (a:)ﬂ Let s+(z,x), c+(z,2) be sin- and cos-type solutions of the
equation

d2
(2.1) (—de —&—pi(x)) y(x) =zy(x), z€C,
associated with the initial conditions
(2.2) s4(2,0) = cl:t(z7 0)=0, cx(2,0)= S/i<2:, 0)=1,

where the prime denotes the derivative with respect to x.
It is well-known that finite-gap Schrodinger operators are associated with the
Riemann surface of a square root of the type

2r4
(2.3) -1[z-Ef), Ey<Ef<---<Ej,,
j=0

where 7+ € N. Moreover, Hy are uniquely determined by fixing a Dirichlet divisor

+
25:1(,“;(70;[), where uf € [Ezijfl,EQij] and O'ji € {—1,1}. We refer the interested

reader to [T}, [17, 19} [25] for relevant background information. The reader not familiar
with this theory can always think of the special case of periodic finite gap operators.
The spectra of Hy consist of r + 1 bands

(2.4) os = [Ey,EY|U---U[E5;_,, Ey;_4]U---U[Ej,, ,00).

Note that in the special case where py is periodic, we have merged all colliding
bands. Let

Mri = {Uit7 s 7#7:0‘1}
be the set of Dirichlet eigenvalues and set
15 (2 = 1))
9+ (Z) - : 2r4 : + ’
2\/_ Hj:o(z - Ej )

where the branch of the square root is chosen such that we obtain a Herglotz—
Nevanlinna function,

(2.5)

(2.6) Im(gs(2)) >0 for Im(z) > 0.

IEverywhere in this paper the sub or super index “+” (resp. “—") refers to the background on
the right (resp. left) half-axis.
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Let us cut the complex plane along the spectrum oy and denote the upper and
lower sides of the cuts by o and ¢!.. The corresponding points on these cuts will
be denoted by A" and A!, respectively. In particular, this means

fOm) = Ei% fO+ie),  fO\):= 1318 f(x—ie),  Ae€oy.

Condition (2.6)) then implies

(2.7 %gi(/\“) =Im(g+(A\")) >0 for A€oyg.

Next consider the Weyl solutions ¢ (z,2) and ¢+ (z,z) of (2.1) which are de-
termined up to a multiplication constant, depending on z, by the requirement

1/&(2, ) € LQ(Ri)7
resp. s (2, -) € 2(Ry)

for z € C\ox. We will normalize them according to ¥ (z,0) = ¢4 (z,0) = 1 such
that

(2.8)

Yi(z,2) = cx(z,2) + me(z)s+(z, ),

(2.9) i u
resp. (2, 2) = cx(z, @) + M (2)s+(2, 2),
where
_ VR0 Uh(0)
(2.10) my(z) = 02(2.0) +(2) = 72(.0)

are the Weyl m-functions. In the case of periodic operators, ¥+ (z, ) and zzi(z, x)
are of course just the Floquet solutions. They are equal to the branches on the
upper/lower sheet of the Baker-Akhiezer function of Hy.

It is well-known (see, for example, [25]), that my(z) — mi(z) = Fg+(2)7L.
Equations and then imply that the Wronskian of the Weyl solutions is
equal to

(2.11) W (s (2), ¢ (2) = Fg(2) .
where W(f, g)(z) = f(x)g'(z) — f'(x)g(x) denotes the usual Wronski determinant.
The set of band edges is given by

(2.12) doy = {Eoi,EfE,...,Ei }

2r4

For every Dirichlet eigenvalue uji the Weyl functions might have poles. If ,uji is in
the interior of its gap, precisely one Weyl function my or my will have a simple
pole. Otherwise, if ,u,;t sits at an edge, both will have a square root singularity.
Hence we divide the set of poles accordingly:

My = {,uj[ | uji € (Eaj—1, Es;) and m4 has a simple pole},
M,y = {,u;t | ujt € (Esj_1, Es;) and m4 has a simple pole},
My = {4 | ui € {Eaj_1, Esj}}.
Clearly M,, = M+ U Mi U Mi. Then we have
Cy

ma(2) = 25 (L o(1), e(2) = O(),
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for z > pe My,

ma(z) = 0(1). 1ha(z) = < (14 o().
for z — u € ]\Zfi, and
__Cs . _ Cy
mi(z) - m(1+0(1))7 m:t(z) - 7m(l+0(1))3

for z > F € Mi. Here C'y ,é’i denote some nonzero constants.

In particular, we obtain the following properties of the Weyl solutions (see, e.g.,
[T°7, 19, 25, 26, [34] ):
Lemma 2.1. The Weyl solutions have the following properties:

(i) The function ¥y (z,z) (resp. V+(z,x)) is holomorphic as a function of z in
the domain C\ (o1 U My) (resp. C\ (o+ U My)), takes real values on the
set R\ o1, has simple poles at the points of the set My (resp., My). It is
continuous up to the boundary o U o', except at the points from My and

(2.13) YW = e (\) =9 (V), A€o,
For E € My the Weyl solutions satisfy

\/zl—;E)’ z/in(z,x)zO(\/Zl_;E), asz— E € M,.

The same is true for ¥/ (z,x) and ﬁ;(z,x)
(ii) At the edges of the spectrum these functions possess the properties

bi(z,2) — Pa(z,2) = O (\/z = E) near E € 8oy \ My,

Yi(z,2) =0 (

and
Vi(z,2) +Ps(z,2) = O(1) near E e Ms .
(iii) When z — oo the following asymptotic behavior holdsﬂ:

Y (z,a) = FVE (1+O(z*1/2)) and Py (z,x) = TV (1+O(271/2)>.

(iv) The functions ¥1 (X x) form a complete orthogonal system on the spectrum
with respect to the weight

(2.14) dp(N) = 595N,
namely
(2.15) f DL On e\ 2)dps (V) = 8z — 1),

where §(x) is the Dirac delta distribution. Here we have used the notation

(2.16) ;4 FNdpe(A) = / T Ndps () - / FNdps (V).

2Here Im(y/Z) > 0 as z € C\ Ry.
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3. THE DIRECT SCATTERING PROBLEM

Consider the equation

(3.) (-2 + 1@ vlo) = 2(a). s,

with a potential g(x), satisfying condition (1.3). This equation has two solutions
¢+ (z,2), the Jost solutions, that are asymptotically close as x — +oo to the
Weyl solutions of the background equations (2.1)) and can be represented as (see
13, 04, [15]):

+oo
(3.2) bx(2z,2) = px(z,2) £ Ky (x,y)Y+(z,y) dy,

€T

where K4 (x,y) are real-valued, continuously differentiable with respect to both
parameters, and satisfy the estimate

+o0
(33 Kaw)| < £C2@) [ la(0) ~ pa(0)] .

Here Cy (x) are continuous positive functions, monotonically decreasing (and, there-
fore, bounded) as © — +oo (see Appendix . For A € o} Ucl, a second pair of
solutions of (3.1)) is given by

- . +oo .
(3.4) dr(\x) =i\ z) £ Ki(z,y)be(\y)dy, A€oiuol.
Note ¢+ (A, z) = = (N, ) for A € o4

We see that, by formulas (3.2)), (3.3)), (3.4)), and (2.11]),
(3.5) W (¢£(N), ¢+ (V) = £g£ (V).

Unlike the Jost solutions, the solutions exist only on the upper and lower cuts
of the spectrum of the corresponding background, and cannot be continued to the
complex plane.

The Jost solutions ¢4 are holomorphic in the domains C\ (o4 U M4 ) and inherit
almost all the properties of their background counterparts, listed in Lemma (i)-
(ii). In order to remove these singularities we introduce

6x(z) = J[ (z=u)

I“L;tEM:E
(3.6) bi(z) = H z— ;LJ H \/z
;L;teMi 5 EM:E
bi(z) = H z—uj H \/z
py €My i eNL

where [] = 1 if there are no multipliers, and set

(3.7) Oi(z,0) =061 (2)px(2,2), Ox(z,2) = 01(2)¢s(2, ).

Lemma 3.1. The Jost solutions ¢4 (z,x) have the following properties.
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(i) For all x, the function ¢+ (z,x) considered as function of z, is holomorphic
in the domain C\ (o4 U My), takes real values on the set R\ oy, and has
simple poles at the points of the set My. Moreover, (Z)i is continuous up to
the boundary o4 U ol

(i) ¢+ (N, @) —dp+(N\,2) =O (VA—E) for E € 0o+ \ My, and
p+(\, ) + o\, 2) = O(1) for E € M.

Proof. Proof of this Lemma follows directly from (3.2)), (3.3)), (3.4), Lemma O

Now introduce the sets
(3.8) @ =0, n0o_, O'(il) =clos(ox \0®?), o:=0,Uo_,

where o is the (absolutely) continuous spectrum of H and ag_l) U

0@ are the parts which are of multiplicity one, respectively two. In addition to
the continuous part, H has a finite number of eigenvalues situated in the gaps,
oqa C R\ o (see, e.g., [32]). We will use the notation int(cy ) for the interior of the
spectrum, that is, int(o4) := oy \ Jox.

The following example illustrates the various possible locations of the spectra
together with the Dirichlet eigenvalues.

, respectively

Example 3.2. Let H; be the two-band quasi-periodic operator with the spectrum
on the set oy = [E1, E) U [Ey, +00) and H_ be the three band operator with the
spectrum o_ = [Ey, Es] U [Es, E4] U [E5, +00), where By < Ey < --- < Ej5 (cf.
Figure [1). Then o = [Ey, Ez] U [Es, +o0), 0\ = [Ey, Es), 0@ = [Es, Ey), and
0 = [Ey, B3] U[Es, +00). Denote by p; the Dirichlet eigenvalue for the operator
H_, that belongs to the closed gap [F2, F3] and let uf be the Dirichlet eigenvalue
of Hy from the gap [Es, E4).

+
g4 Hi
— ¢ wha™
g_ — —

Eq Eo 5 E3 Ey4 Ha Es5

FIGURE 1. Typical mutual locations of o_ and o..

We may encounter various mutual locations of these eigenvalues. For example:

pi # py and pf, py € (Bp, Bs) (Le., pi € My),

/U'-li_ =W € (E2, E3), R

pi = Ea,puy # Es (ie. py € My),

,uf € |E3, E4] (the Dirichlet eigenvalue is situated on the spectrum of multiplicity
one) and u; # Es,

e etc.

All such mutual locations of the Dirichlet eigenvalues imply different properties of
the scattering data and have to be studied separately.
Let

(3.9) W(z):==W(o-(z,-),04(2, -))
be the Wronskian of two Jost solutions. This function is merorAnorphic in the domain
C\ o with possible poles at the points M, U M_ U (M4 N M_) and with possible
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square root singularities at the points M, U M_ \ (M, N M_). Set
(3.10) W(2) = W(d_(2),4(2)), W(2) = W(d_(2),64(2)).

Then the function W ()) is holomorphic in the domain C \ R and continuous up
to the boundary. But unlike the functions W(z) and W (z), it may not take real
values on the set R\ o and complex conjugated values on the different sides of the
spectrum. That is why it is more convenient to characterize the spectral properties
of the operator H by means of the function W, which can have singularities at the
points of the set M+ UM_. We will study the precise character of these singularities
below.
Since the discrete spectrum of our operator H is finite, we can write it as

O'd:{Ah...,Ap}CR\O'.

For every eigenvalue we introduce the corresponding norming constants
—2 ~
(3.11) (7]::) = / % (Mg, z) da.
R

Note that outside the spectrum W(z) = 0 vanishes precisely at the eigenvalues.
However, it might also vanish inside the spectrum at points in do_ U do and we
will call such points virtual levels of the operator H

(3.12) o, ={Eeco|W(E)=0}

We will show o, € do U (80 noct )) in Lemma |3.3| below. All other points £ of

the set 0oy U do_ correspond to the generic case W( ) #0.
Now we begin our study of the properties of the scattering matrix. Introduce
the scattering relations

(3.13) Tr(Nor(\ z) = o= (N, 2) + R (Mo (N, 2), A€ol
where the transmission and reflection coefficients are defined as usual,
(3.14)
W (9+(N), ¢+ () W(px(A), ¢+(N)) ul
TL(N) = , Ri(A):=— ;A .
= Wm0 YT T ) ey

Their characteristic properties will be given in the following lemma.

Lemma 3.3. For the entries of the scattering matrixz the following properties are
valid:

I. (a) Jj“ﬂi(())\\“) =Ty(MN) and Re(\*) = R+ (M) for A€ o4,
= == or U(l)
(b) 0 = Ry()\) for A e
© 1- 1R = 2 i1 ()2 for 2 € 0@,

9= (A)
(d) Te(\) =1+ O(JA[7*?) and Ry (X) = O(JA|=/2) for A — oo.
() ReMNT(N) + Re(NT(N) = 0 for A € o).

II. The functions Ty (\) can be extended analytically to the domain C\ (c UMy U
J\Zfi) and satisfy

—1 —1
(3.15) N ETAE R e P e R

where W (z) possesses the following properties:
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(a) The function W(z) = 0,(2)6_(2)W(2) is holomorphic in the domain
C\ o, with simple zeros at the points A\, where

dw o
(3.16) (W 30)) = i
Besides, it satisfies
(3.17) W) =W\, Aeo and W) ER for NeR\o.

(b) The function W (z) = 64 (2)0_(2)W () is continuous on the set C\ o up
to the boundary " Uc'. It can have zeros on the set Oo U (80&1) N 809))
and does not vanish at the other points of the set o. If W(E) =0 as
E e aau(aa$> ﬂ@a(})), then W (z) = vz — E(C(E)+o0(1)), C(E) #0.
IT1. (a) The reflection coefficient Ry(X), is a continuous function on the set
int (o).
(b) If E € do,:N0o_ and E ¢ o, then the function Ry (X) is also continuous
at E. Moreover

-1 E¢ M
(3.18) R.(E) = for B ¢ My,
1 for E € My.
Proof. The proof is based on formulas ., , and Lemma,
I. The symmetry property (a) follows from formulas -, -, 1D and
(B4). To verify (b) observe, that ¢+(\,z) € R as A € int(ail)). Together with

(3.14) and (3.7) this implies (b). Now let A € int(c(®)). Then by (3.13)
[T PW (¢, 65) = (|R<> = )W (¢, )

and property (c) follows from and (| To prove (d) we use (B.5),

and (3.2 . Then property (iii) of Lemma 2 1 allows us to proceed as in the proof of
[26, Lemma 3.5.1]to obtain the necessary asymptotics. The consistency condition
(e) and the identity (3.15)), considered on int(c?), can be derived directly from
the definition .

I1. (a). Except for everything follows from the corresponding properties
of ¢+ (z,x) and it remains to show (3.16). If W (\g) = 0 for some Ao € C \ o, then

(319) QZ:I:()‘Oax) = C:t(lg;()\o,l')

for some constants ¢ (depending on Ag) and satisfying ¢_ ¢y = 1. In particular,
each zero of W (or Vl/) outside the continuous spectrum, is a point of the discrete
spectrum of H and vice versa.

Let v4+ be the norming constants defined in for some point of the discrete
spectrum Ag. Proceeding as in [26] one obtains

+oo
(3.20) W (600,00 3505 00.0)) = [ 3002 do.



10 A. BOUTET DE MONVEL, I. EGOROVA, AND G. TESCHL

Equalities (3.19)) and (3.20]) imply
Foo _ oo _
72 = :Fci/ (b?F()\o,x)dx i/ % (Mo, x)dx
0 0
- d -
= A1 (52 (20,0), 255200,0)) £ W (62 (30, 0), 7535(%0,0))

— e %w@,uo),oh(xo»

and, since c_c4 = 1, we obtain (3.16).
Item (b) will be shown in Lemma

ITI, (a) follows from the corresponding properties of ¢4 (z,z) and from II, (b).
To show III, (b) we use that by (3.14) the reflection coefficient has the represen-
tation

 WE.er () W@ 6 (N)
(8.22) B = e e )~ WY

and is continuous on both sides of the set int(c) \ (Ms U Mz). Moreover,

Wi(g£(N); 9 (V)
W(A)
where the denominator does not vanish on the set o1 \ 0,,. Hence Ry ()) is contin-

uous on this set since both the numerator and denominator are.

Next, let E € 8o \ 0, (in particular W(E) # 0). Then, if E ¢ M, we use
(3.22) in the form

(3.21)

9

|R+(N)] Z‘

0 NW (9L(N) — 6 (V), o (V)
W)

which shows Ri()\) —1 since ¢4 (\) — qbi( ) — 0 by Lemma (ii). This settles

the first case in Slmllarly, if £ € My, we use 1} in the form

(3.23) Ri(\)=—17F

)

WO\)
which shows R ()) — 1 since §+()\) — 0 and ¢+ (\) +p+(A) = O(1) by Lemma
(ii). This settles the second case in as well. O

We note that the behavior of T (z) near the boundary points of the spectra can
be read off from

5o () 2/ 115 (= — E)
(3.25) Ty(2) = - gjzi V;(z) .

4. THE GEL'’FAND-LEVITAN-MARCHENKO EQUATION

The aim of this section is to derive the inverse scattering problem equation (the
Gel’fand-Levitan-Marchenko equation) and to discuss some additional properties
of the scattering data, that are consequences of this equation.
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Lemma 4.1. The inverse scattering problem (the GLM) equation has the form
Fo0

(4.1) Ki(z,y)+ Fy(z,y) £ Ki(x,t)FL(t,y)dt =0, =<y >tz
where
(42) Falwy) = § Re() v 2)vs(ho)dpO)+

+ /(1%u T (NP (N, 2)9+ (A, y)dp£ (N)

(452w Mgy 2)0s Nk ).

M@

+

™~
Il

1

Proof. Consider the function

(4'3) Gi<za €, y) = Ti(z)¢:F(Z’ 'T)wi(zv y)gi(z) - 1;1(21, $>¢i(2’, y)gi(z>
= G/i(zvx’y)'i_Gl(Za'%y)v +y > +ux,

where x,y are considered as parameters. As a function of z it is meromorphic in
the domain C \ o with simple poles at the points A\ of the discrete spectrum. Tt
is continuous up to the boundary " U ¢!, except for the points of the edges of
background spectra, where

(4.4) Gi(z,2,y) =0((z—E)"Y?) as E€doyUdo_.

Since for z — 0o we have
p(z,1) = TV (14 0(z712),  dx(z,2) = eFVE=(1 4 0(271/2)),
Yi(z,y) = V(14 0(71?), Te(z)=1+0(z"1?)

and g4(z) = 2;}5 + O(z71) then

(4.5) Gi(z,z,y) = VOO, 4y > 4.
Consider a closed contour I'. consisting of a large circular arc together with some

parts wrapping around the spectrum o inside this arc at a small distance from the
spectrum. By the Cauchy theorem

1
]{ Gi(z,z,y)dz = Z Resy, G+ (z,2,y).
e

2
Ak€04

Estimate (4.5) allows us to apply Jordan’s lemma. Since by (4.4]) the limit value of
G+ as € — 0 is integrable on o, and the function G’ has no poles at the points of
the discrete spectrum, we arrive at

1 /
(4.6) 2—7“}{ Gi(\z,y)dA = Z Resy, GL(M\z,y), =Ly > +z.
Ar€oq
Moreover, the function G’ also does not contribute to the left part of (4.6) since
GL(\Y z,y) = GL (AN, z,y) for X € a;l) and, therefore, faﬁ_:) G'L(\,z,y)d\ = 0. In
addition, §, GL(A,z,y)d\ =0 for z # y by (2.15).
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Next we study the contribution of the function G’.. Properties I, (b) and (c)
of Lemma [3.3] imply that

(4.7) IRe(N)| <1 for Aeint(e®), |Ri(\)|=1 for Aeol.
Now we consecutively use (3.15)), (3.13), (3.14)), (2.15)), (3.2)), (3.4)) and again (2.15),
to obtain

1

i . CeOm A= § TN 2 )oY

— § (Reo=(na) + 50 0)) VA s (V)

_ f R (s O a)bs (0, 9)dps (A) + f i O 2)bs (0, y)dps (V)

+oo
i/ dt K (z,t) (}1{ RN+ (N )Y+ (N, y)dp+(N) +6(t — y))

+oo
(48) = r,i(x,y) + Ki(x’t)Fr,i(tay)dt+Ki($’y)a
where
(4.9) Frslog) = § ReOis02)vs (A 0)dps ().

On the set a;l ) both the numerator and denominator of the function G, have poles
(resp., square root singularities) at points of the set ag) N(MyU (805_1) N 80(_1)))
(resp. O';:l) N(Mz\(MzNMy))), but multiplying them, if necessary, by the functions
, we can avoid singularities. Hence, without loss of generality, we can suppose

g) N (M, UM,_) = 0. Then, since 9+(\,z) € Ras X\ € a$),

1 1 o=\ 1) Px(\ )
4.10) — ! =— o x :
Property I, (b) of Lemma [3.3]and (3.13)) imply

g

— N o =X .
¢:F()‘7'T> _T:F()‘)(b:t(Aa ) T:':()\)(ZSZFOU )
Therefore,
¢¥(>‘az) . ¢¢(>\,I‘) _ ¢ ()\ .Z‘) T¥(>‘) N T¥()‘)¢ﬂ:(>‘ax)
W(X) W) TETAW) 0wy W\
2Re (T-*NW () ) Tx=(N) .
. ~ ol ( O L _T¢(Av)v€b<§§A7 :
But by

TE W) = W) Pg= (V) € iR, for Aeol,

thus, the first summand in (4.11)) vanishes. And using W = (T¢g+) "' we arrive at

QS?(/\"I) _ (;5;()\,.17) |
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Combining (4.12)), (2.14), (4.10), (3.2) and (4.8) we have

(4.13) 2% 7{ G\ z,y)d\ = Fo (2, y) + Ke(z,y) £ ;OO Ky (x,t)Fe +(t,y)dt,
where
(4.14) Fex(z,y) = Frx(v,y) + Frx(z,9),
@15)  Faalew)i= [ eOa)us ()T dos ().
9F

To derive the part of the GLM equation kernel, that correspond to the discrete
spectrum (for function F, 1 index ¢ means the part, corresponding to the continuous
spectrum), we apply (3.7)), (3.10), (3.19)), (3.21) and (3.2) to the right hand side of
(46). Then,

(A @)+ (N y)
)\kze;,d Resy, G'.(\, 2,9) )\kze;,d Res)\k W()\)
. ;V’“; Ad’i“’“’ Do S (6 O )i ()
Ak€oq K)CE R Ak€aa
(4.16) =—Fa1(z,y) F = Ky(x,t)Fy 1 (t,y)dt,
where "’”
(4.17) Fas(@y)i= > (%) 0x (O, 2)ds (M, y)-
Ak€da

Combining (4.6] , and we finally obtain O

As is shown in Appendix [A] the kernel Fly(z,y) of the GLM equation satisfies

Lemma 4.2. The kernel of the GLM equation possess the following properties:

IV. The function Fy(x,y) is continuously differentiable with respect to both vari-
ables and there exists real-valued function qi (), x € R, with

+oo
i/ (1 +2?)|g+(2)|dx < 00, for all a € R,

such that
(4.18) |Fy(z,y)| < Ci(2)Qx (x +y),
(4.19) ‘;xFi(%y)’ <Ci(9€)(CIi (x;ry>’+@i($+y)>7

+oo d

(4.20) ﬁ:/ ‘dxFi(x,x) (1+2%) de < oo,

where

+oo

(421) Qule) =t [ lax(o)]dr

z
and Cx(x) > 0 is a continuous function, which decreases monotonically as
T — Foo.
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In summary, we have obtained the following necessary conditions for the scat-
tering data:

Theorem 4.3 (necessary conditions for the scattering data). The scattering data
S = {R+(A), Ty(\), A€ o™ Ro(\), T_(\), A € o™
(4.22) )\1,...,)\pGR\(JJFUJ,),'yli,‘..,'y;€R+}

possess the properties I-II1 listed in Lemma|3.53 The functions Fy(z,y), defined
in (4.2), possess property IV from Lemma|4.d.

In fact, the conditions on the scattering data, given in this theorem are both
necessary and sufficient for the solution of the scattering problem in the class
7. The sufficiency of these conditions together with the algorithm for
the solution of the inverse problem will be discussed in the next section.

As a consequence of the GLM equation and its unique solvability (see Lemma
and also formula we note

Corollary 4.4. Suppose q(x) satisfies (1.3)), then q(z) is uniquely determined by
one of the sets of its “partial” scattering data Sy or S_, where

Sy = {Ri(A), Ae ol T W% A e o
(4.23) A, Ay €ERN (04 Uo), ﬁ,...,y;}em}.

The question about the characterization of such sets (necessary and sufficient
conditions) for potentials from the class (1.3) is rather complicated and is still
open.

5. THE INVERSE SCATTERING PROBLEM

Let Hi be two one-dimensional finite-gap Schrédinger operators associated with
potentials p1 () as introduced in Section[2] Let S be given scattering data with cor-
responding kernels Fy (x,y) satisfying the necessary conditions from Theorem

We begin by showing that, given Fi(z,y), the GLM equations can be
solved for Ky (z,y).

Lemma 5.1. Under condition IV, , the GLM equations (4.1) have unique
real-valued solutions K4 (z, -) € L' (x,+00) satisfying the estimates

(5.1) Ke(a,y)| € Co(@)Qula+y), *y> .

Here the functions Q+ (x) are the same, as in (4.21)), and C+(x) are functions of the
same type, as in Lemma (i.e. positive, continuous and decreasing as x — +00).
Moreover, under condition IV, , the functions Ky (x,y) are differentiable
with respect to each variable and satisfy the estimate , where the functions
q+(x) are the same as in and the functions Cy(z) are of the same type as
n . Besides,
+o0
(5.2) i/ (1+2?)
a

d
— K (z,2)|dx < oo, Va € R.
dz
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Proof. The solvability of under condition together with the estimate
follows from considerations completely analogous to those ones used in the
proof of Lemma (see Remark . To prove uniqueness, first note that the
GLM equations are generated by compact operators. Thus it is sufficient to prove,
that the equation

+o0
(5.3) f() + / Fu(z,y)f(y)dy = 0

has only the trivial solution in the space L!(x,40c0). The proof is similar for the
“+” and “—7 cases, hence we give it only for the “+” case. Let f(y), y > z, be a
nontrivial solution of and set f(y) = 0 for y < x. Since F (x,y) is real-valued,
we can assume f(y) is real-valued. Abbreviate by

(5.4) Fo) = / U (A ) f(w)dy

the generalized Fourier transform, generated by the spectral decomposition ([2.15))
(cf. [34]). Recall that f(\) € Ll (c% Uo') and f(A) = O(1) as A —> +o00.

Multiplying (5.3) by f(z), integrating over R, and applying (5.4) and ([£.2) we
have

~

2 [ \F0Pdp() +2Re [ RANFONdos (N

p 2
59+ [ TIPS ([ ownrwar) <o

The last two summands in (5.5) are nonnegative since J?(/\) R for A € o) and
Y1 (Mg, x) € R. Ignoring the last one and proceeding as in [26], Lemma 3.5.3] we
obtain

6:0) 2 Q- IRODIFNPA )+ [ FOPT-Pde-() <

ail),u

Here we used that
[~ IRODIFA)dp () =0
oy ’

by condition I, (b). Now, since |R.(\)| < 1, p+(A\) > 0 for A € int(¢c®) and
p—(A)>0for \ e int(a(j)), we conclude that

f()\) =0 for Aeo@uUoW =05_.

The function f(z) can be defined by formula (5.4) as a meromorphic function on

(1)

C\ o4. By our analysis it is even meromorphic on C\ ¢}’ and vanishes on o_,

thus f(z) is equal to zero and hence also f(x).
The estimate (5.2]) follows by literally repeating the proof of Lemma O

Next, define two functions

(5.7) Be(r) = F2 0 Ku(o,2) +pala), v € R
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and note that estimate (5.2) implies

+o0
(5.8) j:/ |G+ (7) — p£(2)|(1 + 2®)dx < 00, a €R.
Lemma 5.2. The functions ¢+ (z,x), defined by
+oo

(59) ¢’:|:(va) :wi(%x) + Ki(:c,y)ilzi(z,y) dy7
solve the equations

d2
(5.10) (- gz + 1)) 0a(62) = s0s(5.2),
where G+ (x) are defined by (5.7).
Proof. Consider the two operatorsﬂ

- d? _

H, = —— +Gs(x), z€R.

On the corresponding half-axes the potentials G4 (z) are asymptotically close to our
background potentials p4 (z). Define the integral operators

+oo
(Kf) (@) = f(z) + K (z,y) f(y)dy.
Under the assumption, that the kernel Fl(z,y) of the GLM equation is twice
continuously differentiable, we infer from (4.1) that the function K4 (z,y) is also
twice differentiable (see the proof of LemmalA.3]). Moreover one can prove, literally
following [14], that the identity

HiKy =Ky Hy,

is valid. This identity implies (5.10). To obtain equality (5.10|) without assumption
of existence of the second derivatives, one can literally follow the proof of [26]
Theorem 3.3.1]. O

The remaining problem is to show ¢4 (z) = ¢—(x) under conditions IT and ITI
on the scattering data S.

Theorem 5.3 (uniqueness of the reconstructed potential). Let the scattering data
S, defined as in , satisfy conditions 1, (a)—(d), II, III, (a) and IV. Then
each of the GLM equations (4.1) has a unique solution Ki(x,y), satisfying the
estimate (5.2)). The functions G+ (x), defined by (5.7), satisfy (5.8).

Under additional conditions I1I, (b) and I, (e), these two functions coincide,
G—(x) = G4 (x) =: q(x), and the data S are the scattering data for the Schrodinger
operator with potential q(x).

Proof. To prove the uniqueness of the reconstructed potential we follow the method
proposed in [26]. Recall that, according to [25, [34], we have the inversion formula for

3We don’t know Hy is limit point at Foo yet, but this will not be used.
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the generalized Fourier transform, generated by the spectral decomposition ([2.15))
and applied to the function f(\) € LL (oL Udl), f(A) = O(1), A = +oc:

f F)YL (N y)dp+(N),

(5.11) / F)v=(Ny)d
Split the kernel of the GLM equation (-i accordlng to Fy(z,y) = Fr1(x,y) +

Fp+(z,y) + Fau(z,y) (cf. (£9), [@I5), (4.17
We begin by Con51dermg the following part of the GLM equation
+oo
(512) G:I:(‘ray) = r,:i:(w7y) =+ K:I:(Iat)FT,:I:(ta y)dta
where K4 (z,y) are the solutions of GLM equations. By condition I, (b)—(c) we
have |Ri( )] <1 and propertles (iil) and ( ) of Lemma [2.1]imply, that we can take

fA) = Re(MN)Y+(A ) in . Using (4.9) we obtain

(513) / Frt (2,902 00 y)dy = Rebs (0, 2).
and consequently implies
(5.14) /R G, ) Pa 0 )y = Re(Voa(ha), Ae ol

On the other hand, invoking the GLM equations we have for +y > +=x,
Gi(xay) = _Ki(xa y) - Fh7i(‘r7 y) - Fd7i(xay)

+o0
= /m FOTENPes(ny) [ Ko thia(), e

p +oo
TY ()0 (e,w) Ky (z,t)the (Ag, t)dt.
k=1

x

Again using (3.2)) this gives

Gae.y) = ~Ks(a.y) - / TP O ) os (A, 2)dpr (V)

p

Now we use this formula to evaluate
Foo +oo

/RGi(x, y)r(\y)dy = F G (z,y)0+ (N y)dy F Ky (z,y)ds (N y)dy

| dp=(€)

+ /(1>,u T ()2 ps (€, ) W (1 (€, ), b (N, ) o

» ~ o
(¢i(Ak, £L'), 1Z):I: ()‘7 l’))

Here we have used
+oo

()] e\ y)vr (€ y)dy = W (s (N, 2), i (€, 2)),

x
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which follows from Green’s formula and the fact, that ¢+ (€,y) — 0, /. (€,y) = 0
for £ ¢ o1 as y — too.
Combining this formula with (5.14) and using (3.4) we infer the relation

(5.16) Ri(N) (N 2) + o=\, @) = Te (N5 (N, 2), A€ol
where

1 . Foo v
617) 05 (0na) = 1 (wiu,x) = [ Ga@y)de )y

dpx(§)
E—A

_ /(1),11 |T3F(§)|2¢i(€7I)W(wi(f,l')ﬂz)i()\,x))

iZ(ﬁ)%iuk,x)W(@”i(Ak,w),wi(A,x))) |
k=1

A — A

It turns out that, in spite of the fact that 6+ (A, z) is defined via the background
solutions corresponding to the opposite half-axis R, it shares a series of properties
with ¢+ (A, z). Namely, we prove

Lemma 5.4. Let 0+(z,x) be defined by formula (5.17) on the set ot

(i) The function O+(z,z) = d+(2)0+(2,z) admits an analytical extension to the
domain C\ o.

(ii) The function 9} (z,2) is continuous up to the boundary o™ except possibly at
the points doy U do_. Furthermore,

0=\, z) €R, for \eR\ o=,
eq:(Au’x :{:F( ) f \:F

(5.18) T
O+ (N, z), for A € int(o).

(iii) For large z the function 0+(z,x) has the following asymptotic behavior
O (z,x) = ejFi‘ﬁ””(l + 0(2_1/2)), z — 00.
(iv) W (0¢(z,2), 4 (2, 2)) = £W(2), where W (z) is defined by formula (3.15).

Remark 5.5. Note that we did not establish the connection between the function
W(z) and the function W(¢+(z,x),¢_(z,x)), which can depend on z, because
¢+ and ¢_ are the solutions of Schrodinger equations corresponding to possibly
different potentials G and G_.

Proof. To show (i) we will show that 6+ (2, ) has an analytic extension to C \ o.
We will study each term in ([5.17) separately.
For the first one,

v

Qlii(z,l‘)
Ti(z) ’

it is immediate by (3.25) that (+(z,2) = 6+(2)¢x(2,2) has the required property.
This also covers the second term since G4 (z, -) € L(R) is real-valued.
Now we discuss the properties of the Cauchy-type integral in the representation

(5.17). Multiplying it by T '(z), we represent the third summand in (5.17) as

(5.20) He(z,z) = :5:i h:F(zﬁ,x)gciéz,

2l Ug),u

(5.19) (x(z,2) =
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where the integrand, due to (3.10)), (2.14), and (3.15)), has the representation

=()* - .
h 15 = :':7~ y W , , ,
e Tgmgp & e )
PO [0, .
5.21 = > ~ )W 2, ).
o QWP ssgp =& Wb {50
By property II, (b) the function W(g) has no zeros in the interior of ag)’u. Thus,

for z ¢ a$>, the function h+(z,.,z) is bounded in the interior of ag)

possible singularities can arise at the boundary. We claim

and the only

OWE=E) for E ¢ ou,
(522)  ho(eem = | OWETR) forEge Eeool)) : £E.
O( F—E> for FE € oy,

This follows from 'igﬂ%' = O(VE—E) together with W (¢) = O(1) if E ¢ o, and
W(€) = C(BE)(VE=E)(1+40(1)), C(E) # 0 by I1, (b) if E € 0,.

So h is integrable and the third summand of also inherits the properties
of (+(z,x).

Finally, let us consider the last summand in . It again inherits everything
from C}F(z, x) except for possible additional poles at the points A\;. However, these
are canceled by the fact that the function W (z) vanishes for z = \y.

(ii). Next we look at the boundary values. The only nontrivial term is of course
the Cauchy-type integral as z > A € int(a(;1 )). First of all observe that by
and we have

W("L:I:(A’ :L')v 1/& (Za $))
Ti(z

where the function 6+ W is bounded and non zero for A € int(agFl)) by II, (a).
Hence the Plemelj formula applied to ([5.20) gives

o q;i()‘vx) h:!:(>‘7€7x) . 1),u
He(\z) = i25i()\)g¢(>\)m :F]{;”*“ e d§, Xe€int(oz"),

where both terms are finite. Here f denotes the principal value integral.
Hence the boundary values away from do; U do_ exist and we have

(5.23) O+ (A", z) =0+(N,z), AeopUo_.

Moreover, by property I, (b) we have

(5.24) 0 = Tr' (Reds + dz) = %2 L0 cR for Acol,
T, Ty

from which
(5.25) 0-(\",z) = 0:(\,z), Aeol,
follows. Combining (5.23)) and (5.25) we have (5.18)).

(iii). For |z| — oo due to properties (iii) of Lemma[2.1]and I, (d) we have

(5.26) C(z, 1) = eFiVEe (1 + O(z_l/Q)) .
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Since the last two terms in (5.17)) are O(2~!) we obtain
(o)
0+ (z,x) = eTV2 (1 + / G (z,x T t)e'Vatdt + 0(2_1/2)>
0

which implies (iii) since G4 (z,y) is differentiable with respect to y.
(iv). From (5.16]) (invoking (3.15))) we obtain
(5.27) W (0x(2,x), ¢+ (z,2)) = £W(z)
for z € o4. Hence equality holds for all z € C by analytical continuation. O

Corollary 5.6. The function éy(z, x) admits an analytical extension to the domain
C\os.

Proof. Property (i) holds for z € C\ o. Relation (5.18]) implies that 5; has no
jump across z € int(a(i1 )). To finish the proof we need to show that the possible

remaining singularities at E € 8U$ ) M 9o are removable. This follows from (cf.
(3-25)))

(5.25) (rlen) = ——
2\ TI205 (= — EF)
which shows g}(z,x) = O((z — E)~'/?) and hence é;(z,x) = O((z — E)~Y/?) for
Ec aij) Ndo.
However, let us emphasize at this point that the behavior of 04 (z,z) at the
remaining edges is a more subtle question to be discussed later. ([l

5:|:(Z)7/}:t(zv l’)

Eliminating ¢+ from

Ri(A) £ (A7) + ¢x (N, m) = 0= (N, 2) T(N)

Ri ()\) qi)i()\, JU) + Qbi(/\, $) = 910\, J?) Tio\)

we obtain
¢=(X2) (1= [Re(W)?) = 0\, 2) Te(N) — R (V) (N, ) T (N).
Next, using I, (c), IT and the consistency condition I, (e) then shows
s ReWVTL (V)
T=(\ ANx) =0\ x) — ———
F(N)o£ (A, z) = 0= (X, 2) 0y
=0-(\,2) + R=(\)0:(\,z), Xeo?.

This equation together with ([5.16]) gives us a system from which we can eliminate
the reflection coefficients R4.. We obtain
(5.29)

TN (d=(N)pr(A) = (V)02 (N) = d£ (N0 (N) — o (V)02 (N), e gPul,

Now introduce the function

(5.30) G(z) = G(z,2) =

O+(\ x)

¢+(Z,£C)¢7(Z,.’L') _ 9+(Z,{L‘)97(Z727)
W(z)
which is well defined in the domain z € C\ (c Uoq U My U M_).
From (5.29) and (3.15)) we see, that

(5.31) GA) = — ((bi()\)‘gi()\) — qbi()\)ei()\)) g+(N),  Aeo@®ul
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So we need to study the properties of G(z,x) as a function of z (regarding = as a
fixed parameter). Our aim is to prove that G(z,x) = 0. This will follow from

Lemma 5.7. The function G(z,x) possess the following properties.

(i)

(5.32) GO\ z) =G\, z) €R for A€ R\ (do_ Udo, Uay).
(ii) It has removable singularities at the points do_ U doy U o4, where o4 :=
{0 A

Proof. (i). We can rewrite G(z,x) as

QNSJr(Z’w)Q;*(va) — 0~+(Za x)é* (2755)

(5.33) G(z,x) = W)

)

where 0 (z, ) = 01 (2)0+ (2, x) as usual. The numerator is bounded near the points
under consideration, and the denominator does not vanish there. Thus G(z,x) has
no singularities at the points (M, U M_) \ oq4.

Furthermore, by Lemma 11, (a), and Lemma (i) we know that G(z,x)
has continuous limiting values on the sets o_ and o, except possibly at the edges,
satisfying

G\, z) =G\ z), AN€orUo_.
Hence, if we can show that these limits are real, they will be equal and G(z, z) will
extend to a meromorphic function on C, that is, (i) holds.

First of all observe that from (5.18), (5.31)), (2.7), and Lemma [3.1] (i), it follows,

that

(5.34) GO\ z) =G\ z) eR, Xeint(c?).

Thus, it remains to prove

(5.35) G\ az) =G\ z) eR for A€ int(cM) Uint(a').

So let us show that there is no jump on the set int(ogl)) U int(asrl)). Abbreviate

(5.36) [G] := G(\) — G(\) = [mv;b} - [9%6} . AeodPm

and let us drop some dependencies until the end of this lemma for notational sim-
plicity.
Let A € int(a(;)’u), then ¢4,04 € R and T+ = (W g)~%. Thus, by condition

(I), (b) and (5.16) for A € int(ag)) we obtain
(5~37) [¢-;[(/b_} = ¢+ [ﬁ;] = _9:F¢i (¢3FT:F +$:FT:F) = —9:F9i¢i‘T:F|2~
Since g+ € R for A € int(a(;l)’u), (3.15) implies

Vﬂ = —g+ [0+T4].

w

The only non-real summand in (5.17)) is the Cauchy-type integral. The Plemelj
formula applied to this integral gives

o 1
(02T%) = 904 |T= W (Ys, i) = gwi\T;sz-
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Thus by (5.37)
0.,6_ _ .
(5.38) [ %/ } - [‘b;ﬁ’ } = —grdabs|T%, A eint(ol)).
Since W # 0 and st #0for A e int(UgFl))7 the function
e
04| T > = ——F =
g p+0+[T4| o= VP2

is bounded on the set under consideration. Finally, (5.38)) and (5.36]) imply (5.35]).
(ii) Now we prove, that the function G(z,z) has removable singularities at the
points do_ U doy U oy. Divide this set in four subsets

(5.39) QFf =90 nint(o3), QF = 805[1) Ndo, Q3 =Jo_ Ndoy, and Q4 = 04.

In our example we have Qf = 0, Q7 = {E5}, QF =0, Q; = {F3}, and Q3 =
{Ela E27 E4}

By condition II, (b) all singularities of G are at most isolated poles. Thus it is
sufficient to check that

(5.40) G(z)=o((z—-E)")

from some direction in the complex plane.
e (21: Consider E € Qf (the case E € Q is completely analogous). We will

study limy g G(A,2) as A € int(c(?) using identity (5.31). We have ¢_ = O(1),

_ =0(1), and W(E) # 0. Moreover, from Lemma [3.1| respectively IT we deduce
o), E ¢ M., 1 O(+=)., E¢M,,
¢)+(>‘) - 1 Y T. () = ( AiE) ¢ A+
O( AfE)’ E€M+, +( ) O(l), E€M+,

which shows

0N+ RN (N) 1
SN =T O(wx—E>’

for A € 0(®). Inserting this into (5.31)) shows G(\, z) = O (\//\1_7E) and finishes the
case F € ;.

e (25: Suppose now that F € 80(_1) 030 (the case F € 805_1) NJdo can be treated in
the same manner). Now we cannot use , so we proceed directly from formula
(5.30) estimating the summands %f,” and *9* separately. By Lemmaand 11,

(b) we have
Gid- Py ( 1 )
5.41 =—=0 .
( ) W W vz—F
Hence the first term is under control and it remams to investigate the second one.
We investigate the limit of G from the set int(c>’). By -
a2 =01 = @ o) {O(”’ PV e ntton)
. — =04 1_g_=(9p_to_R_)g_ = 1 - € mt(o—
W o) (ﬁ) , B¢ N,

Next we will estimate 6_ using (5.17)). First, let E ¢ oy, that is W(E) # 0. Using
the same notation, see (5.20]), as in the proof of Lemma we can split 6_()\)
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according to

(5.43) 00 = 6:(0) + 620,
where
G e =gz [ 00 5 e =00 -6,

We see that (cf. (5.28))

0, = 0(C) = L0(1) = {O () Ee s
o~ o), E¢ M.,
since E ¢ 0. Next, we use , where (cf. (5.21))
VE—E
h_(M\€) = 22— C(6)O(¢- (A
(.8 = R CO06- ()

with C(€) some bounded function near E. Hence 03 = O((_) as well, which implies
together with (5.42)) that

0. (NO_(\) 1
wR) o (w—E) '

This finishes the case E ¢ o,,.
Now let F € o,. As before we have

B o, EeM_,
(5.45) b= 00-) = {0 (VX=E), E¢AL.
For the Cauchy-type integral we now have
_ C©
h-(1.8) = 7250 ()
and [27, Eq. (29.8)] implies
L .
(5.46) 02()) = {0< p). Ee M-,
o(1), Ed¢M_.

Combining (5.45)), (5.46)), and (5.42) finishes the second case.

e (3: The first step is similar as in the case of €)5. In particular, is valid
for E € Q3 and z € C close to E. Estimate is valid for A € int(o_). The only
difference being that (_ in estimate for #_ has an additional square root singularity

since E € do;. That is, instead of (5.45)) and (5.46) we now have

z—FE

6-(z) = C-()CHoM) = fﬁ) E¢ N,

However, this is not good enough unless we can show C = 0, in which case the big
O will turn into a small 0 and we are done. It is sufficient to show C' = 0 from one
direction, say A € o, which can be done using the scattering relations for _ as
follows.

o 1)’ EGM_’ z € C.
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If ¥ € g, this follows directly from

0_(n = Pt B0 ([ W) ) _ Je w5), Eell,
_ Ty (M) o_(MNVA—E of 2 ) B¢

Otherwise, if E ¢ o, then we have two representations

54T 0-0) = 75 (GO0 = 04 () + 6. (R +1)) . A ¢ Ny,
(5.48) e_u):T:(A) (@) + 6+ ()) + 6+ M(Re(N) = 1)), A€ Ny

For (5.47) we use ¢ (A) — ¢+ (X) = o(1) by Lemma (ii) and Ry (X)) +1 = o(1)
by condition ITI. Now one checks

+ ¢+(z> _ {nglE)’ EEM_, )\¢M+,

‘T+()\)’ Ty (2) O \/ZaiE), E¢ M.,

which shows G(z,z) = o(-15) for A ¢ M. For (5.48) we use ¢4 (A)+¢4(A) = O(1)

and Ry (\) —1=o0(1)as A € M+. Since in this case 7T+1(z) =0 (ﬁ) and

o.() [0(25), BeiL,

Ti(:)  o(vig), B¢,

this implies G(z,x) = o(:25) for A € M, as required. This finishes the case
FE € Q3.
e (1,: Finally we have to check, that the singularities at the points of the discrete

spectrum are also removable. Since W(z) has simple zeros at points A, it suffices
to check that

(5.49) é.;,_(/\k,l‘)é_(/\k, Z‘) = (5_(/\]@,37)(%4_()\16,.13).
Lemmashows, that é; := 610, defined by (5.17), are continuous at the points
My. Since (6+Ti")(Ax) = 0 and (6+T¢'+)(Ax) = 0, then the only the last

summand in (5.17)) is non-zero. Computing the limit of this summand at Ax and
using (3.10)), (3.14)) we obtain

)‘¢M+7

~ dW (A ~
(5.50) i) = T 25 ),
which together with (3.16]) implies (5.49)). O

Lemma implies, that G(z,z) is an entire function for fixed x. Since in ad-
dition G(z,z) — 0 as z — oo, Liouville’s theorem implies G(z,x) = 0 for every .
Therefore we have the equalities

(5.51) ¢+ (2,2)9—(2,2) = 04 (2,2)0_(2,2)
and
(5.52) (N 20\ x) = g (N, )0 (N, ), Aea?.

It remains to show that 04 (z, ) = ¢+ (z,x). This is equivalent to showing that

. 9+(2’$) _ q/),(zﬂc)
Pat) = g ) b (za)
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is equal to one. This function is well defined as long as ¢ (z,2) # 0. If gy (z,2) =0
this is still true as long as 6_ (2, x) has no singularity (which is the case for z ¢ do_
by Lemma and does not vanish. But for z ¢ do_ the case ¢y (z,2) = 0_(z,z) =
0 implies W(z) = 0, that is, z € 04 U do;. Hence we will avoid such cases and
suppose = ¢ X, where

X= U Azlér(\a)=0}

A€o qUIo_Udo ¢
Fix z € R\ X. Our aim is to show, that
(5.53) p(z,x)=1, z€C, z¢X.

By Lemma and Corollary the functions q@i(z, x) and 6‘~i(z, x) are holomor-
phic in C\ o+ and hence p(z, z) is holomorphic on C\ ¢®) with continuous limits up
to the boundary away from do(?). By the limits from different sides match
up and so p(z, z) is even holomorphic on C\ do(?). Furthermore, arguing as before,
one sees

0+(va) _ 0+(Z,.’E) _O( 1

O+(,7)  di(z,x) V- E
that is, the singularities near E € do®) are removable and so p(z, z) is entire with
respect to z for all z ¢ X. Finally, p(z,x2) — 1 as z — oo by item (iii) of Lemma
respectively Lemma In summary, (5.53) holds, that is,

(5.54) 0+ (2,7) = d+(2,7)

for all x ¢ X. But since the set X is discrete, this even holds for all x € R by
continuity with respect to z.

Finally, shows that Hi0+(z,2) = 20+ (2, ), that is, §; (v) = ¢_(z). More-
over, and imply, that

T=(N¢£ (A 2) = ¢ (A 2) + Re ()= (X, 2),

and from (5.50)), (5.54)), (3.16]), and (3.21]) we conclude that (3.11)) is valid. Therefore
the data S are the scattering data for the Schrédinger operator with the potential
q(z) = ¢_(x) = ¢4 (z). This finishes the proof of Theorem [5.3 O

), E€30+,

Finally, observe that the second moment in condition IV from Lemma [4.2] can
be replaced by any higher moment. In fact, introduce

IV*. The function Fy(x,y) is continuously differentiable with respect to both vari-
ables and there exists real-valued function qi(x), z € R, with

+oo
j:/ (I+ |z|™)|qe(z)|dx < 00,  for all a € R,

such that
|[Fe(z,y)] < Ce(z)Qx (z +y),

‘;ﬂcﬂ(ay)‘ < Cy(2) ( q+ (T) ‘ +Qi(ﬂf+y)> v

+o0
i/ ‘(Z:Fi(x,aj) (14 |z|") dz < o0,
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where n = 2,3,4,...,
+o0

Qu(2) ::i/ s (8)] i,

x

2
and Cy(x) > 0 is a continuous function, which decreases monotonically as x —
+o0.
Then, proceeding literally as in Theorem we obtain

Theorem 5.8. Let the scattering data S, defined as in ([A.22)), satisfy conditions
I-1I1, and IV*. Then each of the GLM equations @ has a unique solution

K (x,y). The functions G+(x) defined by (5.7), coincide:
G- (z) = ¢4 (z) = q(z)

and satisfy
+o0
(5.55) :l:/ lg(z) = px(2)|(1 + |z|")dx < 00, a€R.
a

6. THE KORTEWEG—DE VRIES EQUATION WITH STEPLIKE FINITE-GAP INITIAL
DATA

In this final section we will outline in what way the inverse scattering transform
method can be used to study the initial-value problem for the Korteweg—de Vries
equation with steplike finite-gap initial data. Note that the Cauchy problem for
steplike constant initial data is studied in [5, 20]. In the case of a constant back-
ground on the right half-axis and periodic finite-gap background on the left one,
this problem is partly considered in [12]. The existence of the solution of the KdV
equation with general finite-gap steplike potential as initial data seems to be an
open problem and is not a subject of the present paper. Here we only discuss a
possible approach.

Let ¢(x) be a smooth function, satisfying condition for n = 5 together
with its derivatives:

+oo
(6.1) i/ g™ (@) = pP(@)|(1 + 2P )de < 00, a€R, k=0,1,...,7.

Here p4(x) are some finite-gap potentials.
Consider the initial value problem

ou ou  u
(6.2) o U g o =0,
(6.3) u(z,0) =q(z), zeR.

One can ask to find a unique smooth solution of this problem in the domain |t| < T,
satisfying conditions

+oo
(6.4) sup :I:/ (1 + |23 |u(z, t) — ux(z,t)|dz < oo,
0

[t|<T
Foo k k
Ou(x,t)  O"ugx(z,t)
6.5 + 1 - d k=1,2,3
I A

where the functions uy (z,t) are the finite-gap solutions of equation (6.2) with initial
data uy(x,0) = py(x). We will proceed by a standard scheme

w(z,0) ~ S0) ~ S(t) ~ u(z,t).
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The Lax pair, associated with the KdV equation has the form
3

83
2

(6.7) H(t) = 9.2
Equation (6.2) is then equivalent to equation 0, H = [H, P]. Let Hy(t), P1(t) be
Lax pairs, corresponding to our backgrounds. Following the scheme proposed in
[9], we will obtain the time-dependent GLM equation:

+ 6u(x,t)— 0

(6.6) P(t) = o

+ 3Ux(xa t)v

+ u(z, t).

Lemma 6.1. Let ¢y (z,x,t) be the Weyl solutions satisfying (see, e.g., [1T])

68  Hat=z, Palt= ov (50,0 =

Then the inverse scattering problem (the GLM) equation has the form
+oo
(69) K:t(xayat)+F:|:(xay7t)i Ki(‘T,sat)F:t(Say,t)ds:Oa :l:y > :tZL',

x

where

(6~10) Fi(£7 Y, t) = }{ Ri()‘7 0) wi()‘v €T, t)wi()" Y, t)dpiO‘a O)

¥ / TP (A s (0, Ddpr(1,0)

+nyk Q/Ji )\k,x t)’l/J:t(Ak»yv )

To prove that the problem (6.2)-(6.3) has a solution in the class (6.1)—(6.5)
one has to check, that time- dependent scattering data satisfy conditions of Theo-
rem Conditions I, IT, IIT (a) can be verified directly from the time evolution
for scattering data

Ri(\t)=RL(A0) exp(ai()\,t) — ozi()\,t))7
Ti(A\t) =TxL(N0) exp(ai()\,t) — ajF()\,t)),
i ()% = 75 (0) exp(2as (A, 1)),

where (cf. [12, [16])

ax(At) = /Ot (Q(Ui(oa s) +2\)mx (A, s) — 31&8(3?78)) ds

and m4 (), t) are time-dependent Weyl functions, corresponding to background op-
erators H (t). Note that condition III, (b) means, that when E ¢ o, and p;.t (t)
gets close to F, then Ry (F,t) changes its sign. This effect was explained in [9].
To check condition IV one has to take into account the structure of the Weyl
solutions i (A, z,t). As is known (see e.g., [I]), they admit a representation
Y1 (A x,t) = exp(Liky (N)z) fo (N, z,t), where ki (\) are the quasi-momentum maps.
To estimate the parts Fy 4 (z,y,t) and Fj, +(x,y,t) of the kernel Fy (cf. ,
, it is sufficient to use the Herglotz property of the quasi-momentum
(Im(k£(A\)) > 0 as A € R\ o4) and the fact, that the functions fi(A,z,t) are
bounded as z € R, |t| < T and A ¢ M4 (0) U My (0), A > inf{ES, E;,\;} — 1. To
estimate F, 4 (z,y,t) we integrate the first summand in twice by parts with
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respect to the quasi-momentum variable k1 and prove, that the boundary terms
vanish. This approach fails only in points of the set (809) U 805?) Ndc? (the
points of type Fs5 in our example). Here one has to use the approach, developed in
[20, Proposition 2.7]. This way one arrives at the estimates
\Fi(x,y,t)\ < C(t)37 aFi(xvy’t)‘ < C(t) ,

|z + Ox |z +y|*

that justify condition (6.4)).
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APPENDIX A. PROPERTIES OF THE TRANSFORMATION OPERATORS AND
ESTIMATES FOR THE GLM KERNEL

In this appendix we derive and thoroughly investigate the integral equations for
the kernels K4 (z,y) of the transformation operators. In addition, we will obtain the
necessary estimates for them and their derivatives. This will allow us to simplify the
necessary and sufficient conditions on the functions Fy(x,y) (in comparison with
[14]) and to solve the scattering problem in the prescribed class of perturbations
3.

Most of the results from this section are in essence known or follow as in the case
of a constant background (see, e.g., [I3] [14], and in the discrete case [4} [8 21]). We
included them here (with proofs) to make our presentation self-contained.

Let ¢4 (2, ) be the background Weyl solution (2.9). Set

s (2 y)Pa(z,x) — Pu(z,2)Pe (2, y)

Al Ji(z,x,y) = =
A s W (9s(2), 2(2))
and
(A.2) 4+ (z) = q(z) — p+(2).
Then the Jost solutions satisfy the integral equation
+oo
(A3 exea) =vslo) - [ Tl )anwos)dy,

If we substitute formula (3.2)) into this equation, multiply with i (2, 8)g+(2), and
integrate over the set oy, using the inverse Fourier transform (5.11), and taking
into account that K (z,y) =0, £x > +y, we obtain

+oo
(Ad) Koi(z,s)+ /

x

dy a1 (y) f T (2 y)bs (9 (A, s)dp (V)

+oco +oo
+ / dyq+(y) / dt K+ (y,1) 74 T2,y (L D) (A, 8)dps (A) = 0.
Set,
(A5)  Ti(z,y,t,s) = JF% PO )P (N Y)Y (N, ) Pe (N, 8)g+ (N dpr (N,
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where the integral has to be understood as a principal Value

Then substituting (2.14] - .7 and - ) into we obtain

(A6)  Ki(ws)+ / (P (29,9, 8) — T (7,9, 8)) s (9) dy

x

+o00 +o0
+ / dyas@) [ Ki(yt)(Ta(eyt.s) - Dalya,t,s))di =0,
x y

Consider now the function in (A.5). From (2.13)) it follows that
(A7) Fi(ﬁﬁ,y,t,S) = _Fi(yamy‘g;t)'

Our plan is to evaluate the integral in (A.5) using the Jordan lemma. The only
poles of the integrand in (A.5)) are at the band edges and hence we introduce

(A.8) Je(Byw,y) = lim (T = 1)) e, 0 (2,)
j=1
and
2r4
(A9) Dalr,y.t,s) Z fe(Bya - JILELs) - p ) = ] - BY).
Eeaai P(E) =0

Note that Dy (z,y,t,s) is a continuous and bounded function with respect to all
variables.

Now suppose £(z —y+¢—s) > 0 and take a closed contour consisting of a large
circular arc together with some parts wrapping around the spectrum oy inside
this arc at a small distance from the spectrum. Due to , 7 and (iii) of
Lemma [2.1] it follows that

(s 0 ()2, s (8) = O (1) eyt

as z — o0o. In fact this holds on the entire circle since the neighborhood of the
positive real axis can be handled as above. Hence one can apply Jordan’s lemma to
conclude that the contribution of the circle vanishes as its radius tends to infinity.
Shrinking the loops the integral converges to

(A.10) Iy(z,y,t,8) = Di(z,y,t,8), for +(x—y+t—s)>0.

Note that f4(E, z,y) arereal, and f1 (F,z,y) = f+(E,y,x). Thus, the Dy (x,y,t,s)
is also real,

(A.11) Dy(z,y,t,s) = Di(y,x,t, ).
Now let £(z —y 4+t —s) <0, that is, =(y — 2+ s —t) > 0. Then , ,
and imply

Ii(z,y,t,8) = —Dy(x,y,t,8) = —Di(z,y,t,8), T(z—y—+t—s)<O0.
Therefore,
(A.12) Ty(z,y,t,8) = Di(z,y,t,s)sign(£(x —y+t—9)).
Property implies that the domain, where in the first integrand in does

not vanish, is

(A.13) sign(£(z —s)) = —sign(£(2y —z —s)), =£s> *ux.
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In the second integral the domain of integration is

(A.14) sign(£(z —y+t—3s)) = —sign(£(y —z+ ¢ —s)),
with £s> 4z, +t>+y>+fx.

Solving (A.13) and (A.14) we arrive at the following result.

Lemma A.1. The kernels Ki(x,s) of the transformation operators satisfy the
integral equation

+o00
Ki(e,s)= -2 / 42()D (2, 9,y, 5)dy

a‘+<

:I:oo s:i:y:Fz

(A.15) =2 a / L@yt 8)Ka(y, ) (y) dt, £ > %,
taFy

where D1 are defined by (A.9| .

Set s = x in (A.15). Then the second summand vanishes, because we have our
integration inside the domain +t < +y, where K4 (y,t) = 0. Thus

Foo
(A.16) Ke(z,x) = —2/ 4= (y)D+(z,y,y,x) dy.
But, as is well-known (see, e.g, [I7, Eq. (1.84)] or [25, Chapter 8])
Ty Ty
(A.17) V(2,0 (2 0) [[ (2 = 1) = [[ (2 = 1 (),
j=1 j=1

where ,uji (y) are the Dirichlet eigenvalues corresponding to the base point = = y

(rather than z = 0). Combining (A.5)) and (A.10) we obtain
Di(‘r7y7y7x) = Di(x7xayay)

1% (= = 1f (@) (= = 17 (v)
(A.18) =7 Ee%;i ReSE 2= E3) 15 ((z = By;_y)(z — E3;))

The integrand in (A.18]) is meromorphic in C, thus, by the Cauchy theorem, we can
compute the residue at infinity and obtain

= (2 - (y ))(z—uf(w))i 1
EiH (z — B 2; 1)(Z—E2j§) 7:!:4'

Di($7y,y, )7 — lim :l:

z—o00 4z —

From (A.16)) we conclude that

+oo
(A.19) Ke(a,o) =+ / (a(t) — pe (1))dt.

This formula justifies formula (5.7) under the condition, that the transformation
operators kernels are differentiable.

Lemma A.2. Let

+oo
(A.20) Qu(z) =+ / lgs(1)] dt, g1 () = q(z) — ps(a).

2
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Then Ki(x,y) has first order partial derivatives with respect to both variables.
Moreover, for £y > +x the following estimates are valid

(A.21) |K+(2,9)| < Cx(2)Qx(x +y),
aKi(x’y)‘Jr ’M(i(x’y) 4+ (x;y)‘ + Q+ (x+y)>,

< Ci(z

ox Jy ‘ < Cx(2) (

where C1(z) are positive continuous functions for x € R which decrease as x — £00
and depend on the corresponding background data and on the first moment of the
perturbation.

(A.22) ‘

Proof. We restrict our considerations to the “+” case only and omit “+” in what
follows. We will follow the scheme of the proof of [26, Lemmas 3.1.1, 3.1.2]. Intro-
duce the following change of variables in (A.15):

(A.23) y+t=2a, t—y=:28, v+s=:2u, s—x=:2uv,

then from (A.15]) we obtain (see [20, Lemma 3.1.1])
(A.24) H(u,v) = —2/ q(s)D1(u,v, s)ds

—4 da/(; q(Oé_B)DQ(uaUaaaﬁ)H(aaﬁ)d67

where we put

H(U,U) :K+(u—fu,u+v), Dl(Uﬂ),S) = D+(U*’L},S,S,u+1}),

BB Dyuv.auf) = Diw—via—Biat Buto).

Functions D; and Dy are bounded uniformly with respect to all their variables.
Put C' = 2max{max,, , s |D1|, maxy, vy« 5 |D2|} and apply the method of successive
approximations (see [20, Lemma 3.1.1]). We arrive at the estimate

(4.26) 0] < Cu—o) [ i) da,

with

(A.27) C(u) = Cexp <c h Q(Qt)dt) , C>0,
2u

from which (A.21) follows. To obtain (A.22)), observe that the first partial deriva-
tives of Dy and Dy exist (see (A.g]), (A.9) and (A.25)) and are bounded with respect

to all variables. Thus,

0H (u,v)

ou
= —4/ q(u — B)Ds(u,v,u, B)H (u, B) df — 2/ q(s)w ds

u

—2q(u)D1(u,v,u) =

0
e v 3D2(U,v,a,ﬂ)
(a2 4 [ da [ a0-p)T2E0 (0,5 ds,
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6H(u,v):
ov
= -2 (/OOq( )Md —Q/OOq(a—U)Dg(u,v,a,v)H(a,v)da
(A.29) —2/ da/ a— ﬁaDW“’O‘B) (a,ﬁ)dﬁ).

The function Q(u) = [, “q(x)| dx is positive monotonically decreasing, and satis-

fies Q(-) € L'(a, ), a € R. Since |D;|, i=1,2, (A.26]) applied
to (A28) and (A.29) implics

OH (u,v)

ou

0H (u,v)

- 2(](”)D1(U7’U,U) v

< Clu—0)Q(2u),

‘ \

where the function C'(u) is of the same type as (A.27), with a different positive
constant Cy depending on the background data. From this, , and - the

estimate ( - ) follows.

With the help of this lemma we can now derive several estimates for the GLM
equation.

Lemma A.3. The kernel Fy(z,y) of the GLM equation (4.1)) has first order deriva-
tives with respect to each variable. Furthermore, for +y > +x it satisfies

(A.30) |Fi(z,y)| < Ci(z) Qelz +v),

e (50| ax e tn).

where the functions q+ () and Q+(z) are defined in (A.20). Here Cy(x) are positive

continuous functions which decrease as x — +o0o. Moreover,

(A.31) ‘8Fia(;’y)‘+ ‘aFia(; y)‘ Cs () (

dFy(x,x)

< oo, VaeR.
dx

(A.32) + /ioo(l + z?)

Proof. Again we rebtrict our considerations to the “4” case only and omit “4” in
what follows. Set Q1 (u f Q(t)dt. Due to condition (|1.3)), the functions Q(x)
and Q1 (x) satisfy

(A.33) /OO Q1 (t)dt < oo, /OO Q) (1 + |t])dt < oo,

Observe also, that the kernel F(x, y) of the GLM equation (4.1) is symmetric:
F(z,y) = F(y,z). From and we see, that

P(e.y)] < O(a) (Q(x+y) + [ Q<x+t>|F<t,y>|dt) .

Since Q1(z +t) > Q1(2z), and C(t) < C(x) as = < t, then Gronwall’s inequality

implies with
C(z) = C1C(x) exp(Clé(x)Ql(Qx)), Cy > 0.
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Differentiating (4.1) with respect to z and y implies

[ee)

(A34)  [Fy(z,y)| < [Ka(z,y)| + [K (2, 2) F(z,y)] +/ Ko (2, 1) F(t,y)| dt,

x

(A35)  Fy(z,y)+ Ky(z,y) + /Oo K(z,t)F,(t,y)dt = 0.

The functions Q(z), Q1 (x), C(z), C(x) are monotonously decreasing and positive.
Furthermore,

and hence the estimate for F, follows (with some other positive continuous
decreasing function C(z)) from (A.30), (A.21), (A.22) and (A-34). The same esti-
mate for Fy, can be obtained from (A.35)) and Lemma by using the method of
successive approximations.

It remains to prove ({A.32)). To this end consider (4.1]) for y = = and differentiate
it with respect to x:

dFC(la; x)erKg;, ) —K(x,x)F(m,$)+/oo (K, (z,t)F(t,z) + K(z,t)F,(t,z)) dt = 0.

x

Formula (A.19)) implies (5.2). Next, by (A.30) and (A.21), we have
|K (z,2)F(z,2)| < C(a)C(a)Q?(2z) for z > a,
where [*(1+ 2%)Q?(2z)dz < co. Moreover, by (A-31)) and (A22),

g+ (x ;L t) ‘ +Qx + t)) Q(t +y)dt < (Q(2z) + Q1(22))Q( +y),

[ (2, O)F (8, 2)| + | K (2, ) Fy (t,2)] < 4C(@)C(a){[a( S5

H|e@rn+@e+n),

and together with the estimates

/OO dx x? /Oo Q*(z +t)dt < /00 |2|Q(2z)dx sup /00 |z +t|Q(x + t)dt < oo,

// w

we arrive at (A.32). O

)dt <

o t
Q 2x)dx Sup/ ‘q(x—’— )‘(1+(m+t)2)dt < 00
x>a Jyx 2

Remark A.4. Note that the results of this lemma are in some sense invertible.

Namely, if we start with properties (4.18] of Fy(z,y), then, using (4.1) and
the same considerations as in Lemma |A.3] A L we obtain (5.1)), (A.22)), and (5.2))

APPENDIX B. PROOF oF LEMMA [B 4]

We introduce the local parameter 7 = \/z — F in a small vicinity of each point
E € 0oy and 5et y(z x) = a’iy(z z). Since % (E) = 0, for every solution y(z, z) of
the equation , its derivative y(E, ) is also a solution of . In particular,
the Wronskian W( (E),y(E)) is independent of .
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For each x € R in a small neighborhood of a point £ € doy introduce the
function

- Vy(z,2), E €0doy\ My,
B.1 = N
( ) ¢i7E(Z7I) {qu):t(z7x)a E € M.
Lemma B.1. Let the function 1+ g(z,x) be defined by formula (B:1). Then
- 0 - . ot
(B.2) W(wi,E(E), Ewi,E@?)) ==+ Zh—?}f QQT(ZV

where o = —1 if E € dox \ My and o =1 if E € M.

Proof. We begin by recalling (see, e.g., [I7, Eq. (1.73)]) that the Weyl m-functions
can be written as

Gi(z) + Pi(z)

(B.3) m(z) = ()

where G4 (z) = $F/(2,0) and Fy(2) = Fi(z,0) with
2r4 T4+

(B.4) P = [[=F%),  Faeo) = [z - wE (@),
3=0 j=1

Furthermore, observe that F1/Py(z) = 7f1(2), where fi(z) is holomorphic near
z=FE.

Then in the case E € 8o\ My (where Qﬁi’E(A, x) = 1 (\, x)) we have Fy(E) #
0. Then, from (2.9)), we have ¢4 (E,0) =1, ¥/, (E,0) = m4(E), ¥4 (F,0) =0,

_ B Py(z)

Ve(B,0) = (B) = Zrop = F lim 22

and the first claim follows.

In the second case we have E € My (where ¢o p(\,z) = 79+ (), z)) we have
Fi(E) = 0 and hence Fy(z) = 72F4(2), G+(2) = 72G4(2), where Fi(z) and
G+ (2) are holomorphic near z = E with F.(E) # 0 and G+ (E) # 0. Hence we
have

. ) f+(E)
E.0)=0, " (B,0) = = ,
Vs.p(E.0) U p(E.0) = 2
d d - G1(E)
— E.0)=1 —) FE.0) = —=
aT'(/)j:,E( ,0) ) aT’(/}i,E( aO) Fi(E)
and the second claim follows. O

From ([2.5)), (2.10)) and (2.9) we observe the following property of the Floquet—
Weyl solutions

Remark B.2. Let E € My and 2 € R. Then ¢x p(E,z) = —tps g(E,z) if E is a
left band edge from o+ and 1/}:|:7E(E, x) = 1/AJi7E(E, x) if F is a right band edge.

It is straightforward to check that this property is also inherited by the Jost
solutions. Again we abbreviate
0x(\z), B €00y \ My,

(B:5) 92,50 2) = {miu,x), E € M.
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Lemma B.3. We have ¢4 (E,z) = ¢+ (E,z) for E € do \ My. If E € My, then
by (B.5) q@iyE(E, x) = —ngSi’E(Ew) when E is a left edge of a band from o+ and
c;ASiﬁE(E,:c) = g%iyE(E,x) when E is a right edge of a band.

Lemma B.4. The function W (z) is continuous on the set C\ o up to the boundary
o%Uol. It can have zeros on the set Oo U (809 N 80(_1)) and does not vanish
at the other points of the set o. If W(E) =0 as E € do U (8053) N 809)), then
W(z) = Vz— E(C(E) + o(1)), C(E) #0.

Proof. Continuity of W up to the boundary follows from the corresponding property
of qgi(z, x). We begin with the investigation of the possible zeros.

Let Ao € int(¢®) := 6@ \ 96 and suppose W(X\g) = 0. Then ¢, (Ao, z) =
C¢_(A0,$), ¢+()\0,33‘) = E¢—(/\Oax)a Le. W(d)-‘rva) = |C‘2W(¢_,(Z)7_). But by
and we have sign g4 (o) = —sign g_(\o), contradicting (2.6).

Let Ao € int(ag)) and W()\) = 0. The point Ay can coincide with a pole
€ Mx. But ¢+ (X, x) and ¢4 (Ao, x) are linearly independent and bounded, and
b+ (2, 00) € R (see [B7). If W(Xo) = 0, then b+ = ¢ ¢+ = cF ¢+, that implies
W (p+,d+)(Ao) = 0, which is impossible.

In the general mutual location of the background spectra one can meet the
case when \g = E € 90® Nint(cx) C int(o) (that is a point like Ej in our
example). If W(E) = 0, then W(q&i,rf);,E)(E) = 0, where g%HRE is defined by
(B.5). But according to Lemma the values of (;AS;,E(E, -) are either pure real
or pure imaginary, therefore W (¢, (ﬁ;E)(E) =0, that is, ¢4 (F,z) and ¢4 (F,x)
are linearly dependent, which is impossible at inner points of the set O':(tl ),

In summary, W(\) # 0 for A € int(o) \ (80(_1) N 805:)) which finishes the first
part and it remains to investigate the order of zeros.

Let E € o U (6053) N 609)) (these are the points of type Ey, F5 and E4 from
our example). The function W ()) is continuously differentiable with respect to the
local parameter 7. Since at E we have %(5+5_)(E) = 0, the function W (¢, ¢_)
has the same order of zero at E as W (). But if 6(E) # 0, then d%Si(E) =0 and
if _(E) = 6,(E) = 0, then L (r2 64 6_)(E) = 0. Therefore %W(E) = 0 if and
only if LW (¢4 g, é—5)=0.

To simplify notations, we will just write c;ASi = dsi’ g until the end of this proof.
Again we have consider all possible cases for the mutual location of the Dirichlet
eigenvalues.

First let E € 90® N do (a point of type Fy in our example) and let E ¢
(My UM_). Then W(E) = 0 if and only if (see (3.9)) W(E) = W (¢4, p_) = 0,
that is, ¢4+ (E, ) = cx ¢x(F, ), c_cx = 1, c—,c4 € R. The derivative of the
Jost solution with respect to 7 is again a solution of equation . Therefore, by

Lemma [B1]
(B6)  W(E)=W(ps,¢-) — W(p—,d4) = c- W(ds,p4) — e W(d_,6-)
= Wy, vq) — ey W, 9p) = —(cqp d— +c_dy),

where

. i
de=lim —
A=E 291 (A)VA— E
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We see from that d. € iRy \ {0} if E is a left edge of o and d+ € R, \ {0}
if ' is a right edge of 0. Since signc_ = signc,, this finishes the case F €
00 N o\ (M4 UDM_).

The same arguments are valid for E € d0® Ndo N M, N M_ and W(E) = 0.
Then ¢4 (E, -) = ¢t ¢3¢(E, -) and using Lemmawe conclude that c_, ¢y € R,
sign c_ = sign ¢;. By Lemma [B]

d PN VA—F . VA-F
EW(@”QL)(E) =cCy )}%297(/\) e lim o——-= 290V # 0.

The cases, when one of the Jost solutions is bounded in the edge of spectrum,
and the another one is unbounded, are more subtle. For example, let W(E) =0 for
E € (M N8c®Ndo)\(M_NM,) and let E be a right band edge (like the point E,
of or example when i, = Es and p_ # F5). Then by Lemmaqﬁ(m, E) e Rand
¢_(x,E) = ¢_(x, E) € R. Also LW(E) # 0 if and only if LW (¢, ¢_)(E) # 0.

Therefore we have (bJr = cyp_, ¢_ = c,qz’A)Jr and signcy = signc_. Thus, by
Lemmam LW (s, ¢_)E) =c_dy — ¢y d_, where
WA—F -1
d lim eR_\{0 d_=lm ——€R 0}.
T ASE 2igy () \ 0k A—E iV — E2ig_(\) +\ {0}

The case, when E € (M_Ndc® Ndo)\ (M, NM_) and E is a right band edge is
analogous.

Now, let E € (M Ndc® Ndo)\ M_ and let E be a left band edge. Then by
Lemma ¢4 €iR and cy,c_ € iR, ¢y c_ = 1, that is, sign(icy) = —sign(ic_).
Furthermore, signvA — E > 0 since A > FE, and sign g4 (\) = signg_(\). There-
fore,

d - L A—FE . . 1
2 W(9+,0-)(E) = ic- }L{I}Em —iey im NoNTEeY]

Unlike the case of one and the same background p. () = p_(z), where W () # 0
for A\ € int(c), we could have W(X) = 0 for A € int(o) in our steplike situation.
The points under consideration are points of the set acM n 809. This case can
be treated in the same way as the case E € 902 Ndo. Namely, if E ¢ (M_UM,)
then observe that one of the two summands in is real and the other one
is imaginary. The same is valid for the case E € (M_ N M,). Now let E €
60(_1)0803_1) NM\ (M, NM_) and let E be a right band edge of o (i.e. a left band
edge of Usrl)) Then by Lemma 3 o (x E) €iR and ¢_(z,E) = ¢_(z,E) € R.
Moreover, W = 0 if and only if W(¢+,¢ ) = 0 with the same order of zero.
Therefore c+,c € iR and by (B.2)) and ( -

LW(hed) = c_w<u?+,u3+> — e Wt

£0

1
et e i ) o

because the first summand is imaginary and the second one is real. All other
combinations can be treated snmlarly

Finally, consider the case E € 80 ) N do. Let, for example, E € 80 )N oo
(the point Ey4 in our example). Since E € R\ o_ in this case, we have 5_( )#0
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and one has to study zero of the Wronskian W(q2>+, ¢~>_) But by (2.8) and (3.2))
W(p—, fp_) =W (v, 4_) = 0. Therefore,

4

F d ~ -
W (s,6-) = oW (b4 64 ) #0

by Lemma O
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