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Spectral properties of quantum mechanical
operators with magnetic field

Mikael Persson

Abstract: This thesis contains four papers on spectral theory of magnetic
quantum operators in even dimensions.

In the first two papers we consider the interaction of a charged particle
with spin 1/2, such as the electron, and a very singular magnetic field in
two dimensions. In quantum mechanics this situation is described by the
Pauli Hamiltonian. The singularities of the magnetic field enables several
different self-adjoint Pauli Hamiltonians to exist, each of them describing
the situation differently. It is the different ways the particles interact with
the singularities of the field that gives different realizations.

We discuss some natural physical properties that the Pauli Hamiltonian
should satisfy, and compare some of the extensions. The result is that no
realization studied satisfies all the wanted properties. Along the way we
show how many bound states the different extensions have, giving some
variants of the classical Aharonov-Casher theorem.

In the third paper, we study the Pauli operator corresponding to a regular
magnetic field in higher even-dimensional Euclidean space. We try to cor-
rect a mistake in a paper from 1993 about the number of bound states, and
succeed partially. The main result in the third paper is that zero is not an
eigenvalue if the magnetic field decays faster than quadratically at infinity.
However, if the magnetic field decays quadratically, then zero might be an
eigenvalue, and we give a lower bound for its multiplicity. The methods
are based on complex analysis which restricts the types of magnetic fields
studied.

In the fourth paper we consider perturbations of the Landau Hamilton-
ian in even-dimensional Euclidean space. We perturb by introducing a
compact obstacle, imposing magnetic Neumann conditions at the bound-
ary. Several different perturbations of the Landau Hamiltonian have been
studied lately, such as perturbing by electric field, magnetic field and by
an obstacle with Dirichlet boundary conditions. For weak perturbations
the rate of accumulation of the eigenvalues are the same for the different
perturbations.
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Introduction

The influence on a spin-free particle of charge g from a magnetic field B and
a potential field E, both constant in time, in three-dimensional Euclidean
space is in classical Newtonian physics given by the so-called Lorentz force

F= q(fi x B + E)
Here v is the velocity of the particle. According to Newton’s second law, this
should equal mv, where m is the mass of the particle. The energy of the
system is described by the Hamiltonian H, which is given by the sum of
kinetic and potential energy

H=—(5-qa}+V (1.1

. p—-q . .

Here p is the momentum of the particle, p = mv + gd, d is the magnetic
vector potential, B = curld, and V is the potential energy, VV = —gE. These
two last conditions imply that B is divergence-free and E is rotation-free,

{diVB =0; (1.2)

curlE = 0.

These equations are called the Maxwell’s equations. In Section 1 we transfer
the concept of magnetic fields from R to R”, n > 2, and introduce different
kind of magnetic potentials.

According to the correspondence principle, quantities in classical physics
should correspond to operators in quantum physics. The momentum oper-
ator p is given by p = —iV, where #i denotes the Planck constant divided
by 27. The energy operator H in (1.1) becomes

1 . ~
H = o (~ihV - qga)’ +V.

In this thesis we work without potential field E, and we choose dimension-
lessunits /i = 1, g = 1 and m = 1/2, so the Hamiltonian H reads

H=(-iv-a)’.

To define H in a satisfactory way, we have to tell on what kind of functions
it should operate. This is in general a nontrivial task, which we will discuss
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more in Section 2. We will return to the Hamiltonians and the quantum me-
chanics in Section 3. In Sections 4-6 we discuss the four papers in this thesis
and put them into their context. We end this introduction by discussing
some open problems and suggestions for further research in this topic in
Section 7.

1 Magnetic fields

In this section we discuss the notion of magnetic fields in R” in general,
magnetic vector and scalar potentials and the Aharonov-Bohm magnetic
field in R*.

1.1 Magnetic fields in Euclidean space

A common object we study in all papers in this thesis is the magnetic field,
which by definition is a field that satisfies Maxwell’s equations, which in
three dimensions, as we just saw, says that the field B should be divergence-

free. If we write B = (B1, B3, B3), then this means that
0By 0B, O0Bs
—t—+—=0 (1.3)
ox!  ax%2  ox3

Here and elsewhere we use the standard coordinates x = (x!,...,x") in R".
Let us introduce the 2-form

B(x) = Bg(x)dx! A dx? + By (x) dx?® A dx® + B (x) dx® A dx!.
Then (1.3) is equivalent to the equation
dB =0, (1.4)

where d denotes the exterior derivative. It turns out that (1.4) is a form
of Maxwell’s equations for a magnetic field that is easily generalized to n
dimensions. Thus, by a magnetic field B in R” we mean a real 2-form B
satisfying dB = 0, i.e. a real closed 2-form. Any magnetic field B can be
written as

B(x) =) bjrx)dx/ A dxF,
j<k

where b \ are real-valued functions. With this notation equation (1.4) be-
comes
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0=dB = i 3
j<k<l ox 0x ox’

In this thesis we only work in even dimensions. In the following example we
see how the two-dimensional case fits into R3.
Example 1.1 A magnetic field in R? is just a real two-form

B = by, dx' A dx?

All such forms are automatically closed, so equation (1.4) is superfluous. We
see that we have the same situation if we introduce a third coordinate x>
but let the magnetic field be the same, not depending on x3. Then, as we
saw in the previous example, it is identified with the magnetic field

B = (O, 0, blyz(xl,xz)).

Hence, in two dimensions we can interpret the magnetic field as something
two-dimensional or we can introduce a third coordinate x> and think of the
magnetic field as a vector field orthogonal to the plane x* = 0. For simplicity
we identify the magnetic field B with the function b, .

1.2 Magnetic vector potentials

Given a magnetic field B there exists by the Poincaré lemma a one-form

n
alx) = Z a;(x) dx/ (1.5)
j=1
such that
oa oa; .
B = dazZ(—lf——;) dx’ A dxF.
i<k \0x!  0x

The one-form a is usually called the magnetic one-form or the magnetic
vector potential. The latter term is motivated by the identification of the
one-form a in (1.5) and the vector

a=(a,...,a,).

The solution a to the equation B = da is not unique. In fact, given one such
solution a, another one is given by @ = a + df, where f is a not too singular
function. This follows easily by the fact that d* = 0,
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dd = d(a + df) = da + d°f = B.
The choice of magnetic one-form is referred to as the choice of gauge.
Example 1.2 To the constant magnetic field of strength By in R?,
B = Bydx! A dx?,

one usually works in the symmetric gauge

B
a(x) = ?0 (—x2 dx! + x! dxz).

Another choice is the Landau gauge, given by d(x) = —Byx? dx!.

1.3 Scalar potentials

In some situations it is also possible to associate a scalar potential W to a
magnetic field B. A scalar potential W in two dimensions is by definition a
function W:R? — R satisfying

—AW dx! A dx? = B,
or just
—-AW =B,

since we often identify the magnetic field and its coefficient function in two
dimensions. We note that the scalar potential is unique only up to addition
of harmonic functions. Since —Alog|x| = 27d in the sense of distributions,
one choice of W is

1
W(x) = —f B(y)loglx — yldm(y), (1.6)
21 Jre

at least when the magnetic field B is sufficient regular so the integral makes
sense. Here, and elsewhere, dm denotes the Lebesgue measure.

In higher dimensions it is not clear in general what one should mean by
a scalar potential. However, in even dimensions it is possible to introduce a
suitable notion for special types of magnetic fields. Let

B(x) =) bjrx)dx/ A dxF (1.7)
Jj<k



be a magnetic field in R?. We identify the point x = (x!,...,x%%) in R*
with z = (z',...,2%) in C?, where z/ = x%~! + ix?/, and define tangent and
cotangent vectors by

0 1 0 .0
—_— == -1,
0z/ 2 \ogx%1 0x%

0 1 0 .0
— ==t 11—,
0z/ 2 \ox%-1 ox¥
dz/ = dx%¥! +idx2j, and
dz/ = dx¥ 71— jdx?¥.

In the case d = 1 we write z = x! + i x2.

Written in complex terms, the magnetic field (1.7) can be written as a
sum of (1, 1), (2, 0), and (0, 2) type forms as

d d d
B(2)= ) bjr(2)de/ AdZ"+ ) b () de/ ndF+ Y 6] (2)d2T A d2",
jk=1 jk=1 jk=1

The magnetic field B is of type (1, 1) if b},k = b;'/,k = 0forall j and k, i.e. if it
can be written in the form

d
B(z)= Y bjk(2)dz A dzF. (1.8)
jk=1

To such a (1, 1)-type magnetic field one can associate a scalar potential in
the sense that

d 2

— 0w .
B =2i00W = -2i ) ———dz/ A dZ". (1.9)
jok=1 0z10z

In R? all magnetic fields are of type (1, 1), and we see that the latter definition
of scalar potential agrees with the first one,

o’w

= _ 1 2
azazd“ dz = -AW dx" A dx~°.

B =-2i

Proposition 1.1 Let B be a magnetic field of type (1,1) in R*? with smooth
coefficient functions. Then there exists a smooth function W that is a scalar
potential to B in the sense of (1.9).

Proof See Lemma I1.2.15 in [Wel80]. 0
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1.4 Aharonov-Bohm magnetic fields

Above, we have not given any regularity restrictions on the coefficient func-
tions b; ;. of the magnetic field. In the first two papers we work with very
singular magnetic fields in two dimensions. In the paper [AB59] a magnetic
field having support in only one point was introduced. Mathematically, the
coefficient function of such a magnetic field is the Dirac delta distribution,
so the magnetic two-form becomes a current. Such a magnetic field is called
an Aharonov-Bohm (AB) solenoid. An experiment was proposed in [AB59]
where one has a source sending electrons along two different paths, y; and
Y2, running on different sides of the support of the AB solenoid. On the
other side an observation screen is receiving the electrons, see Figure 1.1.
They proposed that even though the electrons did not travel in any magnetic
field, there would be a phase shift in the wave functions. This is called the
AB effect, and has later been verified in experiments, see [Cha60]. It seems
that a similar effect was proposed in [Lon48]. More information about the
AB effect can be found in [PT89], and the references therein.

1 observation screen

AB solenoid

71 Y2

® electron source

Figure 1.1 The experiment proposed by Aharonov and Bohm.

Even though the magnetic field is zero outside the singular point, the mag-
netic one-form is not. This suggests that the magnetic one-form is not just a
mathematical fiction, but actually something with a physical meaning. Let
us write the formulas for the AB field and its potentials. We introduce an AB
solenoid at the origin. Then

B(x) = 2mad(x) dx' A dx?,

where «a is called the AB intensity (we use the term intensity for the flux
divided by 27) of the solenoid. It is easy to see that the one-form



a
a(x) = W(—x2 dx' +x' dx?)
X
satisfies da = B and that the function

W(x) = aloglx|

satisfies —AW dx! A dx? = B in the sense of distributions.

2 Self-adjoint operators

In this section we take a closer look at self-adjoint operators. General ref-
erences for this subject are [Kat76, Wei80, BS87, AG93], and the classical
series of books [RS80, RS75, RS79, RS78]. We recall that a Hilbert space H is
a vector space that has an inner product (:, -) such that the metric defined
via the norm | - | = v/, ) in the natural way is complete.

A (linear) operator in H is a mapping T : Dom(T) ¢ H{ — H such that

T(au+ Bv) =aTu+ BTv forallu,v € Dom(T)and a, B € C.
Dom(T) is called the domain of T. If Dom(T) = H then one usually say that
T is an operator on J{. The range of T is defined as Ran(T) = T (Dom(T)).
2.1 Unbounded operators
Alinear operator T in H is bounded if there exists a constant C such that

ITu| < Cllu|| forall u € Dom(T). 2.1

Otherwise T is unbounded. An operator is densely defined if its domain is
a dense subset of H, i.e. Dom(T) = H.

Example 2.1 Let { = L, ([0, 1]) with the inner product
1
{(u,v) = f ux)v(x)dm(x).
0

We define the operator T in HH as

Dom(Ty) = {u € C'([0,1]) | u(0) =0 = u() };

Tou = —iu', u € Dom(Ty).
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The operator T is densely defined, since Dom(Ty) is dense in J{. To see that
Ty is unbounded, let u; (x) = \/% sin(jnx), j =1,2,.... Then u; € Dom(T)
and |lu;| = 1 for all j. However ||Tou;ll = 7j, so there exists no C such
that (2.1) holds for all elements in the Dom(Tp).

For a densely defined operator T in J{ one can define the adjoint operator
T*. The domain of T* consists of all elements v € I such that the linear
functional

l(w) = (Tu,v)

is a continuous on Dom(T). Then, according to the Riesz representation
theorem, there exists a unique element 7 (depending on v) such that

(Tu,v) ={u, v)

forall u € Dom(T). The adjoint T* is defined as T*v = 7. One easily checks
that the operator T has to be densely defined in order to obtain a unique
adjoint T*.

The operator S is said to be an extension of the operator T, written T c S,
if Dom(T) < Dom(S) and Tu = Su for all u € Dom(T).

An operator T is symmetric if it is densely defined and T < T*. This is
equivalent to the condition that

(Tu,v) ={(u,Tv), forallu,v € Dom(T).

Example 2.1 (continued) We show that T is symmetric, using integration
by parts. For u, v € Dom(Ty),

(Tou, v)

1
f —iu' (X)v(x) dx
0

1
—iu(v(l) + iu(O)m+f u(x) - —iv'(x) dx
0

={u, Tyv).

Here we used the property that the elements in Dom(7,) vanishes at the
endpoints.

An operator T is closed if u; € Dom(T), u; — u and Tu; — v implies
that u € Dom(T) and Tu = v. Itis closable if it has a closed extension. T is



closable if and only if u; € Dom(T), u; — 0 and Tu; — v implies that v = 0.
If T is closable it has a minimal closed extension T, called the closure of T.

Proposition 2.1 Ifan operator is symmetric then it is closable.
Proof Let T be a symmetric operator. Then T < T* and T* is closed. [

Example 2.1 (continued) We show that Ty is not closed. Let {u;} be the
sequence

1 1.
X, OSJCSE—j,
) =4 vl U2 1_1 1,1
uj(x) = 5x(1 —x) 5 2 j<x<2+],
1 1
— = =< <
1-—x, 2+]._x_1.

In Figure 2.1 we see the graphs of some of the functions u; together with
the graph of the function

X, 0<x< %;
u(x) = 1
1-—x, 5 <x<1.
%{ us %\ uio % Uso % u
0 1 0 1 0 1 0 .
Figure 2.1

Itis clear that u; € Dom(Tp) for all j and that u; — u in H. Moreover, Tou;
is given by

; 1 1.
—i, Ofxfz_f’
_ ) i 11 1,1
T()Mj()C)— T(Zx—l), 5—7<x<§+7,
i %+%sxsl;
so Tou; — v in }, where
i, 0sx<i;
1.
U(x): 0’ xzzy
i, 3<x=<1

Since u is not differentiable at the point x = %, itdoes notbelong to Dom(7y),
so the operator T is not closed. However, it seems natural to include func-
tions like u in the domain, since if we take the derivative of u in the sense of
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distributions we get an element in J{. This is done by taking the closure of
To. Indeed, one can show that

Dom(To) ={ueH | -iv' € Hand u(0) =0 =u() };
Tou=—iu', uce Dom(To).
Here the derivative is the distribution derivative.

Even though we only consider closable/closed operators in this thesis,
we give here an example of an operator S that is not closable.

Example 2.2 Let H = L,([0, 1]), and define S as
Dom(S) = C([0, 1]);
Su)(x) = u(0), wueDomf(S).

The functions u;(x) = (1 - x)/,j =1,2,... belong to Dom(S), and uj—0
in H. However Su; = 1 (the constant function one) forall j = 1,2,..., so the
operator S is not closable.

_An operator T in H is self-adjoint if T = T*, and essentially self-adjoint
if T is self-adjoint.

Example 2.1 (continued) The operator Tj is not essentially self-adjoint.
The reason for this is that the domain of Ty contains too few elements. One
can show that

Dom(T,) = {ue | -iu' € H};
T;u =—iu', ue Dom(ﬁ;);
i.e. no restrictions are made on the boundary values of elements in
Dom(T0 )

One question that naturally arises is if Ty has any self-adjoint extensions?
The answer is yes, it has uncountably many. The way to obtain them is to
balance the boundary conditions. This is generally done by a method of
Krein and von Neumann, which we look at below. O

2.2 Self-adjoint extensions of symmetric operators

Let T be a closed symmetric operator and let A € C. The point A is said to
be a quasi-regular point if T — AI has a continuous inverse on Ran(T — AI),
i.e. there exists a constant C > 0 such that
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(T = ADull = Cllul, ue€Dom(T).

The set of quasi-regular points of T is denoted by 6(T). It is an open set in
C. The defect number of T at A, denoted dr(A), is defined as

dr(A) = codim (Ran(T — AI)) = dim (H e Ran(T — AD)).

The Hilbert space J{ can be written as H = Ran(T — AI) ® Ker(T* — AI), so
the defect number can be written as

dr (1) = dimKer(T* — AI).

The defect number is stable under small perturbations. It follows that it is
constant on each connected component of 5(7T).

Proposition 2.2 Let T be closed and symmetric. The half planesIm A > 0
andIm A < 0 are contained in p(T).

Proof LetIm A # 0. Then, for u € Dom(T),
I(T = ADul? = (T — Re ADull? + | (m Dul® = [ Tm A ul?,
so (T = Dull = [ Im Alllull. U
We define the deficiency numbers n. of T as
n.(T) = dr(+i) = dimker(T* £+ iI).
We also denote by N. the deficiency spaces N, = ker(T* +il).

Example 2.1 (continued) The symmetric operator T, has deficiency in-
dices (n4+(T),n_(T)) = (1,1). Indeed, the deficiency space N, consists of
all functions u € Dom(T*) such that —iu’ + iu = 0. This space is one-
dimensional and is spanned by the function u, (x) = e*. Similarly, one
easily checks that N_ is spanned by u_(x) = e!™*.

2.2.1 The method of Krein and von Neumann

Theorem 2.3 A symmetric operator T is self-adjoint if and only if its de-
ficiency indices equal zero. It has self-adjoint extensions if and only if the
deficiency indices are equal.
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Let T be a closed symmetric operator in J{ with equal deficiency indices
ny(T) =n_(T) > 0. Also, let U : Ny — N_ be a unitary operator and define
the operator Ty as follows

Dom(Ty) = Dom(T) + {u; + Uuy | uy € N, };

Ty(ug+uy +Uuy) = Tug+iuy —iUuy; ug € Dom(T), u; € N,.

Theorem 2.4 The operator Ty is self-adjoint. Moreover, all self-adjoint
extensions of T are obtained in this way.

We refer to [Wei80] for the proofs of these theorems, but let us explain
the extension procedure. The problem of extending a symmetric operator
to a self-adjoint operator is reduced to extending an isometric operator
to a unitary operator via the Cayley transform. We introduce the Cayley
transform V of T as

Dom(V) = Ran(T + i);
V=(T-iT+i)7"

Itis clear that V maps Ran(T + i) onto Ran(T — i) and that V is isometric.
Moreover, the symmetric operator T can be recovered from T,

Dom(T) = Ran(I + V);
T=il+V)I-V)"L

If V; and V, are the Cayley transforms of the symmetric operators 77 and
T, then V; is an extension of V; if and only if T; is an extension of T;. The
operator T is self-adjoint if and only if its Cayley transform V is unitary. It
follows from the closedness of T that the sets Dom(V) = Ran(T + i) and
Ran(V) = Ran(T — i) are closed in . Since the orthogonal complement of
these spaces are the deficiency spaces N, and N_, the extending procedure
is trivial, and the result is given in the theorem.

Example 2.1 (continued) Using Theorem 2.4, we are now able to describe
all self-adjoint extensions of To. We know that the deficiency indices of To
are (1, 1), so the extensions are parameterized by a one-dimensional unitary
transform U : N, — N_. Any such operator U maps u, to e?u_ for some
0 € [0,2m). Thus, all self-adjoint extensions Ty of T, are (we use 0 as a
parameter instead of U)
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Dom(Tp) = Dom(T,)+spanfe” + e'%e’™};
Tg(u +cle® + eieel_x)) =—iu +cie’ —ie%e'™); ue Dom(To), ceC.
It is often convenient to describe the domains of the self-adjoint extensions
via the boundary-values instead. Indeed, for all elements u in Dom(Tp) we
have
u(l) e+ el®

w0) - 140 00

It is easily seen that O is a bijective map from [0, 27) onto the unit circle. The
result is that we can write the self-adjoint extensions as

Dom(Tp) = {u € H | —iv' € Hand u(1) = 0@)ul) };

Tou = —iu/, u e Dom(Tp).
Example 2.3 Let H = L,([0,00)), and define T as
Dom(T) = C, ([0, 00));
Tu = —iu', ueDom(T).

It holds that Dom(T) is dense in H and that T is symmetric. The closure of
T is given by

Dom(T) = {u€9{| —iu' € H and u(0) :O};

Tu=-iu, ueDom(T);
and its adjoint is given by
Dom(T") = {ueH | -iu € H};

T u=-iu/, ueDom(T ).

It is easily seen that the deficiency space N, = {0} and that N_ is spanned
by the function e™*, so the deficiency indices of T are (0, 1). The operator T
is an example of a symmetric operator that has no self-adjoint extension.

2.2.2 Extensions of semi-bounded symmetric operators

A symmetric operator T is bounded below if there exists a constant m > —co
such that
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(Tu,u) = mlul?>, ue Dom(T).

The maximal m for which the inequality above is still valid is called the
greatest lower bound of T and we denote it by my.

Proposition 2.5 Let T be bounded below with bound mr. Then
(=00, mr) < p(T),
andson,.(T) =n_(T).
Proof Let A < my. Then
(T = ADullllull = (T = ADu,u) = (mr — Mlul®, u € Dom(T),
so (T — ADull = (mr — Vllull,ie. A e p(T). O

Since the deficiency indices of a semi-bounded operator are equal, it has
self-adjoint extensions according to Theorem 2.3. One of them is called the
Friedrichs extension, and we describe below how to obtain it.

We need some terminology of sesquilinear forms. A sesquilinear form ¢
in a Hilbert space H is a mapping

t:Dom(t) x Dom(t) c H x H — C

which is linear in the first argument and anti-linear in the second. One
also speaks about the corresponding quadratic form #(u, u). A sesqui-linear
form ¢ is semi-bounded (from below) if there exists a constant m such that
t(u,u) = m|lu|? for all u € Dom(t). We denote by m, the maximal lower
bound of ¢. In this case one can define a new inner product (-, -); on Dom(t)
as

(u, vy = A -—m)u,v) +tu,v)

with the property lull; = llul for all u € Dom(t). Here || - ||; is the norm
equipped with the inner product ¢, -);. The form ¢ is said to be closable
if for every sequence u; € Dom() that is Cauchy in || - | and [lu; || — 0 it
holds that [lu;ll; — 0.

We also define a new Hilbert space 3, as the || - || ;-completion of Dom(¥).
The inclusion map i : Dom(T) — X is bounded with norm not greater
than one, and thus extends to H; with the same norm. The closedness of
t implies that the inclusion map is injective, so J{; can be thought of as a
subspace of J{. The sesquilinear form
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Dom(f) = H;
tw,v) =u,v),— 1 -m)u,v), u,veDom();

is called the closure of ¢ in H.
Now let T be a closed symmetric operator with lower bound my. We
define a sesquilinear form ¢ as
Dom(¢) = Dom(T);

t(u,v) =(Tu,v), u,veDom(t).

Then clearly ¢ is symmetric, in the sense that t(u, v) = t(v,u) forall u, v €
Dom(#). The symmetry of T implies that ¢ is closable. Moreover, the closure
t has the same lower bound m; = mr as T. Define the operator T as

Dom(T) = {u € H; | there exists a v € H such that
t(u,v) = (u, v) for all u € Dom(T) },

Tu=v, uce Dom(T).

Theorem 2.6 T is a self-adjoint extension of T with lower bound mr. The
domain of T coincides with the set Dom(T*) n H;, and T is the only self-
adjoint extension of T whose domain is contained in 3{;.

Proof See [Wei80]. O
Example 2.4 Let H = L,([0, 00)) and define T by

Dom(T) = CZ([0, 00));

Tu =-u", ueDom(T).

Then T is a densely defined symmetric operator. Since
o0
(Tu, u) :f W' (x)|?dm(x) =0, u e Dom(T),
0

we see that T is bounded below by zero, so it possesses self-adjoint exten-
sions. The deficiency indices of T are (1, 1).
2.3 Fredholm operators

We explain how a self-adjoint operator can be obtained via some Fredholm
theory. This theory is treated in for example [Kat76]. Assume that T is a
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closed densely defined operator in J. It is said to be Fredholm is there exist
an operator (called the parametrix) R in H such that the operators

RT -1 and TR-1I
are compact. If this is the case, then one can define the index of T as
ind(T) = dimker T — dimker T*.

We note that the parametrix R also is Fredholm and that ind(R) = —ind(T).

If S is a self-adjoint operator, and 0 # ¢ € R, then the operator S + it/
is Fredholm with index zero. Indeed, the resolvent R, = (S + itI) ' is a
parametrix and the index is zero since the deficiency indices of a self-adjoint
operator are (0, 0).

The property of being Fredholm as well as the index are invariant under
compact perturbations.

The following proposition is useful when showing that a specific operator
is self-adjoint.

Proposition 2.7 Assumethat0 # t € R, and that S is a self-adjoint operator
in 3 and that T is a symmetric operator such that the operator T +itI (con-
sidered as an operator from the graph space of T') is a Fredholm operator
with parametrix R;. IfR, — (S + it1)"! is compact, then T is self-adjoint.

Proof Firstly, the Fredholm properties give
ind(T +itl) = —ind(R,) = —ind((S + itD)™") = ind(S + itI) = 0.
Secondly, the symmetry gives
(T +itDull® = [ Tull® + Pllul® = s*ul®.
These two facts imply that
dimker(T* —itl) = dimker(T +itl) —ind(T +itl) = 0.
Choosing ¢ positive and negative implies that the deficiency indices of T is
(0,0), so T is self-adjoint. O
2.4 The spectrum of self-adjoint operators

Let T be a closed operator in a Hilbert space . The number 1 € C is an
eigenvalue of T if there exists an u € J, u # 0 such that Tu = Au. The
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subspace ker(T — AI) is called the eigenspace of A and the dimension of
ker(T — AI) is called the multiplicity of the eigenvalue.
The set

p(T) = {A € C| T - Alisbijective }

is called the resolvent set of T. The spectrum of T, o(T), is the complement
of the resolvent set,

o(T) =C\ p(T).
Proposition 2.8 The set p(T) is open in C, and hence the set o (T) is closed.
Proof See [Wei80].

The set of eigenvalues, denoted by o, (T), is called the point spectrum
of T, and is clearly a subset of o (T).

Now assume that T is self-adjoint. Then the spectrum is a subset of
the real line, 0(T) < R. The essential spectrum of T, denoted o.(T) is
the subset of o(T') that consists of eigenvalues of infinite multiplicity and
accumulation points of o (T).

There are several characterizations of these different types of spectral
points. We give one, and refer again to [Wei80] for the proof.

Proposition 2.9 The number A belongs to o, (T) if and only if there exists
a Cauchy sequence {u;} < Dom(T) such thatlim ||u;|| > 0 and

lim (T — ADu; = 0.

J—00o
The number A belongs to o.(T) if and only if there exists a sequence {u;} <
Dom(T) converging weakly to 0, whileliminf ||u;| > 0 and

lim (T — Nu; = 0.

j—oo
Example 2.1 (continued) We calculate the spectrum of Ty, by solving the
equation

—iu'(x) = lulx), 0<x<1;
u(l) = 0@)u(0).
The eigenvalues are given by A; = Ay + 27/, where j € Z. Here Ay is the

unique solution in [0, 27) to the equation et = 9(6). The corresponding
normalized eigenfunctions are given by u;(x) = ethix,
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3 Quantum mechanics in R”

In this section we only discuss the parts from quantum mechanics needed
to motivate our work in defining self-adjoint operators. We refer to the
books [LL58, Jau68] for more background and theory of quantum mechan-
ics.

A particle living in R"”, is in quantum mechanics described by a wave
function u : R" x R — C such that

f lu(x, 0> dm(x) = 1

for all r € R. Here x is thought of as a point in space and ¢ denotes time.
Quantities that can be observed, such as position and momentum, are
called observables. It is not possible to measure the exact position of the
particle at time ¢, but the probability to find the particle in a domain Q2 < R"
is given by [, [u(x, 1)[* dx.

In general quantum mechanics takes place in a configuration space,
which should be a Hilbert space . A state is an element in H of norm
one. Assume that the Quantum mechanical system is in the state ©(0) (we
omit the space variable x) at time ¢t = 0. Then there should be a unique
state u(t) that describes the system at time ¢ € R. Let us write

ut) =U@)u), telR.

This process is in general non-linear, but in quantum mechanics the linear
approximation is studied, so U(t) is assumed to be linear. Moreover, u(t)
should also be a state, so [|U (£)u(0)|| = [u(0)||. U(t) should also be defined
for all states and it should be possible to reach all states. In mathematical
terms, for fixed ¢, such an operator U(t) is called a unitary operator. Since
the state u(t) should be uniquely determined, it follows that

Ui+s)=U@U(s), t,seR;
U =1.

Such a family U () of operators is called a one-parameter unitary group. It
is natural to assume that this family should satisfy some kind of continuity.
One says that it is strongly continuous if

tlintl Uu=U(tyu, ueXH.
—1lo
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If the group is strongly continuous, it also has an infinitesimal generator T,
defined as

1
Dom(T) = {u e H |lim=(U () - Du exists},
t—0 [
1
Tu=-i ltin(} ;(U(t) —-Du, ueDom(T).

The infinitesimal generator T is an (often unbounded) linear operator in .
It is called the Schrédinger operator or the Hamiltonian of the system. If we
have ©(0) € Dom(T) then u(¢) € Dom(T) for all ¢ € R and u(¢) satisfies the
Schrodinger equation

42 () = Tu(t)
i ult) = Tu(.

The expression (Tu, u) corresponds to the energy of the state u, and should
be real. From this, it follows that T should be a selfadjoint operator in .
Luckily, this is the case. It is a theorem by Stone, that says that if we have
a strongly continuous one-parameter unitary group, then the operator T
defined as above is self-adjoint. On the other hand, if one starts with a
self-adjoint operator T, then it is possible to define a strongly continuous
one-parameter unitary group U () as

Ui =e'"’, teR.
The operator e’ is defined via the spectral theorem for self-adjoint opera-
tors. We refer to [Wei80] for the details.

Example 2.1 (continued) Motivated by an example in [RS75], we return
once more to the operator T, and the self-adjoint extensions of it. Let u
be a state vector of the system, and assume that it is differentiable and has
compact support in [0, 1]. For such u we define U (¢) as the right translation
of u,

Utlu=u(-1)),

see Figure 3.1. Given a state u, we only define U (¢) for such small values of
t such that u(x — t) has its support in (0, 1).
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Figure 3.1 The solid curve shows the modulus of a state u(x). The dashed
curve shows the modulus of the translated state u(x — t), for small .

Then we can calculate the infinitesimal generator,
1 1
—ilim=U@®) - Dulx) = —ilim—(ux -1t — ux)) = —iv' (x).
t—0 t 1—0 t

This procedure gives an operator that coincides with T,. Hence U, defined
as above, is isometric, but not unitary. To extend it to a unitary operator, we
have to tell how it acts on functions that are not compactly supported, that
is, we have to tell what happens at the boundary. For U () to be unitary, the
wave going out at the right boundary must enter at the left boundary again
(perhaps shifted in phase), and we must have

1 1
f|u(x—t)|2dm(x)=f lu(x)* dm(x),
0 0

where (x — ) is calculated mod 1, see Figure 3.2. This requires that the states
u all have the same modulus at the endpoints, i.e. |u(1)| = |u(0)|. We can
parameterize this by the function ©(0) as before.

Figure 3.2 The solid curve shows the modulus of a state u(x). The dashed
curve shows the modulus of the translated state u(x — t), note that it has the
same modulus at both endpoints.

3.1 Magnetic Quantum operators

Quantum operators with magnetic fields have been studied by physicists in
the twentieth century. However, defining these operators in a mathemati-
cally stringent way for quite general magnetic fields, has not been possible
until some fundamental papers appeared in the sixties and seventies. We
mention [IK62] which allows smooth magnetic potentials not decaying to
zero at infinity, and the series of four papers by Avron, Herbst and Simon,
starting with [AHS78]. Other fundamental papers that relax the smoothness



21

properties of the magnetic fields are [Sim79b, LS81], see the details below.
For very singular magnetic fields, such as the fields the AB solenoids gener-
ate, the question of defining a good self-adjoint operator gets more intricate.
The quantum operators, first defined on smooth functions with support not
touching the singular set of the field, are not essentially self-adjoint. The
result is that there are several self-adjoint realizations describing the situa-
tion. They describe different physics, in the sense that different boundary
conditions are imposed on the singular set, i.e. the particle interacts with
the magnetic field in different ways for different realizations. We mention
the papers [AT98, D598, ESV02, GS04a, GS04b, Tam03] for more details.

We refer to [MR94, RMO05] for good reviews over the theory of Schrodinger
operators with magnetic fields.

3.1.1 The Schrodinger operator in R"

The dynamics of a spinless quantum particle in R" is described by the
Schrodinger operator. Let d be a given magnetic vector potential. The
Schrédinger operator H : L(R") — L,(R") is formally defined as

H = (-iV - a@)>.

It is an unbounded operator, so one should be more specific about the
domain Dom(H). To be able to define H on C§°(R") it is sufficient that

d€ LR @R, divd € Lyjoc(RY). 3.1)
This follows by expanding H as
H=-A+idiva+2ia-V+a-a.

It was conjectured in [Sim79b] and proved in [LS81] that H, first defined on
CP(R™), is essentially self-adjoint if (3.1) is satisfied.

As we have seen, one can also obtain self-adjoint operators via quadratic
forms. The quadratic form corresponding to the Schrodinger operator is
given by

h(u,u)zf |=iV - @u|” dmw). 3.2)
Rn

Assuming that d@ € Ly o.(R") ® R", we can define two forms hpin and Apax
as
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Dom(hmin) = C5°(R™);
Bmin(@, u) = h(u,u), u € Dom(hmpip);
and
Dom(Amax) = {u € Ly(R") | h(u,u) < oo}
Pmax(U, 1) = h(u,u), u € Dom(Amax).

It is proved in [Sim79b] that the form hy;, is closable and that its closure
Iimin coincides with hipay. Thus a self-adjoint operator can be defined via
these forms.

As we mentioned in Section 1.2 the magnetic vector potential is not
unique. Indeed, given one potential d; we can find another one by adding
the gradient of a gauge function f, d, = d; + Vf. Formally we get unitarily

equivalent Schrédinger operators,
el (—iv —apPe ™ = (-iV - .

We refer to [Lei83] for conditions on the vector potentials and the gauge
function to make this unitarily equivalence rigorous.

3.1.2 The Schrodinger operator in R? with AB solenoids

We turn to the plane and consider one AB solenoid placed at the origin, i.e.
we let the magnetic field be given by

B(x) = 2mad(x) dx' A dx?.

Then, as we saw in Section 1, a magnetic vector potential is given by

N a
a(x) = W(—xz,xl).

We note that the singularity at the origin is so strong that a does not belong
to Ly oc(R%) ® R?, so defining a self-adjoint Schrodinger Hamiltonian via
the machinery from last section does not work. Indeed, let u € Cgo (R?) be a
function that is constant equal to 1 in a neighborhood of the unit disk. Then

h(u,u):f |(—iV—Zz)u|2dm(x)2f |(—iV — d)u|* dm(x)
R? |x]<1

o?
=f |d|? dm(x) =f —de(x) = 400
[x|<1 |x]<1 |x]
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However, it is possible to define the operator as a symmetric operator on
Cgo (R?\ {0}). That operator has deficiency indices (2, 2). The self-adjoint
extensions can be parameterized by boundary conditions at the singular
point, as we have seen. We write z = re’? and assume that the AB intensity
a is normalized to the interval (0, 1). Then functions in the domain of the
self-adjoint extensions has the asymptotics

1 0

u(re'®) ~c_oqr @+ cq 17 e 0+ cur® +c1_qrt %7, r\0,

and it is the coefficients (functionals on the definition space) c.y and ¢4 (1)
that determine the extension. This result was obtained in [AT98] and [DS98]
independently.

The Schrédinger operator with several, including infinitely many, AB
solenoids together with a uniform field is studied in [Min05]. It is proved
that with n solenoids, the operator, first defined on functions with compact
support not touching the solenoids, has deficiency indices (2n,2n). This
is done by a certain gluing process of the operators corresponding to one
AB solenoid. Some spectral results are also obtained, see the discussion in
Section 6.3.

3.1.3 The Dirac operator in R
In dimension 2d there are 2d + 1 Dirac matrices {Yii}iio that generate a
Clifford algebra, i.e. they satisfy
jy* ' i ko k_j - .
(v)) =v), and yiy,+v,y, =26 L, jk=01,...,2d. (33)

They may be defined as follows. For d = 1 the Dirac matrices are given by

1 0 0 1 0 —i
y‘f:aoz(o _1), y{:alz(l 0), and 7%20'22(1, 0).

The matrices 0y, 01 and o, are called the Pauli matrices. If yg, 72, . yé‘i
are given Dirac matrices for dimension 2d, then the Dirac matrices for
dimension 2d + 2 are given by

N Iai 0 - 0 v} . 0 ¥
d+1 0 _Izd—l > Td+1 Y; ol d+1 Yfid o/
0 7Y 0 —ilu
2d+1 _ d d y2d+2 _ 2
Yd+1 (Yod 0 )’ an 7d+1 ( H 0 )
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When there is no doubt about the dimension, we omit the subscripts. The
Dirac operator D in Ly (R*?) ® ' is formally defined by

D = 2Zgltyf(—i%—aj(x)).

j=1

If the magnetic field is regular, then ®, first defined on Cy (RZd) ® (Czd, is es-
sentially self-adjoint, see [Che73]. We refer to [Tha92] for more information
about the Dirac operator, and to Section 4 for a discussion of how to define
the Dirac operator with AB solenoids.

3.1.4 The Pauli operator in R?

A charged spin 1/2 particle is described by the Pauli Hamiltonian, which
actsin L, (R?) ® C?, and is formally defined as

H-%B 0
F= o H+£B) (34)
Here H is the two-dimensional Schrodinger Hamiltonian H = (-iV — a)?,
B is the magnetic field (In two dimensions we identify the two-form and the
coefficient function), and g is the gyromagnetic ratio. We identify the real
point (x!, x?) with the complex number z = x! + ix?, and denote a scalar
potential of B by W,

-AW = B.

We set IT :—ii—aj and

ox7
Q =1, -ill,, Q" =1II+illy,
and note that
NN =0"Q+2B, H=2"Q+B=2Q"-B. (3.5)
From (3.4) and (3.5) we get

00 - £2B 0
_ 2 e |- (3.6)

? 0 Q9 +&’B
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The number % is called the anomaly factor of the magnetic moment.
Experiments give an anomaly factor of 0.00159 for the electron [BV93]. We
assume that g = 2, which is the simplest case. Thus, the Pauli Hamiltonian
we study in this thesis is formally defined by

Q9 0
= . 3.7
¥ ( 0 Q9 ) 6D
The Pauli operator can be written as the square of the Dirac operator
2 2
0 2 0 0OF
_ 52 _ (_: 2 0 =
P=D2= (;a]( i a))) (Q . ) 3.8)

from which it follows that it is a non-negative operator. Now let us be more
precise about the domains. As in the case of the Schrodinger Hamiltonian
there is a problem in defining the Pauli Hamiltonian if the magnetic field is
too singular. The quadratic form corresponding to ‘B is given by

2
ply, ) = f‘Za, zv—aj)w) dm(x). (3.9)

Ifd € Lyjoc(R*) ® R* then p(y, y) makes sense for y € CP([R?) ® C*. We
define the minimal Pauli form p;, as

Dom(ppni,) = CP(R?) ® C%
PminW, W) = p(y, ¥), ¥ € Dom(ppyp).
It is closable and thus a self-adjoint operator ‘,;, can be defined. We also
define the maximal Pauli form p ., as
Dom(py) = {¥ € Ly[R*) @ C* | p(y,y) <oo}; (3.10)
Poax(W, W) = Py, ¥), ¥ € Dom(pyay).

In the presence of AB solenoids, d does not belong to LZ,IOC(RZ) ® R%. It
was proved in [Sob96] that the Pauli form can not be defined on smooth
compactly supported v via (3.9) in this case. The way out of this is to
redefine the Pauli form p by an expression that makes sense even in this
more singular case. This is done in [EV02] by writing the operators £Q and

0* as
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w0 _w % w0
0 =-2ie" —e and QF = -2ie™" —e", (3.11)
0z 0z
and noting that the quadratic form

2 0 2
W 4+ )&(eww_)‘ e ?Wdm(x), (3.12)

_ 0 (w
p(w,w—4fR2]aZ "

w = (Y, w_)" makes sense even with this more singular field. If p is defined
on a maximal domain in the same way as in (3.10), it yields a self-adjoint
operator even with this singular field, usually called the maximal Pauli
operator. The forms in (3.9) and (3.12) coincides for more regular fields.

3.2 The Aharonov-Casher theorem

We will go through the original proof of the Aharonov-Casher (AC) theo-
rem, see [AC79], when the magnetic field B is smooth and has compact
support. The regularity properties on B for the AC theorem to hold have
been relaxed considerably, see [Mil82, CFKS87, Ara93, HO01, MOR04] and
especially [EV02] which deals with measure-valued magnetic fields.

For a real positive number s we denote by {s} the lower integer part, i.e.
the largest integer strictly less than s.

Theorem 3.1 Assume that B € Cé (R?), and let & = %fRz B(x)dm(x).
Then

dimker ‘P = {|®}}.
Proof The magnetic field B has a potential W defined by (1.6). It satisfies
W(z) = @loglzl(1 +0(1)), l|z| — oo. (3.13)

It follows from (3.8) that w = (w,,w_)" is an element of the kernel of 3 if
and only if

Qu, =0, and Q*y_=0.

By (3.11) this means that the function f, = w,.e™" is holomorphic and
f- = w_e" is antiholomorphic in C. By (3.13) we see that

W@ = 12121 + 0(1)), |z| — oco.
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Assume that @ = 0. Then, since 1, € L,(C), the function f, is a holomor-
phic function that decays to zero at infinity. By Liouville’s theorem it must
be zero. The function f_, on the other hand is allowed to grow no faster than
a polynomial at infinity for ¥ _ to be in L,(C) and the degree of the polyno-
mial must be strictly less than @ — 1. This means that it can be a polynomial
in Z of degree at most {®@} — 1. Since there are {®} linearly independent such
polynomials the result follows. If @ < 0 the same argument shows that the
spin-down component ¥_ = 0 and that the spin-up component vy is given
by a polynomial of degree at most {—®} — 1 times eV O

For constant magnetic field the kernel of ‘I3 coincides with the lowest Lan-
dau level, giving an example infinite dimensional kernel. It was conjectured
in [Mil82] that the dimension of the kernel of I3 should be at least |®]| for a
magnetic field B = 0 with total flux 27 ®.

This result was proved for finite fluxes in [EV02]. In [GG02] it was shown
that if one has a system of AB solenoids placed at the points of an infinite
lattice with equal intensities at every vortex, then the kernel of the maxi-
mal Pauli operator is infinite-dimensional. This was also the first example
studied with non-trivial spin-up and the spin-down null-spaces (in fact,
both infinitely dimensional). This result was extended by means of a certain
perturbation of the lattice in [GS04b].

The conjecture in [Mil82] was finally proved in [RS06], where also some
more general results concerning magnetic fields with varying sign of infinite
flux were obtained.

4 PaperIandIlI

In the first two papers we compare different self-adjoint realizations of the
Pauli operator in two dimensions corresponding to the magnetic field given
by a regular part with compact support and a singular part consisting of a
finite number of AB solenoids, i.e. the magnetic field is

B(z) = Bo(2) + )_2ma;éz;, 4.1)
j=1

where B € Cgo (R?). We denote by A the set {z j};’zl c C of singular points.

We consider the two-dimensional Pauli operator corresponding to this
magnetic field, which models a spin 1/2 quantum particle confined to a
plane. Such a plane could consist of a very thin film made of for example
gold, see Figure 4.1.
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L4l

Figure 4.1 A quantum particle moving in a thin film of gold, orthogonal to
an external magnetic field.

thin film

The singular field we study can be obtained when a superconductor of
type Il is put on top on a two-dimensional electron gas, see Figure 4.2 and
the discussion in [Mor96b]. Another situation that leads to this type of
magnetic fields are certain impurities in crystal structures.

| o] ]

GaAs

Figure 4.2 A superconductor of type II (black) put on top of a two-
dimensional electron gas (gray). If the magnetic field is strong enough so-
called Abrikosov vortices will appear. In the level of the electron gas, they will
appear as flux tubes with negligible radius, i.e. as AB solenoids.

The Pauli operators considered are all self-adjoint extensions of the sym-
metric Pauli operator, originally defined on C° R?\ A).

In [EV02] the Pauli operator is defined for a more general set of magnetic
fields via the maximal quadratic form (3.12). However, the distribution
derivatives in (3.9) are considered in the distribution space D'(R?). The
derivatives “feels” the singular points at A, which forces the AB intensities
a; to be bounded, -1 < a; < 1. Since it is possible to add integer intensities
by means of gauge transformations, the Pauli operator in [EV02] is defined
by normalizing the AB intensities to any interval of length one in (-1, 1), the
interval [-1/2, 1/2) is chosen, by means of these gauge transformations. We
denote the resulting, normalized operator by Py

In [GGO2] a Pauli Hamiltonian is defined via the same expression of the
maximal quadratic form, (3.12), but with the fundamental difference that
the derivatives are considered in the distribution space D' (R* \ A), i.e. the
derivatives does not feel the singular points of the magnetic field. This
allowes arbitrary intensities a. In Paper [ we follow [GG02] and the resulting
operator is denoted by I3,

The purpose of Paper II is to study all self-adjoint Pauli operators that
are realized as the square of the Dirac operator. In Paper I we used the
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semi-boundedness of the Pauli operator to define a certain self-adjoint re-
alization. Since the Dirac operator lacks semiboundedness, we can not
use this method in Paper II, so defining self-adjoint extensions becomes
more complicated. We start by defining the Dirac operator for one AB so-
lenoid. The deficiency indices for the operator first defined on functions
with support not touching the AB solenoid are (1, 1), so there is a number
7 € [0, 27) that parametrizes the different self-adjoint extensions. They are
also characterized by the boundary values they obey at the AB solenoid.

To define the Dirac operator with magnetic field (4.1), inspired by [AR04],
we use a certain gluing process and the Fredholm theory from Section 2.3 to
show that the resulting operator is self-adjoint. The result is a Dirac operator
®z, where T = (13, ..., 7,) denotes the boundary value parameters for each
AB solenoid. Since different values of the parameters give different physics
it is natural to assume that all 7; are equal. The Pauli operator we study in
Paper I1 is the one defined as the square of this Dirac operator, 3; = 333

Some Dirac extensions have been studied before, see [Ara93, AHO5,
dSG89, HO01, Tam03].

Below we discuss some natural properties one expect from a Pauli opera-
tor. No extension studied in the papers fulfill all these properties. We leave
it for the physicists to decide which one of the extensions that is describing
the real physical situation in the best way.

Property 1 The Pauli operator P is gauge invariant, i.e. changing the AB
intensity by an integer multiple results in unitarily equivalent operators.

This property is fulfilled by all extensions studied. Note that {33 satisfies
it by definition.

Property 2 The physical situation is the same if the magnetic field change
sign. Mathematically, the two Pauli operators corresponding to B and —B
are (anti)-unitarily equivalent.

We show that 3., satisfies this property. For ‘B3; it depend on the value
of the parameter. There is a coupling between the spin-up and spin-down
components of the functions in the domain. If 7; = 0 or 7 for all j, then there
is only singularities in one of the components, so the resulting operator is
quite asymmetric and do not satisfy Property 2. We show that for all values
of 7; but 7/2 and 37/2 this coupling asymmetry is present, and for these
two exceptional values Property 2 is fulfilled.
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For the operator By it is noted that if 0 < a; < 1/2 then the boundary
condition is the same as for the square of the Dirac operator when 7; = 7
and for —1/2 < a; < 0 it matches with 7; = 0. In both cases singularities are
only allowed in one component, so the asymmetry in the domain is present.
The operator does not satisfy Property 2.

Property 3 The Pauli operator is the square of a self-adjoint Dirac operator.

The operator P3; satisfies this by definition. From the discussion in the
last paragraph we also see that Py satisfy this property, however, depend-
ing on the AB intensities, the boundary conditions might be different at
different solenoids.

The maximal operator, 73,,..., is not the square of a Dirac operator. This
can be seen from the Aharonov-Casher theorem, or by noting that singular
terms are included in both spin components, without coupling.

Property 4 The Pauli operator satisfies Theorem 3.1, the Aharonov-Casher
theorem.

It is not that important that the Pauli operator satisfies the original
Aharonov-Casher formula, but physicists are interested in the number of
zero-modes (see for example the discussion in [BRF+02] and its references).
We calculate the number of zero-modes for the different extensions, and
use it as a tool to easily distinguish between different extensions.

The only extension we study that satisfy the original Aharonov-Casher
theorem is Pgy. The extension 3., accepts more singular elements in the
domain than the other extensions, and thus it has the biggest kernel. For the
operators 3; there are only two values of the parameter that give non-trivial
kernels; the ones where the spin components are uncoupled.

Property 5 The boundary values at the AB solenoids do not depend on the
boundary values at the other AB solenoids.

All extensions studied satisfy this property.

Property 6 The Pauli operator’P3 can be approximated by Pauli operators
corresponding to more regular magnetic fields.

This question is studied in [Tam03, BV93]. The result is expressed in terms
of boundary conditions. We compare them and condluce that gy can be
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approximated as a Hamiltonian, i.e. both spin-up and spin-down compo-
nents are approximated simultaneously, while the components in 3., can
be approximated, but in different ways. The operators 3; can all be approx-
imated component-wise, and the extensions where the components are not
coupled can be approximated as a Hamiltonians.

We note that new ways of approximating the operators might appear,
leading to new results.

5 Paper I1I

When the first two papers were completed it was a natural step to investigate
the possibility to generalize the Aharonov-Casher theorem to higher dimen-
sions. This question was raised in [Shi91] and further studied in [Ogu93].
We consider a charged spin-1/2 particle in R?%, d > 1, influenced by a
smooth magnetic field B. This is described by the Pauli Hamiltonian

2
P=9%= % i —ii—w(x)
T _17’ oxi
]:

actingin L, (RZd) ® (Czd . In [Shi91] methods from complex analysis in several
variables were successfully used under the assumption that Bisa (1, 1) type
form

d
B= ) bjkz)de/ A dzF.
jk=1

Let u(z) be the eigenvalue of {b; ()} that has the smallest absolute value.
It was proved that if lim |u(z)z%| — oo as |z| — oo then the kernel of I3 is
infinite-dimensional.

In two dimensions the Aharonov-Casher theorem, Theorem 3.1 says that
if @ = [z2 B(x) dm(x) then the dimension of the kernel of B is {|®}. In the
path of the proof we used the asymptotic expansion

W(z) = ®loglzl(1 + o(1)), |z] = c0 (5.1)

for the scalar potential. In [Ogu93] the scalar potential is the starting point.
Assuming that W satisfies (5.1) (now in R24 ) the main result is that

{I@I})

d (5.2)

dimker‘3 = Ny (®) = (



32 Mikael Persson

Here N4 (®) is the number of all monomials in d variables of degree less
than |®@| — d. The method in the proof is similar to the original Aharonov-
Casher theorem, i.e. to reduce the equation Ly = 0 to the Cauchy-Riemann
equations, and deduce that the zero-modes must be polynomials times a
weight e*" . This approach works well for two of the 2¢ components of ,
but the calculation for the other ones is not correct. The two components
that are calculated correctly are the ones where the zero-modes occur. Thus,
what is really proved in [Ogu93] is the inequality

dimker |3 = (“3”) (5.3)

instead of (5.2).

The aim of Paper III is to correct this mistake. We manage to prove (5.2)
for |@| < d, which means that the right hand side is zero.

The tools we use come mainly from complex analysis in several variables.
We do the same transformation of the problem as is done in [Shi91]. This
leads to a question of estimations of solutions to a weighted 5-equation.
We write our solution with help of the Bochner-Martinelli-Koppelmann
formula, see [Ran86]. To estimate the solution we use a weighted version of
the Hardy-Littlewood-Sobolev theorem, see [Ste70] for the original theorem
and [D1.98] for the weighted version we use. The estimation requires that
the weight, which is e*2", belongs to a certain Muckenhoupt weight class.
We show that it does if [®| < d.

In terms of the magnetic field, we show that the kernel is trivial if B is a
(1,1) type magnetic field and there exist constants C > 0 and p > 2 such
that

C
[B(x)] < —————, forallxe R24,
1+ 1xDh*

6 PaperlV

The last paper in this thesis is about spectral asymptotics of a certain per-
turbation of the Landau Hamiltonian, i.e. the quantum operator in two (or
even) dimensions with constant magnetic field. We start by discussing the
dynamics of a particle in classical Newtonian physics in this setting.
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6.1 Classical dynamics

As we saw in the introduction, in classical physics, a particle of mass m and
charge g, moving with speed # in a magnetic field B in R? is influenced by a
force F, given by

- —
-

F =qv xB.
Using Newton’s second law of motion, F = m#, we get the differential
equation

5=95«B. 6.1)
m

If we restrict the particle to the plane x® = 0, and let the magnetic field
B be the constant magnetic field B = (0,0, B,) orthogonal to the plane,
the differential equation (6.1) is easily solved. The particle travels along a
given circle of radius m|7|/|Byq|, see Figure 6.1, left side. If an obstacle is
introduced not much will happen. If the original orbit (the circle) of the
particle does not intersect the obstacle, then the particle will go on as if
there were no obstacle. However, if the orbit intersects the obstacle, then
the particle will bounce as in the right side of Figure 6.1.

X X X X
RS
- N
7 N
/ \
X / X X \ X
I \
I T | o
\ F 1/ U
\
X . X X X
A 7/
N 7
~____~-
X X X X

Figure 6.1 Left: The classical picture of a charged particle moving with
speed 7 in a plane with an orthogonal constant magnetic field acting on it.
Here the magnetic field is directed into the paper. The orbit of the particle
is the dashed circle. Right: If an obstacle is introduced then the particle will
bounce against it.

6.2 The Landau Hamiltonian in R?

We now turn to a quantum mechanical particle. Even though we consider
the general even-dimensional case R??, d > 1 in the paper, let us for clarity
work in R?, which we often consider as the x' x?>-plane embedded in R®.
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We let the magnetic field be uniform and orthogonal to the plane x* = 0,
B =(0,0,Bp), By>0.

We work in the symmetric gauge
B
ax) = = (-x% x%,0).
2
The Landau Hamiltonian L is defined in H = L, (R?) as the closure of

Dom(Lg) = C§(R?);
Lou = (-=iV — d)*u, u e Dom(Ly).

This is one of the first explicitly solvable Hamiltonians studied, see [Foc28,
Lan30]. To determine the spectra of L, it is convenient to introduce the
creation operator Q" and the annihilator operator £ as in Section 3.1.4. We
identify the real point (x!, x?) with the complex number z = x! + ix?, and
denote a scalar potential of B by W,

W(z) BI 2
z) = ——|z]".
4

We define the annihilation operator £Q and its adjoint, the creation operator

9%, as

0 0
O =-2ieV —e ", O = —2ie W =",
0z 0z

and note that
AN *=Q"Q+2B, L=Q"Q+B=09"-B. (6.2)

It is clear that Q" > 0 and Q*Q = 0 from which it follows that L > B.
Moreover, except for zero, the spectrum of Q" and Q" Q coincide. Zero
is an eigenvalue of Q" of infinite dimension. Indeed, Q*Qu = 0 implies
that Qu = 0. If we let v = e""u this implies that v satisfies the Cauchy-
Riemann equations. Hence the function v should be an element of the Fock
space

_Bo,2
3123 = {v | v entire, and f lv)%e” 2 2 Am(z) < oo}.
C
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The monomials v;(z) = z/, j = 0,1,..., form a basis for §%, so the functions
uj(z) = eWU]-, j =0,1,... form a basis for ker(Q* Q). It follows from (3.5)
that the spectrum of Q*Q consists of infinitely degenerate eigenvalues
2Bq, q = 0,1,..., and hence that the spectrum of L consists of infinitely
degenerate eigenvalues

Ag=BR2g+1), q=01,....

with corresponding eigenspaces £,. The creation and annihilation opera-
tors act between the eigenspaces as

QL =L441, QLG =Ly QL =10, g=01,....

QF QF QF
o o ~~ A o ~— A o o ~— A o
{O}‘E/SO‘B/EI‘T)/SZ 25]‘3/‘85]‘*1

In Figure 6.2 we see the graphs of the modulus of some states in £,. We
refer to [Ave76] for a more extensive theory of creation and annihilation
operators.

Figure 6.2 Plots of |u| for three different elements in £y of the Landau Hamil-
tonian. This indicates that the dynamics of the quantum particle is much
more complex than for the classical particle. Left: An example of a state where
the particle moves in a circle, similar to the classical situation. Middle, right:
States that differ from the classical movement.

6.3 Perturbations of the Landau Hamiltonian

It is possible to perturb the Landau Hamiltonian in several different ways,
and this has been a very active field in the last years. The expectation is
that the Landau levels A, split into clusters of eigenvalues. We describe
below some different perturbations. We don’t pretend to give a complete
list of perturbations studied in the literature. In some cases, to keep the
presentation as simple as possible, we don’t give the most general result
obtained in the referred paper. We denote by N(cy, ¢z, T) the number of
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eigenvalues (including multiplicity) of the operator T in the interval (cy, ¢2)
(or (cy, €1) if ¢2 < ). It is convenient to denote the Schrédinger operator
with magnetic potential @ and electric potential V by H(d, V), i.e.

H@,V)=(—iV-a?+V.

We also denote the magnetic vector potential of the constant magnetic field
by 50.

The first example we give is also one of the starting papers of the pertur-
bations. In [Rai90] the operator H(dy, V) is considered, where the potential
V obeys

V) ~cd+1x)™", Jxl =00, @€ (2,00).
The result is the quasi-classical power-like asymptotics
N(Ag £ A, ps, H(do, £V)) ~ A72/%, A \0,

where p_ € (Ag-1,Ag) and py € (Ag, Ag41), G =0,1,....

Showing asymptotic formulas for fast decaying, or compactly supported,
potentials turned out to be harder since the microlocal analysis arguments
used in [Rai90] no longer applies, see the discussion in the introduction
of [MRO03]. However, using Toeplitz-type operators and theory of complex
polynomials, it was proved in [RW02a, RW02b, MRO03] that if the potential
V = 0 decays sufficiently fast, or even has compact support, and is positive
on an open set, then

|log Al

N(Aq + A, s, H(do, iV)) ~ w,

AN0,
where . are as above.

The border between quasi-classical and non-classical asymptotics is con-
sidered in [RW02b]. A bit simplified, the result is that if V decays as e or
faster at infinity then the asymptotics is non-classical. In [MRO03] the case of
compact V is considered also in higher-dimensional spaces. Moreover, also
the Dirac operator is considered.

When these asymptotic formulas were proved, new types of questions
were asked. We mention [RS08], dealing with expanding electric fields. Let
V be a potential that decays fast at infinity (typically with compact support).
The number of eigenvalues in a given interval of the r-dependent operator
H'" = H'(dy, V (x/1)) is studied, as t — oo. More precisely, for a given inter-
val (u1, p2) < (Ay, Ag+1) the asymptotics of N (uy, u, H')ast — oois given
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in terms of the measure of level sets of the perturbation of V. See [RS08] for
exact details.

Results concering perturbed magnetic fields are generally harder, since
even a perturbation by a compactly supported field, the perturbation mag-
netic vector potential will not in general have compact support, and it is the
vector potential and not the magnetic field that appears in the Hamiltonian
H(d, V). Thus small perturbations of the magnetic field does not necessarily
give small perturbations of the operator. However, if the magnetic field is as-
ymptotically constant, then no new points appear in the essential spectrum,
see [Iwa83]. This result was generalized to higher dimensions in [Shi91].

In [Rai03] the spectral asymptotics of the lowest Landau level was com-
pleted in the case of perturbation by an oscillating magnetic field. The result
is similar as in the non-classical perturbation with an electric field.

In [FP06], using theory of orthogonal polynomials, a more precise asymp-
totic formula was given. Let

/1+

N _
T 2 Az A S Ap, s

2,9 = g = "2, ="

be the eigenvalues of H(d, V) in (Ag, Ag+1) (for +) and (A4-1, Ay) (for -),
and let Cap(K) be the logarithmic capacity of the set K, see [Lan72]. Then,
if the magnetic scalar potential can be written as W = —% |z|> + W, where
W is bounded, and V has supportina compact K, V = ¢ > 0 on K, it holds
that

Bo

lim (£/1(A%, - 40))"" = — Cap(K”.

J—o0
Moreover, if W, = 0, then they are able to prove a similar formula for the
higher Landau levels,
lim (510, — 4)" = 2 cap®?, g =0.1,....
j—oo ja 4 2 ’ r
The asymptotics with perturbed magnetic field for higher Landau levels was
given in [RT08], using approximate creation and annihilation operators.
Perturbations of a constant magnetic field by AB solenoids are considered
in [ESV02] for one AB solenoid and [Min05] for arbitrary many (uniformly
separated) AB solenoids. We explain the results of the latter paper. The
presense of AB solenoids introduces several self-adjoint extensions. Assume
that there is a finite number n of AB solenoids. We denote an arbitrary self-
adjoint extension by H. Then the essential spectrum does not change, i.e.
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the Landau levels A, are still infinitely degenerate eigenvalues. Moreover, it
is proved that

N(-o0, Ay, H) < 2n,
N(Ag Agsr, H < gqn, q=0,1,....

Moreover the Aharonov-Bohm hamiltonian (the extension obtained as the
Friedrich’s extension) has no eigenvalues below Ay.

Another type of problem studied for the magnetic perturbation, which
is close to the type of problems we mentioned above, is the behavior of
eigenvalues in spectral gaps of the operator H(d + td,, V), as the so-called
coupling constant ¢ tends to infinity. Here d, corresponds to the constant
magnetic field, @, corresponds to a magnetic field that decays fast at infinity,
or even with compact support, and V is a weak perturbation. These type
of operators are well-studied, we refer to [HL98, Hem99, Bes00, HB03], and
the references therein. A typical result is that infinitely many eigenvalues
will cross each gap. However, it seems that the eigenvalues do not move
monotonically with the parameter £, for small values of t.

Finally, we turn to perturbations of the domain. In [PR07] a compact
obstacle K is introduced in the plane, and the question is again how the
eigenvalues split. The operator studied is the one with Dirichlet bound-
ary conditions at the boundary of K. The method is again to do certain
reduction steps to Toeplitz-type operators as in [FP06]. The result is that the
eigenvalue clusters converge very fast to the Landau levels. Moreover, they
can only accumulate from above. The asymptotic formula obtained is

lim (j1A*, - 40)" = 2 cap®, g=0,1,....

jmoo R 2 ’ T
The result is obtained for quite singular domains K. However, it turns out
that the reduction step does not work if one instead impose magnetic Neu-
mann conditions at the boundary. This is what we do in Paper IV. The result
is similar, but the eigenvalues accumulate from below instead.

lim (jiAg - A7,0)" = 22 capxr?, g=o.1,....

j—oo 14 2
We reduce the situation to a certain Toeplitz-type operator. We do this by a
certain reduction to an elliptic Pseudodifferential operator on the boundary
of K.
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We mention also the fundamental paper [HS02], where the influence
of a compact obstacle onto the spectrum of Landau and an impact for
more detailed analysis is made. Both Dirichlet and Neumann boundary
conditions were considered. They focus more on the properties of the states,
especially the property of a state being a bulk state or an edge state. In
classical theory a bulk state corresponds to the circular orbit as we saw
before, i.e. no interaction with the obstacle is seen. If the particle hits the
boundary then the “state” is called an edge state, see Figure 6.1. In quantum
mechanics the states usually “live” away from the boundary or close to the
boundary. However, since the functions living far away from the boundary
are not in general zero close to the boundary, they in fact interact weakly
with the boundary, so no pure bulk states exists. The presence of edge-states
which are important in many physical situations is discussed, and also some
connections between the interior and the exterior problem is given.

7 Open problems

Problem 7.1 If the gyromagnetic ratio g is not equal to 2 then the super-
symmetry of the Pauli operator breaks. According to experiments, this is
the case for the electron. Thus, it is admirable to define a Pauli operator as

in (3.6),
Q9 0 -82B 0
;B_( 0 QQ*)+( o &£2BJ -

for g # 2. This works well for example if the magnetic field is regular and
decays fast to zero at infinity. Then one can view it as a perturbation of
the g = 2 Pauli Hamiltonian. Observe that the Pauli operator in (7.1) is no
longer non-negative. Instead of finding formulas for the dimension of the
kernel it is now interesting to determine the number of negative eigenvalues.
The perturbation works as an electric potential and the theory for it is quite
extensive, we refer to [RMO05].

The situation gets more intricate if one tries to define a g # 2 Pauli
operator for singular magnetic fields. For example, if an AB solenoid is
located at the origin, i.e. B = 2wad. If the operator is first considered on
smooth functions with compact support not touching the singular point,
then the operator agrees with the g = 2 Pauli operator. It is unclear if any of
the self-adjoint extensions of this operator reflects the additional singular
term.
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This kind of point interactions has been studied in [AGHKHO05], and the
g # 2 situation is discussed in several papers. We refer to [BV93, Mor95,
BPO03] and the references therein.

Problem 7.2 (This problem was proposed to me by Prof. Ari Laptev in pri-
vate communication) Study Schrédinger operators with singular potentials
in higher dimensions. For example, one could try to describe the self-adjoint
extensions of the Schrﬁdinger operator in R?? with magnetic one-form

X2 2j-1 2k-1

X X ;
2j-1 v r 2j
a(x) = E d)]k k|2 dx + Pk P dx
j#k

initially defined on Cg° (de \ {z/ = zk} j¢k).

The main difficulty is that the vector potential is singular, not just in
one point as in two dimensions, but in all hyperplanes z/ = z*. In two
dimensions the extensions were described by certain singular boundary
terms at the singular points.

Problem 7.3 Does the asymptotics W ~ @log|z|, |z| — oo, imply that the
dimension of the kernel of the Pauli operator with scalar potential W is
given by ( o )

Even more interesting, what is the dimension of the kernel of the Pauli
operator in R?? if the magnetic field is not a (1, 1) form? The reason to study
this problem is that we know no physically reason that a magnetic field
should be of type (1, 1). Showing some results for general types of magnetic
fields will probably include some new ideas or tools, since the techniques
of complex analysis used effectively so far no longer applies.
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On the Aharonov-Casher formula for
different self-adjoint extensions of the
Pauli operator with singular magnetic field

Mikael Persson

Abstract: Two different self-adjoint Pauli extensions describing a spin-
1/2 two-dimensional quantum system with singular magnetic field
are studied. An Aharonov-Casher type formula is proved for the maxi-
mal Pauli extension and the possibility of approximation of the two
different self-adjoint extensions by operators with regular magnetic
fields is investigated.

1 Introduction

Two-dimensional spin-1/2 quantum systems involving magnetic fields are
described by the self-adjoint Pauli operator. One interesting question about
such systems is the appearance of zero modes (eigenfunctions with eigen-
value zero). Aharonov and Casher proved in [AC79] that if the magnetic field
is bounded and compactly supported, then zero modes can arise, and the
number of zero modes is simply connected to the total flux of the magnetic
field. Since then, Aharonov-Casher type formulas have been proved for
more and more singular magnetic fields in different settings, see [CFKS87,
GGO02, LL58, Mil82]. Recently they were proved for measure-valued mag-
netic fields in [EV02] by Erdés and Vougalter.

We are interested in the Pauli operator when the magnetic field consists
of a regular part with compact support and a singular part with a finite
number of Aharonov-Bohm (AB) solenoids [AB59]. The Pauli operator for
such singular magnetic fields, defined initially on smooth functions with
support not touching the singularities, is not essentially self-adjoint. Thus
there are several ways of defining the self-adjoint Pauli extension, depending
on what boundary conditions one sets at the AB solenoids, see [AT98, DS98,
ESV02, GS04a, GS04b]. Different extensions describe different physics, and
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there is a discussion going on about which extensions describe the real
physical situation.

There are two possible approaches to making the choice of the extension:
trying to describe boundary conditions at the singularities by means of mod-
elling actual interaction of the particle with an AB solenoid, or considering
approximations of singular fields by regular ones, see [BP03, Tam03]. We are
going to study the maximal extension introduced in [GG02], called the Maxi-
mal Pauli operator, and compare it with the extension defined in [EV02], that
we will call the EV Pauli operator. These two extensions were recently stud-
ied in [RS06] in the presence of infinite number of AB solenoids, and it was
proved that a magnetic field with infinite flux gives an infinite-dimensional
space of zero modes for both extensions.

When studying the Pauli operator in the presence of AB solenoids one
must always keep in mind the possibility to reduce the intensities of so-
lenoids by arbitrary integers by means of singular gauge transformations.
In Section 2 we define both extensions via quadratic forms. The Maximal
Pauli operator can be defined directly for arbitrary strength of the AB fluxes,
while the EV Pauli operator is defined via gauge transformations if the AB
intensities do not belong to the interval [-1/2,1/2).

The EV Pauli operator has the advantage that the Aharonov-Casher type
formula in its original form holds even for singular AB magnetic fields. How-
ever, as we show, it does not satisfy another natural requirement, that the
number of zero modes is invariant under the change of sign of the magnetic
field. This absence of invariance exhibits itself only if both singular and
regular parts of the field are present. This justifies our attempt to study the
Maximal Pauli operator which lacks the latter disadvantage. The price we
have to pay for this is that our Aharonov-Casher type formula has certain
extra terms.

For the Dirac operators with strongly singular magnetic field the question
on the number of zero modes was considered in [HOO1]. The definition
of the self-adjoint operator considered there is close to the one in Erdds-
Vougalter, however it is not gauge invariant, therefore the Aharonov Casher-
type formula obtained in [HO01] depends on intensity of each AB solenoid
separately.

In Section 3 we establish that the Maximal Pauli operator is gauge invari-
ant and that changing the sign of the magnetic field leads to anti-unitarily
equivalence. Our main result is the Aharonov-Casher type formula for the
Maximal Pauli operator. An interesting fact is that this operator can have
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both spin-up and spin-down zero modes, in contrary to the EV Pauli op-
erator and the Pauli operator for less singular magnetic fields, which have
either spin-up or spin-down zero modes, but not both. In [GG02] a setting
with an infinite lattice of AB solenoids with equal AB flux at each solenoid is
studied, having both spin-up and spin-down zero modes, both with infinite
multiplicity.

In Section 4 we discuss the approximation by more regular fields in the
sense of Borg and Pulé, see [BP03]. It turns out that both the Maximal
Pauli operator and the EV Pauli operator can be approximated in this way.
However, the EV Pauli operator can be approximated as a Pauli Hamiltonian,
while the Maximal Pauli operator can only be approximated one component
at a time. Since different ways of approximating the magnetic field may lead
to different results, see [BV93, Tam03], we leave the question if the Maximal
Pauli operator can be approximated as Pauli Hamiltonian open.

2 Definition of the Pauli operators

The Pauli operator is formally defined in the Hilbert space I = L, (R?) ® C2
as

B =(0-(=iV-ad)° = (-iV-a)’ - oB.

Here o = (01, 03,), where 0, 01 and o, are the Pauli matrices

0—10 0—01anda—0_i
0_0_1r l_loy 2_i0r

d = (a1, ay) is the real magnetic vector potential and B = % - g% is the
magnetic field. This definition does not work if the magnetic field B is too
singular, see the discussion in [EV02, Sob96]. If G € L joc(R?) ® R?, using

the notation IT; = —id; — aj, for j = 1,2,
Q=H1—iﬂg, Q*=H1+il'[2,

and dm for the Lebesgue measure, the Pauli operator can be defined via
the quadratic form

plwl = 1QuII* + 1Q* w_|I* :f lo - (=iV — d)yl* dm(x), 2.1)
RZ
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the domain being the closure in the sense of the metrics p[y] of the core
consisting of smooth compactly supported functions. With this notation,
we can write the Pauli operator 3 as

P, 0)_[(Q'Q o
"B:(o P_)_( 0 QQ*)'

However, defining the Pauli operator via the quadratic form p[y] in (2.1)
requires that the vector potential @ belongs to Ly 0. (R*) ® R?, otherwise
plw] can be infinite for nice functions vy, see [Sob96]. If the magnetic field
consists of only one AB solenoid located at the origin with intensity (flux
divided by 27) @, then a magnetic vector potential 4 is given by

(2.2)

~ a

amx',x*) = W(—xz,xl)
which is not in L; joc (R?) ® R?. Here, and elsewhere we identify a point
x = (x!,x?) in the two-dimensional space R? with z = x! + ix? in the
complex plan C.

Following [EV02], we will define the Pauli operator via another quadratic
form, that agrees with p[y] for less singular magnetic fields. We start by
describing the magnetic field.

Even though the Pauli operator can be defined for more general magnetic
fields, in order to demonstrate the main features of the study, without extra
technicalities, we restrict ourself to a magnetic field consisting of a sum
of two parts, the first being a smooth function with compact support, the
second consisting of finitely many AB solenoids. Let

A=z };1:1

be a set of distinct points in C and let a; € R \ Z. The magnetic field we will
study in this paper has the form

B(z) = Bo(2) + )_ 2ma;6,, (2.3)
j=1

where By € Cé (R?). In [EV02] the magnetic field is given by a signed real
regular Borel measure p on R? with locally finite total variation. It is clear
that du = By(z) dm(z) + Z;Z:I 2majd,; is such a measure.

The function W, given by
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1
Wy (z) = gf log |z — z'|By(z") dm(2')
C

satisfies —AW, = By since By € Cé (R?) and —Aloglz — zj| = 2ﬂ6zj in the
sense of distributions. The function

n
W(z) = Wy(2) + ) ajloglz -zl
j=1
satisfies —AW = B. It is easily seen that W;(z) ~ ®¢log|z| as |z| — oo, and
thus the asymptotics of e*"' @ is

|z|*2, lz| — oo;

taj
’

PEAUACIN {

|z -zl z— zj;

where @) = % f(cBg(Z) dm(z) and @ = % fCB(z) dm(z) = @ + Z?:l a;.
We are now ready to define the two self-adjoint Pauli operators. The
decisive difference between them is the sense in which we are taking deriva-
tives. This leads to different domains, and, as we will see in later sections, to
different properties of the operators. Let us introduce notation for taking de-
rivatives in the different spaces of distributions. Remember that A = {z; }?:1

is a finite set of distinct points in C. We let the derivatives in D'(R?) be de-
noted by 8 and the derivatives in D’(R? \ A) be denoted by 0 with a tilde

over it, that is 0. Thus, for example, by 0, we mean % in the space D’ (R?)

and by 5Z we mean % in the space D'([R?\ A).

2.1 The EV Pauli operator

We follow [EV02] and define the sesquilinear forms p,, and pg,, by

Py, E4) = 4 f(c 0z (™) 0z (e ¢4 )e®™ dmi2);
Dom(py) = { v+ € Ly(R?) | piy(w, v1) <oo};
and
prv(W-, &) = 4[ 0, (eWw_) 0, (eWE_)e_ZW dm(z);
C

Dom(pg,) = {w- € Ly(R®) | pgy(y—, ¥-) < oo}.

Set
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pEV(wy f) = pEV(W+y éJr) + PE\/(Wﬂ f,),

[/

Dom(py,) = {v = (1// ) € H | peyy, ) < o0}

Let us make more accurate the description of the domains of the forms
Pry» Pry and pr,. For example, what is required of a function v, to be in
Dom(py;,)? It should belong to L (R?), and the expression

PivWs, W) =4 fc 102 (e W y,)|* e dmi(z)

should have a meaning and be finite. This means that the distribution
0z (e‘WW+) actually must be a function and its modulus multiplied with e"
must belong to L,(R?), that is [8; (e, ) [e" € L,(R?). This forces all the
intensities a; to be in the interval (-1, 1), see [EV02].

Next we define the norm by

2 2 2
Mwlls = llplls. + llw-ll,-
pEV pEV EV
where
2 2 -w w2
e llze =yl + [0z (e ya)e™ |
EV
and

g2 = 12+ 0. (W y)e ™|

The form p,, is symmetric, nonnegative and closed with respect to || - [,

again see [EV02], and hence it defines a unique self-adjoint operator Py
via

Dom(Pry) = { ¥ € Dom(py,) | pey, ) € H'}; (2.4)
<§$EVW’E> =Py, 8), vwe Dom(qﬂéEv)y ¢ € Dom(pp,). (2.5)

We call this operator 53]3\, the non-reduced EV Pauli operator.

If some of the intensities a; belong to R\ [-1/2,1/2), we let a; be the
real number in [-1/2,1/2) such that a; and a;‘.‘ differ by an integer, that is
a}f —aj=mj € 7. We define the reduced EV Pauli operator (or just the EV
Pauli operator), By, to be

PBrv = eXp(i(P)%EV exp(—i¢), (2.6)
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where ¢(z) = Z?:l mj arg(z — z;). Hence, if there are some «a; outside the
interval (-1, 1) only the reduced EV Pauli operator is well-defined. If all
the intensities a; belong to the interval [-1/2,1/2) then we do not have to
perform the reduction and hence there is only one definition. However, if
there are intensities a; inside the interval (-1, 1) but outside the interval
[-1/2,1/2) then we have two different definitions of the EV Pauli operator,
the direct one and the one obtained by reduction. In Section 3 we will show
that these two operators are not the same.

2.2 The Maximal Pauli operator

Let a; € R\ Z. We define the forms

P;;lax(l,l’w ) = 4[ az‘ (e_WV’+) 52 (e_Wf+)€2W dm(z);
C

Dom(pya) = {w+ € L2(R?) | praxWs, y4) < oo},

and

P 1) =4 [ 32 ey 3 (7 E)e 2 dme
C

DOM (P = {Y'- € L2(RY) | Proax (Y-, y7-) < 00
Set

prnax(w’ 5) = P;;ax“//w f+) + px;ax(w—’ 6—);

L

Dom(p ) = {w = (1// ) eH | Pmax W, V) < oo}.

Again, let us make clear about the domains of the forms. For a function v,
to be in Dom(p;.,,,) it is required that v, € L, (R?) and that 0, (e‘Wl//+) isa
function. After taking the modulus of this derivative and multiplying by "'
we should get into L, (R? \ A), thatis |0z (e""y,)|e" € L,(R?\ A). Note that
the form p ., does not feel the AB fluxes at A since the derivatives are taken
in the space D'(R? \ A), and integration does not feel A either since A has
Lebesgue measure zero. This enable the AB solenoids to have intensities
that lie outside (-1, 1).
Also, define the norm

2 _ 2 2
[ 72N N 720
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where

Iyl = sl + |3z (™ y)e |
and

Iy 2. = Ny 1 + |3z (ey-)e ™",

Proposition 2.1 The formyp,,,, defined above is symmetric, nonnegative
and closed with respectto || - ||.

Proof Itis clear that p, .. is symmetric and nonnegative. Assume that y; =
(¥j,+,¥j,-) is a Cauchy sequence in the norm ||-|ll, . This implies that

Vi« — . in L(R% dm(2);
5z(e_ij,+) — u, in Lz(Rz,eZW dm(z));
0, (eij,_) —u_ in L (Rz,e_zw dm(z)).

We shall show that

For any function ¢ € Cy° R\ A),

|((ur =0z (e v)) . 9)| = ' fc (s =0z (e™"ws)) Pdm(2)

fc (s - 82 (¢ ;1)) Bdmi@)

<

+

f (1//+ - 1//j,+) 32(6)97‘” dm(z)
C

= ” Uy = 52- (e_WV’J'Hr) ||L2(e2W dm(z)) ”ae_W”

3 -w
+ s =yl ||0:@e™ .
The above expression tends to zero as j — oo, since the first factor in each
term tend to zero, and the second factor is bounded (thanks to ¢). The proof

is the same for the spin down component. This shows that the form p,,, is
closed. U
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Hence p ., defines a unique self-adjoint operator ‘B, via

Dom(Pnax) = { ¥ € DOMPry) | Prnax¥, ) € H' 5 2.7)
<q3maxw’ €> = Prax (W) &, vye Dom(mmax), e Dom(p.¢)- (2.8)

We call this operator B3, the Maximal Pauli operator.

3 Properties of the Pauli operators

In this section we will compare some properties of the two Pauli operators
Pry and P, defined in the previous section. We start by showing that
P nax is gauge invariant while the non-reduced EV Pauli operator Py is not.

3.1 Gauge transformations

Let B(z) = By(z) + Z?;l 2na; 6zj be the same magnetic field as before and

let B(z) be another magnetic field that differs from B(z) only by multiples
of the delta functions, that is

n
B(z) =B(2) + )_ 2mnm;b,,
j=1

where m; are integers, not all equal to zero. Then the corresponding scalar
potentials W (z) and W (z) differ only by the corresponding logarithms

W(z) =W + ) mjloglz - zl.
j=1

With
n
@(z) = Z m; arg(z — zj)
j=1

we get

o n

W(2) +ip(z) = W(z) + )_ mjlog(z — z;).

j=1

The function W is multivalued, but, since m;, j = 1,2,..., n are integers,

we have
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0: (W) +ip(z) =0:W(2) + Y m;jozlog(z - zj); (3.1
j=1
0: (W) +ip(2)) =0:W(2); (3.2)
eViv = oW [[z-2zpm. 3.3)
j=1

Let us check what happens with p,., when we do gauge transforms. Let
v = (p,yp) € Dom(p,,,(W)). Here, and in the continuation, we add
the scalar potential to the notation of the forms and operators when nec-
essary to avoid confusion. We should check that i/ = e~'?y belongs to
Dom(pmaX(W)), where ¢(z) = 2721 m; arg(z — z;) is the harmonic conju-
gate to W(z) — W(z). We do this for p;;lax(ﬁv\). A calculation using (3.2)
and (3.3) gives

16:(c V7)€" = |3z (e Ty 29) " (3.4)
( HZ zj)” ’1//+(Z))‘ W]—[Iz—z] |
= [0:(e” %)Ie

Hence v, € Dom(p;,, (W) 1mphes that ¢/, = e"‘/’l//Jr € Dom(pmax(W)).
In the same way it follows that {_ = e "%y _ € Dom(pmaX(W)) ifyw_ €
Dom(py,.(W)). Thus e~ Dom(p,,..(W)) < Dom(pmaX(W)). In the same
way we can show that el® Dom(pmax(ﬂ/\)) < Dom(p,,.(W)), and thus we
can conclude that e™'? Dom(p,,,, (W) = Dom(pmax(W\)). From the calcula-
tion in (3.4) and a similar calculation for the spin-down component v _ it
also follows that

Prmax W) (67w, e Py) = pr o W) (W, y).
Hence we can conclude that if v € Dom(3,,,..(W)) and ¢ € Dom(p, (W)
then ey € Dom(P,.x(W)) and e*%¢ € Dom(p,,,,,(W)). If we denote by
U, the unitary operator of multiplication by e'?, then we get

(Brnax WV €) = Proax W)W, 6) = P WUy, Uy &)
= (Panax MUY, Up) = (UpPrnax WU, E),
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and hence P, (W) and ‘Bmax(W) are unitarily equivalent. We have proved
the following proposition.

Proposition 3.1 Let B and B be two singular magnetic fields as in (2.3),
with difference B — B = Yj_12mm;6,;, where m; are integers, not all equal
to zero. Then their corresponding Maximal Pauli operators defined by (2.7)
and (2.8) are unitarily equivalent.

To see that £]~3EV is not gauge invariant it is enough to look at an example.
Note that this operator is defined only for intensities belonging to the inter-
val (-1,1). Letn = 1,2z, =0, a; = —1/2 and m; = 1, so the two magnetic
fields are B(z) = By(z)—mdg and B(z) = By(z)+mdy. The scalar potentials are
given by W (z) = Wy(z) — %log |z] and /I/\?(z) = Wy(z) + %log |z| respectively,
where W (z) is a smooth function with asymptotics @y log|z| as |z] — co. We
should show that Dom(pEv(W\)) is not given by e~ Dom(pg, (W)), where
¢(z) = arg(z). Then it follows that p.,,(W) and pEV(W) do not define unitar-
ily equivalent operators.

Lety, € Dom(pEV(W)). This means, in particular, that 9; (1//+e‘W) be-
longs to the space Ll,loc(Rz). Now let ¢/, = e‘i‘pW+. Then, according to (3.3)
we get

-w
Ve w

~ v Vi w1 _
0:(e") = 0:(ye V1Y) = az-( ) =0:(y.e W); +y.e” by
which is not in Ll,loc(Rz) since it is a distribution involving 8§, (for non-
smooth y it is not even well-defined). Thus the sets Dom(pf,,(W)) and
el Dom(pEV(W)) are not equal, and hence the sets Dom(pEV(W)) and
el Dom(pg, (W) also differ, so the forms Pey(W) and pEV(W\) are not defin-

ing unitarily equivalent operators ‘,T3EV(W) and ‘EEV(W\).

3.2 Zero modes

When studying spectral properties of the operator B3, it is sufficient to
consider AB intensities a; that belong to the interval (0, 1), since the opera-
tor is gauge invariant. See the discussion after the proof of Theorem 3.3 for
more details about what happens when we do gauge transformations.

Lemma 3.2 Letcj € Candz; €C,j=1,...,n, wherez; # z; if j # i and
not all ¢j are equal to zero. Then
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n

> —

j= lz Z]

(ZQ)MJHOMW% 2| — oo, (3.5)

where [ is the smallest nonnegative integer such that Z;’zl c]-z; #0.

Proof If |z] is large in comparison with all |z;| we have

n . n .
y G _1 Cj
iSZ 7 zjll—zj/z
(e 9]
1
_ Lk
_Z(ZC]ZI) k+1
k=0 "j=1
n
= (X¢ ’)—+0(|z|" 2)
i
j=1
and thus }.7_ | L =~ lal” ~I=1as |z| — oo. O

Remark 3.1 We note that / in Lemma 3.2 may never be greater than
- 1. Indeed if I = n then we would have the linear system of equations
{Z 0} 1o But the determinant of this system is [, ; jzi—zj) #0,
and thls Would force all ¢; to be zero.
Note also that for / < n the linear system of / equations

-1

i ;
{ Ci;iZ. = 0}
J
a J k=0
with n unknowns ¢; appear, and that the / x n matrix {Z;C} has rank /.

Theorem 3.3 Let B(z) be the magnetic field (2.3) with all a; € (0,1), and
let B ... be the Pauli operator defined by (2.7) and (2.8) in Section 2 corre-
sponding to B(z). Then

dimker‘B ., = {n — &} + {®},

where @ = % f(c B(z)dm(z), and {x} denotes the largest integer strictly less
than x ifx > 1 and 0 if x < 1. Using the notation Q and Q" introduced in
Section 2, we also have

dimkerQ ={n —®} and dimkerQ* = {®}.
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Proof We follow the reasoning originating in [AC79], with necessary modi-
fications. First we note that (v, w_)" belongs to ker 3., if and only if v,
belongs to ker Q and y_ belongs to ker Q*, which is equivalent to

0: (e_WW+) =0 and 0, (eww_) =0.

This means exactly that f. (z) = e¢W1//J_,(z) are holomorphic (+) and anti-
holomorphic (-) functions in z € R* \ A. It is the change in the domain
where the functions are holomorphic that influences the result.

Let us start with the spin-up component v .. The function f, is allowed
to have poles of order at most one at z;, j = 1,..., n, and no others, since
el ~ |z - zj|% asz — zjand y, = f+eW should belong to L,(R?). Hence
there exist constants ¢; such that the function f, (z) - ;;:1 Zf’Z - is entire.

. . Ci
From the asymptotics eV ~ |z|?, |z| — oo, it follows that f, — ol = - may

only be a polynomial of degree at most N = —® — 2. Hence

n
c.
f+(z):z ! +a0+alz+...aNzN,

j=1 Z _Z]

where we let the polynomial part disappear if N < 0. Now, the asymptotics
fory, is

N+@

—-1-1+®
|z| + |z] ,  lz|l — oo,

Yi(z) ~

where [ is the smallest nonnegative integer such that Z?;l Cj zj. # 0. To have

v, in L, (R?) we take [ to be the smallest nonnegative integer strictly greater
than @. Remember also from the remark after Lemma 3.2 that/ < n — 1.
We get three cases. If @ < -1, then all complex numbers ¢; can be chosen
freely, and a polynomial of degree {—®} — 1 may be added which results
{n — @} degrees of freedom. If -1 < ® < n — 1 we have no contribution
from the polynomial, and we have to choose the coefficients c; such that

1o cjz;.C =0fork =0,1,...,I - 1. The dimension of the null-space of the
matrix {z;.C tisn—1=1{n-o}.If®d = n -1 then we must have all coefficients
c¢j equal to zero and we get no contribution from the polynomial. Hence, in
all three cases we have {n — ®} spin-up zero modes.

Let us now focus on the spin-down component ¥ _. The function f_ may
not have any singularities, since the asymptotics of e™" is |z — z il™% as
z — zj. Hence f_ must be entire. Moreover, /- may grow no faster than
a polynomial of degree @ — 1 for _ to be in L,(R?). Thus f_ has to be a
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polynomial of degree at most {®} — 1, which gives us {®} spin-down zero
modes. O

The number of zero modes for 3., and Py are not the same. The
Aharonov-Casher theorem for the EV Pauli operator (Theorem 3.1 in [EV02])
states for the field under consideration:

Theorem 3.4 Let B(z) be as in (2.3) and let E(z) be the unique magnetic
field where all AB intensities a; are reduced to the interval [-1/2,1/2), that
is B(z) = B(z) + Y\ 2nm;6,;, where aj + m; € [-1/2,1/2). Moreover, let
® =5 [ B(z) dm(z). Then the dimension of the kernel of the EV Pauli
operator Py is given by {|®|}. All zero modes belong only to the spin-up or
only to the spin-down component (depending on the sign of ®).

Below we explain by some concrete examples how the spectral properties
of the two Pauli operators 3,,,,, and Py differ.

Example 3.1 Since Py is not gauge invariant we must not expect that the
number of zero modes of ‘Bgy is invariant under gauge transforms. To see
that this property in fact can fail, let us look at the Pauli operators Py (W;)
and By (W>) induced by the magnetic fields

B (2) = By(z) + mdy,
By (z) = By(z) — mdy

respectively, where By has compact support and @, = ﬁ f(c By(z)dm(z) =
%. Then B, is reduced (that is, its AB intensity belong to [-1/2, 1/2)) but B,
has to be reduced. Due to Theorem 3.4, the EV Pauli operators By (W7) and
Py (W) corresponding to By and B; have no zero modes. However, a direct
computation for the non-reduced EV Pauli operator ‘:IV3EV(W1) corresponding
to B; shows that it actually has one zero mode. The situation is getting more
interesting when we introduce the operator that should correspond to

B3 = By(z) + 377550.

The AB intensity for Bj is too strong so we have to make a reduction. In
[EV02] the reduction is made to the interval [-1/2,1/2), and we have fol-
lowed this convention, but physically there is nothing that says that this is
the natural choice. Reducing the AB intensity of B; to —1/2 gives an operator
with no zero modes and reducing it to 1/2 gives an operator with one zero
mode.
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The Maximal Pauli operators . (W1), PBrax(W2) and P, (W3) for
these three magnetic fields all have one zero mode. This is easily seen
by an application of Theorem 3.3 to 3,,,,.(W7), and then using the fact that
the operators are unitarily equivalent.

However, more understanding is achieved when looking more closely at
how the eigenfunctions for these three Maximal Pauli operators look like.
Let Wi be the scalar potential for B, k = 1,2,3. Then, as we have seen
before

1
Wi(z) = Wy(z) + ElogIZI,
1
W (z) = Wy(z) — > loglz|, and

3
Wis(z) = Wy(z2) + zlogIZI.

where Wy (z) corresponds to By(z). Following the reasoning from the proof
of Theorem 3.3 we see that the solution space to 3., (W1)w = 0is spanned
by y = (0,e”"1)?,

Next, we see what the solutions to 3,,..(W>)y = 0 look like. The flux is
this time

@, = if Bs(z)dm(z) = 1/4 > 0.
27 C

Let us begin with the spin-up component v ... This time, the holomorphic
f+ = e "2y, may not have any poles since then 1, would not belong to
L, (R?), and fi(z) = e’Wzi//J,(z) — 0 as |z|] — oo, so we must have f, = 0,
and thus v, = 0. For w_(z) to be in L,(R?) it is possible for f_ to have
a pole of order 1 at the origin. Hence there exist a constant ¢ such that
f-(z)—c/z is antiholomorphic in the whole plane. The function f_(z) — 0 as
|z| — oo since the total intensity @, > 0. This implies, by Liouville’s theorem,
that f_(z) = c¢/z, so the solution space to ‘B..(W2)y = 0 is spanned by
w(z) = (0,e7"2/2).

Finally, we determine the solutions to 3., (W3)y = 0. For this field, the
flux is given by

1
&3 = —f Bs(z)dm(z) = 9/4.
27 C

Consider the spin-up part . For ¢, to be in L,(R?) our function f, may
have a pole of order no more than two at the origin. As before, there exist
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constants ¢; and ¢, such that f,(z) — c;/z - c,17z% is entire and its limit is
zero as |z| — oo, and thus f, (z) = ¢;/z + ol 22 Again, both ¢, and ¢, must
vanish for ¢, to be in L,(R?) (otherwise we would not stay in L, at infinity).
Thus ¥, = 0. On the other hand, the function f- may not have any poles
(these poles would push v _ out of L, (R?)), so it is antiholomorphic in the
whole plane. It also may grow no faster than |z|°’* as |z| — oo, and thus f-
has to be a first order polynomial in Z, that is f_(z) = ¢o + ¢12. Moreover
for w_ to be in L,(R?) it must have a zero of order 1 at the origin, and thus
f-(z) = c12. We conclude that the solutions to P ,,.«(W3)w = 0 are spanned
by (0, ze™"3)".

A natural property one should expect of a reasonably defined Pauli op-
erator is that its spectral properties are invariant under the reversing the
direction of the magnetic field: B — —B. The corresponding operators
are formally anti-unitary equivalent under the transformation ¢ — v and
interchanging of v, and y_.

Example 3.2 The number of zero modes for By is not invariant under
B(z) — —B(z), which we should not expect since the interval [-1/2,1/2) is
not symmetric. We check this by showing that the number of zero modes
are not the same. To see this, let B(z) = By(z) + nd,, where By has compact
support and @, = % f(C By(z)dm(z) = %- Then B has to be reduced since
the AB intensity at zero is 1/2 ¢ [-1/2,1/2). After reduction we get the
magnetic field B(z) = By(z) — 18, and we can apply Theorem 3.4. We put
® = L [.Bdm(z) = 1. Thus the number of zero modes for Py (W) is
0. Next, we consider the Pauli operator ‘Bgy(—W) defined by the magnetic
field B_(z) = —B(z) = —Bgy(z) — mdy. This magnetic field is reduced and
thus we can apply Theorem 3.4 directly. The total intensity of this field is
®_ = 5 [ —B(z) dm(z) = -2, so the number of zero modes for Py (—W)
is 1. If B has several AB fluxes then the difference in the number of zero
modes of Py (W) and Pgy(—W) can be made arbitrarily large.

Remark 3.2 If there are only AB solenoids then the By preserves the num-
ber of zero modes under B — —B, so the absence of signflip invariance can
be noticed only in the presence of both AB and nice part.

Example 3.3 The number of zero modes for 13, is invariant when we
flip the magnetic field, B(z) — —B(z). Since it is clear that the number
of zero modes is invariant under z — Zz we look instead at how the Pauli
operators change when we do B(z) — B(z) = —B(2). If we set { = Z we
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get B({) = —B(z) and the scalar potentials satisfy W () = -W(2). Assume
thaty = (v, (2),w_(2))" € Dom(p,,.(W)), and denote by S is the isometric
spin-flip operator S((y;, w_)") = (w_,w,)'. Then

Prax W (2) (w, w) = 4[ |52(1//+(Z)8_W(Z))|2e2W(Z)
C
+10. - (22" @) P2V dm(z)
=4 f 13c . @™ O) o270
C

|8 e VO VO amg
= Prnax (W (2) (SY, Sy)

We see that (¢, w_)" belongs to Dom(P,,.«(W (2))) if and only if (w_,y )’
belongs to Dom(‘BmaX(W(Z))) and then

Pnax (W (@) = Bunax W (2))S

Hence it is clear that ‘BmaX(W\(Z)) and B« (W (z)) have the same number
of zero modes.

Example 3.4 In the previous example we saw that changing the sign of
the magnetic field results in unitarily equivalent Maximal Pauli operators.
This implies that the number of zero modes for the Maximal Pauli operators
corresponding to B and —B are the same. This, however, can be seen directly
from the Aharonov-Casher formula in Theorem 3.3. To be able to apply the
theorem to —B = —By — 27:1 2maj6; we have to do gauge transformations,
adding 1 to all the AB intensities, resulting in B = —By + Z;’Zl 2n(l -« ]-)6 j-
Now according to Theorem 3.3 the number of zero modes of B, (-W) is
equal to

dimker P o (W) = (@} + (n — B} = {n — &} + (@} = dim ker P (W),

where we have used that @ = = Jc Bdm(z) =n-o.

4 Approximation by regular fields

We have mentioned that the different Pauli extensions depend on which
boundary conditions are induced at the AB fluxes. Let us now make this
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more precise. Since the self-adjoint extension only depends on the bound-
ary condition at the AB solenoids it is enough to study the case of one such
solenoid and no smooth field. For simplicity, let the solenoid be located at
the origin, with intensity a € (0, 1), that is, let the magnetic field be given
by B = 2wad,. We consider self-adjoint extensions of the Pauli operator 13
that can be written in the form
[P+ 0) _(Q'Q o0
‘43—( 0 P_)_( 0 QQ*)’

with some explicitly chosen domains that ensures closedness of Q* and
. Tt is exactly such extensions 3 that can be defined by the quadratic
form (2.1). A function . belongs to Dom(P,) if and only if 1, belongs to
Dom(£) and Qv belongs to Dom(Q™), and similarly for P_.

With each self-adjoint extension P, = Q*Q and P_ = QQ" one can
associate (see [DS98, ESV02, GS04a, Tamo03]) functionals ¢*,, c¢Z, cZ_, and
¢t by

1-a’

. 1 27
ct, () :1111(1)#1% i v.do,

1 2
o) = PE% r ¢ (E A v.do — r‘“ci(w)) ,
2n

+ _1 l-a _— i0
ca_l(w)—lg%r 27 ), v.e’do,

1 2m )
+ : a-1 i0 a-1 .+
c =limr — e’dd—r""c .
l—a(u/) =0 (27_[ jo‘ Ufi l—a(u/))
such that . € Dom(P.) if and only if
Ve ~cE ety ct 1 e 1 % 0 4.1)
asr — 0, wherey =min(l + a¢,2 - a)and z = rei.

Any two nontrivial independent linear relations between these function-
als determine a self-adjoint extension. In order that the operator be rotation-
invariant, none of these relations may involve both a and 1 — a terms simul-
taneously. Accordingly, the parameters vj = c3/c*, and vi = ¢ /c;_;,
with possible values in (—oo, co], are introduced in [BP03], and it is proved
that the operators P.. can be approximated by operators with regularized
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magnetic fields in the norm resolvent sense if and only if v; = oo and
v € (—00,00] or if vjj € (00, 00] and V] = oo.

Before we check what parameters the Maximal and EV Pauli operators
correspond to, let us in a few words discuss how the approximation in [BP03]
works.

The vector magnetic potential g is approximated with the vector potential

a(z) |z|>R

arlz) = {0 zl <R

avoiding the singularity in the origin. The corresponding Hamiltonian Hp,
formally defined as

Hp = (=iV — dgr)* + gé(r -R),

where g = B(a, R), is studied. It is decomposed into angular momentum
operators h,, g. Only the operators h,, r where m = 0 or m = 1 have non-
trivial deficiency space. Let hﬁl  be self-adjoint extensions of i, r and let

H 5 =B -0 hfl R Theorem 1 in [BP03] says (here we use the notation v,
and v, for what could be v and v; respectively):

(O If (B(a,R) + @R — 2avg as R — 0, then HY converges in the
norm resolvent sense to one component of the Pauli Hamiltonian
corresponding to v; = oo.

I If(B(a,R)—a+2)R*@V — 2(1-a)v, asR — 0, then Hg converges in
the norm resolvent sense to one component of the Pauli Hamiltonian
corresponding to vy = co.

We are now going to check what parameters the Maximal and EV Pauli
operators corresponds to. Generally, for the function . to be in Dom(P.),
it must belong to Dom(£Q) and Q. must belong to Dom(Q*). We will
find out what is required for a function g to be in Dom(Q*). Take any
¢+ € Dom(£), then the integration by parts on the domain ¢ < |z| gives



20 Mikael Persson

0
(€, Q¢.) = lim g(Z)(—Ziﬁ(e‘Ww(Z))eW) dm(z)

|z|>€

= lim —2ii(g(z)ew)e‘w<p+(z) dm(z)

=0 J1z1>¢ z

21 .
+ limef gee')p. (eei®)e 0 d0
0

e—0
€ 2m P
=(Q"g,p.) + lim—f g(ee) g, (eei®)e %0
e—02 0
Hence, for g to belong to Dom(£Q™) it is necessary and sufficient that
2n .

lin(l)sf gee)p, (eei®)e %40 = 0
&= 0

for all ¢ € Dom(p*), and thus for Q. to belong to Dom(Q") it is neces-
sary and sufficient that

2m
a ——— .
limef (—_(e‘WumeW)‘ . (eei®e 040 =0
=0 Jo 0z z=¢el?

for all ¢, € Dom(p*). We know that 1, has asymptotics as in (4.1) and

o _e% (o 10V ; ; :
thatz> = 5- (E + FE) in polar coordinates. A calculation gives

0 . .
Eg(e_wuu)ewe_’g ~=2act e " +2(1 - a)cf_agl_“e_’g + 0",

hence we must have

z=cel?

2n
lirré (—2acfa£_“ +2(1 - a)c{lael_“e_"g) @ (ce’?)df =0 4.2)
e=0Jo
for all ¢, € Dom(p™). A similar calculation for the spin-down component
yields

2n
}aing (2ac;£ +2(a — l)c;_lea_lem) @_(eei?)do = 0. 4.3)
—0Jo

To calculate what parameters v; and v; the Maximal and EV Pauli exten-
sions correspond to, it is enough to study the asymptotics of the functions

in the form core.
Let us first consider the Maximal Pauli extension. Functions on the form
(pgc! z)e" constitute a form core for p;.,,, where ¢, is smooth. Hence
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there are elements in Dom(p;},,) that asymptotically behave as r* and also
elements with asymptotics ra-leif, According to (4.2) this means that c*,
and cf_ o, must be zero. Similarly, the elements that behave like r-% and
elements that behave like r!~%¢’’ constitute a form core for p;,,,, which
by (4.3) forces c; and c,_, to be zero. The parameters v; and v; are given
by vy = cilcty, = 0o, vi = cf_ lc; |, =0,vy = cylc, = 0and v =
C1_q /€4 = 00. We see that the spin-up component can be approximated
as in (II), while the spin-down component can be approximated as in (I).

Let us now consider the EV Pauli extension, and study the case when
a € (0,1/2). The case a < 0 follows in a a similar way. A form core for pgv
is given by e" ¢, where ¢ is smooth, see [EV02]. These functions have
asymptotic behavior 7. From (4.2) follows that c¢*, must vanish. However,
¥, belonging to Dom()) must also belong to Dom(p;,,) and since the func-
tions in the form core for pgv behave as r% or nicer, we see that the term
c;_lr“‘le‘ia gets too singular to be in Dom(Q) if ¢]_; # 0, and hence ¢, _,
must be zero.

Similarly, a form core for pg,, is given by e W, with ¢q smooth. Func-
tions in this form core have asymptotic behavior r~* or r~**!e’? which
forces ¢, and c,,_, to be zero.

Hence the parameters v and v| are given by vj = c3/c*, = oo, v{ =
Cl_glCh 1 =00,vy =cylc_,=0andv] =c_,/c,_,

We conclude that the spin-up part of the EV Pauli operator can be ap-
proximated in either of the ways (I) or (II), while the spin-down part can be
approximated in way (I).

= OQ.

Remark 4.1 From the calculations above it follows that the EV Pauli opera-
tor can be approximated as a Pauli Hamiltonian in the sense of [BP03], while
the Maximal Pauli operator cannot be approximated as a Pauli Hamiltonian,
since the spin-up and spin-down components are approximated in different
ways.

Since AB is defined up to a singular gauge transformation and regular
fields can not be transformed in this way it is unclear which additional phys-
ical requirements or principles can decide on which way of approximation
is the most physically reasonable.
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On the Dirac and Pauli operators with
several Aharonov-Bohm solenoids

Mikael Persson

Abstract: We study the self-adjoint Pauli operators that can be real-
ized as the square of a self-adjoint Dirac operator and correspond
to a magnetic field consisting of a finite number of Aharonov-Bohm
solenoids and a regular part, and prove an Aharonov-Casher type for-
mula for the number of zero-modes for these operators. We also see
that essentially only one of the Pauli operators are spin-flip invariant,
and this operator does not have any zero-modes.

1 Introduction

The paper is devoted to the study of self-adjoint realizations of Dirac and
Pauli operators involving strongly singular magnetic fields, in particular, to
the analysis of admissibility of such realizations.

A basic principle of quantum mechanics requires that a system with
conserved energy must be described by a self-adjoint Hamiltonian. For a
vast majority of situations, this requirement does not cause any trouble, a
naturally defined operator proves to be essentially self-adjoint, so only one
self-adjoint realization exists. Complications arise for operators involving
singular fields. Here quite often the energy operator, defined on smooth
functions with support not touching the singularity may admit many self-
adjoint extensions. Physically, such extensions differ by the way how the
particle interacts with the singularity, mathematically a kind of boundary
conditions at singularity must be imposed; anyway, different choices of the
self-adjoint extension describe different physics. Sometimes it is possible to
describe all self-adjoint realizations explicitly, we mention here especially
the paper [AT98], one of the starting points of our study. In other cases
only some of such extensions can be found. However the question remains,
which of the extensions may correspond to actual physical situations, and
which surely are just a mathematical fiction, irrelevant to the reality. In
the present paper we consider the Pauli and Dirac operators with singular
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magnetic fields and attempt to perform the above selection, using as a
criterion several intrinsic physical principles which the operators must obey.
We find out that, in fact, very few of the rich set of self-adjoint extensions
follow all of these principles.

Two-dimensional spin-% non-relativistic quantum systems with mag-
netic fields are described by the Pauli operator. For regular magnetic fields
the Pauli operator is usually defined as the square of the Dirac operator.
However, for more singular magnetic fields, such as the delta field, an
Aharonov-Bohm (AB) solenoid, generates (see [AB59]), there are many self-
adjoint realizations of both the Dirac and the Pauli operator. We consider
the magnetic field consisting of finitely many AB solenoids and a smooth
field with compact support. Up to now only two Pauli extensions have been
studied for this type of magnetic field (see [EV02, Per05]), both defined via
a quadratic form. Since the Pauli operator classically is the square of the
Dirac operator it is natural to study those self-adjoint Pauli extensions that
can be obtained in this way.

Another natural property to expect from the Pauli operator is that it trans-
forms in an (anti)-unitary way when the sign (direction) of the magnetic
field is changed to the opposite one and the spin-up and spin-down com-
ponents are switched. This property is usually called spin-flip invariance,
and we want to answer the question of which Pauli operators defined in
different ways satisfy it.

One more natural property to expect is the possibility to approximate
our operator by ones with regular magnetic fields. For one AB solenoid
such Pauli extensions were described in [BP03] and the conditions were ex-
pressed in the terms of the asymptotics at the singular point of the functions
in the domain of the operator. We extend these results to the case of several
solenoids.

These and some other principles, explicitly formulated in the paper, leave
rather few of all possible self-adjoint operators. One of the important fea-
tures to be studied for such operators is the dimension of the space of
zero modes, given in the regular case by the Aharonov-Casher formula
(see [AC79]). This formula and its modifications have been proved in dif-
ferent settings, see [CFKS87, GG02, Mil82]. Recently this formula was also
proved for one of the extensions for a very singular magnetic field (con-
taining the case with AB solenoids) in [EV02]. Another extension was in-
troduced in [GGO02], and in [Per05] an Aharonov-Casher type formula was
established for that extension. We find out how the (admissible) choice of
the self-adjoint extension influences the dimension of the zero subspace.
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Although the Pauli operator is the main object of our study, much atten-
tion is given to the Dirac operator with strongly singular magnetic field, for
which we address the same kind of questions.

So, in Section 2 we investigate systematically the Dirac operator. For some
special configurations of singular magnetic fields such operators have been
studied before in [Ara93, AH05, dSG89, HOO01, TamO03]. In order to be able
to treat the general case, we need first to repeat in details the description
of all self-adjoint extensions corresponding to only one AB solenoid, given
in [TamO03]. To construct the self-adjoint operators in the case of several
solenoids, we use the glue-together procedure, proposed in [AR04]. After
that we check which extensions are spin-flip invariant and finally we prove a
formula for the dimension of the kernel of the Dirac extensions. In [HO01] a
formula for the dimension of the kernel of the Dirac operator was proved for
two different asymmetric self-adjoint extensions (i.e. those with different
behavior of spin-up and spin-down components), and it was demonstrated
that, in fact, this dimension may differ for quite natural self-adjoint realiza-
tions. These extensions are closely related to the ones introduced in [Ara93].
In both these articles the magnetic field is the same as the one we consider
(the one in [Ara93] does not have the regular part), with the addition of
even more singular terms containing derivatives of the delta distributions
(although by means of proper gauge transformations one can dispose of
these derivatives.)

In Section 3 we consider the Pauli operators that are the square of some
self-adjoint Dirac operator defined in Section 2. We show exactly which
Pauli extensions are obtained in this way, in terms of the asymptotics of func-
tions in the domain of the Pauli operator at the points where the singular
AB solenoids are located. We also find an Aharonov-Casher type formula for
these Pauli operators. It turns out that there are only two of them that have
zero-modes. These two extensions are very asymmetric though, admitting
singularities in one component only, which looks rather non-physical. All
the other extensions have singularities in both the spin-up and spin-down
components, and they are coupled.

It turns out that the Pauli operator studied in [EV02] is a sort of mixture
of these two asymmetric extensions, admitting different interaction with
the singularity of the field at different AB solenoids. In the end of the article
we present a discussion of the properties of the self-adjoint Pauli exten-
sions with respect to different ways of normalization of AB intensities when
choosing a representative in the gauge equivalence class.
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Not pretending to give the final answer to the question which are cor-
rect self-adjoint extensions of Pauli and Dirac operators in the presence of
AB solenoids, we hope that the results of the paper may lead to a certain
enlightening in this problem.

2 The Dirac operator with singular magnetic field

The goal in this section is to describe the self-adjoint Dirac operators cor-
responding to a magnetic field consisting of several (but finitely many) AB
solenoids together with a smooth field, and to find an Aharonov-Casher
type formula for the dimension of the kernel of these self-adjoint operators.
Let us introduce some notation that will be used throughout the article. As
usual we identify the point x = (x!, x?) in R? with the complex number
z = x' + ix?, and we will often write z in polar coordinates, z = re’’. Some-
times it will be convenient to use the polar coordinates r jeief with z; as the
origin. The magnetic field will consist of a regular part By € Cé (R* and a
singular part consisting of 7 AB solenoids located at the points A = {z;}],
so that the magnetic field B has the form

B(z) = By(2) + )_2ma;5,. 2.1)
j=1

Owing to gauge equivalence (see [Tam03]) we can assume that all the AB
intensities «; (fluxes divided by 27) belong to the interval (0, 1). All deriva-
tives will be considered in the distribution space D’ (R? \ A). We will denote
by W a magnetic scalar potential satisfying —AW = B. The magnetic scalar
potential is uniquely defined modulo addition of a harmonic function. We
will use the scalar potential

1 n n

W)= o f Bo()loglz—{ldm@) + ) ajloglz—z; = Wol2)+ Y Wj(2),
C j=1 j=1
where dm is the Lebesgue measure. The actions Q and its formal adjoint
2%, which will be used to describe how the Dirac operator acts, are defined
by
Qu = —21’eWi (e"u) and Q*u= —Zz’e_Wi (e" u)
0z 0z '

These actions Q and Q" are usually called the spin-up and spin-down ac-
tions, respectively. The Dirac action is given by
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0 QF
0=
By
To be able to describe the self-adjoint Dirac operators with several AB sole-
noids we first study the self-adjoint extensions of the Dirac operator with
one AB solenoid, originally defined on smooth functions with compact sup-

port not touching the singular point. The Hilbert space we are working in
is

H = L,(R?) ® C2.

We will also denote by H' the Sobolev space H 1(R?)  C2.

2.1 The Dirac operator with one AB solenoid

The case of one AB solenoid has been studied before (see [dSG89, TamO03]),
and we just sketch the way it was done since we need the detailed informa-
tion about these extensions for our further analysis. We let the AB solenoid
have intensity @ = a; € (0,1) and be located at the origin. We will de-
scribe all self-adjoint extensions of the Dirac operator originally defined on
CP(R*\ {0}) ® C%.

The minimal Dirac operator ® i, obviously symmetric, is defined by

Dom(®min) = CPR> \ {0}) & C%;
Qminw =0y, YE Dom (D min).

It can be seen that Emin has deficiencyindex (1, 1), and the deficiency spaces

N, = ker(@jnm + i) are spanned by

0. [Ki—q(r)e™®
$u(re )—( 2K, (1) )

Denote by U any unitary operator from N, to N_. Then U takes &, to e’"¢_
for some 7 € [0, 27). According to the theorem of Krein and von Neumann,
described in [AG93], all self-adjoint extensions can be parametrized by 7 as

Dom(D;) = {y =y + u&: + e 7¢-) | wo € Dom(Dpnin), p e C},
D,y =0y + i, —e"E), e Dom(D,). 2.2)
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It is also possible to describe the self-adjoint extensions by studying the
asymptotic behavior of the functions in the domain at the origin. To see this,
let us define the linear functionals c*, and cj_l on Dom(®;) as

) 1 27 .
) = yg%r“gfo v, (re'®)do, and

27
+ _1 l-a _— i0y ,i6
Co (W) = lli%r 27, wi(re)e”do.

Fory = yo + p(é, + e'"¢_) in Dom(D,), where ¥ € Dom(Dmin ), applying
these functionals gives no contribution from v since the limit of functions
in Dom(ﬁmin) tends to zero at the origin. Let us introduce the notation
o(a) = I'(a)2*. Using the asymptotics for the Bessel functions we get

+

L) =0, ¢ @)= g(l +eMo(l - a),
W) =0, )= g(e” - Do(@)

for such functions ¢ € Dom(®;). Here u is the same constant as in (2.2).
An equivalent description of all self-adjoint Dirac extensions is

Dom(®;) :{weﬂ{|m{/€3{;
1-a

+
M =—i COt(T/Z)U—,

c_, (W) o(a)
) = e (W) =0 };
Dy =0y, e Dom(D,).

2.2 The Dirac operator with several AB solenoids together with a regular
field

In this subsection we are going to study the Dirac operator for a magnetic
field consisting of a finite number of AB solenoids together with a regular
background field. We will use the same method as in [AR04] to glue together
the different self-adjoint Dirac operators corresponding to only one AB
solenoid and the self-adjoint Dirac operator corresponding to the regular
magnetic field.
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Note here that we do not study all self-adjoint extensions but only the
ones that are subject to the natural locality principle.

We start by defining the Dirac operator with two AB solenoids together
with a smooth field. The general case does not give any extra difficulties. Let
the magnetic field B consist of a smooth field By with compact support and
two AB solenoids located at z; and z, with intensities a; and a,,

B(z) = By(2) + 2na10,, + 2n020,,. (2.3)
In this case our scalar potential W can be written as
W(z) = Wy(z) + W1(2) + Wa(2)

1
= E(logl -| % Bg)(2) + a1loglz — z1| + azlog|z — z3|.

From the previous section we have self-adjoint Dirac operators @Z‘f and
”DZZ corresponding to each of the AB solenoids separately. We will often
drop the parameters 7, and 7, from the subscripts. So, for example, when
we write "' we mean some self-adjoint extension with one AB solenoid
located at z;.

Letg; € CSO(RZ), J = 1,2, be equal to 1 in a neighborhood of z; and have
small support not touching a neighborhood of zx, k # j and 0 < ¢; < 1. Let
@o = 1 — @1 — ¢2. We denote by Ej the set supp ¢; N supp @x.

Let us introduce the multiplication operators Vi as

0 LW
VWj = Zi( aWj 0z )
0z

Note that V"0 is bounded in . For j # 0 we will be sure to apply the oper-
ators V" only on functions being zero in a neighborhood of the singular
points z;.

Definition 2.1 The Dirac operator ®" corresponding to the magnetic field
B in (2.3) is defined as

Dom(D") = {y € H | ¢y € Dom®"), j =0,1,2}

and
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Wy = @Y + VW £ V2 (o)
+ @M+ VW L V(1)
+ (@Y £ VWO L YWY ()

fory e Dom(®").

It is easily verified that the definition is independent of the partition of
unity 1 = @ + @1 + @2.
Theorem 2.1 The Dirac operator®" is self-adjoint.

For the proof of this theorem, we need some lemmas.

Lemma 2.2 The Dirac operator : H — H without any magnetic field is a
self-adjoint operator with the Sobolev space H' as domain.

Proof See [Tha92]. |

Lemma 2.3 The Dirac operator ©"° corresponding to the magnetic field
By is self-adjoint in 3 with domain 3",

Proof The operator ©"° can be written as ®"° = ® + V" and the multi-
plication operator V" is relatively bounded with respect to ® with relative
bound zero, so the lemma follows from the Kato-Rellich theorem. ]

Lemma 2.4 Let T be a bounded operator from 3 to ' and let V be a
function, V (z) — 0 as|z| — oo. Then the composition VT is compact in JH.

Proof Forn =1,2,...wewrite VasV =V, + V,,, where

_JV@ V@I >
V"(Z)‘{o V(2)| <

I =S =

The functions V,, all have compact support, so the operators V,, T are com-
pact. But |V, T - VT| < %IITII foralln =1,2,...,s0 VT is also compact.
O

Remark 2.1 Lemma 2.4 is also true for 2 x 2 matrix valued functions V
where all components tend to zero at infinity. It also holds if T is bounded
from L, (R?) to the Sobolev space H' (R?).
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Lemma 2.5 Let0 # s € R and let ¢ € CgO(R2) with zero in its support.
Then the operator @R is compact, where R = (9, + is)"land ®, is any self-
adjoint extension of the Dirac operator corresponding to one AB solenoid
(which is assumed to be located at the origin).

Proof First, @R is compact if and only if ¢R(¢@R)* = @ RR* ¢ is compact. To
show that @ RR* ¢ is compact, it is sufficient to show that ¢ RR* is compact.

The operator RR* is equal to (@% + sz)_l. Note that D? is a self-adjoint
Pauli operator corresponding to the same magnetic field (see Section 3.1 for
a discussion of the Pauli operators that are the square of some Dirac opera-
tor). If we denote by ‘3 any other self-adjoint Pauli operator corresponding
to this magnetic field, then by the Krein resolvent formula (see [AG93]) the
resolvents of D2 and ‘B differ by a finite rank operator. Thus, it is enough
to show that @ (3 + s*)~! is compact for a convenient choice of self-adjoint
Pauli extension 3. Let us choose ‘3 to be the Friedrich extension. The
functions in the domain of this extension 3 vanish at the origin so

H 0
p=(4 1)

where H is the Friedrich extension of the Schrédinger operator correspond-
ing to the same magnetic field (see [GS04a] for a discussion of this). Hence
it is enough to show that ¢ (H + s?)~! is compact.

Let Hy = —A be the Schrodinger operator corresponding to no magnetic
field. Then, by the diamagnetic inequality (see [MORO04]) it follows that
lp(H +s*)ul < ¢(Hy + 5%~ ul (pointwise) for all u € L,(R?). This inequal-
ity implies that ¢(H + s?) ™! is compact if p(H, + s?)~! is compact (see [DF79,
Pit79]).

The compactness of ¢(Hy + s2)7! follows from Lemma 2.4 since the oper-
ator (Hp + s2)~! is bounded from L, (R?) to H!(R?).

O

Lemma 2.6 The operator®" is symmetric.
Proof This follows easily from an integration by parts. (]

In the following lemma we look at our operator as acting from its domain
Dom(®") considered as a Hilbert space equipped with graph norm

I lZw = 1@"0 + VM + V) (o) 12 + 1" + VI + V%) (1))
+ @2 + VY + VI (o) |12 + ]|,
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Lemma 2.7 Let0 # s € R be fixed. The operator
DY +is:(Dom@®"), || - lgw) — H
is a bounded Fredholm operator with index zero.

Proof First, it is clear that ©" + is is bounded from the domain space with
graph norm. To show that ©" + is is a Fredholm operator, it is enough to
find a left and a right parametrix (see [Agr90]). We start by finding a right
parametrix. Let R; denote the resolvent R; = @Y +is)7,j=0,1,2,and
define the operator R: H — H as

Ru = @oRou + p1R1u + paRou, foru € H.

For u € H we have ¢ jpxRju € H' and being zero in a neighborhood of the
singular point(s) if j # k. Thus

@Y + VVi)(p;peRiu) = @Y + V) (@0kRiw),  j # k.
From this it follows that
@Y +is)Ru = u + Kpu
where Kg: H — H is the operator

KRM = ((VW1 + VWZ)(pO + @((,00)) Rou
+ (V™ + V"), + D (@) Riu
+ (V™ + V", + D(¢2)) Rou.

Kpg is compact. Indeed, the first term is compact according to Lemma 2.4

since the operator Ry is bounded from 3 to ' and the matrix-valued func-

tion (VW1 + VWZ)(pO + ® (o) tends to zero at infinity. The other two terms

are compact by Lemma 2.5. Hence Ky is compact, so R is a right parametrix.
In the same way it is easily checked that the operator

L = Roo + Rip1 + Ro>

is a left parametrix. Thus any of R and L works as a parametrix and hence
©W + isis a Fredholm operator.

To see that ®" + is has index zero, we note that since ® with domain J{*
is self-adjoint, the operator ® + is has index zero and R, := (® + i s)lisa
parametrix for ® + is. The operator
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R =R = @oRo + ¢1R1 + ¢2R; — R
is compact. To see this, we write R — R, as
R —-R = ((po - 1Ry + (p1R1 + (szz + (Ro — Ry).

The first term is compact according to Lemma 2.4, the second and third
according to Lemma 2.5. For the last term we note that Ry — Ry = —RoV"°R;.
The compactness of V"0 R, follows from Lemma 2.4. Composition with the
bounded operator Ry preserves compactness. Thus R — R, is compact. It
follows that ind(R) = ind(Ry).

Since R and R, are parametrices for ®" + is and ® + is respectively, it
holds that

ind®" +is) = —ind(R) = —ind(R,) = ind(® + is) = 0,
so we are done. O

Proof (of Theorem 2.1). We know from Lemma 2.6 that ©" is symmetric,
so for 0 # s € R we have

1®@Y +isywl® = 1DV wl® + sllwll® = s®lyl°.

It follows that dim ker(®" +is) = 0. From Lemma 2.7 we have that ©" +is
has index zero, so it follows that dimker((®")* — is) = 0. Choosing s
positive and negative respectively gives that the deficiency indices for ©"
is (0, 0), so ®" is self-adjoint. (]

2.3 Spin flip invariance

Since the particle we are studying moves only in a plane, and the magnetic
field is orthogonal to this plane, physically it should be no difference if the
sign of the magnetic field is changed. This transformation has to come
together with a flip of the spin-up and spin-down components and a nor-
malization of the AB intensities. We say that a self-adjoint extension is spin
flip invariant if, after applying these transformations, we end up with a
(anti)-unitarily equivalent operator. We will show that there are only two
values of the parameter that give spin flip invariant Dirac extensions. Let
7 = (11,...,T,) and denote the Dirac operator by ”}3?/. We will use the linear
functionals
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1 [ .
+ —1; @j Hi0; .
=, (y) = rl}% s 27 ), v+ (rje'™)do;, and (2.4)
+ 1-a; 1 2m i0 i0
+ L 0.1 10,
C“j_l(w)_rljl_.morj ]_271 i Y (rje'’)e’™ do;. (2.5)

We define anti-unitarily operator S;: H{ — J{ as the spin-flip operator that
maps (., w-)" to (y_,y;)".

Proposition 2.8 The operators® T?,W and ”ng are anti-unitarily equivalent

via the operator S; if and only ifforall j = 1,...,n we have T} +7; =mor
T;. +7; =37

Proof Let f; = 1 — a; be the normalized AB intensities for the magnetic
field —B that corresponds to @;W. A function vy in the domain of @;W has
the asymptotics

wi [ a+e™oa-ppr? ™ + o™

2| " -voppriie +oul

as z — z;j for some constant p; € C. We see that S;y has the asymptotics

—i 1-a;
)

N - 1o( - aj)r]l.xj_le‘igf +0(r;
2 A +e Notapr;” + o)
Applying the functionals (2.4) and (2.5) we see that S; v satisfies

Cy-1(S19)
g, (S19)

o(l-aj)

o(aj;)

=—i tan(r}/Z)

and C;j_l(SﬂV) = cfaj (S1y) = 0, so the requirements that the domain
change properly is that

tan(7,/2) = cot(;/2), forj=1,...,n.

Weseethat7;/2and z/ 2—13. /2 must differ by a integer multiple of 7. Both 7;

and T;. belong to the interval [0, 277), so the only possibilities are T;. +T, =7

orr;.+rj = 37. O
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Corollary 2.9 The operators ;" and ®} are anti-unitarily equivalent

via the operator S, if and only if forall j = 1,...,n we have t; = n/2 or
Tj =37/2.
Proof Take T;. =1, in the previous Proposition. ([

If we let S,: H — H be the operator that takes (v, w_)" to (y_, v )" we
get some other symmetries if we compose it with the gauge transform that
only act on the spin-up component.

Proposition 2.10 The operators ’D;,W and ’D‘f/v are unitarily equivalent via
the operator S, composed with a gauge multiplication ofexp(—Zi Z;lzl H]-)
of the spin-up component if and onlyiflr;. - T].I =nforallj=1,...,n.

Proof The proof goes on as in the proof of Proposition 2.8. This time the
requirement on T; and T;. becomes

—tan(r}/Z) =cot(r;/2), forj=1,...,n

whichgiveslr}—rjl:thorallj:1,...,n. O

2.4 Zero-modes

Let us calculate the dimension of the kernel of ®" under the assumption
that7; = 7 forall j = 1,..., n, which means that we assume that we have
the same physical conditions of the behavior of the particle close to all
solenoids. Denote by @ the total flux of B divided by 27, that is

1 1 n
@ = ngB(z)dm(z) = ELBO(Z)dm(Z)ij;aj.

As usual, the definition of the total flux is a matter of agreement, due to
the arbitrariness in the choice of normalization for AB intensities. The
asymptotics of e at infinity and at the singular points A are given by

? s e
R { |1z|%, lz| — oo; 2.6

lz —zj|%, z— zj.

We recall that the functions in the domain of ©" satisfies
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Cor @) ol-a) |
—— =-icot(rj/2)————, j=1,...,n. 2.7
=g, () ol(aj)

Let {x} denote the lower integer part, that is

lx], x>landx ¢N;
{x}:{x—l, x>landx € N;

0, otherwise.
Theorem 2.11 Ift; =7, j = 1,...,n then the dimension of the kernel of
D" is given by
{ln—-ol}, ift=0;
dimker@‘TfV = { {lDl}, ift =m;
0, otherwise.

The proof follows the same idea as the original proof by Aharonov-Casher
with the same changes as in [Per05] and using the fact that the spin-up and
spin-down components are coupled if T ¢ {0, r}.

Proof We start by calculating the zero-modes as if the spin-up and spin-
down components were not coupled; so these components are studied
separately.

Let us start with the spin-up component, that is, we consider the so-
lutions to Qy, = 0. This is equivalent to a%(e‘WW+) = 0, and thus the
function f, = e”" 1, must be analytic in C \ A. The behavior of f; at the
singular points A is different for different values of the parameter 7, but a
pole of order at most {—®} — 1 at infinity is allowed independently of the
value of 7.

Casel, T = m: For square integrable v, as we see from (2.6), the function
f+ is not allowed to have any poles at the singular points A. Thus, ift = =
then f; may be a polynomial of order at most {—®} — 1. There are as many
as {—®} many linearly independent such polynomials.

Casell, T # m: From (2.7) we see that a pole of order at most one is allowed
at each z; € A. The calculation in [Per05] then yields that the dimension is
{n — @}.

Let us now turn to the spin-down component. We look for solutions
to the equation Q*w_ = 0, which is equivalent to finding solutions to
%(eww_) =0. If we now let f- = ey _, then f- must be anti-analytic
in C\ A, and from the asymptotics (2.6) we see that f_ may have a polyno-
mial part of degree at most {¢} — 1 independent of the value of the parameter
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7. Again we get two different cases for the behavior of the functions at the
singular points A.

Case I, 7 = 0: In this case we see from (2.7) that no singular parts for
w_ are allowed at A, and hence f- must have a zero of order at least 1 at
each point in A. That is we have a polynomial in Z of degree {®} — 1 with
n predicted zeroes. There are {® — n} linearly independent polynomials of
this type.

Casell, 7 # 0: Now f_ must be a polynomial in Z of degree at most {®} — 1,
but without any forced zeroes. Thus the dimension of the kernel is {®}.

Since the spin-up and spin-down components are not coupled in the
cases T = 0 and 7 = 7 the calculations above yield

{ln-al}, ift=0;

. w _
dimker®; = {{@'}, P

Let us now assume that 7 ¢ {0, 7}. We should evaluate how the spin-up zero-
modes match the spin-down zero-modes to satisfy the conditions at the
singularities. First we note that to be able to have zero-modes both {rn — @}
and {®} must be positive. From the calculations in the last two paragraphs
of the proof of Theorem 3.3 in [Per05] it follows that f; must be of the form

i 1j

f+(Z):

=127 %j

where n; € C satisfy
n
Y mjzf =0, fork=01,....,n—{n-®}-1 (2.8)
j=1

and f_(z) must be a polynomial in z of degree at most {®} — 1. Actually, we
will show that even if the degree of the polynomial f_ is {®} or in some cases
{®} + 1, all coefficients of the polynomial must be zero. Let us define the
natural number m as m = n — {n — &} — 1 and note that m = |®]. Let

m
f-@=) siz". (2.9)
k=0
From the asymptotics (2.7) we see that
1j —2ho(z}) 2\ ; ol-a;)
— =-e J lz; —z;|~“%") i cot(r/2) ———, =1,...,n.
F-(z)) Q( j-al) o) !

From the requirements (2.8) of the coefficients n; we get
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n n
k . k
0=) mjzj =—icot(t/2) } 1;f-(zp)z}, k=0,1,...,m, (2.10)
j=1 j=1
where
) o(l —aj)
tj = e 2hoz) H (Izj — z117%%) — 5o
I#] ola;)
We introduce the vector s = (sg,...,S,)" where sg, k = 0,...,m are the

coefficients in (2.9). Let us also introduce the matrix

1 1 1
21 22 Zn
V= . . e
m m m
FAR 2 Z;

and the diagonal matrix T having the positive number ¢; at the jth diagonal
position. Then (2.10) can be written as

—icot(tr/2)VBV*s = 0.

The matrix VTV* is clearly Hermitian and since T is positive, we can write
VTV*as (VVT)(VVT)*. Hence the null space of VTV* is the same as that
of the matrix (VvT)* = VTV*. Since V* is (a part of) a Vandermonde
matrix it has full rank, so the dimension of the null space of VTV * is zero.
Hence the polynomial f_, and thus also ¥_, must be zero. Since the spin-
up and spin-down components are coupled, it follows that 1, is also zero.
Consequently, dim ker @‘va = 0, and the proofis complete. U

3 The Pauli operator

In this section we will study the Pauli operator corresponding to the mag-
netic field (2.1), obtained as the square of a self-adjoint Dirac operator.

3.1 The Pauli operators with several AB solenoids

Since there are more self-adjoint Pauli extensions than Dirac extensions
corresponding to our singular magnetic field, it is clear that not all Pauli
operators can be obtained as the square of a self-adjoint Dirac operator.
Here we will study the Pauli operators that can be obtained in this way.



Paper II: Dirac and Pauli operators with AB solenoids 17

Definition 3.1 We define the Pauli operator B as (D)> where " isa
self-adjoint Dirac operator defined in Definition 2.1. This means that

Dorn( ) {w eH | oy € Dom(@w)}
PBYy = %y, v eDom(PY).

Let us again introduce the boundary value linear functionals acting on
Dom ("), but this time for all singular points A. For j = 1,..., n, let

1 21 "
o W) = rljlmorj o ), Ya(rje™)do;,
Y I O
=g (g7 [ st )
1 2n . .
1(1//) = hrn P wi(rje’(’f)elgfdej, and

J

2n
+ -1 i 16 i0 aji-1 +
Cia; W) —}jlglﬂrj (271 5 ye(rje™e™do; —r," ¢ ]__1(1//)).
Proposition 3.1 For an arbitrary self-adjoint Pauli extension ‘3, it is the
square of some self-adjoint Dirac extension @‘va if and only if the following
equations are satisfied for ally € Dom(*}3)

Coa@W) o(l-aj)
— = —icot(r;/12)——L, (3.1)

—o; W) o(a;)

o, V) t(r;/2) oe) (3.2)
——— = —jicot(r; ) .
Cl_q, W) " o(a; - 1)

2o, () =0, and
Cayr @) = 0. (3.3)

Proof Giveny € Dom(@?’), a calculation of the asymptotics of y at the sin-
gular points shows that the requirements on @‘T/V 1 to belong to Dom(@‘TfV )
are exactly that it should fulfill equations (3.1)-(3.3). (]

Remark 3.1 The domain of 8" can be written as

Dom(BY) = {y e H | *y € H, (3.1~(3.3) hold forall y }.
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We see also that Dom (B}’ ) is exactly the subset of Dom(D}") for which also
the conditions (3.2) hold.
3.2 Spin-flip invariance and Zero-modes

Proposition 3.2 The only self-adjoint Pauli extensions By = (D}')? that
are spin-flip invariant under the transform S, are these where for all j =
1,...,nwehavet; =n/2ort; =3m/2.

Proof The proofis the same as for the Dirac operators, see Proposition 2.8.

O
Theorem 3.3 If7; = 7, j = 1,...,n then the dimension of the kernel of
'f/v is given by
{iIn-@l}, ift=0;
dimkerpY = { {2}, ift =m;
0, otherwise.
Proof This follows from Theorem 2.11 since ker i]3¥v = ker @;/V . U

3.3 Discussion

Let us compare the different self-adjoint Pauli operators from [EV02] (which
we will denote by ‘Bgy) and [Per05] (which we will denote by ‘B,,,.,) with
the ones obtained above as the square of a self-adjoint Dirac operator. It
is easier to do this comparison if we have the same AB flux normalization
for all operators. Thus, we let all AB intensities a; belong to the interval
(0,1). In the case of the Pauli operator By, where the AB intensities were
normalized to [-1/2,1/2), we have to do a gauge transformation if there
are intensities a; belonging to [—1/2,0). This is not a problem, since By is
gauge invariant.

In Table 3.1 we see a comparison of the boundary conditions of the Pauli
operators obtained above that are the square of a Dirac operator and the
Maximal and EV Pauli operators (see [Per05, EV02]). We see that 3., is not
the square of a Dirac operator. However, if we let

_fm it 0<aj<1/2 .
Tj 0, lf 1/25a1<1 ’ J_ ). ,I’l,
and T = (13,...,T,), then Py is the square of the self-adjoint Dirac oper-

ator corresponding to 7. Note that it is possible to have different physical
situations at the singular points A. Indeed, if not all intensities a; belong to
either (0,1/2) or [1/2,1) then this is the case.
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Table 3.1 The boundary value conditions for the squared Dirac operators
compared with the ones for the Maximal and EV Pauli operators. The con-
stants u; depend on the functions in the domain.

B = @) Brv Bnax

cl.

— oo oo oo
c_aj
ct 3 .

1-a; ECTRY ) oo, if 0< a; < 1/2
G Mo AN/ {0, it 1/2<a;<1°
c ] .

aj o(-a;)) ' 0, if O0<aj<1/2

e, Hiow ol {oo, it 1/2<a;<1
G

— 00 00 00

Remark 3.2 If the AB intensities in [EV02] would have been normalized
to (0, 1) instead of [-1/2,1/2), then the operator By, would have become

the square of the Dirac operator where 7; = wforall j = 1,...,n. If the
AB intensities would have been normalized to (-1, 0) then 3, would have
been the square of the Dirac operator where 7; = Oforall j = 1,..., n.

Among the Pauli operators studied in this article, the ones for 7 = 7/2
(which is (anti)-unitarily equivalent to the one for T = 37/2), T = 0 and
T = 7 seems to be the most interesting ones. For 1 = m/2 we get a very
symmetric domain of the operator, which implies that the operator is spin-
flip invariant. Lacking zero-modes, it does not satisfy the original Aharonov-
Casher formula, but it can be approximated component-wise according to
Table 3.1 and the result in [BP03]. See the end of [Per05] for a discussion of
this.

The Pauli operators corresponding to 7 = 0 and 7 = 7 have very asym-
metric domains. Only one of the components contain singular terms at
the points A. This lack of symmetry implies that these extensions are not
spin-flip invariant. On the other hand, the Pauli operator corresponding
to 7 = 7 does satisfy the original Aharonov-Casher formula and there is no
doubt that both of these Pauli operators can be approximated as in [BP03],
even as Pauli Hamiltonians.

The Maximal Pauli operator studied [Per05] is spin-flip invariant and has
zero-modes, even more than is present in the original Aharonov-Casher
formula. It can be approximated component-wise as in [BP03]. However, it
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is not the square of a self-adjoint Dirac operator. It is still not clear which
Pauli extension that describes the physics in the best way.
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Zero modes for the magnetic Pauli operator
in even-dimensional Euclidean space

Mikael Persson

Abstract: We study the ground state of the Pauli Hamiltonian with a
magnetic field in R??, d > 1. We consider the case where a scalar po-
tential W is present and the magnetic field B is given by B = 2i00W.
The main result is that there are no zero modes if the magnetic field
decays faster than quadratically at infinity. If the magnetic field de-
cays quadratically then zero modes may appear, and we give a lower
bound for the number of them. The results in this paper partly correct
a mistake in a paper from 1993.

1 Introduction and main result

The Pauli operator 3 in R” describes a charged spin-% particle in a magnetic
field. Along with the Dirac operator, it lies in the base of numerous models
in quantum physics. The problem about zero modes, the bound states
with zero energy, is one of many questions to be asked about the spectral
properties of these operators.

Zero modes were discovered in [AC79] in dimension n = 2. Unlike the
purely electric interaction, a compactly supported magnetic field can gen-
erate zero modes, as soon as the total flux of the field is sufficiently large.
Quantitatively, this is expressed by the famous Aharonov-Casher formula.
The two-dimensional case is by now quite well studied; the AC formula is ex-
tended to rather singular magnetic field, moreover, if the total flux is infinite
(and the field has constant sign), there are infinitely many zero modes.

On the other hand, in the three-dimensional case the presence of zero
modes is a rather exceptional feature, and the conditions for them to appear
are not yet found, see the discussion in [MR03] and references therein.

Even less clear is the situation in the higher dimensions. In [Shi91], for
even n some sufficient conditions for the infiniteness of the number of
zero modes were found, requiring, in particular, that the field decays rather
slowly (more slowly than r2) at infinity. On the other hand, in [Ogu93],
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again for even n, the case where a finite number of zero modes should ap-
pear was considered. Under the assumption of a rather regular behavior
of the scalar potential of the magnetic field at infinity the number of zero
modes was calculated. In particular, for a field with compact support or de-
caying faster than quadratically at infinity the formula in [Ogu93] implies the
absence of zero modes, thus making a difference with the two-dimensional
situation.

Unfortunately, it turned out that the reasoning in [Ogu93] contains an
error. A miscalculation in an important integral leads to an erroneous con-
clusion, thus destroying the final results. This is the reason for us to return
to the question on zero modes in the even higher-dimensional case. We try
to revive the results in [Ogu93] and succeed partially.

We use the representation of the Pauli and Dirac operators in the terms
of multi-variable complex analysis proposed in [Shi91] and used further in
[Ogu93]. This approach puts a certain restriction on the class of magnetic
field considered, equivalent to the existence of a scalar potential. At the
moment it is unclear how to treat the general case.

Under the above condition, the operators are represented as acting on
the complex forms, the action expressed via the ) operator. The mistake in
[Ogu93] occurs in calculating the L, norm of the form one gets after applying
the 0 operator. We present the detailed analysis of this miscalculation in
Section 3.

The strategy of our treatment of zero modes differs from the one in [AC79]
and other previous papers including [Ogu93]. Usually, when studying zero
modes, one shows first that they, after having been multiplied by some
known factor, are holomorphic function in the whole space; then one easily
counts the number of such functions. This strategy fails in our case, so
we use another one, involving more advanced machinery of complex and
real analysis. The main ingredient of the proofs is a combination of the
techniques of using the Bochner-Martinelli-Koppelman kernel to solve a )
equation and the use of a weighted Hardy-Littlewood-Sobolev inequality to
estimate that solution.

As a result, we establish some of the properties presented in [Ogu93].
We show that there are no zero modes if the magnetic field decays faster
than quadratically at infinity (in particular, if it is compactly supported).
Another result is that zero modes may exist if the magnetic field decays
exactly quadratically, and the formula in [Ogu93] gives a lower bound for
their number.
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1.1 The Pauli operator

Letx = (x',...,x%%), denote the usual Euclidean coordinates in R?*. From
now on it is always assumed that d > 1. According to the Maxwell equations,
a magnetic field B in R?? is a real closed two-form

B(x) =) bjr(x)dx/ A dxF. (1.1)
Jj<k
Throughout this paper we assume that all the coefficient functions bj i
belong to C®(R?%). The condition that the magnetic field B is closed is
given by
ob; obj; 0b
J.k . jil + k,l

7 - | dx/ A dxF A dxl,
j<ker \ 0x 0x ox/

0=dB =

where d is the usual exterior differential operator. Since B is closed there
exists a one-form

a(x) = Z a;(x)dx’

j=1
satisfying
Oar  0aj .
B =da-= — — L dxi A dxF
Z (axf Oxk)

Jj<k

Any such one-form a is called a magnetic one-form or magnetic vector
potential. It is not unique. In fact, given one magnetic one-form, another
one is obtained by adding df for some regular function f. The choice of
magnetic one-form a is usually referred to as the choice of gauge.

The analysis of the Pauli operator was successful in [Shi91] using complex
analysis under a condition that the magnetic field is a complex (1, 1)-type
form. It is not clear what this condition means physically, but to be able to
use the theory of complex analysis in several variables, we will throughout
use the same assumption. Thus, the coefficient functions in (1.1) of the
closed 2-form B must satisfy the d (d — 1) equations

{ byj-12k-1 = b2j 2k,

forj+1<k=<d, 1<j=<d-1. 1.2
baj_12k = —b2j 261, orJ ] (1-2)

The spinless Schrédinger operator H in R?4 corresponding to the magnetic
field B is defined in L, (RZd) as
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We are interested in spin-% particles (including the electron). Such systems
. . o a ;
are described by the Pauli operator 3, acting in L, (R?*?) @ C". Let {y/ }?’io
be Hermitian 29 x 24 matrices satisfying
Yyt + vty =267 1, (1.3)

where Ia denotes the 2¢ x 24 identity matrix. These matrices {y/ }?Z , gener-
ate a Clifford algebra, and are usually called the Dirac matrices. The Pauli
operator ‘3 is defined by

L =HIla+ Z ibjk(x)yjyk.
O<j<k

To be more precise, ‘B is first defined on Cj° ® (Czd, where it is essential
self-adjoint (see [Che73]). We denote the self-adjoint closure by 3. The
Pauli operator 8 can also be written as 3 = ©?, where D is the self-adjoint
Dirac operator

2d
@zj;yf(—i%—aj).

From this it follows that the Pauli operator is non-negative.

1.2 The main result

Theorem 1.1 Assume that the equations in (1.2) are satisfied, and that
there exist constants C > 0 and p > 2 such that

C
|IB(x)|] < ——— forallx € R4,
1+ |xN?

Then
dimker‘p3 = 0.
We will prove this theorem in Section 2. The case

IB(x)| ~ 1/|x|?>, as|x| — oo
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is more complicated and is discussed in Section 3. In Remark 3.3 we give an
example of a magnetic field B satisfying

od-1)

|B(x)| = 7 for large values of |x|,
X

such that dimkerP3 = 0if |®| < d and dim kerJ3 > 0 otherwise. This result
is somehow strange and suggests that the situation for magnetic fields with
a quadratic decay is quite complicated and unstable.

1.3 Complex analysis and Differential forms

Let us now switch to the complex analysis viewpoint. We identify the point
x= (..., x*) inR* with z = (z',...,2%) in C?, where z/ = x%~1 + ix%.
We define tangent and cotangent vectors by

o 1( a8 .9
0z 2 \axZ! lafo’

9 _lf_e _,90
0zl 2\ax?1 ox%)’
dz/ = dx¥! +idx2j, and
dz/ = dx¥ ' —idx¥.

Written in complex terms, the magnetic field B can be written as a sum of
(1,1), (2,0), and (0, 2) type forms as

d d d
B(2)= ) bjx(2)de/ AdZ+ Y b () d2/ ndF+ ) 6] (2)d2T A dz2",
jk=1 jk=1 jk=1

The equations in (1.2) state that B is of type (1, 1) which means that all
coefficient functions b;. . and b;.' . in the representation above vanish, so the
magnetic field B has the form

d
B(z)= ) bji(z)dz/ A dzF (1.4)
jik=1

To magnetic fields that are (1, 1)-type forms there exist scalar potentials
W € C®(C? — R) satisfying

B = 2i00W, (1.5)
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see [Wel80]. In [Shi91] it was shown that the Dirac and Pauli operators can
be defined in terms of W and operators acting on differential forms in a very
nice way. For the sake of completeness we show how this is done.

Let A%7(C%* denote the space of (0, g)-type differential forms and let
AO* (CH* = ZZO A%9(C%*. The Dirac operator % is realized as an opera-
tor in the Hilbert space H := L,(C%; dm) ® A**(C%)* in the way

D = 2(dw + o). (1.6)
Here
d
_ - - ([0 ow
Ow =0 — ext(OW) = Y _ ext(dz/) (— - —)

et ozl oz

d
v —s (0 ow
0y, =0 —int(0W) = — ) int(dz’) (— + —.),
w ]; 0zl 0z’
ext(dz/) is the operator on /\0’* ((Cd) * acting as
ext(dz/)n = dz/ An, forne AO’*(Cd)*,

and int(dz/) is the adjoint operator of ext(dz/) in J.
To see that (1.6) is true we use the anti-commutation relations

[ ext(dz)), ext(dzM)], = 0;

[int(dz’),int(dz")], = 0;

[ext(dz/),int(dz")], = 67*.
By defining

Yy = j(ext(dz’) — int(dz’));

y¥ = —(ext(dz’) + int(dz’))

one can easily check that
[yj,yk]+ =257,

Hence {y/} so defined satisfies the relation (1.3) of a Clifford algebra. Now it
is easy to see that (1.6) holds:
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d
_ e 0 ow
2(0w + 0 = —1 2= _ 2] (———)
(Ow +0w) ;(Y ")No7 o
: [ 0 ow
(i =y (_.+_.)
(Y 4 ) 0z 0z’
d
. 0 ow . 0 ow
— 2j-1_;__ 7 7" 2~ L 77
—;Y (dezf‘l 6x2f)+ (16x2j+6x2j_1)
2d
. 0
= HN—i——-a;x)| =D
];Y ( ox’ J )
where az; 1 (x) = % and az;(x) = —%, soa = i(6—5)W,which fits well

with (1.5), since B = da = (3 + 8)a = (8 + 0)i(d — AW = 2i0dW .
For aform a € J{ to belong to the kernel of 13 it is necessary and sufficient

that a belongs to the kernel of the quadratic form
plal = 4f (|5W(x|2 + |5:Va|2) dm(z), aeXH.
(Cd

LetU:H — Hy = Lg((Cd;eZVK dm) ® /\0'*((Cd)* be the unitary operator
U:a — e"a. Then P and P = UBU * are unitarily equivalent. The

quadratic form p on Hy, corresponding to B is given by

plal = 4de (|5a|2 + |5*a|2) eWdmz), ac Hy. 1.7)
Hered is the adjoint operator to din Hy.
2 Proof of Theorem 1.1
Let K,;({, z) be the Bochner-Martinelli-Koppelman kernel
(2.1)

— 1) —j .
@-1 1 Y el @ -2 xdeh A dZ

K4, z) =
q y
2q+1nd |( _ Z|2d 7
ILI=q+1

Here J is a multiindex of length g and if A and B are ordered subsets of
{1,2,...,d} then £§ denotes the sign of the permutation which takes A into

Bif|A| = |Bland zero if |A| # |B|]. If A c {1,2,...,d} and |A| = g then
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(_1)q(q—l)/2 " iy
wdfp= ———d¢ /\( d¢ /\dCV),
AT pd-aq;d V/€>,
where A’ is the complementary multiindex of A. We see that K, ((, z) is of
type (d,d — g — 1) in { and (0, q) in z.
Let f be a smooth (0, ¢)-type form with compact support in C%. Then f
satisfies the Bochner-Martinelli-Koppelman formula (see [Ran86])

f(z)z—f 5f(()AKq(C,z)—5zf ) ANKy1(C, 2). 2.2)
¢eC? ecC?

eC

Lemma 2.1 Under the same conditions as in Theorem 1.1 there exists a
scalar potential W € L°°((Cd — R) such that 2i00W = B.

We know from [Wel80] that solutions W exist, the essential part of this
Lemma is that there exist a bounded solution to (1.5).

Proof In the proof below, to avoid logarithms to appear, assume that p is
not an integer. If it is, then let p’ = p — 1/2 and do the following proof with
o' instead.

Denote by b; = Z’,le bjx dz*. Then B = Z?:I dz/ A b;j and 519]- = 0 for
allj =1,...,d. Denote by u; the function

uj(z) = —f b; (@) A Ko(C, 2). (2.3)
LeC?

Step 1: 5uj = bj:

It is enough to show that the equation holds in the sense of distributions.
Let 1y be a family of cut-off functions, such that ni ({) = 1if|{| < k,nx () =0
if || > kK + 1 and |5nk| <2forallk = 1,2,.... The (0, 1)-type forms n;.b; are
smooth and have compact support and thus satisfy (2.2). Let @ be a test
form with supportin |z| < M. Fix € > 0. Then, using (2.2) and the triangle
inequality we have
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[(uj,0 @) — (b, ®)| = )(uj,5*<p>+<f (nkbj)AKo(c,z),5*<1>>
reC?
+<f 5(nkb])AK](()Z)y(p>+<nkb])¢>_<b])(p>‘
(e
< )<f (x — Dbj A Ko(€,2),3"0))|
reC?

+ )<Lcd Onk A b AKl(C,z),<1>>’

+ (ke = b, )|

=1 + 1, + Is.

We will let k tend to infinity. For k > 2M we have |Ky((, z)| < ClZ)' =24, We
get

Ilsf f 06@Q) = 11 - 16,1 - 1Ko, )| dm(Q) |8 D(2)| dm(z)
lz|<M J|{|>k

—x 1
<Csup|d 9P| dm(z) ———dm(Q)
92| lzl<M (> |2]247 1P

- ®© 1
sCsup|6 45|f — dm(r)
g P
< Csup |5*<D| kP
so I; < gif k is large enough. Similarly, for I,, we have

L=< f f |on| - 1bj1 - 1K1 (Z, 2)| dm(Q) |@(2)| dm(z)
|z|<M Jk<|{|<k+1

1
< Csup|®|- dm(z) ————dm({)
lzl<M k<Itl<k+1 |2[2471HP

k+1 1
<C D - —d
sup | Ifk oy m(r)

<Csup|®|-k~*

so I, < ¢ if k is large enough. I3 is equal to zero if k is large enough, since
then (1 — 7n¢) and @ has disjoint support. We conclude that du; = b;.
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Step 2: There exists a constant C such that |u;(z)] < C for all

zeC%

This is standard, but let us prove it for the sake of completeness. Using
the triangle inequality and the estimate for B and |Ky((, z)| < C/|{ — z|24-1
we have

1
(L+z])P1

1 1
4y (20) = Cfcd A+ 1EDP | = z247! m@)

1 1
B Cfcd 1+ —z)P |g2d-1 dm(C).

For a fixed z # 0 divide C¢ into three domains:

Bi={0| K<} B={¢|5lei<ii<2all, By={¢] 11> 201},

On E; we have | — z| = 1|z| and hence

1 1 C 1
dm(() < — ——d
fEl 1+ ¢ — z])P |g2d-1 m = fuk%m [ e

<

Pl

On E, we have |{ - z| < 2|z, so we get

dm()

f 1 1 dm(Q) < C f 1
g, (L+10—z])P 241 T |z)2d-1 Lizi<ii<2lzl 1€ —z|?

C j' 1
< —— ——dm(()
1212971 Jie—zi<3i 1€ — 217
1
|z~

On E; we have | — z| > 3|, so we get

1 1 1
d < ——d
ng A+ 1= 0P et fmm gpaiee MO

1
|z|P~1

u;j is clearly bounded for z = 0, so the claimed estimate follows.
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Step 3: It holds that |0u;| — 0 as |z| — oo:
We have 0u; = Zd: 6—u£ dz* so it is enough to show that a—u{; tends to zero
] k- 1 az . . . . . az .
as |z| — oo. To do this, we differentiate inside the integral formula in (2.3),
and use the fact that
aI<0 (() Z)
0z

1
<C—————, k=12,...,d; { #z,
1 — 2| ¢

which follows by differentiating formula (2.1). We get that

1 1 1 1
=C dm() =C dm(.
fcd (L +1EDP 1L - 2124 ) fcd A+ -z |24 m()

With the same sets E1, E; and E3 as above, a similar calculation as in Step 2
gives

o
oz

Guj

azk

log|z|
C .
z]P

It follows that [0uj| — 0 as |z| — oo.
Step 4: Let u(z) = — Z?:l uj dz/. Then du = B, 0u = 0 and u satisfies the

1 .
bou.nd |M(Z)| = CW
First

ou=-Y du;jAdz/ =) bjndz/ =B.
j=1 j=1

Next
00u = —00u = —0B = 0.

Hence, all coefficient functions of du are holomorphic functions. On the
other hand we have from Step 3 that

d
ou =) dz/ Aduj,
j=1

so it follows that [0u| — 0 as |z|] — oco. But then a Liouville type argument
implies that ou = 0.
Finally, the inequality |u(z)| = CW follows directly from Step 2.
Step 5: Solving the d-equation 2i0W = u in a same, up to complex ad-
joint sign, way as the d-equation was solved in Step 1, we get a function W
satisfying
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2i00W = 0u = B,
and we also get the existence of a positive constant C such that

w <C—— .
R T

Since p > 2 this implies that W is bounded. Thus this function W satisfies
the conditions of the Lemma. U

To prove Theorem 1.1 it is clearly enough to prove the following theorem.
Theorem 2.2 Assume thatW € L°°((Cd — R). Then
dim ker 3 = 0.

Since ‘P and ‘f? are unitarily equivalent we will show instead that
dim ker ‘3 = 0. We need some Lemmas.

Lemma 2.3 Let2:C? — C be a homogeneous function of degree zero, and
let Q be bounded on the unit sphere |z| = 1. Define the operator T as

B Qz-()
(Tf)(z) = fccd |Z_(mf(f) dm(0).

Then T is bounded as an operator from L, C% to Logia-1 (C9.

Proof This is a special case of the Hardy-Littlewood-Sobolev theorem, see
Theorem V.1 in [Ste70]. 0

Lemma 2.4 Leta € Hy be a (0,q)-type form, 1 < g < d - 1, satisfying
da =0 a = 0. Then the (0, q — 1)-type form

B(z) = —f all) ANKy-1(C, 2)
(Cd

satisfies 5,6 = a. Moreover, there exists a constant C > 0 such that

2
f PO 4z < Cllal?, (2.4)
R<lzl<2r 12l v

for all R > 0, where the constant C does not depend on « or R.

Proof To show that da = B itis enough to show that this equality holds in
the sense of distributions.
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Let 1y be a family of cut-off functions, such that n({) = 1if |[{| < k,
Nk() =0if|{| > k+ 1 and |5nk| <2forallk =1,2,.... Since the form «
belongs to the kernel of the elliptic Pauli operator (with smooth coefficient
functions), it must itself be smooth. The (0, g)-type forms n;a are smooth
and have compact support and thus satisfy (2.2). Let @ be a test form with
supportin |z| < M. Fix € > 0. Then by (2.2) and the triangle inequality we
get

(6,3 @) — (e, ®)| = ‘w,é*@ + <f k@) AK€, z),5*©>
4

eC

+ <f ) g(nka) ANKy(C, z),<1§> + (nra, D) — (a,@)’
(eC

<f( =D Kq-1(, z),5*¢>‘
f 517kAaAKq((,z),<D
(e

+ {0k — Da, )|

=L+ +1Is.

<

+

We will let k tend to infinity. For k > 2M we have [K;_1({, 2)| < C[¢|'724. We
get

hsf f M6@) = 11 12l - 1Ky-1 ¢, 21 dm(Q) |3 @(2)| dm(2)
lz|<M J|{|>k

< Csup|d @|- IIaII:}(f
|z|<M

1/2
([ |Kq_1(c,z)|2dm(()) dm(z)
I{1>k

0o 1/2
< Csup|d |- lalx ( f proadezd-l dm(r))
k

< Csup|d @|- lall, - k'

so I; < gif k is large enough. Similarly, for I,, we have
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Izsf f |onk| - lal - 1Ky (¢, 2)| dm(Q) 19(2)] dm(z)
|z|<M Jk<|{|<k+1

1/2
( f K, (¢, 2)?e*V© dm(o) dm(z)
k<|C|<k+1

1/2

< Csup|®|- IIaIIJ{f
|z|]<M

< Csup|?|- [alls (f
k

< Csup|®| - lals, - k279,

k+1

so I, < g if k is large enough. I3 is equal to zero if k is large enough, since
then (1 — 1) and @ has disjoint support. We conclude that 5[3 = a in the
sense of distributions.

To show the estimate (2.4), we use Lemma 2.3. Indeed, note that § can
be written as

p=) Tiay
7

where @ = ), a;dz’, |J| = q, and all operators T; are of the kind in
Lemma 2.3. Denote by Eg the set {z € C? : R < |z| < 2R}. Using the
Hoélder inequality and Lemma 2.3, we have

|,3|2 1 1/d d-1/d
f —dm(z) < ( —_ dm(z)) ( Iﬁlzd/(d_l) dm(z)
E Er

R |Z|2 Eg |Z|2d

2 2
< Cllal? = Cllal?, .

Note that the integral
1 2R
f W dm(z) = cdf r24+24-1 Qi (r) = ¢4 log(2)
R<|z|<2R |2 R

is independent of R, so the constant C above is also independent of R. [

Proof (of Theorem 2.2) Let1 < g <d — 1. Assume that o € Hyy isa (0, g)-
type form in the kernel of ‘f? Thenda =0 a = 0, and so we get the form
P from Lemma 2.4. We don’t know, a priori, that § belongs to the domain
of the @ operator. We introduce a family of cut-off functions to be able to
integrate by parts.
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Let @i (r), k = 1,2,..., be a C* family of cut-off functions, such that
pr(r) =1if0 < r < 2k @) =0ifr = 2k+1 and such that 0 < @y and
) ()] < 217F Let yx(2) = @r(lz]). We have

0= <5* a, Xk’B>:HW

= (@,0(1xP))qe,,

=f lal? yre?™ dm(z)+f a-g)(k/\ﬂezw dm(z)
c? ct
= I+ 11.

The integration by parts above is permitted thanks to the cut-off function
Xk Itis clear that I — IIallifw as k — oo. We shall prove that [Ty — 0 as
k — oo.

Let m} = [; |a®e?" dm. Then it holds that Y., m} = ||alj, < coso

my — 0 as k — oo. Since 5)(k has support in Ey and |5)(k| < C2 % we have

L < | lal-1Bl- |oxk|e®™ dm
Ej

1/2

1/2
<c27k ( |a|2dm) ( |ﬁ|2dm)
Ej Ej

2 1/2
< Cmy (f lﬁ—lz dm)
Ej |Z|

< Cmyglallg, — 0, ask — oo.

The first inequality is just the triangle inequality. The second one is the
inequality for y; and the Cauchy-Schwarz inequality. In the third inequality
we use the fact that |z| = 2%, and in the fourth we use Lemma 2.4.

Next let g = 0, and assume that «a is a (0, 0)-type form in the kernel of
53. According to (1.7) a has to be an entire functionin z', ..., z%. Since the
function a also belongs to L,(C%, 2" dm) a Liouville-type argument gives
that it must be zero.

Finallylet g = d. Then (1.7) implies thatg*a =0.Ifa = @dz'* A---A dz9,
then this means that

If we put f(z) = e*@a(z) we obtain
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0
or =0, j=1,...,d,
0z/
that is the function f is an entire function in z', ..., z¢. Moreover the func-

tion f belongs to L, ((Cd, e 2" dm) so it must be zero.
O

3 Quadratically decaying magnetic fields

The case of determining the kernel of the Pauli operator for potentials with a
logarithmic growth, which includes quadratically decaying magnetic fields,
is more complicated. Given a real number @, denote by N;(®) the number
of all monomials in d variables of degree strictly less than |®| — d. The
following Theorem was proposed in [Ogu93].

Theorem 3.1 Assume that W € C°°((Cd — R) and that there exists a real
constant @ such that the limit

eW(z)

im
lzl—c0 |z|®
exists and is greater than zero. Then
dimker$3 = N, (D).

Let us sketch the idea of the proof in the case d = 2. First, assume that
@ > 0, and that

a = Qg + 10 le + @o1 de + a1 le AN dZZ

is an element of ker ‘I? Then

0zt 072

0
= 2900 g1y TI0 g2

505 _ 6(10() _2 (6(101 6(110
0z 0z*

) dz! A dz?
and thus

0=[ |5a|zezwdm(z)
(CZ

- J.

However, in [Ogu93] this is written as

aa()o ‘2 ‘ a(l()() ‘2 ' 6(101 6(11()

2
2W
97! 072 07! 972 ‘ )e dm(@).
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Ozf |5a|2ezwdm(z)
(CZ

- J.

which is not correct. The rest of the proof uses (3.1) and some arguments to
show that agg, @19 and @ must vanish. Then it is shown, correctly, that the
term a1, dz' A dz? contains elements in the kernel if @ is big enough. It is
similar if @ < 0.

So, we know from [Ogu93] that if the potential W satisfies W(z) ~
®loglz|, as |z| — oo, for |@| > d, then the kernel is non-empty, and the
dimension of the kernel is at least N (®). We are not able to prove the
Theorem proposed in [Ogu93], but we can show the following Theorem.

6&'00 ‘2 ano )2 6a01 ‘2 60510

2
2W
0z! 072 0z! 072 ’ )e dm,  G.1

Theorem 3.2 Assume that the limit

eW(z)

lim
lzl—oco |z|®

exists and is positive. If |®| < d then dimker’3 = 0. If|®| = d then
dimker’p = N, (D).

Remark 3.3 If W (z) = ®@log|z| for large |z| then an easy calculation shows
that |B| = % for large |z|. According to the above Theorem the number
of zero modes is 0 if |®| < d and at least N,;(®) > 0 otherwise.

The proof of Theorem 3.2 goes in the same way as the proof of Theo-
rem 2.2 so we will just point out the main differences. First of all we can
assume that @ = 0. If @ is negative we can apply a unitary transform that
changes the sign of W.

We need a replacement of Lemma 2.4 where weights of polynomial
growth are allowed. To prepare for this we introduce the Muckenhoupt
weight class.

Definition 3.2 A non-negative function v is said to belong to the Muck-
enhoupt class A(p, q), 1 < p,q < oo, if there exists a constant C > 0 such

that
1 l/q 1 1) (p-Dip
sup | — qdm(z)) (—f —pip= dm(z)) <C.
BC&(WJB”’ Bl Js
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Here the supremum is taken over all balls in C% and |B| denotes the
Lebesgue measure of the ball B.

Lemma 3.3 Let0 < @ < d. Assume that the limit

eV

lim
lel—oo |2|®

exists and is positive. Then the weight function e™" belongs to the Mucken-
houpt class A(2,2d/(d — 1)).

Proof Lety = 2d/(d — 1). We should show that

1 1/y 1 1/2
J= (_erde(z)) (—fezwdm(z)) <C,
1Bl Jp IBl Jp
w

where C does not depend on the ball B. From the assumptions on e we
know that there exist positive constants c1, ¢3, ¢3 and ¢4 such that

c11z|? < @ < ¢)212, if|z] =1 (3.2)
and
W@ < ¢, if |z] < 5. (3.3)

c3=e

We divide the balls into different classes. Say that a ball B = B(z, R) is of
Type 1 if |z9| > 3/2R and otherwise of Type 2.

First, assume that B is of Type 1. Then for z € B we have |z]| < |[z9| + R <
5/3|zgl and |z| = |zg| — R = 1/3]z¢|. If |z9| = 3 we can use (3.2) and get

1 o Uy 1 1/2
_ Y _ _
ISC(|B|LIZI dm(z)) (lBlfB MG dm(z))

1 . vy 1 1/2
<C|— r*d —f d )
(iBlfB'Z“' m(Z)) (IBI e )

1 1 1/2
_ D Y
=C (1™ (|zO|ZQ’)

=C.

If |z9| < 3 then |z| < 5, so we can easily use (3.3) to get that I < C indepen-
dent of R.
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Now assume that B is of Type 2. Let B’ := B(0,3R). Then B < B’ and
|B'| = 3%4|B|, so we have

1 w Uy (4 - 1/2
— Y — - =
I= C(IB’I ‘Le dm(z)) (IB'I fB/e dm(z)) .

If R < 5/3 we can use (3.3) to get that J < C independent of R. If R > 5/3 we

have
1 )/<P 1/7
]sc(Td(f (1/c4)Ydm(z)+f & dm(z))) x
R |z1<5 5<|z|<3R €y

1 02 1/2
i cldm(z) +f ! dm(z)))
(RZd (f|z|<5 3 5<izl<3r 12]%?

In this product the first factor is of order O(R®) while the second factor is of
order O(R~ ™M@ %) a5 R — oo. Since the expression clearly is bounded for
bounded values of R there exists a constant C such that J < C independent
of R.

We conclude that e € A(2,2d/(d - 1)). O

The following Lemma replaces Lemma 2.3.

Lemma 3.4 Let 2:C% — C be a homogeneous function of degree zero, and
let Q be bounded on the unit sphere |z| = 1. Define the operator T as

_ Qz-()
(TH@) = f(c gt © dm@.

If the weight v belongs to the Muckenhoupt class A [2, 2d/(d - 1)) then
there exists a constant C > 0, independent of f, such that

2d/(d-1) (d-1)/(2d) ) 1/2
(f (TH) - y(2) ) sc(f |f 2w ()| ) .
Cd (Cd

Proof This is a special case of Theorem 1 in [DL98]. U
Finally we get the result that replaces Lemma 2.4.

Lemma 3.5 Let a € Hy be a (0,q)-type form, 1 < g < d - 1, satisfying
oa = 5*04 = 0. Then the (0, g — 1)-type form
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B(z) = _./(cd a(Q) A Kg-1(C, 2) (3.4)

satisfies 5[3 = @ in the sense of distributions. Moreover, there exists a con-
stant C > 0 such that

2

f |ﬁ(zi| e?V@dm(z) < Cllall, (3.5)
w

R<lzl<2r |2l

for all R > 0, where the constant C does not depend on « or R.

Proof The part that  solves 5[3 = a is just the same as in the proof of
Lemma 2.4. Using Lemma 3.4 we get

1/d
|,6|2e;ZW dm(z) < (f |z|_2d dm(z)) X
Eg Er

" (f (|,3|eW)2d/(d_1) dmz)
Er

2
< Clal?,,

)(d—l)/d

and the estimate (3.5) is proved. O

Proof (of Theorem 3.2) First, let 1 < g < d — 1. The proof runs in the
same way as in the proof of Theorem 2.2, but with the use of Lemmas with

weights. _
Next, let g = 0, and assume that a is a (0, 0)-type form in the kernel of ‘3.
According to (1.7) a has to be an entire functionin z', ..., z%. Also belonging

to L,(C?, eV dm), it must tend to zero at infinity. Hence it must be constant
equal to zero by a Liouville type argument.

Finally, let g = d. Then (1.7) implies thaté*a =0.fa =adz* n---ndZ?,
then this means that the function f(z) = " a(z) is an entire function in
z1, ..., z%. Moreover there exist constants ¢; and ¢, such that

Cc C
1 < e_w(z) < 2

lz|® |z|®

if |z| is large enough. The condition a € Hy means e‘Wf €L, (C%. This
is the case if and only if f is a polynomial in z',..., 2% of degree strictly
less than @ — d. The dimension of the space of such polynomials is exactly
Ny (D). O
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Eigenvalue asymptotics of
the even-dimensional exterior
Landau-Neumann Hamiltonian

Mikael Persson

Abstract: We study the Schrodinger operator with a constant mag-
netic field in the exterior of a compact domain in RZd, d = 1. The
spectrum of this operator consists of clusters of eigenvalues around
the Landau levels. We give asymptotic formulas for the rate of ac-
cumulation of eigenvalues in these clusters. When the compact is
a Reinhart domain we are able to show a more precise asymptotic
formula.

1 Introduction

The Landau Hamiltonian describes a charged particle moving in a plane,
influenced by a constant magnetic field of strength B > 0 orthogonal to the
plane. It is a classical result, see [Foc28, Lan30], that the spectrum of the
Landau Hamiltonian consists of infinitely degenerate eigenvalues B(2q + 1),
qg=0,1,2,..., called Landau levels.

In this paper we will study the even-dimensional Landau Hamiltonian
outside a compact obstacle, imposing magnetic Neumann conditions at the
boundary. Our motivation to study this operator comes mainly from the pa-
pers [HS02, PRO7]. Spectral properties of the exterior Landau Hamiltonian
in the plane are discussed in [HS02], under both Dirichlet and Neumann
conditions at the boundary. A more qualitative study of the spectrum is
done in [PR0O7], where the authors fix an interval around a Landau level and
describe how fast the eigenvalues in that cluster converges to that Landau
level. They work in the plane and with Dirichlet boundary conditions only.
The goal of this paper is to perform the same qualitative description when
we impose magnetic Neumann conditions at the boundary. Moreover, we
do not limit ourself to the plane, but work in arbitrary evendimensional
Euclidean space.
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The result is that the eigenvalues do accumulate with the same rate to the
Landau levels for both types of boundary conditions, see Theorem 3.2 for
the details. However, the eigenvalues can only accumulate to a Landau level
from below in the Neumann setting. In the Dirichlet case they accumulate
only from above.

It should be mentioned that we suppose that the compact set removed
has no holes and that its boundary is smooth. This is far more restrictive
than the conditions imposed on the compact set in [PR07].

Several different perturbations of the Landau Hamiltonian have been
studied in the last years, see [MR03, FP06, RS08, PR0O7]. They all share the
common idea of making a reduction to a certain Toeplitz-type operator
whose spectral asymptotics is known. We also do this kind of reduction. The
method we use is based on the theory for pseudodifferential operators and
boundary PDE methods, which we have not seen in any of the mentioned
papers.

In Section 2 we define the Landau Hamiltonian and mention some auxil-
iary results about its spectrum, eigenspaces and Green function.

We begin Section 3 by defining the exterior Landau Hamiltonian with
magnetic Neumann boundary condition and formulate and prove the main
theorems (Theorem 3.1 and 3.2) about the spectral asymptotics of the oper-
ator. The main part of the proof, the reduction step, is quite technical and
therefore moved to Section 4. When the reduction step is done we use the
asymptotic formulas of the spectrum of the Toeplitz-type operators, given
in [FP06, MRO3], to obtain the asymptotic formulas in Theorem 3.2.

In the higher dimensional case (R??, d > 1) we also consider the case
when the compact obstacle is a Reinhart domain. We use some ideas from
[Par94] to prove a more precise asymptotic formula for the eigenvalues. This
is done in Section 5.

2 The Landau Hamiltonian in R%?

We denote by x = (x!, ..., x2?) a pointin R??. Let B > 0 and denote by @ the
magnetic vector potential

3 _xd,

B
ax) = (@), aza () = 7 (=% 21, —x% 2%, 2d-1),

X
It corresponds to an isotropic magnetic field of constant strength B. The
Landau Hamiltonian L in R*? describes a charged, spinless particle in this
homogeneous magnetic field. It is given by
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L= (-iV-a)
and is essentially self-adjoint on the set Cj° (R??) in the usual Hilbert space
H = L,(R*?). For j = 1,...,d we also introduce the self-adjoint operators
(. O 0 2
L;= (—l(my 0)6_2]) - (azj—l,azj)) )

in the Hilbert spaces H; = L, (R?). Note that H = ®?:1 Hj, and

L=L;®I®9 V41,0 ®@ 2+  +1%¢ Ve[, 2.1)

2.1 Landaulevels

The spectrum of each twodimensional Landau Hamiltonian L; consist of so
called Landau levels, eigenvalues B(2q + 1), g € N, each of infinite multiplic-
ity. Letk = (x1,...,Kq) € N? be a multiindex. We denote by k| = x1+...+K4
the length of the multiindex k and also set k! = x;!- ... k4!. From (2.1) it fol-
lows that the spectrum of L consists of the infinitely degenerate eigenvalues

d
f=B) (2x;+1), «x;eN.

j=1

Note that Az = Ay if |&] = |K'|. Hence the spectrum of L consists of eigen-
values of the form A, = BQu +d), p € N.

2.2 Creation and annihilation operators

The structure of the eigenspaces of L has been described before in [MRO3].
We give the results without proofs. It is convenient to introduce complex
notation. Let z = (z!,...,2z%) € C% where z/ = x2/~! + ix¥. Also, we use
the scalar potential W (z) = —%Izl2 and the complex derivatives

0 _1(_ o .o 0 _1(_ 0o .0
ozl 2\ox®1 ox¥ )’ ozl 2\ox¥' ox¥ )
We define creation and annihilation operators Q}, 9 ; as

0 0
QF = —2ie W —¢", Q.= -2ieV—eV,
J 0z/ J 0z’
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and note that
(97, 9;] = [Q,,9,] = [2], 9] =0, ifj#k. (2.2)

The notation Q;f for the creation operators is motivated by the fact that it is
the formal adjoint of Q ; in .

A function u belongs to the lowest Landau level Ay if and only if £ ju=0
for j = 1,...,d. This means that the function f = e~" u is an entire function,
so via multiplication by e™" the eigenspace £,, corresponding to Ay is
equivalent to the Fock space

35 = {f | f is entire and f |flze_§'z‘2 dm(z) < oo}.
(Cd

Here, and elsewhere, dm denotes the Lebesgue measure. A function u
belongs to the eigenspace £, of the Landau level A, if and only if it can be
written in the form

u=Y Q9" fo)
[Rl=p
where (Q%)* = (Q))¥ -+ (Q})* and f; all belong to §5. The multiplicity

of the eigenvalue A, is equal to (“;f;l). We denote by P4, and P,, the
projection onto the eigenspaces £, and £,, respectively, and note by (2.2)

that the orthogonal decompositions
Lr,= D L Pa, = P Pa 2.3)
lkl=p I&l=p

hold in (.

2.3 The resolvent

LetR, = (L + pI)~! be the resolvent of L, p = 0. An explicit formula of the
kernel G, (x, y) of R, was given in [HS02] for d = 1. In Section 4.2 we will
use the behavior of G, (x, y) near the diagonal x = y, given in the following
Lemma.

Lemma 2.1 R, is an integral operator with kernel G,(x, y) that has the
following singularity at the diagonal,
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Llog(1/lx — yl) + O(1), d=1;
G,(x,y) ~ #Ix - y172 + OQog(1/1x - yI)), d=2; (2.4)
F(zdﬂ—dl)lx_y|2—2d +O(|x—y|4_2d), d > 2

as|x -yl —0.
Proof The kernel G, (x,y) of R, can be written as
Gp(x,y) = f e Ple Ll (x, y)dm(1).
0

Now, since the variables separate pairwise, we have

d
—Lt -Lit .2j—1 2] _2j—-1 _2j
e M, y) = []e M ¥ X, yH Tt Y.
j=1

The formula for e71i? is given in [Sim79a]. It reads

—le’

iB iy 5i  oi 9i_
e 2j-1 2]_x2]y2] 1)

B
T g P (_7(x ¥ sinh(B1/2)

B . . . .
X exp (_Z coth(Bt/2) ((x* ! = y* =1 + (x* - yzf)z))

Hence the formula for G, (x, y) becomes

B\’ iB N g2 2 e 2
Gp(x,y)z(a) exp(—;Z(xf y —xy ))I(Ix—yl) (2.5)

j=1

where
oo ot 1 B
I(s) = e P'—————exp|—— coth(Bt/2)s | dm(2).
0 sinh?(Bt/2) 4

An expansion of I(s) shows that

(£)log(1/s) + O(1), d=1;
I(s) ~{ 7225~ +Odog(1/s)), d=2; ass — 0,
(%)d T(dz—l)sl—d + O(SZ—d); d> 2,

from which (2.4) follows. O
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3 The exterior Landau-Neumann Hamiltonian in R?¢

Let K < R?? be a simply connected compact domain with smooth boundary
I and let 2 = R?? \ K. We define the exterior Landau-Neumann Hamilton-
ian Ly in Hg = L,(Q) by

Lo=(-iV-ad?* inQ; 3.1
with Neumann boundary conditions
oyu:=(—iV—-a)u-v=0 onl. 3.2)

Here v denotes the exterior normal to I'. Our aim is to study how much
the spectrum of L, differs from the Landau levels discussed in the previous
section. The first Theorem below states that the eigenvalues of L, can
accumulate to each Landau level only from below. The second Theorem
says that the eigenvalues do accumulate to the Landau levels from below,
and the rate of convergence is given.

Theorem 3.1 For every u € N and each €, 0 < € < dB, the number of
eigenvalues of Lg in the interval (A, A, + €) is finite.

Denote by li“ ) < lé’l )< ... the eigenvalues of Lg in the interval (A1, Ay)
and N(a, b, T) the number of eigenvalues of the operator T in the inter-
val (a, b), counting multiplicities. Also, let Cap(K) denote the logarithmic
capacity of K, see [Lan72].

Theorem 3.2 Letyu € N.
(@) Ifd =1 then lim (1A, - l]gm))uj = B (Cap(K))>.

d
(b) Ifd >1thenN(Ay1, Ay — A Lg) ~ (197 4 (hlllﬁfln) as A\ 0.

3.1 Proof of the Theorems

We want to compare the spectrum of the operators L and L. However, the
expression L — L has no meaning since L and L, acts in different Hilbert
spaces. We introduce the Hilbert space Hx = L,(K) and define the interior
Landau-Neumann Hamiltonian Lg in Hg by the same formulas as in (3.1)
and (3.2) but with Q replaced by K. Note that H = Hy @& H . Define L as
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I:ZLKGBLQ, inj'C[(EBHQ.

The inverse of Lk is compact, so Lx has at most a finite number of eigenval-
ues in each interval (A1, Ay). The operators Lx and L act in orthogonal
subspaces of H, so o (L) = o(Lg) U o(Lg). This means that L has the same
spectral asymptotics as Lg in each interval (A1, A,), so it is enough to
prove the statements in Theorem 3.1 and 3.2 for the operator L instead of
Lo.

Since the unbounded operators L and L have different domains, we can-
not compare them directly. However, they act in the same Hilbert space, so
we can compare their inverses. Let

R=Ry=L", and R=L"'=L oLy,
and set
V=R-R, and Ty=Pa,VPy, forpeN.
Lemma 3.3 V is non-negative and compact.
Proof See Section 4.1. U

By Weyl's theorem the essential spectrum of R and R coincides. Since
R=R+VandV = 0, Theorem 3.1 follows immediately from Theorem 9.4.7
in [BS87] and the fact that 0 (R) = 0es(R) = {Aljl}. We continue with the
proof of Theorem 3.2.

Let 7 > 0 be such that (A" —27, A, +27) \{A;'}) N 0ess(R) = @. Denote
the eigenvalues of T, by

W > >

and the eigenvalues of R in the interval (A", A" + 1) by

(DN

rl _r(”)z...

2

Lemma 3.4 Given € > 0 there exists an integer | such that

1-¢ t](.‘fr)l < r](.”) - A;l =(1+¢ t](.’i)l, for all sufficiently large j .

Proof See Proposition 2.2 in [PRO7]. U
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Hence the study of the asymptotics of the eigenvalues of R is reduced to
the study of the eigenvalues of the Toeplitz-type operator T,. For a bounded
simply connected set U in R** we define the Toeplitz operator SY as

Sy = PaxuPa,

where yy denotes the characteristic function of U. The following lemma
reduces our problem to the study of these Toeplitz operators, which are
easier to study than T,.

Lemma 3.5 Let Ky € K € K; be compact domains such thatdK; n I’ = @.
There exist a constant C > 0 and a subspace S ¢ H of finite codimension
such that

1

SN < Tuf) < CUL Sy (3.3)
forall f € 8.
Proof See Section 4.2. O

The asymptotic expansion of the spectrum of Sg is given in the following
lemma.

Lemma 3.6 Denote by si“) > sé“) = ... the eigenvalues of Sg and by
n(A, Sﬂ) the number of eigenvalues ofo{ greater than A (counting mul-
tiplicity). Then

(@) ifd =1 wehavelim; o (jis*)"7 = & (Capw))”,

b) ifd>1weh A,8U) ~ (Hrd-1) 1 [ Lo Al a AN 0
(b) ifd >1wehaven(4, H)N(d—l )E(lnun/u) as A\ 0.

Proof See Lemma 3.2 in [FP06] for part (a) and Proposition 7.1 in [MRO03]
for part (b). O

We are now able to finish the proof of Theorem 3.2. By letting K, and
K; in Lemma 3.5 get closer and closer to our compact K we see that the
eigenvalues {tj(.“ "} of T, satisfy

lim (j1e#)" = ZQ (Capx))® (3.4)

n—oo

ifd =1, and
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d
nA, Ty) ~ ( ) , asA N\, 0 (3.5)

p+d—-1\1( [InA|
d-—1 Jd'\In|InA|

if d > 1. Since neither of the formulas (3.4) nor (3.5) are sensitive for finite

shifts in the indices it follows from Lemma 3.4 that the eigenvalues of {r](.“ 1
R satisfies

lim (1% - A—1))1/j _B (Cap(K))2
N ° ]

j—o0 K 2

ifd =1, and

i L +d-1\1( |InAl |4
N 44470 By ~ H - , ANO0
A, +A,A,2R) ( d—1 )d!(lnunitl) AN

If we translate this in terms of L we get

i B
lim (j1(4, ~ 1) = 5 (Cap(k)”
ford =1, and
N d
- +d-1)\1 ‘lnA(A—A)‘
Ny, Ay = AL ~ |F S B el
d-1 d! In )ln A )
AaA—2)
d
pu+d—-1\1{ |InA|
~ N ’ /1 0;
( d-1 )d! mimal) AN
for d > 1. This completes the proof of Theorem 3.2. U

4 Proof of the Lemmas

In this section we prove Lemma 3.3 and 3.5.

4.1 Proofof Lemma 3.3

The operators L and L are defined by the same expression, but the domain
of L is contained in the domain of L. It follows from Proposition 2.1 in [PR07]
that L — L = 0. This means that V =R — R = 0.
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Next we prove the compactness of V. Let f and g belong to J{. Also, let
u = Rf and v = Rg. Then u belongs to the domain of L and v belongs to
the domain of L, so v = vg @ vg, and Lg vk ® Lovg = g. Integrating by parts
and using (3.2) for vx and v, we get

(f,Vg) =(f,Rg) — (Rf,&)

=‘[Lu-ﬁdm(x)+fLu-ﬁdm(x)
K Q

—f u-LKdem(x)—f u-Lovodm(x)
K Q

= f ONu (v — Vi) ds. (4.1)
r

Here dS denotes the surface measure on I'.

Take a smooth cut-off function y € Cg° (R??) such that y(x) = 1ina
neighborhood of K. Then we can replace u and v by # = yu and 7 = yv
in the right hand side of (4.1). By local elliptic regularity we have that @ €
H2(R*¥) and 7 € H2(R** \I'). However, the operator & — 0y ii|r is compact
as considered from H2(R??) to L,(I') and both 7 — Ug|r and 7 — Ux|r are
compact as considered from H? (RZd \' I') to Ly(I'), so it follows that V is
compact. U

4.2 Proof of Lemma 3.5

We start by showing that T, can be considered as an elliptic Pseudodiffer-
ential operator of order 1 on some subspace of L, (I") of finite codimension,
and hence that there exists a constant C > 0 such that

1
E”f”LZ(I“) 1 ey < F Tuf) < Ul 1 f (4.2)

for all f in that subspace.
Let f and g belong to J(. Also, let u = Rf, v = Rg and w = Rg. We saw
in (4.1) that

(f,Vg = f Onu - (vg — vg)dS.
r
To go further we will introduce the Neumann to Dirichlet and Dirichlet to

Neumann operators. Let G, (x, y) be as in (2.5) We start with the single and
double layer integral operators, defined by
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Aa(x) = f Go(x — y)a(y)dS(y), xeR*,
r

Ba(x) = f OnyGolx — Ya(y)dS(y), xeR*\T,
r

Aa(x) = f Go(x —y)ay)dS(y), xerl, and
r

Ba(x) = f OnyGolx — Y)a(y)dS(y), xel.
r
The last two operators are compact on Ly (I'), since, by Lemma 2.1, their
kernels have weak singularities. Moreover, since the kernel Gy has the same

singularity as the Green kernel for the Laplace operator in R24 (see [Tay96b]),
we have the following limit relations on I"

1
.A(XK:A(ZK, B(ZK: §a+Ba,

1
Aao = Aap, Bag = —Ea + Ba. 4.3)
Using a Green-type formula for L in K we see that
ﬁ = Bﬁ[{ - A(@NﬁK)
If we combine this with the limit relations (4.3) we get
1
(B - EI)ﬁK = AONPk), onT.
A similar calculation for Q gives
1
(B + El)ﬁ_q = A(OnBq), onT.

It seems natural to do the following definitions.

Definition 4.1 We define the Dirichlet-to-Neumann and Neumann-to-
Dirichlet operators in K and 2 as

(DN)g = A‘l(B - %1) (ND)g = (B - %1) A,

(DN)g = A‘l(B + %1) (ND), = (B + %1) A.
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Remark 4.1 The inverses above exist at least on a space of finite codimen-
sion. This follows from the fact that A is elliptic and B is compact.

Lemma 4.1 The operator (ND)x — (ND)g, is an elliptic pseudodifferential
operator of order —1.

Proof Using a resolvent identity, we see that
1 3\-! 1 3\-1
(ND)x — (ND)q = (B+EI) (B_EI) A.

It follows from the asymptotic expansion of Gy (x, y) in Lemma 2.1 that A is
an elliptic pseudodifferential operator of order —1. Moreover the operator
B is compact, so the other two factors are pseudodifferential operators of
order 0 which do not change the principal symbol noticeably. ]

Let us now return to the expression of V. We have

(fiVg) = f Onu - (vg —vk)dS
r

:faNU'(U_Q—W"'W—VK)dS
r

= f onu - ((ND)oOn (v — w) + (ND)k O (w — vk)))) dS
r

= f dnu - ((ND)x — (ND) o) @yw)) dS.
r

Since we are interested in T, and not V, we may assume that f and g belong
to £4,. Thenu = Rf = A,'f and w = Rg = A,,'g. For such f and g we get

(f,Vg) =)~ f Onf - ((ND)kx — (ND)@)(0ng)) dS
r

or, with the introduced operators above

(f,Vgy=Uw™> f [ ((DN):((ND)x — (ND)o)(DN)kg))dS.  (4.4)
r

Moreover, (DN)g is an elliptic pseudodifferential operator of order 1. This
follows from the identity A(DN)x = B — %I and the fact that A is an elliptic
Pseudodifferential operator of order —1. It follows from (4.4) that T, is an
elliptic pseudodifferential operator or order 1.
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Next, we prove the inequality (3.3). Because of the projections, it is
enough to show it for functions f in £4,.

The lower bound: We prove that there exists a subspace § ¢ £ 2, of finite
codimension such that the lower bound in (3.3) is valid for all f € S. Since
f e £y, wehave L,f := (L — Ay f = 0so f belongs to the kernel of the
second order elliptic operator L,,. Let ¢ = f|r. We study the problem

{L,szo in K°

f=0 onl. (4.5

Let E(x, y) be the Schwarz-kernel for L. Itis smooth away from the diagonal
x = y. One can repeat the theory with the single and double layer potentials
for L, and write the solution f in the case it the solution exists.

Let B, be the double layer operator evaluated at the boundary,

Bya(x) = f OnyE(x, y)a(y)dS(y), xeT.
r

The operator B, is compact, since the kernel aNyE (x, y) has a weak singu-
larity at the diagonal x = y. Thus there exists a subspace 8; < L,(I') of
finite codimension such ‘Ehat the operator %I + B, is invertible on 8. Hence,
there exists a subspace 8§ c £ Ay of finite codimension where we have the
representation formula

B OE(x,y)((1 -1 .
f(x)—fr e ((51+B,,) (p)(y)dS(y), xek 4.6)

forall f € S. The inequality || fllz, k) < CIlf Iz, follows easily from 4.6 for
all such functions f.

Since we also have || f iz, < Cllf | g1 the lower bound in (3.3) follows
via the lower bound in (4.2).

The upper bound: By the upper bound in (4.2) it is enough to show the
following inequalities

2 2
Il f Ly < Clf gl f lmsza < CHF G2 < CIFIT, «,)-

However, the first inequality is just the Trace theorem, the second is the
Sobolev-Rellich embedding theorem. We note that L, f = 0, so the third
inequality is a standard estimate for elliptic operators. U
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5 Spectrum of Toeplitz operators in a Reinhart domain

In the case when K is a Reinhart domain one can strengthen part (b) of
Lemma 3.6. Assume that K°, the interior of K, is a Reinhart domain. This
means that 0 € K° and if z € K°, then the set

Looowh, w =tz reClt] <1}

{(w
is a subset of K°. If the set
log|K| = {(yl,...,yd), yj = loglzjl,z € K°}

is convex in the usual sense, then K° is said to be logarithmically convex,
and K° is a domain of holomorphy. Denote by Vg:R? — R the function
defined by

Vk(x) = sup {(x,y).
yelog|K|

We denote by J: 3% —~ K= L, (K, e‘l%'Z'Z dm(z)) the embedding operator.
The s-values sz, € N¢, of J coincides with the numbers

12512, /12512 } 5.1)
{ X G P

Unlike the case d = 1, see [FP06], it is natural to numerate the eigen-
values by the d-tuples k = (x,...,kg), just as for the eigenvalues of the

Laplace operator in the unit cube [0, 1], where the eigenvalues are given by
@m) =k = @m) ¢ (k] + -+ xD).

Lemma 5.1 Letd > 1 andw = «k/|k|. Then

(Rlsg) 1K ~ gexp (2Vk @) (1 +0), aslkl — oo. (5.2)

Proof The denominator in (5.1) is easily calculated to be

d ]
. 27 2
K2 N
=|— — x!.
Iz ”3% (B ) (B)

For the numerator, we do estimations from above and below, as in [Par94].
First, note that

Iy = 12°1% = f exp(2(k, x)) dii(x),
log|K]
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where dm (x) is the transformed measure. It is clear that
I < exp|k|Vk (w))m(K).
For the inequality in the other direction, fix 6 > 0. The hyperplane
(K, x) = (1= 6)Vk (k)

cuts log |K| in two components. Let Ps be the component for which the
inequality (&, x) = (1 — 0) Vi (X) holds. Then we have

I = f exp (2[&](1 - 6)Vk (@) dm(x) = Cs exp (2IRI(1 — 6) Vk (w)),
Ps
where C5 = f Py dm(x) > 0. It follows that

1/1%|
(®lse) ! < (m(K)(g)d) 5 exp (2Vk (@)

and
R B )\l
(Rlsg) '™ = (C5(g) ) Eexp (2(1 - 6)VK(w)),
from which (5.2) follows. |
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