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Abstract

In this review paper we carry on our investigations on Schrédinger oper-
ators with inverse square potentials on the half-line. Depending on several
parameters, such operators possess either a finite number of complex eigen-
values, or an infinite one, but also some spectral singularities embedded
in the continuous spectrum (exceptional situations). The spectral and the
scattering theory for these operators is recalled, and new results for the ex-
ceptional cases are provided. Some index theorems in scattering theory are
also developed, and explanations why these results can not be extended to
the exceptional cases are provided.
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1 Introduction

Levinson’s theorem is a relation between the number of bound states of a quantum
mechanical system and an expression related to the scattering part of that sys-
tem. It was originally established by N. Levinson in [6] for Schrodinger operators
with a spherically symmetric potential, and has then been developed by numerous
researchers on a purely analytical basis. About 10 years ago, it has been shown
that this relation can be interpreted as an index theorem in scattering theory, and
the results of these investigations have been summarized in the review paper [11].
More recently, a scattering system involving several parameters has been exhibited
in [3] and this system has been at the root of several extensions of Levinson’s the-
orem: In [8] it has been shown that complex eigenvalues can also be counted, and
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in [5] a first attempt for dealing with an infinite number of eigenvalues has been
introduced. However, some of the operators exhibited in [3] were not used for these
extensions, and our aim in the present paper is to complete the investigations for
the entire family.

Before entering into the details of our investigations, let us immediately men-
tion that part of our aim has been unsuccessful. Indeed, for a reduced family
of operators, we end up with wave operators which are either unbounded or not
Fredholm. In such a situation, computing their Fredholm index is either much
more involved or simply not possible. Nevertheless, we provide a exhaustive pic-
ture of the situation and describe the limitations of our approach. We hope that
our presentation will motivate further investigations for the trickiest cases.

Let us now be more precise on the model and on the results, see also Section 2
for more details on the model. The initial system consists in a family of Schrodinger
operators of the form —92 + (m2 — i) r% on the half-line R;. The parameter m € C
with ®(m) > —1 is used for describing the coupling constant for the potential. For
m # 0 an additional parameter k € C is used for defining the boundary condition
at r = 0, while for m = 0 another family of operators indexed by a boundary
parameter v is defined. The study of the corresponding families of closed operators
Hp and HY in L?(R;) has been initiated and extensively performed in [3].

Among all operators H,, ,, and Hy only a few are self-adjoint. They are exhib-
ited in Lemma 2.2. In the large complementary family, some pairs of parameters
(m, k) and some parameters v are called exceptional if they satisfy a prescribed
condition provided in Definition 3.1. As shown in Remark 3.8 the corresponding
operators H,, , or Hj possess spectral singularities in the continuous spectrum.
Around these singularities the spectral and the scattering properties of these op-
erators are less obvious, and for that reason these operators were not considered
in [3]. Here, we shall consider all the operators, and provide as much information
as possible even in the exceptional situations.

The spectral theory of the operators H,, , and H{ is provided in Section 3.
The number of eigenvalues of these operators can be finite or infinite, depending
on the parameters. For the exceptional operators, it is shown in particular that
even though there is no eigenvalue embedded in the continuous spectrum, it is
possible to construct a family of operators of the same type (but non-exceptional)
having complex eigenvalues converging to a prescribed value in R, see Lemma
3.3. These convergences take place either in C, or in C_ depending on the choice
of the initial exceptional parameters.

The next spectral result corresponds to a limiting absorption principle. For
non-exceptional operators this limiting process takes place from below and from
above the real axis in C, but in the exceptional cases some restrictions appear.
More precisely, at the spectral singularity the limiting absorption principle holds
only on one side of the real axis, the side free of possible accumulations of com-
plex eigenvalues. These results are gathered in Propositions 3.5 and 3.6. Let us
also note that even if most of the exceptional operators have only one spectral
singularity, some have two spectral singularities (with corresponding limiting ab-
sorption principles in two different half-planes) and some have an infinite number
of spectral singularities, converging both to 0 and to +oo.



The scattering theory for the pairs of operators (H,, ., Hp) or (HY,Hp) is
studied in Section 4. The reference operator Hp corresponds to the Dirichlet
Laplacian on R4 (and is equal to H} ). Following the approach of [3] we start by

constructing the generalized Hankel transformations 7T , and 7§ ¥, and define
the wave operators in terms of these transformations. Various representations are
provided for these operators, but here again a special attention has to be paid
to the exceptional cases. Indeed, for them either one or sometimes both wave
operators are not bounded. A list of all unbounded wave operators is provided at
the end of Section 4.

In the last section we provide some index theorems in scattering theory. This
part contains new information but the framework corresponds to the one which
already appeared in [8] and to part of the one used in [5]. The first step consists
in providing a representation of the wave operators in the usual setting of pseudo-
differential operators. Since this new representation is implemented by a unitary
transformation, the bounded wave operators remain bounded, and the unbounded
ones remain unbounded ! However, this representation is convenient for the in-
troduction of some C*-algebras containing pseudo-differential operators of order 0
and with coefficients which are either asymptotically constant or periodic. These
algebras contain all bounded wave operators, as stated in Proposition 5.1.

Once in this C*-algebraic framework, the way for index theorems is already
paved and rather well understood. Indeed, by looking at some ideals in these
algebras and by considering the quotient algebras, one ends up automatically with
an index map which corresponds to our topological version of Levinson’s theorem.
For the model under consideration and depending on the parameters, one obtains
either an index theorem for Fredholm operator or a so-called Atiyah’s L?-index
theorem [1]. These results are presented in Theorem 5.2 and 5.4. Note that the
Fredholm case has already been considered for several models in [11], and beside
the usual contribution due to the scattering operator, two additional contributions
are possible. In the original representation they correspond to corrections at 0-
energy and at energy equal to +o0o. Note also that in the present setting we
are dealing with arbitrary complex eigenvalues while in reference [11] only real
eigenvalues were considered. On the other hand, when the number of bound states
is infinite, no such correction appears, and the new Levinson’s theorem corresponds
to an equality between the winding number computed over one period for the
scattering operator, and a suitable trace in the Floquet-Bloch representation of
the projection on the bound states of H,, ... This situation coincides with a special
instance of the results obtained in the seminal paper [1] where an index theorem
is provided for elliptic operators on a non-compact manifold which are invariant
under the action of a discrete group. The decomposition with respect to the group
corresponds in our setting to the Floquet-Bloch decomposition.

Unfortunately, in Section 5 about index theorems the exceptional cases are no
more considered. Indeed, as already mentioned some of the corresponding wave
operators are unbounded, and therefore can not easily be associated to any C*-
algebra. For the remaining wave operators still belonging to some C*-algebras,
their principal symbol are not boundedly invertible. As a consequence, these
operators are not Fredholm, and their analytical index can not be defined. It is



quite unfortunate that the presence of a spectral singularity prevented us from
defining any index theorem for the corresponding wave operators. Note that a
related result about the non-completeness of the wave operators in the presence of
spectral singularity has also been recently obtained in [4]. Some relations between
spectral singularities and scattering theory have also been exhibited in [7, 12],
see also references therein. We hope that future investigations will provide new
insights about these exceptional situations in our algebraic framework.

2 The model

In this section we introduce the model used for our investigations. This material
is borrowed from [3] to which we refer for more explanations and for the proofs.
Note that [5, 8] also contain partial information of this model.

For any m € C we consider the differential expression

1\ 1
o 2 2

acting on distributions on R;. The maximal operator associated with L,,2 in
L*(Ry) is defined by D(L™3*) = {f € L*(R}) | Ly2f € L*(Ry)}, and the
minimal operator L;r;ign is defined as the the closure of the restriction of L,,2 to
C®(R4), where C2°(R.) denotes the set of compactly supported smooth functions
on R,. Then, the equality (Liﬁg‘)* = L>%* holds for any m € C, and L%izn = L"gx
if [R(m)| > 1 while L™ C L™5* if |[R(m)| < 1. In the latter situation D(LI"3*)
is a closed subspace of codimension 2 of D(L5*), and for any f € D(L"5*) there
exist a,b € C such that

f(r) —art/2=m —prl/2+m ¢ D(L™P) around 0 if m#0,
f(r) = ar'?1n(r) — br*/? € D(LP™) around 0.

Here, the expression g(r) € D(L™) around 0 means that there exists ( €
Cgo([(),oo)) with ¢ = 1 around 0 such that g¢ € D(L™"). In addition, the
behavior of any function g € D(L™F) is known, namely g € H§(R;) and as
r—0:

g(r) = 0(7"3/2) and ¢'(r) = 0(7"1/2) if m #0,

g(r) = 0(r3/2 In(r)) and ¢'(r) = 0(7'1/2 In(r)) if m=0.
Remark 2.1. [t is worth mentioning that for m # 0 the functions r — raEm
are the two linearly independent solutions of the ordinary differential equation
L,,2u =0, and that they are square integrable near 0 if |R(m)| < 1. Similarly, the
functions r +— rz and r— r2 In(r) are the two linearly independent solutions of
the ordinary differential equation Lou = 0.

Based on the above observations we construct various closed extensions of the
operator L™}, For simplicity we restrict our attention to m € C with [R(m)| < 1.



These extensions are parameterized by a boundary condition at 0, namely for any
k € CU {oo} we define a family of closed operators Hy,  :

D(Hpmx) = {f € D(LP5) | for some c € C,

flr)— c(mrlﬁ_m + 7‘1/2+m) € D(L™}") around 0}, K # 00;
D(Hp,oo) = {f € D(L1) | for some c € C,

f(r) —ert/?=™ ¢ D(L™P) around 0}.

For m = 0, we introduce an additional family of closed operators H§ with
veCU{oo}:

D(HY) = {f € D(L§*) | for some c € C,

flr) - c(r1/2 In(r) + Vr1/2) € D(L{™) around 0}, v # 00;

D(HG®) = {f € D(L§™) | for some c € C,

f(r) —ert/? € D(LE™) around 0}.

Let us directly mention a few simple properties of these operators. For any
IR(m)| < 1 and any k € CU {oo}, the equality H,,, = H_,, .- holds. For
that reason, the case Kk = oo will be disregarded in the following. In addition,
the operator Hy , does not depend on x, and all these operators coincide with
H§° (which has already been fully investigated in [2]). For that reason, all results
about the case m = 0 will be formulated in terms of the family H§ for v € C. It

has also been proved in [3, Prop. 2.3] that for any m € C with |f(m)| < 1 and for
any k,v € C one has

(Hm,fi)* = Hm,g and (H(l)/)* = Hg

Based on this, the self-adjoint elements can easily be identified in the two families
of operators. Indeed, one has:

Lemma 2.2. (i) The operator Hy, . is self-adjoint for m € (=1,1) and k € R,
and for m € iR and |k| = 1.

(i) The operator HY is self-adjoint for v € R.

Let us finally note that the operator H 10 corresponds to the Dirichlet Lapla-
cian on Ry, which will be denoted by Hp. Later on, this operator will play the
role of a comparison operator.

3 Spectral theory

In this section we start by introducing the definition of an exceptional pair (m, k)
or of an exceptional parameter v. We then show how these exceptional situations
show off in spectral theory, by recalling a few spectral result obtained in [3] and
by making some of them slightly more accurate.



In the sequel, we shall use the notations z — In(z) for the principal value of the
logarithm whose imaginary part lies in the interval (—m, w]. On the other hand,
Ln(z) will denote the multivalued logarithm. This means that Ln(z) = {ln(z) +
2miZ}, or equivalently if w satisfies ¥ = z, then Ln(z) is the set {w + 2miZ}. We
also introduce for m € C* with |R(m)| < 1 and for k € C the new parameter

where I' denotes the usual Gamma function.

Definition 3.1. A pair (m, k) in C* x C* with |R(m)| < 1 is called exceptional
if £m € %(% Ln(g)). Similarly, a parameter v € C is called exceptional if S(v) =
+Z.

2

Let us immediately stress that +m € (L Ln(c)) are two independent condi-
tions. Indeed by setting m = m, + im; € C* with m;, m, € R and |m,| < 1 one
has

1 1
o€ i‘s(— Ln(g)) SaE %(—(ln(g) + 27riZ))
m m
1 1
Sac€ 3(— ln(g)) + 271'8?(—)2
m m
1 m
saeS(—m()) +2m— 7, 3.1
ae\smn(g) +7Tm§—|—mi2 (3.1)
Thus, this equation can either be satisfied for @« = 7 or for a« = —m, or can be

satisfied both for 7 and —m. Indeed, if m, # 0 both conditions are simultaneously
satisfied if and only if the following system of equations is satisfied for some 21, 29 €

7. with Z1 7é zZ9
{ S(5 (<)) = —miE2

2 2
mg+m;
Tm Z1 — 29.

On the other hand, if m = in for some n € R* then (3.1) corresponds to a =
= (5 In(|x]))
(£1In .
Let us now recall some information about the point spectrum of the operators
H,, . or Hf.
Theorem 3.2 (Theorem 5.2 in [3]). Let m € C with |R(m)| < 1.

(i) For m # 0 one has op(Hp o) = 0 while for k € C* one has
op(Hpm k) = { —4e™" we an(g) and — 7 < $(w) < 71'}
’ m

(ii) For any v € C, o,(HY) is nonempty if and only if =5 < S(v) < T, and
then
1) = { — 16207}

where v denotes the Fuler’s constant.



From this statement we can guess that oy, (H,, ) depends in a complicated way
on the parameters m and . There even exists a pattern of phase transitions, when
some eigenvalues disappear in the continuous spectrum. By looking carefully on
the conditions appearing in the above statement we can see that the exceptional
situations correspond to the borderline cases, and that the location of the eigen-
values are not arbitrary. More precisely if we set Cy := {z € C | £3(2) > 0} then
one has:

Lemma 3.3. (i) Let (my)nen C {z € C* | |R(2)] < 1} and (Kn)nen C C* be
two sequences, set

T'(—my)

Sn = Kn F(mn)

.y = ?]‘E(iln(gn))7 b, = %(i ln(cn))

mp My

and assume that (a,)nen converges to as, € R and that (by,)nen is an in-
creasing sequence converging to w. Then, for n large enough there exists
A € 0p(Hm, i) With Ay, € C4 and A, — 467 % as n — co. If (by)nen is
a decreasing sequence converging to —m, then for n large enough A\, € C_
and A\, — 4e7%° as n — oco. The value 4e~%= is not an eigenvalue for any
operator Hy, ..

(ii) Let (an)nen C R be a sequence converging to a € R and let (by)nen C (0, 3)
be an increasing sequence converging to 3. Then, for any n € N and for
Vp = an + tb, one has op,(H;") = {\,} € C_ and X\, — 4e2(a00=7) gg
n — 00. If (bn)nen C (—35,0) is a decreasing sequence converging to —3,
then one has op,(Hy") = {\,} C C4 and A, — 4e*(@==7) asn — oo. The
value 4297 is not an eigenvalue for any operator Hf.

Proof. The proof simply consists in an application of Theorem 3.2. O

Let us recall one more result related to eigenvalues. Later on, we shall need
the following characterization of #op,(Hp, k), @.e. of the number of eigenvalues of
Hp, .

Proposition 3.4 (Proposition 5.3 in [3]). Let m = m; + im; € C* with |m;| <1,
and let k € C*.

(i) If m; =0 and lnfnw € (—m,m) then #op(Hupm ) = 00,
(i) If my =0 and % & (—m,m) then #0op(Hpm,x) =0,
(i) If my #0 and if N € {0,1,2,...} satisfies N < mi:;"n2 < N +1, then

#0p(Hpm,x) € {N,N +1}.

Let us now turn to the continuous spectrum for the operators H,, , and H{.
It has been shown in [3] that [0, c0) belongs to the spectrum of all these operators.
In addition, a limiting absorption principle has been exhibited. Such a result
corresponds to the existence of a boundary value of the resolvent on (0, 00) when



considered in some weighted Hilbert spaces. For that purpose, we introduce for
t > 0 the weighted spaces H; and H_; with H; the domain of the operator (R)?
of multiplication by the function r ~ (r)t = (1 +r3)¥/2 in L?(R,), and H_;
stands for its dual space. We also recall the definition of the Bessel functions for
dimension 1 as introduced and motivated in [3], namely

the modified Bessel function for dimension 1 I,,(z) := 7Im(z),

the MacDonald function for dimension 1 K,,(z) := 2?ZKm(z),

the Bessel function for dimension 1 Jpn(z) = 7%Z(]m(z),

the Hankel function of the 1st kind for dimension 1 H}! (z) := %ZH;(Z),
the Hankel function of the 2nd kind for dimension 1 H, (z) = %ZH;(Z),
the Neumann function for dimension 1 Y, (z) :== %zYm(z),

where I,,, is the modified Bessel function, K,, is the MacDonald function, .J,, is
the Bessel function, H;: are the Hankel function of the Ist kind and of the 2nd
kind, and Y}, is the Neumann function.

In the following statements, we recall the limiting absorption principle obtained
in [3] and improve the statement in the exceptional situations. The operators H,, x
and H{ are considered separately, and we set

R n(2) = (Hp e — 2) 7" and RY(2) == (HY —2)~*

for their resolvents. We also set when x # 0

1

Qiﬁ = {k‘ eER, | K= 4o~ R(5 1n(9) @273(5) for any z € Z satisfying
1
t7= S(E(ln(g) + 27iz)) } (3.2)

As a consequence of the observation made after Definition 3.1 the set Qf . is
empty if (m, k) is not an exceptional pair, it consists of one single value if +7 €
S(L(In(s) + 2miZ)) and m, # 0, but it consists of an infinite set if m, = 0 and
7 = —(LIn(|x])).

Proposition 3.5. Let m € C* with |R(m)| < 1, let k € C, and let k > 0.
(i) If (m, k) is not an exceptional pair, then the boundary values of the resolvent

R (k? £i0) := lim Ry, . (k? + ie)
N0

exist in the sense of operators from Hy to H_; for any t > %, uniformly in

k on each compact subset of Ry.. The kernel of Ry, .(k* £10) is given for



0<r<sby

R (k? £0;7, 5)
= £ _ k 2m . + .
aE——— (o) — 6 (5)" T Chr) ) 5 (k)

and the same expression with the role of r and s exchanged for 0 < s <.

(it) If 7 € (L Ln(c)) but —7 ¢ (L Ln(s)), then the statement (i) holds for
R (k* —10), while for Ry, .(k* 4 40) it only holds uniformly in k on each
compact subset of Ry \ Q7 .

(iti) If —m € S(L Ln(s)) but m ¢ (L Ln(s)), then the statement (i) holds for
Ry, (k2 +140), while for Ry, .(k* —i0) it only holds uniformly in k on each
compact subset of Ry \ Q-

m,K*

(iv) If 7 € $(% Ln(s)) and —7 € $(& Ln(s)), then the statement (i) holds for

R (k* 4 i0) uniformly in k on each compact subset of Ry \ 4} . and for

R (K* — i0) uniformly in k on each compact subset of Ry \ Q..
For the next statement we set
Qf = {k € Ry | k? = 4=},
Proposition 3.6. Let v € C, and let k > 0.
(i) If v is not an exceptional parameter, then the boundary values of the resolvent
RE(k? £i0) := 611\% RY(k? £ ie)

ezist in the sense of operators from Hy to H_; for any t > %, uniformly
in k on each compact subset of R,.. The kernel of RY(k? 4 i0) is given for

0<r<sby

RY(k? £i0;7, 5)

= T o (I (8) k) — 300 e )

and the same expression with the role of r and s exchanged for 0 < s < r.

(ii) IfS(v) = 3, then the statement (i) holds for RE(k*+i0) while for Ry (k?—i0)
it only holds uniformly in k on each compact subset of Ry \ Qf.

(iii) If S(v) = =%, then the statement (i) holds for Rg(k* —i0) while for RY(k*+
i0) it only holds uniformly in k on each compact subset of Ry \ Q.

Proof of Propositions 3.5 & 3.6. In the non exceptional situations, these state-
ments already appeared in [3, Thm. 6.1 & Prop. 7.1] while in the exceptional
situations the statements above are slightly more precise than the corresponding



ones in this reference. In fact, the only difference is that a more careful analysis of
some numerical prefactors is considered here. Namely, let us consider the following
equivalences:

1— ge:!:iﬂm(g)Zm —0ec= em(:l:i‘n'—ln(%)z)
1 ) kN2
& Ln(s) 3 +ir —In (5)

+m = 3(L(In(s) + 2mizy))
= _R(L1 (L
¥ — do-RC e g2e0( 1)

whenever such zy € Z exist. Then, the convergences mentioned in the statement
only hold if the factor (1 — gey”m(g)%n)_l does not vanish, and the previous
computation explains the necessary restriction in the exceptional situations.

For the second statement, it is sufficient to observe that

k T S(v) =F5
v+in (5) —vFipg=0e {kz — 4e2(R()—)

and the same argument allows us to conclude. O

Before turning our attention to scattering theory, let us add two remarks related
to the above limiting absorption principle:

Remark 3.7. The information provided on the discrete spectrum and on the con-
tinuous spectrum are quite consistent. Indeed, let us compare the content of Lemma
3.8 with the previous two propositions. If (m, k) is an exceptional pair, the limiting
absorption principle holds without limitation in the half-plane in C where there is
no possible accumulation of eigenvalues of some operators in the same family. On
the other hand, in the half-plane where there is a possible accumulation of eigen-
values the limiting absorption principle holds only away from these singular points.
A similar observation is also valid for the operator H§ when v is an exceptional
parameter.

Remark 3.8. The elements in the sets Qfﬁm and Qf correspond to spectral singu-
larities of the operators Hp, ,, and H§ respectively, see [13, Sec. 2] and [4, Sec. 2.3]
for more information on this concept. In our setting, it means that if k, € Q;A:ﬁ

then the following limits hold uniformly in k on suitable neighborhood of k,, namely
lim |k% — k2| Ry . (K? + ie)
N0
exist in the sense of operators from H; to H_y fort > % Similar limits also hold
for ko, € Qf and for the resolvent of the operator HY. Note finally that if (m, k) is

an exceptional pair and if R(m) = 0, then H,, ,, has an infinite number of spectral
singularities.
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4 Scattering theory

In this section we review the scattering theory for the operators H,, , and H{ as
developed in [3]. However, exceptional situations were disregarded in this refer-
ence, so we also provide new information about the corresponding operators.
First of all, let us recall the definition of the Hankel transform. For any m € C
with ®(m) > —1 we set Z#,,, : C.(Ry) — L*(R;) with
o0

(9mﬂ&%:0 Fm(r;s)f(s)ds

9%@Jy=VE$4my

It has been shown in [3, Prop. 4.5] that this map extends continuously to a bounded
invertible operator in L?(Ry), with .Z,;} = .#,,. Additional information about
this operator will be provided later on.

Based on this transformation, for any m € C with |[R(m)| < 1 and for any
k € Clet us define the incoming and outgoing Hankel transformations F.f . given
by

and

e:Fi%m

gF (o7 _ T R Zm)
Jm,ﬁ, (/m §c/_m(2) 1—§e¥iﬂm(§)2m'
As already seen in the proof of Propositions 3.5, the denominator in the last
factor vanishes only if (m, k) is an exceptional pair. However, even in this case
the operators ZF _ are still well defined as unbounded operator on several natural
domains. For example, this operator is well defined on the set C¢ (R \ Qf,[m) with
Qif . introduced in (3.2).

In order to get a better understanding of these operators, let us provide a
slightly modified presentation of them. For that purpose, we define the unitary

and self-adjoint transformation J : L2(R;) — L?*(R,) by the formula

N =13

for any f € L?(R;) and r € R,. We also denote by A the generator of dilation
group in L?(Ry), namely the generator of the unitary group {U,},cr satisfying
[U,f](r) = e/2f(e"r) for any 7 € R, f € L*(Ry) and r € R,. Finally we
introduce the bounded and continuous function =, : R — C defined for ¢ € R by

F( m+21+it )

Em(t) =M@ 2=
(=)

(4.1)

We can now provide a slightly generalized version of [3, Lem. 6.3] :

Lemma 4.1. For any m € C* with [R(m)| < 1 and any k € C the following
equality holds:

e$i%m

1- ge*”m(g)zm.
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If (m, k) is not an exceptional pair, then this equality holds between bounded oper-
ators, while if (m, k) is an exceptional pair, then:

(i) If 7 € S(E Ln(s)) but —7 ¢ S(L L (g)) then F

m. €xtends to a bounded
operator while the above equality for &, holds on C, (R+ \ann)

m,K

(it) If =7 € (L Ln(c)) but m & (& Ln(c)), then Z,, . extends to a bounded
operator while the above equality for Z,; . holds on C, (R+ \Q;m).

(iti) If 7 € S(% Ln(s)) and —7 € \s( Ln(c)), the above equality holds for F,, .
on Co(Ry \ Q) and for Z.5 . on Cc(Ry\ Q).

K

Similarly, for any v € C we define the incoming and outgoing Hankel transfor-
mations #§T given by the kernels for 7, s € Ry :

- T

FiT(r,s) = \/z(jo(rs) o (%)5 FiE 'Hoi(rs))
:\/5((%111() ) Jo(rs) 2y0<rs>>.
m 7““(5)*’””%

However, a better understanding of these transformations can be obtained with
the subsequent formulas:

Lemma 4.2. For any v € C the following alternative description of F§+ hold:

1
y+In (%) -vFiZ

FUF = JEo(A) (7 +1n (8) — v —iZ tanh (gA))

If v is not an exceptional parameter, then this equality holds between bounded
operators, while if v is an exceptional pair, then:

i) If S(v) = I, then F§~ extends to a bounded operator while the above equality
2 0
for F{+ holds on Co (R4 \ Q).

(it) If S(v) = =%, then FYT extends to a bounded operator while the above

equality for #3~ holds on C, (R+ \ QS)

Proof of Lemmas 4.1 € 4.2. In the non exceptional cases, these statements and
their proofs already appeared in [3, Lem. 6.3 & Corol. 7.6]. It is then enough to
observe that the same arguments hold in the exceptional cases, when the possible
singularities of the multiplication operators are taken into account by choosing
suitable domains for these operators. O

Before introducing the wave operators, let us observe that the operators #

take a very explicit form. Indeed, as shown in [3, Sec. 4.7] one has

FT,=eTiE
3.0

73 (—A)J = ™5 7y

Nl



with
(Fpf)(r) = \/z/o sin(rs) f(s)ds, feL*Ry).

This operator is clearly unitary.

We can now introduce the wave operators for the pairs (Hy, «, Hp) or (H§, Hp),
where Hp = H 1.0 denotes the Dirichlet Laplacian on R;. Note that Hp for the
reference operator is chosen for simplicity, but other choices are possible and lead
to interesting phenomena, as emphasized in [5]. In [3] the wave operators are
defined by the formulas

wWF

m,K

= WT(Hp, s, Hp) := F,]

m,K

Th
and
WyF =W (HY, Hp) .= YT 72

However, since some of these operators are unbounded in the exceptional cases,
we shall use a unitarily equivalent definition for these operators, namely we shall
consider Z= WTF (ZZ)~1, or more precisely

e:':i%(m*%)

—~

_ _ 2m
—A) (:m(A) - Cifm(A)(g) ) 1— geszrm(E

2
2

VF ._ gt gvF
Wyt =25 F;
et

Y+In (%) —vFif

[1]

=

(—A)Zp(A) (’y +In (&) —v—i% tanh (gA))

As a direct consequence of Lemmas 4.1 and 4.2 most of these operators are
bounded and thus well defined on L?(R, ). However, in the exceptional cases some
of the operators y,%’,{ are not bounded, and thus were only defined on suitable
domains. For that reason the corresponding wave operators are also only defined
on the same domains. For completeness, let us enumerate the operators which are
unbounded, and consequently which require a special attention for their definition:

(i) If 7 € S(L Ln(c)) but —7 € S(L Ln(c)), then W, . is unbounded.

K

(ii) If —7 € (L Ln(c)) but 7 ¢ S(2 Ln(s)), then W} . is unbounded.

K

(iii) If 7 € S(L(Ln(c)) and —7 € (£ Ln(c)), then both operators W are
unbounded.

(iv) If S(v) = Z, then W§'™ is unbounded.
(v) If S(v) = =%, then W™ is unbounded.

Except the operators appearing in the above list, all wave operators are bounded.

13



5 Index theorems

In this section we provide the algebraic framework which leads to a topological
version of Levinson’s theorem. This framework for the current model already
appeared in [5, 8], but we extend the results presented in these references in three
directions. Indeed, we shall consider systems with arbitrary eigenvalues (complex
or real) and in arbitrary number (finite or infinite). In the former reference, only
real eigenvalues were considered (which means only self-adjoint operators H,, .
were studied), and in the latter only a finite number of complex eigenvalues were
considered. In addition, we also provide an index theorem for the pair (HY, Hp)
which has never been exhibited before.

Our first task is to provide a more familiar but unitarily equivalent represen-
tation of the wave operators. Indeed, since the operators A and B := In (g) in
L?(R,) satisfy the Weyl commutation relation, they are unitarily equivalent to
the operators D = —id, and X in L?(R). This equivalence is essentially imple-
mented by a Mellin transform. Through this transformation the wave operators
introduced in the previous section are given by the following expressions:

oFig (m=1)

—_— = - 2mX
Wy i=E1(=D) (um(D) —¢E_m(D)e )—1 ST (5.1)
and
v+ = o - T us eii%

This representation is more familiar since these operators correspond now to
pseudo-differential operators.

Our second task is to observe that these operators are made of functions of D
and X which have precise properties. For that purpose, let us set when x # 0

Ai’ﬁ = {x eER|x= —% (8‘%(% In(c)) — ZWS(%)Z) for any z € Z satisfying

= (- (In(s) + 2riz) }

and A§ := 0 if S(v) # £ while if S(v) = x5

Ay ={zeR|z=R)—7}.

These sets are the counterparts of Qiﬁ and € in the new representation. We

then define the functions of two variables: I}, . : R\ A% xR — C and T'§T :
R\ A% x R — C by
eFig(m—3%)

IF (2, 8) =25 (=€) (Em(é) - <Efm(€)62m) 1 _ coFinmezma

and
+iz

(~0Z0(&) (7 +o v~ 5 tanh (56)) =, —-
2

14



Formally the following equalities hold:
Wi =T} .(X,D) and Wyt =T¢T (X, D),

but the only precise meaning is the one provided in (5.1) and (5.2).

Let us now introduce the commutative algebra C ([—oo, oo]) of continuous func-
tions on R having limits at +0o. We then recall from the proof of [3, Thm. 4.10]
that for any m,m’ € C with ®(m) > —1 and R(m’) > —1 the map & —
Em (—&)Em (&) belongs to C'([—o0,00]) and that the following equalities hold:

Epn (F00) Epn (£00) = eFiE(m=m")

We also introduce two non-commutative algebras which are going to nest the
wave operators W, . and Wi T. Firstly, we consider the unital C*-subalgebra of

BLA®)
£, =C" (a(D)b(X) la € C([—00,]),b € C([~o0, +oo])).
Secondly, for any n > 0 we introduce the unital C*-subalgebra of B(L?*(R))
&= O (a(D)b(X) |a€ C([~o0,+0d]),b € Cx (R)),

where C'= (R) denotes the set of all continuous periodic functions on R with period
us

;.
Based on a careful analysis of the functions I} , and I'yjT one easily deduces

m,K

the following statement, see [5] and [8] for similar results.

Proposition 5.1. Let m € C* with |R(m)| < 1, and let k,v € C. The following
operators belong to &,:

I.1) Wi . if (m, k) is not an exceptional pair and $(m) # 0,
L2) Wi if R(m) #0 and 7 € S(L Ln(q)) but —7 ¢ (L Ln(c)),

L3) W, . if R(m) #0 and —7 € S(£ Ln(s)) but € (L Ln(c)),

I.4) W§T if v is not an exceptional parameter,

L5) W5 if S(v) =5, and Wi if S(v) = — 3.

The following operators belong to &, :

I1.1) W . if (m, k) is not an exceptional pair and m = in for some n € R*,
I1.2) W, . if m = in for somen € R* and 7 € S(-= Ln(c)) but —7 ¢ $(5 Ln(s)),
11.3) Wy, . if m = in for somen € R* and —m € (L Ln(c)) but m ¢ (L Ln(c)).

In all other cases, the wave operators are not bounded and do no belong to any
C*-algebras.

15



Once we know that the wave operators belong to very explicit C*-subalgebra of
B(LQ(R)), the third task consists in studying these algebras and their structures,
and to deduce a suitable C*-algebra framework for deducing index theorems. The
two algebras &, and &, will be studied independently, and we shall start with the
former one.

The key observation for the analysis of &, is that the ideal of compact operators
Kr = IC(L2(R)) corresponds to the C*-algebra generated by products of the form
a(D)b(X) with a,b € Cy(R), with Cy(R) the algebra of continuous functions on R
vanishing at +o0o. Then, one easily infers that &,/Kg is isomorphic to C(0), the
algebra of continuous functions on the boundary [0 of the closed square B. Note
that the unital quotient morphism ¢, : £, — C(0) is uniquely determined by

%0 (a(D)b(X)) = (a(-)b(—00), a(—00)b(:), a(-)b(+00), a(+00)b(-)).

In fact, the above notation corresponds to an embedding of the algebra C(OJ) as
a subalgebra of

C([—00, +¢]) & C([—00, 400]) & C([—00, +00]) & C([—00, +0])

given by elements (I'1,T'2,T'3,'y) which coincide at the corresponding end points,
that is, I'1(—00) = T'z(—00), I'2(+00) = I's(—=00), I's(+00) = T'y(+00), and
Ty(—o00) =T (4+00).

Now, whenever the wave operators W, , and W{T belong to &,, the corre-

sponding functions '}, . or I'gT admit a restriction to [J. More precisely in such

m,K
a situation one easily deduces the following expressions for the restriction of I';,
to O :

K

(=8E-m(§) if R(m) <0,

1 _ ge+i7rme2mr

i%(%*m)ﬁl _6= .
F:n,ﬁ;l(g) = { e \_‘§( g) m(g) if §R(m) > 07

— in(3—m

L (@) = €702 )W’

= (o= JEEETE OO i Rm) >0,
ST @ ETME (BN i R(m) <0,
F'r_n,n;4(x) =1,

and in the special case ks = Oone has I', ., (§) =T, .3(§) = e‘%(%_m)E% (=8)E(8),
L oe(®) = eim(3=m) and [, 0.4(z) = 1. Similarly, one has for the restriction of
Iy~ toO

2

TE1(6) = e T2 (—O)Em(€)

yY+r—v+iZ

Ty (x) = e 2,
’ Y+ —v—13
FEE(@: Z%El( §)Em(§)
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Note also that similar expressions for I‘,J,gﬁ and I‘S+ can be computed, but they
are not presented for brevity.

Before stating our first index theorem with the data mentioned above, two
more information coming from scattering theory are necessary. The first one is
related to the scattering operator. Let us recall that for a scattering system defined
by the pair of operators (Hy, ., Hp) the scattering operator Sy, , is given by the
product W,;’#K W, where # means the transpose operator. Note that in the
self-adjoint case this definition corresponds to the more usual product W, i* W,
and extends it when the operators are not self-adjoint. The scattering operator
is known to commute with the reference operator, namely Hp. In addition, this
operator is unitarily equivalent to the multiplication operator in L?(R) defined
by the function I';, , 5. By analogy this operator will also be denoted by Sy, -
Clearly, a similar relation exists between the scattering operator S§ for the pair
(HY, Hp) and the multiplication operator in L*(R) defined by the function I't; =
S¥. A key observation about these scattering operators is that whenever (m, k)
or v are not exceptional the functions I', _, or I'(; are bounded and boundedly
invertible on R. In these situations it then follows that the functions I';, . and
I';™ defined on O are also invertible and boundedly invertible. As a consequence,
their winding numbers are well defined and will be denoted by Wind. On the other
hand, it is also easily observed that in the exceptional situations these functions
are either not bounded or have an inverse which is not bounded.

The second necessary information is about the wave operators themselves. It
is shown in [3] that if (m, k) is not an exceptional pair the kernels of W,F _ are
empty while the cokernels of these operators corresponds to the subspaces spanned
by the eigenfunctions associated to the eigenvalues of H,, .. Similarly, if v is not
an exceptional parameter, the wave operators W™ have an empty kernel and a
cokernel equal to the subspace spanned by the eigenfunctions of Hj.

With all the information collected so far, the following following statement can
easily be proved. It relies on the index map associated to the short exact sequence

0—-Krg—=&—-CO) —0

and to the fact that W, _ is a lift for the invertible operator I';, . € C(0) (and
similarly Wy~ is a lift for the invertible operator I';™ € C'(0)). The details are
provided in [8]. Note that the following statement applies for the cases 1.1) and

1.4) of Proposition 5.1.

Theorem 5.2 (Topological Levinson’s theorem). Let m € C* with |R(m)| € (0,1),
and let k,v € C. If (m, k) and v are not exceptional parameters, then the following
relations hold:

Wind [F;w] = number of eigenvalues of Hy,
and

Wind [1"6’7} = number of eigenvalues of H{,

where the r.h.s. are also equal to — Index(W,,

) and —Index(Wy ™), respectively.
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Note that the Lh.s. of the above statement contains four contributions, one
for each function living on the edges of the square. As already mentioned, the
contribution of I'y corresponds to the one of the scattering operator. In addition,
the contribution due to I'y and to I's correspond to corrections to Levinson’s
theorem. Explanations on these corrections have been provided in [11] and are
quite common in any statement about Levinson’s theorem. In our approach, these
corrections are automatically taken into account.

Remark 5.3. The wave operators described in the cases 1.2), 1.3) and 1.5) of
Proposition 5.1 also belong to &, and the corresponding functions T'y, . or T'{™
are well defined. However, since these functions vanish at one point on O their
winding numbers are no more well-defined. Accordingly, the corresponding wave

operators are not Fredholm operators, and thus their analytic indexes are also not
well defined.

Let us now turn our attention to the algebra &, for n > 0. Clearly, this algebra
does not contain g, and thus the previous construction does not apply. In fact,
this algebra contains all pseudo-differential operators of order 0 with periodic
coefficients. In such a case the ideal Kr has to be replaced by the ideal 7, defined
by

T = C* (a(D)b(X) laeCo(R),beCx (R)).

Then, the quotient algebra &, /7, can easily be computed and and is isomorphic
to C= (R) @ C= (R). The quotient morphism g, : &, — C= (R) ® C= (R) is uniquely
determined by

tn (a(D)b(X)) = (a(=00)b(-), a(+00)b(-)).

Now, let us consider n € R* and compute the image of W, . by this quotient
map whenever W, . belongs to £),,, namely in the cases I1.1) - I1.3) of Proposition
5.1. More precisely, for the operator W, . one has

1— efﬂ'ne%nx
Wi = (1o LS )

MK 1— ge+7rn62inw ’

Note then that since C'=(R) can naturally be identified with C(S), we define
through this identification the winding number Wind= (f) of any bounded and
boundedly invertible element f € Cx(R). Clearly, this is well defined if and only
if (4n, k) is not an exceptional pair.

In order to define an analytic index for Win. . We recall the construction pro-
vided in [5, Sec. 4] about the direct integral decomposition of L?(R) useful for
periodic systems, the so-called Floquet-Bloch decomposition. More information
can also be found in [10, Sec.XIIL.16]. For simplicity, we provide only the con-
struction for n > 0, but the general case can be obtained by replacing n with |n|.
For each 6 € [0,2n) we set Hy := L2([0, ], dz) endowed with the usual Lebesgue
measure, and also define



Then, if S(R) denotes the Schwartz space on R, the map Uy, : L?(R) — H,, defined
for 6 € [0,2n) and = € [0, T) by

Unfl(0.2) = Y e (a4 Th)  Vf e S(R),

kEZ

extends continuously to a unitary operator. The adjoint operator is then given by
the formula

2n
* ™ s
Lol (@ + k) :/ Mo, )~
0

Moreover, one has

@
U, DU;; = / DY —,
[0,2n) 2n

where DI is the operator fi(f—x on a fiber Hy with boundary condition f(7) =

e nef( )
Thus, for any operator of the form a(D)b(X) with a € Cp([—o0,o0]) and
b € C= (R), the operator U,a(D)b(X )U,; is a decomposable operator with the fibers

a(Df)))b(X ). On suitable bounded decomposable operator ® = f[?%) ()L we
also define the trace Tr,, by

2n
do
Tr,(®) = trg (®(0)) —
@)= [ @) 5
where trg is the usual trace on Hy.
Before stating our main result for the semi-Fredholm operator W,

wm,K?

let us

recall that WJF# denote the transpose operators of W ., and that the following
relations have been proved in [3] in the non exceptional case:

WEEWT =1  and W Wi =Tp, (Hu.)

where Tg, (Hp,x) is a projection related to the continuous spectrum of H, .
More precisely, the subspace spanned by this projection is the image through
the unitary transformation of the complementary to the subspace spanned by the
eigenfunctions of the operator H,, .. This latter subspace for m = in is either
infinite dimensional, or O-dimensional, as already mentioned in Proposition 3.4. If
we set Zp,(Hp x) := 1 —Ir, (Hp ) then one has:

Theorem 5.4. Consider n > 0 and k € C such that (in, k) is not an exceptional
pair. Then,
Wlnd% (Sin,n) = — TI‘n (Ip(Hin,m))~

Let us emphasize that the Lh.s. corresponds to the natural analytic index
Index;, defined in terms of Tr,, and evaluated on W;, ... A proof for such a state-
ment is provided in [5] but is valid only if H,, , is self adjoint. This takes place if
and only if |k| = 1. For completeness we provide below an adaptation of the proof
valid in the more general context of the present paper. We shall show in this proof
that the above equality can only takes two values: either —1 when Hj, , has an
infinite number of eigenvalues, or 0 when this operator has no eigenvalue.
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Proof. In this proof we assume that x # 0 since in this case the statement is
trivially satisfied. From the equalities

o] = ‘ 7“1)‘ _ (& In(ls)
(in)
together with the equality

™ ,2inT

1—gce ™e
1— ge‘n'ne%na:

Sm’,/v (33) =™

one easily infers that Windz (Sm,N) = —1if LIn(|x|) € (=, 7) while one has
Windz (Sinx) = 0if + ln(\m|) [—m, ). Since the special case T In(|x|) = +7 is
an exceptional bltuatlon it is disregarded.

Let us now consider an operator of the form a(D)b(X) with a € Cy(R) and

b € C=(R), and the corresponding operator a(Dg(f)))b(X) Since the eigenfunctions
of the operator Di") are provided by the functions

0,5) 52— \/Ee"(e“”’“)’” €C, keZ
n 0
we infer that the Schwartz kernel of the operator a(Dg)))b(X ) is given by

n i nk)(z—
Ko (p@yx) (@ y) = p Z a(0 + 2nk)e!OF2R) @=v)p (),
kez

Thus, if b(X)a(D_Sﬂe)) is trg-trace class for a.e. 6 € [0,2n) we obtain

™

n

try (a(che))b(X)) = Za(@ + 2nk) x %/0 b(x)dx

kEZ

and then
Tr, (a(D)b(X)) = i /R a(€)de x /O " b(z) da. (5.3)

Note that these formulas are valid if a has a fast enough decay, which will be
the case in the sequel. In addition, note also that the last term depends only on
the 0-th Fourier coefficient of the function b. Our next aim is thus to show that
Wi o W:;’i] = —Z,(Hin,x) can be rewritten in the above form.

Recall now that S (D) is a unitary operator, with E1 (D)* = E%( D). One
also infers from the definition in (4.1) that =;,(D) is invertible with Z;,(D)~*
Ein(—=D) and that Z;,(D)* = Z_;,(—D). Then one gets

= (I- gG;(D)eMX)Fm,K(X) (geQWXG;( )—1)—1,
where

-1

Finn X) = - -
’ ( ) (1 _ gef‘n'ne%nX)(]_ _ gefrne2an)
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and
Gy (€) = Egin(—€)Exin (6).
From the identity I'(z + 3)T'(—z + 3) = o7y One then infers that

cos(
eTr§ + et

+ _ 47mn
Gn (E) =€ oné + eEmn’

and by taking into account the identity [3, (6.10)] written in our framework, namely
*"X G (D) + G (D)e* X = 2 cosh(mn)e?™ X,
one then gets

(I — <G (D)e* X ) Fypp o(X) (s* X G, (D) — 1) — T
= _Fin,fi(X) - CQGI( )e 2mXFm x(X)e 2inXG;L (D)
+ 6 Fip o (X)e* X G, (D) + <G (D)™  Fyp o (X) — T
_ _Fin,n(X) _ §2e2inXFi (X)e2inX _ CQGZ( )[ezmem K(X)e2inX7 G, (D)]
+ ¢ Fjn k(X)) (2 cosh(mn)e* ™ — G (D)e*™X) 4+ ¢G (D)e* ™ X Fyyy o(X) — I
= —F,x(X) (1 — 2c cosh(mn)e 2nX g GZetinXy T
- §2G7+L(D) [EQWX in,K X)e 2inX G (D)] - g[Fm w(X), I(D)] inX
= —PGHD) [ X Fip o (X)e* X, G, (D)] = §[Fin v (X), G (D)] >

=Lin,x =Jin,x

(
(

n

For the last step, observe that since the function Fj,  is a smooth Z-periodic
function, its Fourier series converges uniformly. We can thus write Fj, .(X) =
ez cee® X Using the relation e*X g(D)e~ X = g(D — s), which holds for any
g € Cp(R) and s € R, we obtain

Linge =¢" Z coGE (D){ ( —2n(0 + 2)) G, (D)}e2in(£+2)x7

LEL

Jinw =6 Z Cg{G:(D —2nl) — G;(D)}e%n(umx

LEL

By applying then formula (5.3) one infers that Tr,, (I, ) = 0 since the 0-th Fourier
coeflicient of the corresponding function b is obtained for ¢ = —2, but the first
factor vanishes precisely when ¢ = —2. On the other hand one has

Trp (Jinw) = sc_ 1/2nz G (0 + 2n(k + ))—G:(9+2nk))}d9

keZ

= se1{G () = G (~0)}

— Ccfl(eﬂ" _ e—‘/m)_
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Finally, by collecting the result obtained so far and by using the cyclicity of the
traces one gets

Tr, (W, ViE —WiEEW, )

in,k’ Vin,k in,k’ Vin,k

- 1= _ + + ~ \= -
= Try, (20 (D) 12 (D) (Wi Wi = WAL )24 (D) Ein(D))
— —CCfl(eﬂ'n _ e—Tm>.

For the computation of c¢_; it is enough to observe that if L In(|x|) € (-, )
then
-1
(1 _ ge—ﬂ'ne%nw)(l _ geﬂne%nz)
1 1 1
cem™ 1— geffrne%nm 1— gflefﬂ'nef%'nm

Fin,n(x) =

—2inx

1 oo . oo

—92; _ i 1 _ _92 k
_ e 2inx E (ge WneZzn:r)] (§ le LECN 2'an)
cem™ ’
=0 k=0

from which one infers by considering the diagonal sum that

e —7n 1

_ -1 _—mn —n\2J _ -1 € -1
C-1=¢ ¢ 2 :(e ) =< _ a—2mn = ™ _ q—7mn
‘ 1—e e e

Jj=

It follows that — Tr, (Z,(Hin,x)) = —1 if L1n(|s|) € (—m, 7). On the other hand,
if LIn(|s|) > 7 or if 2 In(|x|) < —n then one gets by a similar argument that the
function Fj, . has a Fourier series with coeflicient c_; equal to 0. In such a case
one gets — Tr,,(Z, (Hin,n)) = 0, as expected. O

Remark 5.5. Let us emphasize that the previous theorem is the first topological
version of Levinson’s theorem when an infinite number of eigenvalues is involved.
Note however that a generalized Levinson’s theorem involving an infinite number
of bound states already appeared in [9, 14], but it corresponds to a relation between
the asymptotic behaviors of the spectral shift function and of the eigenvalues count-
ing functions. A deeper understanding of the relation between our result and the
results contained in these papers would certainly be valuable.
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