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Uniqueness and stability results for an
inverse spectral problem in a
periodic waveguide

O. Kavian* Y. Kianf& E. Soccorsit
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Abstract

Let Q = w x R where w € R? be a bounded domain, and V : @ — R a
bounded potential which is 27-periodic in the variable x3 € R. We study
the inverse problem consisting in the determination of V', through the
boundary spectral data of the operator u — Au := —Awu + Vu, acting on
L?*(w x (0,27)), with quasi-periodic and Dirichlet boundary conditions.
More precisely we show that if for two potentials Vi and V> we denote by
(A1,6)x and (A2, )k the eigenvalues associated to the operators A; and As
(that is the operator A with V := Vi or V := V3), then if Ay p—A2,x — 0 as
k — oo we have that V1 = Vi, provided one knows also that >, o, [|t1x —
Q,Z)kal'iz(cr,wx[ozﬂ) < 00, where Yk = Opm, x/On. We establish also an
optimal Lipschitz stability estimate. The arguments developed here may
be applied to other spectral inverse problems, and similar results can be
obtained.

Keywords: Inverse spectral problem, stability, uniqueness, periodic waveg-
uide, Schrodinger operator, periodic potential
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1 Introduction

In the present paper we study two related inverse spectral problems in which a
potential is identified through an incomplete boundary spectral data.
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Let w C R? be a bounded domain. On the one hand set
Y :=w x (0,27) and I':= 0w x [0, 27], (1.1)
and on the other hand consider an infinite waveguide 2 with
Q:=wxR and 00 = 0w x R. (1.2)

We may assume, without loss of generality, that the cross section w of the
waveguide contains the origin Ogz of R2. For simplicity we assume that w is a
Ch! domain. Nevertheless, with some additional arguments most of the results
of this paper (Theorems 1.1-1.3) can be treated when w is assumed to be only
a Lipschitz domain. For the sake of brevity of notations, we write x = (2/, z3)
with 2’ = (21, 22) € w for every © = (21,22, 23) € Q.

The main problem we study, and whose solution is a consequence of a result
presented a few lines below, concerns an inverse spectral problem in a waveguide
given by Q. We consider a real valued electric potential V' € L (€;R), which
is 2m-periodic with respect to the infinite variable x3. Namely, we assume that
V satisfies

V(x' x3+2m) =V (2, 23), Va3 €R, (1.3)

and then we define the self-adjoint operator (A4, D(A)) acting in L?(Q2) by
Au = —Au+Vu, for ue D(A) (1.4)
with its domain
D(A) :={ue Hy(Q) ; —Au+Vue L*(Q)}. (1.5)

We are interested in the problem of determining V' from the partial knowledge of
the spectral data associated with A. However, the operator (A, D(A)) being self-
adjoint and its resolvent not being compact, it may have a continuous spectrum
contained in an interval of type [A«, +00): thus in the first place one should state
precisely what is meant by an inverse spectral problem. To make this statement
more precise, we are going to recall the definition of the (full) spectral data
associated with the operator A, but before doing so we state another result
closely related to the above problem.

This result concerns the following inverse spectral problem: let Y be as
in (1.1) and consider a real valued potential V' € L*°(Y) and, for a given fixed
0 € [0,27), let (Ax(8), ¥o,k)k>1 be the eigenvalues and normalized eigenfunctions
of the realization of the operator —A + V with quasi-periodic and Dirichlet
boundary conditions, more precisely those eigenvalues and eigenfunctions given
by

—Apgr+Veoor = M(0)por in Y,
vo k(o) = 0, ocel, 16
@9,/4?(37,7 27T) = eig@Q,k(x/70)a Z‘/ € w, ( ' )
Ospg (', 2m) = eieagwg,k(x’, 0), 7’ €w.



Then we show that if N > 1 is a given integer, knowledge of

8806,]'
on

allows us to identify the potential V' in Y. The novelty of this result, in contrast
with analogous results in the literature (cf. mainly A.Nachman, J. Sylvester &
G. Uhlmann [32], H. Isozaki [23]), is that the normal derivatives of the eigen-
functions, dpg, j/On, are assumed to be known only on the part I' = dw X [0, 27]
of the boundary 9Y of the domain Y. More precisely we show the following:

Theorem 1.1. Let Y and T be as in (1.1), 8 € [0,27) and, for m = 1,2,
let Vi, € L>®(Y;R). We denote by (Am.x(0), om.o,k)k>1 the eigenvalues and
normalized eigenfunctions given by the eigenvalue problem (1.6) where V :=V,,,
form =1 orm = 2, and denote Y gk = Opmor/On. Assume that for an
integer N > 1 we have

Vk>N+1, /\1,k(0) = )\27k(9), and ¢1,a,k = wQ,G,k on TI. (1.7)
Then we have Vi3 = V5.

)\j (9)7 1r

for j > N+1,

As we shall see below in Theorem 1.4, in order to conclude that V; = V5, it
is suffient to have

(A,x(0) — A2, 1(0)) =0 and Z 11,0, — V2,0,k

k>1

. 2
kli)II;o ‘L2(1—*) < o0, (18)
which is a much weaker condition than (1.7).

In order to explain and state our main result concerning waveguides, in

the next subsection we recall what is meant by boundary spectral data for an
unbounded domain such as 2 = w x R.

1.1 The spectral data of the operator A

In order to make a precise statement about the structure of the spectral data
of the operator A, we begin with a simple example in which an operator L and
its spectrum sp(L) are described in terms of a family of operators (Lg)geo,2r)
and their spectrums (sp(Lg))sc[o,2x)-

One of the main tools in the analysis of operators with periodic coefficients,
such as the one given by A, is the Floquet-Bloch-Gel’fand transform U, defined
for every f € Z(R), by

—+o0
for z,0 €[0,27),  (Uf)o(x):= > e * f(x 4 2km).

k=—o0

In view of M. Reed & B. Simon [34, §XIIL.16], the above operator U can be
extended to a unitary operator from L?(R) onto the Hilbert space defined as

the direct integral sum
@ 9 do
L*(0,27m) —.
(

0,27) 27



Now consider the operator L defined by Lf := —3d,,f, the one dimensional
Laplacian on L?(R), with its domain D(L) := H?(R). One can easily check
that

53]
ULU! :/ Ly ﬁ, (1.9)
(0,27) 27

where, for a fixed 6 € [0, 27), the operator Ly is defined by
Lo(Uf)o == — U0z f)y

for any f € H2(R). However, since
(Uf)o(2m) = (U f)o(0), and (Uf)y(2m) = (U f)5(0),

the operator Lg acts in L?(0, 27) as the operator ¢ — —0,,¢ with quasiperiodic
boundary conditions: this means that the domain of Ly is given by

D(Lg) :={p € H%(0,27) ; o(27) — e%p(0) = ¢/ (27) — €9/ (0) = 0}.

Thus Loy = —0x¢p for ¢ € D(Lyp), and the relation (1.9) gives a decomposition
of L in terms of the direct integral sum of the operators Lg. Indeed one can
express also the spectrum of sp(L) in terms of the spectrums of the operators
sp(Lg), which is precisely the sequence

sp(Le) = {X\;(0) ; j € Z}, with \;(0) := <j+ 2‘;) ’

and, as a matter of fact, noting that X;([0,27)) = [j2, (j + 1)?) for j > 0, we
have

sp(L) = U )‘j([0727‘—)) = [0700)'
JEZ
The same procedure can be applied to the operator A given by (1.4), albeit
with a slight modification: indeed, since we are dealing with functions of x €
Q := w x R in this framework, we shall rather consider the transform defined
for any f € ./ (w x R) by

+oo
for 2’ € w, and z3,0 € [0, 27), (Uf)o(z!,x3) = Z e N0 f (2! w3 + 2km),

k=—o00

and then suitably extend it to a unitary operator from L?(f2) onto the direct

integral sum
© do
/ L2 (Y) Py
(0,27) 2m

where we recall that Y is defined in (1.1). The potential V being periodic with
respect to x3 by the assumption (1.3), we obtain in a similar way to (1.9), that

D
UAU? :/ 4,2 (1.10)
(

g—
0,27) 27
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Here, for each fixed 6 € [0,27) the operator Ay acts in L2(Y) as —A + V on its
domain, composed of those functions ¢ € H2(Y) such that

Vo' € 0w, Va3 € (0,2m), o(o',x3) =0, (1.11)
and
o(-,2m) — e?p(-,0) = D300(-, 21) — € D30(-,0) =0 in w. (1.12)
Thus the operator Ay is given by
App = —Ap + Ve,
for ¢ € D(Ay) defined to be
D(Ag) == {p € H'(Y); Agp € L*(Y), ¢ satisfies (1.11) and (1.12)} .

It is clear that for each 6 € [0,27) the operator Ay is self-adjoint, and that the
imbedding of D(Ay) (endowed with its graph norm) into L?(Y') is compact: this
means that Ay has a compact resolvent and thus its spectrum is composed of a
sequence of real numbers {\;(6) ; k € N*}, where these numbers are assumed to
be ordered in a non-decreasing order (repeated according to their multiplicity),
and A\;(0) — +o00 as k — +oo. Actually the spectrum of A is determined in
terms of the spectrums of (Ag)ge(o,2x), by the relation:

sp(A) = J Ax([0,27)). (1.13)

keN*

Moreover, the spectrum of A is purely absolutely continuous (cf. N. Filonov &
I. Kachkovskii [15, Theorem 2.1]), which amounts to say that the so-called band
functions 6 — A;(6), j € N*, are non constant.

To go further and say a few words about the generalized eigenfunctions of
A, we introduce a family {@g s ; k € N*} of eigenfunctions of the operator Ay,
which satisfy
Agpok = Me(0)por in Y,
and form an orthonormal basis of L?(Y). For k € N* and 0 € [0,27), we define
a function @y ;, by setting

for x = (2/,23) €Y, nez, Dy (2, x5+ 2n7) == ™y (x), (1.14)

so that for any x € C°(R), the function = +— x(z3) ®g r(x) belongs to the
domain D(A). For any k£ € N* and 6 € [0,27), it is easy to check that

(—A + V)‘I)g)k = )\/C(Q)@g)k n Q,

in the sens of the distributions. Therefore, for any given k£ € N* and 6 € [0, 27),
each ®y j is a generalized eigenfunction of A associated with the generalized



eigenvalue A, (#). Furthermore, the family {®g 5 ; k € N*, 6 € [0,27)} is a com-
plete system of generalized eigenfunctions of A, in the sense that upon setting

u(0) ::/ (@', x3) Py i (2/, 23)dx dxs,
Y

for u € L?(Q), the mapping
u {ug(); ke N*, 0 €[0,2m)},

defines a unitary operator from L*(Q2) onto @,y L*(0,27), that is for any
u,v € L*(Q) we have:

(W) = 3 [ @@ g

E>1

Now, the (full) Floquet spectral data associated with the operator A is defined
as
{(Ak(0),span(Pp 1)) ; kK € N*, 0 € [0,2m)}.

Often, with two abuses of notations, we shall denote the above full Floquet
spectral data set as

FSD(V) :={(M\&x(0),p0x); Kk €N*, 0 €[0,2m)}, (1.15)

that is in the first place we use the eigenfunctions g defined on w x (0, 27)
instead of ®g j: clearly this does not create any ambiguity since ®¢ , is known
in a unique manner through the definition (1.14). The next abuse of notations
is owed to the fact that we omit to say that what is indeed important is the
eigenspace span(®g ), or span(pg ), rather than each eigenfunction ®gj or
©o.k, in particular when the Floquet eigenvalue Ag(6) is a multiple eigenvalue.

Moreover, in accordance with G. Eskin, J. Ralston & E. Trubowitz [14, §1.6],
for any 6 € [0, 2r) fixed, the set {(\;(0), Py ;) ; 7 € N*} will be referred to as the
Floquet spectral data (or equivalently, the Floguet eigenpairs) associated with
the operator A at 6 € [0, 27).

The Floquet boundary spectral data associated to the potential V' will be
the set of eigenpairs (A (6),span(ig x)), where

_ 3900,k

w&,k : on )

(1.16)

and for a fixed k and 6§, the finite dimensional space span(tg ) is meant to
be spanned by the normal derivatives of all eigenfunctions associated to Ag(6).
The Floquet boundary spectral data set will be denoted, again by an abuse of
notations, as

{ FBSD(V) := Upe(g.2, FBSD(6, V), w17)

where FBSD(0, V) := {(Ax(6), ¢o.x) ; k € N*}



1.2 Main results in an infinite waveguide

We consider two potentials V;,, € L (Q;R), m = 1,2, that are 2w-periodic with
respect to xs,

V(2’23 + 27) = Vi (2, 23), 2 €w, x3 €R, (1.18)

and we call A, (resp. Ay, for 6 € [0, 27)) the operator obtained by substituting
Vi for V' in the definition of the operator A (resp. Ay), so that we have:

o [® df
UA, U = Ao o for m=1,2. (1.19)
(0,27)

Further we note {(Am k(0), ©m.0.%x) ; k € N*, 0 €[0,27)} the full spectral data
associated with A,,, for m = 1,2, as defined in (1.15).

The following is an identification result for a potential defined in a waveguide:

Theorem 1.2. For m = 1,2 let V,,, € L>®(;R) satisfy (1.18), and denote
Ym k0 as in (1.16). Assume that for some 6y € [0,27) and some integer N > 1
we have

Vk>N+1, )\Lk(oo) = /\2,k(00) and Y100k = V2,60, on . (1.20)
Then we have Vi = V,.

Theorem 1.2 yields that the knowledge of the Floquet boundary spectral
data, with the possible exception of finitely many generalized eigenpairs, at one
arbitrary 6y € [0,27), uniquely determines the operator A. The claim seems
quite surprising at first sight, since the full boundary spectral data of A is
the collection of the Floquet data at 6, for 6 evolving in [0,27). Neverthe-
less, we point out that this result is in accordance with G. Eskin, J. Ralston
& E. Trubowitz [14, Theorem 6.2], where Floquet isospectrality at § = 0 for
Schrédinger operators with analytic periodic potential in R™, n > 1, implies
Floquet isospectrality for all 6 € [0, 27).

As a matter of fact, we show the stability result stated in Theorem 1.3 below,
which yields a much stronger uniqueness result. Indeed, notwithstanding the
fact that the main interest of Theorem 1.2 lies in its simplicity, notice that under
the assumptions (1.20) one has also

oo
> 160k — 200kl 72 () < 00

k=1

Actually, the above condition is sufficient to state a stability result in terms of
the asymptotic distance between the eigenvalues |\ x(60) — A2x(60)], as stated
in the following:



Theorem 1.3. Let M > 0 be such that for V,, € L*(S;R) fulfilling (1.18),
and m = 1,2, we have ||Viu|loo < M, and denote V.= (Vi3 — Va)ly. Let V be
the Fourier transform of V defined by

2
V() == (2m) 32 / V(o wg)e €09 4y .
0 R2

for & € R? and j € Z. For some given 0y € [0,27) assume that
Z 191,60,k — w2,9o,k||iz(r) < 0. (1.21)
k=1

Then there exists a positive constant ¢ depending only on w and M such that
for (¢,5) € R2 x Z, and all N > 1, the following stability estimate holds:

V(e j) <e sup [A1,k(60) — A2,x(60)]- (1.22)

Since one can easily see that in general one has
|A1,k(00) = A2,k (60)| < V1 = Valloo = [[V][os,

the above stability estimate is, in some loose sense, optimal.

It is noteworthy that (1.22) involves only the asymptotic distance between
the eigenvalues, and does not involve explicitely any quantitative information
about [|1)1,0,,x — ¥2,60,k|/z2(r). This seems somewhat surprising, since one can
exhibit distinct isospectral potentials Vi, V5 on certain domains w (or equiva-
lently domains Y and potentials V1, V2), such that A ,x(60) = A2 k() for all
k > 1: indeed for such potentials one has > 7~ | [|¢1,0,,5 — 1/)27307]6”%2@) = o0.

Actually, from the estimate (1.22) one can deduce estimates of ||V ;-1(q)
in terms of &y := supysy |A1,k(00) — A2k (60)|- Also, with some additional as-
sumptions, one can get estimates of ||V} — Va|| in other spaces such as L?(Q),
L>(Q),.... Here, in order to preserve some generality, we do not consider such
further estimates directly in terms of V; — V5.

The approach developed in the subsequent sections, to prove the stability
result, allows us to tackle other inverse spectral problems for operators of the
type u — —Au + Vu with boundary conditions such as Dirichlet, or Neumann
or Fourier type boundary conditions (that is du/0n + K(o)u(c) = 0 on the
boundary). Elsewhere we shall develop on such problems, or actually more
general spectral problems such as —div(a(x)Ver) + V(z)pr = App(z)pr with
various types of boundary conditions (here, for some g > 0 it is assumed that
min(a(x), p(z)) > eo > 0).

We would like to mention that, in the context of Dirichlet boundary condi-
tions for the operator u — —Awu+ Vu on a bounded domain Q2 C R", analogous
estimates have been established by M. Choulli & P. Stefanov [12]. More pre-
cisely, these authors prove in the latter reference that if the quantities J, and
61 defined by

8o = supk®|Are — Aoy, 01 =supk” |1 — Yorllze(r),
E>1 E>1



where o > 1 and 8 > 1 — (1/2n), are finite, then one has V3 = V5. Note that
whenever &y + 61 < 00, then the conditions (1.21) and (1.23) of this paper are
satisfied. The approach we take in this paper follows somewhat the cited paper
by M. Choulli & P. Stefanov in the use of H. Isozaki’s representation formula
(see Theorem 3.7), however, in estimating V; — V4, in this paper we get rid of
the dependence on quantities involving ||91,6,.k — ¥2.0, .k

|L2(r)-

It is clear that the following is a consequence of Theorem 1.3:

Theorem 1.4. Let V,,, m = 1,2, satisfy the same assumptions as in Theorem
1.2. Suppose that the following condition

lim |)\1,k(90) — )\Q,k(90)| = 07 (123)
k—o0

and (1.21) hold for some 0y € [0,27). Then we have Vi = Vs.
Analogously, if Vi, € L®(Y), with the notations and assumptions of Theo-
rem 1.1, when (1.8) is satisfied, then we have Vi = V5.

Otherwise stated, it is enough that the Floquet boundary spectral data asso-
ciated with V4 and V5 for a single arbitrary 6y € [0, 27), coincide asymptotically
in the sense of (1.21) and (1.23), for the uniqueness result of Theorems 1.1 and
1.2 to hold.

1.3 Inverse spectral theory: a short review of the existing
literature

The study of inverse spectral problems goes back at least to V.A. Ambarzumian
[3] who investigated in 1929 the inverse spectral problem of determining the real
potential V' appearing in the Sturm-Liouville operator A = —9,, + V, acting
in L?(0,2n), from partial spectral data of A. He proved in [3] that V = 0
if and only if the spectrum of the periodic realization of A equals {k? ; k €
N}. For the same operator acting on L?(0, ), but endowed with homogeneous
Dirichlet boundary conditions, G. Borg [6] and N. Levinson [27] established
that while the Dirichlet spectrum {\; ; k¥ € N*} does not uniquely determine
V, nevertheless assuming that ¢}, (0) = 1 for k£ > 1, additional spectral data,
namely {||¢klz20.0) ; k € N*} is needed, where {¢ ; k € N*} is an L?(0,7)-
orthogonal basis of eigenfunctions of A. .M. Gel'fand and B.M. Levitan [16]
proved that uniqueness is still valid upon substituting ¢} (7) for ||r||z2(0,x) in
the one-dimensional Borg and Levinson theorem.

In 1988, the case where () is a bounded domain of R", n > 2, was treated
by A. Nachman, J. Sylvester and G. Uhlmann [32], and by N.G. Novikov
[33]. Inspired by [16], these authors proved that the boundary spectral data
{(M\k,0pr/On) ; k € N*} uniquely determines the Dirichlet realization of the
operator A. This result has been improved in several ways by various authors.
H. Isozaki [23] (see also M. Choulli [10]) extended the result of [32] when finitely
many eigenpairs remain unknown, and, recently, M. Choulli and P. Stefanov [12]



proved uniqueness in the determination of V' from the asymptotic behaviour of
(A, Opr/On) as k — oo. Moreover, B. Canuto and O. Kavian [8, 9] proved
that in problems such as —div(cVpg) + Vi = M\pppr, where the conductivity
¢ and the density p satisfy min(p, ¢) > ¢ for some €g > 0, two out of the three
functions ¢, p, V are uniquely determined from the boundary spectral data. In
all these results either of Dirichlet or Neumann boundary conditions can be
assumed for the eigenfunctions .

All the above mentioned results were obtained when € is a bounded do-
main and thus the operator A has a purely discrete spectrum. G. Borg [7]
and V.A. Marchenko [31] independently examined the uniqueness issue in the
inverse problem of determining the electric potential of —0, +V in Q = R7,
with Fourier flux boundary condition at)(0) —¢’(0) = 0 at = 0. They proved
that when there is no continuous spectrum, two sets of discrete spectrums as-
sociated with two distinct boundary conditions at = 0 uniquely determine
the potential and the two boundary conditions. F. Gesztesy and B. Simon
[17, 18, 19, 35] and T. Aktosun and R. Weder [1] extended the Borg-Marchenko
result in presence of a continuous spectrum, where either the Krein’s spectral
shift function, or an appropriate set containing the discrete eigenvalues and
the continuous part of the spectral measure, are used as the known data. To
the best of our knowledge, there is only one multi-dimensional Borg-Marcheko
uniqueness result available in the mathematical literature, that of F. Gesztesy
and B. Simon [17, Theorem 2.6], where the special case of three-dimensional
Schrédinger operators with spherically symmetric potentials is studied.

Finally, let us mention for the sake of completeness that the stability issue in
the context of inverse spectral problems has been examined by G. Alessandrini
& J. Sylvester [2], M. Bellassoued, M. Choulli & M. Yamamoto [4], M. Bellas-
soued & D. Dos Santos Ferreira [5], M. Choulli [10], M. Choulli & P. Stefanov
[12], that inverse spectral problems stated on Riemannian manifolds have been
investigated in M. Bellassoued & D. Dos Santos Ferreira [5], and in Y. Kurylev,
M. Lassas & R. Weder [5, 26], and that isospectral sets of Schrédinger opera-
tors with periodic potentials or Schrodinger operators defined on a torus, have
been characterized in G. Eskin [13], G. Eskin, J. Ralston & E. Trubowitz [14],
V. Guillemin [21].

We should point out that the problem under examination in this paper
is a three-dimensional Borg-Levinson inverse problem, stated on the infinitely
extended cylindrical domain 2 = wxR, associated with an operator A = —A+V
of (as already mentioned in Subsection 1.1) purely absolutely continuous spectral
type. As far as we know, Theorem 1.2 is the only multi-dimensional Borg-
Levinson uniqueness result for an operator with continuous spectrum. The
method used here can be applied to obtain analogous results when 2 = w x R
and w C R ! is a C1! bounded domain, provided d > 3. However, in the
present paper we do not develop in that direction.

The remainder of this paper is organized as follows. In Section 2 we study
the boundary value problem with non-homogeneous boundary data, associated
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with Ag for 6 € [0,27). The notations used throughout, as well as functional
spaces needed in the analysis of our problem are presented there. In Section
3 we give a representation formula for the Poincaré-Steklov operators Ag v —3,
and in Section 1.2 we present the proof of Theorems 1.1-1.4, by using the results
of Section 2 and Section 3.

2 Notations and preliminary results

We assume that w C R? is a C'! bounded domain and that = w x R, the
generic point x €  being denoted x = (2/,z3) with 2/ € w and z3 € R.
The Laplacian A is decomposed into A = A’ + 033, with the conventions J;; :=
02/ 83:? and A’ := 011 +0a2; analogously we write the gradient V = (V’, 03) with
V' := (01,02). The real valued potential V' € L>°(Q) satisfies the periodicity
condition (1.3). Recall that the domain Y := w x (0,27) is defined in (1.1),
and represents a cell whose infinite reproduction yields Q = w x R. The scalar
product of L?(Y) is denoted by (u|v) for u,v € L?(Y), and its associated norm
by |- .

We denote by (f,1) the duality between ¢ € H'/?(T") and f belonging to
the dual of H'/2(T'). However, when in (f,1) both f and 1 belong to L?*(T),
to make things simpler (-,-) can be interpreted as the scalar product of L?(T),
namely

(o) = /F () (o) do.

It is well known that the trace operator v : C1(Y) — C(9Y) defined by
Y0(¢) == pjay can be extended to H'(Y). For 6 € [0,27) fixed, we denote by
H;(Y) the closed subspace of those functions u € H'(Y) satisfying in the sense
of traces

u(z’,27) = eu(a’,0) for 2’ € w, (2.24)

and we shall set 1o
Hy'"(0Y) := y(Hy(Y)).

The space Héyg(Y) denotes the closed subspace of those functions u € H(Y)
satisfying in the sense of traces

u(o’,z3) =0 for (0/,23) €T := 0w x [0,27]. (2.25)

Since the imbeddings Hy(Y') C L*(Y) and Hj4(Y) C L*(Y) are compact, one
can see that there exists ¢. 9 € H 4(Y) such that [j¢. g|| = 1 and

[ 9ouaP s =ns @) =min{ [ [FoPars o e mi0). ol =1}

This implies that A 1(0) > 0 (otherwise ¢, ¢ would be constant, and, since it
belongs to H&Q(Y), it has a zero trace on I' hence one would have ¢, g = 0,
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which is not compatible with the condition ||¢. || = 1). Therefore we have the
following Poincaré inequality on H&Q(Y):

Vue Hyp(Y),  Aa(@)ull® < [Vul. (2.26)

Remark 2.1. As a matter of fact, A, 1(0) is the first eigenvalue of the Laplacian
—Ay on Y, an operator which is defined as follows: consider the domain

D(Ag) :={v € Hy4(Y); Ay € L*(Y), and o satisfies (1.12)},

and set Agtp := Av) for yp € D(Ap). Then A, 1(0) is the first eigenvalue of —Ay.
Actually, upon using a separation of variables in «’ € w and x3 € (0,27), it
is easy to see that if we denote by (ftk, ¢r)r>1 the non decreasing sequence of
eigenvalues and their corresponding normalized eigenfunctions in L?(w) of the
operator —A’ on Hg (w), that is the eigenvalues of the two dimensional Laplacian
on w with homogeneous Dirichlet boundary conditions, then the eigenvalues and
eigenfunctions of —Ay are given by the sequence

(6 0\’
Oupj(r) =gr(@)exp (i =47 )z3), Mpj=pe+|{=+7) ,
2T 2T

for k € N* and j € Z. Thus A, 1(6) is the smallest of the eigenvalues A, j ;, and
one sees that (recall that pq > 0)

62 (27 — 0)?
Ai1(0) :M1+ﬁ> or Ae1(0) = +T7
according to whether 0 < 6 <7 or 7w <6 < 2. O

Using this observation, for any given f € H;/ 2(8Y)7 by minimizing the
functional ¥ — ||V)]|? on the closed affine space

Hy = {p € Hy(Y); %(s) = f on T},
one sees easily that there exists a unique F € H}(Y') such that

VF|? = min ||V¢l|2.
IVF| wrreanfll |

As a matter of fact one checks that F' € H}(Y) satisfies

_AF = 0 in v,
F(o) = f(o), o€l
F(z'.2r) = eF(2',0), ' € w, (2.27)

O3 F (2',2m) e F(2',0), 2’ €w,
and moreover, for a constant ¢(6) > 0 depending on Y,

1 vy < O 11 a2 oy

12



Remark 2.2. We do not need a uniform estimate on F in terms of 6, but
actually one can show that in fact one has

1F| 2 v) < e ||fHH;/2(aY)’

for a constant ¢, > 0 depending only on w. O

The operator (Ag, D(Ay)) being defined as

Apu:= —Au+Vu, for ue D(Ap), (2.28)
D(Ag) = {ﬁ)e HL,(Y): Agth € LA(Y), and dJsaﬁsﬁes(1.12)}, (2.29)

one checks easily that for u,v € D(Ap), thanks to the boundary conditions
satisfied by v and v, we have

(Apulv) = /Y Vu(z) - Vo(z) dz + /Y V(z) u(z)v(z) dx = (u|Agv).

This allows one to see that (Ag, D(Ay)) is a self-adjoint operator acting on
L?(Y). Thanks to the compactness of the imbedding D(Ag) C L?(Y'), one sees
that Ay has a compact resolvent and that the spectrum of Ay is discrete and
composed of the eigenvalues denoted by sp(A4g) = {A\x(0) ; k > 1}. If we write
V =V*+ -V~ with V* := max(0,£V), we have that

sp(4p) C [-M, +00), with M = ||V 7| o-

Using regularity results (for instance combining P. Grisvard [20, Theorem 2.2.2.3]
with [11, Lemma 2.2]), one can see that D(Ayp) is embedded continuously into
H2(Y). Therefore the eigenfunctions (¢p x)x>1 belong to H?(Y) and we have

Aok
Sk e HY2(Y) € L2(9Y).

Lemma 2.3. For any f € H;/Q((?Y) and X € C\ sp(Ayp), there exists a unique
solution u € HY(Y) to the equation

—Au+Vu—Au = 0, mY,
u(o) = f(o), oc€T,
u(z’,2r) = e%u(a’,0), 2 €w, (2.30)
Ogu(2’,2m) = e%03u(2’,0), 2’ €w,
which can be written as
ag
=u = —_— 2.31
U\ U Z N )\k(a) ©0,k ( )
E>1
where for convenience we set
_ 9% .4, .7
d)k = on ) and Qg = ak(97 f) T <¢k, f> (232)
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Moreover

o [?
lualiepy =) g (2.33)
B0 = 2 o
and
HU)\||%2(Y) =0 as A = —o0. (2.34)

Proof. The solution u of equation (2.30) can be written in terms of the eigen-
values and eigenfunctions A, (6), pg . Indeed, since u € L?(Y) can be expressed
in the Hilbert basis (¢g x)r>1 as

w="> (uleor) o,
E>1

taking the scalar product of the first equation in (2.30) with ¢y , and integrating
by parts twice we obtain

[ 10D 4 — (- 30(0)) (al),

which yields the expression given by (2.31).

The fact that ||ux|| = 0 as A — —oo is a consequence of the fact that we
may fix ¢y > 0 large enough so that if A is real and such that A < —¢g, we have
A= Ak(0)]? > 1+ |Ar(0)|? for all k> 1, and thus

g |? g

A=)~ T+ [A(0)]2

so that we may apply Lebesgue’s dominated convergence to the series appearing
in (2.33), as A - —oo and deduce (2.34). O

It is clear that the series (2.31) giving wy in terms of ag, A\x(0) and g,
converges only in L?(Y') and thus we cannot deduce an expression of the normal
derivative Juy/On in terms of ay, Ax(0) and ¥. To circumvent this difficulty
we have the following lemma:

Lemma 2.4. Let f € H;/Q(GY) be fized and for A,y € C\ sp(Ap) let uy and

u, be the solutions given by Lemma 2.5. If we set v := vy, = uy — u,, then

o (b= Mo
In = 2 B m @) ) (239)

the convergence taking place in H'/?(T).

Proof. Let vy, := ux — uy; One verifies that vy , is solution to

—Avy+ Vo, —Aoa, = (A= puy, inY,
’UA,H(U) = 0_7 S F7
ua (2!, 2m) = e‘emyll(xﬂ()), ' € w, (2.36)
O3vy (2, 2m) = eieagvA,/L(x’,O), 7€ w.
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Since (uy|por) = o/ (1w — Ai(0)), it follows that

_ (A — pag
= 2 ) - 0 = ) P

the convergence taking place in D(Ay). Since the operator v — dv/dn is con-
tinuous from D(Ay) into HY/?(T), the result of the lemma follows. O

The next lemma states essentially that if for m = 1 or m = 2 we have two
potentials Vi, and uy, := U, , solves

—Aup + Viply, — gty = 0, inY,
um(o) = f(o), ocel,
U (2/,27) = efu,,(2',0), z' € w, (2.37)
Ozt (2',21) = 903u,,(2/,0), 2/ €w,

then uq, and uy, are close as y — —oo: in some sense the influence of the
potentials V,,, is dimmed when y — —oo. More precisely we have:
Lemma 2.5. Let V,, € L>®(Y,R) be given for m =1 or m = 2, and denote

by Ang the corresponding operator defined by (2.28). For f € H;/2(8Y) and
p € C and p & sp(Aig) Usp(Aag), let U, = um be the solution of (2.37).
Then if z,, := uy,, — U2, we have

Izl + 1IVzull + 1Azl =0 as p— —oc.
In particular 0z,/0n — 0 in L*(T) as p — —oo.

Proof. Tt is enough to show that ||z,|| + [|Vz,|| + ||Az.|| — 0 when p — —oo.
Indeed, since z,, € {v € Hjo(Y); Av € L*(Y)} = Hj o(Y)NH?(Y), the equality
between these spaces resulting from classical regularity results for solutions to
elliptic equations, we infer in particular that Vz, -n € L?(T') and

1920 mlacey < ¢ (1920 + Az (2.38)
One verifies that z, solves the equation
Az, +Vizy, —pz, = (Va—Vi)ug,, inY,
zu(o) = 0, oel,
z, (2, 2m) = elf2,(a/,0), ' ew, (2.39)
O3z, (2, 21) = €%9532,(2',0), 2’ €w.

That is, denoting by Ri, = (41,6 — pl)~! the resolvent of the operator Aj g,
we have z, = Ry ,((V2 — Vi)us,,) and since, by Lemma 2.3 we have ||uz .|| — 0
as p — —oo, this yields that |z,|| — 0. On the other hand, as y — —o0, for a
constant independent of u we have

1B, (Vo = Vi)ug )| < ¢ lug ]l = 0,

and this implies that [|uz,|| — 0 in L?(Y) as g — —oo. From this, using
the equation satisfied by z, we conclude that —Az, + z, — 0 in L*(Y) while
z, € Hjo(Y). This implies that [[Vz,| — 0 and the proof of the lemma is
complete. O

15



In the next section we give a representation formula for the one parameter
family of Poincaré-Steklov operators Ag i _x, when the parameter A € C is
appropriately chosen.

3 A representation formula

In his paper going back to 1991, H. Isozaki [23], gives a simple representation
formula which, in some sense, allows to express the potential V' in terms of the
Poincaré-Steklov operator. More precisely, adapting the argument to fit our
aim in this paper, let A ¢ sp(Ap) and denote by Agy_» the Poincaré-Steklov
operator defined by

ou
fH% on F,

where u is the solution of equation (2.30). For ¢ = ié +n € C3, where &, € R3,
we shall denote

¢ Ci=—[€P + [nf* +2i& -,
where £ - 17 denotes the usual scalar product of ¢ and 7 in R?. In the sequel we
shall consider the functions e¢ and e,¢ defined below in terms of those ¢ € (0
satisfying

CeC? (- ¢=-X ec(z):=exp(( 7), ew(r):=exp(C-m). (3.40)

Definition 3.1. Assume that (; € C® for £ = 0,1 satisfy (3.40) and are such
that ec, € Hy(Y) and e.c, € Hy(Y). Then, following H.Isozaki, we set

Sow (0 Cor ) = / Aoy —x(ec)(0) e, (0) do = (excyr Moy (eqy)).
N

Remark 3.2. We point out that we should have defined the above function
Sp,v as being rather (Agv_x(e¢,),exc,), but since one can easily check that
Agv_x(ec,) € HY2(9Y), the way Spy is defined above makes sense and is
actually more convenient for our aims. O

At this point let us make the following observations, which are going to be
useful later. For ¢ € C? given, saying that e¢ belongs to Hgl(Y) means that
0

¢ =i +n, n3 =0, and for some k € Z, &= o + k. (3.41)
™

Clearly, an analogous observation holds for e, to belong to Hy (Y): in this case
¢ € C3? should verify:

-0
=i+, n3 =0, and for some k€ Z, & = o + k. (3.42)
™

Thanks to the function (X, (o, (1) — Sp.v (A, Co,¢1) defined above, we have
the following result: the Fourier transform of the potential V' can be expressed
in terms of Sp v, that is the Poincaré-Steklov operator applied to eg,:
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Lemma 3.3. Let \ ¢ sp(Ay) and denote by Ry := (Ag — \)~! the resolvent of
Ay acting on L?(Y). Let (o € C? satisfy (3.41) and ¢; € C? satisfy (3.42), so
that e¢,, exc, € Hy (V).

Then we have the following representation formula:

/V(JJ) e(<0+(1)‘1‘ dx = Sg’v()\, C0741) — (CO (- )\) /e(Co-l‘Cl)wdx
Y Y

+/ Ryx(Veg,)(x)V(x)ec, (x) d. (3.43)
Y

Proof. This result, due to H. Isozaki [23] in another situation, can be proved
exactely in the same way as in [23], but the boundary conditions involved here
are slightly different and thus the test functions e¢, have to be of a certain type,
hence for the reader’s convenience, and the sake of completeness, we give its
proof. Let u € H‘g1 (Y') be the unique solution of the equation

—Au+Vu—Iu = 0, inY,
u(o) = eg(0), oel,
u(x’,2m) = e%u(z’,0), ' € w, (3.44)
Ozu(z’,2m) = e%9u(2’,0), 2’ €w.

Taking the scalar product of the first equation with the function e.¢, € Hj(Y),
we have that

- /Y Au(e)erc () da + /Y (V) = Nu(e) ecs(2) da = 0, (3.45)

and since with our notations ¢, (z) = e¢, (x), and —Aec, (x) = Aec, (x), after
two integration by parts we get

- [surea@ar = [ |20 e 0) - uie) 67 ao

+)\/u(:17) ec, (x) de. (3.46)

Y

Now, taking into account the fact that u and e.¢, belong to Hy(Y'), while (note
—if :

the presence of e™'% in front of dse¢, (27, 0))
dzu(z’,2m) — e903u(a’,0) = Bzec, (27, 2m) — e 93¢, (2/,0) = 0 for 2’ € w,

we conclude that

/am Pg(na) ¢a(0) ~ulo) aefaf)] do =0,

and finally from (3.45) and (3.46) we induce

/ V() u(e) e, () do = /F [agﬁ’) e, (o) — u(o) (%f;f)] do.

Y
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Now, since du/0n = Agyv_x(ec,) and u(o) = e¢,(0) on I', the above can be
written as
e, ()
Vuwee, de = | Agv_n(ee)(o)eq(0)do— [ eq,(0) ———=do. (3.47)
1% ro r On

To inspect further the left hand side of (3.47), we write u = ¢ + e, for some
(NS H&ﬁ (Y): in fact ¢ € D(Ap) and satisfies the equation

—AYp+Vip —  p = —Veg,,
which means that
u—eq, =% =—Ra(Veg,)- (3.48)

Therefore we have

/Vue<1 dx = / Veg, ec, dr — / Vee, Ra(Veg,) dz,
Y Y %

that is
/ Vueg, dr = / V(x)elCore)egy — / V(z)ee, () Ra(Vee,)(z) dz.  (3.49)
Y Y Y

Regarding the second term of the right hand side of the equality (3.47), upon
observing that e, satisfies the equation —Ae¢, = Ae¢,, multiplying this equality
by e¢, and integrating by parts, we get

0
/ ecy(0) ) 4o = (o ¢ - ) / 2
oy n

Y
But since (y satisfies (3.41) and (; satisfies (3.42), we have that

de¢, (o)
ec,(0) —r—=do =0,
/QY\F CO( ) 81,1

and finally we obtain

0
/ e¢ (o) M do = (Co- G — )\)/ elbot+C)z 1.
r on v
Plugging this, together with (3.49), into (3.47) we obtain the identity claimed
in the theorem. -

From (3.43) we see that if for any given £ € R3 we can find (p,(; such that
on the one hand {y + (1 ~ —i{, and on the other hand they are such that the
term

/Y Ry (Veg) () V(z)eq, () da

is small, then the Fourier transform of 1y V' is known in terms of Sg v (X, (o, 1),
up to the above error term. To this end we establish the following couple
of lemmas, where we construct appropriate directions (p,(;. The first lemma
concerns the case of integer Fourier frequency not less than 1 (in the direction

333) :
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Lemma 3.4. Let & € R?, with |¢'| # 0, and j € Z with j > 1. We fix ' € R?
such that |n'| =1 and £ -’ = 0. For s € (0,1) and (1 — s) sufficiently small,
we define for t > 0 such that st > |&'|/2:

Y 12\ 1/2
¢ = i(st +1) <2§t + (1 - 4|§2t2> n’)

/2

=€ €2\,
r._ (1=

g 1(t+ls><2t o))

and set

0 —if
CO = <<(I)71 <] + 27‘(‘)) € (C37 Cl = <<13 2;) € (Cg' (350)

Upon choosing t > 0 such that

1 0
P=—jlji+=)-1
1_SQJ<]+7T) ;

we have A := —(y - (o = —C1 - (1. Moreover as s — 1 we have the following
t— +OO, Im(>‘) - +OO, CO + <1 - 71(5,7 7.7)3 (351)
1 .
Go-CL—A— 3 (1€ + 57) (3.52)

We have also |le¢, || + |lec, || < ¢ for some constant ¢ > 0 independent of s.

Proof. The fact that with the above choice of t one has (g - (o = (1 - (1 is just a
matter of elementary algebra since

0\ 02
—Co-C=(st+)’+(i+5-) , ~G-G=0+is)+ —,
27 4
and one verifies that (p - (o = (1 - (1. Calling this commun value —\ := (; - (7,
we have that Re(\) = t2 — s + 6% /472, while Im()\) = 2st. Note that

G G- A= 2 +G) G0+ ) = —3 (7 +77).

since it is clear that when s — 1 we have t — +o00, and also as a consequence
Im(\) = 2st — +o0. O

The second lemma concerns the case of the integer Fourier frequency (in the
direction z3) not larger than —1:

Lemma 3.5. Let ¢’ € R?, with |¢'| #0, and j € Z with j < —1. We fizn' € R?
such that |n'| =1 and £ -’ = 0. For s € (0,1) and (1 — s) sufficiently small,
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we define for t > 0 such that st > |€'|/2:

et 12\ 1/2
¢ = i(st + 1) <2ft + (1 _ 4|§2t2) n’)

/2
PN 4%
C{.:l(t+1s)<2t - 1_4t2 0,
and set

o= (ca,i (j— 1+fﬁ)) ec?, = (4171 (1— ;)) eCh. (3.53)

Upon choosing t > 0 such that

1 0
= ——jlj—2+=) -1,
1—82‘7(‘7 +7r>

we have A := —(y - (o = —(1 - (1. Moreover as s — 1 we have the following
t — 400, Im(\) — o0, Co+ G — —i(¢,—y), (3.54)
1 .
G G-A—=—3 (1€'1* + 5°) . (3.55)

We have also |lec,|| + |lec, || < ¢ for some constant ¢ > 0 independent of s.

Finally we state how to choose the vectors (p,¢; € C3 when the Fourier
frequency j in the direction z3 is equal to zero:

Lemma 3.6. Let ¢’ € R?, with |¢'| # 0, and j = 0. We fir ' € R? such that
[ =1and & -n' =0. Fort >0 such that t > |£'|/2 we set:

T : _5/ ‘§/|2 12 ’
I . _fl |€/|2 12 ’
Cl T l(t + 1) < 21 - (1 - 4t2 ) n )

= (Gige)e€ ai=(dmig)ect @)

Then we have X == —(o-Co = —C1- (1 = (t+1)% — (02 /472%). Moreover ast — oo
we have the following

and set

Im()‘) — +OO, <0 + Cl - 71(5/3 0)7 (357)
Co-CG—A— —% 1€']2. (3.58)

We have also |lec, || + |lec, || < ¢ for some constant ¢ > 0 independent of t.
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The proof of this lemma is straightforward and can be omitted.

Since with the above choices of (y,(;, saying that s — 1, or t — o0, is
equivalent to |A\| = +o00, we shall write only the latter. Now it is easy to obtain
the following representation formula:

Theorem 3.7. Let j € Z and for any & € R2, with |¢'| # 0, set & := (¢',7) €
R3. According to whether j > 1 or j < —1 or j = 0, let X, (o, (1 be given by
either Lemma 3.4, or Lemma 3.5, or Lemma 3.6. Then, as |A\| = +oo we have

2
lim Sg’v()\, Co, Cl) + @ / e 8T g, (3.59)
Al—=+o00 Y

Viz)e 1% dy =
/Y (@) By 2

Proof. The left hand side of the identity (3.43) converges clearly to the left hand
side of what is claimed in relation (3.59).

Now, on the one hand the second term in the right hand side of (3.43)
converges to zero, since ({p - (1 — A) has a finite limit, while

/ e(C(H'Cl)'JC dr — / exp(—if/ -x + 1].1‘3) dx.
Y Y

(Note that when j € Z* the latter integral is equal to zero, because YV =
w x (0,27) and we have fOZTr exp(ijzs) dxs = 0).

On the other hand, we have |le¢, || + |lec,|| < ¢ as |A\| = +oo, and we may
remind that the resolvent R, satisfies

C

< -
1Bl = dist(A, sp(4y))

— 0,

because dist(),sp(A4g)) > Im(\) — +o00. Therefore the third term in the right
hand side of (3.43) converges to zero, and the proof of the theorem is complete.
O

For later use, we state the following result regarding the behavior of ( +
¢1 and ec,,ec, as |A\| = oo: its proof needs only a close examination of the
definitions of {{, (].

Lemma 3.8. Let j € Z and for any &' € R?, with |¢'| # 0, set € := (¢',7) € R3.
According to whether j > 1 or j < —1 or j =0, let A\, (o, (1 be given by either
Lemma 3.4, or Lemma 3.5, or Lemma 3.06. Then, as |A\| — 400 we have

G+ G =€, =) =0 (IN2),  llegllzam + lec, Iz = O(1). (3.60)

Remark 3.9. While A, {y, (1 are as in the above lemma, let u be the solution of
(3.44) with ¢ = (p. Since on the one hand ||e¢||z2(y) is bounded, and on the other
hand, thanks to (3.48), we have u —e; = —Rx(Ve¢), so that ||[u —ec|[z2(y) = 0
as |A| = oo, because ||Rx|[z2(v)—r2(v) —+ 0. Therefore, for a positive constant
¢, we have |luf2 <ec.
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In the same manner, if instead of (3.44) we consider the following equation

—Auy, +Vu, —du, = 0, inY,
o) = ec.(0), o€,
u (2, 27) = e%u,(a’,0), ' €w, (3.61)

Ozuy (2, 2m)

‘eﬁgu*(:ﬁ ,0), 7/ €w,

since ey, € Hel (V) and —Aeye, = Xecl, we may apply the same arguments
invoked for u, and conclude that ||u||z2(y) < ¢ for some positive constant.

These above observations will be used in Section 4, therefore for the reader’s
convenience we state the following lemma:

Lemma 3.10. Let M, X, (y, (1, as well as V', be as in Lemma 3.8, and let u be
the solution of (3.44), and u, be that of (3.61). Then, for a constant depending
only on M and w,

| wkae | 7pk,€*
Y wca)l sl ea)l e, gy <o @62)
A — /\k|

k>1 k>1 ‘)‘ Ak ‘2

In the next section we use the representation formula (3.59), together with
the observations made in Section 3, to prove the main results stated in Theorems
1.1-1.4.

4 Proof of the main results

In this entire section, we write 6 instead of 6. For m = 1 and m = 2 consider
two potentials V,,, satisfying the assumptions of Theorem 1.1, and denote by
A0 the associated operators defined by (2.28).

Let (Am,x(0), m.0,k)k>1 be the sequence of eigenvalues and eigenfunctions
of Ay, 9. Once the value of 6, or g, is fixed, for the sake of the simplicity of no-
tations, we shall denote the operators, and their eigenvalues and eigenfunctions
as

Am = Am,@; )\m,k = Am,k(g)a and Pm,k = Pm,0,k>, ’lpm,k = wm,07k~

Consider now A € C and p € R, such that A\, ¢ sp(A1,9) Usp(Azyg). For
fe H;/2(F) denote by u, » the solution to (2.30) where V := V,,, and also
recall that

Qm, k

m where Ok = (Um ke, [).

Um A\ =
k>1

We recall also that thanks to the variational characterization of the eigen-
values of the self-adjoint operators A,,, one can easily see that

ALk = Agk| < V1 = Voo (4.63)
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Next we introduce a few notations and conventions in order to make the proofs
more clear.

We split N* into two subsets of integers k > 1, according to whether we have
(Mg, ¥1.6) = (A2k, Yo21) or not: more precisely we set

Ki={k>1; (Mg, ¥1k) = (A2, ¥20)},  and Ko :=N"\K;. (4.64)

Moreover, when k € K; we drop the index m = 1 or m = 2 for the eigenvalues
and the normal derivatives of the eigenfunctions, that is we denote by A; and
Y, as well as ay, the common value of these entities. Now, f being fixed, with
the notations of Lemmas 2.3 and 2.4 we denote by v = Um,x — Um,u the
solution of (2.36) where V is replaced by Vi, and we set

.f (1 — A)am,k
Fo(O\ s f) = kZK:O ) Vo ke (4.65)

and analogously (note that for k € Ky we write Ay := A1 = Aoy and ¢y, =
Vi = Yok)

(1= Ao
A=) (= A)

GO f) = (

keKy

V. (4.66)

Using the notations introduced above, and according to (2.35) in Lemma 2.4,

we have
avm, At

AL Fou(\ 1, ) + GO f). (4.67)
Recall that in Lemma 2.5 we have set z,, = u1,, — U2, and thus writing the
above identity (4.67) for m = 1 and m = 2, and then subtracting the resulting

equations, we end up with a new relation, namely
Ouiy  Oug _ ai

oo an = on T f) = (A f). (4.68)

It is convenient to set

Qm
Femf) = ) 55 Ymhs (4.69)
k€K m.k

so that while A and f are fixed, upon letting 1 — —oo, first we shall prove that

Fm()‘7:u7f) - F*m()‘7f)7

in an appropriate sense (see below Lemma 4.3). Then, thanks to Lemma 2.5,
as p — —oo, we obtain from (4.68) that

8u1,,\ _ 8u2,>\
on on

Now choose A, (o, {1 as in Theorem 3.7, and f := es,. Then the identity (4.70)
and Definition 3.1 yield

SG,VI ()‘7 Co, Cl) - S97V2 (>‘a <07 Cl) = <6*C1’F*1(/\v 6(0) - F*Q(/\’ 6C0)>' (471)

=Fa(A f) = Fa(A ). (4.70)
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On the other hand, thanks to (3.59) of Theorem 3.7, recall that we have

/ (Vi =Va)(x)e 0 dr = lim (Spv, (A G0, 1) = S (N G0 1)) - (4.72)
Y |A[=+o0

One sees that in order to obtain the Fourier transform of V; — V5, we have to
determine the limit in (4.71) as |A| — co. Now, since the right hand side of
(4.71) is given by the limit of the series

<€*(1 » B ()\7 Hy eCo) - FQ()‘v s 6C0)> = (473)
(b —\) Z [W’Lk’e&) (excrs V1) (Vo ecy) (€xcrr ak)

A=) (e —Ak) A=Az r)(t— o) |7

keKo

as 4t — —oo, we have to investigate under which assumptions we may find the
limit of the above series as t — —o0 and |A\| = oo: once this is done, then (4.72)
yields the appropriate interpretaion about the Fourier transform of V; — V5.

We introduce two functions f , : [-M,400) — C and g := L*(I') — C
such that, for each k£ > 1 fixed and m = 1 or m = 2, the terms of the series can
be written as

<7/}m,k; 6C0> <€*C1 ) wm,k>
(A= Amge) (1 = A o)

(Here recal that M > 0 is such that |Vi,|leoc < M). So in a first step we state
and show the following elementary lemmas.

Lemma 4.1. For Im(A\) > 1 and p < —(M + 1) where M > 0, let fy, :
[-M,4+00) — C defined by

(M - )‘) = fA,;L()‘m,k) g(wm,k)-

W= A
foplr) = —————.
= =)
Then for 11,70 > —M we have
Fa(ra) = a(m2)| < 2/m = 7o a[l - (4.74)
) — T 71 — T2| max . .
Ap\Tl A T2J1 = ! 2 TE[T1,72] |/\—7'|2 |/14_T|2

Proof. Indeed, assuming for instance 7, < 79, we have

Fan(72) = Fapu(m) = / Cf () dr.

This yields
A—pl(A=7[+[p—7])

|fau(T1) = fau(m2)] < |11 — 72| max

TE[T1,72] |)\—T|2‘|/L—T|2
Now it is clear that
A—pl(A=rl+lp—7) _ A=y A —u
R e L e B PE A e R
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and using the inequality |\ — p| < |\ — 7| + | — 7| we end up with

A — A—T|+|lu—1 1 2 1
A —pl (] . | |/~L2 ) < - N .
IA=T[2 | — 7] =72 A=7[-lp—=7]  [A=T]

which, using the fact that

2 < 1 n 1
EEE R 7 R PR R P

yields the estimate (4.74). O

The next lemma takes care of the quadratic terms (Ym, i, €c,) (€xci> Vm, k)
appearing in (4.73):

Lemma 4.2. For ¢ € L*(T) define

g(’l/J) = <'(/}, 6C0> <6*C17¢>'

Then there exists a constant ¢ > 0 such that, provided that Im(X) > 1 and the
vectors (o and (1 are as in Lemmas 3.4-3.6, for all 1,1 € L?(T) we have

lg(1) — g(P2)| < ¢ ({ewer, )| + (Y2, e¢o)]) 101 — 2l L2y (4.75)

Indeed, according to (3.60) of Lemma 3.8 we have |le¢, || 2(r) < ¢, and since

9(¢1) - 9(1/)2) = <1/)1 - ¢276C0><€*C17¢1> + <¢276C0><6*C17'¢1 - w2>’
one sees that (4.75) follows. O

We can now state the following result regarding the limit in (4.73) as the
parameter p — —oo:

Lemma 4.3. Assume that X, y, (1 are as in Theorem 3.7 and that Im(A) > 1.
Moreover assume that we have

D e — Yalliam < oo

k>1
Then
Z <7/}1,k7 6Co> <e*C1awl,k> _ <w2,ka e(o> <€*€171/)2,k> < 00
Pyl A=Ak A=k
and we have
MEIPOO<€*C17F1()"MaeC0) - F2()‘nu’€(0)> = (4'76)
Z [<1/)1J€’ 6C0> <€*C1 ) wl,k> B <¢2,ka 6C0> <6*C1 ) w2,k>} )
Pyl Al g — A Ao — A
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Proof. For X fixed, we may write each term of the series appearing in (4.73) as

(V1,15 6C0> <6*C1 s Y1,k) _ (P2, 6C0> <6*C1 s Y2k)

) R R ) O Aaa)(a— Aa) | R0+ )
(4.77)
where for convenience, with the notations of Lemmas 4.1 and 4.2, we have set
Ap(p) = (fauArk) = Fru(A2e)) 91 k), (4.78)
and
Br(p) = fauAak) (9(€1k) — 9(d2k)) - (4.79)
Setting
1 1
A 1= (55~ o) 70 (4.50)
and 1
Bue(A) = 35— (9(Y1k) = 9(¥2)) (4.81)
2,k —

it is clear that for each fixed k > 1 we have

lim Ag(p) = A (), and lim Bg(p) = Bk ().

p——00 H——00

It is also clear that A,r(\) + Byx(A) is precisely the generic term of the series
appearing on the right hand side of (4.76). Therefore we have only to justify
the passage to the limit in the series as y — —oo, while A is fixed.

Denote by Aj a number between A; , and A j where the maximum of

1 n 1
=P " =P

is achieved as 7 ranges between A;j and A j. Recall that thanks to (4.63),
when ¢t = p or t = X we have |t — Ay, x| > 1, and thus

ALk — Aok
t— )‘1,/0

t— A\
' 2.k <1+ |V —Valee <, (4.82)

t— )\Lk

for some constant ¢ independent of k£ and ¢. Indeed, for another constant ¢ > 0,
and m =1 or m = 2, for all k, one can see that we have also

t— A%
t—Am,k

‘t—xmﬁ
t— A

Therefore, by (2.33), for ¢ = {p or ¢ = (1 and, when necessary, A replaced with
1, we have

<¢m,k> e(> 2
A= Ar

< 00, and Z @/Jmk;\i(‘ < 0. (4.83)
W

k>1

D

k>1

26



From this, using Lemma 4.1 we infer that, setting do := supg>q [A1x — A2kl

l9@W1r)l | 19(1)l
il < 200 [0+ H

Now, for p < —(M + 1), we have A} — p > A; + M + 1 where M > 0 is such
that A,y > —M for all K > 1 and m = 1 or m = 2. It follows that for all
—(M + 1) we have

|Ag ()] <260 |: lg(1,x)] + |g(¢1,}c)|} 7

A MAI2 A=A

where the right hand side is summable over k. It is now clear that we may apply
Lebesgue’s dominated convergence theorem and deduce that

1 1
ugmoo Z Ag(p Z </\1,]~c W V- )\> 9(¥1,5)s (4.84)

keKo keKo

and moreover we have
lg(bre)|
< .
Emm E | A ()| <26 E | )\*|2 (4.85)
keKo keKo

Regarding the terms By (u) defined in (4.79), we proceed analogously: using
Lemma 4.2 we have

|<1/}27k’ 6(0>| + |<6*C13¢1,1€>
A=Az k| - [ — Aokl

|Br ()] < e\ — pl | 1,6 — Y2.kllL2r)-

Again, as p — —oo and ) is fixed, we may find a positive constant ¢; such that
A — |/l — A2i| < c1, so that finally (for another constant c; > 0) we may

write
) ‘<1/}2,k7 6C0>| + |<6*C1 ) w17k>
IA = Ao k|

Bu(y)| < ok = il o).

Thanks to the assumption that
1/2
0= | Y llnw — Yonlliacr < oo,

k>1

and the observation (4.83), we infer (using Young’s inequality 2ab < a? + b?)
that the right hand side of the above inequality is summable and applying once
more Lebesgue’s dominated convergence theorem we have

1/2

| '(/)2 ks €¢o | +|<6*C17'¢J1 k>‘
E < E .
ltgmoo |Bk | 2 2 |>\ )\2 k‘z 617 (4 86)
k>N k>N
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and

i > Bi(w) = ﬁ (9(¥1k) = 9(W2,k)) -

k€K kK, “ 2k
At this point one sees that this, together with (4.84), yield (4.76), and the proof
of the lemma is complete. O

Next, A.k(N\) and B.k(\) being defined by (4.80) and (4.81) we study the

series
> AN,  and > Bu())

keKg keKq

Lemma 4.4. With the above assumptions on (y,(1 and Vi, Vs, assume that
Im(A) > 1 and let Ay be defined by (4.80). Then there exists a positive constant
¢ depending only on w and M such that for all integer N > 1 we we have

lim sup Z A (V)] < ¢ sup A — A2kl
[A]=o00 keKo

Proof. Indeed, setting do := do(N) := supy> n [A1,x — A2 x|, using the very defi-
nition of A,;()), and recalling (4.63) and (4.82), we observe that

W1k eco)l {ec Y1)l
| Ak (V)] N
g% g%|A Akl A= Ao
Z | 1 k,e<0 Z | e*clﬂ/fuc
2 2
>N A= )‘1’“| k>N A= Aokl
(Y185 €¢0)1° [{excss vrp)
+
k; PESTREIAD iy v wyicy

< C(SO(N),

for some positive constant ¢ independent of A, where in the last step we use
the fact that if u solves equation (3.44) with ¢ = ¢y, and u, solves (3.61) (both
equations with V' = 17), by (2.33) and (3.62), we have

Z|w1kaeco Z e*(lﬂl/’lk 2
A= Al? A

k>1 k>1

= [ullZz vy + L2y < e

On the other hand, for N > 1 fixed, it is clear that for some positive constant
¢1 depending on N (but not on A) we have

C1
A=A k| A= Aak|’

VEkel[l, N]NN, [ Ak (N)] <
so that

N
lim > |Ax(N)] =

[A| =00
k=1
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It follows that
lim sup Z |Asr (M) < cdp(N),

[A]| =00 k€K

and the proof of our lemma is complete. O
Now we turn our attention to the series defined by B.x(A).

Lemma 4.5. With the above assumptions on (y,(1 and Vi, Vs, assume that
Im(A) > 1 and let By be defined by (4.81). Moreover assume that

Z 1,6 — ¢2,k||2L2(r) < oo.
k>1

Then
limsup Y [B.r(M)] = 0. (4.87)
[Al=co ek,

Proof. For a given € > 0, we may fix N. > 1 such that
Z 41,6 — 7/12,k||%2(1“) <e
E>N.41
However, by Lemma 4.2 we have

- |)\2:_)\ lg(¥1.1) — g(Yar)]

(excrs V1) + [(W2k, e¢0)
A2k — Al

o — o

<

lL2ry.  (4.88)
Using the fact that

(|<€*C17w1,k>| + |<¢2,k, 6C0>|)2 <ec (|<€*<17¢1,k>|2
A2 — Al B Al — A2

N |<w27k7640>2) 7

A2,k — A2

invoking once more Lemma 3.10 and (3.62), we infer that

2
3 ({exer, Yrm) + [, e0))”
— )2 -
= Az — Al
for some positive constant independent of A\. Consequently, using (4.88) and
the Cauchy-Schwarz’ inequality in ¢, we have
1/2

Yoo IBaA < | D ik —darliam <ce

k>Nc+1 k>N:+1

On the other hand, as we argued above in the study of ZIJCV:l | Ak (N)], it is not
difficult to see that

NE
lim > |B.(\)] =0,
k=1

[A] =00 —
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so that finally we get

lim sup Z |Bik(N)] < ce,
|A|— o0 keKo

and € > 0 being arbitrary, this yields im sup||_ o Y gex, [B+k(A)| = 0, so that
the proof of the lemma is complete. O

Now we are in a position to develop the proof of our main results. We begin
with that of Theorem 1.1.

4.1 Proof of Theorems 1.1 and 1.2

It is clear that Theorem 1.2 is nothing but a rewriting of Theorem 1.1 in the
context of an infinite waveguide. We can therefore develop only the proof of
Theorem 1.1.

According to the assumptions of this theorem, the set Ky defined in (4.64)
is finite (in fact card(Kg) < N). Thus, using (4.70), the sum in (4.69) being
finite in this case, we may take the limit as |A\| — oo to obtain

lim (SO,V1 ()‘a CO, Cl) - S@,Vz ()‘7 COa Cl)) = 07

|A|—o0

so that (4.72) implies that V; = V,, and the proof of Theorem 1.1 is complete.
O

4.2 Proof of Theorem 1.3

To begin with, let us recall that if we assume that (1.21) is satisfied and moreover

lim ‘)\171C — )\2,k| — 0,
k—o00

then as N — oo we have have supy~ v [A1,x — A2, x| — 0, and therefore Theorem
1.4 is an easy consequence of Theorem 1.3. We can therefore concentrate on the
proof of this latter result.

In order to explain the various steps we are going to take for the proof of
Theorem 1.3, we begin by noting that if V := (V5 — V5)1y, and if we set for a
moment y := (¢, —j) and z :=1i({o + (1), then we have

V() = V()| <ly—=2| sup [VV(Q—-7)y+72).
0<r<1
Now recall that by Lemma 3.8 we have |y — z| = O(|]A|~'/2) as |\| — +o0, and
thus, if R > 1 is given, for |¢'|? + j2 < R?, we have

sup [VV((1—7)y+72)] <2R||V]11v) < 8Rmmeas(w) M,
0<r<1

we conclude that for some constant ¢; > 0 depending on w, M and R we have

V(=) < [V(i(Co+ C))| +en [N 72 (4.89)
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Therefore, in order to prove the estimate (1.22) we need to analyze the behaviour
of |V (i(¢o+¢1))| as |A| — co. Now, thanks to the representation formula (3.43),
we have

|‘7(1(C0 + Cl))| < |59,V1 ()‘aeCov 6C1) - S9,V2 ()" €o> 6C1)| +c2 ‘)‘|_1/2’ (4'90)

where we have used on the one hand the fact that when ||V,,,||cc < M, then for
some positive constant c3

/Y Ra(Viney ) (@) Vin(2)ec, (2) dz| < e3[[(Am — M) 7|22 = O(|Im(X)[7),

and on the other hand the fact that by Lemma 3.8 we have O(|Im(\)|7!) =
O(AI712).
Reporting (4.90) into (4.89), we see that

V(€ =) < 180, (N ecorecs) = Sova (N ecorecy)| +ea A2 (491)

and again we have to analyze the behaviour of |Sg v, (X, ecy, ec, ) —So,v5 (A e¢y, €¢y )|
as [A| = +o0.
According to (4.68), with the choice f := e, we have

6u1A,\ 61@))\ 0z
<e*417 (9T - on > = <e*417 a:> + <6*C17F1()‘7:uve§o) - F2()‘7:u7640)>7

and by Definition 3.1 of Sy v, (X, e¢,,€c,)
Oui y  Ougy
€x¢is

on on

> = SG,Vl ()‘7 €¢o>» 6(1) - S(’,VQ ()‘a €¢os €y )

Therefore, in order to deduce the result of Theorem 1.3 from (4.91), we need to
analyze the difference given by (4.73) as p — —oo and |A\| — 4o0.
First, using Lemma 4.3 together with (4.91) we may state the following

Lemma 4.6. With our assumption on M, \, (y, (1, as well as on V1, Vs, assume
that Im(\) > 1 and that we have

D ik — Yaklliem < oo

k>1

Then
(V1 ks eco) (e, Vi) (Yakseq) (€xgys Yo k)

A=Ak A=k

D

keKo

and for a constant c, depending on w, M, and R, for all (¢',7) such that |£'|? +
j2 < R? we have

< 00,

(V1 €co) (s, V1) (Woks €co) (€xcis Y2.k)

y )\—1/2.
Ak — A Aok — A e

(4.92)
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Now we are in a position to prove Theorem 1.3:

Proof of Theorem 1.3 concluded

With the notations introduced in (4.80) and (4.81), the estimate (4.92) may be
rewritten as

V(€= < D 1Aw(N) + Bur(W)| +c[A] 712
keKo
< ST AW+ [Ba(N)] + e[ A7V, (4.93)
keKo

Now, thanks to Lemma 4.5 we know that

lim > |Bu(M\)| =0,

Al—
A= /%o

and by Lemma 4.4 we have, with the constant ¢ > 0 depending only on w and
M,

lim sup Z |[Ak(N)| < ¢ sup [A1x — Aokl
=00 ek, k>N

Therefore |V (¢, —j)| < ¢ Supy> N [A1,k — A2,k as claimed. O
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