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cian H®) = —A in Ly (Rﬁ_) corresponding to the boundary condition
g—’; +ou = 0 for a wide class of periodic functions ¢. For non-negative
o we prove that H(?) is unitarily equivalent to the Neumann Lapla-
cian H(®). In general, there appear additional channels of scattering
which are analyzed in detail.
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INTRODUCTION

0.1 SETTING OF THE PROBLEM

The present paper is a continuation of [Fr], but can be read independently. It
studies the Laplacian

HOy = —Au on R% (0.1)
together with a boundary condition of the third type
0
a—Z—f—au:O on R x {0}, (0.2)

where v denotes the exterior unit normal and where the function o : R — R is
assumed to be 27-periodic. Moreover, let

0 € Lgioc(R) for some ¢ > 1.
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Under this condition H(?) can be defined as a self-adjoint operator in La(R%)
by means of the lower semibounded and closed quadratic form

/]R2 |Vu(x)|2dx+/Ra(xl)|u(x1,0)|2dx1, u e H'(RY).
2

We analyze the spectrum of H(?) and develop a scattering theory viewing H ()
as a (rather singular) perturbation of H () the Neumann Laplacian on Ri.
(For the abstract mathematical scattering theory see, e.g., [Yal].)

By means of the Bloch-Floquet theory we represent H(?) as a direct integral

1/2
/ OH (k) dk (0.3)
—1/2

with fiber operators H(?) (k) acting in Ly(IT) where II := (—m,7) x R, is
the halfstrip. Due to the relation (0.3) the investigation of the operator H (@)
reduces to the study of the operators H(?) (k).

0.2 THE MAIN RESULTS

It was shown in [Fr] that the wave operators
WLT (k) = W (H') (), HO (k)

on the halfstrip exist and are complete. This immediately implies the existence
of the wave operators
Wj(:) =W (H), HO)

on the halfplane and the coincidence of the ranges

RW) = RW).
(Of course, the existence of the wave operators can also be obtained by a
modification of the Cook method, see Section 17 in [Ya2].) Moreover, it was
shown in [Fr] that the singular continuous spectrum of the operators H(®) (k)
is empty.
In the present paper we will study the point spectrum of the operators H (%) (k).
In general, there will be (discrete or embedded) eigenvalues which may produce
bands in the spectrum of the operator H(®) on the halfplane. In this case,
the wave operators are not complete and there appear additional channels of
scattering. For the additional bands in the spectrum we give some quantitative
estimates and we construct an example where a gap in the spectrum appears.
Moreover, we prove that the spectrum of the operator H(?) is purely absolutely
continuous.
Under the additional assumption

o(z1) >0, a.e. 1 € R, (0.4)

DOCUMENTA MATHEMATICA 9 (2004) 57-77



THE LAPLACIAN WITH A PERIODIC BOUNDARY CONDITION 59

we prove that the operators H(?) (k) have no eigenvalues. This implies that the

wave operators Wf) are unitary and provide a unitary equivalence between
the operators H(?) and H(©).

0.3 ADDITIONAL CHANNELS OF SCATTERING

Additional channels of scattering were already discovered in a number of other
problems that exhibit periodicity with respect to some but not all space di-
rections. Without aiming at completeness we mention the papers [DaSi|, [Sa]
concerning the scattering theory of problems of this type, [GrHoMe]|, [Ka| con-
cerning Schrodinger operators with periodic point interactions and [BeBrPa]
concerning the case of discrete Schrodinger operators.

In the present paper, using the specific properties of the operator under con-
sideration we are able not only to show the appearance of additional channels
of scattering but also to develop a more detailed analysis of these channels. In
particular, we give some sufficient conditions for existence and non-existence
of additional channels and prove that the spectrum of the operator is purely
absolutely continuous.

The problem of absolute continuity in a case with partial periodicity is also in-
vestigated in [FiKl], where the Schrodinger operator with an electric potential
is considered.

0.4 OUTLINE OF THE PAPER

Let us explain the structure of this paper. In Section 1 we recall the precise
definition of the operators H(®) and H(?)(k) in terms of quadratic forms and
the direct integral decomposition. In Subsection 1.2 we state the main result in
the case of non-negative o (Theorem 1.1) and the main result about absolute
continuity (Theorem 1.2).

In Section 2 we transform the eigenvalue problem for H(?) (k) and A € R in the
spirit of the Birman-Schwinger principle to the problem whether 0 is an eigen-
value of a certain ”discrete pseudo-differential operator” of order one in Lo(T).
In this way we reduce the problem of (possibly embedded) eigenvalues to the
study of operators with compact resolvent. In Section 3 we prove the absence
of eigenvalues of H(?)(k) under the condition (0.4), which implies Theorem
1.1. The general case is treated in Section 4 and the proof of Theorem 1.2 is
given in Subsection 4.3. We supplement this in Section 5 with a more detailed
analysis in the case when o is a trigonometric polynomial. Finally, in Section
6 we describe and discuss the additional channels of scattering that appear in
the general case. In Subsection 6.2 we construct an example of an open gap.
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1 SETTING OF THE PROBLEM. THE MAIN RESULT

1.1 NOTATION

We introduce the halfplane
R% = {z = (z1,22) € R*: 25 >0} =R x Ry,
and the halfstrip
M:={z=(21,22) ER?: —m <z <7, 23>0} =(—7,7) xRy,

where Ry := (0,400). Moreover, we need the lattice 27Z. TUnless stated
otherwise, periodicity conditions are understood with repect to this lattice.
We think of the corresponding torus T := R/27Z as the interval [—m, 7] with
endpoints identified.

We use the notation D = (D1, Dy) = —iV in R?.

For a measurable set A C R we denote by meas A its Lebesgue measure.

For an open set Q C RY d = 1, 2, the index in the notation of the norm
|l.Il, () is usually dropped. The space Lz(T) may be formally identified with
Ly(—m,m). We denote the Fourier coefficients of a function f € Ly(T) by
fo = = [T f@)e " day, n € 2.

Next, H?(Q) is the Sobolev space of order s € R (with integrability index
2). By H?(T) we denote the closure of C*°(T) in H*(—m, 7). Here C*°(T) is
the space of functions in C°°(—m, ) which can be extended 2w-periodically to
functions in C*°(R). The space H*(T) is endowed with the norm

1 ey o= DL+ 0| ful®s f € HY(T).

nez

By H*(II) we denote the closure of C°°(II) N H*(II) in H*(II). Here C*(II) is
the space of functions in C°°(II) which can be extended 2m-periodically with
respect to 1 to functions in C*(R%).

Statements and formulae which contain the double index ”+” are understood
as two independent assertions.

DOCUMENTA MATHEMATICA 9 (2004) 57-77
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1.2 THE OPERATORS H(?) ON THE HALFPLANE. MAIN RESULTS

Before describing the main results we recall the definition of the operators H ()
from [Fr]. Let o be a real-valued periodic function satisfying

o€ Ly(T) for some ¢ > 1. (1.1)
It is easy to see (cf. [Fr]) that under this condition the quadratic form
D] .= H'(R?),

m ::/R \Du(x)|2dx+/Rcr(x1)|u(sc170)|2dz1

is lower semibounded and closed in the Hilbert space Ly(R%), so it generates
a self-adjoint operator which will be denoted by H(?). The case o = 0 corre-
sponds to the Neumann Laplacian on the halfplane, whereas the case o # 0
implements a (generalized) boundary condition of the third type.

The spectrum of the "unperturbed” operator H(®) coincides with [0, +00) and
is purely absolutely continuous of infinite multiplicity.

In [Fr] we proved the existence of the wave operators

(1.2)

2
+

Wf) =We(HO HO) =5 — . liim exp(itH ")) exp(—itH®).

We state now the main results of the present part. An especially complete
result can be obtained under the additional assumption

o(xy) >0, a.e. 1 € R. (1.3)

THEOREM 1.1. Assume that o satisfies (1.1) and (1.3). Then the wave opera-
tors Wj(:) exist, are unitary and satisfy

H =W HOW)*, (1.4)

In particular, under the condition (1.3) the spectrum of the operator H (@) is
purely absolutely continuous. This is also true for general o.

THEOREM 1.2. Assume that o satisfies (1.1). Then the operator H') has
purely absolutely continuous spectrum.

However, in contrast to the case of non-negative ¢ now the operator H(?)
may be not unitarily equivalent to H(® and then the wave operators W\ are
not complete. This is connected with the existence of additional channels of
scattering. The discussion of this phenomenon is conveniently postponed to

Section 6.
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1.3 DEFINITION OF THE OPERATORS H(?)(k) ON THE HALFSTRIP. DIRECT
INTEGRAL DECOMPOSITION

Let o be a real-valued periodic function satisfying (1.1) and let k € [—1,3]. Tt
follows (cf. [Fr]) that the quadratic form

DA (k)] := H'(TD),
B (k) ] 1= /

I

s

(I(D1 + k)u(@)]? + | Dau(x)|?) da + /_ o (z1)|u(w1, 0)]* day
(1.5)

is lower semibounded and closed in the Hilbert space Lo(II), so it generates
a self-adjoint operator which will be denoted by H(?)(k). In addition to the
Neumann (if ¢ = 0) or third type (if o # 0) boundary condition at {zo = 0}, the
functions in D(H(?)) satisfy periodic boundary conditions at {z; € {—m,7}}.
The operator H(?) on the halfplane can be partially diagonalized by means of
the Gelfand transformation. This operator is initially defined for u € S (Ri)
the Schwartz class on Ri, by

Uu)(k,x) := Z e R@IF2T) (1) 4 2, ), kel-3,3), zell
neL

and extended by continuity to a unitary operator

1/2
U: Ly(RY) —>/ ®Ly(IT) dk. (1.6)
—1/2
One finds (cf. [Fr]) that
1/2
UHO U = / OH ) (k) dk. (1.7)
-1/2

This relation allows us to investigate the operator H(?) by studying the fibers
H@) (k).
In [Fr] it was shown that

G (H(")(k)> — k2, 400), 0w (H(")(k)) =0 (1.8)

In the present part we give a detailed analysis of the point spectrum of H (%) (k).

2  CHARACTERIZATION OF EIGENVALUES OF THE OPERATOR H(?) (k)

Let o be a real-valued periodic function satisfying (1.1) and let k € [—%, %]7
A € R. In the Hilbert space Lo(T) we consider the quadratic forms
D@ (A, k)] := H'A(T),
. . i 2.1
OB = S OB IR+ [ ol dn,  *Y

neZ -
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where )

+E)2— A if (n+k)*>A

O\ k) = (n ’ 2.2

Ba(rs ) {— A—(n+k)? if (n+k)><A (22)

It follows from the Sobolev embedding theorems that the forms b(®)(\, k) are

lower semibounded and closed, so they generate self-adjoint operators which

will be denoted by B()(\, k).

The compactness of the embedding of H/?(T) in Lo(T) implies that the oper-
ators B(?)(\, k) have compact resolvent.

Now we characterize the eigenvalues of the operator H(?) (k) as the values \ for

which 0 is an eigenvalue of the operators B(U)()\, k). More precisely, we have

PROPOSITION 2.1. Let k € [—3,1] and A € R.
1. Let u € N(H) (k) — \I) and define
f(z1) :== u(x1,0), xz1 €T. (2.3)

Then f € N(B@O (X k)), fo=0if (n+ k)2 <\ and, moreover,

1 N
u(r) = — fnem™ e_ﬁ"(’\’k)'“, x e II. (2.4)
2m (n+%;>)\

2. Let f € N(B@(\k)) such that f, = 0 if (n+ k)2 < X\ and define u by
(2.4).
Then v € N(H) (k) — XI) and, moreover, (2.3) holds.

For the proof of Proposition 2.1 we use the following notation. For u € Lo (1)
and n € Z we define

T
u(x)e " dxy, z2 € Ry,
—T

1
T Vo

so that, with respect to convergence in Lo (II),

Un(22) :

1 .
u(z) = T Z €™ iy, (x2), z el

neZ

Moreover, one finds that u € H'(II) iff

in € H'(Ry),n€Z, and > ((1+4n)|in|*+ | D2itn]?) < o0.
ne”z

The proof of the following observation is straightforward.

LEMMA 2.2. Letk € [-1,3] and A € R.

1. Letu € ﬁl(H), then the following are equivalent:
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(i) uw e N(H) (k) — \I),
(ii) fooo Dy, Dypdxo + \/% ffﬂ o(z1)u(z1,0)e 1 dzy p(0) =
== (n+k)?) [ tnpdas, n€Z,pe€ H(R,).
2. Let f € HY?(T), then the following are equivalent:
(i) | e N(B(\ k),
(ii) Bu(\ k) fo+ = [T o(@1) f(z1)e ™™ dey =0,  nel

Proof of Proposition 2.1. The proof follows easily from Lemma 2.2. Note that
if u € N(H) (k) — \I), then D34, = (A — (n + k)?)d,,. Therefore

) B 0 if (n+k)2<N\
Up(z2) = £ e=Bn (k) w2 if (n4+k)2 >\,

with f defined by (2.3). O

Remark 2.3. Obviously, the statement of Proposition 2.1 does not depend on
the definition of 3, (), k) for (n+ k)2 < X. The reason for our choice (2.2) is of
technical nature and will become clear in Subsection 4.2 below.

3 THE CASE OF NON-NEGATIVE o

Proposition 2.1 allows us to deduce easily the main result if o is non-negative.
We start with the operators H(?) (k) on the halfstrip.

THEOREM 3.1. Assume that o satisfies (1.1) and (1.3) and let k € [—3, 3].
Then the operator H(")(k) has purely absolutely continuous spectrum.

Proof. In view of (1.8) it suffices to prove that H(?)(k) has no eigenvalues. For
this we use Proposition 2.1. Let A € R and f € N (B()(\, k)) such that f,, =0
if (n+ k)2 < \. It follows that

VRIS = 1)1

where v := min{3,(\, k) : n € Z, f, # 0} > 0. Together with b®) (X, k)[f] =
0 this implies f = 0. So by Proposition 2.1 (1), A is not an eigenvalue of
H) (k). O

Concerning the operator H(?) on the halfplane we obtain immediately the

Proof of Theorem 1.1. In [Fr] we showed that Wf) is unitarily equivalent to

the direct integral of the operators Wf) (k), k € [, 1]. The latter were shown
to be complete, and by Theorem 3.1 they are actually unitary. Thus Wf) is
unitary and (1.4) follows from the intertwining property of wave operators. O
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4 THE GENERAL CASE

4.1 THE POINT SPECTRUM OF THE OPERATORS H (%) (k)

If we impose no additional condition on o we have the following result on the
point spectrum of the operators H() (k).

THEOREM 4.1. Assume that o satisfies (1.1) and let k € [—3,%]. Then

op (H(") (k) (if non-empty) consists of eigenvalues of finite multiplicities which
may accumulate at +o00 only.

Note that the case of an infinite sequence of (embedded) eigenvalues actually
occurs.

EXAMPLE 4.2. Let 0 = 09 < 0 be a negative constant and k € [—%, %} Then
. (H(")(k)) {02+ (n+k)?: nelZ)

This follows easily by Proposition 2.1 or directly by separation of variables.
For the proof of Theorem 4.1 we need an auxiliary result. For k € [—1, 3],

A € R we denote by fi, (A, k), m € N, the eigenvalues of B(?)(\, k) arranged in
non-decreasing order and repeated according to their multiplicities. Then we
have

LEMMA 4.3. Let k € [—%, %], then the functions pm(., k), m € N, are continu-

ous and strictly decreasing on R.

The proof (of strict monotonicity) uses an analyticity argument and is conve-
niently postponed to Subsection 4.2.

Proof of Theorem 4.1. Proposition 2.1 (1) implies for A € R
dim N (H) (k) — M) < dim N (B (A, k)). (4.1)

Since B(?)(\, k) has compact resolvent, it follows that eigenvalues A of H() (k)
have finite multiplicities.

To prove that the only possible accumulation point of o, (H (”)(k)) is 400, let
A = (A_, A1) be an open interval. It follows from (4.1) and Lemma 4.3 that

fem{A € (A, A4) : Mis eigenvalue of H(7)(k)} <
< ) dmN(BY(\E) =

AE(A,A4)
=f{meN: u,(\k)=0forsomele (A_, )} = (4.2)
=t{meN: pu,(A_,k) >0and p,(As, k) <0} =
= fem{p < 0: pis eigenvalue of B((\,, k)}—
—fem{p < 0: pis eigenvalue of B (\_, &)},
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where f.,{...} means that the cardinality of {...} is determined according to
multiplicities. The RHS of (4.2) is finite since B(")(\ k), B (\_,k) are
lower semibounded and have compact resolvent. This completes the proof of
the theorem. O

Remark 4.4. We emphasize the equality

fem{A € (00, k%) : Nis eigenvalue of H(?)(k)} =

(4.3)
= fem{p < 0: pis eigenvalue of B (k2 k)}.
Indeed, it follows from Proposition 2.1 (2) that the estimate (4.1) becomes an
equality for A < k2, therefore also (4.2) for Ay = k?, and we obtain (4.3) by
choosing —A_ so large that B(“)()\,7 k) is positive.
The equality (4.3) can be used to obtain estimates on the number of eigenval-
ues of H(?)(k) below k? and on its asymptotics in the limit of large coupling
constant. Such calculations for the operators B(?)(k?, k) are rather standard,
so we do not go into details.

4.2 COMPLEXIFICATION

Now we extend the operator family B(”)()\, k) to complex values of A and k.
For this construction we fix kg € [—1, 3], Ao € R\ {(n+ko)? : n € Z}. We can
choose dg > 0 (depending on Ay, ko) such that

(n+r)?2—2#0, n ez,
for all z, k € C such that |z — Ag| < do, |k — ko| < dp. Therefore, if we put
U:={2€C:|z—X| <3}, V:={reC:|x—ko| <5},

the functions (§,, n € Z, admit a unique analytic continuation to U x V, and
we can define sectorial and closed forms b(%)(z, k) for z € U, k € V by (2.1)
with 8, (A, k) replaced by B,(z, k). The corresponding m-sectorial operators
will be denoted by B()(z, ). For fixed k € V (z € U, respectively) they form
an analytic family of type (B) with respect to z € U (k € V, respectively) (see,
e.g., Section VIL4 in [K]).

From this construction we obtain

LEMMA 4.5. Let kg € [-1,1], Ao € R\ {(n+ ko)? : n € Z} such that 0 is an
eigenvalue of B (X, ko). Then there exist open neighbourhoods U, V. C R of
Ao, ko and a real-analytic function h : U x V. — C such that for all X\ € U,

keVn[-1 1] one has

0€a, (B(")(A, k)) i h(\E) = 0.
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Proof. The proof is rather standard, so we only sketch the major steps. We
consider the family B(")(z,k), z € U, k € V, constructed above. Since these
operators have compact resolvent, we can use a Riesz projection to separate
the eigenvalues around 0 from the rest of the spectrum. The resulting operator
has finite rank and is analytic with respect to z and x, so its determinant h
has the desired properties. O

Our next goal is to show that for every A € U the function h(),.) con-
structed above is not identically zero. For the proof of this we need to consider
quasimomenta k = k + iy with large imaginary part y. So fix k € [—%, %],
A€ R\ {(n+k)?: n € Z}, then the above construction (with g, ko replaced
by A, k) yields a § > 0 and an analytic family B()(\, k), |x — k| < 6. If we

assume in addition that k # 0 and choose ¢ € (0, |k|), we find that
(n+r)2—=X#0, n €7,

holds for all € C such that [Rex — k| < §. Therefore B(?)(\, k) admits a
further analytic extension to

V:={ke€C:|Rer — k| < d}.
Concerning quasimomenta with large imaginary part we have the technical

LEMMA 4.6. Let k € [-3, 1]\ {0}, A e R\ {(n + k)?>: n € Z} and § € (0, |k|)
as above. Then there exist constants yo = yo(A, k,0), C = C(\ k, §) such that
for all K € [-3,3], y € R satisfying |k’ — k| < 6, |y| > yo the operator
B (\ K +iy) is boundedly invertible with

C

H(B(")(A,k’ +iy))_1 <
1+ |yl

Proof. Tt suffices to find constants g, C = C’()\,kﬁ) > 0 such that for all
0# fe HYXT), k' € [-1,1], y € R satisfying [k’ — k| < 6, |y| > yo there
exists 0 # g € H'/?(T) such that

B K +iy)[f,gll = C L+ [yl 1F gl

For given 0 # f € HY*(T), k' € [-3,3] N (k— 6,k +6), y € R we define g by
its Fourier coefficients

ﬁn(Aa k' 4 Zy) £
B (N K +iy)] 7
(Note that 3, (\, k’+iy) # 0 by the choice of §.) Then we have 0 # g € H'/2(T),
gl = 1171l and

B NK +iy) [, 9l =D 1Ba K +in)|| = 31V o £12 =31V olgl®. (4.4

nez

Gn = n € 7.
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Using the elementary estimates

Bn(\E +ig)l = et (L+[yl),  neZ K -k <3,

4.5
1B\ K +iy)| > co (14 |n]), nez, |k —kl<é, (45)

(with some constants ¢; = ¢1(A, k,0) > 0,2 = ca(\, k,6) > 0) and the Sobolev
embedding theorem we find that for sufficiently large yq

IVIoTFIP < 5D 18K +in)llfal?, K = k[ <6, |yl > yo.

neZ

Using a similar estimate for ||\/|o|g|* and (4.4), (4.5) we obtain

BONK +iy)fogll = g U+ D If gl 1K =k <6yl > o,
which concludes the proof. |
As announced above, we have

LEMMA 4.7. Let ko, Ao, h, U and V' be as in Lemma 4.5. Then for all A € U
one has h(\,.) £ 0.

Proof. To arrive at a contradiction we assume that h()\,.) = 0 for some A € U.

We choose k € V'\ {0} and consider the family B(®)(\, k), x € V constructed
above. It follows from the Analytic Fredholm Alternative (see, e.g., Theorem
VIIL.1.10 in [K]) that all operators of this family have 0 as an eigenvalue. But
this contradicts Lemma 4.6. O

As an immediate consequence of Lemmas 4.5 and 4.7 and relation (4.1) we
obtain the following result which will be needed in Subsection 4.3 to prove that
the spectrum of the operator H(?) is purely absolutely continuous.

COROLLARY 4.8. There exists a countable number of open intervals U;, V; C R
and real-analytic functions h; : U; x V; — C satisfying

1. for all k € [-1, 1] and X € R\ {(n + k)2 : n € Z} such that \ €

272

op (HO(k)) there is a j such that (\, k) € U; x V; and hj(\, k) =0, and
2. for all j and all A € U; one has hj(\,.) # 0.

To complete this subsection we prove Lemma 4.3 which was used in the proof
of Theorem 4.1.

Proof of Lemma 4.3. That pm,(.,k) is a continuous, non-increasing function
follows from the variational principle and the continuity and monotonicity of
the operators B(?)(\, k) with respect to \.

To prove the strict monotonicity we assume to the contrary that for some m € N
the function i, (., k) coincides on an interval A with a constant po € R. We
choose A\g € A\ {(n+ k)? : n € Z} and consider the family B(®)(z,k), z € U,
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constructed at the beginning of this subsection (with Ao, ko replaced by A, k).
It follows from the Analytic Fredholm Alternative (see, e.g., Theorem VII.1.10
in [K]) that pg is an eigenvalue of B(?)(z, k) also for complex z € U.

However, let z € UNCy and f € N(B)(z, k) — juol). We have FIm 83, (z, k) >

0, n € Z, so Imb(?) (X, k)[f] = 0 implies that f, =0, n € Z, i.e., f = 0. So uo
is not an eigenvalue of B(?)(z, k). O

4.3 PROOF OF THEOREM 1.2

Now we prove Theorem 1.2 following the method suggested in [FiKl]. We need
the following result from Complex Analysis of Several Variables which can be
proved by means of the Implicit Function Theorem (see [FiKl]).

LEMMA 4.9. Let U, V C R be open intervals and h : UXV — C be real-analytic.
Let A C U with meas A = 0 such that for all A € A one has h(\,.) 0. Then

meas{k € V: h(\ k) =0 for some X € A} =0.

Proof of Theorem 1.2. Let A C R with measA = 0. We denote the spec-
tral projection of H(?) (H(“) (), respectively) corresponding to A by E(?)(A)
(E@) (A, k), respectively). Then it follows from (1.7) that

1/2
UEDNU* = / ®E (A, k) dk
—1/2

and we have to prove that this operator is equal to 0.
For this we write [—%, %} = K; U K9 U K3 where

K, = {k el-1.4: o (H(”)(k)) A= @},
K ={ke[-43): o (HO®)) AN {(n+ k) neZ}#£0},
ng{ke L1 040, (H(”)(k)>ﬂAC R\ {(n + k)2 : neZ})}.

Since oy (H“)(k)) = 0 we immediately obtain E(*)(A,k) = 0 for k € K.
Now

K, C U{k:e [2.4]: (n+k)>—A=0 for some A € A}, (4.6)
nez

and with the notation of Corollary 4.8
Kyc| J{keV;n[—3.31: hj(\,k) =0 forsome X € U;NA}. (4.7
J
It follows from Lemma 4.9 that meas K3 = meas K3 = 0, which concludes the

proof. O
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5 THE CASE OF A TRIGONOMETRIC POLYNOMIAL &

We have seen in Example 4.2 that the operators H (")(k) may have embedded
eigenvalues. Let us investigate this phenomenon under the additional assump-
tion that only finitely many Fourier coefficients of ¢ are non-zero. Note that
in this case the operator B(?)(\ k) acts in Fourier space as a finite-diagonal
matrix. This allows us to exclude the existence of large embedded eigenvalues.

PROPOSITION 5.1. Assume that o is a trigonometric polynomial of degree N >

0 and let k € [—%,1]. Then

op (HO(8)) € (=llo- |12 + K2, (V = [k])?)..
Here o_ := 3(|o| — o) denotes the negative part of o.

Proof. The proof of o, (H@) (k)) C [~|jo_||% + k2, +00) is similar to the proof
of Theorem 3.1. Moreover, it is easy to see that —||o_||% + k? € o, (H7)(k))
only if o coincides a.e. with a negative constant, which is excluded by the
assumption N > 0.

Let us prove now that o, (H(®)(k)) C (—oo,(N — |k[)?). For this we use
Proposition 2.1. Let A > (N — |k[)? and f € N(B(“) (), k)) such that

fa=0 if(n+k)> <A (5.1)
In particular, we see from B(°)(\ k)f = 0 that

N

\/(n+k)2—)\fn+\/% ZN&mfn,m:o k2> A (5.2)

The estimate
H{neZ: m+k)?<A\>4{necZ: (n+k)?<(N—|k)?} >2N

and (5.1) imply that fr = 0 for at least 2N consecutive n. Using 6y = 6_n # 0
it is easy to see from (5.2) that f, = 0 for all n, i.e. f =0. So by Proposition
2.1 (1), X is not an eigenvalue of H(?) (k). O

We show now that embedded eigenvalues in the interval [(N — 1 + |k[)?, (N —
|k|)?) can occur but are "rare”.

PROPOSITION 5.2. Assume that o is a trigonometric polynomial of degree N >

0 and let k € (—%, %) Then H) (k) may have only simple eigenvalues in

[(N — 1+ k)% (N — |k|)?) and the set
{NE)eRx (-1, 1) Neo, (H(”)(k)) N[N =1+ k)2, (N — |k])?)} (5.3)
18 finite.
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For the proof of this proposition we introduce the following auxiliary operators
in the Hilbert space l2(N).

D(A(o)(AJ{;)) ={aelx(N): i(l + n2)|an|2 < oo},

(A(")(A, k) a) =

n

Bu\ k) an + =30 " N bman-m  if n <N,
B\ k) an + =N G anm  if n>N.
V2n Lem=—N
(5.4)

The operators A(")()\, k) are self-adjoint and have compact resolvent.

LEMMA 5.3. Let k € (—3,3) and A € [(N — 1+ |k[)?, (N — |k[)?). Then X is
an eigenvalue of H (k) iff there exist 0 # at, a= € D(A) (N, k)) such that
AP\ k) at = AP\, —k)a™ =0 and o;f =« =0 forn < N. In this case,
A is a simple eigenvalue.

Proof. We use Proposition 2.1. If \ is an eigenvalue of H(?)(k), there exists
a 0% feN(BOEk) such that f, = 0 if [n| < N. We note that the only
relation between the positive and the negative Fourier coefficients of f is the
equation . .

onf-n+o_nfn=0.

Therefore f is unique up to multiples. We put

of i=fo, oni=fn  neN, (5.5)

and find (using 6, = 6_,, n € Z) that a™, o~ are as claimed.
Conversely, let o™, o~ have the properties of the lemma. Then a}a& #0

and multiplying o by a constant if necessary, we can assume that éyay +
6_naj = 0. Defining f by (5.5) and fn=0if |n| < N we find that 0 # f €
N(B@) (A k)), so A is an eigenvalue of H?)(k) by Proposition 2.1 (2). This
completes the proof. O

The reason for introducing the operators A(")()\, k) is that they are not only
monotone with respect to A but also with respect to k. This is essentially used
in the

Proof of Proposition 5.2. It remains to prove that the set (5.3) is finite. We
denote by v, (), k), m € N, the eigenvalues of the operator A (), k), arranged
in non-decreasing order and repeated according to their multiplicities. By the
same arguments as in the proof of Lemma 4.3 one finds that the functions
Um(A,.) (vm(., k), respectively) are continuous and strictly increasing (strictly
decreasing, respectively) for fixed A (k, respectively).

Now Lemma 5.3 implies that if A is an eigenvalue of H() (k) in [(N — 1 +
|k))2, (N — |k[)?) then there exist m, m’ € N such that

UM E) = v (A, —k) = 0. (5.6)
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It follows easily from the monotonicity properties mentioned above that for
each pair (m,m’) € N x N there exists at most one pair (A, k) with A € [(N —
1+ |k|)2, (N — |k|)?) such that (5.6) holds. Since the functions vy, are strictly
positive for sufficiently large m we conclude that the set (5.3) is finite. O

EXAMPLE 5.4. In the case N =1 it is convenient to write o as
o(x1) := —a+ Refcosxy + ImfBsinxy, x1 €T,
with a € R, # € C. Under the conditions
0<a<l, 0< |8l <1—q, (5.7)
one finds that
Un(\ k) >0  form>2 ke (—3,3), xe[k? (1—k])?).

Thus it follows from (5.6) and the strict monotonicity of v4(A,.) that the op-
erator H(?) (k) has no eigenvalues in [k2, (1 — |k|)?) for k # 0. We consider the
case k = 0. Under condition (5.7) one easily derives the estimates

vi(X,0) 20  for A€ (0,1 (a+|8])%,
v1(A\0) <0 for A€ (1 —a? 1),

which imply that H(®)(0) has a (unique) embedded eigenvalue in [0,1). Tt
can be shown (see Remark 5.5 below) that it depends real-analytically on the
”coupling parameter” |3| > 0.

Let us emphasize that if 0 < a < 1 and § = 0, the operator H(°)(0) has
embedded eigenvalues —a? +m?, m € N, each double degenerate (see Example
4.2). As soon as the coupling is turned on (i.e., |3| > 0) all the eigenvalues
above 1 as well as one of the eigenvalues in (0,1) dissolve, whereas the other
one of the eigenvalues in (0,1) depends smoothly on || € [0,1 — .

Remark 5.5. Let us mention that the eigenvalue in the above example is due
to the following symmetry. Since the operator is (up to unitary equivalence)
invariant under a shift with respect to x1 we may assume that 3 € R. Then o
is even with respect to 1 = 0 and so for £ = 0 the decomposition into even
and odd functions reduces the operator H(?)(0). It remains to notice that the
essential spectrum of the part of the operator acting on odd functions starts at
the point A = 1.

6 ADDITIONAL CHANNELS OF SCATTERING OF THE OPERATORS H(?)

6.1 ADDITIONAL CHANNELS DUE TO DISCRETE EIGENVALUES

Here we construct the additional channels of scattering of H(?) which arise
from the discrete eigenvalues of the operators H(?) (k).
For k € [—1, 3] we denote by

Ai(k) < Xa(k) < - Ny (k) < K (6.1)
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the discrete eigenvalues of H(?)(k), arranged in non-decreasing order and re-
peated according to their multiplicities. By Theorem 4.1 (k) is a finite number,
possibly equal to 0. It is convenient to set A;(k) := k2 if { > I(k). The functions

A are continuous on [—3, ] for each [ € N. Combining this with (1.7) we find
o (HO) = N4 3D U0, +00), (6.2)

leN

i.e., the spectrum of H(?) has band structure.
According to Theorem 1.2 none of the functions A; is constant (since this would
correspond to an eigenvalue of H (")).
To construct the additional channels of scattering we introduce some notation.
We put

K= {ke[—%,%]: 1<k}, l € No.

These sets are open in [f%, %] and K; = 0 for sufficiently large I. We define
lo :=max{l € Ng : K; # 0}.

Now assume lg > 0 (which means that some of the operators H(?)(k) have

discrete eigenvalues). For each k € [—%, %} we can choose orthonormal eigen-

functions ¢, (., k), 1 <1 < I(k), corresponding to the eigenvalues (6.1),
H (k) (. k) = N(k) i, k),
such that the mappings
Ki — Lo(Il), k= (., k), 1 <1<y,

are piecewise analytic. Recall that the functions (., k) are of the form (2.4).
It is convenient to define (., k) := 0 if k¥ & K; and to extend the functions
¥i(., k) periodically with respect to the variable z; to functions on Ri for all

ke [_%’ %]
For 1 <1 < Iy we denote by P,(k), k € [—3, 1], the projection in Ly(II) onto

the subspace spanned by (., k). With this notation, we call the subspaces

1/2
¢ ;R(U* (/ @H(k)dk) Ll) , 1 <1<,
—-1/2

additional channels of scattering (ACS) of the operator H(?). Here U is the
Gelfand transformation (1.6). Thus the functions u € € are precisely the
functions of the form

1/2 ‘

u(z) :/ FE) Y (z, k)e*r dk,  x € R, (6.3)
—-1/2

with f € Lo(K;) arbitrary. In particular, it follows from the form (2.4) of the

eigenfunction (., k) that functions u € €; decay exponentially with respect to
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the variable z provided K; = [—1, 1].

Let us list some more properties of the spaces €;. One has for all 1 < 1,5 <y
¢ L¢;, j#I, and ¢ LRW)).

Indeed, this follows from the fact that v;(., k) is orthogonal to ¢;(., k), 7 # I,

and to the subspace R(Wf)(k‘)) for all k € [—3,1]. In particular, Theorem

1.2 implies that the wave operators Wf) are not complete if there exists an
ACS (i.e., lp > 0). Moreover, the spaces €; reduce the operator H(?), and
on functions u € €; of the form (6.3) H(?) acts by multiplying the function f
with the function );. Thus, the part of H(®) on ¢; is unitarily equivalent to
multiplication with the function A; on Lo (K;).

Remark 1.10 of [Fr] shows that functions u € €; correspond to states which
propagate along the boundary.

6.2 EXISTENCE OF ACS. EXISTENCE OF GAPS

It is clear from Theorem 1.1 that there are no ACS if ¢ is non-negative. Let us
give an easy sufficient condition for the existence of ACS. It requires o to be
“negative in mean”.

PROPOSITION 6.1. Assume that 69 := \/% ST o(x1)dxy <0. Then
o (H(")) A (~00,0) # 0.

Proof. Indeed, we prove that H(?)(k) has an eigenvalue smaller or equal to

k? — 562 for all k € [, 1]. For this we consider the trial function defined by

u(z) = e%02/V2T 4 e 11, which satisfies
R (k)[u] = (K —

500)[ull.

The assertion follows now from the variational principle. O

Remark 6.2. With more elaborate techniques one can show that the conclusion
of Proposition 6.1 remains valid under the assumption 69 = 0, o Z 0.

We give now an example where the first gap of H(?) is open, i.e. where

max  Aj(k) < min  Aq(k). (6.4)
kel=3,3] kel-3.3

We start with a more general construction. Let —m < ¢ < 7 be given. For

k € [~3, 3] we consider the self-adjoint operators ng)(k:), H](\;')(k) in Lo(IT)
which differ from H (”)(k) only by Dirichlet and natural boundary conditions,

respectively, at {z1 € {—m,¢,7}}. More precisely, the operators Hﬁg)(k‘), v e
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{D, N}, are defined by the quadratic forms hl(,o)(k) given by the same formal
expression (1.5) as h(?) (k) but with domains

D (k)] == {u e H'@) : u(.,—7) = u(.,c) = u(.,7) = 0},
DA (k)] == {u € Lo(TT) : u|(_ropxm, € H'((~m,¢) x Ry),
U|(c,7r)><R+ S Hl((c, 7T) X R+)}.

It follows that

YT (k) < H'O) (k) < H (k). (6.5)
Moreover, it is easy to see that for each v all the operators H,SU)( ), ke [—%, %]7

are unitarily equivalent. Their essential spectrum starts at (WIIC\ 2ifv=D

and at 0 if v = N. We define the numbers A}, I € N, as the successive infima
of the variational quotient

hy) (k) [u]

T 0 # u € DR (k)]

By the variational principle the )\fv < 0 coincide with the discrete eigenvalues

of the operator HJ(\‘,’)(k), and similarly for v = D. It follows from (6.5) together
with the variational principle that for all [ € N

A <k <A, kel-3,3] (6.6)
Let us give now an example of an open gap.

EXAMPLE 6.3. Let a, b € R and

(1) = —a  if z € [-7, ],
A ) it 1 € (¢, m).

We claim that under the assumptions

a> =L b>0, —T<c<m, (6.7)

T+c?

the inequality (6.4) holds.
Indeed, one easily finds that AP = A\ = —a? + (752)?, so because of (6.6) and
the continuity of A\; it suffices to prove that

M) < —a® + ()% kel

].

To arrive at a contradiction we assume that we have equality for some k.

N

bl

N

Consider the eigenfunction v of H g)(k) corresponding to the eigenvalue —a? +
(5%

T+cC T+cC

u(z) = 2, /=% etk gin (I (21 + 7)) e~ %2, x € [—m,d],
0, x1 € (e, m).
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Then v € HY(IT), |jul = 1 and A (k)[u] = inf{h(?) (k)[v] : v € H'(II), |jv|| =
1}. Tt follows from general principles that v € D(H?)(k)) and H) (k)u =
A1(k)u. By Elliptic Regularity we must have u € HZ (II), which is obviously
not true. This contradiction completes the proof of (6.4).

Remark 6.4. Tt follows from (6.6) that the condition AP < A, for some [ € N
is sufficient for an open gap. This can be used to construct further examples.

Remark 6.5. By an argument similar to the one in Example 6.3 we find that
if there exists a non-empty connected open subset A of the torus such that
o(r1) £ =", 1 € A, then o (H(”)) N (—00,0) # 0, so there exist ACS.

To conclude this subsection we note that the number of ACS (due to discrete
eigenvalues) can be estimated using (4.3).

6.3 ADDITIONAL CHANNELS DUE TO EMBEDDED EIGENVALUES

11
R 5]7
also contribute to the spectrum of the operator H (@), Therefore the subspace

¢.:=R (u* ( / 11//22 OB (o (HO (k) 1 [k, +00) , ) dk) u)

In general, the embedded eigenvalues of the operators H(7)(k), k € |

may be non-trivial and, in this case, will be called an ACS. We have
LyR2) =R(WL) & (L2, @ @) & C..

The subspace €, reduces the operator H(?) and is orthogonal to the ACS @,
1 <1<, and to R(WL").

Let us consider some examples. If 0 = 0y < 0 is a negative constant, we know
from Example 4.2 that the embedded eigenvalues of H(?) (k) depend piecewise
analytically on k and all of them contribute to the spectrum of H(?). We note
that in this case the part of H(®) on €, is an unbounded operator.

If o is a trigonometric polynomial of degree N > 0, we know from Proposition
5.1 that H(?)(k) has no embedded eigenvalues greater or equal to (N — |k[)2.
Moreover, we know from Proposition 5.2 that the embedded eigenvalues in the
interval [(N — 1+ |k|)2, (N — |k[)?) do not contribute to the spectrum of the
operator H(?). So the part of H(®) on €, is a bounded operator with spectrum
contained in [0, (N — $)?].

In the special case when ¢ is a trigonometric polynomial of degree one, it follows
again from Proposition 5.1 and Proposition 5.2 that €, = {0}. We emphasize
(see Example 5.4) that embedded eigenvalues of the operators H(?) (k) actually
occur in this case.

The question whether €, can be non-trivial for non-constant o remains open.
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