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Abstract

The spectral and scattering theory for 1-dimensional Dirac operators with mass m and
with zero-range interactions are fully investigated. Explicit expressions for the wave op-
erators and for the scattering operator are provided. These new formulae take place in a
representation which links, in a suitable way, the energies —oo and +o0o, and which empha-
sizes the role of +m. Finally, a topological version of Levinson’s theorem is deduced, with
the threshold effects at +£m automatically taken into account.

2010 Mathematics Subject Classification: 81U15, 35Q41.

Keywords: Dirac operators, zero-range interaction, wave operators, index theorem.

1 Introduction

In a series of recent works on scattering theory, it has been shown that rather explicit formulae
for the wave operators do exist and that these operators share structural properties amongst
several models. Such new formulae were then at the root of a topological approach of Levinson’s
theorem. More precisely, it has been shown that this famous theorem, which allows one to
compute the number of bound states of a physical system in terms of the scattering part of that
system, is in fact an index theorem. Let us stress that an index theorem automatically means
a strong robustness of the mentioned link between spectral and scattering properties under
perturbations. We refer to [3, 10, 14, 15, 16, 17, 22, 23, 25, 26, 27| for such explicit formulae in
the context of Schrodinger operators, Aharonov-Bohm operators or for the Friedrichs-Faddeev
model, and for their applications.

However, despite the variety of models already investigated with this approach, all these
models share one common property: the operators describing them have a continuous spectrum
made of one single connected part. This feature, which may seem harmless, has been in fact



very convenient for the construction of the C*-algebraic framework surrounding the topological
approach. Therefore, one of the motivations for looking at Dirac operators was that its continu-
ous spectrum is made of two unbounded disjoint parts. In addition, even if some Levinson’s type
results exist for this model (see for example [7, 18, 20, 21]), it has never been argued that this
relation is of topological nature'. Thus, this work is a first attempt to derive explicit formulae
for the wave operators in the context of relativistic operators, and to deduce some topological
consequences of such formulae.

Now, as any first attempt, the model under consideration is rather simple (see [15] for its
counterpart in the Schrédinger case). In fact, we investigate 1-dimensional massive Dirac oper-
ators with the simplest interactions, namely the so called “zero-range” or “point” interactions.
More precisely, we consider the scattering theory for a pair of self-adjoint operators (Hp, H b ),
where Hy is the usual free Dirac operator with mass m > 0 and HP is any of the (four pa-
rameters family of) self-adjoint extensions which can be constructed from the restriction of H
to functions which vanish at 0. Note that such extensions have already been studied in several
papers, see for example [1, 2, 4, 6], but our aim and results are different.

More concretely, after reviewing some properties of free Dirac operator Hy, we provide in
Section 2 a parametrization of all the mentioned self-adjoint extensions using the machinery
of boundary triples, and we obtain an explicit resolvent formula in terms of the parameters
(C, D). Based on these formulae, the spectral properties of the Dirac operator with a zero-range
interaction are then described in Proposition 2.3.

In Section 3, we develop the scattering theory for our model. We first recall the main
definition of the wave operators in the time-dependent framework of scattering theory as well as
in its stationary approach. The spectral representation of the free operator Hy is then provided.
Based on the stationary expressions for the wave operators, some rather explicit formulae could
be derived for them in the spectral representation of Hy, but the results would not be very
convenient (some unbounded operators would still be present).

Our main surprise, and one of the asset of this work, is that the wave operators can be
computed very explicitly in another unitarily equivalent representation which we have called
the upside-down representation. The reason for this name comes from the fact that in this
representation the thresholds values +£m are sent to +oo while any neighbourhood of the points
400 is then located near the point 0. In this representation, which takes place in the Hilbert
space L2(R;C?), we first show that the wave operators for the pair (Ho, H°P) exist and that the
stationary approach leads to the same operators than the time dependent approach. In addition,
restricting our attention to one of the wave operators only, we provide an explicit expression
for this operator in terms of a product of a continuous function of the position operator X and
a continuous function of its conjugate operator D = —i%, see formula (3.10). Note that the
X-factor is tightly dependent of the parameters (C, D), while the factor containing D does not
depend on them at all. We also note that these factors admit a suitable asymptotic behavior,
which allows one to develop the algebraic framework.

In the last section of this paper, we deduce the topological consequences of the explicit
formula derived in Section 3. In particular, we derive a topological version of Levinson’s theorem
which relates the number of bound states of the operator H°P to the winding number of a certain
function which involves the scattering operator but also other operators related to threshold
effects. The main result of this section in contained in Theorem 4.1. Let us stress that in our

n [19] the analogy between Levinson’s theorem for Dirac operators and the Atiyah-Singer index theorem is
mentioned, but nothing is deduced from this observation.



approach, the threshold effects are automatically taken into account, namely we don’t have to
calculate separately the contributions due to the possible half-bound states located at £m. Note
also that the discrepancy of the contributions of the scattering operator for positive or negative
energies appears naturally in our framework.

As a conclusion, let us emphasize that the spectral and the scattering theory for Dirac
operators with zero-range interactions are fully developed in this work, and that new and explicit
formulae for the wave operators are also provided. We expect that such formulae as well as the
topological approach of Levinson’s theorem will still hold for Dirac operators perturbed by more
general potentials.

Acknowledgments. The work was partially supported by ANR NOSEVOL and GDR DYN-
QUA.

2 Framework and spectral results

2.1 Dirac operators with boundary conditions at the origin

Let H be the Hilbert space L?(R;C?) with scalar product and norm denoted by (,-) and || - ||.

Its elements are written f = ( g) For m > 0, we consider the free Dirac operator Hy defined

by

n- ) a3 2)
on the domain dom(Hp) = H!(R; C?). Here, H!(R;C?) denotes the Sobolev space on R of order
1 and with values in C2. A standard computation shows that Hy is a self-adjoint operator in
H, and its spectrum equals (0o, —m| U [m, +00) and is absolutely continuous. In what follows
we need an explicit expression for the Green function of Hy, that is, for the integral kernel Gy
of its resolvent. For that purpose, for z € C\ o(Hp) we set k = k(z) = V22 — m?, where the
branch of the square root is fixed by the condition SvA > 0 for A < 0. As a consequence it
follows that Sk(z) > 0 for all z ¢ o(Hp). Then, let us note that for any z € C the equality
(Ho — 2)(Hp + 2) = —A — 2% + m? holds on H?(R; C?); here A denotes the usual Laplacian in
L?(R; C?). Therefore, for any z ¢ o(Hp) we have

(Ho—2)"' = (Hy+2)( = A= (2 =m?) ",

and we infer from this equality that

0 Nt (z+m —d/dz iklo—y| _ zmT*'z sgn(z — y) etklz—yl
G, yiz) = 2k <d/dx z—m) ¢ ~ \—sgn(x —y) imiz 2 (22)

Now, let us denote by H the restriction of Hy to the domain
dom(H) = {f € H'(R;C?) | £(0) = 0}.

This operator is not self-adjoint any more, but symmetric with deficiency indices (2,2), see for
example [2, Sec. 5.3]. Furthermore, its adjoint H* is given by the same expression but acts on
the larger domain dom(H*) = H*(R_; C?) @ H!(R,;C?). By a Dirac operator with a zero-range
(or delta-type) interaction at the origin we mean any self-adjoint extension of H. Note that
there already exist several papers discussing various parameterizations of such extensions, see
e.g. [1, 2, 4, 6], but our approach will be slightly different.



By a direct computation one can check that (C2,I'y,I's) with

_ ( [1(4+0) = f1(-0) 1 (fo(=0) + f2(+0)
FJ(bP@—hH@)’Fﬁ2<ﬁP®+ﬁHW>

is a boundary triple for H* in the sense that for all f,g € dom(H™*) one has

<f7 H*g> - <H*f7 g) = <F1f) F29> - <F2fvrlg>a
and that the map dom(H*) > f ~— (I'1f,Taf) € C? x C? is surjective. Here we have used the
notation f;(+0) for lim.\ o fj(+e) for any f; € H'(Ry).

Let us now recall a few facts about boundary triples, and refer to [5] for a brief account, to
8, 9] for a detailed study, and to [24] for a recent textbook presentation. One of the main interest
of boundary triples is that they easily provide a simple description of all self-adjoint extensions
of H and a tool for their spectral and scattering analysis. More precisely, let C, D € M»(C) be
2 x 2 matrices, and let us denote by HP the restriction of H* to the domain

dom(HP) := {f € dom(H*) | CT1f = DI'yf} .

Then, the operator HP is self-adjoint if and only if the matrices C' and D satisfy the following
conditions:

(i) CD* is self-adjoint, (ii) det(CC* + DD*) # 0. (2.3)
Moreover, any self-adjoint extension of H in H is equal to one of the operator H°P. For sim-
plicity, a pair (C, D) of elements of Ms(C) satisfying relations (2.3) will be called an admissible
pair. Note that with this notation, the operator H'0 = H* |iex(r,) 18 exactly the above free Dirac
operator Hy, which is going to play the role of our reference operator. The other operators HP
will be interpreted as its perturbations.

Let us stress that the above parametrization is not unique in the sense that one can have

HCP = HED' for two different admissible pairs (C, D) and (C’, D'). This is the case if and only
if C = KC' and D = KD’ for a non-degenerate 2 x 2 matrix K. One may obtain a one-to-one
parametrization between the 2 x 2 unitary matrices U and the self-adjoint extensions of H by
setting C := 1(1—U) and D := 4(1+U). We refer to the papers [1, 4] for alternative one-to-one
parameterizations.
Remark 2.1. We note that the papers [2, 6] also make use of boundary triples for studying
perturbed Dirac operators, but with a different choice for the maps I'y and I's, which leads to a
rather complicated reference operator. Our choice is motivated by obtaining simpler expressions
in the subsequent computations.

2.2 Weyl function and resolvent formula

Our aim is to obtain a resolvent formula for the self-adjoint extensions HP. First, we compute
explicitly two operator-valued maps playing a key role in the framework of boundary triples,
namely the map

-1
7(2) = (Fllker(H*fz))
and the Weyl function M (z) := I'yy(z). By a direct computation one obtains for any z ¢ o(Hy),
&= (g) € C? and z € R* that

m—+z

i &2 + &1sgn(w) oikle]
ha ()@= S =6 ) + & ),
i &1 — Eosgn(x)

m—+z



where we have set

hl(x) = ei’;ll“ (szgnlgx)) , hi(z) = ei’;“” (_Z;E(Zx)) '

m—+z

For later use, note that the y-function satisfies the following identity [5, Th. 1.23]
v(2)"(Ho — z)f =Tof, f€dom(Hp), z¢ o(Hp). (2.4)

Similarly, for the Weyl function we obtain

ik
& 1 m+ z &
e (3) - ,

) 2 i(m+ z) ¢

% %
i.e. M(z) is just the diagonal matrix
1 ik i(m+ 2)
M(z)—2d1ag<m+z, k: >

In particular, since for A € R the following limits hold:

Sgn()‘) v A2 — m2a ‘)" > m,
ivm?2 — A2, Al < m,
_Sgn()‘) v A% — m2’ |)‘| > m,

ivm?2 — A2, |A| < m.

k(A +10) = li{%k()\—l—is) = {
3

k(A = i0) = lim k(A — i) = {

it follows that for |A\| < m one has

1 Y X\
M(/\iiO):2diag(— m mt >

m+XVm—2X

while for |[A| > m one has

M(Aiio):i;diag< A_m,\/Aij).

A+m A—m

With these various definitions a few additional relations between the operators Hy and HP
can be inferred. For example, for z ¢ o(Hy) U o (HP) the matrix DM (z) — C' is invertible, and
the resolvent formula

(Ho—2)"' = (HP = 2)7' = 4(2) (DM(2) — C) "' D(2)* (2.5)

holds. In addition, a value A € (—m,m) is an eigenvalue of HP if and only if det (DM (A+1i0) —
C) = 0, and then one has ker(HP — ) = v(\) ker(DM (A + i0) — C). Due to the injectivity of
the map y()\) : C2 — H, the dimension of ker(DM (X +i0) — C) corresponds to the multiplicity
of the eigenvalue A of H°P. Finally, for any ¢ > 0, any A & [—m,m] and any admissible pair
(C, D), let us mention the obvious equality M (A —ie) = M (X + ic)* and the identity (see for
example [22, Lem. 6]) :

-1

(DM~ i2) - ) 7' D] "= (DM(X+ie) - O)'D. (2.6)
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For the next statement, we need to introduce the set
Y :=(—o0,—m) U (m, +00).

as well as for each A € ¥ the 2 x 2 matrix

B = dlag (\/)\+m \/A+m>

which clearly satisfies iB(\)? = M () + i0). Furthermore, we also set

TP(\) := —2iB(\) (DM (A + ie) — C) ' D B(\).
We summarize some properties of this operator in the following assertion, whose proof is given

in the Appendix.

Lemma 2.2. For any admissible pair (C, D), the operator TP (\) admits the limit
TEP(A) = —2iB(\) (DM (A +i0) — C) ' DB()) (2.7)

in Ma(C) as e \, 0 locally uniformly in X\ € ¥. For any \ € & the matriz 1+ TP (N) is unitary,
and the map ¥ > X TSP (N) € M(C) is continuous and admits limits at the boundary points
of B, with TFP (—o00) = TEP (+00).

2.3 Spectral analysis

In the next statement, we infer some spectral results for the operator HP.

Proposition 2.3. Let (C, D) be an admissible pair. Then, one has oq.(HP) = (—o0, —m] U
[m, +00) and os.(HP) = 0. Moreover, o,(HP) C (—=m,m), and the number of eigenvalues
can be explicitly described as follows:

(a) If det(D) # 0 and D~1C := (En €12>’ then
big Lo

2 ifﬁn <0 and £22 > 0,
#UP(HCD) =40 Zf £11 >0 and EQQ < 0,

1 otherwise.

(b) If dim[ker(D)] = 1 and (p1,p2) is a unit vector spanning ker(D), then # o,(HP) = 1 if
pip2 0, if po = 0 and tr(CD*) > 0, or if pr = 0 and tr(CD*) < 0. In the other cases,
#o,(HP) =0.

(¢c) If D =0, then o,(HP) = 0.
Proof. Since the difference of the resolvents of H°P and Hj is a finite rank operator, it clearly
follows that oess(HP) = 0ess(Ho) = 0(Hp) = (—00, —m] U [m, +00).
Let f € H and let p fD be the spectral measure assomated with H CD and f. Tt is well known
(see for example [12, Thm. 4.15]) that the singular part ,u of u D is concentrated on the set

{NeR| ii{%%(f, (HPP — X —ie)lf) = 0}



So, let us consider f € C2°(R;C?) and compute the above quantity for any |A| > m. By (2.5)
and for z = X\ + ¢, this reduces to an evaluation of the expressions

lm S(f, (Hy—2)7' ) and  ImS(1()"f, (DM(2) = €)' Dy(2)" fea (28)

A simple computation which takes the expression (2.2) for the Green function into account
shows that the first term in (2.8) is finite. Similarly, by using the explicit expression for (z),
one easily obtains that the limits lim.\ g vy(A +ie)*f € C? exist. On the other hand, still for
IA| > m one has SM(A+i0) > 0, hence, by [22, Lem. 6], the limit (DM(A+i0)—C) " € My(C)
exists. Therefore, the second expression in (2.8) is also finite, and thus the support of u?ﬁ? does
not intersect the set (—oo, —m) U (m, +00). Since f is an arbitrary element of a dense set in H,
it means that HP has no singular spectrum in (—oo, —m) U (m, 4+00), and in particular that
the singular continuous spectrum is empty.

Now, to see that +m ¢ o,(HP) it is sufficient to observe that the only solutions of the
ordinary differential equation Hf = +mjf with H given by the expression (2.1) are either
constant or polynomially growing. In particular, this equation has no solution in H.

It remains to count the eigenvalues of HP in the interval (—m,m). For that purpose and as
noted in the previous section, we first need to determine if the operator DM (X +i0) — C has a

0-eigenvalue for some A € (—m,m). To simplify the notation, let us set t = 2—3 Then, this

problem reduces in the study of the possible 0-eigenvalue of the operator %D diag(—t,1/t) — C
for t € (0, 00).

a) We first consider the case det(D) # 0. For that purpose, we set A = D~!C and study the
equivalent admissible pair (A, 1). Now, observe that the matrix A is hermitian:

ln f12>
A=:1{- .
<512 159
Thus, we are left with the study of the determinant of the operator i diag(—t,1/t) — L with
t € (0,00). Let us still define the map

(0,00) >t = D(t) := glast — 3611/t +det(A) — ; € R

Clearly, the determinant of the mentioned operator vanishes for some t € (0,00) if and only if
the equation D (t) = 0. Now, if 11022 > 0, then the map Dx(-) has no local extremum and
thus the above equation has always one single solution. On the other hand, if ¢1;f22 < 0, then
this equation may have 0, 1 or 2 solutions. Indeed, in that case the map Dy(-) takes its local
extremum at the value t = \/—£11/{53. Then, D(-) vanishes only once if sgn(¢11) [det(L)— 3] =
v/ —l11€22, DA (-) vanishes twice on (0, c0) if sgn(¢11)[det(L) — %] > /—{11022, while D (-) does
not vanish in the remaining case. However, note that there is a very explicit set of solutions
of the relation sgn(¢;1) [det(L) — ﬂ = +/—{11059, namely when f1; < 0, {11090 = —i and
f1o = 0. In addition, a simple computation shows that the two conditions #1129 < 0 and
sgn(f11)[det(L) — %] > y/—l11022 hold whenever £11 < 0, 32 > 0, and either #1195 # —% or
{12 # 0, while the two conditions #1122 < 0 and sgn(¢11)[det(L) — %] < v/—¥11099 hold whenever
¢11 > 0 and f32 < 0. Now, if /17 = 0 then Dx(-) vanishes once on (0, 00) if £33 > 0 and does not
vanish if foo < 0; if f99 = 0 and ¢1; < 0 then Dy (-) vanishes once while if 17 > 0 then Dj(-)
does not vanish on (0, 00). Finally, if £;; = ¢33 = 0 there is no solution for D (-) = 0.

b) We now consider the case dim[ker(D)] = 1 and follow the construction described in [22,
Sec. 3]. Let (p1,p2) be a unit vector spanning ker(D). Let I : C — C? be the identification of C



with ker(D)*, and let P denote its adjoint, .e. P : C*> — C is the composition of the orthogonal
projection onto ker(D) together with the identification of IC with C. Then, as shown in
[22, Eq. (12)], the operator DM (X + i0) — C is invertible if and only if the reduced operator
PM (X +1i0)I — ¢ is invertible, where ¢ := (DI)~'CI € R. By using this observation and the

change of variable t = 4/ :’nl—:_i we see that the 0-eigenvalue of the operator %D diag(—t,1/t) - C
for t € (0, 00) coincides with the 0 of the map

(0, +00) 3t — dp(t) := |p2|®t — |p1|*/t + 20 € R.

By elementary considerations we observe that this map vanishes once if pips # 0, if po = 0 and
¢ > 0,orif pj =0 and ¢ < 0. In the other cases the map dy(-) never vanishes. Finally, in
order to obtain the statement of the lemma, let us recall a useful relation between ¢ and (C, D),
namely sgn(¢) = sgn[tr(CD*)], see [14, Sec. 3.B].

¢) If D =0, then H°P? = Hy and hence H°P has no eigenvalue.

It now only remains to relate these various results with the dimension of H,(HP). As
mentioned before the statement of the lemma, for each A\ € (—m,m) such that 0 is an eigenvalue
of DM (XA +1i0) — C, one needs to determine the multiplicity of this eigenvalue. Equivalently, for
each t € (0,00) such that 0 is an eigenvalue of D diag(—t,1/t) — C, one needs to determine the
multiplicity of this eigenvalue. An simple inspection in the previous computations shows that
the multiplicity of the 0-eigenvalue is always 1, except in one special case already emphasized
above, namely when f17 < 0, 11490 = —i and f¢15 = 0, for which the multiplicity if 2. By
collecting all these results, one finally obtains the statement of the lemma. O

3 Scattering theory

3.1 Wave operators and scattering operator

In this section, we describe the scattering theory for the pair of the operators (HP, Hy). Since
(H b —z') -1 (Ho—i)~! is a finite dimensional operator, it is well-known that the time dependent

wave operators

Wi (HP, Hp) = s — lim QitH o—itHo (3.1)

exist and are complete, see for example [28, Thm. 6.5.1]. Then, the operator
S(HP | Hy) := Wy (HP, Ho)"W_(HP | Hy) (3.2)

is usually referred to as the scattering operator. Thus, the aim of the present section is to
calculate these objects in terms of the Weyl function and of the parameters (C,D). To do
that, we recall the so-called stationary expressions for the wave operators. Namely, for suitable
f, g9 € H we consider the operators WfD defined by

. 9 LN — LN
(Wfo,g>=/HR;1{‘rg)ﬂ<(Ho—Aﬂer) Lf, (HP — X Fie)"lg)dA.

Note that the precise choice for the elements f, g will be specified later on, and that the equality
of W4 (H cD ,Ho) with WfD will follow from our computations. In the sequel, we concentrate
on WP and stress that the operator WfD can be treated similarly.



For that purpose, consider for € > 0 the function . : R — R given by

1 5
T2 42’

56(51;) =

We clearly have
5o (Ho — \) = %(Ho — N tie) Y (Ho — A —ie) L.

With this notation, the limit lim.\ o <5€ (HO — )\) f,g> exists for a.e. A € R, and

[t (5.0 = M f.g) A = (£,

see [28, Sec. 1.4]. As a consequence, by taking the resolvent formula (2.5) into account, one
obtains that

(WP —1)f,9)

=- /Rglg% <§’y(A —ie)*(Hy — A +ig) ' f, (DM (X — i) — C) "' Dy(A + is)*g>62d)\. (3.3)

Our next aim will be to put together some of these terms and to obtain some more coherent and
simply understandable factors. For that purpose, the spectral representation of the operator Hy
will be needed.

3.2 Spectral representation of the free Dirac operator

In this section, we construct the spectral representation of Hp, mimicking the construction
provided in [11, Sec. 2]. For any fixed p € R, let us set

h(p) := (m _ip> € M(C).

ip —m

The eigenvalues of this matrix are ++/p? + m? and two normalized eigenfunction are defined by
the expressions

&tHp) =

1 p2 + m?)

<m+
\/2(p2+m2+m /p? + m2) p

& (p) = 1 < 2 >
\/2(p2+m2+m\/m) m VP

For simplicity, the orthogonal projection on the subspace generated by £*(p) will be denoted by
P*(p) € M3(C). Then, for any \ € R satisfying £\ > m, let us define

AN = (PE=VA = m2) €, P (VO = m2) €,

and observe that #()) is a two dimensional subspace of C? @ C?. Let us also set
@
I = / JE(N)dA.
by

9



More precisely, any element ¢ € 5 is of the form (o1, 2) with ¢; € L*(3;C?), p1(\) collinear
to &£ (= VA2 —m?2) and pa()) collinear to &+ (VA2 —m?) for £X > m. One also defines the
unitary operator U : H — € given for f € H and £\ > m by

LA =y A—2(13*(—W—m?)f(— VA=), PE(VAZ = m?) f(V = m2) ).

A2 — m2

Note that its adjoint is provided by the following expression: for any ¢ € S with ¢ = (¢1, ¢2)
and for p € R* one has

W) = {2 p1( = VP2 +m?) + o1 (Vp2+m?)  ifp <0,

Obviously, the above expressions have to be understood in the L?-sense, i.e. for almost every
A € ¥ or for almost every p € R*. It is now a matter of a simple computation to check that for
any A € X one has

UR)UP](A) = Ap(A).

In addition, if F denotes the Fourier transform on L?(R;C?), then the operator Fo := UF :
H — S realizes the spectral representation of Hy, namely

FoHoFy = Lo, (3:5)

where Ly is the self-adjoint operator of multiplication by the variable A in 7.

3.3 Computing the wave operator : preliminary steps

In order to simplify the expression (3.3) we first use the identity (2.4), which gives, for z ¢ o(Hyp),

%7(5)*(110 27 = %E(Ho —2)"Y(Hy — 27t =T96.(Ho — \),

Y(z)* =Ty (Hy — 2)7"

By collecting these equalities and using (2.6), one infers that
(WP —1)f,g9) = —/ hi% (T20-(Hy — A) f, (DM (X —ie) — C) "' DLa(Hy — A+ ig) "Lg) o dA
R g

1
— 5 [ (TP OVBO) T (Ho — N B TalHy — A+ ) lg)
b g

Note that for the second equality, we have taken into account that the above integrant vanishes
for almost every A € (—m,m) as € N\, 0; more precisely, it vanishes at any point A\ € (—m,m)
which is not an eigenvalue of HP.

By looking at the previous equality inside the spectral representation of Hy, one has thus
obtained that for suitable @, € -

(FoWP — 1) Frp,),,

1
= 2/ 11\% (TEP(N)B(N)'T2F30-(Lo — A), iB(N) 'TaFg (Lo — A +ie) ') o dX. (3.6)
EE
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For the next statement, one needs to be a little bit more cautious about the set of suitable
elements of 7. For that purpose, we introduce the following space:

7= fn= (1) In e cx®)}.

Our interest in this set comes from its dense embedding into 7. Indeed, define
Ji L A, [N = (m(A)gi( — VAT m2) (N € (VA2 - m2)> for + A > m.

It clearly follows that J.7 is dense in # and that J extends to a unitary operator from L?(3; C?)
to 2. We then set
L := J"LyJ, (3.7)

i.e. L is simply the operator of multiplication by the variable in L?(R, C?).
Let us finally introduce for each A € ¥ the unitary 2 x 2 matrix N(\) defined by
1 N
N(A)z(l. 1.) if \<—m and N(A):( ! 1) i A > m.
—i 1 V2l 1

The operator of multiplication by the function N defines a unitary operator in L?(%;C?), and
it will be denoted by the same symbol V.

Remark 3.1. Let us stress that the precise form of this unitary transformation N is not really
relevant here. Indeed, this transformation highly depends on our choice for the functions é* in
the spectral representation of Hy. In fact, only the product NJ*U really matters, as it can be
inferred from formula (3.10) (recall that Foy = UF).

Lemma 3.2. For anyn € . and A € ¥ one has
11\“1% VIB\) T F56.(Lo — N)Jn = N(A)n(\).
S

Proof. For shortness, let us set p,, := \/p? + m2. Then, a simple computation gives

Dy Fi6-(Lo —
\/g/ ” + m2 m(=pm)€" (p) + 0 (pm — /\)nl(pm)g—(p)}dp
V2 /0 7+ m? — Nn2(=pm)EF (p) + bc(pm — ) nz(pm)g*(p)]dp

—\/127 /m i/ leinQ Je(pn = A) [771(#)5*( — V2 —=m?) + ()¢ (Vi - m2)]du

+ \/1277 /: mda(u =) [ m e (= Vi =m2) + ma()e” (V2 = m?) |du.

By taking the limit as € N\, 0 one obtains for £\ > m

\/12? V2 i2m2 [m(A)EF( — VA2 —m?) + nz(A)gi(M)}

Finally, by using the expressions (3.4) for £ and by considering separately the case £\ > m, a
short computation leads directly to the statement. O

im Iy F50-(Lo — A =
Jm 2F00:(Lo — A)Jn

11



In addition, one can also show:

Lemma 3.3. For anyn € . and A € ¥ one has
BO) o (L= A ie) ™ n = = [ BOY = A+ )7 B0 NGyt d

Proof. By a computation similar to the previous proof, one obtains that

ToF3 (Lo — A +ig) tJn

M/_mn“ Atie)” [771( )§ (- \/W)Hn(u)ﬁ(\/M)]du
\/%/ \/7/1 A+ig)” [771( )& (- M)—Hn )& \/m)},u

(
:m/ (= +ie) fdlag<\/ﬂ+m \/u+m)< >< Z) 8
o el fEm ) ()G

d
o
=7/ /E(u — A +ie) T B(u) N () n(p) dp

which leads directly to the expected result. O

For € > 0, let us finally define the integral operator ©. on . which kernel is

O:(\, 1) = 5= BA) " (n— A +ie) "' B(w).

27
A straightforward computation leads then to the following equality for any n € . and A € X:
i 1 1
lim ©.17|(\) = [Oon](\) = —B(\) ' P.v.[ ——B dp + =n(N).
[lim ©.0] () = [O0n]() = 5= B0~ Puv. | B n(n)du-+ 51()

Starting from (3.6) and by taking Lemmas 3.2 and 3.3 into account, one can already guess that
the singular integral operator ©g is going to play a central role in the expression for the wave
operator. However, let us observe that the maps A — B(\) and A — B(A)~" are not bounded
as A\ — £m. Therefore, it is not very easy to deal with the above kernel. For that reason, our
last task is to get a better understanding of this integral operator by looking at it in another
unitarily equivalent representation.

3.4 The upside-down representation

Let us finally define the unitary operator V : L*(¥;C?) — L?(R;C?) given for n € L?(X%;C?)
and x € R by

[Vn] (o) = \/%e:xizl 77<me:r + 1)

e? —1
The special feature of this representation is that the values +m are sent to +oo while any

neighbourhood of the points +o00 is then located near the point 0. The adjoint of the operator
V is provided for ¢ € L?(R;C?) and \ € ¥ by the expression

VW) = Vamy [T ([T,

12



We shall now compute the kernel of the operator VOyV*, and observe that this new kernel has
a very simple form.

For that purpose, let us use the standard notation X for the self-adjoint operator on L?(R) of
multiplication by the variable, and by D the self-adjoint operator on the same space correspond-
ing to the formal expression —i%. For a measurable (matrix-valued) function K : R — M3(C)
we denote by K (X) the operator of pointwise multiplication by the matrix K (-) in L?(R; C?), and
by K (D) we denote the operator F*K (X)F, where F is the Fourier transformation in L?(R; C2).

One checks, by a direct substitution, that for any measurable function p : ¥ — M>(C) one
has

eX
Vo(L)V* = p(mex * 1) (3.8)

In particular, such a relation holds for p = TSP, Furthermore, for any ¢ = ((1,¢2) € O (R \
{0};C?) and z € R*\ {0}, it can be obtained straightforwardly that

VOoV*(](x)
i TR 27m) + 7D 0 1
=5 Pv. 0 0 4 C(y)dy + 5¢()
Q R sinh((y—x)/4) cosh((y—x)/4)
_ b (g+x Qi 1
& (¢ @+ e,

where
1 1

+
sinh(z/4) = cosh(z/4)’
and x means the (distributional) convolution product. Using then the identity
g f=1[Fgl(D)f

and the explicit expressions for the Fourier images of g+ from [13, Table 20.1] we obtain VO V* =
R(D)* with R(-) defined for all z € R by

1| (tanh(27z) — i cosh(2rz) 0
R(z) [ < 0 tanh(2mx) + i cosh(2mrx) ! 1

g+(z) =

, (3.9)

2

We are now ready to prove the existence of the wave operator and a new representation for
it.
Proposition 3.4. The wave operator WP exists and is equal to the operator W_ (HCD,HO)
defined in (3.1). In addition, the following equality holds in L?(R;C?):

X1
VN J* Fo (WP — 1) F; JN*V* = R(D)TEP (mix j 1). (3.10)

Proof. Starting from the equality (3.6) and by taking Lemmas 3.2 and 3.3 into account, one
easily deduces that the following equalities hold for any 7,7’ in the dense subset . of L?(3; C?):

(Fo(WEP = 1) FgJn, Jn),,
1
3 / lim (77 () BO) ' T2F50: (Lo = ) Jn, iBO) ™ TaFG (Lo = A +2) 11 ) adA
28

:/E (TgP (NN Nn(A), [BoN7](A)) e dA.

13



Now, the existence of the limit (inside the integral sign) for any A € ¥ and any n,7 € &
already shows the existence of the stationary wave operator WP, see [28, Def. 2.7.2]. In
addition, its equality with W_ (H 2 Ho) follows from [28, Thm. 5.2.4]. Finally, relation (3.10)
can be deduced by a conjugation with the unitary operators N and V. 0

It only remains to link the multiplication operator TP (L) in L?(X; C?) with the scattering
operator SCP := S(HP, Hy) introduced in (3.2). For that purpose, recall that since the operator
SEP commutes with Hy, the operator Fy SP Fi commutes with Ly and, therefore, corresponds
to an operator of multiplication in .. For that reason, one usually writes Fy S¢P F5=15 CD(Ly),
where S“P()) is a unitary operator in .#()\) for almost every A € ¥ which is called the scattering
matrix at energy .

Lemma 3.5. For almost every A € X, the following equality holds:
SPN) =1+ NN TEP(A)N(N). (3.11)

Proof. We proceed by using the intertwining relation and the invariance principe. It is well
known that if o : ¥ — R is smooth and has a positive derivative, then the scattering operator
SCD is the strong limit of the operators ei@(Ho) 17D g=ita(Ho) a5 ¢ 5 0, see for example [28,
Sec. 2.6]. Let us consider the function a : ¥ — R defined by a()\) := In (i\:—z) Clearly, this
function is smooth on ¥ with a positive derivative, which gives

s — lim efta(Ho) (W,CD — 1) e ita(Ho) — gD _ 1
t—o0

We also observe that due to (3.8) we have

eita(L)v* — V*e—itX' (312)
Now, by using successively relations (3.5), (3.10), (3.8) (3.7) and the commutativity of e~**(%)
with N and T¢P (L), (3.12), and the usual relation between the operators X and D, one infers
that

SP(Lg) — 1 =Fo(SP - 1)F

=s — lim Fy ez’ta(Ho) (W_CD . 1) e—ita(HO)]_-ék
t—o0

—s — lim efte(Lo) Fo (WfD _ 1) i o—ite(Lo)

t—o00

t—o00 eX

4 X1 -
=5 — lim &L g N*V* R(D) TSP [ m : VN J* ¢ ite(Lo)

=s — lim e@(F0) JN*V* R(D)VTEP (L) N J* e~ (ko)

t—o00

—=s — lim JN*e" Dy R(D) Ve L) 7D (L) N J*

t—o00

=5 — lim JN*V* e " R(D)e™* VTSP (L) N J*

t—o00

=s — lim JN*V*R(D + HVIFP(L)N J*.
—r00

Finally, since s — lim;_,o, R(D +t) = 1, it directly follows from the relation (3.7) between L and
Lg that
SP(Ly) —1= JN*TEP(L)N J* = N*(Lo) TEP (Lo) N(Lo).

The statement is then a consequence of the pointwise identification of these two multiplication
operators. n
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Remark 3.6. By taking the relation WfD = Wep (SCD )* into account, an explicit expression
for WEP | similar to the one obtained in (3.10) for WP, could also be derived.

Remark 3.7. As a consequence of Lemma 2.2 and of the explicit formula (3.9), the maps

e + 1)
et —1

are continuous on the whole real line and admit limits at +=co. This is an essential feature of
these functions, and it plays an essential role in the subsequent algebraic construction.

x— R(x), =+~ TOCD(m

4 Topological results

In this section, we briefly deduce the main corollary of the explicit formula (3.10), and refer to
[14] and [25] for a thorough description of the underlying algebraic framework.

Let us start by defining the following map: For x,y € R one sets

e’ +1
rP(z,y) = 14+ Ry) TE7 (mS =),

et —1
where R(-) has been introduced in (3.9) and T$P(-) has been computed explicitly in (2.7).
It follows from Remark 3.7 that TP can be continuously extended to a function on M :=
[—00, +00] % [—00, +00]. More precisely, one can set '“C € C'(B; M(C)) with I'“P(z, y) provided
by (4.13). The asymptotic values of this function can then be easily computed, namely

PP (y) =TP(~00,y) = 1+ R(y) TP (m)

e’ +1
e’ — 1)
ISP (y) =TP(+00,y) = 1+ R(y) TP (~m)
P (z) :=I'P(z, —c0) = 1.

(4.13)

'SP (z) :=T'P(z,400) = 1 4+ TP (m

It is certainly worth emphasizing that I'{” and T 3CD are related to the behavior of TOCD at the
thresholds values +m, while I'S™ is related to the scattering operator through the relation (3.11).
Note also that the precise value of T (+m) € Ma(C) could be explicitly computed in terms of
C and D, but that this is not our concern here (a similar computation has been performed for
example in [22, Prop. 14] for the Aharonov-Bohm operator).

Let us now observe that the boundary [J of B consists in the union of four parts By U By U
Bs U By, with By = {—00} x [—00,+0], By = [—00, +00] X {+0}, B3 = {400} X [—00, +0]
and By = [—00,400] X {—00}. Therefore, one can define the function
X7 . 0 — My(C)

with TP ‘ B, = FJCD . By construction, the function TP

the subset of unitary matrices in My(C), or more precisely I¢P € C (0;U(2)). Note that the
property [¥P () € U(2) for any 6 € O can be checked explicitly, but also directly follows from
the unitarity of the image of the wave operators in the Calkin algebra.

is continuous and takes values in U(2),

One of the main result of the C*-algebraic framework which has been developed for example
in [14] and [25] is to relate the function TP to the number of bound states of HP. More

precisely, let us define the winding number wind[[}¥P] of the map

03560+ det[IP(0)] € T
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with orientation of [J chosen clockwise. Here, T denotes the set of complex numbers of modulus
1, and det denotes the usual determinant on M3(C). Then, the following topological version of
Levinson’s theorem holds:

Theorem 4.1. For any admissible pair (C, D) one has

wind[[¥P] = —# o,(HP). (4.14)

Once in the suitable C*-algebraic framework, the proof of this statement is quite standard.
We refer to [16, 25] for the construction of the framework and for the related proofs.

As a final remark, let us comment of the contribution of each term FJCD for j € {1,2,3,4}
in the Lh.s. of (4.14). Clearly, the contribution of I'{" is trivial, while the contributions of I'{"
and F3CD are directly related to the threshold effects at +m. These effects do depend on the
choice of the pair (C, D). For the contribution of T'$”, let us observe that

0 0

det[TSP(6)] = det [1 + TP (m; s 1)] = det [SCD (m; - 1)]
where relation (3.11) has been taken into account. Thus, when 6 varies from —oo to +00, one
easily observes that the contribution due to FgD is provided by two distinct contributions, the
one coming from det[SP(A)] as A runs from m to +oo, and the one coming from det[SP(\)]
as A goes from —m to —oo. Note that the difference of relative orientation for the two con-
tributions was already noticed in the literature, see for example [7, 18]. Note also that even if
S (—00) # SOP(+00), the equality det[SP(—o0)] = det[S“P(+00)] holds, as shown in the
above computations.

Appendix

Proof of Lemma 2.2. We first observe that for any A € ¥ we can write
M\ +ig) =iB(\)?* + K()\e), (4.15)

with K(\, &) — 0 as € N\, 0 locally uniformly in A\ € ¥. The scheme of the following argument is
similar to the one already used in the proof of Proposition 2.3.

a) Consider first the case det(D) # 0, and set A := D~'C. Then, A* = A and T*P(\) =
—2iB(A)(M (X +ig) — A)7'B(X). As B()\) > 0 for any X € %, the continuity statement follows
from the representation (4.15) and from the continuity of the maps ¥ 5 A — B(A) € M3(C) and
Y x [0,400) 3 (A, e) = M (X +ie) € Ma(C). In addition, we get after some elementary algebra
that

(1 + TE200) (1 4+ TP ()~ 1
A +i0) — M (X +40)*
21

-1

—4B(\) (M (A +i0) — A) ™" (B()\)Q _ M
=0,

) (M(A+1i0)* — A) "' B())

which shows the unitarity of 1+ TOCD (M). The existence of the limits can be checked directly. In
particular, the equality TP (—o0) = TP (+00) follows from M (—oo +i0) = M (+o00 +40) = 3.

b) We now consider the case dim[ker(D)] = 1 and proceed as in [22, Sec. 3]. Let I : C — C?
be the identification of C with ker(D)*, and let P denote its adjoint, i.e. P : C> — C is the
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composition of the orthogonal projection onto ker(D)* together with the identification of IC
with C. Then, as shown in [22, Eq. (12)], one has (DM (z) — C)~'D = I(m(z) — E)_IP, where
¢:= (DI)71CI € R and m(z) = PM(z)I € C. One easily checks that m(A+ic) = iB(A)+k(),¢)
with k(\,e) — 0 as ¢ \, 0 locally uniformly in A\ € %, with 3(A\) = PB(\)?I € R, and
B(A) > 0 for A € ¥. The continuity statement now follows from the continuity of the maps
Y3 A= BN\ eRand ¥ x[0,+00) 3 (A, e) = m(A+ie) € C. By using P* = I, we then obtain

(L+TEPN)) L+ TEP (V)" -1
:(1 — 2B (m(X +i0) — e)*lpB(A)) (1 — 2B\ (m(A +i0) — E)”PB(A)Y 1

~ m(A+1i0) — m(A +140)"
2

1

—4(m(A+i0) — €) " (m(A +i0)* —€)~
=0,

B(A)I(PB(/\)QI )PB()\)

which shows the unitarity. The existence of the limits at the boundary can be checked explicitly.

¢) The remaining case D = 0 is trivial.
O

References

[1] V. Alonso, S. De Vincenzo: Delta-type Dirac point interactions and their nonrelativistic
limits, Intern. J. Theor. Phys. 39 (2000), 1483-1498.

[2] J. Behrndt, M. Malamud, H. Neidhardt: Scattering matrices and Weyl functions, Proc.
Lond. Math. Soc. (3) 97 (2008), 568-598.

[3] J. Bellissard, H. Schulz-Baldes: Scattering theory for lattice operators in dimension d > 3,
Rev. Math. Phys. 24 (2012), no. 8, 1250020.

[4] S. Benvegnu, L. Dabrowski: Relativistic point interaction, Lett. Math. Phys. 30 (1994),
159-167.

[5] J. Briining, V. Geyler, K. Pankrashkin: Spectra of self-adjoint extensions and applications
to solvable Schridinger operators, Rev. Math. Phys. 20 (2008), 1-70.

[6] R. Carlone, M. Malamud, A. Posilicano: On the spectral theory of Gesztesy-Seba realizations
of 1-D Dirac operators with point interactions on a discrete set, J. Differential Equations
254 (2013), 3835-3902.

[7] D. Clemence: Low-energy scattering and Levinson’s theorem for a one-dimensional Dirac
equation, Inverse Problems 5 (1989), no. 3, 269-286.

[8] V.A. Derkach, M.M. Malamud: Generalized resolvents and the boundary value problems for
Hermitian operators with gaps, J. Funct. Anal. 95 (1991), 1-95.

[9] V.I. Gorbachuk, M. L. Gorbachuk: Boundary value problems for operator differential equa-
tions, Mathematics and its Applications, Soviet Series, Vol. 48, Kluwer Acad. Publ., Dor-
drecht etc., 1991.

[10] H. Isozaki, S. Richard: On the wave operators for the Friedrichs-Faddeev model, Ann. Henri
Poincaré 13 (2012), 1469-1482.

17



[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

23]

[24]

[25]

[26]

[27]

[28]

H.T. Ito: High-energy behavior of the scattering amplitude for a Dirac operator, Publ. Res.
Inst. Math. Sci. 31 (1995), 1107-1133.

V. Jaksié: Topics in spectral theory, In: S. Attal, A. Joye, C.-A. Pillet (Eds.), Open Quantum
Systems I. Recent Developments, pp. 235-312, Lecture Notes Math., Vol. 1880, Springer,
Berlin, 2006.

A. Jeffrey: Handbook of mathematical formulas and integrals, Academic Press, Inc., San
Diego, CA, 1995.

J. Kellendonk, K. Pankrashkin, S. Richard: Levinson’s theorem and higher degree traces for
Aharonov-Bohm operators, J. Math. Phys. 52 (2011), 052102.

J. Kellendonk, S. Richard: Levinson’s theorem for Schrodinger operators with point inter-
action: a topological approach, J. Phys. A 39 (2006), no. 46, 14397-14403.

J. Kellendonk, S. Richard: On the structure of the wave operators in one dimensional
potential scattering, Mathematical Physics Electronic Journal 14 (2008), 1-21.

J. Kellendonk, S. Richard: On the wave operators and Levinson’s theorem for potential
scattering in R3, Asian-European Journal of Mathematics 5 (2012), 1250004-1-1250004-22.

M. Klaus: On the Levinson theorem for Dirac operators, J. Math. Phys. 31 (1990), no. 1,
182-190.

D.-H. Lin: Friedel sum rule, Levinson theorem, and the Atiyah-Singer indezx, Phys. Rev. A
75 (2007), 032115.

Q.-G. Lin: Levinson theorem for Dirac particles in one dimension, Eur. Phys. J. D At. Mol.
Opt. Phys. 7 (1999), no. 4, 515-524.

Z.-Q. Ma, G.-J. Ni: Levinson theorem for Dirac particles, Phys. Rev. D 31 (1985), 1482-
1488.

K. Pankrashkin, S. Richard: Spectral and scattering theory for the Aharonov-Bohm opera-
tors, Rev. Math. Phys. 23 (2011), 53-81.

H. Schulz-Baldes: The density of surface states as the total time delay, Preprint
arXiv:1305.2187.

K. Schmiidgen: Unbounded self-adjoint operators on Hilbert space, Graduate Texts in Math-
ematics, Vol. 265, Springer, 2012.

S. Richard, R. Tiedra de Aldecoa: New formulae for the wave operators for a rank one
interaction, Integral Equations and Operator Theory 66 (2010), 283-292.

S. Richard, R. Tiedra de Aldecoa: New expressions for the wave operators of Schridinger
operators in R3, Lett. Math. Phys. 103 (2013), 1207-1221.

S. Richard, R. Tiedra de Aldecoa: FExplicit formulas for the Schrédinger wave operators in
R2 C. R. Acad. Sci. Paris, Ser. I. 351 (2013), 209-214.

D.R. Yafaev: Mathematical scattering theory. General theory, Translations of Mathematical
Monographs, Vol. 105, AMS, Providence, RI, 1992.

18



