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ABSTRACT. In this note we provide boundary triplets and Weyl functions for
singular perturbations of Dirac operators, and apply them to investigate Dirac
operators with Lorentz scalar d-shell interactions supported on points in R,
curves in R2, and surfaces in R3. In the one-dimensional situation such a
singular interaction is a rank two perturbation of the free Dirac operator and
can easily be treated with an ordinary boundary triplet. In the multidimen-
sional situation d-shell interactions lead to infinite dimensional perturbations
and here it is more natural to apply generalized and quasi boundary triplets
when proving self-adjointness and spectral properties of the perturbed Dirac
operator. Some of the abstract techniques in this note are closely related and
inspired by the notion of boundary relations introduced by Seppo Hassi and
his coauthors in [23].

1. INTRODUCTION

Singular perturbations of self-adjoint operators play an important role in the
description of idealized quantum systems, where a localized short-range potential
is often replaced by a more singular model potential. More precisely, assume that
Ay is a self-adjoint differential operator in an L2-Hilbert space which is viewed as
the Hamiltonian of an unperturbed quantum system and suppose that V is some
potential such that the formal sum Ay = Ay + V describes the quantum system
under investigation. Standard operator theory techniques ensure that for potentials
V' belonging to certain function spaces the perturbed operator Ay is again self-
adjoint; we refer the reader to the monographs of Reed and Simon [48, 49, 50, 51]
or Kato [40]. However, a detailed spectral analysis of Ay is typically very difficult,
and for this reason the potential V is often replaced by an idealized perturbation
term of d-type, which is then regarded as an approximation of the real model [5, 31].
On the one hand this procedure may simplify the spectral analysis considerably
[1, 16, 19, 39], but on the other hand it may lead to new technical difficulties in the
mathematically rigorous definition of the Hamiltonian itself.

In the case that Ay is the Laplacian in an L?-space and the é-potential is sup-
ported on hypersurfaces in R? (e.g., curves in R?, or surfaces in R?) the standard
quadratic form approach is useful. In this situation, roughly speaking, the per-
turbed operator A, = Ag+ 7y is viewed as the self-adjoint operator corresponding
to the form

(1.1) alf.g] = (VF.Vg)re + / 7 flz gl de,
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where (V f, Vg) 2 is the quadratic form defined on the Sobolev space H! associated
with the Laplacian, and the singular perturbation is encoded in the additive form
perturbation with ¥ denoting the support of the J-distribution, 7 is some real (posi-
tion dependent) coefficient, and f|x and g|sx; denote the traces of the Sobolev space
functions f, g defined in an appropriate way. Of course one has to impose certain
assumptions on the support 3 of the d-potential and the coefficient 7 to ensure that
ain (1.1) is a densely defined closed semibounded form (which then gives rise to a
self-adjoint operator A, ); we refer to [19, 31, 32, 37, 52] for a detailed treatment and
further references. A different approach to the operator A, is via extension theory
techniques in general, and boundary triplet methods in particular (see the recent
monograph [9] and [21, 22, 23, 24, 25, 26, 27] by Seppo Hassi and his coauthors
for an extensive treatment of boundary triplets and further developments). For
the case of point interactions it is well known what type of transmission or jump
conditions the functions in the domain of A, satisfy; cf. [1] for a comprehensive
treatment of point interactions. In the case that the d-distribution is supported
on a hypersurface we refer to [16], where quasi boundary triplets were used for the
first time to define A, as a self-adjoint restriction of a Laplacian that is decoupled
along the support ¥. As in the case of point interactions also in the multidimen-
sional setting one ends up with transmission and jump conditions for the functions
in the domain of A, along the support ¥ of the §-distribution, see also [8, 17, 42].
In conclusion, for the case that Ay is the Laplacian (or some more general semi-
bounded Schrédinger operator) nowadays one may efficiently apply form techniques
or boundary triplet methods to define and study the perturbed operator A, — de-
pending on the particular problem under consideration one method may prove more
useful than the other.

Now assume that the unperturbed operator Ag is the Dirac operator instead of
the Laplacian or the Schrodinger operator. While the Dirac operator describes a
similar physical system as the Laplace operator including relativistic effects (see
Section 3 for more details), the mathematical situation is entirely different: The
free Dirac operator Ag is not semibounded from below and hence standard qua-
dratic form methods are not applicable. Therefore, it is most natural to try to
apply boundary triplet techniques, since these methods do not require any type
of semiboundedness of the operators under consideration. In fact, Dirac operators
with singular interactions supported on points and spheres were already treated
with direct methods in [1, 30, 35], but for more general supports of the singular
potential only recently a series of papers was published [2, 3, 4], which in turn led
to our publications [6, 10, 12, 13] employing the quasi boundary triplet technique.
We also emphasize the recent papers [7, 11, 38, 43, 45, 46] where closely related
techniques were used to study Dirac operators with d-shell interactions.

The main objective of this small note is to provide boundary triplets for Dirac op-
erators with Lorentz scalar interactions supported on a point in the one-dimensional
case, and supported on curves and surfaces in the two- and three-dimensional sit-
uation. This operator is formally given by

Ar = AO + TO‘O(;E,

where «aq is a Dirac matrix defined in Section 3, and Tadyx; describes the Lorentz
scalar d-shell interaction supported on ¥. The one-dimensional setting with a single
point interaction is particularly easy to treat and we discuss in Section 4 a possible
choice of an ordinary boundary triplet, which was also used in [46]. We compute the
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corresponding v-field and Weyl function, and give an expression for the resolvent of
the singularly perturbed one-dimensional Dirac operator. In the multidimensional
setting one observes typical analytic difficulties with trace maps and integration
by parts formulas on maximal operator domains (similar as for the Laplacian or
more general elliptic operators; cf. [14, 15]). It is convenient to extend the notion
of ordinary boundary triplets in such a way that these analytic difficulties can
be circumvented. As in the case of symmetric second order elliptic operators the
concepts of quasi boundary triplets and generalized boundary triplets are useful
and fit in this setting very well. In the present manuscript we allow some flexibility
in the domain of the boundary maps and obtain a family of quasi boundary triplets
that reduce to a generalized boundary triplet in the limit case, where the parameter
describing regularity of the operator domain is minimal; cf. Theorem 5.3. As
in the one-dimensional situation we provide the corresponding ~-fields and Weyl
functions, we discuss the self-adjointness of the operator A, and list some of its
spectral properties. An interesting issue in the multidimensional setting is the
regularity of the support ¥ of the Lorentz scalar -perturbation: From C?2-curves
and hypersurfaces treated earlier in [2, 3, 6, 7, 10, 45] and piecewise C?-curves
studied in [47] we make a substantial step towards more rough supports, and discuss
in Theorem 5.4 the case that X is the boundary of a bounded Lipschitz domain.

2. ORDINARY, GENERALIZED, AND QUASI BOUNDARY TRIPLETS

In this section we briefly recall basic definitions of ordinary and generalized
boundary triplets, quasi boundary triplets, and some related techniques in extension
and spectral theory of symmetric and self-adjoint operators in Hilbert spaces. The
concepts will be presented such that they can be applied directly to Dirac operators
with singular interactions in the next sections. We refer the reader to [9, 14, 15,
20, 28, 29, 36] for more details on boundary triplet techniques.

Throughout this section H denotes a complex Hilbert space with inner prod-
uct (-, -) and S is a densely defined closed symmetric operator with adjoint S*.

Definition 2.1. Let T be a linear operator in H such that T = S*. A triplet
{G,T0,T'1} consisting of a Hilbert space G and linear mappings I'p,I'; : domT — G
is called a quasi boundary triplet for S* if the following holds:

(i) For all f,g € domT the abstract Green’s identity
(Tfa g)'H - (fv Tg)H = (Flfv FO.g)g - (F()fa Flg)g

is true.
(i) The range of I' = (T'y,I';) " is dense in G x G.
(iii) The restriction Ag := T [ ker I'y is a self-adjoint operator in H.
If (i) and (iii) hold, and the mapping I'g : dom T' — G is surjective, then {G,T'¢,T'1}
is called generalized boundary triplet; if (i) and (iii) hold, and the mapping I" =
(To,T'1)T : dom T — G x G is surjective, then {G, Ty, T} is called ordinary boundary
triplet.

We remark that the above (non-standard) definition of generalized and ordinary
boundary triplets is equivalent to the usual one given in, e.g., [9, 20, 28, 29, 36],
see [14, Corollary 3.2 and Corollary 3.7]. In particular, if {G,T'g,T'1} is an ordinary
boundary triplet, then 7" = S*. Note that a quasi boundary triplet, generalized
boundary triplet, or ordinary boundary triplet for S* exists if and only if the defect
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numbers dim ker (S*41) coincide, i.e. if and only if S admits self-adjoint extensions
in H. Moreover, the operator 7' in Definition 2.1 is in general not unique.

Next, we recall the definition of the y-field and the Weyl function associated with
the quasi boundary triplet {G,T,T'1}. These mappings will allow us to describe
spectral properties of self-adjoint extensions of S. Let Ag = T [ ker I'y. Then the
direct sum decomposition

(2.1)  domT = dom Ag+ker (T — \) = ker T'g+ker (T — \), A € p(Ap),

holds. The definition of the v-field and Weyl function for quasi boundary triplets
is in accordance with the one for ordinary and generalized boundary triplets in
[28, 29].

Definition 2.2. Assume that T is a linear operator in H satisfying T = S* and
let {G,T0,T'1} be a quasi boundary triplet for S*. Then the corresponding ~-field
~v and Weyl function M are defined by

p(Ag) 3 A y(A) = (To [ ker (T =)
and
p(Ag) 3 A M(A) =Ty (Tg [ ker (T —N)) "',

respectively.

From (2.1) we get that the y-field is well defined and that ran~(\) = ker (T'— \)
holds for all A € p(Ag). Moreover, dom y(A) = ranT'y is dense in G by Definition 2.1.
With the help of the abstract Green’s identity in Definition 2.1 (i) one verifies that

(2.2) YA =T1(Ag =N A€ p(Ao);

this is a bounded and everywhere defined operator from H to G. Therefore, v()\) is
a (in general not everywhere defined) bounded operator; cf. [14, Proposition 2.6] or
[15, Proposition 6.13]. If {G, Ty, 1} is a generalized or ordinary boundary triplet,
then y(A) is automatically bounded and everywhere defined.

Next, we state some useful properties of the Weyl function M corresponding to
the quasi boundary triplet {G,To,T'1}; see, e.g, [14, Proposition 2.6] for proofs of
these statements. For any A € p(Ap) the operator M(\) is densely defined in G
with dom M (A\) = ranT'y and ran M (A) C ranI'y. Next, for all A\, u € p(Ap) and
@ €ranly one has

(2.3) M) — M(p) e = (A =m)y(p) v(Nep.

Therefore, we see that M (\) C M (\)* for any A € p(Ap) and hence M () is a clos-
able, but in general unbounded linear operator in G. If {G, Ty, T'1} is a generalized
or ordinary boundary triplet, then M ()\) is bounded and everywhere defined.

In the main part of the paper we are going to use ordinary boundary triplets,
generalized boundary triplets, quasi boundary triplets, and their Weyl functions to
define and study self-adjoint extensions of the underlying symmetry S. Let again T'
be a linear operator in H such that T = S*, let {G,T'g,I'1} be a quasi boundary
triplet for S*, and let 9 be a linear operator in G. Then we define the extension Ay
of S by

(24) Aﬁ =T r ker (Fl — 19110),



SINGULAR PERTURBATIONS OF DIRAC OPERATORS 5

i.e. f € domT belongs to dom Ay if and only if f satisfies 'y f = 9T f. If ¢ is a
symmetric operator in G, then Green’s identity implies

(2.5) (Ao f,9)n — (f, Avg)n = (W0 f,Tog)g — (Lo f,Iog)g =0

for all f,g € dom Ay and hence the extension Ay is symmetric in H.

Of course, one is mostly interested in the self-adjointness of Ag. If {G, Ty, T} is
an ordinary boundary triplet, then the situation is simple: Here one has a one-to-
one correspondence between self-adjoint realizations Ay as in (2.4) and self-adjoint
operators and relations ¥ in G. In particular, if ¥ is a self-adjoint operator in G,
then Ay is self-adjoint in H, see, e.g. [9, Theorem 2.1.3] for more details.

If {G,T,T'1 } is a generalized or a quasi boundary triplet, then the self-adjointness
of ¥ does, in general, not imply the self-adjointness of Ay, or vice versa. However,
the following theorem, where we also state an abstract version of the Birman-
Schwinger principle and a Krein type resolvent formula for canonical extensions
Ay, will allow us to give conditions for the self-adjointness of Ay; for the proof we
refer to [14, Theorem 2.8] or [15, Theorem 6.16].

Theorem 2.3. Let T be a linear operator in H satisfying T = S*, let {G,To,T1}
be a quasi boundary triplet for S* with Ag =T | ker T'g, and denote the associated
~v-field and Weyl function by v and M, respectively. Let Ay be the extension of S
associated with an operator ¥ in G as in (2.4). Then the following holds for all
A € p(Ao):

(1) X € op(Ay) if and only if 0 € o, (9 — M(N)). Moreover,

ker (Ag — A) = {v(A\)¢ : ¢ € ker (9 — M(N))}.

(ii) If A & 0p(Ap), then g € ran (Ay— ) if and only if y(X\)*g € ran (9 —M(N)).
(ili) If A ¢ op(Ay), then

(A9 = N9 = (Ao = N)lg + 7N (0 = M) (V)7
holds for all g € ran (Ay — \).

Assertion (ii) of the previous theorem shows how the self-adjointness of an ex-
tension Ay can be proven, if {G, Ty, T'1} is a generalized or a quasi boundary triplet.
If ¢ is symmetric in G, then Ay is symmetric in H by (2.5), and hence Ay is self-
adjoint if, in addition, ran (Ay F i) = H. According to Theorem 2.3 (ii) the latter
is the case, if rany(F4)* C ran (¥ — M (%i)).

3. SOME FACTS ABOUT DIRAC OPERATORS

In this section, a brief introduction to Dirac operators will be presented. These
operators correspond to the right-hand side of the Dirac equation. The free Dirac
equation was derived by P. Dirac when linearising the relativistic energy-momentum
relationship of the energy E and the momentum p = (p1,...,pq) given by

d
E? = Zp? +m2.
j=1

Here and in the subsequent sections, d is the space dimension and m > 0 is the
mass of the particle. Furthermore, the speed of light ¢ and Planck’s constant A
are set to one for simplicity. This can always be realised by a suitable choice of
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units. The usual linearisation approach, as it is carried out for instance in [53],
corresponds to

d d
(3.1) E—Zajpj — mayg E+Zajpj +mog | =0
Jj=1 Jj=1
with matrices a; € CV*N | where N = 2[(#+1)/2] and [] is the Gauss bracket. For
the cases relevant to us we have N = 2 for d € {1,2} and N =4 for d = 3. A
comparison with the energy-momentum relationship above shows that the matrices
o; must be chosen such that they satisfy the anti-commutation relations

(3.2) araj + ojap = 2051y forall k,je{0,1,...,d},

where I,, denotes the n x n-identity matrix. For d € {1, 2} the matrices o; can be
chosen as the Pauli spin matrices

0 1 0 —i 1 0
a1_01_<1 O), 0[2_0'2_<i O> andao—ag—(o _1>

and for d = 3 as the so-called Dirac matrices

o 0 O'j . 12 0
aj_(aj O) and a0—<0 _I2>.
9

ot
of the factors in (3.1), one obtains the free Dirac equation

If one now applies the usual substitution rules i-% and —i% for £ and p; in one
J

9 9

which describes a particle with spin 1/2, such as an electron, that moves in R9.
Here and in the following we use for z = (x1,...,24) € R? the notation
d d 9
a-T = Zajxj and «-V:= ' aja—xj.
j=1 j=1 .
As in the case of the Schrédinger equation, one now defines the free Dirac operator
as the right-hand side of the free Dirac equation by

(3.3) Aof = (—ia- V +may) f, dom Ay = H' (R, CM).

With the help of the Fourier transform it is not difficult to verify that Ag is self-
adjoint in L?(R%;CY) with purely essential spectrum

(3.4) a(Ap) = (—o0, —m] U [m, 00);

cf. [53] or [54]. From a physical point of view there are possible energy states of the
system that are negative and these energies are not bounded from below. This led
to the discovery of anti-particles, as, e.g., in the case of the electron, the positron.

To derive an explicit representation of the resolvent (Ag — A\)~! for A € p(4y),
one uses that (3.2) implies the relation

(Ao — )\)(Ao + )\) = (—A + m2 - )\2) IN7

where —A is the free Laplace operator defined on dom (—A) = H?2(R?). This
implies

(3.5) (Ao — N7 = (—ia- V+mag+ My)(—A +m? =A%) y.
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Using the well-known form of the resolvent of —A, one finds that (A9 — A\)~! is an
integral operator in L?(R%; CV). In order to describe the integral kernel G\ 4(z—v),
we write K; for the modified Bessel functions of the second kind and

A+m A+m
3.6 EA) =X —-—m2 and (= = :
here /z is chosen for z € C\ [0,00) such that Im+/z > 0. For d € {1,2,3} the
integral kernel G 4 is explicitly given by

Gri(z) = %eikmm ( Sgné(x) Sg;—(lz) )

_ kY
S

K (- ik(A)m)% 4 %Ko( —ik(W)[a]) (M2 + mos).

, ile-x)\ 1 el
= I 1— .
Gy s(z) (/\ 4+ mag + (1 —ik(\)|z]) e ) Tnle] e ;

(37) G,\’Q(‘I‘)

cf. [1, 13, 53, 54].

Next, external potential fields are to be considered in which the particle moves.
Since we are studying relativistic effects, these potentials must be invariant under
Lorentz transformations. For a given scalar potential ®, the quantity V = ®,aq is
Lorentz invariant as shown in [53]. This motivates the following formal ansatz for
the Dirac operator of a relativistic quantum particle with spin 1/2 moving in an
external field consisting of a scalar potential ®@,:

A= AO + q)SOéo.

Of particular interest are strongly localized fields which only have an effect in a small
neighbourhood of a set ¥ ¢ R? with measure 0. An example for a field of this kind is
the quark confinement inside a nucleon in form of the MIT bag model. To describe
these strongly localized fields it is often a useful simplification to replace them by
d-potentials which are supported on ¥. In the following we consider a Lorentz
scalar potential which is strongly localized in a neighbourhood of the hypersurface
¥ ¢ R? and approximate it by a d-potential supported on ¥.. Applying the formal
ansatz above for the Dirac operator yields the formal expression

(38) A, = Ag + Tagds

with interaction strength 7 € R. In the following sections, this operator will be
defined in a mathematically rigorous way and its properties will be studied. Re-
call from (3.4) that the free Dirac operator Ay is not bounded from below and
hence the usual form approach to construct self-adjoint realizations with singular
perturbations is not applicable.

4. ONE-DIMENSIONAL DIRAC OPERATORS WITH LORENTZ SCALAR §-POINT
INTERACTIONS

In this section, one-dimensional Dirac operators with Lorentz scalar d-interactions
supported on ¥ = {0} will be investigated. The following results are well known,
see for instance [46], but are presented here for the sake of completeness. In par-
ticular, the methods used and the results obtained in the discussion will serve as
a motivation for the analysis of two- and three-dimensional Dirac operators in the
following section.
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As already mentioned in the previous section, it is well known that the free Dirac
operator

Aof = fialdif + mosf, dom Ag = H' (R; C?),
xr

is self-adjoint in the Hilbert space L?(R,C?). In accordance with (3.8), Lorentz
scalar J-interactions shall now be considered, which are represented by the formal
expression

(41) A, = Ay + To3dsx.

Here 7 € R corresponds to the constant interaction strength. Following the usual
construction of self-adjoint realizations of the expression above as in [1], one first
defines the symmetric operator

Sf:= (—ial %ﬂ_ + m03f+) &) (—io*l %f_ + magf_> ,
dom S := Hj ((0,00); C?) & H((—o0,0); C?).

Here the orthogonal decomposition L?(R; C?) = L2((0, 00); C?) & L?((—o0,0); C?),
as well as the notation f = f, @ f_ for a function f € L?(R;C?) is used. It can be
shown that the adjoint operator S* acts in the same way as S, but has the larger
domain dom S* = H'((0,0); C?) @ H*((—o0,0); C?). In the next step, self-adjoint
extensions of S are defined by restricting S* to a suitable domain of definition.
This domain is characterised by imposing certain coupling conditions on ¥ = {0},
which are found by a formal integration of the expression (4.1). In the present case
the coupling conditions have the form

i (£2(04) = 20-)) = 5 (1(0+) + F1(0-)),
i (f1(0+) = f1(0-)) = (f2(0+) + f2(0-)).

(4.2) -
2
Next, we define the two linear mappings I'g,I'; : dom S* — C? by the assignments

_(f2(04) = f2(0-) 1 f1(0+) + f1(0-)
(43) Fof =~i (f1(0+) - f1(0—)) and - Tif =5 <f2(0+) + f2<0—>> '

Using these boundary maps one obtains the equivalent representation
Dof + 7031 f =0, f € dom S*,
of the above coupling conditions.
Proposition 4.1. The triplet {C?,To,T1} is an ordinary boundary triplet for S*.

Proof. Integration by parts and a straightforward computation shows that the ab-
stract Green’s identity in Definition 2.1 is valid. If one defines the function

flx) = % <2i) sgn (z)e”1*! 4 (2) e’l7l zeR,
for a given vector (c1,cz,c3,cq) € C*, then f € dom S* and the surjectivity of the
mapping (T'p,T1) " : dom S* — C* follows. This shows (ii) in Definition 2.1. Finally,
to show that Definition 2.1 (iii) holds, notice that the restriction Ag = S* [ ker I'g
corresponds to the free Dirac operator. [
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Using the ordinary boundary triplet from Proposition 4.1, one can now define
the operator
AT = S* r ker(I‘o —+ TJgFl),

which is interpreted as the realisation of the formal expression (4.1) on the basis
of the coupling conditions (4.2). Due to 7 € R it follows immediately that A, is
a self-adjoint operator in L?(R;C?); see the discussion before Theorem 2.3. Note
that in this case ¥~! corresponds to —7os, which is self-adjoint.

Next, we derive an explicit resolvent representation of A, and characterise its
spectrum. For this purpose, the first step is to determine the v-field and the Weyl
function of the ordinary boundary triplet from Proposition 4.1. To simplify the
presentation, we first define the two functions

fi(z) = % ( SgnC(x) )eik(k)|m| and fo(z) = % ( Sgglf(fj) )eik(k)z

with k(\) and ¢ defined as in (3.6). Note that these functions form a basis of
ker(S* — A) for all A € p(Ag) and are mapped to the basis vectors (1,0) and (0,1)
of C% by I'g. A simple computation now shows that the y-field is given by

0 ()| @ =)+ ant = e (8= ) (8

for (&1,&2) € C? and x € R, while the Weyl function corresponds to the matrix

M(A)zé(é <91 )

Note that the z-dependent part in the representation of the «-field corresponds to
the Green’s function of the free Dirac operator. This will remain valid also in the
multidimensional considerations in the next sections. Using the above representa-
tions of the ~-field and the Weyl function the next result follows from Theorem
2.3.

Proposition 4.2. For all A\ € p(A;) N p(Ag) and f € L*(R;C?) the resolvent
formula

(Ar =N (@) = (Ao = V) f()

T ¢ k(]| ) ( ¢ ) k() |z
WIS (( —sgn () )e o ey \ 80 (2) ’

¢ —sgn () iMA)¢> < sgn (z) ) k()
2(2¢ —ir) << ¢! >e & L2(R;C2) ¢t ‘

is valid for all x € R. Furthermore, the spectrum of A, is given by
Oess(Ar) = (=00, —m] U [m, 00)
0 Lif T >0

Proof. From Theorem 2.3 (iii) the representation
(Ar =N = (Ao = N7 —v(N)7os(I +TM(N)os) "'y (N)* f

follows for all A € p(A;) N p(Ag). After a simple calculation using the above
expressions for the «-field and the Weyl function one obtains the claimed resolvent
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representation for all f € L?(R;C?). The statement about the essential spectrum
follows from the fact that both A, and Ag are self-adjoint extensions of the operator
S, which has the finite defect indices (2, 2). It remains to show the claim about the
discrete spectrum. Notice first that ogisc(A-) € (—m,m) C p(Ag). Thus, it follows
from Theorem 2.3 (i) that A € oqisc(A;) if and only if 0 € o(I + 7TM(N\)o3). The
eigenvalues of this matrix can be determined quite elementarily and one obtains
the defining equations

24+it¢ =0 or 2¢—1iT=0.

Due to the choice of the complex square root in the definitions of ¢ and k(\) it
follows in the case that the first equation is valid that an eigenvalue exists if and
only if 7 < 0. This eigenvalue is then given by \; = m(4 — 72)/(4 + 72). If the
second equation holds, then a similar reasoning yields the eigenvalue Ao = —X;. O

5. BOUNDARY TRIPLETS FOR TWO- AND THREE-DIMENSIONAL DIRAC
OPERATORS WITH SINGULAR INTERACTIONS

In this section we use similar boundary mappings as in Section 4 to construct
boundary triplets for Dirac operators with é-shell interactions in R? and R3. How-
ever, by translating the boundary mappings in (4.3) directly to the higher dimen-
sional setting one obtains a generalized or quasi boundary triplet instead of an
ordinary boundary triplet. Before we can introduce the boundary triplets, some
preliminaries related to function spaces and trace theorems are needed. For smooth
surfaces similar boundary triplets and Sobolev spaces were used in [6, 7, 10, 38] and
[13, 18, 45], respectively; it is one of the main goals in this note to extend these
constructions to closed Lipschitz smooth hypersurfaces. As an application we prove
that Dirac operators with Lorentz scalar §-shell interactions supported on general
compact Lipschitz hypersurfaces are self-adjoint.

5.1. Sobolev spaces for Dirac operators and related trace theorems. Asin
Section 3 the space dimension is denoted by d € {2,3} and N := 20(d+1)/2] " where
[[] is the Gauss bracket. Consequently, we have N = 2 for d = 2 and N = 4 for
d = 3. Let ag,...,aq be the d + 1 anti-commuting CV*"-valued Dirac matrices
defined in Section 3.

Throughout this subsection let  C R? be a bounded or unbounded Lipschitz
domain with compact boundary and denote by v the unit normal vector field at
0. For s € [0,1] we define the space

H3(Q;CN) = {f € H*(QCN) : (- V) f € L*(;CN)},

where the derivatives are understood in the distributional sense and H*(2; CV) is
the standard L2-based Sobolev space of order s of CV-valued functions, and endow
it with the norm

112 ey = I e ueny + e V) fllZ2aem)-
One can show with standard techniques that HZ(Q;C") is a Hilbert space and
that C5°(€;CV) is dense in HZ(Q;CY); cf. [18, Lemma 2.1], [10, Lemma 3.2], or
[45, Proposition 2.12] for similar arguments. Moreover, with the help of the Fourier
transform it is not difficult to see that H2(R%; CY) = HY(R?; CY) for any s € [0, 1].
In the following lemma we state a trace theorem for H3(Q; CV) for s > 1.
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Lemma 5.1. For s € [3,1] the map C&(Q;CN) 5 f — flaq extends to a unique
continuous operator yp : HS(Q; CN) — H*~1/2(9Q;CV).

Proof. For s € (3,1] the claim follows from the classical trace theorem [44, The-
orem 3.38], as H5(€; CV) is continuously embedded in H*(€;CN). For s = 1 we
consider for s1, s5 € R the Hilbert space

(5.1) H 2 (;CN) = {f € H*(;CN) : —Af € H>(Q;CY)}
endowed with the norm
112 s.mm ey = 17 ges ey + A e ey

It follows from [34, Lemma 3.1] that there exists a continuous trace map from
HY*7H(Q) to L2(09). Since (3.2) implies (a - V)2 = —A in the distributional
sense, mY? (€2;CYN) is continuously embedded in HZ/Q’_l(Q;(CN). This yields the
claim also for s = % O

Using Lemma 5.1 and the fact that C5°(Q;CY) is dense in HZ(2;CY) one can
show for all f,g € H(Q;CN), s € [%, 1], the following integration by parts formula:

(5.2) /Qz'(OwV)f'ﬁd:c:/é)Qi(aou)f~§da+/Qf-i(O¢~V)gdx.

In the construction of boundary triplets for Dirac operators with singular inter-
actions some families of integral operators related to the fundamental solution G 4
given in (3.7) are required. Let 3 C R? be a closed bounded Lipschitz hypersurface
and let 4 be the bounded Lipschitz domain with 0, = 3, let v be the unit nor-
mal vector field at ¥ pointing outwards of Q, and let Q_ := R4\ Q. We introduce
for A ¢ (—o0, —m] U [m, 00) the potential operator @y : L2(X;CN) — L?(R4;CV)
by

(53)  Brplx) = / G — )e()do(y), ¢ LA(S:CY), z € RI\ S,

and the strongly singular boundary integral operator Cy : L?(%; CY) — L2(3;CN)

acting as

(5.4) Chrp(x) :=lim Gra(r —y)e(y)do(y), ¢e LX(Z;CN), z €%,
ENO S\ B(z,e)

where B(x,¢) is the ball of radius € centered at xz. Both operators ®, and Cy are
well defined and bounded, see [2, Lemma 3.3] and the references there. Moreover,
for A € (—m,m) the operator Cy is self-adjoint in L?(X;C"). In the next lemma
we improve the mapping properties for .

Lemma 5.2. For any X\ € p(Ag) the operator @ gives rise to a bounded map
®y : L2(3;CN) —» HY2(RE\ =;CM).

Proof. Let SL(u) = (—A — p) =14/, be the single layer potential for —A — y, where
7 is the dual of the Dirichlet trace operator. Using that (3.2) implies (a-V)? = A
in the distributional sense one gets

By = (—ia -V +mag + AIy)SL(A2 — m?) Iy,
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see also (3.5). Since SL(A?2 —m?) : L?(2) — Hi/Q’O(]Rd \ ¥) is bounded, where
HZ/Q’O(Rd \ X) is defined by (5.1) (this follows, e.g., from [33, Equation (2.127)]),
the claimed result follows. O

Finally, we note that for ¢ € L2(X;C") the trace of ®)¢, which is well defined
by Lemmas 5.1 and 5.2, is given by
i

2(04 V) +Cap,

(5.5) V5Prp = F

where 7% denotes the trace operator for Q4 ; this can be shown in the same way as
in [2, Lemma 3.3] or [13, Proposition 3.4].

5.2. Quasi boundary triplets and generalized boundary triplets for Dirac
operators with singular interactions. In this subsection we follow ideas from
Section 4 and introduce a family of quasi boundary triplets for Dirac operators;
similar constructions can also be found in [6, 10]. Let Q, C R? be a bounded
Lipschitz domain, set Q_ := R4\ Q, and ¥ := 902, = 92_. We denote by v the
unit normal vector field at ¥ that is pointing outwards of Q. In the following we
will often denote the restriction of a function f defined on R¢ onto Q4 by fi.
We introduce for s € [0, 1] the operators T¢) in L?(R% CN) by

T f = (—i(a- V) +mao) fr & (—i(a- V) +mag)f-,
dom T == H3(Q4;CV) & H3(Q-; CN),
and S :=T) | H}(R?\ £;CN), which is given more explicitly by
Sf=(—ila-V)+mao)f, dom S = H}(R?\ =;CV).

The operator S is densely defined, closed, and symmetric. Using standard argu-
ments and distributional derivatives one verifies that

5+ =10 and (TO) = 8.

Next, we introduce for s € [%,1] the mappings Fés),I‘gs) : dom T — L2(%;CN)
by

(66)  TEf=ilon)(Fils — fls) and TEFi= S(fls + fols)

and note that 1"(()5) and ng) are well defined due to Lemma 5.1. In order to charac-
terize the range of Fés), we introduce the space

H3(Z;CN) = {p € L2(Z;,CN) : (a-v)p € H*(E;CV) },
where H*(%; C) denotes the standard Sobolev space on ¥ of C-valued functions.
If ¥ is Ch*t¢-smooth for some ¢ > 0, then H:(X;CN) = H*(Z;CN), cf. [12,
Lemma A.2]. In the following theorem we show that the mappings Fés) and ng)
in (5.6) give rise to a quasi boundary triplet for S* and we compute the associated

~-field and Weyl function. Recall that Ay is the free Dirac operator defined in (3.3)
and that ®, and Cy are the mappings introduced in (5.3) and (5.4), respectively.

Theorem 5.3. Let s € [%, 1]. Then the following holds:
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(i) The triplet {LQ(E; cN), F(()s), ng)} is a quasi boundary triplet for S* = T()
with T | ker Fés) = Ay, and one has

(5.7) ranT(") = H:~1/2(5; V).

In particular, {LQ(E; (CN),FE)UQ), F§1/2)} is a generalized boundary triplet.
(ii) For A € p(Ag) = C\ ((—o0, —m] U [m, 00)) the values ¥(*)(\) of the y-field
are given by
Y = @ T HITHA (V).
FEach ’y(s)(/\) is a densely defined bounded operator from the Hilbert space
L2(%;CN) to L2(R%;,CN) and an everywhere defined bounded operator from
HZﬁl/Z(E; CN) to H3(R?\ ¥;CN). Moreover,
AN L2(REGCN) — L2z V)
1§ compact.
(iii) For A € p(Ag) = C\ ((—00, —m] U [m,0)) the values M) (\) of the Weyl
function are given by

MO (\) =Cy | HEY2(3; ).

Each M) ()\) is a densely defined bounded operator in L*(X;CN) and a
bounded everywhere defined operator from H§_1/2(E; CN) to H*~1/2(x;CN).

Proof. Let s € [3,1] be fixed. First, we show that { L*(3;C"), Fés), ng)} is a quasi

boundary triplet. For this we note that T() = T(0) = §* as C5°(Q; CN) is dense
in H9(Q4;CN) and the norm in H2(R3\; CV) and the graph norm induced by 7
are equivalent. Next, we verify that Green’s identity in Definition 2.1 (i) is fulfilled.
For thislet f = fy @ f_, g =g+ ®g_ € domT® = H3(Q;CN) @ H:(Q_;CN).
Then integration by parts (5.2) applied in Q4 yields

(=il V) +ma0)fe,92) 2o, ony — (fa (=ila s V) +ma0)gs) 12, on)
=+(—i(a- V)f:t|2a9:|:|2)L22;CN)’

where it is used that —v is the normal vector field pointing outwards of Q_. By
adding these two formulas for Q0 and Q_ one arrives at Green’s identity.

Next, we show that 7¢9) | ker I‘és) = Agy. As the free Dirac operator Ag is self-
adjoint, this shows that T | ker I’(()S) is self-adjoint. The inclusion Ag € T®) |
ker ng) is clear. To verify the converse inclusion, let f € ker Fés). Then Green’s
identity yields for any ¢ € C5°(R%; CV)

(58) (f7 _i(a : V)@) L2(R3;CN) = ((T(g) - maO)fa <P) L2(R3;CN)"
Hence, (o - V)f € L?(R4;CY), which shows f € H:(R%:CVN) = HY(REGCN) =
dom Ay. Therefore, we conclude that 7() | ker Fés) = Ag holds.

It remains to prove that ran (1"85)7 F:(LS)) is dense in L?(%;CN) x L2(%;CV). For
this, we prove
(5.9) ran (T{7 | ker T{") = HY/2(x; CV)
and
(5.10) ran (0% | ker T{) = H/2(2; V).
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To see the inclusion ”C” in (5.9) we note that any function f € ker ng) satisfies
fils = —f_|s. One can show as in (5.8) that f, @ (—f_) € H:(R%CN) =
HY(R%CYN) and thus, f € HY(Qy;CY)@ HY(Q_; CN). Therefore, the definition of
(" yields the claimed inclusion. For the converse inclusion let ¢ € Ha/?(;CN).
Choose fi € H'(Q4;CV) such that fi|s = Fi(a-v)p. Then f € ker ng) and
F(()S)f = . Since this can be done for all ¢ € oy? (3;CYN), we have shown (5.9).

To verify (5.10) note that the inclusion ”C” follows from ker T'{") = H!(R%; CN)
and the definition of ng). For the converse inclusion let ¢ € H'/?(2;CY). Choose
f € HY(R4,CV) such that f|s = . Then f € ker ng) and ng)f = ¢. Since
this can be done for all ¢ € HY?(3;CVN), we have verified (5.10). Hence, we
have shown that {LQ(E; cM), ng), ng)} is indeed a quasi boundary triplet for all
s € [$,1]. Thus, besides formula (5.7) assertion (i) is shown. Equation (5.7) will
be proved together with items (ii) and (iii).

Next, we show that v(®)(\)* is compact for all s. Formula (2.2) implies that
YO = T (49 — M)~ Since (A9 — V)7L @ LARYCY) - HYRYCV) is
bounded, we see that v(¥)(\)* is actually independent of s and furthermore, that
Y& (A 2R CN) — HY?(3;CVN) is also bounded. Since H'/2(X%;CN) is com-
pactly embedded in L?(X;CV), the claimed compactness of 4(*)(\)* follows.

In the next step, we show items (ii) and (iii) and (5.7) for s = 3. Consider for
¢ € L?(%;CN) the function fy := ®xp. Then fy € Hé/Q(Rd \%;CN) = dom 7(1/2)
by Lemma 5.2 and by (5.5) we get I’(()l/z)f)\ = . Therefore, ran Fglm) = L}(%;CN),
which is (5.7) for s = 3. Moreover, as G 4 in (3.7) is a fundamental solution for
the Dirac equation the definition of ®, shows that

(T2 — N fi=0 inRM\X.

Hence, 7/2()\) = ®,. Eventually, using the definition of T{"/? and (5.5) we
conclude M1/2(\) = Cy and thus, M1/2)()\) is bounded in L*(Z;CN). This
shows all claims for s = %

Next, we prove (ii) and (iii) for s = 1. First dom 7™ = H'(R4\ 2; CV), the def-
inition of Fél), and (5.9) imply ran F(()l) = Hém(E; CN). As {LZ(E;(CN),F(()I),Fgl)}
is a restriction of the triplet for s = % we deduce from the already shown results
that

YD) =12 () [ ranTY = @y | HY?(5;CV)
and
MO = M2 (N [ ranT( = ¢\ | HY?(3; V).

Using the closed graph theorem and the fact that Hol/Q(Z; CN) and HY(R?\ ;CV)
are boundedly embedded in L?(¥;CY) and L?(R?; CV), respectively, one gets that

*y(l)(/\) : ranFél) = Hg/Q(Z; cMy - dom T = HY(RY\ =;CV)
is bounded as well. The mapping properties of the trace map yield that also
MO ) ranF(()l) =HY?(z;¢N) = raanl) = H'Y?(z;CN)

is bounded. Hence, all claimed statements for s = 1 are shown.
In order to obtain the claimed results for s € (%, 1), we note first that an interpo-
lation argument shows that @y : H°~/2(%;CN) — HS(R?\ %;CY) = dom T®) is
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bounded. Together with (5.5) this shows that ran ng) = H;_l/Z(E;CN), ie. (5.7)
for s € (3,1). Hence, we have v(*)(\) = @, | {;71/2(2; C™) and the trace theorem
shows that M) ()\) = ng)w(s)()\) : H(i*l/z(Z;(CN) — H*~Y2(2;CN) is bounded.
Thus, all claims are proved. O

In the next theorem we study the self-adjointness of a Dirac operator A, with
a Lorentz scalar d-shell interaction of strength 7 € R\ {0}, which is formally given
by —i(a - V) + mag + Tapds. In a similar way as in (4.2) we define A, by

A, =T1/2) | ker (1“(()1/2) + Taor(ll/z)).

The operator A, is given more explicitly by
A f = (—i(a- V) +ma) f+ & (—i(a- V) + mag) f—,

dom A, = {f € HY2 @\ Z:CY) sila-v)(fels — f-I5) + Sao(fels + F-I)}

and it was investigated under various assumptions in [7, 13, 38, 47]. In the following
theorem we show, for the first time, the self-adjointness of A, when the interaction
support ¥ C R? is an arbitrary closed bounded Lipschitz smooth hypersurface.

Theorem 5.4. For any 7 € R\ {0} the operator A, is self-adjoint in L?(R%;CN)
and the following holds:
(i) For A € p(A;) the resolvent of A; is given by

1 —1
(AT — )\)_1 = (AO - )\)_1 —d, (TOé() + C)\> (P}

(i) Oess(Ar) = Tess(Ao) = (—00, —=m] U [m, 00).

(iil) oaisc(Ar) is finite and X € oaisc(A+) if and only if 0 € Up(%ao +Cy).
Remark 5.5. By Theorem 5.4 the operator A, is self-adjoint defined on a subset
of H(l/z(Rd \ 3;CN). If ¥ is a smooth hypersurface, then it is known that A, is
self-adjoint and dom A, C H'(R%\ 3; CV), see [13, 38]. However, for more general
Lipschitz smooth hypersurfaces this smoothness in the operator domain can not
be expected, as it is shown explicitly in [41, Remark 1.9] in the two-dimensional
setting for polygonal domains.

Proof of Theorem 5.4. In order to show the self-adjointness of A, it suffices, ac-
cording to Theorem 2.3 and the following discussion, to verify

1
ran (T{"/% (A +4)7") = H'/?(£5C) C ran (7'040 + M:(I:li/Q))

1
= ran (ao + Cii) .
T

In order to see this, we prove that %ao + Cx; is bijective in L2(X;CVN). First, we
note that %ozo + C4; is injective, as otherwise the symmetric operator A, would
have the non-real eigenvalue i by Theorem 2.3. Next, by (2.3) we have that

Cay = M2 (1) = MY (0) + iy /D (0)* /D (1) = Cy + K

and note that K; = +ivy(1/2(0)*y(1/2)(£i) is compact in L?(X; C) due to Theo-
rem 5.3 (ii). Next, we compute

(5.11)

1 S| 1
<7_Oto + C:I:i) = ﬁfzv +C3 + ;(Oéocii + Caiag) + K2, + CoKai + K1iCo.



16 J. BEHRNDT, M. HOLZMANN, C. STELZER, AND G. STENZEL

Since Cy is self-adjoint, the operator %I ~N + C2 is a strictly positive self-adjoint
operator and hence it is a Fredholm operator with index zero. Next, due to the
anti-commutation relation (3.2) it is not difficult to see that

%(aocii + Ciiao) = %(2771 + 2ia0)S(—m2 - ].),

where S(v) is the single layer boundary integral operator for —A — v. According
to [39, Lemma 3.4] the latter operator is compact. Since also K; is compact, we

conclude that (Lag + Cii)Q must be a Fredholm operator with index zero. Since

%ao + C4; is injective, we conclude that (%ao + Cii)z is also injective and hence,
as it has Fredholm index zero, it must be surjective. Therefore %ao + C4; is also
bijective. This shows that (5.11) holds and thus, A; is self-adjoint.

Next, by Theorem 2.3 the claimed resolvent formula in (i) holds for A = +i.
The map %ao + C4; is bijective and hence boundedly invertible. This, the mapping
properties of ®4; and ®%; from Theorem 5.3, and Krein’s resolvent formula imply
assertion (ii). The resolvent formula in item (i) for A € p(A;) is now a direct
consequence of Theorem 2.3. The fact that cgisc(A;) is finite can be shown in the
same way as in [13, Proposition 3.8], while the Birman Schwinger principle in (iii)
follows again directly from Theorem 2.3 and the representation of A/(1/2) (M) from
Theorem 5.3. ([l
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