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Abstract

In previous papers, a generalization of the Weyl calculus was intro-
duced in connection with the quantization of a particle moving in R"
under the influence of a variable magnetic field B. It incorporates phase
factors defined by B and reproduces the usual Weyl calculus for B = 0.
In the present article we develop the classical pseudodifferential theory of
this formalism for the standard symbol classes S}'s. Among others, we
obtain properties and asymptotic developments for the magnetic symbol
multiplication, existence of parametrices, boundedness and positivity re-
sults, properties of the magnetic Sobolev spaces. In the case when the
vector potential A has all the derivatives of order > 1 bounded, we show
that the resolvent and the fractional powers of an elliptic magnetic pseu-
dodifferential operator are also pseudodifferential. As an application, we
get a limiting absorption principle and detailed spectral results for self-
adjoint operators of the form H = h(Q, I14), where h is an elliptic symbol,
II* = D — A and A is the vector potential corresponding to a short-range
magnetic field.

Key words and phrases: Magnetic field, gauge invariance, quantiza-
tion, pseudodifferential operator, Weyl calculus, Moyal product, Sobolev space,
Garding inequality, limiting absorption principle.
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Introduction

There are several different, but related, points of view on the usual Weyl calculus
(for which we refer to [Hol|, [Ho2], [Fo], [Sh]). One of them says that the
correspondence symbol — operator, f — Op(f), is a functional calculus for
the family of operators Qi,...,Qn;D1,...,D, on L*(R"), where Q; is the
multiplication with the variable z; and D; = —i0;. The familiar notation
Op(f) = f(Q, D) keeps track of this fact. The relative sophistication of this
formalism has its roots in the non-commutativity of the basic operators:
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i[Q;,Qr] =0 =14[D;, Dy, i[Dj, Q] = 0 - (0.1)

In particular, this is the reason why the symbol multiplication (f,g) — f o
g, fitted to fulfil f(Q,D)g(Q,D) = (f o g)(Q, D), is more complicated than
pointwise multiplication.

This remark suggests that generalizations of the Weyl calculus could be
motivated by considering more general commutation relations as the starting
point of a functional calculus. For the case of a constant magnetic field such a
calculus has been developped in [BMGH], or in [B] for the case of a lattice.

For a nonrelativistic quantum particle in R™ placed in a magnetic field B
deriving from a vector potential A, the basic self-adjoint operators (quantum

observables) are the positions Q1,...,Q, and the magnetic momenta II{! :=
Dy — Ay,...,TI2 := Dy — A, satisfying the commutation relations
i[Q;, Qrl =0, illl}', Q] = &, [l 1] = B, (0.2)

where By, is (the operator of multiplication by) the component (jk) of the mag-
netic field. These relations are much more complicated than those of Heisenberg
(0.1). Actually, they are a representation by unbounded operators of a Lie al-
gebra that has infinite dimension if Bjj are not all polynomial functions.

It is natural to look for a pseudodifferential calculus adapted to such a sit-
uation. At first sight, a procedure could be to replace in the explicit formula
for Op(f) the symbol f(z,£) by f(x,& — A(x)), obtaining an operator Op 4(f).
Although largely used in the literature (see [GMS], [Ic1], [Ic2], [I1], [IT1], [IT2],
[ITs1], [ITs2], [NU1], [NU2], [Pal, [Um]), this point of view does not seem ade-
quate, due to the fact that the operators Op 4 (f), although representing physical
observables, are not gauge covariant. Two vector potentials A and A’ connected
by A’ = A + dy for some smooth real function ¢, being assigned to the same
magnetic field B = dA = dA’, should produce unitarily equivalent operators
Op4(f) and Op 4 (f) for all reasonable f. In section 6 we are going to exibit
large classes of symbols f (including the third order monomial f(z,§) = &;£x&)
for which the expected equality Op 44, (f) = €?Op4(f)e™* fails.

The right formalism was proposed independently and with different em-
phases in [KO1], [KO2] and [MP1], [MP2]. It was generalized and related to
a C*—algebraic formalism in [MPR1], and applied to the strict deformation
quantization in the sense of Rieffel for systems in a magnetic field in [MP3] and
[MP4]. The C*-algebraic setting is also related to the canonical commutation
relations (0.2), which can be reformulated by saying that the group R™ admits
an action on itself that is twisted by a 2-cocycle defined by the flux of the
magnetic field. The C*-algebras canonically assigned to this twisted dynamical
system are an essentially isomorphic version of the magnetic pseudodifferential
calculus.

We shall sketch very briefly only the pseudodifferential point of view in
Section 1, while the other sections will be dedicated to our actual purposes: a
development of the calculus for Hormander symbol classes S)'s and applications.



For the moment, let us only state that the core of the theory consists of two
formulae:

1. The quantization rule. The input is a magnetic field in R™, given by a smooth
2-form B. This 2-form is closed, by one of the Maxwell equations. Thus we can
write it as B = dA for some highly non-unique 1-form A, called vector potential.
For a vector potential A and points =,y in R™, one can calculate the circulation
f[z’y] A. The operators associated to some suitable “symbol classes” will be of

the form: [DpA(f)u} (z) =

:(27T)_”//dyd§ei<’”_y’§>exp i / A f(x;y,Q“) uly)  (0.3)

R™ R" [z,y]

for any u € S(R™). The imaginary exponential of the circulation of the vector
potential enters (0.3) as a modification of the well-known Weyl formula for
Op(f). One should think of Op™(f) as the quantum observable (ideally a self-
adjoint operator) corresponding to the classical observable given by the (real,
smooth) function f defined on the phase space R?". In [MP2] we indicated a
sort of derivation of this formula, as done in [Hol], [Ho2] or [Fo] for B = 0. The
point is to get first (0.3) for exponential functions and then to use superposition
for the general case. But quantizing exponential functions requires a calculation
of the exponential of a linear combination of the operators ); and Hf, magnetic
translations replace usual translations in the output, and this is the source of
the extra factor exp (—z’ f[w,y] A).

2. The composition law. When no magnetic field is present, the classical me-
chanical stage for our particle is the phase space R?® = R™ x R", which is a
symplectic vector space with the canonical symplectic form o[(y,n), (z,¢)] =
> i1 (zimj — y;¢;). When B is turned on, the same R®" should be seen as a
symplectic manifold with the perturbed symplectic form

n

o8, [Wm), (.01 =D (zm; — ;) + > Biw(@)y; 2k (0.4)

Jj=1 J.k

(The 2-form B on R™ can be pulled-backed to a 2-form on R?" - seen as the
cotangent bundle of R™.) We refer to [DR], [MaR] and [MP4] for details. If one
belives that (0.3) is justified and wants to have Op?(f)Op?(g) = Op?(f o8 g),
then the right answer is  (f o® g) (X) =

=g / / dY dZ exp | —i / op | F(X =Y)g(X — Z), (0.5)
R2n R27 T(X,Y,Z)
with fT( X.v,7) 7B the integral of the 2-form op through the plane triangle

T(X,Y,Z) in R?" defined by the corners X -Y —Z, X+Y —~Z, X+Z-Y. Ac-
tually (0.5), which we call the magnetic Moyal product, reduces for B = 0 to the



usual multiplication law in Weyl calculus, often called the Moyal product. For
further discussions concerning this phase function, especially of a geometrical
nature, see [KO1] and [KO2|. For the same relations containing also Planck’s
constant A and a study of the semiclassical limit A — 0 in a C*-algebraic for-
malism we refer to [MP3] and [MP4]; here h = 1.

The formal deformation quantization (in the sense of star products) of cotan-
gent bundles endowed with a magnetic symplectic form can be found in [BNPW].

The nice feature is that (0.5) is completely intrinsic. It makes use directly of
the magnetic field B; no choice of a vector potential is needed. One may say that
introducing B leads to B-dependent function algebras, and only when we want
linear representations of these abstract algebras vector potentials are needed. It
is already obvious that these representations behave coherently with respect to
equivalent choices. Vector potentials A and A’ related by A" = A + dp give the
same magnetic field B. Then the operators DpA(f) and DpA/(f), belonging to
different representations, are unitarily equivalent: DpA/( f) = eprA( fle .

The pseudodifferential calculus with a magnetic field has been used in several
papers dealing with the Peierls substitution ([DS], [HS1], [HS2], [N], [PST], [T]).
Although gauge covariance is not essential for the technical arguments used in
this context, it is possible that our formalism may bring some new insight and
even technical advantages.

In the previously quoted articles [MP2], [MP3], [MP4] and [MPR1], many
technical difficulties were avoided by sometimes restricting to small classes of
symbols f,g. This was enough for what was aimed and allowed very general
magnetic fields. When general symbols were considered (by extending the va-
lidity of the equations by duality techniques), very often refined properties of
the resulting objects are hidden. We are now at a point where these difficulties
must be faced and the powerful graded framework of pseudodifferential theory
should emerge. The presence of the two extra phase factors in (0.3) and (0.5)
makes all the picture rather complicated. For the time being, we have only
succeeded to treat smooth, bounded magnetic fields having bounded derivatives
of all orders. Since, however, no decay at infinity is requested, we belive that
the theory we develop is general enough to support nontrivial applications.

Having indicated roughly the motivations of our topic, let us now describe
the content of the article.

First we state some notations and conventions.

In a first section we sum up briefly, with few justification, several simple facts
from [MP2] and [MPR1]. For the convenience of the reader we show that (0.3)
and (0.5) are tied together, by proving that Op(f) Op?(g) = Op(f o8 g).

In Section 2 we show first that for f € S7%, (p > 0,6 < 1), Op?(f) leaves
the Schwartz space invariant. Afterwards, we study the product f of ¢ for f, g
belonging to Hérmander’s classes of symbols 05> (0 <4 < p<1). Thisis basic
for the rest of the article. We give an asymptotic series for fo? g, the terms being
calculated by recurrence. The development of the commutator f of g — gof f
starts with the Poisson bracket {f,g}p assigned to the magnetic symplectic
form op. The existence of a parametrix for elliptic magnetic pseudodifferential



operators is also proved, as a consequence of the asymptotic development of
f of g; this is one of the most important tools of the theory.

In Section 3 we prove that Op”(f) is bounded in L%(R") if f € S 5 and
0<6<p<1,d<1. The case § = p is a magnetic version of the Calderon-
Vaillancourt theorem transcripted for the Weyl calculus (cf. [Fol).

Section 4 is dedicated to the study of magnetic Sobolev spaces. Previously,
they were considered only in situations when a vector potential can be chosen
with bounded derivatives of strictly positive order, cf. [GMS] and [Pa].

In Section 5 we show that an elliptic magnetic pseudodifferential operator
is self-adjoint on the corresponding Sobolev spaces. For convenient vector po-
tentials, the Schwartz space is a core. As a consequence of a Garding-type
inequality, we also treat semiboundedness.

Throughout the paper we suppose the magnetic field B to have bounded
components together with all their derivatives. In Section 6 we shall more-
over assume that B = dA for some smooth vector potential A having bounded
derivatives of any strictly positive order. This facilitates certain arguments; in
particular it leads to a connection between our magnetic calculus and the Weyl
calculus for a certain A-dependent Hormander-type metric, and this allows the
transcription of certain classical results ([Hol], [Ho2|, [Bo3]) to our framework.

As said before, many authors use for a symbol p(z, £) the magnetic quantiza-
tion Op 4 (p) := Op(pa) with pa(x, &) = p(x,& — A(z)), that does not provide a
gauge covariant calculus. In Section 6, as a continuation of the analysis in Sub-
section IV D of [MP2], we shall compare this procedure with our gauge covariant
quantization and prove that DpA(p) — Op 4(p) is a pseudodifferential operator
of strictly smaller order. In fact we prove a little bit more, showing that for any
symbol p, one can find a symbol ¢ of the same order (the difference p — ¢ having
a strictly inferior order) such that Op”(p) = Op,(g). Thus, under the above
hypothesis on the magnetic field B, one can pass from the functional calculus
Op? to the functional calculus Op, and in the opposite direction. Using the
Weyl-Hormander-Bony calculus leads to more precise results; for example we
obtain a Fefferman-Phong type theorem and prove that the resolvent and the
powers of a magnetic self-adjoint elliptic pseudo-differential operator are also
pseudodifferential. In particular we are able to compare three candidates for
the relativistic Schrédinger Hamiltonian with magnetic field: /(D — A)2 + 1,
Op (< € >) and Opt(< € >).

The last section is devoted to the spectral analysis (obtaining a limiting
absorption principle) for a class of elliptic pseudodifferential operators obtained
through a quantization (either by Weyl calculus, or by Op?, or Op 4), for a
symbol of the form p = py + ps + pr, where py does not depend on z, pg is
a symbol with ”short range” behaviour and py, is a symbol with ”long range”
behaviour. We assume that all the derivatives of the magnetic field B verify
conditions of type ”short range” at infinity, and our exemple 3 shows that these
hypothesis are in some sense optimal. The spectral analysis of Op 4(< & >) has
been done in [Um] but without considering the problem of a limiting absorption
principle; moreover, as shown in exemple 2, our hypothesis are more general.



The main ingredient in proving our Theorem 7.3 is an abstract result from
the conjugate operator theory (see [ABG]); verifying the necessary hypothe-
sis involves the elaborate pseudodifferential calculus developed in the present
article.

Notations and conventions

We denote R™ by &', with elements z,y,z. X* will be the dual of X, with
elements £,7,(. We also denote by < -+ > the duality form: < &,z >=
(z) =<x,&>.

The phase space will be = = R?" = X @ X'*, with elements X = (2,¢), Y =
(y,m), Z = (2,¢). In fact these notations will be used in a rigid manner: if
the contrary is not explicitly stated, when one encounters X € =, one should
think that its components in X and X*, respectively, are called = and &; the
same for Y and Z. Z is a symplectic space with the canonical symplectic form
Y. 2] = [(y,n), (z, Ol =<m, 2> = < (y >.

On X we consider the usual Lebesgue measure. But on X* and =, respec-
tively, it will be convenient to use d¢ = (27) "d¢ and dX = 7 "dX.

If YV is one of the spaces X', X* or Z (an R™ essentially), we set C3°()) =
{f € C>*(Y) | suppf is compact}, with C°°(}’) the space of infinitely derivable
complex functions on Y.

We use standard multi-index notations: o = (aq,...,am,) € N, |a] = a; +
_ a . Qo U a . Ho1 Qm a _ —|al Ha
ot al = ol !, 05 =090 . 9%m or 9% = OFt .. 9gm, D = i1l

where m = dim ).

S(Y) will be the Schwartz space on Y, with antidual $*()); we denote by
(u,v) :=u(v), (u € S*(Y), veS()) the application of anti-duality. LP(Y) are
the standard Lebesgue spaces for p € [1,00]. We set BC>®(Y) = {f € C>=(Y) |
9“f is bounded for any a € N™}. Cp6,(Y) is the space of all C*° functions
on Y with the absolute value of each derivative dominated by an (arbitrary)
polynomial. €%, [(¥V) = {f € C*(Y) | Ik > 0 such that [(0°f)(y)| <<y >k
Yy € ¥ o € N} is the subspace of C55)(Y) consisting of elements whose all
derivatives are dominated by a polynomial of fixed (arbitrary) degree.

We frequently consider integrals as converging in &*, in particular as oscil-
latory integrals.

We denote by B(H1,Hz2) the Banach space of all linear bounded operators
T : Hi — Ha, with Hq, Ho Hilbert (or Banach) spaces. In fact we preserve
this notation even if H;, Ha are topological vector spaces, to signify continuous,
linear operators. For B(H,H) we abbreviate B(H). K(Hi,Hz) will denote
compact operators. B,(H) will be the Schatten-von Neumann class of order
p € [1,00] on H. For p = 1 we have trace-class operators, for p = 2 we get
Hilbert-Schmidt operators, and B (H) = K(H).

Given a Riemannian metric g, on = and a positive function M : £ — R7,
we define the symbol space S(M, g) to be the space of C* functions f : 2 — C



such that

sup  (M(X)™"|0r, ...0n, f(X)]) < o0, Vk €N,
X, T;€=
9x (Tj)<1

where we denote by O f the derivative of f with respect to the direction T € =.
We denote by ¥ (M, g) the family of Weyl operators Op(f) with f € S(M,g).
If M(X)=< &> and the metric has the form

gy =< &> |da|? + < € >72% |de|?

for p, 6 and m real numbers and < ¢ >:= (1 + |£[>)}/2, we denote S(M, g) by
S7s(E). We stil use the notations

S™(E) = S74(E),  STX(E) = [ 55(E)

Explicitly, a function f € C°°(Z) belongs to S)'5(Z) if for any multi-indices o
and 3 in N™ there exists a finite constant C,g such that

‘(6;‘6?f> (X)’ < Cop < €>mPBISIRl  yx — (3,¢) € 2.

1 Preliminaries

1.1 The magnetic field

The mathematical framework that we consider is supposed to model a quantum
particle without internal structure moving in X = R", in the presence of a
non-uniform magnetic field. The magnetic field is described by a closed 2-form
B on X = R”. In the standard coordinate system on R", it is represented
by a function taking real antisymmetric matrix values B = (Bjj) with 1 <
j <n,1 <k <mn and verifying the relation 0;By; + 0y Bj; + 0, Bjr, = 0. We
shall always assume that Bj; € C5o)(&), although this is not necessary for all
constructions or assertions. Anyhow, later on, even stronger assumptions on B
will be imposed.

Any such field B may be written as the exterior differential dA of a 1-form
A, the vector potential; by using coordinates, one has Bj, = ;A — O A; for
each j,k = 1,--- ,N. The components of the vector potential will always be
taken of class C2°,(X), in order to define multipliers for S(X') and S*(X'). This

pol
is, indeed, always possible, as can be seen by considering the transversal gauge

Aj(x)=— ;/0 ds Bji(sz)sxy. (1.1)

In the magnetic pseudodifferential calculus that we shall develop there are
two phase factors that play an important role, one defined by B and the other



by A. Given a k-form C on X and a compact piecewise smooth k-surface v C X,

we denote by
(y) := / C
¥

the usual invariant integral. We shall encounter circulations of the 1-form A
along linear segments v = [z, y| defined by points (ends) z,y and fluxes of the
2-form B through triangles v =< z,y,z > defined by points (corners) x,y, z.
By Stokes’ theorem, one has

P5(< 2y, 2 >) =Tz, y]) + T4([y, 2]) + T4 ([z, 2)). (1.2)

1.2 The magnetic functional calculus.

In a former paper [MP2] we have shown that for f € S*(E) and u € S(X), the
formula (properly interpreted)

[DpA(f)u:| (l‘) — /AXX* dy dn ei(x—y,'r?>e—il"‘4([ﬂf,y])f (Z‘ ;V‘ y’77> U(y) (13)

defines an integral operator Op”(f) € B(S ( ),8*(X)), and in fact Op” gives an
isomorphism between $*(Z) and B(S(X),S*(X)) (as linear topological spaces)
that restricts to an isomorphism between S(E) and B(S*(X),S(X)). Let us
remark here that for any test functions u and v in §(X) and any distribution
f € §*(X), we have the relation

(99" (Fru. v) = (w. 90" (Po).

where (f,u) := (f,@). In particular, if f is a real distribution (i.e. f = f), then
Op?(f) is a symetric operator in B(S(X),S*(X)).

An important property is gauge covariance. Let A and A’ be two vector
potentials of class Cgg;, defining the same magnetic field, dA = B = dA'.
Then there exists a real function ¢ € Cp5)(X) such that A" = A + Vo and

QOpA(f)e @) = OpATVe(f) for any f € S'(Z) and all such functions
; this second identity is Vahd in B[S(X),S*(X)].

In [MP2] we show that Op induces a unitary map from L2(Z) to BQ(L2( ),
the ideal of all Hilbert-Schmidt operators. The family of operators Op”(f), f
being the Fourier tranform of an arbitrary function in L(Z), is dense in the
closed ideal KC(L?(X)) of all compact operators.

1.3 The magnetic Moyal product

Let f be the Fourier transformation of f € $*(Z) with respect to the second
variable. If A4 (z,y) := exp{—il'*([z,y])}, we can write

[0t 0] 0 =m " [ ayAt(ea) (T o) ulo)



For f,g € S(Z), the associated magnetic Weyl operators Op”(f) and Op?(g)
are smoothing operators and thus the product Op”(f)Op? (g) is also smoothing,
consequently of the form Op?(f oF g) with f of ¢ in S(Z) depending linearly
on f and ¢g. In order to obtain an explicit form for the magnetic Moyal product
f oP g, we remark that for ¢ € S(X):

(o0 (1) 96 ) ¢] (@) = (27" [ s A%,

X {/X dy QB(x,y,z)f<x;y,y—x> g(y;z,z—y>}s0(2),

where QF (z,v, 2) := exp{—il['B(< 2,9,z >)} and we have used (1.2).

—_~—

Thus we have obtained (f o g) (x'gz,z — x) =

Let us remark that all the integrals above are absolutely convergent due to our
assumptions on f and g. Moreover we have seen that f of g € S(Z), so that we
can compute its partial Fourier transform (in the second variable) by the usual
integral formula and obtain again an element in S(Z). Thus, after making the
change of variables u := (x + 2)/2, v := z — x, we can write (for any 6 € X*)

(f o8 )(u,0) = (2m)~" / do <0 (F oB g)(u, v)

X

= (2m)~ " /X/X/*/*dvdydndc e <0v> QOB (y — (v/2),y,u + (v/2)) x

SSTTCE TN
2
u+y+ (v/2)
a2 %)
We shall use the Fubini Theorem and the change of variables 2y := u—y+(v/2),

22 =u—y—(v/2),n :=0—mn,¢ :=6—( In the sequel we shall use the
notation

exp{—i <my—u+(v/2) >} f (

x exp{—i < u+ (v/2) —y >}y (

wp(z,y,2) = exp{~4iFp(1,y,2)} = W (x —y+ 20—y - 2,0 +y - 2),

where i
Fp(x,y,2) := ZI‘B(<$—y+z,x—y—z,x+y—z>):

n 1 1
v (2k —yk)/ / dsdt sBjip(x —y — z + 2sy + 2st(z — y)).
Py o Jo



By easy computations we get the Moyal product (f o g)(X) =

= // Ay dz e P2 B (g, 2) f(X = Y)g(X — Z) = (1.4)

(11 \

/ Ay dz e XY X218 (x — sy, —z+y+ 2,2 —y+2) (V) g(2).

1.4 The magnetic Moyal *-algebras

One can extend the validity of (1.4) by duality, using the fact that for any
functions f and g in S(Z) we have

Lax (77 9)6) = [ X (95" (X = [ dX F(X)9(X) =< £.9>= (.9).
Thus for f,g,h € S(Z) we have < foB g h >=< f,goP h >=< g hoB f > .
Considering < -, - > as duality between §'(Z) and S(2), we define for F € §'(Z)
and f € S(2)

< FBf h>=<F foPh>, < fBE h>=<FhoPf>  VheS(E),

getting two bilinear continuous mappings S’'(Z) x S(2) — S'(2), resp. S(E) x
S'(E) — §'(2), with good associativity properties.

A substantial extension of the magnetic Moyal product is obtained in [MP2]
on the following class of distributions

ME(E) = (FeS(E) | FoP feSE), foP FeS@), vfeSE)},
called the magnetic Moyal algebra. For any F,G € MP(Z), we define

<FoP G h>=<F,Go®h>  VheSE).

The set MP(Z) together with the composition law of defined above and
the complex conjugation F' +— F is an unital *-algebra, containing S(Z) as a
self-adjoint two-sided ideal. Maybe the most important fact is that DpA is an
isomorphism of *-algebras betweeen M?B(Z) and B[S(X)] N B[S'(X)].

Simple examples show that M?(Z) is much larger than S(Z). For instance,
Fourier transforms of bounded, complex measures on =, as well as C;gl—functions
depending only on the variable in X are in the magnetic Moyal algebra. A less
evident and very useful fact is that C3%,  (£) € MP(Z). Lemma 2.1 will show

that S)'5(Z) is also contained in ME(Z).

10



2 The magnetic composition of symbols

Our first task is to extend the magnetic composition law to classes of symbols
and obtain a precise asymptotic development for this composition, generalizing
the well known formulae from usual pseudodifferential calculus. This will be a
key technical ingredient in the following developments, in particular leading to
the existence of parametrices for elliptic operators.

2.1 Hormander symbols are in the magnetic Moyal alge-
bra

To make use of the natural extension to the Moyal algebra (as discussed in [1.4]),
we begin by shawing that the classical symbol spaces S;%(E) are contained in
the magnetic Moyal algebra. Only the case § < 0 is covered by our previous
result in [MP2], saying that C2o, (2) € MP(E).

Lemma 2.1. If B is a magnetic field having components of class ngl()(), then
for anym € R, any p > 0 and any 6 < 1 we have S]'5(E) C ME(Z).

Proof. We must prove that, for any couple (f,¢) € S)'5(2) x S(E), we have
foPyp e S(E). Thus we have to study the following integral, that will exist as
an oscillatory integral:

(f P o) (X) = / / 4V 47 exp{—2i[Y, 2]} ws(z,y,2) (X — YV)p(X - 2).

We choose x € C§°(E) with x(0) = 1, and for any € > 0 we define f(X) :=
x(eX)f(X). Then we shall show that the limit 1in(1) (f. oP ) exists pointwise

and is independent of the choice of x. By integration by parts we have

(feoPp)(X) = /_/_a*Y dZ e 2 2L <y 572 Ne iy 5 72N- f (X — V) x

x glV= [wB(:U,y7z)£év‘<p(X - Z)] ) (2.1)

with differential operators £, = 1—(1/4)A; and £¢ = 1—(1/4)A.. The integrals
are well defined, due to the decay assumptions on ¢. We choose first N, >

(1/2)(m+n+1) and then N > (1/2)(¢(2N,) +n+1), where ¢(N) := l{yﬂlg)j%p(v)

and p(7) is defined by the following estimations (implied by the assumptions on
B):

We conclude that we can take the limit ¢ — 0 and obtain for (f of ¢)(X)
an identity similar to (2.1). Moreover, this equation is clearly independent on
the choice of x and also of the exact choices of N, and N, (by integration by
parts). For any k € N we may choose N, > (1/2)(m + k(|6 + |p|) + n + 1) and
N¢e > (1/2)(¢(2N. + k) + n + 1) in order to prove (by further integration by
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parts with respect to y and 7) that in fact f o € C¥(Z). In conclusion we
proved that f oByp € C>®(Z).

Moreover, if we consider a multiindex o = (ay, a¢) € N*" and integrate
by parts with respect to y and 7, we prove that 9% (f of ) is a finite linear
combination of terms of the form

I(X) = / / dY d7 e P2 < 5 5 =2Nn o ¢ 572Ny

" (agl <n >72Nz) (ag/ <y >72NC) {03”8;5'83%3(%;/,2)} y

X {a;;‘fr'ag“& 07" (X — Z)} {a;:'z”ag“ﬁ 07" o F(x — Y)} ,

with o + g + ol = a;, of +of = ag, o] = k, 8]+ |8"] < 2Ny, 7| +
V'l + 7" < 2Ny, [6'] + [6”] < 2N, and |A| < 2N¢. Then we can choose
Ny, N,, N, N¢ as functions of k and [ so that [[(X)| < C; < X >~ In fact,
taking into account that ¢ € S(Z), we have for any (s,t) € NxN the inequalities

‘(8g"8§'8?$w3> (x,y,z)’ <CI(< >+ <y>4 < z>)IENFNAR)

‘(8;‘;/8?283”8290) (X - Z)‘ <Cy<z—z>Tl<E— >

1"

(0% 0g<0y " 0" 1) (X — )| < 5 < & =y vl s sl 27

We may suppose that 6 € (0,1). Let us remark that

" 11

—pla +8" |+’ S§(k+2N, d(k+2N,
<§_77>m plag +8"|+d]ay+v \§C<§>m+(+ y)<77>|m‘+(+ y)7

<z—2z>'< O<a>TT<z>l, <€-(> < OC<E>T5<(>5.

We choose first N, > (1/2)(1 — )" '(n+ 1+ 1+ m + kd) in order to verify the
integrability condition with respect to ¢ € X. Then we choose s = [+ m+d(k+
2N,)), and obtain a factor < ¢ >~!. We can also choose N, > (1/2)(n+1+|m|+
(k+2N,)9) in order to verify the integrability condition with respect ton € X
and t = [+q(2N, +2N, + k) to obtain a factor < z >~'. We end up by choosing
N, > (1/2)(n+14+142¢(2Ny+2N.+k)) and N > (1/2)(n+1+q(2Ny+2N,+k))
in order to get the integrability with respect to (y,z) € X x X. O

2.2 Estimations on the magnetic flux

If the magnetic field B has components of class BC*(X), by arguments similar
to those above, for any f € S™!(Z) and g € S™2(Z), the magnetic Moyal
product f o? g belongs to S™*™2(Z). Some sharp estimations on the flux of
the magnetic field will make possible in [2.4] a precise result concerning the
asymptotic development of f oBg.
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Lemma 2.2. If the components of the magnetic field B are of class C*™(X),
then 0y, Fp = >, (Djwyw + Ejnzx), 0y, Fp = 35, (Dé'kl/kJrE;‘ka),

0.,Fp = >, (D;-’kyk —l—E;-'kzk), where the coefficients Dy, ..., Ej, are of
class BC>®(X3). In particular

1 1
Dl (z,y, 2) := letdt [Bjk(z +ty — 2) + Bjp(z — ty + t2)],

1 1
Ej(@,y,2) == 1 [1 dt [tBji(z —ty +tz) — Bjg(z — y +t2)],

1 1
T,y 2) = _Zfldt [tBjk(x — ty +tz) + Bjg(x + ty — 2)],

4

1 1
(T,y, 2) = / tdt [Bjk(x — ty + tz) — Bjp(x —y + t2)].
1
Proof. Using the condition dB = 0, i.e. 0;Bjx + 0; By, + 0rBj; = 0, we obtain

aleB(l',y,Z) =

1 ¢ ! * o d
== - S Bulz —y— 2+ 2sy + 2tz —y))—
st [ s [t Bt~y sy 2tz )

1« /1 / d
=Y y; | ds dt —Bjj(x —y —z+2sy + 2t(z — y)).
2; " Jo o dt

The identity fol ds [y dt f(s,t) = fol dt ftl ds f(s,t) and some straightforward
computations lead to the first equality in the statement of the Lemma. The
others are then proved in a similar way. O

The next Corollary follows from Lemma 2.2 by direct calculation. A crucial
fact in our arguments is the boundedness in x of all the derivatives of wp.

Corollary 2.3. If we assume that all the components of the magnetic field B
are of class BC™(X), then we have

|(6§858;’w3) (:my,z)‘ <Capyl<y>+<z >)lH BNy (a, 8,7) € [N™)3,
where Cy g,y are positive constants.

Remark 2.4. The same proof as above shows that if the components of the
magnetic field are of class BC*(X), then

o [e*iFB(<z,y,Z>)} ‘ <Cul<z—2z>+<y-—z >)|D“7 Yo € N7,

where Cy, are positive constants.
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2.3 Stationary phase result

An important ingredient for the estimation of the integral appearing in (1.4) is
a 'stationary phase’ result, for which we introduce some notations. For any ¢ €
C>°(X3) we define the following first order differential operator (with respect
to the variables U = (u,p) € E and V = (v,v) € E), having coeflicients that
only depend on (z,y, 2):

Mg(p) = wp(z,y,2)] ™" Z [0y, (wB$) Oy, — 0z, (wBp) O, ] -

We shall denote
[00,0v] =< 0,0y > — < 04,0y >= > _ (9,00, — 0, 0y))

=1

and for t € R\ {0} and ¢ € C,(X?) we define:

pol

Ly(t) == % {20[00,0v] +t " Mo(p)} -

Lemma 2.5. Let ¢ € Coo)(X).

1. We have the following equality:
[ [ az esot-2ily. Z1}(w.5.2) = (20,0

(the integral being interpreted as an oscillatory integral).

2. If he S(E x &), for any t € R* we have

/ / Ay dz e 22z y, 2)W(X —tY, X —tZ) = o(z,0,0)h(X, X) +

1
+t2/ sds// dy dz e~ #1721 [Ly(st)h] (X — stY, X — stZ).
0 = =

Proof. (1) Let us fix x € C§°(X) such that x(0) = 1. For any € > 0 we define

I. :=/E/EdeZx(ey)x(en)x(ez)x(eoeXp{—2i[[K Zl}ye(,y, 2) =

— /X /X dy dz x(ey)x(e2)p(, y, )5~/ R((2/e)2) =
— (2n)"2" / / dy dz x(—(/20)x(€/2)2) W) (), —(e/2y, (¢/2)7).
X JX

By the Lebesgue dominated convergence theorem, this converges for ¢ — 0 to
¢(x,0,0).
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(2) We perform a first order Taylor expansion of h(X — tY, X — ¢tZ) with
respect to t. The first term on the right-hand side is given by 1. For the second
term we integrate by parts, using the identities

, 1 ) ) 1 )

yj6—2z[[Y7Z]] 2i8<je—2¢[[y7z]] 7 nje—zz[[y,z]] -5 —0, ‘e—2z[Y,Z]],
) 1 . 1

zje*MY’Z]] 722_8%67241/,2]] 7 Ge o—2ilY.2] _ o ~0, o—2ilV,2]

2.4 Magnetic composition of symbols

To any differential operator of order m with respect to the variables U and V,
P =3 cag(x,y,z)ﬁl‘}@‘ﬁ,, we associate another differential operator Mp(P)
defined by Mp(P) :=>_ MB(cag)agﬁ‘ﬁ/. This operator will evidently have the
same form, but will be of order m + 1.

For any sequence of positive numbers {t; € R* | j € N*}, let t(y) :=t1-...-1p
(for k € N*) and let us define by recurrence the sequence of differential operators:

LO = 1,
Ll(tl) = u)EleB(tl),

My (Lj(t1,...,t5))

Lj+1(t1, ce ,tj+1) = L1<t(j+1)>Lj(t1, e ,tJ) + .
2it(j+1)

Theorem 2.6. Let us assume that all the components of the magnetic field B
are of class BC*®(X). If f € S)';(2) and g € S]'3(2), with mi € R, ma € R,
0<8§<p<1, then foPge S;n&ﬁmz (2) and we have the following asymptotic
development: 7

Fofg ~ 3 hy  hjesitmeiTO@)  pg(X) = F(X)g(X),

// /dtldt2 Lty BTN TRt

Li(ty, . . ) (F(U)g(V)]|

Proof. We shall verify by induction that for any & > 1 we have

k—1
foBg: Zhj + Ry, (2.2)

=0

where k(X) =

/ / / dtidts ... dty, t7° 3P tk// dY dz e~ #1021y
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XWB(xa ZU)Z) [Lk(tl’ s 7tk) (f(U) ® g(V))] ’U:X—t(k)Y'

V=X—-tZ
For k = 1 we apply Lemma 2.5, taking p =wp, h= f®@gand t =1, s = ;.
We just have to remark that in this case

1
Ly, (t1) = 5 {2wp[0v, 0v] +wpt; '"Mp(1)} = wpLi(t).

Regarding the integrals as oscillatory integrals, we may assume that the func-
tions f and g belong to S(E).

Let us suppose now that formula (2.2) is verified for some k& > 1. In order to
prove it for k 4+ 1 we shall rewrite the integral defining the rest Ryx. We notice
that

[Li(t1, .. te)(f @ 9))(U,V) = Zaaﬁ(x,y,z,tl, cote) (0% ) (U) (859) (V).
B

For each term we apply Lemma 2.5, taking ¢ = wpa,,, h = (0*f) @ (0°g) and
t=1t1--tg, s = tg+1. We remark first that

D, (@,0,0,t1,. . ) (97 f) (X) (8%9) (X) =
8

= [Li(ty, ..., te) (fO)g(V))] |

1 _
Lwya, ) trn) = o {2a,,0B[00, 0v] + (tgi1)  Mo(a,,wp)} =

1
= ZwB {QCLQB [[8[],6\/]] + (t(k+1))_1MB(CLQB)} ,

and moreover

Msg(a,,) = wgl

[ayj (wBaaB)an - 82_7‘ (wBaaﬁ)aﬂj] = aa@MB(l) + Mo(aaﬁ)'
=1

J

Putting all these together we get

1 _
Liwpa, ) (the1)) = wB {aang(t(k—i-l)) + 57 () 1Mo(aag)} -

We remark further that Li(t(,41)) is a differential operator with respect to the
variables U and V' and thus commutes with multiplication with the function
a,,; thus ZMO(aaB)afjé)"B/ = Moy(Lg(t1,...,tx)). Finally we get Ri(X) =
hi(X) + Ri+1(X) and the proof of (2.2) is finished.
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Let us show now that, for each j € N, we have h; € Smﬁm2 10=9)(Z). This
is evident for j = 0. For j > 1 notice that

L tl""’ Za'/ //ﬁ/ﬁ//xy7z;t17"'7tj)6383 8585 Y

where [o"| + || = j, |&/| + || < jand @, , , ., ave linear combinations
of products of derivatives of Fp with respect to y and z and monomials in tl_l,
ceey tj_l, with exponents that do not exceed those of t1, ..., t; appearing in the
integrals. Lemma 2.2 shows that for y = z = 0 the derivatives of Fip are either
vanishing or at least bounded functions of . We conclude that h; is a linear

combination of terms of the type

o) [ (0'0¢" £) (0] [(25'02" 9) ()] /0 - /0 o,

where b € BC*®(X), py > 0 for any | € {1,...,5} and |&”| +|8"| = 7, |&/| +
|6'] < j. It follows immediatly, from the hypothesis on f and g, that h; €

S77l§+m2 j(p— 6)( )
P :
We shall end the proof of the Theorem by checking that for any k > 1 one

has Ry € Sm1+m2+2n Mr=%)(Z). We shall use once again the structure of the
operator L; (tl, ...,t;) that was described above. It follows that Rj can be
written as a linear combination of terms of the form

1 1
I(X):C’/ / dty ...dty tf‘-~-t§’°//deZe_Qi[[Y’Z]]wB(m,y,z)x
0 0 =J=

Xaa/,a”,glﬁ” (x,y,Z;tl, M 7tk')><

x [(ag'ag”f) (X —t; ..tky)] [(af’af”g) (X —t--1,2)] .

Now we no longer restrict to y = z = 0 and thus factors of the type y%z?
may appear in the functions a (that contain derivatives of Fg). These
24[Y, Z]

a/,a//,ﬁ/,ﬁ”
factors may be handled by integration by parts, using the exponential e~
and will generate operators of the form 9y 8? applied to the functions 9% (’9? f

and 85/8? ! g, but this will not alter their decay. We proceed as in the proof
of Lemma 2.1, and after a number of integrations by parts we write I(X) as a
linear combination of terms of the type

1 1
J(X) = / / dty - - dty t‘fl ---tZ’“ / / dY dze=2 Y- 2]
0 0 =JE
x <z > g ¢ 572Ny (ag' < >‘2NZ) (82 <y >‘2N<) x
Xaz//aj (WBaa',a”,s/,ﬂ”) (x,y,2)%
% (ag/+6///a?11+71/f) (X B t(k)Y) <a£/+6//ag//+)\g) (X o t(k)Z),
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where [y/| + 1] < 2Ny, ||+ 18] + |57] < 2N, [¢] + |¢”] < 2., [A] < 2N
and ¢; > 0 for any j € {1,...,k}.

We fix N,, = N¢: = n in order to have integrability in the variables y and z.
Then we decompose the n-integral with respect to the two domains {|n| < x <
&>} and {|n| > k < £ >} for some small fixed £ > 0, and similarly for the ¢-
integration, and thus write J(X) as a sum of 4 terms J,(X) (with a = 1,2, 3,4).
In order to estimate each of these 4 terms separately we remark that we may
choose different values for the pair (IV,, N.) in each of these terms, due to the
fact that these choices are made by integration by parts in the variables y and
z. Moreover, for any » € R and for VN, > 0, VN, > 0

/ d'r] < n >—2Nz< é— _ t,',l >T‘+26Ny S C < é— >7"+25Ny+n .
{Inl<r<€>}
Taking N, > 0 and 2N, > |r| + 20N, + n, we have

/ dn <n >72Nz< g —tn >T+25Ny <
{Inlzr<€>}

<C dn < >|7‘|+26Ny—2Nz < O< é— >|TH-25Ny—2Nz+n )
{Inl>k<€>}
Let us set m1 := my — p|a”| + d|a/| and ro := ma — p|8”| + 0|5'|. We get the
following upper bound for |J;(X)|

sup / <1 >2N / < ¢ >2N
o<t<tM{ni<ncesy < E— I STIEON Jugccesy T < E—iQ SN
< C< 5 >m1+m27k(p76)+2n’

by choosing for this domain N, = N, = 0. Then, we get for the next type of
domain the upper bound:

sup / dy——" > / < (>
0<t<1J{|n|<n<e>} < f _ tn >T1+26Ny {Ic|>r<est < é‘ _ tc >T2+26Nz

<C<¢ ST1H20Ny+n ¢ Slral=2Ny+n _ o ¢ > ritr2|+2n=2(1-6) N,

9

and we have to choose on this domain N, = 0 and N, large enough. On the
similar domain with n and ¢ interchanged we have to choose N, = 0 and N,
large enough. For the fourth domain we obtain the upper bound

sup / dn < n >2Nz / < C >2Ny
0<t<t Mizecesy <& ST Jncesy < £ TN
< C<¢ S|P Ir2|+2n—2(1=8) (N +N-)

and thus we have to choose both N, and IV, large enough. We conclude that

‘Rk(X” < C< f >m1+m2+2n—k(p,§) .
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For the derivatives of Ry we may proceed in a similar way, since all the terms
obtained by differentiating the factor wp with respect to x are bounded by
monomials in y and z and thus can be dealt with by integration by parts in y
and z. We get

‘(agang) (X)‘ < O < ¢ >mtmatin=k(p=0)—plfl+dlal o e N°, V3 € N™.

In order to end our proof we fix some p € N and write the identity

p k
folg = > hi = Y hi + Ry,
j=0

Jj=p+1

where k > p+ 1 is chosen large enough to have 2n — k(p—9) < —(p+1)(p —9).
This gives
P
foflg = 3 hy € gmimrlemh(g),
3=0

and thusfoBgNZjhj. O

2.5 The first terms of the asymptotic development

Let us explicitly compute the first terms of the asymptotic development of the
magnetic Moyal product.

1. We know from the statement of Theorem 2.6 that hg = fg.

2. In order to compute hi, we remark that

n

Li(t)(f @ 9) = —iZ(a;Ljf) ® (00, 9) = (Ou, f) © (00, 9)—

—2t71 9y, F)[f @ (9,9)] — (0=, F5)[(9y, f) @ g

j=1
For y = z = 0 the first order derivatives of Fg vanish and thus

n

[L1(t)(f © g)] "(X,X) = =i [0, /)(X)(D2,9)(X) = (0, ) (X) (9, 9)(X)]

y=2=0

j=1

In conclusion we have hy = —£{f, g}.
3. For hy we need to compute the explicit form of the operator La(t1,t2). Using
Lemma 2.2 we obtain:

[Mo(L1(t))(f @ 9)] |(X,X) = *% Y Bin(@)[(9, ) © (9,9)](X, X).

y=2=0 jk=1

Li(ty - t2) Li(t)(f @ g) =
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n

= _ Z (8,”8,%8,)] Ovy, + Ou; 0y, 0,0y, — 2awaukavja,,k) (f®g)+
jk=1

+ {terms vanishing for y=2z=0}.
Finally, we put everything together to obtain

1
hQ(X) = g [28§j6¢kf®8xj85kg—8§j85,€f®81.j6x,€g—

Gk=1
1 n
~02,; 0, f © O, 06, 9] (X, X) — % > Biw(@)[(0e, ) ® (9, 9)1(X, X).

jk=1

In particular we have

foPg—goP f= o {figh = Y Bl NOag) = ;1 gk (23)

j,k=1

(mod. S:?§+m273(p76)(5)), with {-,-}p the Poisson bracket associated to the
symplectic form op defined in (0.4).

2.6 The parametrix
One of the main tools in pseudodifferential theory is the parametrix.

Definition 2.7. A symbol a € S)'5(Z) is called elliptic when there exists two
positive constants R and C' such that

C<¢&>"<a(x,€)|, VereX, VE&e X* withl|f| > R.
The operator Op™ (a) will also be called elliptic.

Theorem 2.8. Let a € Sg,"”é(E), 0 <6< p<1bean elliptic symbol. Then
there exists b € S, §*(Z) such that aoBb—1,b0Ba—1¢€ S7°°(Z). Thus for any
vector potential A with components of class Cpo)(X) associated to B, Op?(b) is
a parametrix for DpA(a).
Proof. We construct first an approximation for b.

Let y € C(X*), x(&) = 0if [¢]| < R, x(€) = 1if [¢] > 2R. We define

bo(z,€) = x(&a(x, &)~ € C®(Z). It is easy to see by recurrence that for
a,Bf €N and (z,8) € 2

| (050¢D0) (x,€)| < Cap < & >mrleltolBl (2.4)

and thus by € S, §*(5).
Thus, by Theorem 2.6, we have an asymptotic development by o a ~

> 020 hj(bo,a). Since hg(bg,a) = bpa = 14 (x — 1), one has 1o := by o” a —
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1e S;gpfé) (E) We denote by 7 € S 5(£) an asymptotic sum of the series
1+ Z;’;l(—l)%o oB...oBry (the j’th term contains j factors and it belongs to
S;f;(p_é) (). Then b :=roPb, € S;?(E), and from the equality 1479 = byoPa

it follows immediatly that bo® a —1 € S7°°(Z). In the same way one constructs
b’ € S5(Z) such that a o? b —1 € S7°°(Z). Then

b—b =boB (1—aolPV)—(1-boPa)oPt € S0,

thus aofb—1¢€ §~2(2). O

3 L2-continuity

Theorem 3.1. Suppose that the magnetic field B has components of class
BC>. Let f € S} () for some p € [0,1). Then Op?(f) € B(L2(X)) and
we have the inequality

070 f(X)
B(L2(x)) le|<p(n) [B|<p(n) X€E

(3.1)
where ¢(n),p(n) are constants depending only on n, that can be determined

explicitly.

< c(n) sup sup sup < g >P(W‘*‘0‘|)

HDPA(f)

)

The proof we give makes use of an idea of L. Boutet de Monvel ([BM]); more
precisely we have to use the Cotlar-Knapp-Stein lemma in a way adapted to our
specific situation. We shall need the following remark.

Remark 3.2. Let linear operators {T;}jen and T in B(S(X),S*(X)) be given,
with integral kernels {K;}jen and K, respectively, in S*(X x X). Assume that

i) Tj € B(L*(X)), Vj € N and there exists C > 0 such that ||T;|| < C, Vj €

)

i) lim K; = K in S*(X x X).
j—00
Then T € B(L*(X)) and ||T|| < C (for the same constant C' as above).

Proof of Theorem 3.1. By Remark 3.2 we may suppose that f € S(Z).
Indeed, let us choose x € C§°(E) such that x(X) =1 for |z| + |£] < 1, and for
any € € (0,1) let us define x.(X) := x(eX) and f. := x.f € S(Z). For any
multiindices o and 3 let us define

Cy¢(o, ) == sup sup sup < & >PUFI=lD
a'<a B'<f XeE

') f(X)(.
Then it is easy to check that there exist C,3 € R4 such that

< ¢ >e(1Bl=la)

0207 1.()| <
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< CapC(a, B)max max {elﬁ—ﬁ’\ < & >PUBI=lah < ¢ SpllI=I8'D]
a'<a B'<pB

As €|¢] < ¢’ on the support of f., we obtain the estimation ¢ < ¢ < ¢ >~ (valid
on the support of f.) and thus the right-hand side above is bounded by

Ch(e, B) < € >TIB=F1< ¢ SPUBI=IFD < ¢ Spllell=lal) < C(a, B).

Consequently, if we prove (3.1) for f. (for any € € (0,1]), applying Remark 3.2
to the family {DpA(fE)}EE(O,H gives the conclusion of Theorem 3.1 for f. Thus
we suppose f € S(Z). Choose u € S(X) C L*(X) and define \(§) :=< £ >*.
1-st Step. Given N € N, that we shall fix later on, we consider the differential
operator

Le = [1+ MOM e —ylPV] 7 1+ MO (~2¢)*N],

that satisfies Leexp{i < = — vy, >} = exp{i < z — y,{ >}. After some
integrations by parts we get

O (Nula) = [[  dydgerseme gy uly),
X xX*
where g(z,y; &) := [("Le) fl1((z + y)/2,€). One easily checks the inequalities

(089207 9) (2,5;€)| < Capy MNP + A&z —y) ™" x

X sup sup sup < ¢ >PUaI=18°D ’(8? 85 f) (y,f)).
lo/|<Ja|+2N |8|<IBl+]7] (y.6)€E

2-nd Step. Let us write [Op”(f)u](z) as the integral over £ € X* of

(Peul(e) = [ dy expli <@ 9. > T (9 ol ().
We denote by K¢ the integral kernel of the operator P:; we have the bound
|Ke(@,y)| < C(1+ |z —y[) 72N,
Choosing N > n/2, we find a constant Cy such that || P||

e X,
3-rd Step. For v € S(X) and n € X* we have

sz, = Co for any

Pyolw) = [ dzexpli <y 2> il )5 pr o).
x
Thus the integral kernel of the operator P¢ P is given by
Ken(z,y) = exp{i[< 2,6 > — < y,n > -T4([z,y])]} x

x [ s expli <z - € > ~iTP(< 0200 >)} o5 O30 7).
X
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4-th Step. We consider the following differential operator

(o)

satisfying M, exp{i < z,n — & >} = exp{i < z,n — & >}. Thus for any k € N
we get

-1
M, = J1 = (A& +Am) %A,

exp{—i[< z,& > — <y,n > -T2, y])|} K¢ (z,y) :=
= [ dzexpli < zon € 3) ME [exp{-iL? (< .5y >)} gl a7
X

Using Remark 2.4 and the bounds for the derivatives of g (obtained above) we
get for any k < N

‘Mf [exp{—iFB(< 2,y >)}9(x,Z;§)g(y,z;n)H <

|§-7 ‘ —2k
< Cu(f) <1+A( d ) [1+ A©)|z—2]] 2N P[4 A(p)|y—2]] 2N P,

§) + A(n)

where Cy(f) is a linear combination of a finite number (depending only on k) of
products of two seminorms of f in Sg) - Choosing now N large enough in order
to have N — k > n/2, we easily obtain the inequality

/ d |Fe (2, 9)] + / dy | Ke.n(,)] <
X X

E—nl 7"
<O (14 5 ) = e,

5-th Step. We have thus obtained the following estimations:

. n
HPEHB(LZ(X)) < Cy, VEeX™ if N> 5

* * : n
PP g nyy < P2Em), V(Em) € (X7)? W N > 5 + k.

The conclusion of Theorem 3.1 will follow now from the Cotlar-Knapp-Stein
lemma, once we have proved that there exists k € N such that

w P E=nl "L
ge;?*/ LA A (1+/\(§)+A(77)) <o

We shall decompose this integral on three subdomains of X*: {|n| < |£]/2} =:
Dy, {In] = 2[¢[} =: Dy and {[¢]/2 < |n] < 2[¢[} =: D3. We get

—k
ni<c [ o2 (14 520) < ong s aie ) e <
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< 07 < g sn=p2=k(=p) < O if > n(2 —p)

2(1-p)’
no<c [ anneam (14 'f‘”')'“ <
- o MO+ T
<C'(1+ |§|)_np/2/ dn (14 |p))~me/2=k0=r) < " if k> n2-p)
B Dy - 2(1—p)’
—n =\ _ n
I3 < CX(&) /ngn <1+ NG > gc/*dn(1+|n|) < o0,

if we take k > n. As we have n(2 — p)/2(1 — p) > n for any p > 0, we
conclude that we can fix K € N and N € N such that k£ > n(2—p)/2(1 — p) and
N > k + n/2. This finishes the proof. |

Remark 3.3. Theorem 3.1 remains true also for symbols of class 5’2,5(5) with

—_

0 <8< p<1, due to the obvious inclusion S9 5(Z) C Sg 5(Z)

4 Sobolev spaces

In this section we shall suppose that the components of the magnetic field B are
of class BC*°(X); we shall work in a Schrodinger representation DpA associated

to a vector potential A (such that B = dA) with components of class C5g)(Z).

Definition 4.1.
W) = {Op(0) | ae @), wAX) = v ().
Definition 4.2. For any s € Ry we set
ps(§) =< E>°€ S°(5), Py :=Op’(ps) € T(E),
H%(X) = {ueL*X) | PueL*(X)}.

As a consequence of the Proposition below, the magneticSobolev space H® (X)
(for s € Ry) may be defined using any elliptic operator of order s.

Proposition 4.3. For any s € Ry we have:

1. H%(X) is a Hilbert space for the scalar product
(u,0)s,4 1= (Psu, Psv) 2 + (u,v) 2,  Vu,v € H)(X).
2.If0<d<p<1,thenT € \Ilﬁ’;(X) is bounded from H%(X) to L*(X).
3. For any elliptic operator T € \II;‘_”;(X), the map
H3\(X) 3w ulll g i= (Tl + ul?}"

defines an equivalent norm on H%(X).
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Proof. The first conclusion is evident, because B, € B[S*(X)] (Lemma 2.1).
Let us fix now an operator T € lIl;i’; (X). We notice that, being elliptic, P, €
UA%(X) has a parametrix Q, € ¥ 7%(X) (Theorem 2.8), i.e. there exists
R, € UH7°°(X) such that Q. P, = 1 +R,. Thus, for any u € H?(X) we have
Tu = (TQs)Psu — (TRs)u. Theorem 2.6 implies that TQ, and TR, belong
to \112’60()(). We use Remark 3.3 to deduce that Tw € L*(X) and ||Tul|3. <
Co (Bsull2: + |lul|22). Thus we get the second conclusion of the Proposition
and the inequality [[ul|l , < Cllulls 4 for any v € H%(X). In order to get the
reversed inequality and thus the third conclusion of the Lemma, we have to
suppose T elliptic. Then there is a parametrix S € \11;‘776_5()( ) for T such that
ST =1+ R, with R € ¥4 ~°°(X). For u € L*(X) such that Tu € L?(X), we
obtain Pou = (PS)Tu — (PsR)u € L*(X) and also ||ulls.a < C|lull} 4. O

Lemma 4.4. If0 < s < t, we have a continuous embedding H' (X) — H?%(X).

Proof. Assume that u € H%(X). By definition of the Sobolev space, it follows
that u € L?(X) and Psu € L*(X). Making once again use of the parametrix
Q, € U7X of Py, we deduce that there exists some R, € T4~ (X) such
that v = Q¢Pru + Ryu. Thus Psu = PsQePru + PsRu. Using Theorem 2.6
we get that PB,Q, € T4~ E=9(x) and PR, € T4~ °(X), so that by Remark
3.3 we deduce that |PBsul|rz < C(||PBrullrz + ||u)r2)- O

Lemma 4.5. Suppose given s € Ry, m < s and T € \Il:}’ém(.)(), Then T is a
bounded operator from H%(X) to HY ™(X).

Proof. Consider v € H%(X). Since m < s we also have T € \Il;i’;()c'), thus
Tu € L*(X) and ||Tul|p2(x) < Cllulls,a. Moreover, due to our Theorem 2.6,
PBs—mT € lIl;i’;(X), so that we have Ps_p,Tu € L2(X) and ||Ps—mTul 22y <
Cllulls,a- We conclude that Tu € H5 ™(X) and ||Tul[s—m,a < Cllulls,a- O

Lemma 4.6. If the vector potential A has components of class C’gﬁl(E), then

R € (X)) defines a linear continuous operator from S*(X) into C*°(X).

—_

Proof. Due to our hypothesis on R, it exists a symbol r € S7°°(E) such that
for any ¢ € S(X) we have (Rp)(x) = [, dy K, (z,y)¢(y), with

K. (z,y) := o~ ([z.y]) / g ei<T—Y,E> ), T+y ¢).
) . 5 ’
In a similar way, the adjoint R* of R is an integral operator with kernel
K (z,y) = e—irA([z,y])/ g ei<TUE>T (x—i—y 5)
r\d, : 5 7 .
x

By our hypothesis on A, K, € C>®(X x X), and Vo, 8 € N™ there exist natural
numbers N, and Ng such that

‘(8?851@) (x,y)‘ <Capp <z SNocy>Noc g —y>"P VpeN.
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In particular, V3 € N", agf(r(-,y) € S§(X) uniformly, for y in any compact
subset. Let  be a relatively compact open subset of X and ¢ € C§°(X),
suppyp C Q. For any u € §*(X)

(wa)=hh3wﬂ=1/dyw&%KanﬂI5=iédyﬂww@L

x
where f(y) == (u(-), K.(-,y)) is obviously in C*(Q). Thus Ru € C°°(X), and
the continuity follows from the closed graph theorem. O

Lemma 4.7. For any s € Ry we have the continuous, dense embeddings

S(X) — H%(X) — S*(X).

Proof. The existence and continuity of the two embeddings is evident. Let us
prove the density of S(X) in H%(X). Take u € H¥(X). Let us choose a
sequence {vj};jen C S(X) that converges to Psu in L?(X). We consider once
again the parametrix 9, of P, fix a cut-off function y € C§°(X) with x(z) =1
for |z| <1 and set x;(z) := x(z/5). We define u; := Qsv; — x;Rsu. Evidently
u; € S(X) and Q,v; converges to QP,u in HY (X). But Q:Psu = u + R,u,
so that the density conclusion will follow if we prove that x;9Rsu converges
to Ryu in H(X). Let us put 1,(§) = X7, & for t € N, 2t > s and
T := Op? (1) = > i1 (Dj — Aj)*". Then T is a differential operator of order
2t and an elliptic operator in ¥ (X). A simple computation shows that
Tx;jRsu — x;TRsu is a finite sum of terms of the form (Dy — Ag)"*R,u, each
one multiplied by a bounded function of = (containing derivatives of x) and a
strictly negative power of j. Thus T'x;9Rsu converges to T9R,u in L?(X). Using
Proposition 4.3(3), we deduce the convergence of x;Ru to Reu in HY (X), and
thus also in H? (X). O

Definition 4.8. For s € Ry, we denote by H ,*(X) the anti-dual of H%(X)

endowed with the natural norm (that induces a scalar product):

||u||,S’A = Sup |(U7SD)|.
pEH? \{0} llls,a

Proposition 4.9. If s; < so are two real numbers, then we have a continuous
embedding H} (X) — H (X).

Proof. Just use Lemma 4.4 and a duality argument. O
Proposition 4.10. Let us fir s € Ry \ {0}.

1. If u € 8*(X) is of the form u = PBsv +w, with v and w from L*(X), then
—s 1/2
u e H, (X) and |Jul| —sa < ([[0fl7 + [wll7-) "

2. Reciprocally, if uw € H*(X), then there exists v and w in L*(X) such
1/2
that u=Bsv+w and ([o]2: + w]22)"" < Jull—s.a.
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In conclusion we have
H (X)) ={ueS*(X) | Jv,we L*(X) such thatu = P,v+w},

and for uw € H,*(X) and v, w as above, |lul|—s.a = (v[|32 + ||w||2LQ)1/2.

Proof. 1. For u =Psv +w € S*(X), let us define the linear map
Ly:8(X) = C, Lulp) = (u,9) = (Bsv +w,0) = (0, Bsp) + (0, ).

1/2
We have |Ly(0)| < [IBsellllv]l + lelllwl < (Iv]* + [[w]®) " llells,a- It follows
that L, is continuous for the H? (X)-norm on S(X), which is dense in H? (X)
(see Lemma 4.7). Thus L, € H,*(X) and we have

Ly
ILull_oa = sup [ Lu ()]

1/2
peS\{0} ||%0||S,A

< (vl + flwl?)

We have got a map
i: M= {ueS8*(X)|Iv,we L*(X) such that u = Pyv + w} — H*(X),

defined by the formula i(u) := L,,. It is well defined, since it does not depend
on the representation v = PBsv + w. Moreover, we proved that it satisfies
[i(w)]|—s,a < (ll0]* + ||w||2)1/2 . The map i is injective, because i(u) = 0foru €
M= L,=0= (u,9) =0,Yp e S(X) = u=0.

2. Let us prove that i is also surjective. Take L € H *(X); since S(X)
is continuously embedded in H?%(X) (see Lemma 4.7), we have L € S§*(X).
We must find an element v € M such that i(u) = L, = L. We begin by
defining the map ® : H%(X) — L*(X) x L2(X), ®(¥) = {Ps,}. Let
J := Range ®. It will be a closed subspace of L?(X) x L?(X), B being closed.
If we consider on L?(X) x L?(X) the norm ||{f, g}|| := (| f|lz2 + Hng)l/Q, it is
evident that ® : H%(X) — J is an isometric isomorphism. Let us denote by P
the orthogonal projection L2(X)x L?(X) — J,set L : J — C, L({p,q}) := L(q)
and L' := LoP. Notice that L' := Lo® 'oP : L2(X)x L?(X) — C is antilinear
and continuous and L'| , = Lo®~! = L. Using the Riesz Theorem, we can find
a unique pair {v,w} € L?(X) x L?(X) such that L'(p,q) = (v,p) + (w,q) for
any pair {p,q} € L?(X) x L*(X). With this choice, we get for any ¢ € S(X)
the equality L(y) = L (27 ({Bsp, 1)) = L'({Bsw, 0}) = (v, Psg) + (w, 0) =
(u, ) for u = Psv + w. We also have

L' ({p,
([ollzz + lwlz2) "% = L' llz2x 2y = sup RSN <
maye@2xr2n{oy [{p ¢}l 2 x 2
L L
S Sup M = Sup & —
{p,qa}eT\{0} ||{p7 Q}HL2><L2 g€ H*\{0} ||<I)(q)||Lz><Lz
L(q
sup KDL _ypy

gem:\ {0} |alls,a
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Lemma 4.11. For any s € Ry we have the continuous embeddings S(X) —
H *(X) — S§*(X), the space S(X) being dense in H ,*(X).

Proof. The continuous embeddings follow from Lemma 4.7 and the definition
of H,*(X) as anti-dual of H% (X). Let us fix now v € H*(X). There exists
a pair {v,w} € L?(X) x L?(X) such that u = PBsv + w. Moreover, we may
approach v and w in L%norm by sequences {v;};en and {w;};en from S(X).
If we put u; := P,v; + w; and use Proposition 4.10, we deduce that

1/2
luj = ull—s,a < (llvj = vll72 + w; —wll72) "™ — 0.
j—oo

O

Proposition 4.12. For s and m real numbers, any T € \I';i’&m(él’) s bounded
as operator from H%(X) to H5 ™(X).

Proof. The case s > 0 and m < s is the content of Lemma 4.5. By duality
we obtain also the case s < 0 and m > s. If s > 0 and m > s, let us choose
u € H%(X) and write once again u = QPsu + Ru, with Qg € U475 and
R, € T Thus Tu = (TQs)Psu + TReu. We have Pou € L2(X), TQ, €

Wﬁgm_s and m — s > 0, so that we conclude that (TQ,)Bsu € H ™(X). We

also remark that TR, € 4~ so that TRu € L*(X) C H ™(X). The case
s <0 and m < s follows from Proposition 4.10. O

Definition 4.13. We define H ,*°(X) := UgerH%(X) endowed with the in-
ductive limit topology and HY (X) := Nser H % (X) endowed with the projective
limit topology.

Proposition 4.14. Let T € \Il;"’(;m(/'\,’); then

1. T induces linear continuous maps H ;> (X) — H > (X) and HY (X) —
HY(X).

2. If m = —o0, T induces a linear continuous map H ,°°(X) — HY (X).

3. If T is an elliptic operator and we have v € H,°°(X) and Tu € H%(X),
then u € H5™(X).

Proof. 1. If u € H;*(X), there exists some real number s such that u €
H* (X). Thus Tu € H, ™(X) C H,>(X). It u e HY(X), then for any real
number s we have u € H%(X) and thus Tu € H ™(X) for any s € R, ie.
Tu € HY(X). The continuity may be proved either directly or by using the
closed graph theorem.

2. If T € ¥4 (X) and u € H;*®(X), then u € H% (X) for some real s and
T € $4™(X) for any real m. We deduce that Tu € H% ™(X) for any m € R,
ie. Tuec HY(X).

3. If T is elliptic, there exists S € lIl;:’{m(X) and R € (X)) such that
ST —1=R. Ifue H,”(X) and Tu € H(X), it follows that u = S(Tw) —
Ru € H5™(X). O
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Remark 4.15. The property (3) of Proposition 4.14 may be completed as fol-
lows: If T is an elliptic operator and uw € S*(X), then we have sing supp Tu =
sing supp u; in particular, if Tu € C*(X) then u € C*(X).

The above statement follows from Lemma 4.6 and from the fact that any opera-
tor T € \Il;i;sm()\,’) is pseudo-local (i.e. sing supp T'u C sing supp u). In fact, the
integral kernel of T' is the product of the C* function exp{—il'*([z,y])} and
the distribution defined by the oscillatory integral [, d¢e'<"~¥:£>¢ (%,5) ,
that is a C*° function outside the diagonal of X x X'.

Lemma 4.16. For any m € N we have the equality
H7R(X)={ueL*X) | (D—A)" € L*(X), Va € N" with|a| <m}, (4.1)

where (D—A)* = (D1 —A1)* -+ (D,,— A,)%". Moreover, we have the following
1/2
equivalent norm on H'{ (X): ||ullm,.a ~ (Z|a|§m (D - A)"‘u||iQ)

Proof. Let us denote by M the linear space defined in (4.1) endowed with the
norm || - || a4 defined by the formula above. Remark that D; — A; = Op(¢;) €
AL, so that (D — A)* € ¥A™(X) for |a] < m. In conclusion, for
u € H'}(X) we have (D — A)*u € L?(X), and [|[(D — A)*ul|2 < Cllullm,a-
Reciprocally, let u € M. We consider the operator E = Op®(v,,) € ¥4 (X)
(with the notation introduced in the proof of Lemma 4.7), that is elliptic. Thus
we can find F € ¥4 72™(X) and R € ¥4 ~°°(X) such that FE—1 = R. Due to
our choice of u and the definition of M, we have (D; — A;)™u € L*(X) for any
je{l,...,n} and thus Bu € H,;"(X). We get u = F(Eu) — Ru € H"/(X),
and we finish the proof by the closed graph theorem, due to the fact that M is
a Hilbert space. O

Remark 4.17. Let us point out here that for any real function ¢ € CSEI(X),
the multiplication with €' defines a unitary operator intertwining the Sobolev

spaces HYy ¢ 4(X) and H(X).

5 Self-adjointness and semiboundedness

Theorem 5.1. Suppose given a magnetic field B with components of class
BC>®(X). Let p € S'5(E) be real with m > 0,0 < p < < 1;ifm >0
we also assume that p is elliptic. Let us set P := DpA(p) in a Schrédinger
representation defined by a vector potential A associated to B (i.e. B = dA),
having components of class Oggl()(). Then P defines a self-adjoint operator P

on the domain D(P) := H'}(X) and S(X) is a core for P.

Proof. The operator P is symmetric on S(X'), which is dense in H'J(X). The
case m = 0 is clear, because P is a bounded operator. For m > 0 we can define
P on D(P) := H'}(X) using Proposition 4.12 and obtain a symmetric operator.
If v € D(P*), there exists f € L?(X) such that (Pu,v)z> = (u, f)z> for any
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u € S(X). Thus Pv = f (as distributions) and v € H'}(X) = D(P), proving
self-adjointness. The last statement follows from the fact that the topology of
H'}(X) may be defined by the graph norm of P (see Lemma 4.3(3)) and from
the density of S(X) in H} (X) (Lemma 4.7). O

We intend to prove a magnetic version of the Garding inequality. One needs
first

Lemma 5.2. Let 0 < § < p <1 and suppose that f is a real valued symbol of
class 52,5(5) such that there exists a real valued symbol fo € 5275(5) satisfying
)i(réf_fo(X) >0and f— fo € S;((;p*é) (2). Then there exists a real valued symbol

g €89 5(2) such that f — goPg € S7°(%).

Proof. Let us define gg := +/fo and observe that, due to our hypothesis, it is
a real valued symbol of class 527 5(2). Then our hypothesis and Theorem 2.6
imply that f —goofgo € Sp_((;p_é)(E). We shall prove by induction that for any

J € N there exists a real valued symbol g; € S;’g(p*é) (2) such that

J i
Tjy1 1= f — (Zgl> oB (Zgl) e S;((stLl)(P*(S)(E)_
=0

=0

<.

The case j = 0 has just been proved above. Suppose that we have chosen
g1, ..gj—1 satisfying the stated relations, so that r; := f — (3° ) o? () €
S;(Js(pfé)(E). Then g; should be a real valued symbol of class S;g(pﬂ;) (2)
satisfying the relation

Jj—1 j—1 J Jj—1
el (€2 () o () (E)
=0 =0 =0 =0

—(+1)(p—0) /=
ri—g;o g0 —goo g +s € Spg 0=(z),
where s € S[:((Sjﬂ)(p_é)(E). Using once again Theorem 2.6, it is enough to
choose g; :=r;/(2go). Finally, we know that we can find a real valued symbol

g€ Sg’(;(E) such that g ~ >, g;. O

Theorem 5.3. Let B be a magnetic field with components of class BC™(X).

LetmeR, 0<d<p<1,pe S;'}(;(:). Suppose that there exist two constants

R and C such that Rep(z,&) > C[¢|™ for || > R. Let us set P := Op”(p)
in any Schrédinger representation defined by a vector potential A associated to
B, whose components are of class ngl(X). Then Vs € R there exist two finite
positive constants Cy and C such that

Re(Pu,u)rz > Collull}, o4 = Cillullf 4, Vu € HY(X).
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Proof. We assume first that m = 0. We can choose a positive constant d and
a cut-off function x € C§°(X*) such that x(§) > 0 and x(§) = 1 on a given
neighbourhood (large enough) of the origin 0 € X*, so that for p := p+dx €
5276(3) we have Re(p(z,£)) > ¢ > 0. Hence it is evident that we can take from
the begining Rep(z, &) > ¢ > 0. Using Lemma 5.2, we deduce the existence of

—_

g€ 5275(5)]1@ and real 7o € S7°°(Z) such that Rep — £ — gof g = ro. We get

Re (Pu,u) 2> = §||u||2L2 + HDpA(g)“H; + (Dp“(ro)u,u)L2 , Yu e HY (X),

and thus the inequality for m = 0.
For the case m # 0, notice that the operator Q :=‘B_,, o PB_,, /2 satisfies
the conditions of the case m = 0. Thus Vs’ € R

Re(Qu,v)12 > Collvli. — CillvllZ 4, Vv € HY(X).
For u € HY'(X) we denote v = Q_,, ou € HY (X) where Q_,, /5 € wAm2 ()
and P_,,0Q 2 =1+ R, Q1 2P /2 = 14+ R”, with R’ and R” belonging
to ¥ 7°°(X). We conclude that

Re (P(L+ R')u, (1 + R)u) 2 > Ch | Q ot e — Cf | Qmjou

2
s/ A"

To obtain the stated inequality, we remark that for functions f and g in HY (X)
and ¢t € R we have |(f,9)r2| < C|/fll¢,allg]|—t.4, and that Vs € R

lllmjza < |1Bmp2Qemotll oz + IR Ullmj2.a <
< C(ammoullye + lulen).
O

Corollary 5.4. Under the hypothesis of Theorem 5.1, if p > 0 for || > R, the
self-adjoint operator P is lower semibounded.

Proof. The single non-trivial case is m > 0. Taking s = 0 in Theorem 5.3 one
gets (Pu,u)zz > Collul2,p 4 — Cillul2e > ~Callull3e, Vu € HY(X). O

6 Vector potentials with bounded derivatives of
strictly positive order

In this Section we are going to assume (even when it is not stated explicitly)
that the magnetic field B can be deduced from a vector potential A satisfying

| (0%A)) (2)] < Cq, Vj=1,...,n, YaeN", |a|>1,

that implies evidently that all the components of B are of class BC°.
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6.1 General facts

We illustrate our assumption on B by two examples.

Exemple 1 Assume that the components {Bjx},_,_, ., of the magnetic field
are C° real valued functions, periodic with respect to a lattice I' C X. It
has been proved (see [HH] and [If]) that there exists a constant magnetic field
B® ={Bj,},, .., and a potential vector A of class C* and T-periodic, such
that B — B° = dA. If A° is a linear vector potential defining the magnetic field
B°, then A := A°+ A has all the derivatives (of strictly positive order) bounded
and B = dA.

Exemple 2 Let us assume Bj, € C° N L, and [(0°Bji)(z)] < co <z >71
for all multiindices o with |a| > 1. We define the associated transversal gauge
vector potential

n 1
Aj(x) = — Z T ds s Bji(sz). (6.1)
k=1 0
Then for any a with |a| > 1 we get
n 1
(04;) () = —Z xk/ dss't1el (9°Bjy) (sx) + {bounded termes}.
k=1 0

Outside the ball of radius 1 we have (making the change of variable s|z| := t)
1
(0°45) @) < Clal [ dss™ (L sfa) ! 4 G < Ca
0

Definition 6.1. For 0 < § < p < 1 we consider the following metric on =:
g = g, = <E—Alw) > |da + <& Alx) > |deP?,
and its symplectic inverse (with respect to the canonical symplectic form [.,.])

ge7 = gl =< &= Ax) S |da? + < € - Alx) > |l

Let p(X) =< & — A(x) > > 1, vA(X) =€ — A(z) € &,
Lemma 6.2. The metric defined in Definition 6.1 has the following properties:
a) It is a Hérmander metric, i.e.:

e (slow variation) there exists C > 0 such that g2(X —Y) < C™!
T A AV
implies (g% /g)= < C

o (temperedness condition) there exist C > 0 and N € N such that
(92 /g <C(1+ g2 (X - Y))N for any X,Y in Z,

e (uncertainty condition) gﬁ < gf{"".
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b) It is a conformal metrzc z e gA" = M (X)? g2, where we have defined
)\A( )2 ;= inf {g T) | gX = 1}

¢) It is geodesically tempered, i.e. it verifies the temperedness condition with
respect to the geodesic distance associated to gﬁ"’

Proof. A direct computation gives g4+7 = A (X)?g4, with A (X) = pA(X)P~2.
We have got the last condition in (a) and condition (b) The first two conditions
in (a) follow from [Hol] once we notice that u” is a 'basic weight function’ (see
[NU1]), so that the pair {u?(X)?, u(X)~%} is a "pair of weight functions’ in
the sense of Beals (cf. [Be]).

In order to verify condition (c), let us denote by d4°(Y, Z) the geodesic
distance from Y = (y,1) € Z to Z = (2,() € = associated to the metric g7

= JA° — : Ao 1/2
L =d*(Y,2) : X(IBf:Z {/0 dt gx(t)(X(t)) } (6.2)

X(0)=Y
X (t) of class C?

Thus there exists € € (0,1] and a path X (¢) such that

1
J (A X0 + X @)E0E] T = e

Changing the parameter ¢ € [0,1] with the arc-length s € [0, L + €] along the
path X(t), we may suppose that g7 (X(s)) =1 for all t € [0,L + ¢, and we
also have X (0) =Y and X(L +¢) = Z. Now let us set v4(s) := £(s) — A(z(s))
and m?(s) :==< v*(s) >. We have m*(s) = m*(s)~! < v4(s),v"(s) > and

L+e€
(=8 (2 = A ] = | [ s )i (o) <

<o [ asuroxen fiéor +ier] <

fte A —20 ¢ 2 A 201 2 1/2
<c / ds [ (X(9) P+ pA (X ()@ lis)P] T = C(L+e).

+1
Taking into account that u4(X) > 1, we obtain (Z::EQ) < Ci(1+ L)V
for some suitable constants C; > 0 and N € N. Considering successively the
situations u?(Y) < p(Z) and p?(Z) < p(Y) and the above estimation, we
+1

A

finally obtain (Zi) < Co(1+d*°(Y,Z))Ne for some suitable constants
Y

Cy > 0and Ny € N. ]

Lemma 6.3. For any m € R the function M2 (X) :=< & — A(z) >™ is a
g™ -weight for the metric g* defined in Definition 6.1, i.e. it is
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e (9*-continuous) There exists C > 0 such that g2 (X —Y) < C~! implies
(M (X) /M7 (V)= < C,

e (g*-tempered) There exists C > 0 and N € N such that
MAC)MAY )T < € L glo(x =)

Proof. Suppose gﬁ(X —Y) < C7Y then by the slow variation of g we get

. £1
( ”’) < CVT = (t,7) € E. But g2(0,7)/g(0.7) = (u (X)/uA (V) 2,

92 (T)
so that we get the claimed inequality for the function M. For the second
condition, by using the temperedness of the metric g#, we just remark that:

() = ()™ = (569) T s

< O+ g7 (X —Y))Nmiz,

O

Definition 6.4. We consider the following spaces of symbols associated to the
metric g* of Definition 6.1 and a g*-weight M :
o S;ﬁé(M) = S(M, g?) the symbols ¢ € C>®(Z) such that ¥(a, 3) € N* x N",
|(0202)(2.)| < Cap M(XOUAX) P31,

. Sﬁg the symbols ¢ € C*>(Z) such that Ve, 3 € N, with |o| + || > 1, we
have ‘(858?(])(:575)‘ < Cup p(X)p=0=rlBl+slal

. Sﬁ;;m = S/% (u™) form € R (we call this m the order of the Weyl operator
associated to a symbol of this class).

If p=1 and 6 = 0 the indices p and § will be omitted from the above notations.
By a slight abuse, for any p € C*(Z) we set (p o v*)(X) := p(x, v4(X)).

Remark 6.5. For p € C°°(E) it is clear that p € S}s(Z) if and only ifpovd e

Sﬁgm, This allows us to define asymptotic sums of symbols from Sﬁ;;m. In fact,
with q; € S?(}mj and {m;} ., decreasing, with lim m; =

J—00

for a sequence {q;},

—00, there exists q € Sﬁ;;m", uniquely defined modulo 4~ := mFEWRS:;Sm, such

that ¢ — 3520 qj € Si™, Yk > 1. We shall write q ~ 3.3 q;.

Remark 6.6. The symbol p € S}'5(Z) is elliptic if and only if po vA s elliptic
for the metric g4 (i.e. 1+ |(pov?)(x,&)] > c[u?(x,6)]™).
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6.2 Comparison of two quantizations

We shall use the notation Op(p) = Op°(p) for the usual Weyl quantization.
As mentioned in the Introduction, Op 4(p) := Op(p o v*) is sometimes used as
the quantization of the symbol p. We show now explicitly that it lacks gauge
covariance, completing the discussion in [MP2].

For f € S™(2), A € Cpo)(X, X™) and ¢ € Cpg(X) real valued, set

F(f,A,0) = e#Dp(f o vA)e™ — Op(f 0 A+7%),

It is an operator with distribution kernel

k(AN =ep i (o= na (52 et (e -y),

where f is the Fourier transform of f in the second variable and

2oy = exp ile(o) - o} - exp {i (-1 (v0) (T52) ).

Thus gauge covariance is equivalent with the vanishing of the tempered distribu-
tion exp{i < y, A(zx) >}®(x+y/2,x—y/2)f(x,y). An easy argument proves that
¢ vanishes identically if and only if ¢ is a polynomial of degree < 2. This can eas-
ily be used to prove the lack of gauge covariance for a very large class of symbols
f. Let us consider the monomial f(z,£) = &%, o € N; one has F(f, A,¢) =0
if and only if [i(9, + iA())]? [®(z +y/2,2 — y/2)]|y=0 = 0 for any 3 < a.
Simple calculations show that this holds if || < 2 but is no longer true for
|B] > 3, (one checks easily that f(z,&) = §;&k& is indeed a counterexemple
because (9, +iA;(x))(9y, +iAk(x))(0y, +iAi(x)) [®(x +y/2,2 — y/2)] |y=0 =
(0;0101p)(x) # 0 for at least one triple (4, k,1) if ¢ is not a second order poly-
nomial). Let us also notice that the Fourier transform of f(z,§) =< & > is a
distribution f with singular support X x {0} and analytic on its complement.
In fact f is rotation invariant and some straightford computation proves that it
verifies an ordinary differential equation (in the radial variable) with coefficients
analytic outside {0}. Thus it is nonzero on a dense set in X X X and in order to
have gauge covariance, the function ® should be identically zero, but this is not
the case if ¢ is not a second order polynomial. We conclude that Op 4 (< & >)
dos not provide a gauge covariant quantization.

In spite of all these, it is useful to express DpA(p) as Op4(q) for some
symbol ¢, but keeping in mind that this operator is the magnetic quantization
of p and not of q. We are going to explore this in the sequel. We define
I4([z,y]) =< x — y,[4(x,y) > so that ['4(z,y) = fol ds A((1 — s)z + sy).

Proposition 6.7. For any p € SZL(;(E) there exists a unique q € S;’?(;(E) such
that DpA(p) = Op(qov?). Besides, we have q o v ~ Z;io qf, where

G(X) = 3 T {(-D)" 0 [ple &~ T+ /2.0 - 2]}
lol=5 y=0
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In particular ¢§* = pov?, ¢f* =0, q] ESAm (@+1e Vi>1),q— pESm 3[’(5).

Proof. Let us write down the distribution kernel of the operator Op”(p) (using
oscillatory integrals with values in $*(X x X)):

r+y

Ez,y) = [ dn ei<zy’”>p( 5

X+

;0 =Tz, y))
Thus the usual Weyl symbol of the operator DpA(p) is

(X)) = /X dy e "<V K4 (x + (y/2),2 — (y/2)) =

=/] dydiy <07 p (2,6 + 1~ T4z + (5/2), 7 — (v/2))) -
X X X*

We use the Taylor expansion p(z,¢+n) = > (a!)"'n*(35p)(¢) +rn(z,¢,n),
|laj<N

rn(z,¢n) = |ZN(JV771)!/O dt (1= t)N=1 (99 p) (2, ¢ + tn).

Inserting this development in the definition of 4, we get
N-1
~A
§=0

with qj‘ given exactly by the formula in the statement of Proposition 6.7. For

ff\‘,, we get the explicit formula

FN(X) = d N1 dydn e'<v1>
n(X) _1'|ZN/ t( //XXX*yn x
X{ 0(85 [ ($,§+t77—FA($+y/2,{B—y/2)]}

Am—(j+1)p
€S,5

It is clear now that ¢§' = po v and q; , Vj > 1. Moreover

e ory  org
100 = 5 3 @ anie - ) (5E - GE ) o)

Py dy;
oy org ! _
<6yj - 8@) (z,z) = /0 ds(2s — 1) (0;Ax)(z) = 0,

and we get ¢{'(X) = 0. We shall estimate now the derivatives of fﬁ, by some
integration by parts, using the identities

<y >72N (1 . AW)N ei<y,n> — ei<y,n>7
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<n >—2N (1 _ Ay)N ei<y,n> — ei<y,n>.

For X € = fixed and any € > 0, we decompose the integral over 1 € X'* into two
parts corresponding to the two regions

Do={neX*|<n><e<&-TAz+y/2,2—y/2) >}, D.:=&"\D.
But < A(z) —T4(z +y/2,2 —y/2) > < C’f_liz ds < A(x) — A(x — sy) > is
bounded by C < y > and thus < £ ~T'4(x+y/2,7—y/2) >™ is bounded by C' <
£ — A(z) >™< y >™, Ym € R. Then, for a, 3 in N*, we have |(920;74)(X)| <
Cop(Ry(X) + R (X)), where R}y (X) is by definition

1
/ dt/ dy/ dp <y>"Man>Nceptn—T(x+y/2,z—y/2) >,
0 X D,

RY;(X) is the same integral but on the domain D, instead of D, and k =
m— (p—38)N —p|B| + d|la| + 20N2 = ko + 26N3. D, being a bounded domain
in X*, we shall take N, = 0 and obtain

Ry(X) < C <& A) >hotn / dy <y >"2Nitlkol+n
X

that is finite if we choose 2N7 > |ko| + 2n + 1. Then for R} (X) we get the

bound
C/ dy <y >N / dn <n > kol =2(1=0)N>
v _

€

< C <§—A(Z‘) >|ko|+n—2(1—5)N2 / dy <y>—2N1+Hko\+n—2(1—5)N2\.
X

We have to choose 2N; > max{|ko| + 2n + 1, ||ko| + n — 2(1 — §)Na| + n + 1}
and also |ko| +n — 2(1 — )Ny < ko + n in order to obtain the conclusion 74 €

S;:‘;sm_(p_é)NJr". We apply the argument at the end of the proof of Theorem 2.6,

to get that ¢4 € Sﬁ;;m. We end the proof by taking ¢(X) := §4(z, ¢+ A(x)). O

Remark 6.8. If p € S%(2) is a polynomial of degree less then or equal to 2
in the variable £ € X* (with coefficients depending on the variable x € X ), we
have q = p in the above Proposition and thus we get DpA(p) = Op(porvt).

Proposition 6.9. (Converse of Proposition 6.7) For any q € S)'5(E), there

exists a unique p € S)'s(E) such that Op(p) = Op(gov?).

Proof. For any tempered distribution p € §*(Z) we can define the operator
Op?(p) € B(S(X),S*(X)), as an integral operator with distribution kernel

KA(z,y) = / iy i <E=Ym> gi<e—y T @y)> ) <x ;r ym) 7
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so that

/ dn &<V p (2,1) = e I<UT U203 Ay 19 5y /2),
and finally
(@) = / dy e~ 1<UE> —i<UT@+u/2a=v/0> K (5 4 /2. 2 — y/2).
x
One can also write the distribution kernel of the Weyl operator Op(g o v)

i<a— T+y T+y
K(azy):/*d‘ne< y’”>q( 5 ,nA< 5 ))

We may have the equality Op”(p) = Op(g o v*) if and only if

p(X) ://X N dydn €i<y,n7§>€7i<y,FA(w+y/2,x7y/2)>q(m,n_A(x)) _
<X

B // dydn €<V q (z, & +n+ T4z +y/2,2 —y/2) — A(z)).
X XX*

Proceeding then as in the proof of Proposition 6.7 we show that p € ,T&(:)' O

Remark 6.10. The Propositions 6.7 and 6.9 imply that, under the hypothesis
of Section 6, the properties of the magnetic pseudodifferential operators may be
obtained through the usual Weyl functional calculus associated to the metric g
( [Bo3], [Hol], [Ho2]). An exemple is the following Fefferman-Phong theorem.:

Corollary 6.11. Let us choose p € Sz,(g)*é) (2) with p > 0. Then there exists a
constant C' > 0 such that (DpA(p)u,u) Lo > —C|lulj?,, Yu € S(X).

Proof. Choosing p as in the statement of the Corollary and using Proposition
6.7, we conclude that there exist ¢ € Sii;p*é)(E) and r € S;g_%(E) such that
q=p+rand DpA(p) = 9Op(qov). The condition p > 0 implies that DpA(p)
is symetric and thus ¢ and r will be real. Thus we can write DpA(p) =Op(po
v + Op(rovd) and porv? € Sff(pfg). As a consequence of the Fefferman-
Phong inequality ([Ho2], T.18.6.8), there exists a constant Co > 0 such that
(Op(povtu,u),, > —Co ||ull?2, Yu € S(X). Using Proposition 6.9 we deduce
the existence of a symbol ry € S;g_%(E) such that Op(r o v4) = Op?(ro),
that is a bounded operator in L?(X) due to the fact that p + 25 > 0 and
to Remark 3.3. We conclude that there exists a constant C7; > 0 such that

(Op(rovtu,u),, > —Ci|ul?., Vu € S(X). O
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6.3 Resolvents and fractional powers of elliptic magnetic
pseudodifferential operators

Due to the fact that the Hormander metric g4 is conformal and geodesically
temperate we can use a Theorem of Bony ([Bol]) characterizing pseudodiffer-
ential operators by commutators and prove that the resolvent and the powers
of an elliptic magnetic self-adjoint pseudodifferential operator are also of this

type.

Theorem 6.12. (Bony) Let q € S*(2) and Q := Op(q). Then q € S;tg’” if and
only if Q € B(H'Y,L*(X)) and for any finite family {b;},_,_, C S:3+ we have
ad(Op(b1)) - - - ad(Op(br))Q € B(HY, L*(X)).

Corollary 6.13. Under the hypothesis of Theorem 5.1 let P := DpA(p). We
also denote by P the induced self-adjoint operator in L?(X) (with domain H'} ).
Then for any z € C\ o(P) we have (P — z)~* = Op?(p.) with p. € S,5(2).

Proof. Obviously (P — z)~! € B(H,™,L?(X)). Using Proposition 6.7, there
exists ¢ € S such that Op?(p) = Op(g). For a finite family {b;} C

)5 1<5<k
S;i:;, the arguments in [Bol] imply that ad(Op(b1)) - - - ad(Op(br))Op(q) is a
Weyl operator having a symbol of class S:;Sm. A simple computation shows
that the operator ad(Op(b1)) - - ad(Op(by))(P — z)~! is a finite sum of terms of
the form 4(P — 2) 71K, (P —2)" -+ (P — 2) 71K, (P — 2)~1, where [ < k and
each factor K, is of the form

Ko = TLad(©p(b;))P = T ad(Op(b;))Op(q),
J€Ja JjE€Jq

with J, finite subset of {1,...,k}. We conclude that K, € B(L*(X), H;™),
and thus

ad(Op(b1)) - ad(Op(br)) (P — 2) 7" € B(H ™, L*(X)).

A,—m

Using Theorem 6.12, we conclude the existence of a symbol ¢, € S 0 such
that (P — 2)~! = Op(G.). By Proposition 6.9, we deduce the existence of a
symbol j. € S, 7(Z) such that Op*(p.) = Op(G.) = (P — 2)~1. O

Remark 6.14. From Theorem 6.12 it follows directly that an operator DpA(p)
(with p € S*(E)) is a “smoothing” one, i.e. transforms H ;> into HY , if and
only if it belongs to ‘IlA’foo(E).

We use now Corollary 6.13 and some ideas from the proof of Proposition
29.1.9 in [Ho3] in order to study the fractional powers of an operator as in
Corollary 6.13. We first remark from Corollary 5.4 that (for the case n > 2
and replacing if necessary p by —p) DpA(p) is lower semibounded. Thus in
this case (adding if necessary a sufficiently large constant) we may suppose
that p > 1 and DpA(p) > 1. We can work with the usual Weyl quantization,
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because (having assumed that the magnetic field B admits a vector potential
with bounded derivatives of any strictly positive order) the two quantization are
in a one-to-one correspondence that associates to elliptic magnetic operators,
operators that are elliptic with respect to the metric g4.

Given p € S;’?(;(E), resp. p € S;?(sm, we call a principal symbol of DpA(p),

resp. Op(p), any element pg € S 's(E), resp. po € S;‘,(’Sm, satisfying p — pg €

Sm*(P*l;)(E) ~(p— 3

0.5 resp. p—po € S

Theorem 6.15. Let m > 0, p € Sﬁém a real elliptic symbol, such that p > 1
and P := Op(p) > 1. Then for any s € R we have P* = Op(qs) for some

qs € SA S Moreover P admits p® as principal symbol.

Proof. For s € N the Theorem results directly from the Weyl calculus. Corollary
6.13 implies the case s = —1 and thus we conclude that the Theorem is true for
any s € Z.

Taking into account the composition of symbols, we only have to prove the
case —1 < s < 0. We consider the Cauchy formula for the function f(z) := z° on
the domain {z € C | R(2) >0, 0<e < |z]| < R}. Letting ¢ — 0 and R — o0
we get for any u € L?(X)

Py = —(277@')_1/ dz 2° (P —2)" " u.
Then we notice that p—2z € Sp%(,um +1z]) and (p—2)~*t € Sf’lg((um +1z))7h),
uniformly for z € iR. Denoting by o the usual Weyl composition of symbols,
we get (p—z)o(p—2)"t =1—r, for somer, € SA s(uh). Let us denote by ¢°7
the j-th power of ¢ with respect to the product o and let e, ~ Z —oTs?. Then
e, € Sp75, e.—1¢€ SA s and g, := (1 —7.)oe, — 1 € S84~ Moreover
h,:=(p—2)"toe, € S s((w™+1z))71) and (p—z) oh, = 1+ g,. We conclude
that (P —2)~" = Op(h ) (P—2)"'Op(g:) = Op [(p— 2) 7| + Op(az) — (P~
2)71Op(g.), where o, := (p—2)"t o f. € S,5 (k (W™ +]2)71). It follows
that
P* =9p(bo) + Op(b1) + R,

where )
by := —(27ri)*1/ dz2°(p—2)"' =p* € SAsm

—100

by = 7(2m’)*1/ dz 2’ o,

100
R:= (2mi) ™! / dz z* (P —2)"" Op(g.).
Taking z = it with ¢ € R and recalling that «, € Sﬁ(g(u*l(umHzD*l) uniformly
in t € R, we deduce that for any 3, v in N” the derivatives (858;%1) (z,€) are
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bounded by

oo
Cm/ di [¢5 (™ 4 [t)) 7 pm P B < o ysmetmelIFol8]
—0o0

so that b; € S’A =1 Recalling Theorem 6.12 and Remark 6.14, we finish the
proof by showmg that the operator R is “smoothing”.
First we notice that for any k € Z, the norms [lu[| grm and || PEu|| > are

equivalent on H km. Thus there exists a constant C' > 0 such that for any
t € R, taking z = it and u € H™ we have

(P = 2) " ull g < C[PHP = 2) | <

< O+ 1)V Prul . < Cr (8 + 1) | pige

Thus Vk € Z and Vt € R, ||(P )71||B(H’mr) < Oy (12 +1)"Y2, As it is easy
A

to see that the operator Op(g,) is “smoothing” uniformly in z = it with ¢ € R,
we conclude that for any & and [ in Z and any u € S(X) we have

| Rullggs < C(k,1) [ull s, / QL L+ 1) < Ok, e,

O

Remark 6.16. Using Theorem 6.15 and Proposition 6.7 we see that the opera-
tors Op(< € >), Ops(< € >) = Op(p?) and /(D — A)2 + 1, are elliptic Weyl
pseudodifferential operators of first order associated to the metric g* and having
the same principal symbol u*. Thus, all three define self-adjoint, lower semi-
bounded operators in L*(X), having the same domain HY\(X) and differing only
by bounded L* operators. Each one may be a candidate for a magnetic relativis-
tic Schrodinger Hamiltonian. Nevertheless, the last one cannot be obtained by a
complete ’quantization’ procedure applying to a larger class of classical observ-
ables, while the second one (although used in [Ic1], [Ic2], [IT1], [IT2], [ITs1],
[Ts2], [NU1], [NU2], etc.) is not covariant for the gauge transformations.
Thus, we consider that the only adequate one should be the first one.

7 The limiting absorption principle

This section is devoted to the spectral analysis of operators of the form Dp(p),
Op4(p) = Op(p o v2) and Op?(p), for an elliptic symbol p € S™(Z), and a
limiting absorption principle for this type of operators is obtained. The main
tool we shall use is an abstract result belonging to the ”conjugate operator
method”, (proved in [ABG]). We shall also make use of some known properties
of the Weyl calculus ([Hol], [Ho2]) and of the magnetic pseudodifferential cal-
culus developed above. The following hypothesis will be assumed all over this
section:

41



Hypothesis 7.1. There exists € > 0 (that we can always suppose smaller then
n — 1), such that for any o € N™ there exists Co, > 0 for which |(0%Bj)(z)| <
Co <x>"17¢ for anyx € X and j,k € {1,...,n}.

Concerning the vector potential A defining B, we shall suppose that it has
been chosen to satisfy the conditions in Lemma 7.2 below.

Lemma 7.2. Suppose that Hypothesis 7.1 is satisfied. Then:

a) there exists a vector potential A such that B = dA and for any multiindex
a e N, [(0%4;)(x)] < Co <z >"C foranyxz € X and any j in {1,...,n},

b) if o] > 1, then the above vector potential A also satisfies |(0%A;)(x)| <
Co <z >"1"¢In(1+ <z >).

Proof. We choose the Coulomb gauge
A@) =Y [ dy (BBt — ),
k=1

where F is the standard elementary solution of the Laplace operator on X.

a) It is evident by this definition that A; € C*°(X) and dA = B. Moreover,
for any a € N, |[(0%4;)(z)] < C [, dyly/* (1 + |z —y|)~'~¢. For |z| <1 the
above integral is bounded. For |x| > 1 we make the change of variables y = |x|g
and get

—1—e¢

x
Y
]

)

(0% A;)(@)| < Cla|™* /X a1

this last integral being uniformly bounded with respect to |z| > 1.

b) Obviously it is enough to prove the estimation for the first-order deriva-
tives, and to consider only the terms where these derivatives are acting on the
elementary solution E. Using the results in §8 of Chapter II in [Mi] we have

81Aj(x) = Z/ dy (0,0, F)(x — y) Bkj(y) + n_lBlj(:c),
k=17~
where the integral has to be interpreted as a principal value. We can write:

1
Biy(2) — Buy(y) = / dt <z—y, (VBy) (z+t(y —2)) >,
0
so that
|Bij(x) — Bij(y)| < Cle —y| <z >l ec g — gy it

For |z — y| < 1 we obtain |By;(z) — By;j(y)] < C1 < >717¢ |z —y|. We use
then Theorem 1.7 from §7 of Chapter II in [Mi] to estimate the singular integral
and get

/ dy (BOLE)(z — y) Bij(y)| < C <z >"""“In(l4+ <z >).
X
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Before formulating the main result of this section (Theorem 7.3) let us
make some remarks. Any vector potential verifying the conditions in the above
Lemma 7.2 has the property 0*A4; € L*°(X) for any o € N and any 1 < j < n.
Thus we can apply the results of our previous Section 6. Moreover it is easy
to verify that in the present situation, all the magnetic Sobolev spaces H? (X)
(defined in Section 4) coincide with the usual Sobolev spaces H*(X) = H(X).

If p € S™(Z) is a real elliptic symbol and m > 0, the operator P := Op(p)
is self-adjoint in L?(X), having the domain H™(X). We shall denote its form
domain by G := D(|P|'/?) = H™/2(X). Let us still denote by G5, and Gip
(s € Rand 1 < p < o0) the spaces of the Besov scale associated to G and
G* = H™™/2(X) (see [ABG]). Let us finally remark that for any z € C1 we
have (P —z)~" € B(G*;G) C B(G; /51:G-1/2,00)-

We shall denote by g the metric g, = |dz|*+ < & >72 |d¢|? and by My, s
(for m and & in R) the weight function M, s(X) =< z >7%< & >™, for
X =(z,¢) €=

Theorem 7.3. Assume that the magnetic field B satisfies Hypothesis 7.1. Let
p € S™(E), with m > 0, satisfying the conditions:

i) p is real valued and elliptic;

—_
=

ii) there exists po € S™(E) a real elliptic symbol depending only on the vari-
able £ € X*, positive for |€| large, and there exists ps € S(Mm,14¢,9) and
pr € S(My—1,e,9) with O;pr, € S(Mim—1,14¢,9),1 < j < n, such that
P=potpstpL

Let H, Hy, respectively, the self-adjoint operators defined by Op(p) and Op(po)
in L?(X), both having domain H™(X). They have the following properties:

a) Uess(H) = Uess(HO) :W

b) The singular continuous spectrum of H (if it exists) is contained in the
set of critical values of po defined as A(po) := {po(&) | pp(§) = 0}.

¢) The eigenvalues of H outside A(pg) have finite multiplicity and can accu-
mulate only in A(po).

d) (Limiting Absorption Principle) The holomorphic function Cy > z —
(H-2)"te B(g;‘/2 1»9-1/2,00) has a weak™-continuous extension to

C \ [A(po) Uap(H)).
e) Properties a)-d) also hold if we replace Op(p) with either Op 4 (p) or Op™ (p).
For the proof of this Theorem we shall need some auxiliary results.
Lemma 7.4. Let Hypothesis 7.1 be verified. We consider the symbolp € S™(Z).

a) There exists ¢ € S(My,_1.c,9) such that Op™(p) = Op(p) + Op(q).
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b) If, moreover, the symbol p verifies for all « € N™ with |a| > 1, and for all
B eN"

(020p)(@,6)| < Cap <z >'In(l+ <a>)<e>m P (71)
then, for a and [ as above, we have 838?q € S(Mgs,g), with
m—1-18]

Mg(z,&) =<z > In(l+ <z >)< &>

Proof. a) For any u € S(X) we have

o'y = [ ayagesrep (L2 6o rA ) ) ul

We can write p (%,5 — FA(z,y)) =p (%,f) +r(x,y,§), with 7(z,y,§) =
— <FA(JU, ), fol dr (Oep) (%ry, — 74 (x, y))> . Thus DpA(p) = Op(p)+R, where

R is defined by the integral kernel K, € §*(X') given by the oscillatory integral
K (z,y) == [y. dne~*"v">r(z,y,n). We can write R = Op(qg), with

; t t
q(x,§) z/ dte " <HE K, <x+ . ) =
N 2’779

. t t
:// dtd‘nel<t’">r<x+,x—,n+£>.

We set 7(z,z,m) = r(z+ 3,2 — %,n). For any @ € N" we have [(0*A)(z +
$2)| < Cy < x4 sz >"¢ and thus [(0%A)(z + s2)| < C, < x >7< z >€ for any
z,zin X and any s € [-1/2,1/2]. Also

1/2 A
<n7/ dsA(x+sz)> <C, <n>*
—1/2

for any (z,2) €e X x X, n € X*,; A € R and 7 € [0,1]. From these inequalities
and the formulae above, we obtain for any multiindices «, 3,~ and for any
(x,2,m) € X x X x X*

(0202077) (2, 2,m)| < Capy <z > <z><p>m17hl

For any two natural numbers N7 and N we get

(5?5?(1)(%5) = //X . dz dipe'<*"1> < z >72N1
e

X(1=Ap)M < >72% (1= M) (920,7) (x, 2,1 + €),

so that we can deduce the estimation

(@202)(.6)| <
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<Cop<z>"° // dzdn < z>"Map>"2Necppesm1-I8l<
XXX+

<Clg<a>c<g>mol

by choosing N7 and N sufficiently large.
b) We can follow once again the proof of point (a), and remark that for
|a] > 1 and s € [—1/2,1/2] we have

0“A(z +52)| < CL <z > In(l+ <z >) <z > In(l+ < 2 >).

The supplementary condition (7.1) is needed when we estimate the derivatives
097 (in the differentiation of d,p with respect to the first argument). O

Lemma 7.5. Under Hypothesis 7.1, the operator Op(q) : H™(X) — L*(X)
defined in Lemma 7.4(a) is compact.

Proof. For any s € R the operator < D >°= Op(ps) € ¥(ps,g), and the
operators < D >° and < D >77 are one the inverse of the other. If we denote
Pi(x,€) =<z >t it follows that Op(q) < D >""€ ¥(p_.p_1,g), we also have

ol 1‘1€r|n {<x>"°<¢>71} =0 and the Theorem 18.6.6 in [Ho2] implies that
z|+|§|—00

Op(q) < D >~™ is compact in L?(X). Thus Op(q) = (Op(q) < D >"™) <
D >™ is compact as an operator from H™(X) to L?(X). O

—_
—

Proposition 7.6. Under Hypothesis 7.1, if p € S™(E) is real and elliptic with
m > 0, it follows that Op(q) (defined in Lemma 7.4(a)) is a relatively compact
perturbation of Op(p). In particular oes[Op™(p)] = 0ess|OP(p)]. Moreover, if
p(@,€) = p(&), then 0oss[Op™ (p)] = 0ess[Op(p)] = p(X*) and, if \51\1210010(5) = o0,

then 0ss[ O™ (p)] = Gess[OP(P)] = [, 00), with v := of p().

Proof. Due to Theorem 5.1 the operator Op”(p) is self-adjoint on the domain
H™(X), and the same is true for Op(p). Lemma 7.5 above implies that Op(q) is
a relatively compact perturbation of Op(p). Then, if p(z,£) = p(§) we see that
Op(p) is unitarily equivalent to the operator of multiplication with the function
pin L2(X*) and thus we have the second equality. For the last one just remark
that |p(&) > C|&|™ for |€] > R, so that p will have constant sign for || > R. O

Lemma 7.7. Let m € R and p € S™(Z) be given such that p(x,&) = p(§); let
also 0, be a function in C*(X) depending on the parameter r > 1 and such that
for any o € N™ with |a| > 1 satisfies [(020,)(z)| < Cour™1, Vo € R, ¥r > 1.
Then r(po 6, — 0, op) € ST HR™) uniformly in r > 1.

Proof. For any u € S(X)

(0p(p). Op(0 | u (2) = [[ g i) 0, () = 0, )] ) =
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- Z//X L, W @S (N (@ y,)u(y),
j=17 AT

1
where pj(f) = (D]p)(f) € Smil(E)’ )‘j(xayar) = de (amjgr) (Sx + (1 - S)y)a
0
and for any a € N, 8 € N, we have ragafj)\j € L®(X x X x [1,00)). Thus
we have the formula [Op(p), Op(6,)] = r~! f: Op(g;) with
j=1

gj(@,& 1) = // dydi €' <" p; (€ +m)p;(z, y,7)
X X X*
and pj(z,y,7) =r\j(r+y/2,2 —y/2,r). For Ny and N, integers large enough

(02000;) (@.6,7)| <

x Vg ) ’ S =
< Cop < &>m11A // dydy <y >N« g >—2Netm=1-18]
XX X*
< Clg < &>mTimIAl

O

Lemma 7.8. Let p € S(Mp,5,9) and 6 > 0. Then there exists ¢ € S™(E) such
that Op(p) =< Q >~ Op(q).

Proof. The distribution kernel of the operator < @ >° Op(p) is given by
K(z,y) = [y, dne'<m7v1> <o >0 p (52,1). We get < Q >° Op(p) = Op(q)
with

a(z,€) = / / dydy &<V < g4 y/2 50 pla, ) =
XX X*

= // dy dy €<V < x4+ y/2 >0 p(x, &+ 7).
AXX*

For Ny and N, large enough we get ’(agafq) (x,ﬁ)’ < Cop < & >mI8
W snee dy dy <y >72NH0cy >=2Nedim=IBll< ¢ ) < ¢ >mIAl, O
Proof of Theorem 7.3. I. The case H = Op(p). We are going to verify
the hypothesis of Theorem 7.6.8. in [ABG], that directly implies the conclusion
of our theorem; for the second equality in (a) we use Proposition 7.6.

1. The difference (H + i)~ — (Ho +4)~! is a compact operator in L?(X).
We have Op(p) = Op(po) + Op(ps) + Op(pr). Thus we can write

(H + i)™ = (Ho + i)~ = —(H +1) " {Op(ps) + Op(pr)} (Ho +14)~".
From Lemma 7.8 we see that Op(ps+pr) =< @ >~¢ Op(r) with r € S™(Z). We
remark that (Ho+4) ! is in B [L*(X), H™(X)], Op(r) isin B [H™(X), L*(X)],
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(H+i)""is in B[H ™(X),L?(X)] and < Q > is a compact operator in
B(L?(Xx), H (X)), so that the difference of the resolvents is compact.

2. For any p € C§°(X) with p(z) = 0 for x in a neighborhood of 0 € X, setting
po(@) i= pla/r), we have [ dr [o,(QOp(ps)l,, .. < oo.

By Lemma 7.8 we have Op(ps) =< Q >717¢ Op(qo) with go € S™(Z). Let

us denote i (x) = p (£) ()" Thus pr(Q)Op(ps) = r~+95.(Q)Op(qo),
and observing that

15-@9p(@0) ., = [|< D> 51(Q)OB(a) < D>

5997 B(L2(X))

it will be enough to prove that

< 0oQ.
B(L2(X))

Sl>lIi) H< D >""2 5(Q)Op(q0) < D >""/?

As the function p, satisfies the hypothesis of Lemma 7.7 we conclude that
r {p,m/Q o Py — pr o }Lm/z} c §~(+m/2)(Z)  uniformly in 7 > 1. But

< D> 5. (Q)Op(q) < D >"?=
= 5r(Q) < D> Dp(gp) < D>/ 1
+[< D> 5.(Q)] Dplao) < D>

and by the previous remark the second term above is a Weyl operator of order
-1, uniformly for > 1. The first term of the above sum is a Weyl operator of
order 0, thus defining a bounded operator, uniformly in r > 1.

3. For any function § € C*°(X) with 6(z) = 0 on a neighborhood of 0 € X
and 0(x) = 1 in a neighbourhood of infinity, we have for any j = 1,--- ,n,
S 116-(Q) Q5 Op (L)l . < 00, for Oy (x) = O(x/r)

In order to prove this estimation we notice that [Q;, Op(pr)] = —Op(D¢,;pr) and
using Lemma 7.8 we have —Op(De,pr) =< Q >~ Op(q1) with ¢; € S™2(2).
Thus it will be enough to prove that

< 00,
B(L2(X))

sup |[< D> 4, (Q)Dp(@) < D >~/
r>1

with ¢, (z) := 0(x/r)(r/ < x >)° and this follows by the same argument as in
step (2) due to the fact that ¢, also verifies the hypothesis of Lemma 7.7.

4. For any test function § € C*°(X) with 6(x) = 0 on a neighborhood of 0 € X
and 0(x) = 1 in a neighbourhood of infinity, we have for any j = 1,--- n,
S 4 16,(Q) < Q@ > (D3, Op(po)ll,, ., < o0 for B (x) = Oz /r)

We start from the equality [D;, Op(pr)] = Op(D,;pr) and, using Lemma 7.8,
we see that Op(Dy,pr) =< Q >~0+9 Op(gy) with ¢o € S™ 1(Z). Thus
everything goes on as before.

II. The case H = Op™(p). From Lemma 7.4 we deduce the existence of a symbol
q € S(Mpm_1,,g) such that for 0 < € < e we have 0,,9 € S(My—1,14¢,9),
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1< j < nand Op(p) = Op(p) + Op(q) = Op(p'), where p’ = po + ps + 9l
and p} =pr +q € S(Mm-1,,9), 92,p" € S(Myy—1,14¢,9), 1 < j < n. Since
P —p € S(Mm-1.,9), we conclude that p’ is elliptic. As Op(p’) = DpA(p) is
symmetric, we deduce that p’ is real.

III. The case H = Op 4(p). We start from the equality

ov?) — u(x) = eSTTYE> (g U
D00 v~ ()] u(w) = [ aya (7. €)u(y)

for any u € S(X), where

1
r(z,y,§) = */0 dr < A((z +9)/2, 0ep)((z +y)/2,§ = TA(x +y)/2)) > .

Repeating the proof of Lemma 7.4 with I'4(z, ) replaced by A((x +y)/2), we
conclude that there exists ¢ € S(M,,_1,,9) such that 9,,q € S(My,—1,e/,9),
1<j<n0<ée <eand Op(porvt) = Op(p) + Op(q) and we are in the
previous situation. |

For t and s in R let us denote by H; the usual weighted Sobolev spaces, i.e.
Hi = {u e S (X)| <D ><Q >"ue L*(X)}. We notice that L} = HY
and G = Hgl/Q. As shown in [BGS], for 6 > 0 and v > § 4+ 1/2, we have the

continuous embedings L?, C H;ﬁg c gy /2,10 the first being also compact. By
duality we get the continuous embedings G_; /3 o C HTﬁl/Q - LEW the last

one being compact. One easily gets from the point (d) of our Theorem 7.3 that
the limiting absorption principle is valid in B(L2; L? ) for the uniform topology,
for any v > 1/2.

Remark 7.9. The limiting absorption principle is valid in B(H;mp; HT,CQ) for
the uniform topology, for any v > 1/2 (we may evidently suppose v < 1).

To prove this fact we start with the following identity for z € CL, conse-
quence of the resolvent equation:

(H—2)" = (H—4) "+ (z—i)(H—i) 2+ (z—0)*(H—i)""(H—2) " (H—q)"".

As (H—i)7 ! € B(’Ham/z;’Hgn/z), the desired result will follow if we prove
that (H — i)~ € B(H;"L/Q;H;”/Q) for any v € [—1,1]. In order to verify this
relation, one may proceed as in the proof of our Lemma 7.7, and show that
for any function ¢ € C*°(X) with 0%¢p € L>=(X) for |o| > 1, the commutator
[Op(p), p(Q)] is a Weyl operator with symbol of class S™~1(Z). It follows that
for any u € S(X)

P(Q)H — i) u = (H — i)~  (pu) + T,

with T' € B(H, m/2, Hy' /?). This equality may then be extended to those el-

ements of Ham/Q which verify ¢u € Ham/Q. Choosing ¢(z) =< = > with
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0 <7 <1, we deduce that (H —i)~! € B(H5;™?H3'""?) for any v € [0,1]. By
duality we obtain the same statement for v € [—1,0].

Exemple 1 The magnetic relativistic Schrédinger Hamiltonian DpA(< £>). We
consider the situation of Theorem 7.3 with p(§) = po(§) =< £ >, ps = pr, = 0.
In this case we have po(X*) = [1,00) and A(pg) = {1}. Thus this operator has
no singular continuous spectrum.

Ezxemple 2 The operator Op 4(p) = Op(p?). Recall that p?(x, &) =< £—A(x) >.
We use again Theorem 7.3, with p(§) = po(§) =< € >. T. Umeda ([Um]) has
applied the Enss method to this operator obtaining properties (a), (b) and (c)
from our Theorem 7.3, but not a limiting absorption principle. Besides, the
hypothesis in [Um]| are less general then ours: he imposes restrictions on the
vector potential A of the form [0%A,(z)| < Cy < @ >717¢ for any a € N"
(for 1 < j <mnand z € X) and € > 0. We are making hypothesis only on
the magnetic field B and the only properties of A that we use in the proof of
Theorem 7.3 are those deduced in Lemma 7.2 from our Hypothesis 7.1.

Remark 7.10. An interesting result has been obtained by T. Ichinose and H.
Tamura [IT2], showing that we have Op(u?) > 1; some straightforward mod-
ifications of the proof in [IT2] shows that Op*(< € >) > 1. Thus under our
hypothesis one has o(Op 4(< € >)) = o(Op?(< € >)) = [1,00).

Ezemple 3. Our arguments may also be applied to the Schrodinger operator
H = (D — A)?, taking p(&) = po(&) = €], ps = pr, = 0. In this case Theorem
7.3 does not bring anything new (the situation may be understood from the one
without magnetic field), this type of results being known for much more general
(singular) magnetic filds, but also of the ”short-range” type (see [BMP]). This
situation is a consquence of the fact that there exist magnetic fields which verify
our Hypothesis 7.1 with € < 0 and such that (D — A)? has dense pure spectrum
in an interval of R (see [CFKS]), and thus Theorem 7.3 clearly may not be
applied.
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