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ABSENCE OF EMBEDDED EIGENVALUES OF PAULI AND DIRAC OPERATORS

DIRK HUNDERTMARK AND HYNEK KOVARIK

ABSTRACT. We consider eigenvalues of the Pauli operator in R® embedded in the continuous spectrum. In
our main result we prove the absence of such eigenvalues above a threshold which depends on the asymptotic
behavior of the magnetic and electric field at infinity. We show moreover that the decay conditions on the
magnetic and electric field are sharp. Analogous results are obtained for purely magnetic Dirac operators.
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1. Introduction and outline of the paper

In this paper we study the point spectrum of the Pauli operator in L?(R3, C?) formally given by

Hay = (0-(P—A4)° +V. (1.1)
Here P = —iV denotes the momentum operator, A € L2 (R3 R?) is a magnetic vector potential, o =

(01,092,03) is the set of Pauli matrices, see equation (2.1) below, and V is a potential function which
associates to each z € R?® a two by two hermitian matrix V(x). We refer to equations (4.4) and (4.5)
for a more precise definition of H,4 . The free Pauli operator H 4o represents a quantum Hamiltonian of
a particle with spin % interacting with a magnetic field B = curl A, see e.g. [23] for further reading and
references.

Our aim is to find sharp conditions on B and V' under which the operator H,4 y has no eigenvalues above
certain critical energy.

The absence of discrete eigenvalues of H 4y, also in dimensions higher than three, can be deduced from
the results of [10], where the authors show, via the method of multipliers, that if B and V satisfy certain
smallness assumptions, then H 4y has no eigenvalues at all.

The absence of eigenvalues at the threshold of the essential spectrum, typically zero, is also well understood,
at least in the case V = 0. A sharp criterion for zero to be an eigenvalue of H4 ¢ was recently established
in [12, 13], see also [0, 7]. In particular, it is proved in [I13] that H4 can have a zero energy eigenfunction
only if [|Allzs(ms) exceeds certain explicit value. Examples of magnetic fields which produce zero energy
eigenfunctions of H, o, and which show that the criterion of [13] is sharp, can be found in [I, 11, 19, 21].
We will give more comments on this question in Remark 6.6.

What is not well understood so far is the question of absence of eigenvalues embedded in the essential
spectrum, which is of fundamental importance e.g. for the validity of a limiting absorption principle, for the
scattering theory, as well as for dispersive estimates. One could of course apply the result of [10], since the
conditions stated there guarantee not only the absence of discrete eigenvalues, but also the absence of all
eigenvalues, [10, Thm. 3.5]. However, this automatically implies that such conditions are way too strong if

(©2023 by the authors. Faithful reproduction of this article, in its entirety, by any means is permitted for non-commercial
purposes.
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2 DIRK HUNDERTMARK AND HYNEK KOVARIK

one is interested only in embedded eigenvalues, since creating discrete eigenvalues is usually much “easier”
than creating eigenvalues embedded in the essential spectrum. Indeed, consider the generic case in which
Oes(Ha,0) = [0,00). Then any negative and sufficiently strong potential V' will create negative eigenvalues,
but it should typically not create positive eigenvalues, at least when B and V decay fast enough at infinity.
Hence in order to exclude all eigenvalues, one has to impose global smallness assumptions on B and V, see
[10, Thm. 3.5]. On the other hand, embedded eigenvalues belong to the essential spectrum and therefore
their absence or existence should depend only on the behavior of B and V at infinity.

In this paper we prove that the operator H 4 1, cannot have eigenvalues above an energy level A > 0 allowing,
at the same time, H4 y to have discrete and/or threshold eigenvalues, see Theorem 6.5. We provide an
explicit expression for A which shows, in agreement with the above heuristics, that A depends only on the
behavior of B and V' at infinity. In particular, no global bounds on B and V' are needed.

Let us describe the main result of this paper more in detail. In Theorem 6.5 it is proved, under rather mild
regularity and decay conditions on B and V, that H,4 y has no eigenvalues larger than

A=A(B,V) ::i(ﬁ+w1+\/(ﬁ+w1)2+2wz>2, (1.2)

where 3,w; and we are non-negative constants which depend, in a weak sense, on the spacial asymptotics
of B and V. We refer to Assumption 3.9 and equation (3.10) for a full definition of 8 and w;. If B and V
are regular enough at infinity, then the values of 8 and w; are determined from their pointwise asymptotics.

Indeed, splitting the potential into a sum of its short-range and long-range component; V = V* + V¢, we
find

B < limsup [B(z)|, wi < limsup|zV*(z)|cz, and wy < limsup |(z- VV(2))4|ce.

see Lemma A.1.

Remark 1.1. It is illustrative to compare Theorem 6.5 with classical results on the absence of positive
eigenvalues of non-magnetic Schrodinger operators [2, 17, 22]. If B = 0, then by choosing V* = V and
V¢ =0 we obtain A = w? which generalizes the result of Kato [17]. On the other hand, by choosing V* such
that V*(x) = o(Jx|7!), and setting V! = V — V* we get A = wy/2, and recover thus the results of Agmon [2]
and Simon [22].

To prove Theorem 6.5 we adapt a version of the quadratic form method of [1], which in turn is inspired by the
approach invented by Froese and Herbst for non-magnetic Schrodinger operators in [14, 15]. However, due
to the spinor structure of the operator H,4 v and of its wave-functions, the technique of [4, 14, 15] cannot be
applied directly. The problem is that the operator-valued matrix H 4 y is, contrary to the two-dimensional
case, non-diagonal. Consequently, a direct application of the above mentioned technique, developed for scalar
magnetic operators, is not feasible. It is therefore necessary to implement the fundamental ingredients of [/]
in such a way that the spinor structure of H 4y be taken into account. To do so we make use of multiplication
and commutation relations for the Pauli matrices and of their convenient interplay with the Poincaré gauge
for the vector potential A. This is yet another example of the importance of choosing a gauge which suits
best the problem in question. In our case the choice of the Poincaré gauge, together with the properties of
the Pauli matrices, allows us to prove a matrix-valued versions of the virial-type identities for the weighted
commutator between H 4y and the generator of dilations, see equations (5.10) and (5.15). With the help of
these identities we then show that any eigenfunction of H 4y with eigenvalue larger than A must identically
vanish. We would like to point out that although the identities (5.10) and (5.15) are identical to their scalar
counterparts obtained in [4], due to the spinor structure of the problem under consideration their derivation
is essentially different.
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The paper is organized in the following way. In the first two sections we collect necessary prerequisites
and state our hypotheses. In Sections 4 and 5 we prove some preliminary results concerning dilations
and commutator properties of H4 . The main result is stated and proved in Section 6. In Section 7 we
construct an example which shows that the critical energy A(B, V') given by (1.2) is sharp. As a consequence
of Theorem 6.5 we also establish sufficient conditions for the absence of embedded eigenvalues of the magnetic
Dirac operator, see Theorem 8.1 and Corollary 8.2. In Appendinx A we show that all the hypothesis stated
in Section 3 are satisfied under some mind pointwise conditions on B and V.

2. Prerequisites

2.1. Basic setup. We identify the magnetic field with the vector-field B : R® — R?® with components
(B, B, B3). A vector potential is a vector field A : R® — R® which generates a magnetic fields via
B = curlA, in the distributional sense. We recall the well-known Pauli matrices o; : C? - C?%

ae (V1) e (T ) me (D). -

In what follows we use the shorthand
3
2~0':sz0]- z€C3 (2.2)
j=1

The Pauli matrices satisfy the following multiplication and commutation relations,

3
Ujak:(sj'kﬂ—l-izg?jkmam (2.3)
m=1
3
[0j,01) = 21 Z Ejkm Tm - (2.4)
m=1

Here 1 is the unite 2 x 2 matrix, and €, denotes the Levi-Civita permutation symbol. In particular, UJZ =1
for j =1,2,3.

Given a magnetic field B and a point w € R3 let By () := B(z + w)[x]. More precisely, B, is a vector—field
on R? defined by

By(z +w) =Bz +w)Az. (2.5)

Making use of translations, we will often assume w = 0, in which case we will simply write B.

2.2. Notation. If A € LIQOC(R?’7 R?) is a magnetic vector potential, the the magnetic Sobolev space is defined
by

HIUR?,C?) = 9(P — A) = {gp € L2(R3,C2) : (P—A)pe L2(R3,<c2)}, (2.6)
equipped with the graph norm
1/2
lullza = (I(P = Aulfaga ez + e c) - (2.7)

The corresponding scalar Sobolev space will be denoted by

HY R = {ue L*R%) : (P—A)ue L*R%}.
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Given a set M and two functions fi, fo : M — R, we write fi(x) < fo(x) if there exists a numerical constant
¢ such that fi(z) < ¢ fo(z) for all z € M. The symbol fi(z) 2 fo(z) is defined analogously. Moreover, we
use the notation
h(@)~ folz) < file) S folz) A folz) S fil),
and
limsup f(z) =L <«  lim esssup f(z) =L, (2.8)

|z|—o00 T g >y
and similarly for iminf|,_,, f(z). We will use 9; = % for the usual partial derivatives in the weak sense,
J
i.e., as distributions.

The scalar product on a Hilbert space ¢ will be denoted by <-, >
subscript and write

o W = L?(R3,C?), we omit the

<Q07 ¢>L2(R3,C2) = <¢7 1/}> ) 2 w € Lz(Rga Cz)
Accordingly, for any ¢ € L"(R3,C?) with 1 < r < 0o we will use the shorthand
lellr = llollLr s c2)
for the L"-norm of . By the symbol
Ur(z) ={y €R® : |z —y| < R}
we denote the ball of radius R centered at a point x € R3. If z = 0, we abbreviate Up = Ug(0).

Given a Hermitian matrix valued function R® > x +— M(z) : C2 — C2, we denote by \(z) and u(z) its
eigenvalues. The norm of M is then equal to

| M (2)|c2 = max { [M=)], |u(z)] }.
Accordingly we define
| M (2)+|c2 = max { \(z)+, u(2)+ }. (2.9)

Convention: In the sequel we will use latin letters for functions with values in C, and greek letters for
functions with values in C2. In particular, we will often identify a spinor ¢ with two scalar fields as

follows;
u
= <v> . (2.10)

Throughout the paper we will often make use of the polarisation identity which, for the reader’s convenience,
we now briefly recall; given a sesquilinear form s on a Hilbert space 4, and any ¢, € ¢, we have

s(p, 1) = i s+, 0+ vY) —s(o—1b, 0 — ) +is(p — iy, o —ih) —is(p + i, p + )| (2.11)

2.3. The Poincaré gauge. For a given magnetic field B and a point w € R? we define the vector field By,
by equation (2.5), and put

Ap(z) = /0 1 By (tx)dt (2.12)

which is the vector potential in the Poincaré gauge. Using translations, it is no loss of generality to assume
w = 0, in which case we will simply write A for the vector potential given by (2.12). Note that when w = 0,
then A given by (2.12) satisfies

r-Alx)=0 VazcR3 (2.13)
It is easy to see that for A given by (2.12) one has A € L _(R3, R?) for bounded magnetic fields B and this
extends to a large class of singular magnetic fields, see [1, Lem. 2.9]. Except otherwise stated, we will always
use the Poincaré gauge.
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3. Hypotheses

In this section we formulate general sufficient conditions on B and V' under which our main result, Theorem
6.5, holds true. In Appendix A we will show that all these conditions are satisfied under rather mild
assumptions on B and V, see in particular Lemma A.1, Proposition A.2 and Proposition A.4.

Assumption 3.1. The matrix valued function V : R? — M (2, C) is Hermitian. i.e.
(V@)= (V(2),;, VYeeR’ Vjk=12 (3.1)
If the potential is split as V = V* 4+ V¥, then V* and V* also satisfy (3.1).

Remark 3.2. Similarly as in the scalar non-magnetic case, see in particular [15, Thm. 2.1], our results could
be extended to all matrix valued V', possibly non-Hermitian, for which the associated Pauli operator H 4y
has real spectrum. For the sake of brevity, we will stick to Assumption 3.1 throughout the paper.

Assumption 3.3. The magnetic field B is such that for some w € R3
B30 o o —ul™ ot (2 [Bule)l? € Le(®) (3.2
T —w

for all R > 0.

We have already pointed out that without loss of generality we may assume w = 0. In view of [1, Lem. 2.9]
condition (3.2) assures that the corresponding vector potential in the Poincaré gauge is locally square
integrable. The latter property is essential in order to define the Pauli operator through the associated
quadratic form.

3.1. Global relative bounds.

Assumption 3.4. The scalar fields |B|? and | B|? are relatively form bounded w.r.t. (P — A)2, where A is
the Poincaré gauge vector potential corresponding to B. That is,

IBlel3 +1Blel3 < II(P = A)el3 + el Ve e 2(P - A). (3-3)

Here we abuse the notation and use the same symbol P — A for the operator in L?(R3) as well as for the
operator in L?(R3,C?) acting as 1(P — A).
Assumption 3.5. The potential V is relatively form small w.r.t. (P — A)2, that is, there exist constants

ag < 1 and C such that
(e, Vo)l <ao (P = Ael3 +Cllglli Ve e2(P-A). (3.4)

In order to control the virial z- VV, we decompose the potential as V = V4 V*. The splitting V = V*+V*
is arbitrary, as long as the conditions below are satisfied.

3.2. Behaviour at infinity. Below we quantify the notions of boundedness and vanishing at infinity
w.r.t. (P — A)2

Definition 3.6 (Boundedness at infinity). A potential W is bounded from above at infinity with respect
to (P — A)? if for some Rg > 0 its quadratic form domain contains all ¢ € Z(P — A) with supp(p) € Ug,
and for R > Ry there exist positive ar,yg with limp_,oc g = 0 and liminfg_,,, Y < 0o such that

{0, W) < agl(P—A)ell3 +vrllel5 for all ¢ € (P — A) with supp(y) C Uf, (3.5)

By monotonicity we may assume, without loss of generality, that ar and vy are decreasing in R > Ry.
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Assumption 3.7. The positive part of the potential V vanishes at infinity w.r.t. (P — A)? in the following
sense: there exist positive ar,yp with ar,vyg — 0 as R — oo such that

(0, Vo) < apll(P — A3 +rllellz  for all ¢ € 2(P — A) with supp(p) C Uf;. (3.6)

Moreover, if we split V = V* 4+ V¢, then also the positive parts of V* and V¥ vanishe at infinity in the sense

defined above. By monotonicity we may assume, without loss of generality, that ar and vy are decreasing
in R > Ry.

Assumption 3.8. The potential V is bounded at infinity w.r.t. (P — A)? in the sense of Definition 3.6.
Moreover, if we split V = V* 4 V¥, then also V*° is bounded at infinity w.r.t (P — A)? in the sense of
Definition 3.6.

Assumption 3.9. There exist positive sequences (¢;);, (5;); and (R;); with e; — 0 and R; — oo as j — 00,
such that for all p € Z(P — A) with supp(y) CUS = {z € R*: |z| > R;}

1Blellz < & lI(P = A)ells + 55 el (3.7)

For the decomposition V' = V*® 4+ V* of the potential, we also assume that there exist positive sequences
(w1,5); and (we,5); such that for all ¢ € Z(P — A) with supp(p) C Uf

lzVopl3 < & I(P— A)ellz +wi;llels (3.8)
{p,2-VVi) < & I(P—A)pl3 +wajllel (3.9)

By monotonicity we may assume, without loss of generality, that the sequences 3;, w1 j, and ws ; in Assump-
tions 3.9 are decreasing. We define

5 = lim Bja W = ‘lim W5 5 k= 1,2. (3'10)
j—00

J]—00

3.3. Unique continuation at infinity. For a unique continuation type argument at infinity, we also need
a quantitative version of relative form boundedness.

Assumption 3.10. If V = V* + V¢, then we assume that for all ¢ € Z(P — A)

2

IBlel3 + lzVoell3 < % I(P = A)ell3 + Cliell3, (3.11)
(p2-VVip) < az||(P—=A)pl3 + Cllel3, (3.12)
(e Vi)l < asl(P = A)pl + Cllel3 (3.13)
for some C' > 0 and o such that
a1 + as + 3as < 1. (3.14)
Remark 3.11. By the diamagnetic inequality
|Plel| < |[(P—A)¢| ae. for all p € (P — A), (3.15)

see e.g. [18], it suffices to verify the conditions of Assumptions 3.4-3.10 with (P — A) replaced by P.
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4. Preliminary results

In this section we collect several technical results which will be needed later.
Lemma 4.1. Let A € LfOC(R?’) and let B = curl A. Suppose moreover that B satisfy Assumption 3.4. Then
(0-(P—A)p,0-(P—A)p)=|(P—-Ap|5+{p,0-By) V¢pecH (R C?.

Proof. The claim follows by a direct calculation from (2.3) and (2.4). [ ]
Lemma 4.2. Let B satisfy Assumption 3.4. For any n > 0 there exists Cy, € R such that

1P = A)pl3 < (1+m)o- (P — A)pl3+ Cyllgl3 (4.1)
holds for all p € (P — A).

Proof. Let ¢ € (P — A). A short calculation shows that
lo-wellz = [[lwlell VweC. (4.2)
Hence by (3.3), Lemma 4.1 and Cauchy-Schwarz inequality,
I(P = A)pll3 = llo- (P = Al = (¢, o - By) < [lo- (P = A)epl3 + 1Bl ollzllll2
<o (P = A)pl3 + <l (P — A) pl3 + Celloll3
for any 0 < £ < 1 and some C¢, independent of . Inequality (4.1) now follows upon setting %_E =147 0

An immediate consequence of Lemma 4.2 is the following
Corollary 4.3. Let B and V satisfy Assumptions 3.4, 3.8 and 3.10. Then for all p € (P — A),
(e, Vo)l < o |[(P = A)pl3 + Collpll3

1Boll3 + V¢l

<gp,x BvATS <,0>
(e, Vo)l
where ag < 1, and o, j =1,2,3 satisfy (3.14).

IA

2
(8]
2 P = A)oll3 + Chllell3,

(P = A)el3 + Calloll3,
(P — A)ull3 + Csllell3

IN
Q
no

IA
Q
w

Another consequence of Lemma 4.2 is the identity

PP —-A)=PD(c-(P—-A)), (4.3)
which holds whenever Assumption 3.4 is satisfied. This allows us to define the sesquilinear form
Qaolp ) =(0 - (P—=A)p,0-(P=A)yp), ¢, P(P-A). (4.4)

By standard arguments one verifies that the quadratic form Q4,0(¢, ¢) is closed. In view of Lemma 4.2 and
Assumption 3.5 the quadratic form associated to

Qav(p, ) = Qaol(p, ) + (o, Vi), w0 € (P - A) (4.5)
is then closed as well. Now we can define the Hamiltonians H4 o and Hay as the unique self-adjoint
operators associated to Q4,0 and @4,y respectively.

For the next result we need to introduce some additional notation. Given a vector field v : R? — R3 we

define the operator
1
szi(UP—FP'U), D:=D, if v=u. (46)
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Lemma 4.4. Let B satisfy Assumption 3.5. Let g, F € C*(R3) g,F € CY(R3;R) be radial functions such
that VF = xg, and such that x - Vg and |x|g are bounded. Put v =VF. Then

2(P — A) c 2(D,) = 2(gD) (4.7)

Proof. In the sense of distributions,
2D, =gx-P+P-(gx)=gx-P+gP-x—ix-Vg=29D —iz-Vg.
So if ¢ € Z(gD) and x - Vg is bounded, then
Dyp = gDy — iz - Vgp € L*(R3,C?).

Hence ¢ € 2(D,). Conversely, if ¢ € Z(D,) and = - Vg is bounded, then ¢ € Z(¢gD). This proves the
equality Z(D,) = Z(gD). Moreover, since z - A(z) = 0,

29D =g(x-P+P-x)=2gx-P—3i=2gzx-(P—A)— 3i.

So if ¢ € (P — A), and |z|g is bounded, then gDy € L?(R3,C2). Hence 2(P — A) C 2(gD) = 2(D,). 1

Lemma 4.5. Under the assumptions of Lemma 4.4,

Re((0-v) ¢, 0- (P —A)p) = (¢, Dy1y) Voe(P—A). (4.8)

Remark 4.6. We note that thanks to Lemma 4.4, the right hand side of (4.8) is well defined for all

v € P(P— A). Lemma 4.4 is also used implicitly in Lemma 5.1 and in Proposition 5.3

Proof of Lemma 4.5. Let ¢ € C$°(R3,C?). Then

Re((0-v) ¢, 0-(P—A)p)=Re(p, (0-v)o-(P—A)p)=Re(p, (6-v)o-Pp)—Re(p, (c-v)o-Ap).
In view of (2.3),

3 3 3
(c-v)(oc-A)= Z vjAgojor = (v-A) 1+ Z ( Z EmijjAk)O'm =@w-A)L1+i(vAnA)-o.
jk=1 m=1 " jk=1
Hence

Re(p, (0 v)o - Ag) = (o, [0 0)(o - 4) + (5 A)(o ) ) = (o, (v A) 1),

because v A A+ AAv=0. But v(z) = g(|x|)z by assumption, and A is in the Poincaré gauge. Sov-A =0,
see (2.13). We thus have

Re((0-v) ¢, 0 (P~ A)g) =Re(p, (0-0)(0 - P)g) = 5{p, [(0-0)(0 P)+ (0~ P)o-v)]g).  (49)
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Now, using (2.3) we get

3 3 3
(U'U)(U'P)‘i‘( Z ’U]Pk—i-P’Uk 00 = Z(vjpk—l-Pjvk)((Sjk]l-i-’iZEjkmUm)
J,k=1 7,k=1 m=1

3
=W -P+P-v)l+i Z (v; Py + Pjvk) €jkm om

7,k,m=1
3
=<’U-P—|—P-'I})]l+’i ('Uij—kaj)é“jkmUm
7,k,m=1
3
=@-P+P-v)l+ > (0kv;)Ejkmom = (v-P+P-v)1=2D,1,
J,k,m=1
where we have used the identity
3
Z (OkV§) €jkm om = (curlv) -0 = (crl VF) - o = 0.
J,k,m=1
Summing up, we have
Re((0-v) ¢, 0-(P—A)p) = (p, D,1y) VY peCFR?,C?). (4.10)
Since v = VF' is bounded, this identity extends by density to all p € Z(P — A). [}

5. Dilations and the commutator

In this section we will define the commutator [H 4/, D] in the sense of quadratic form and derive a matrix-
valued version of the weighted virial identities. The latter are our main technical tools in the proof of absence
of positive eigenvalues. In some places we make use of technical results obtained in [1].

5.1. Dilations. For ¢ € R define the unitary dilation operator U; : L%(R3,C?) — L?(R3,C?) by
U.f)(z) = e f(elz) =z €R3. (5.1)
Then U; = eP on L?(R3,C?). Let
U — U4

Gy = —— t e R. 2
1Gy ot S (5 )

It is easily seen that G is bounded and symmetric on L?(R3, C?). We will use it to approximate the operator
D in the limit £ — 0.

As in [1] we define the commutator of H and D by
(p,i[Hav, Do) :=lim(p, [Hav,iGi] ) = 2limRe Qav (¢, iGr ¢), (5.3)

provided the limit on the right hand side exists. Recall that Z(Q4,v) is invariant under dilations, see [4,
Prop. 3.3], hence Qa,v (g, iGt ¢) is well defined for any ¢ # 0.

Lemma 5.1. Let B satisfy Assumption 3.3. Then
(.i[Ha0, Dl¢) = 2limReQao(p,iGr¢) =2l|o - (P~ A)gll3 + 2Re(0- B, - (P~ A)p)  (5.4)
forallpe (P —A).
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Proof. Let ¢ be given by (2.10) with u,v € H*(R?). A short calculation shows that
(Pj — Aj)Upu = e!Uy(Pj — Aj)u+ X u with X} = Uy(e! Aj — Aj(e™t))

for any j = 1,2,3. Hence for any w € L?(R3),

(w, (Pj — Aj)(Uy — U_y)u) = {w, (e'Uy — e 'U_y)(Pj — Aj)u) + (w, (X] — X7 )u). (5.5)
Since , ~

lim t ' X, u==+Bju in L*R?),

see [1, Prop. 3.6], we deduce from (5.2) that

2Relim Re (w, (Pj — 4;)iGyu)

= 2Re (w, (Pj — Aj)u) + 2 Re (w, B; ) g

L2(R?) R3)’

After an elementary, but lengthly calculation we then obtain
{p,i[Hao, D] ) = 21lim Re (o-(P—A)p,o-(P—A)iG¢)
=2llo- (P~ A)p|3+2Re{o- By, o (P—A)y),
as claimed. ]

Lemma 5.2. Let B satisfy Assumption 3.3 and let W : R? — R be a potential with form domain containing
D (P — A), such that the distribution x- VW extends to a quadratic form which is form bounded with respect
to (P — A)%. Then

2 lim <u, W’LGt U>L2 (RS) = —<’LL, xz- VW U>L2 (]R3) (56)
t—0
for all u,v € HY(R?).

Proof. By [1, Lemma 3.7, Eq. (3.32] we have
2?_{% (u, WiGru) r2msy = —(u, x - VW u) 12(r3)

The claim thus follows again from the polarisation identity (2.11). [ |

5.2. The commutator. The following result provides a matrix-operator version of a magnetic virial theo-
rem.

Proposition 5.3. Let B and V' satisfy Assumptions 3.3-3.5. Suppose moreover that x-VV is form bounded
with respect to (P — A)%. Then for all ¢ € P(o - (P — A)), the limit lim;—oRe (Qa,v (¢, iGrp)) in (5.3)
exists. Moreover,

<<p, [Ha,v,iD] <p> =2|jo - (P — A)p||3 + 2Re <a . Ecp, o-(P—A) g0> — <<p, x- VVg0> i (5.7)

Proof. Let ¢ € Y(0 - (P — A)) be given by (2.10). In view of Lemma 5.1 it suffices to show that
(p,[V,iD] ) = 2limRe (¢, ViGy ) = —(p,z-VV ). (5.8)
t—0
Let Vj; denote the matrix elements of V. By hypothesis of the proposition we have
’(’LL, xz- VWV u>L2(R3) + (v, x - VVag U>L2(]R3) + (u,z - VVio U>L2(R3) + (v,x - VVig U>L2(]R3)|
S (P — AullBages + 1P — A)ol2ags) + luldogs + [0]3e@s,  (5.9)

for all u,v € H'(R?). Applying the above inequality first with v = 0 and then with v = 0 shows that z-VVq;
and z - VVas are relatively form bounded with respect to (P — A)? in L?(R3). Hence if we return to (5.9)
and put u = v, then using the triangle inequality we deduce that also the quadratic form

(u,z - VVio u)Lz(Rs) + (u,z - VVay u>L2(R3) = 2Re(u,z - VViq U>L2(R3)
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is relatively bounded with respect to (P — A)? in L?(R3). Equation (5.8), and hence the claim, thus follows
from Lemma 5.2 and (2.11). ]

Remark 5.4. For rigorous results on virial identities, which have a long history in mathematics and physics,
we refer e.g. to [24] and [3].

5.3. Exponentially weighted commutator. The crucial ingredient for the proof of our main result, see
Theorem 6.5 below, is finding two different expressions for the weighted commutator (e, [Ha v, D] ef'9),
when F'is a weight function and 1 is a weak eigenfunction of H 4 y. This is provided by the following Lemma
and by the subsequent equation (5.15).

Lemma 5.5. Let B and V' satisfy Assumptions 3.3-3.5. Assume that x - VV is form bounded with respect
to (P — A)2. Let F € C%(R3;R) be a bounded radial function, such that VF = xg, and assume that g > 0
and that the functions V(|VF|?), (1+]-1?)g, z-Vg and (z-V)?g are bounded. Let ) € Z(P — A) be a weak
eigenfunction of Hay, i.e., E(p, V) = Qav(p,v) for some E € R and all p € D(P — A). Then

(Yp,i[Hay,DlYr) = —41/g D yplls + (Yr, ((z- V)9 — 2 - VIVF[)p), (5.10)

where Yp = e .

Proof. Note that in the sense of quadratic forms
' Hyye ¥ =Hay+i[(c-VF)o-(P—A)+(0-(P—A))o-VF] - |VF]*. (5.11)
Hence
(e",[Hay,iD]e"p) = 2Re (Ha,y e"p,iDe"p) = 2Re (e" Hay e e, iD e )
—2Re(((c-VF)o - (P—A)+ (c-(P—A))o-VF)yp,Dip)
+2Re ([VF[*¢p, iDp)
=2Re(((0-VF)o-(P—A)+(c-(P—A)o-VF)¢p, Dip)

— (Yp,x - V|VF|*¢F), (5.12)

where we have used the fact that
Re(e"Hay e Fefp,iDe"y) = E Re (¢p,iDhp) = 0.
Now since F' is radial and A is in the Poincaré gauage (2.13), it follows from (2.3) that
(0 -VF)(o-A)+(6-A)(c-VF)=2(VF-A)1=0.

On the other hand, still using (2.3) we obtain

3
(0-VF)(o-P)+(c-P)(c-V)F=(VF-P+P-VF)1+i Y (9;F Pc+ P;0pF) cjmom
7, km=1
3
=(gz-P+P-xzg)l+i Z (0;F Py — Py, 0;F) €jkm om
J,k;m=1

3

3
= (gD~ iz V) 1+ > (Y %OF jpm )om.
m=1 jk=1

Since Z?,kzl 0k0;F €jjm = 0 for all m = 1,2, 3, the last equation in combination with (5.12) gives
(Yp,[Hay,iD]Yp) = —Re ((¢gD — iz - Vg) ¥p, Dipp) — (Yp,x - VIVF[*1hp)
= —4llVg D el + (vr. (- V)9 — 2 VIVF)yr) .
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In view of the fact that Dy is symmetric equation (5.11) and Lemma 4.5 imply

Qav (e, 0) =Qav(e Fo, el )+ (VFp VF ) (5.13)

for all p € 2(P — A). By inserting ¢ = ¢ in the above equation, which is allowed because ¥p € Z(P — A),
we get

Qav(Wp,vp) = |lo- (P — AWp|+ (Yp, Vir) = (bp, (E+|VF[*)p). (5.14)
A combination with (5.7) thus gives
(p,i[Hay, D]¢r) = (p, (B + |VFWr) + [lo - (P — A)ypp|3 +2Re (o - Bip, o - (P — A)dr)
— (p, (V42 VV)ihp),

Lemma 5.6. Let B and V' satisfy Assumptions 3.3, 3.5, and 3.10. Assume that 1 and F' satisfy conditions
of Lemma 5.5. Then there exist constants k > 0 and ¢, > 0 such that

(Yp, [Hay,iD]Yr) > k{yp,|VF*Yr) — cqllvr|3- (5.16)

(5.15)

Proof. Below we denote by ¢ a generic constant whose value might change from line to line. By Proposition
5.3, the Cauchy-Schwarz inequality and Corollary 4.3,

(¥r, [Hay,iD]$r) > |lo - (P = A)prl3 —2llo - (P — A)rlla (| Berls + |2V 4r|2)
— (a2 +3ag)|lo - (P — A)pr|3 — cllvrl3.
Now let k > 0 and split
lo (P = A)prl3 = (1= kK)o (P~ Ayr|3 +kllo - (P — A)rl3.
Using equation (5.15) together with Corollary 4.3 we find
(Yr, [Hay,iD)yr) > (2= K)|lo - (P = A)prls + & (Yr, [VF? Yr) — (az + dag + rao) o - (P — A)prlf3
—2l[o - (P — A)rll2(|Berll2 + 12V 0r]2) — cldrl3,

and
2o (P = A)yrl2(|Berlz + 12V 0rll2) < arllo- (P — A)pl3 +2Cull(P — A)rlls [del
< (ar 4 1) o~ (P = AprlB+ gl
Hence
(Yp, [Hay,iD)prp) > (1 =25 — kag — o — ag — 3ag) ||o - (P — A)pl3 + & (Yp, [VF[ ) — cxlltor]3 -
If we now set x = (2 + ag) " }(1 — a1 — ag — 3ag3), then k > 0, see (3.14), and the claim follows. ]

5.4. The virial. Below we provide a matrix version of the Kato form of the virial.

Lemma 5.7. Let B and V satisfy Assumptions 5.3-3.5. Suppose that V and |z|?V? are relatively form
bounded with respect to (P — A)?. Then

<<p, x - VVg0> =2Im <ng0, (P — A)cp> — 3<cp, Vg0> (5.17)
forallpe (P —A).
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Proof. Let Vjj, be the matrix elements of V and let W : R3 — R. By [4, Lemma 3.12],

(u,z- VW u>L2(R3) =2Im (u,z W (P — A)U>L2(R3) — 3(u, W) (5.18)

holds for all u € H!(R3) provided W and |z|?W? are relatively form bounded with respect to (P — A4)? in
L?(R3). To prove the statement of the lemma we have to verify that equation (5.18) can be applied with
W =Vi1,W = Vo and W = Vjg, cf. (3.1). Reasoning in the same way as in the proof of Proposition 5.3
we verify that Vi1, Voo and Vi are relatively form bounded with respect to (P — A)2 in L? (RS). In order to
verify the relative form boundedness of |z|>V3, |z|*VZ and |x|?|Vi2|? we note that since

V2 — VA + [Viz|? Via(Vi1 + Va2)
V21(V11 + V22) V222 + |V12|2 ’

the assumptions of the lemma imply that
(u, [2 (VY + [Vial?) w) 2oy + (v, |27 (Vag + [Vizl®) 0) 2 gy + (u, [2]*Via (Vi + Va2) v) 2 (ks) (5.19)
+ (v, |2 Var (Vin + Vaz) ) pa(es) S 1P — A)ull7zgey + (P — A)vll72ms) + lull7zge) + 10l72s),

L2(R3)

for all u,v € H'(R3). As in the proof of Proposition 5.3 we apply (5.19) with v = 0 and u = 0 respectively,
and deduce that |z|?(V3 +|Vi2|?) and |z|>(V +|Vi2|?) are relatively form bounded with respect to (P — A)?
in L*(R?). Hence (5.18) holds for W = Vj with any j,k = 1,2. In view of (2.11), this proves equation
(5.17). ]

Corollary 5.8. Let B and V satisfy Assumptions 3.3-3.5. Assume moreover, that the potential V' splits as
V = V34V where V* and |z|>(V*)? are relatively form bounded with respect to (P— A)? and the distribution
x - VV? extend to a quadratic form which is form bounded with respect to (P — A)%. Then

{p,2-VV) =2Im (xVp, (P — A)p) — 3(p, Vip) + {p,z- VV ) (5.20)
for all p € (P — A).

Proof. The claim follows from Lemmas 5.2 and 5.7. [ ]

6. The main result

Once we have established the virial identities (5.10) and (5.15), we can follow the strategy of [14, 15, 4].
This is done in two steps. First we show that if eigenfunctions corresponding to energies larger than A
exist, then they decay faster than exponentially. Second, we prove that such eigenfunctions have to vanish
identically.

6.1. Super-exponential decay. Given z € R?, X\ > 0, we set
(Z)x =V A+ |22 .
If A =1, we omit the subscript and write (z); = (x).

We have

Proposition 6.1. Assume that B and V satisfy Assumptions 3.1-3.9 and that the magnetic field A corre-
sponding to B is in the Poincaré gauge. Furthermore, assume that 1 is a weak eigenfunction of the magnetic
Schrédinger operator H 4y corresponding to the energy E € R, and that there exist it > 0 and A > 0 such
that x — eP @ (x) € L2(R3,C?). If E+ 1% > A with A given by (1.2), then

x> eMO y(z) € L2(R3,C2)  Yu>0, YA>O0. (6.1)
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The proof of Proposition 6.1 requires some preliminaries. Obviously it suffices to prove the statement for
A = 1. First we consider the case 7 = 0 and choose

Fue@) = £ (1-e0) (6.2)
for some p > 0 and € > 0. We have F}, .(x) = u(x) as € — 0. Moreover, the identity
VF,.= p(z) ey (6.3)
implies
Gue(x) = px) e (6.4)
Let

pe=sup {p >0 ey e 2R}

be the maximal exponential decay rate of ¢». To prove (6.1) we have to show that . = co. We will argue
by contradiction.

Lemma 6.2. Suppose that 0 < p, < oo. Then there exist decreasing sequences i, and €, such that p, —

and g, — 0, as n — oo, and such that, writing F,, = F,, .., we have
an = |lef"Y)s = o0 as n— oo, (6.5)
Proof. For a fixed x and p we have
O:Fie(w) = =55 (1= (L4 e(a)) e ). (6.6)

On the other hand, a short calculation shows that the function ¢ + (1+4¢)e™" is strictly decreasing on (0, 00).
It follows that

O:-Fue(r) <0 VYe>0, p>0, xR
Thus F), .(x) is strictly decreasing in € for any p > 0 and

Fue(@) /ple)  as e \0.

L we then have

n?

By setting p, = u« +
lm [|efime by = [[e@ il = 400 Vn>1, (6.7)
e\ 0
by monotone convergence. Now we construct the sequence ¢, as follows. Take £ such that ||efr11 9o > 1,
and for each n > 2 we choose ¢, < &,—1 so that
leFmen plly > m,

which is possible in view of (6.7). This proves the claim. [ ]

Now let gn () == gy, c,, and define

el P
On =7 6.8
" el 08
Since p, — p«, and since
Fo(z) < pnz) (6.9)
for any compact set w C R3 it holds
(en: Xwn) =0 asn— oo (6.10)

where x denotes the characteristic functions. Hence if W is bounded and W (z) — 0 as  — oo, then

(en,Wepn) =0 asn— oo. (6.11)
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We will also need the following auxiliary Lemmas.

Lemma 6.3. Let F,,, gn, ¥, and @, be given as above. If 0 < p, < 0o, then

lim (elmap, en(z)efm ) = 0. (6.12)
Moreover, if 0 < p, < 0o, then
: 2
nh_}n;() (VEupn, VEuon) = 1 (6.13)
and
li_>m (en, ((z- V)2g, — - V|VFn\2)cpn> =0 (6.14)

Proof. Let § > 0. Since ||pn|2 = 1, it follows that

(Pnsenl)on) <0+ (n, Lic, (2)>6} En{T)Pn). (6.15)
Next we note that the mapping ¢ — l_fft is decreasing on (0, 00). Hence
1— —t
s = sup ‘ < 1. (6.16)
t>5 t

This shows that for any z such that €, (z) > 0 we have

fin ()
= 1
" el
Let x be such that 75 < k < 1. If 0 < s < oo then, by the definition of p., 1) decays exponentially with
any rate p satisfying rp. < p < ps. Since ppys — Ysphs < Kplx as n — 0o, this implies

limsup (ef", 11, 1my=s1 (@)ef™) < limsup M58 (g)ern 5@y < (=@l (z)e @) < oo
{en(z)>0} el

n—oo

— e ) < s (a).

Equation (6.12) thus follows from (6.5) and (6.15).

To prove the remaining claims of the Lemma we need the identity

VE? = pp (1= (@) 72)e 2@, (6.17)
which follows by a direct calculation from equation (6.3). Hence
/’LTZI - <VFn‘Pn7 VFn(Pn> = /1721 <<‘Pm (1 - 6_25n<x))‘p"> + <90m <x>_2€_26"<x>90n>) ) (6.18)

where we have used again the fact that ||pp|lo = 1. If e = limy, 00 i, = 0, then (6.18) shows
‘Mi — (VFupn, VEypn)| < 2u2 =0 asn— oo,

and hence (6.13) with g, = 0. If g, > 0, then we insert the bound 0 < 1 —e~25(*) < 2¢, (z) into (6.18) and
get

’,u% - <Van0n, Vanonﬂ < ,ui (2<<,0n, 8n<$>(pn> + <<pn, (x>_2g0n>) —0 asn— oo.
In view of (6.12) and (6.11) this proves (6.13) in the case . > 0.
It remains to prove (6.14). From the definitions of F;, and g, we deduce, after a short calculation, that
(@ Vg0 — 2 VIVFP] S pnlan + 1) [(@) 7 + (@) + enle) + ()] 0@ (6.19)
This and that boundedness of mapping ¢ + te™" on [0, +00) implies that if p. = 0, then
[(n, (- V)2gn =2 VIVFP)pu)| S pn(pin +1) = 0 asn — oo
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If 0 < ps < 00, then we use (6.19) to estimate

[(on, ((z - V)?gn — 2 - VIVFE*)on)| < (¢n, (<96>_2 + (w>_1><pn> + {Pnren(T)pn) =0 asn — oc.

Here we have used again equations (6.12) and (6.11). This completes the proof of (6.14) and hence of the
Lemma. ]

Lemma 6.4. Let 0 < p, < 0o and F,, gn, and p, be given as above. If V satisfies Assumptions 3.5 and
3.7, then

limsup (¢n, Vin) =1 v <0 (6.20)
n—oo
liminf(o - (P — A)pn,0- (P —A)p,) > E+p—v. (6.21)
n—oo
Moreover, if the magnetic field B satisfy Assumptions 3.4 and 3.9, then
limsup (0 B pnyo - (P = A) )| < BE + 2 — v)V/2, (6.22)
n—o0

Finally, if one splits V.= V° + V¢, with V* and V* satisfying Assumptions 3.9 and 3.10, then

limsup (pn, 2 - VViy) < 2w (E + 12— )2 4w, (6.23)
n—o0
Proof. First we prove that
limsup [(pn, Vn)| < co. (6.24)
n—o0

Indeed, by Lemma 4.2 and equation (3.4)
[{@ns Vieu)| < cao(L+m)lo - (P = A)pnl3 +C
for any n > 0 and some C' > 0 independent of n. Using (5.14) with F' = F}, we then further get

[{pn, Veon)| < ao(L+m){¢n, (B +|VEa*)gn) + ao(L +m)|{2n, Vien)| + C,
and (6.24) follow by choosing 7 small enough so that ag(1 4+ 7) < 1 and letting n — oo, see (6.13).
To prove (6.20) we let j,, : [0,00) — R4, m = 1,2, be infinitely often differentiable on (0, c0) with j;(r) =1

for 0 <r <1, ji(r) >0 for r <3/2, j1(r) =0 for r > 7/4, and ja(r) = 0 for r < 5/4, ja(r) > 0 for r > 3/2,
j2(r) =1 for r > 2. Then inf,>(j2(r) + j2(r)) > 0 and thus

1= ) - §o = S -
Vit + 33 Vit + 73
are infinitely often differentiable with bounded derivatives and &7 + &5 = 1. Given R > 1 we set
Er_(z) =&(z[/R),  &r,(x) = &(z|/R).
Note that {r,,Er_ € C>(R3) that the all partial derivatives of &g . and {g_ . Moreover, {g_ has compact
support, and supp(§g, ) C UfS = {z € R?: |z| > R}. By construction,
<(Pn7 V(Pn>+ = <§]2~2_90na V‘Pn>+ + <€}2%+(Pm V‘Pn>+-

From [/, Lemma 4.6] it follows that

supsup ||(P — A)&r, ¢l < o0, and VR>1 :limsup|[(P — A)&r_pnl| =0.
R>1neN n—00

Hence a combination of Lemma 4.1, Assumption 3.4 and equation (6.11) applied with W = £r_ gives

supsup ||o - (P — A)éRr, @l <00, and VR >1 :limsup|o- (P —A)&r_ ¢l = 0. (6.25)
R>1neN n— 00



ABSENCE OF EMBEDDED EIGENVALUES OF PAULI AND DIRAC OPERATORS 17

Let us now treat the terms containing V. Since V is form bounded with respect to (P — A)2, it follows from
Lemma 4.2 and equations (6.11), (6.25) that for a fixed R > 1 we have

(k on Vo), = (€r v, VEr on), S llo - (P — A)ér_ onll3 + [[€r- @nll3 — 0, asn — oo

Moreover, since Vy vanishes at infinity w.r.t. (P — A)?, there exist sequences ar,vr with ar,yg — 0 as
R — oo such that

(R, 0nVion), = (ERvons VER 0n) . < arllo - (P — A)r, onll3 +rlER: @nl3-
Equation (6.25) then shows that

limsup<§%+<,0n,Vc,0n>+ S ar+7vr—0, as R — o0,
n—r0o0

which proves (6.20). Next, from (5.14), (6.13) and (6.20) we obtain
o . _ ‘ B — m s _ > 2 _
lim inf <O‘ (P—A)pp,o- (P A)gpn> hnrggf (E + <Van0n, Van0n> <cpn, V(pn>) >FE+pui—v.

n—oo

Hence (6.21). To treat the term with |B| we argue in the same way as for V and conclude that for any fixed
R,

limsup (o, |B*¢n) < limsup (&, ou|B?, ¢n) < er + B,
n—oo

n—oo
where we used Assumption 3.9 and equation (6.25). Since e — 0 and g — 3, as R — oo, with the help
of (4.2) we get
limsup |lo - Benl2 < 3.
n—oo

Moreover, equations (6.13) and (5.14) imply

limsup|lo- (P —A)pplla < VE+pu2 —v. (6.26)

n—00
Hence

(o Bon, o (P=A) )| < |lo- Bellallo - (P = A)gnll2 < BVE +p2 —v,
which proves (6.22). If the potential splits as V = V* + V* with V*, V¢ satisfying Assumptions 3.10 and 3.9,

then one can argue exactly as above to conclude with

limsup [(2V%¢p, 0+ (P — A)pp)| < wivVE+p2 —v and lim sup |(¢n, © - VVewnM < ws.

n—o0 n—o0

Moreover, if V* and V* satisfying Assumptions 3.10 and 3.9,and ¢ € Z(P — A) with supp(p) C {|z| > R},
then using Lemma 4.2 we get

(0, Vo)l = [zl ™ e, 2z [VER)l < lllz[THellzlllelVigllz £ B ell2 (lo - (P = A)el3 + lloll3)

Thus lim,, 00 <cpn, Ve cpn> =0, and Corollary 5.8 gives

1/2

limsup (¢, z - VV) < 2w (E 4 p? — )% 4w, (]

n—oo

Proof of Proposition 6.1. Assume that 0 < p2 < oco. One easily verifies that F,, and g, satisfy the
assumptions of Lemma 5.5. The latter in combination with equation (6.14) shows that

lim sup <g0n, [H,iD)] Lpn> <0. (6.27)
n—oo
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On the other hand, equation (5.7) and Lemma 6.4 imply the lower bound
lim inf (@, [H,iD] ) > 2(E + p2 —v) = 2B+ wi)(E + p2 — )2 — wy
n—oo

—o| (BT ey (5*;1)2_“;] |
Hence if
VE+12-v > %(ﬁ—i—wl + V(B +wi)? + 2wy ) = VA,
then
lim inf (n, i [H, D] n) > 0,
which contradicts (6.27). Thus p. = oo and (6.1) follows. [ |

6.2. Absence of embedded eigenvalues. We are now in position to prove our main result.
Theorem 6.5. Let B and V satisfy Assumptions 3.1-3.10. Then the Pauli operator H 4y has no eigenvalues
in the interval (A, 00), where A is given by (1.2).

Proof. Assume that E<gp,1/}> = Qav(p,1) holds for all p € Z(Qayv) = Z(P — A), and that £ > A. From
Proposition 6.1 we then deduce that

z e (r) e LHR3,CY) V>0, YA>0,
where (z)y = (A + |z[2)/2. Let > 0,e > 0,A > 0, and define

F(z) = Fyon(z) = g (1 - 6—6%) .

Then
/JJ 6_5<I>A

T) = ———.
gu,a,)\( ) )\+|x’2

VFu,e,/\(m) = ﬂfgy,s,A(x), with

Let 1, ¢\ = efwer 4h. Lemma 5.6 and equation (5.10) give
& (Ve IVE e Yuen) < (Wuen, (@ V) 2guen — 2 VIVE AP Uuen) + C el (6.28)

for all g, e, A > 0 and some constant C independent of u, A and €. Now a direct calculation shows that

lim - VIVE, a(2) =202 () 1 (1 = (2)3?) >0, (6.29)
&€
and
lim (& V)2 gy (@) = —22n(x);*|a]* < 0. (6.30)
&€
Since

;1_13(1) Fex(@) = Fy\(z) = p(z)x,
in view of Proposition 6.1 we can pass to limit ¢ — 0 in (6.28) to obtain

2
51 (s 5 n) < Clald YA >0, (6:31)
+ ||
where
Yur(x) == M@ () e LA(R3,C2).
Using once again Proposition 6.1 together with the monotone convergence theorem we arrive, by letting
A — 0, at the inequality

ru® ully <Clleulls V>0, (6.32)
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where 1, (z) = e*®l4)(z). This is of course impossible for ;1 large enough. Hence ¢, = 0 and the claim
follows. [ |
Remark 6.6. The statement of Theorem 6.5 cannot be extend to the interval [A, cc0). Indeed, the result of

Loss and Yau [19] shows that if

12

W(Z’Ulﬂ% — 239, 2x9w3 + 221, 1 — aF — 23 + 23), (6.33)
then zero is an eigenvalue of H4 . More precisely, Loss and Yau proved that there exits A : R3 — R? with
curlA = B such that

B(x) =

_ l+io-zx
Y = (1 + |{L"2)3/2 %0,
where g is an arbitrary normalized spinor. In this case we have A = 0, see equation (6.33) and Lemma A.1.
Hence Theorem 6.5 guarantees the absence of eigenvalues in the interval (0, 00). The fact that our technique
cannot be applied to exclude zero eigenvalue is reflected also by the power-like decay of ¢ at infinity, see
(6.34), which is in stark contrast to the super-exponential decay of eigenfunctions with positive eigenvalues,
cf. Proposition 6.1.

o-(P—A)p=0, (6.34)

For more examples of magnetic fields supporting a zero eigenvalue we refer to [1, 11, 21]. It should be pointed
out, however, that the existence of a zero eigenvalue of H 4 is an exceptional event. Indeed, it was proven
in [6] that those magnetic fields for which zero is not an eigenvalue of H4 o form a dense set in L3/2(R3; R3).

As a simple consequence of Theorem 6.5 we obtain sufficient conditions for absence of positive eigenvalues
of H AV
Corollary 6.7. Let B,V satisfy assumptions of Proposition A.2 and suppose moreover that B(z) = o(|z|™!)

and |V (x)|| = o(|z|™) as |x| — co. Then the operator H 4y has no positive eigenvalues.

Proof. We use the splitting V* = V, V¢ = 0. From the assumptions of the corollary and from Proposition
A.2 we get f =wi; =wy =0. The claim thus follows from Theorem 6.5. (]

7. Example

In this section we construct an example which indicates the sharpness of the critical energy A. Consider the
radial magnetic field

B(z) = (0,0,b(r)), b(r):\/lbj_iﬂ, r— /22 + a2 (7.1)

The vector potential associated to B in the Poincaré gauge is then given by
—X2,T1, 0 "
(Er2,21,0) / b(s)sds =: (a1(z1,22), az(z1,22),0).
0

,
Let v : R — (—00,0] be a bounded compactly supported function such that fR v < 0, and let

Viw) = < ) v(g«g) >

([ hyoP? 0
HA:EV_( 0 h_@ (P +ev) )’

where h. are the operators in L?(R?) acting on their domains as
hy = (Pl — CL1)2 + (Pz — a2)2 +b.

Ax) =

Then
(7.2)
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Obviously, the operators h4 are non-negative being the components of the associated two-dimensional Pauli
operator. In addition, since b(r) — 0 as 7 — oo, the structure of the spectra of h is the same as that of the
two-dimensional magnetic Schrédinger operator (Py — a1)? + (P2 — a2)?. In particular, from the well-known
example of Miller-Simon [20], with a numerical error corrected in [4, Sec. 6.1], it follows that the spectrum
of hy is dense pure point in [0,b3) and absolutely continuous in [bZ, o0).
Hence if € > 0 is small enough such that the operator P32 + ev in L%(R) has exactly one discrete negative
eigenvalue —\(¢g), then by (7.2),

Oes(Haev) = [-A(e), 00),
and the spectrum of Ha .y is dense pure point in [—\(g),b3 — )\(5)) and absolutely continuous in [bg -
A(g), 00).

On the other hand, it is easily verified that B and V satisfy assumptions of Theorem 6.5, see Proposition
A.2. Moreover, putting V¢ = 0 and V! = V gives w; = wy = 0. Therefore, for any ¢ > 0 we have
A(B,eV) = % =b3 . Since A(g) — 0 as ¢ — 0, the above example shows that the threshold energy A cannot
be improved.

Remark 7.1. Examples of magnetic fields which produce embedded eigenvalues of H 4y above any fixed
energy were found in [5, Thm. 5.1] and [9, Thm. 3.1].

8. The Dirac operator

The magnetic Dirac operator in L?(R3,C*) is given by

D= <0.(T£]l_ A) U'(_ZEAD = (8.1)

where m > 0 is a constant. From Assumption 3.4 and equation (4.3) it follows that (D) = (P — A).
Recall also that
0(D) = 0es(D) = (—o00, —m| U [m, 00).

We have

Theorem 8.1. Let B satisfy the Assumptions 3.3, 3.4, 3.9 and 3.10 (with V. = 0). Suppose that A €
L2 (R3;R3) is such that curl A = B. Then the Dirac operator D has no eigenvalues in

loc
(~ oo —VE T ) U (VAT + 2, o0).

where 3 is given by (3.10).
Proof. Since the spectrum of D is gauge invariant, we may suppose without loss of generality that A is given
by (2.12). Note that
2
Dg_(HA,0+m]l 0 ) 7 (8.2)

0 HA’() —|—m2]l

in the sense of quadratic forms on 2(P — A). This means that if D = Ev for some ¢ € Z(P — A), then
1 is a weak eigenfunction of H 4 relative to eigenvalue E? —m?. Since A = $?, in view of Theorem 6.5 we
must have E2 — m?2 < ﬁ2. [ |

Corollary 8.2. Let B be such that |B| € LF. (R3) for some p > 3, and suppose that B(z) = o(|z|™) as

loc
|z| — co. Then the operator D has no eigenvalues in (—oo, —m) U (m, o0).

Proof. This is a combination of Proposition A.2 and Theorem 8.1. [}
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Remark 8.3. As in the case of Pauli operator we note that the claim of Corollary 8.2 cannot be extended
to the set (—oo, —m| U[m, c0). Indeed, the magnetic field given by (6.33) satisfies assumptions of Corollary
8.2, but the associated Dirac operator DD has eigenvalues m and —m. To see this, consider the spinor
¢ € L%*(R3,C?) given by (6.34). Then, with a slight abuse of notation,

Q) = o))

One should mention that sufficient conditions for the absence of all eigenvalues of DD were established in
[10]. Indeed, it was proved there that when A € W1’3(R3), then the operator D has no eigenvalues in

loc
(—o0, —m] U [m, c0), and therefore no eigenvalues at all, if the functional inequality

/ 22 BP < & / (P — A)ul? (8.3)
R3 R3

holds for all u € C§°(R3) and with a constant ¢ which satisfies
3/2

c<11+37ﬁ> <1,

see [10, Thm. 3.6].

Remark 8.4. Non existence of eigenvalues of the perturbed Dirac operator D + 1¢ was studied already by
Kalf [16]. He proved that if

|x|(\q(x)| + \B(x)|) —0 as |z| — oo, (8.4)

then the operator D + 1¢ has no eigenvalues in R \ [-m,m]. Note that (8.4) implies 5 = 0. The result of
Kalf was later extended to matrix valued potentials in [3].

APPENDIX A. Pointwise and local LP conditions

Here we formulate sufficient conditions which guarantee the validity of Assumptions 3.7, 3.8, 3.9.

A.1. Pointwise conditions.

Lemma A.l. Given a magnetic field B and potential V = V* 4+ V¢ assume that |B|,|V|cz2, |2V ®|cz, and
|z - VV¥c2 are bounded outside of a compact set, and that

lim |V (z)|cz = 0.

|z|—o00
Then Assumptions 3.7, 3.8 and 3.9 are satisfied and

B < limsup |B(z)], wi < limsup |z V*(z)|c2, and wy < limsup |(z- VVi(2))4|co. (A.1)

Proof. This is a straightforward consequence of the definitions of 5, w; and ws. [}
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A.2. Local L? conditions. The conditions of Lemma A.l can be relaxed by considering potentials which
are not necessarily bounded at infinity, but which belong to Lfo C(R?’) for a suitable p.

Proposition A.2. Let B,V salisfy conditions of Lemma A.1, and let V satisfy Assumption 3.1. Suppose
moreover that |B| € LY (R3) and |[V*'(-)|c2 € LE (R3) for some p > 3. Then all the hypotheses of Section

loc

3 are satisfied with oy =0 for j = 0,1,2,3, and the constants 5, w1, ws satisfy (A.1).

Proof. 1f | B| € LP. (R®) with p > 3, then it is easily seen that Assumption 3.3 holds. In view of Lemma A.1

loc
it thus remains to prove Assumptions 3.4, 3.5 and 3.10. Given a matrix valued function M on R3 and a test

function (2.10) with u,v € (P — A), we have
1Ml < 1M (2)llcz ¢l13 = /RB 1M ()12 (Ju(@)[* + |v(2)[?) dz, (A.2)

(¢, My)|

IN

(@ 1M (@)llc2 @) = /RS 1M () llc2 (Ju() | + |v(2)[?) da. (A.3)

So let u € 2(P — A), and let W € LY (R3), p > 3, be bounded outside a compact set K C R3. The

loc

compactness of the Sobolev embedding H!(K) — L*(K), 2 < s < 6 and the diamagnetic inequality imply
that for any € > 0 there exists C. such that

2
( / |u|8dx) < e VlullZaqms) + CellulZams) < <P — AYullZags) + Cellulags, Vs € [2,6). (Ad)

Equation (A.4) and the Hoélder inequality give

’ P
Wl < W 3 ey el ey + 1 120 ( /K |updw) < (P~ A)ulZaggsy + Ce ulZagsy,
(A.5)

where p’ € (2,6) satisfies % + 1% = 1. By the hypotheses of the proposition we can apply the above estimate
with W replaced by |B|,|B| and ||#V*||c2 respectively. This in combination with (A.2) implies Assumption

3.4 and the upper bound (3.11) of Assumption 3.10 with ay = 0. In the same way we get
/K (Wilul® dz < W[y (€ (P — A)ullFaggsy + Ce lullFogs))-

Inserting W = ||V||c2 in the above estimate and using (A.3) we obtain Assumption 3.5 with oy = 0, and
estimate (3.13) with a3 = 0.

To prove (3.12) consider W as above and take R large enough such that K C Ug. Integration by parts yields
/ z- VW |ul? dz = R/ Wlu|?dS — 2/ W (Ju|* + Re (az - Vu)) dz. (A.6)
Ur AUg Ur

Now let ¢ > 0. Since the trace embedding H'(Ug) — L%(0UR) is compact and W € L®(0UR), there exists
C. such that

R WhPds <[ VlPdorCo [ ude < (P Aulfagey + Ce il (A7
OUR URr Ur
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where we have used also the diamagnetic inequality. As for the second term in (A.6), we note that = - Vu =
x - (P — A)u, see (2.13), and hence
‘ W Re (az - V) dx’ - j Wim (az- (P — A)u) dx) < R/ W [u] |(P — A)ul da
Ur Ur Ur
R? 2 2
% HWUHH(L{R) + e [[(P - A)UHL2(R3)
< VE (R IW IRy + 1) 1P = A)ulFaasy + CelullFas).

where we have used the estimate

< R[[Waull 2@ (P — A)ul|L2rsy <

5 W2 ul? de < [W 7o (e 1P = AullFaga) + Ce lulf2s)),
R

see (A.5). Putting the above estimates together and using W € L>(K¢) we find that
(- TW | < 2P = Al + Ce e
The polarisation identity (2.11) now gives
(v, - VWU>L2(R3)| < e(l|(P~ A)u||%2(R3) + (P - A)UH%%RS)) + C: (||U||%2(R3) + ||UH%2(R3)) .
Applying the above estimate with W replaced by the matrix elements of V* yields inequality (3.12) with
oy = 0. [ |

A.3. Uniformly local LP conditions. In order to include potentials with stronger singularities than those
allowed by Proposition A.2, we introduce the class

3
Lt = {750 [ f@lPdy<och >3 (A.3)
z€R3 JU (z)
equipped with the norm
» 1/p
Il =5 ([ Ifw)ray) " (A.9)
oc,uni 2R3 U (:)3)
Definition A.3. Let f € LI ... We say that g is equivalent to g at infinity, and write g ~ f if g € L™(R?)
and if
limsup“]lu%(f—g)“llp ~=0. (A.10)
R—oco loc,unif
Given f € L{)oc,unif’ we define

v(f) = inf ([lgllee = g~ f).

We then have

Proposition A.4. Let B,V satisfy conditions of Lemma A.1, and let V' satisfy Assumption 3.1. Suppose
moreover that |B| € LY (R3) and |V5()|c2 € LT (R3) for some p > 3/2. Then all the hypotheses

loc,unif loc,unif

of Section 3 are satisfied with a; = 0 for j = 0,1,2,3, and the constants 3, w1, w2 satisfy

B < limsupy(|B(@))), @i <A(aVi(@)lc2),  we < A(lz- VV(2)|c2) (A.11)

|z|—o0
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Proposition A.4 is a matrix valued version of the results established in [, Sec. A.1]. We therefore omit the
proof and refer to [1].
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