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Aharonov-Bohm Effect and High-Momenta
Inverse Scattering for the Klein—(Gordon
Equation

Miguel Ballesteros and Ricardo Weder

Abstract. We analyze spin-0 relativistic scattering of charged particles
propagating in the exterior, A C R?, of a compact obstacle K C R3. The
connected components of the obstacle are handlebodies. The particles
interact with an electromagnetic field in A and an inaccessible magnetic
field localized in the interior of the obstacle (through the Aharonov—Bohm
effect). We obtain high-momenta estimates, with error bounds, for the
scattering operator that we use to recover physical information: we give a
reconstruction method for the electric potential and the exterior magnetic
field and prove that, if the electric potential vanishes, circulations of the
magnetic potential around handles (or equivalently, by Stokes’ theorem,
magnetic fluxes over transverse sections of handles) of the obstacle can be
recovered, modulo 27. We additionally give a simple formula for the high-
momenta limit of the scattering operator in terms of certain magnetic
fluxes, in the absence of electric potential. If the electric potential does
not vanish, the magnetic fluxes on the handles above referred can be only
recovered modulo 7 and the simple expression of the high-momenta limit
of the scattering operator does not hold true.

1. Introduction

We analyze spin-0 relativistic scattering of charged particles propagating in the
exterior, A C R?, of a compact obstacle K C R3. The connected components
of the obstacle are handlebodies. In particular, they can be the union of a finite
number of bodies diffeomorphic to tori or to balls. Some of them can be patched
through the boundary. We assume that the particle interacts with a short-range
magnetic field B and a short-range electric potential Ay, both of them defined
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in A. The obstacle is shielded and contains an inaccessible magnetic field. The
only information, from the magnetic field inside the obstacle, we may have
access to is through circulations of the magnetic potential around the handles
of the obstacle. The aim of this paper is proving that the electromagnetic field
can be reconstructed from the high-momenta limit of the scattering operator,
as well as some information from the circulations of the magnetic potentials
around the handles of the obstacle. The latter is the Aharonov—Bohm effect
[2,15,16], a purely quantum phenomenon.

There are many related results in the literature dealing with a similar set-
ting (obstacle magnetic-scattering and Aharonov—Bohm effect in three dimen-
sions) in the non-relativistic case, see [4-6,12,13], and the references quoted
there. In this paper, we analyze the relativistic case, which is physically and
mathematically relevant because all the previous works referred above use a
high-velocity limit for their reconstruction formulas. It is, thus, evident the
necessity to take into consideration special-relativity if high energies are to be
addressed. Regarding the Aharonov—Bohm effect (if the magnetic field vanishes
in A), we actually find important differences and similarities between the non-
relativistic and the relativistic cases: in the non-relativistic case the leading
order of the scattering operator as the velocity v goes to infinity contains only
the magnetic potential, and the contribution of the electric potential appears
in the next order term that is of order 1/v. However, in the relativistic case, the
magnetic and the electric potentials appear in the leading term as the momen-
tum goes to infinity. This means that, in contrast to the non-relativistic case,
in the relativistic model the electric and the magnetic potentials have the same
order of contribution, which produces some differences in the information one
can recover from high-momenta scattering, between both cases, concerning the
magnetic potential. Actually, if the electric potential vanishes, we prove that
what can be recovered from scattering is pretty much the same in both cases
(namely, fluxes of the magnetic potential, modulo 2w, around the handles)
and we find a similar (very simple) expression for the high-momenta limit of
the scattering operator, in terms of certain magnetic fluxes. This, however,
is not valid anymore if the electric potential does not vanish. In this circum-
stance, in the relativistic case, the leading term of the high-momenta limit of
the scattering operator depends non-trivially on the electric potential and the
fluxes around the handles can be recovered only modulo 7, while in the non-
relativistic case having a non-vanishing electric potentials does not change the
matter.

In our work we, study inverse scattering for the Klein—-Gordon equation in
the case that the sesquilinear form associated with the classical field energy is
positive definite. The direct scattering problem in case where it is not positive
definite is studied in [18].

Our main results are presented in Sect. 2.2. Specifically they are stated in
Theorems 2.7, 2.9, 2.11 and 2.12. Theorem 2.7 gives the high-momenta limit of
the scattering operator. It is the main input from which we recover information
from the scattering operator. This is the most laborious result and the core
of our proof. The proof of it is presented in Sect. 3.4.2, which is based in the
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results of Sect. 3.4.1. As a matter of fact, Sects. 3.4 and 3.7 are devoted to the
proof of Theorem 2.7. In Sect. 3.4 we give the main arguments, while some
technical results are deferred to Sect. 3.7. In Theorem 2.9 we prove that the
electric potential and the magnetic field can be recovered, in a certain region,
from the high-momenta limit of the scattering operator. Theorem 2.11 gives
the specific information from the magnetic potential that we can recover from
the high-momenta limit of the scattering operator, namely, certain circulations
of the magnetic potential around handles of the obstacle. In Theorem 2.12 we
provide a very simple expression of the high-momenta limit of the scattering
operator in terms of some magnetic fluxes. Theorems 2.11 and 2.12 require the
electric potential to vanish, since our main interest is to present the Aharonov—
Bohm effect. However, similar results are valid in the presence of a non-trivial
electric potential, as it is presented in the body of Sect. 2.2 and proved in Sect.
3.6.3.

Related results, in two dimensions, are proved in the non-relativistic case
in [7,12] and [13] (where the long-range behavior of the magnetic potentials
is the main issue) and in [31] and [39].The magnetic Schrédinger equation,
in the whole space, is studied in [3]. In [3] and [31] one can see that the
circulation of the magnetic potential appears on the leading order term of the
high velocity asymptotic of the scattering operator, whereas the contribution
of the electric potential appears only on the second order term (see [31] for
related issues). For relativistic equations in the whole space, see [8] and [28].
The time dependent methods for inverse scattering that we use are introduced
in [9], for the Schrodinger equation. A survey about many different applications
of the time dependent method for inverse scattering can be found in [42]. The
direct scattering problem for the Klein—Gordon is studied in [18,40,41], and
the references quoted there. Inverse scattering problems in classical relativistic
mechanics are addressed in [25-27].

The Aharonov-Bohm effect has been studied from different perspectives.
The high velocity regime in scattering theory was analyzed by Ballesteros
and Weder (see [4-7]), Nicoleau [31] and Weder [39]. Semi-classical analysis
was carried out by Ito and Tamura (see [22-24]). Roux [34], Roux and Yafaev
([35,36]) and Yafaev ([43,44]) examined the singularities on the diagonal of the
scattering amplitude. The Aharonov—Bohm effect for boundary value problems
was studied by Eskin (see [10,11]). A mixture of time-dependent, stationary
and boundary value techniques was used in [12,13]. For the Aharonov-Bohm
effect in spectral theory see, for example, [14] and [21].

Our paper is organized as follows: Sect. 2 presents the model and the
main results. In Sect. 3 we give all details of the proofs of our results. It is
divided in several subsections: Sect. 3.2 deals with the self-adjointness of the
Hamiltonians; Sect. 3.3 proves the existence of the wave operators and presents
some properties of the wave and scattering operators; Sect. 3.4 is devoted to
the proof of Theorem 2.7, for the regular case in Sect. 3.4.1 and the general
case in Sect. 3.4.2. Theorems 2.9, 2.11 and 2.12 are proved, respectively, in
Sects. 3.5, 3.6.1 and 3.6.2. In Sect. 3.7 we prove some technical results that
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are used in Sects. 3.3 and 3.4. Section 3.7.1 is entirely dedicated to deal with
laborious and technical computations used in Sect. 3.4.

2. Description of the Model and Main Results
2.1. Description of the Model

We study the propagation of a relativistic particle outside a bounded magnet,
K, in three dimensions, i.e. the particle propagates in the exterior domain
A := R3\ K. We assume that inside K there is a magnetic field that produces
a magnetic flux. We suppose, furthermore, that in A there are an electric
potential Ay and a magnetic field B. This is a more general situation than
the one of the Aharonov—Bohm effect. The obstacle K is, of course, a classical
macroscopic object defined in R3. The electromagnetic field is also a classical
quantity defined in A, the space where the particles propagate. However, the
position of the particle is a quantum quantity which is not represented by
the multiplication operator by the variable x € R?, where the obstacle lives.
As a matter of fact, the components of this operator are not self-adjoint in
the Hilbert space at stake and, therefore, they cannot represent a quantum
mechanical observable. The free Hamiltonian operator H, that we describe
below [see Definition 2.5] is diagonalized by a unitary operator U [see (2.26)]
in such a way that the positive and negative energy subspaces are separated as
a direct sum [see (2.27)]. Following [40,41], in the diagonal representation that
we just described, we define the position operator as a multiplication operator
by the variable x € R3. See Sect. 2.1.3 for a discussion of these issues.

2.1.1. The Magnet K. We assume that the magnet K is a compact subman-
ifold of R?. Moreover, K = Ul K}, where the sets K;,1 < j < L, are the
connected components of K. We suppose that the K;’s are handle bodies. For
a precise definition of handlebodies see [4], were we study in detail the homol-
ogy and the cohomology of K and A. In intuitive terms, K is the union of a
finite number of bodies diffeomorphic to tori or to balls. Some of them can be
patched through the boundary. See Fig. 1.

2.1.2. The Magnetic Field and the Electric Potential. In the following assump-
tions, we summarize the conditions on the magnetic field and the electric poten-
tial that we use. We denote by A the self-adjoint realization of the Laplacian in
L?(R?) with domain H?(RR?), the Sobolev space of function with distributional
derivatives up to order 2 square integrable.

Assumption 2.1. We assume that the magnetic field, B, is a real-valued,
bounded 2-form in A, that is two times continuously differentiable in A, and,
furthermore,

1. Bis closed : dB|p = div B|p = 0.

2. There are no magnetic monopoles in K:

/ B=0, je{1,2,...,L}. (2.1)
oK,
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FiGURE 1. The magnet K = UjLlej C R? where K; are
handlebodies, for every j € {1,...,L}. The exterior domain,
A := R3\ K. The curves v,k = 1,2,...m, are a basis of the
first singular homology group of K and the curves %,k =
1,2,...m, are a basis of the first singular homology group of A

(52) Ge) (o) B < ca+1ay
for some p > 2, and every a,b,c € {0,1,2} witha+b+c¢ <2, (2.2)

where C' is a general, not specified, constant.
4. The electric potential, Ay, is a real-valued function defined in A. We
suppose that for some ¢ > 0

(450, 9) < (Pd. o) + (m* —)(¢, 9), (2:3)
where p := —iV is the momentum operator, for every ¢ € H{(A), the
closure of C§°(A) in H'(A) (see [37] and [40] for explicit conditions on
Ao implying (2.3)). The latter being the Sobolev space of functions with
distributional derivatives up to order 1 square integrable. In (2.3) we
use the inner product in L?(A). We, furthermore, assume there exists a
constant Cs such that

(A30, ¢) < 5(pg, po) + C5(0, B), (2.4)

for some § < 1/5 and for every ¢ € H}(A). We suppose additionally
that for some C°° function x defined in R? such that x(x) = 0 for = in
a neighborhood of K, and with 1 — k compactly supported, KAy is two
times continuously differentiable and

](a%)“(a%)b(%)%/xo(m] <O+ )<,

for some ¢ > 1, and every a,b,c € {0,1,2} with a4+ b+ ¢ < 2.
(2.5)
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We notice that the properties of Ay above permit it to have a finite or
even an infinite number of singularities.

The Magnetic Potentials. Let {7;}7", be the closed curves defined in equation
(2.6) of [4] (see Fig. 1). We prove in Corollary 2.4 of [4] that the equivalence
classes of these curves are a basis of the first singular homology group of A. We
introduce below a function that gives the magnetic flux across surfaces that
have {#;}72, as their boundaries.
Definition 2.2. The flux, ®, is a function ®: {§;}72; — R.

We now define a class of magnetic potentials with a given flux.

Definition 2.3. Let B be a closed 2— form that satisfies Assumption 2.1. We
denote by Ag(B) the set of all continuous 1— forms, A, in A that satisfy

1.
[A(@)| S CL+ )¢, ¢>1, (2.6)

/A_ A=), jefl2,....m) 2.7)

dA|A = curl A‘A = B|A (28)

Furthermore, we denote by Agcg)(B ) the set of 2-times continuously differen-
tiable functions A € Ag(B) such that

0 \o/ 0 \b/ O \¢
— — ) (=—) A ‘ <C(1 =<,
for every x € A and every a,b,c € {0,1,2} witha+b+c<2. (2.9)
Here the superscript (reg) stands for regular.
Remark 2.4. In Theorem 3.7 of [4] we construct the Coulomb potential, Ac,

that belongs to Ag(B) with a ¢ > 1 that depends on p. For this purpose
condition (2.1) is essential. The same proof applies to see that (2.2) implies that

A¢ € Ageg)(B). Actually, the Coulomb magnetic potential has a regularizing
effect, in the sense that it is one time more differentiable that B. However, this
subtlety is not relevant for the purposes of this paper. Notice that we use the
same quantity ¢ in (2.5), (2.6) and (2.9). We do it for convenience to keep as
simple as possible our notation.

In Lemma 3.8 of [4] we prove that for any A, A € Ag(B) there is a C* 0—
form X in A such that

A—A=d (2.10)

Moreover, we can take

Az) = /C(IO’I)(A —A), (2.11)
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where xq is any fixed point in A and C(xg, x) is any simple differentiable curve
in A with starting point zy and ending point x. Furthermore,

Aoo(2) := lim A(rz) (2.12)

exists and it is continuous in R*\{0} and homogeneous of order zero, i.e.
Moo (12) = Ao (), 7 > 0,2 € R3\{0}. Moreover,

[Aoo(z) — A(2)] < f\j b(|z|), for some b(r) € L(0, 00). (2.13)

Actually, (2.6) and (2.11) imply that Ay is a constant function. We denote

this constant by Aee = Aoo(z). In Lemma 3.8 of [4] we consider a more general
case where A\ is not necessarily constant.

2.1.3. The Free Klein—-Gordon Equation. The free Klein—Gordon equation is
given by
0 \2 2 2
(2Yo- (o +m?)o. 21
where m > 0 is the mass of the particle. We do not include the obstacle in the
free evolution. This mathematically means that we are looking for solutions
¢ : R x R® — C. To analyze (2.14) we proceed as in [40,41] and we study an

equivalent system of differential equations that has the advantage of being of
order one in %. For this purpose we define:

Definition 2.5. (Free Hamiltonian) Let By be the operator
1/2
By = (p2 + m2> , (2.15)
with domain H!(R?).
We denote by H the Hilbert space
Ho := dom(By) @ L*(R?) (2.16)
with inner product

(0, V) = (Bod1, Bor) + (b2, ¢2), (2.17)

for ¢ = (@1, P2), ¥ = (¥1,12). Note that under the identification ¢ = ¢, g =

%gﬁ, 1 =P,y = %w, with ¢, 1 solutions to (2.14), (2.17) is the sesquilinear

form associated to the classical field energy of the free Klein—-Gordon equation.
The free Hamiltonian Hj is given by

0 i
Ho = (—iBg 0) '
with dom(Hp) := dom(Bj) ® dom(By) = H*(R*) ® H*(R?). (2.18)
Notice that Hy is self-adjoint in Hy.

The free Klein-Gordon Eq. (2.14) is equivalent to the system of differen-
tial equations

P9 = iy, (2.19)
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where 1 : R x R? — C2 with ¢ = ¢, 19 = %(b. Note the slight difference with
[40,41] where the reduction to a system is made with ¢ = ¢, 19 = i%gf).
Let us denote,

12 (R%)® = I* (R®) @ L2 (R?),

and consider the following unitary transformation :

Fy : Ho — L*(R?)? (2.20)
given by
_(By 0
Fy = (0 1). (2.21)
It follows that
FwHoFy'' = Bof, (2.22)

where

0
= (—i O) . (2.23)
We define the matrices

Q:=2"1/? G Z) , Q=212 ( L 1.) , (2.24)

that diagonalize 3 :

(1 0
Let U, [40,41] be the unitary operator
U:=QFw,  Hor LA(R)?. (2.26)
It follows that
N 1 _ (Bo 0
Hy:=UHU™! = ( o _n)- (2.27)

In this representation the free Klein-Gordon equation is equivalent to the
system,

igw = Hyy, o= (W) € L*(R3)2. (2.28)
t (.

The functions 9,1 _ are, respectively, the positive and negative energy com-
ponents of the solution. The negative energy solutions are interpreted as
antiparticles, in the usual way. In the physics literature, the representation
(2.28), but with a scalar product that is not positive definite, is called the free
particle or Feshbach—Villars representation, see [17,20]. We define the posi-
tion operator (see the conclusions in [40]), #p as multiplication by z in this
representation,

ip (@) = 2 (), (2.29)



Vol. 17 (2016) Aharonov—-Bohm Effect and High Momenta 2913

and then, |1/Ji|2 are, respectively, the probability densities for particles with
positive and negative energy. Note that this is possible because the scalar
product in L?(R3)? is positive definite.

In the representation in H the position operator is given by,

. P
+il 0
ep=U'iplU = (I "'B? ) . (2.30)
0 T

Note that x +i 5 2 is different from the Newton-Wigner position operator [29].

Observe that multiplication by x in the representation Hy can not be a
position operator. In fact, it is not a selfadjoint operator in Hy and, hence, it
is not a quantum mechanical observable. Actually in the representation Hg,
is a classical parameter that is used to parametrize the classical, macroscopic,
objects like the magnet K and the electric and magnetic fields, but, as men-
tioned above, the operator that gives the position of the quantum particle
1S Tp.

High-Momentum States We designate by S? the unit sphere in R3. We need
consider high-momentum states that under the free evolution have negligible

interaction with the magnet. For this purpose, for every v € S? we denote by
[see Eq. (2.5)]

A, = {xGA:Z’+TV€A, VTGR}, (2.31)
and
Ay = {x eN, i k(x+Tr)=1,Vr € R}, (2.32)

where we recall that x is introduced in the lines above Eq. (2.5). Since the
classical free evolution of a relativistic particle is given by x 4+ 7v for some

v € S', a state that in the representation L? (R3)2 is given by a function ¢
with support in A, has no interaction with the magnet under the classical
evolution since,

(xx(@p) U o(-+v7), U ¢(- +v7)),,
= (xk(z) ¢(x +vT), ¢z + V7)) p2(rsy2 =0,

where for any set O we denote by xo the characteristic function of O. Our
high-momenta states are defined in the representation L?(R?)? as,

e p(), ¢ e L? (R3)2 ,  with ¢ supportedin A,,. (2.33)
In the representation H, they are given by,
TP U g(z), e L? (R®)?,  withgsupportedin A,.

In Eq. (2.33) the operators e**” represent a momentum shift correspond-
ing to vv. Then wvr symbolize momentum. We use the notation v to represent
the norm of the shifted momentum. We proceed in this way to keep a notation
similar to the one we used in previous papers ([4-7]), where the non-relativistic
case is addressed. The high-momentum limit amounts to take v to infinity. The
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physical intuition is that for high momentum the free quantum evolution is
close to the classical free evolution and then, our high-momenta states will
have negligible interaction with the magnet K.

2.1.4. The Interacting Klein-Gordon Equation. The Klein—Gordon equation
for a particle in A with electric potential Ay and magnetic field B is given by

.0 2 2 2
(i, = 40) 0= (P =) +m?)o, (2:34)
where the magnetic potential A € A (B) satisfies d/A =B and ¢ : Rx A — C
is the wave function. As in the free case, to analyze (2.34), we trade it by an

equivalent system of differential equations of order 1 in the time derivative
[39,40]:

iy = H(A)W, (2.35)
where 9 : R x A — C2,
A= (Ap, A) (2.36)
and
Hmw:(i§m2j£97 with B(A)?:= (p - A) +m” - 43
(2.37)

Equation (2.34) is equivalent to (2.35) with ¢y = ¢, 1 = %qﬁ.

In Sect. 3.2 we prove that B(A)? is a strictly positive operator and that
the interacting Hamiltonian, H(A), whose domain is described below, is a
self-adjoint operator.

Definition 2.6. (Interacting Hamiltonian) We denote by H(A) the Hilbert space

H(A) := dom(B(A)) & LA(A) (2.38)

with inner product
(6, 9)1a) = (B(A)d1, B(A)1) + (¢2,1)2), (2.39)
for ¢ = (¢1, P2), ¥ = (¥1,12). The domain of the operator H(A) is given by
dom(H(4)) := dom(B(4)?) & dom(B(4)). (2.40)

Notice that the specific properties of the electromagnetic potential we
choose imply that

(B, D)r(a) = € (D, D) L2(m3)2,

for every ¢ € H(A) (see Sect. 3.2 below). The scalar product (2.39) is the
sesquilinear form associated with the classical field energy of the interacting
Klein-Gordon Eq. (2.34). In [40,41] (see also Sect. 3.2) it is proven that (2.34)
can be represented in L?(R%)? as a first order in time system, as in the free
case.
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2.1.5. Wave and Scattering Operators. Let J be the identification operator
from Ho onto H(A) given by

_ (BA)'xaBo 0
J._< 0 AT0 XA), (2.41)

here x(.y is the characteristic function of (-). The wave operators are defined
as follows:

Wi(4) :=s . liin etH(A) JemitHo (2.42)
provided that the limits exist. In Sect. 3.3.1 we prove the existence of the
limits, for every A = (Ap, A), with A € Ag(B).

The scattering operator is defined, for every A = (Ap, A) with A €
A<I’ (B)a by

S(A) = WI(A)W_(A). (2.43)

2.2. Main Results

2.2.1. High-Momenta Limit of the Scattering Operator. The theorem below
gives the high-momenta limit of the scattering operator, from which we recon-
struct the electric potential, the magnetic field and some properties of the
magnetic potentials. The derivation of this formula is the most laborious part
in our paper and the core of our proofs. The proof of this theorem is deferred
to Sect. 3.4.2, which is based in the results of Sect. 3.4.1. For the definition of

the weighted Sobolev space H?z)‘“ (R?)? see Sect. 3.1.

Theorem 2.7. Set v € S? and | € N, | > (/2,1 > 2. Suppose that ¢,v €
H%x)‘“ (R3)? are supported in A, . Let A= (Ag, A), with A € Ae(B). Then

(e US(AU ™ 1h) 2(ray2

ot J2% dr(Av—Ao) (z+rv) 0
- 0 e*i Jfooo dT‘(A-I/+A0)(:E+r1/) ¢7 7/’ )

O(v=C+1) i ¢#2
+ ||¢||Hfz>4l (R3)||w”H?m>4l (R3) (2.44)
o) if ¢=2.

In Remark 3.17 we additionally derive high-momenta expressions for
the wave operators. Notice that Theorem 2.7 does not require the functions
@, to be compactly supported, as it is done in our previous works (see [4-7]).
The function k is introduced for two reasons: to cutoff smoothly the obstacle
and to cutoff the singularities of Ay. If Ag has no singularities, then our result
is equivalent to the results in [4-7], for the non-relativistic case: if Ap has no
singularities, and ¢, 1 are supported in A, , we can always find some C'*° func-
tion k defined in R3 such that x(x) = 0 for  in a neighborhood of K, and
with 1 — k compactly supported, such that ¢, are supported in A, .
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Similar results for non-obstacle relativistic-scattering are presented
in [8,28]. There error bounds are not provided and a different class of
(bounded) electromagnetic potentials is addressed.

2.2.2. Inverse Scattering Reconstruction Method. In this section we present
one of our main results, namely Theorem 2.9. The proof is postponed to Sect.
3.5.

Definition 2.8. We denote by Age. the set of points x € A such that, for some
two-dimensional plane P, x + P, C (5_1({1}))0, for some C*° function &
defined in R? such that x(z) = 0 for z in a neighborhood of K, and with 1 — &
compactly supported, where for any set O we denote by O° its interior.

Theorem 2.9. The high-momenta limit (2.44) of the scattering operator
uniquely determines B(y) and Ao(y) for every y € Agee.

Remark 2.10. Notice that in Definition 2.8 the functions x are not fixed, but
can be conveniently selected. Furthermore, in the proof of Theorem 2.9 in Sect.
3.5.1 we give a method for the unique reconstruction of B(y), Ag(y),y € |Arec-

2.2.3. The Aharonov—Bohm Effect. In this section we assume that B = 0
and Ay = 0, i.e., that the electromagnetic field vanishes in A. The hypothe-
sis Ag = 0 is assumed for convenience, in the spirit of the Aharonov—-Bohm
effect. Nevertheless some results are also valid for Ay # 0. In the case that
Ag # 0, notable differences and similarities between the relativistic and the
non-relativistic cases hold true. They are presented in Sect. 3.6.3, where the
corresponding results for Ag # 0 are proved.

Notation For any = € Ay and any unit vector v € S? we denote
L(z,v) := x + RV, (2.45)

and we give to L(xz,V) the orientation of v. Suppose that x € A¢,y € Ag,
Vv, W € S? satisfy v - w > 0 and that

L(z,v)U L(y,w) C A.
Take p > 0 so large that

convex (i + (50, ~]¥) U (y + (~o0, —p]))
Uconvex ((z + [p,00)%) U (y + [p, 00, )W) C R¥\B(0s7),

where K C B(0;7) and the symbol convex(-) denotes the convex hull of the
indicated set.

We denote by ~(x,y,v, W) the continuous, simple, oriented and closed
curve with sides x + [—p, p]v, oriented in the direction of v, y + [—p, p|W,
oriented in the direction of —w, and the oriented straight lines that join the
points x + pv with y + pw and y — pw and = — pv.
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Results

Theorem 2.11. Suppose that B = 0 and that Ag = 0. Then, for any fluz, ®,
and all A € Ag(0), the high-momenta limit of S(A) in (2.44), known for v
and W, determines the fluzes

/ A (2.46)
(@, v, W)

modulo 27, for all curves y(z,y,V, W).

Theorem 2.11 is also valid if Ay # 0, with the restriction that (2.46)
is determined only modulo 7 (see Sect. 3.6.3). The proof of Theorem 2.11 is
done at the beginning of Sect. 3.6. This Theorem gives additionally information
about the de Rham cohomology class of A, see Remarks 3.18 and 3.19.

Theorem 2.12. Suppose that Ay = 0. There is an open disjoint cover of A,,
{Ah}hez U{Aout}, and a set of real numbers {Fh}hez such that the follow-

ing holds true: set ¢, € H%zw (R*)2 as in Theorem 2.7, with ¢ compactly
supported. For every A € Ag(0)

<US(A)U_1 ez”ul/‘ar:(b7 eivu~x¢>L2(A)2

eiF;L 0
= < (Z ( 0 e—iFh> XAh,¢+XAout¢> ,¢>L2(A)2 (247)

hel

1
£0(3) Mol ol
as v tends to infinity.

The sets {Ah} heZ have a geometric meaning, they are the holes of K in
the direction v. The numbers {F h}h ¢ are magnetic fluxes (around handles of
the obstacle) associated to the holes h, for h € Z. The set Aoyt is the region
without holes. This is well explained in the lines above Theorem 3.25. The
proof of Theorem 2.12 is done at the end of Sect. 3.6, this theorem is actually
rephrased in Theorem 3.25. The simple expression (2.47) is not anymore valid
if Ag # 0 (see Sect. 3.6.3), whereas in this case it is valid in the non-relativistic
setting (see [4]).

Remark 2.13. Suppose that Ayg = 0 and that ¢ and 1 are compactly supported
in A,, then we can always find some C* function x defined in R? such that
k(z) = 0 for x in a neighborhood of K, and with 1 — k compactly supported,
such that ¢ and ¢ are compactly supported in A, ,. It follows that if ¢ and
1) are compactly supported in A, and belong to H?(R3)?2, the conclusions of
Theorem 2.12 are valid. Notice that we take Ay = 0 because it is required in
Theorem 2.12.
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3. The Proofs
3.1. General Notation

We denote by C' any finite positive constant whose value is not specified.
For any = € R3, 2 # 0, we denote, & := x/|z|. For every v € R? we designate
v := |v|. The domain of an operator or a quadratic form is denoted by dom(X),
where either X is an operator or a quadratic form. For every open set O C R?,
we use the symbol (-, -) to represent the inner product in L?(0). If it is clear
from the context, we use the same symbol to represent the inner product
in L2(0)? := L?(0) @ L?(0) (in general, for every Hilbert space H, we set
H? := H @& H). For a general (complex) Hilbert space H, its inner product is
represented by (-, -)2¢. The norm of an element x in a normed vector space X
is denoted by || - ||x. However, if no confusion arises, we omit in general the
subscript in the case that X is L?(0), L?(0)? or a space of operators with the
corresponding operator norm.

In this paper we use a system of units in which the numerical value of
the charge of the particle, the speed of light and the Plank’s constant are one:
e =1,c¢=1,h = 1. The Schwartz space of rapidly decreasing C*°-functions in
R3 is denoted by S(R?). For every n € N and every open set O in R3, we denote
by H"(O) the Sobolev space of functions with distributional derivative up to
order n square integrable, and by H{ (O) the closure of C3°(O) in H"(0), see
[1]. For every strictly positive function w : O — R we denote by H”(O) the
corresponding weighted Sobolev spaces. For every ¢ € H"(O),

By = Y [ T )

aq a (0%:
Ox{" 0x5* Ox4

artaztaz<n Lo
The open ball in R? of radius 7 and center z is denoted by B(x;r), and for
every set O, its complement is denoted by O€. The Fourier transform of a
function ¢ € L?(R?) is denoted by

~ 1

50) = FO)0) = s [ € Pola)de (3.1)

(27)

and the inverse Fourier transform by

) = FHo)(z) = 13/2 / e P(p)dp. (3.2)

(2m)
Another useful notations that we adopt are the symbols (z) := (1 4 x2)%/2,
(p) := (1+p?)'/2, for x € R3 and p = —iV. In this paper we use the standard
identifications between differential forms in open subsets of R and vector
calculus (see page 348 in [4], for example).

A useful formula that we use very much in this paper is the following: for
every measurable function f : R? — C

e f(p)e™ ™ = f(p + vv), (3:3)

for every v > 0 and v € S2.
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3.2. The Interacting Hamiltonian

In this section we prove that H(A) is a selfadjoint operator and give a proper
definition of B(A). Related results are presented in [40] and [41].
Let g4 : C§°(A) x C§°(A) — C be the bilinear form defined by

04(@.9) == (0 = A)6, (p — A0 ) + M0, 4) — (430, 0).  (3.4)

The diamagnetic inequality (see Lemma 1.2, Chapter 9 in [37]) and (2.3) imply
that g4 > e. Theorem X.17 in [32] (KLMN theorem) implies that ¢4 is closable.
We denote its closure by G 4, it is represented by a selfadjoint operator B(A4)? >
e. Set B(A) the positive square root of B(A)2. It follows that

dom(B(A)) = dom(qa), Ga(d. ) = (B(A)d, B(A)), (3.5)

for every ¢,1 € dom(g,). Actually, (2.4) and the fact that is A is bounded
imply that

dom(g,) = Hy(A). (3.6)
Proposition 3.1. H(A) is a self-adjoint operator (see Definition 2.6).
Proof. Defining the unitary operator Uga : H(A) — L*(A)? by

v (P 1) (37)

(iB()(A)Q é) =Ux' (BE)A) BO(A)> Ua, (3.8)

which implies that
0 i
—iB(A 0

)2
is self-adjoint, with domain dom(H(A)). By (2.4),

1406]* < 8 Ipell* + C5 1 81* < 6a(¢, ) + 81| Aog|* + Cs [l
Then,

we find that

2 _ i T R ) G

where we use the diamagnetic inequality (Lemma 1.2, Chapter 9 in [37]). Let
¥ = (¢1,12) € dom(H (A)), then,

[0 2ho) ¥l =2 1400
= 251/2“ (iB()(A)Q (Z)) wHH(A) +2 (CS) V2 ||¢||H(A), (3.9)

0 0. . . 0 i
thus (O 2A0) is small in the sense of Kato with respect to <—iB(A)2 O) ,

with relative bound smaller than 1 (here we use that § < %) The fact that
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H(A) is self-adjoint follows from this last assertion and the Kato-Rellich the-
orem (Theorem X.12 in [32]). O

3.3. The Wave and Scattering Operators

3.3.1. Wave Operators. In this paragraph we prove that the wave operators
exist. Lemma 3.3 proves the existence of the wave operators in the case that
Ae Ageg)(B) (the regular case). The general case is proved in Sect. 3.3.2. In
Sect. 3.3.3 we study the scattering operator. Related results are presented in
[41].

We identify k [see (2.5)] with the multiplication operator by the matrix

(’S 2) = k. (3.10)

Lemma 3.2. For every A € Ag(B), the limits (2.42) exist, if and only if, the
limits s-1imy_ 4 oo €A g e=itHo oyist In either case

Wi(A4) =s- tliinoo etH(A) g p=itHo, (3.11)

Proof. Tt is enough to prove that for every ¢ € S(R?) & S(R?)
- H [ (B(A) xaBo 0 > B 4 e=itHo g

= 0. (3.12)

t—-too 0 XA ‘H(A) B

As By has only absolutely continuous spectrum, e®*5o converges weakly to zero
when ¢ tends to oo (using the Riemann-Lebesgue Lemma). The Rellich—
Kondrachov theorem implies that

Jim [|f@) e g =0, Ve L (B, if lim [f(rd)| =0,

uniformly on & € S2. (3.13)
From this and (2.27) we deduce that (3.12) is fulfilled whenever

im [|(sBo — B(A)r)e™ "0y
= lim B (xBy — B(A)k)e *Boq|| =0, (3.14)

for every ¢ € S(R?). We complete our proof showing the validity of (3.14).
It follows from the proof of Lemma 5.3 in [4] that the limits

Wi (B(A)?* B2) :=5— lim eitB(A) e —iBg (3.15)

t—+oo

exist (they are actually the wave operators for the Schrodinger equation). The
invariance principle (Theorem XI.23 in [33]) implies that the limits

W (B(A); By) = s — lim e"tBA) ge—iBo (3.16)
exist and are equal to (3.15). Actually [33] does not consider obstacles, however,
the proof also applies in this case. It follows that

lim P gBe~ B0y = Wi (B(A); Bo)Byib. (3.17)

t—too
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Now we analyze the term e*B(4) B(A)re~"Pog). We prove that
lim || B(A)e"P W ke oy || = Wi (B(A); Bo) Bo|- (3.18)

t—too

To obtain (3.18) we compute [see (3.4) and (3.5)]
[1B(A)re™Bow2 ~ |lne="5 Byy|?|
= ‘<(p — A)re” "oy, (p — A)fﬁe_”B”w>
+m2<,€e—itBo¢7 He—itBo¢> -~ <A§He—it}30¢7 m—itBow>
- \|ne*“BOBO¢||2’ .0, ast— %o, (3.19)
where we use (3.13). Notice that we can substitute the last term
lke="PeBo||* by [le="PoBy||? = [lpe= " Pou[* + m?e"Foy?, using

(3.13), and we can handle similarly the other terms containing x. With the
help of (3.17) and (3.18) we obtain

lim_|ei*P@) (xBy — B(A)w)e Py

t—=+

= lim [QHWi(B(A)% Bo)Boy||®

t—=+

_ <eltB(A)B(A)H8_itBowaWi(B(A);Bo)BOw>
)

- <Wi(B(A) Bo) Bo, ¢*B@ B(A)ke~itBoy) ] (3.20)

where we used that

lim (P B(A)we™ B0, Wi (B(A); Bo)Bot )

t—too

= i (P ey, W (B(A); Bo) B3

t—+oo
W (B(A); Bo)Bot||*. (3.21)
O

Lemma 3.3. (Existence: The Regular Case) For every A € Ageg) (B) the limits
(3.11) exist and are isometric.

Proof. The result follows from standard techniques using Cooks s argument,
(2.27) and Lemma 3.29: for ¢ = (¢1,¢2) € S(R?®)?, with b1, o satisfying
the properties of f in Lemma 3.29 (note that these functions are dense in

L? (IRP’)Z)7 we write
t
(A ge—itHo g — o 4 / etsH(4) [H(A)/-{ — /-@Ho]efiSHod). (3.22)
0

Set h(s) = H Ak — nHO] —isHo g, . We bound h by an integrable func-

‘H(A)
tion using (2.27) and Corollary 3.31. This allows us to take the limit ¢ — +o0
n (3.22). The isometric property follows from (2.41), (2.42) and (3.13). O
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3.3.2. Existence of the Wave Operators (the General Case). In this section
we prove existence of wave operators (3.11) for every magnetic potential
A € Ag(B) using Lemma 3.3 and a change of gauge argument. We provide
additionally a change of gauge formula.

Theorem 3.4. (Existence of Wave Operators and Change of Gauge Formula)
For every A = (Ao, A) with A € Ag(B) the limits (3.11) exist and are isomet-
ric. For every AW = (Ag, AW), i € {1,2}, with AD, A®) ¢ Ay(B)

Wi(A®) = @ (AD)e A= (3.23)
where A — A = VX [see (2.10)(2.12)].
Proof. We suppose that A € AY°8)(B). Lemma 3.3 assures the existence
of the wave operators Wy (A(l)). By proving the change of gauge formula we
prove the existence of W (A(2)). The same proof applies for general A1) and

A®) We prove the assertion for W, . The proof for W_ is analogous. A simple
computation gives

H(A®) = 2@ [(AW)e A=), (3.24)
which implies that
W+(A(2)) — oiM@)g thm pitH(AW) | —itHo ,itHo ke~ iA@) gmitHo (3.25)
—00

whenever the limit exists. Here " satisfies the properties of £ [see (2.5) and
the text above] and (3.10). Additionally

Kk = K. (3.26)
Then we only need to prove that

s — lim e®og e~ @) g=itHo — =idoc (3.27)

t—oo

Using (2.20)—(2.27) we obtain that

itHo 1 —iN(x) ,—itH y [etPe 0
1 0 —1 T —1 0 — —
e""K'e e =U 0 —itBo

Bor'e~iMo) g1 0 . [e—itBo 0
cq(BreEt 0 ) e () ) e

By (2.13), (3.13)
s — lim [efi)\(x, _ efi)\(x)]eﬂ:itBo —0. (3.29)

t—o0

Then by (3.28), (3.29),

. _ _ itBo “ideo
s — lim {e”H%’e*M(m)e*”Ho vt (e 0 ez(‘)tBo) (e 0 69,\00)

t—o0

e—itBo 0
( 0 eitBo> U] —0. (3.30)
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We recall that A\ is a constant function (see the text below Remark 2.4) to
prove (3.27). To deduce (3.30) we use that

||BO [e—i)\oo _ Iﬁl e—iA(x)]BaleiitBo HQ _ Hp[e—i)\oo _ H/ e—i)\(w)]BaleiitBOHQ
+m?|| [e_i/\‘x’ — K e_i’\(””)]Baleiimo||2 — 0, ast — o0,

and that the terms containing derivatives of ke " *) vanish as ¢ tends to
infinity, using (3.13). O

3.3.3. Scattering Operator. The following theorem proves that the scatter-
ing operator is invariant under change of gauge; it is a direct consequence of
Theorem 3.4.

Theorem 3.5. For cvery AW = (Ag, AD) i =1,2, with AV, AR ¢ Ay(B),
S(AP) = S(AW). (3.31)

Remark 3.6. As in [4] we can consider change of gauge formulac when
AWM AR only have the same fluxes modulo 27. We do not dwell on these
issues here.

Remark 3.7. In this text we do not address the question of asymptotic com-
pleteness for the wave operators because it is not necessary to prove our results.
Therefore, the unitarity of the scattering operator does not follow from our
proofs. However, asymptotic completeness for the Klein—-Gordon equation was
already achieved in [41]. At this stage we point out that through asymp-
totic completeness one describes the asymptotic behavior of all states with
absolutely continuous energy spectrum. Nevertheless, they are not all neces-
sary to recover information from the physical system through scattering, but
only some specific states. This means that solving inverse problems does not
require characterizing all solutions with absolutely continuous energy but some
specific ones with suitable properties. This is the reason why we do not need
asymptotic completeness in our analysis.

3.4. High-Momenta Limit of the Scattering Operator

In this section we prove our main results: we give a high-momenta expression
for the scattering operator, with error bounds. This formula is the content
of Theorem 2.7, whose proof in the main purpose of Sect. 3.4.2. To prove
our theorem we first prove the result in the special case that A is regular
(A € Ageg)(B)). This is the main result of Sect. 3.4.1. The general result
follows from a change of gauge formula, which is accomplished in Sect. 3.4.2.
Our formula is used in Sects. 3.5 and 3.6 to reconstruct important information
from the potentials and the magnetic field.

3.4.1. High-Momenta Limit for the Scattering Operator: The Regular Case.
This section is the most laborious part of our paper. Here we estimate the
high-momenta limit of the scattering operator in the case that A is regular
(A € Ageg)(B)). This is actually a relevant result, since the general case
follows from it by a simple gauge-argument. Our main result in this section is
Theorem 3.16. The whole section is devoted to prove preliminary lemmata and
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theorems that we use in the proof of Theorem 3.16. To analyze the scattering
operator, the wave operators are fundamental. As we can see from (3.11), the
wave operators represent asymptotic limits when the time goes to plus or minus
infinity. To do our proof we analyze e (4) ge—itHo for finite time ¢, in the high-
momenta regime, and then we bound the error Wy (A) — ¢ (A) ge—itHo The
high-momenta analysis of e?*/(4)ge~"Ho is the most complicated part, it is
done in Theorem 3.13, which is based in Lemmata 3.10 and 3.12. Lemmata 3.11
and 3.14 deal with the error W (A) — e (4) ge=Ho  These lemmata together
with Theorem 3.13 and Lemma 3.15 (which is a technical result concerning
the norms we are using) are the ingredients we need to prove our main result
(Theorem 3.16).

Notation

Definition 3.8. Let A = (Ag, A) with A € Ag(B). For every v > 0 and every
v € S? we define [see (2.5) and the text above it]

_ itB(v+v-p) 0 0 —itB(v+v-p)
Za(t,ov, k) =e <i2/1A ) QHAQ) e . (3.32)

Definition 3.9. Let A = (Ag, A), with A € Ag(B). For every v € S? we define
[see (2.5)]

_ itprp (KA0(T)  —IKA-VY  _ipp
Wa(t,v, k) =€ (inA v kAg(a) e . (3.33)

Notice that
677; ffcoo Wa(rov,k)dr

= ei 25, dre(A-v—Ao) (z+rv) 0
= Q 0 6*1’ jfooc dre(A-v+Ag)(z+rv) Q, (334)

which follows from (3.77) to (3.78).
High-Momenta Limit

Lemma 3.10. Let v € S? and | € N, [ > (/2. Suppose that ¢ € H((lx)‘kl (R3)2,

a > 2, is supported in Ay, (see (2.32)). Let A = (Ao, A), with A € Ageg)(B).
Then for every v > vy (see Lemma 3.29).

t
/ eiSH(A)i(H(A)Ii _ HHO)efisHOF‘;leiz-vuqs ds
0

¢
= / e HA) g emisHo poleimvvi 7 4 (t vv, k) d ds
0

21

[t] 1 1
+O(/o dS[||¢HH§*z>4L(R3)2(U(1 T [s[)2i-1 + Z (1+ |S|)2l—jvmin(a,j))

j=1

1 2|
ol ] - ) 039

for every t € R.
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Proof. First we compute
t
/ eisH(A)i(H(A)H _ HHo)e_iSHO Fﬁ/leix"“yqﬁ
0

t
_ / eisH(A) eim-vuefim-vui(H(A)K _ KHO)FVT/leiz-vuefiz-vu
0

x Fyye sHop teie vy g (3.36)
It follows from (2.22) that
FyyetitHo Fv?/l — EitB(p*+m?) /2 (3.37)
Notice that
0 0
(H(A)k — kHo)Fy' = ( 1 or A ) , (3.38)
EFrm2)7z  “RE0

where
¥ = —i((p?k) +2((pr)-p) — (p- A)k —2A- (pk) —2kA-p+rA% —KkAZ). (3.39)

From (3.3), (3.38) and the fact that (H(A)x — kHo)Fy;' have only zeros in the
first row follows

He—ixmu(H(A)H _ K/HO)FVT/leixwvHE(LQ(RH)@LQ(RH)’H(A)) g 07 (340)

where C' is a constant independent of vv.
We have that

einﬂ-vue—inﬂ-vu(I_I(A)ILi _ HHO)F‘;leimvu

— (0 0 > e U (H(A)k — kHo)Fyt e (3.41)

0 eix~vl/

and clearly

0 0
i =1. 3.42
H (0 e“”") Hﬁ(H(ALH(A)) 342

From Lemmata 3.33, 3.36 and from Eqgs. (2.5), (2.9), (3.36)—(3.42), it follows
that [see also (3.148) and see (2.15), (2.22) and (3.3)]

t
/ eiSH(A)i(H(A)Ii _ KHQ)e_iSHOFﬁ/leix'vuqﬁ
0

¢
_ isH(A) jix-vv,; 0 0 —isB(v+v-p)
/0 c © (—i(?(pﬁ;) ‘v —2KkA V) 2/{A0> € ¢

21

It 1 1
+ O(/o dS[||¢HH‘<‘$>4l(R3)2 (v(l T [s])2i-1 + Z (1+ ‘S‘)Zl—jvmin(a,j))

Jj=1

1 2|
+ ||¢’||Hfz>41 (R3)2 W] + UTXHQf)HHQ(H@)?) (3.43)
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Since ¢ is supported in A, , [see (2.32)], and using that e**”"P is a translation
operator in L?(R?), we prove that

0 0 e—isﬁ(v-&-y'p)qs
—i(2(pk) v —2rkA-v) 2KkAg

_ 0 0 —isp(v+v-p)
=k (mA » 2on> e . (3.44)

Now we consider that, see (2.15), (2.22)

isH(A) jiz-vv ,.; 0 0
¢ € e (i2I€A -V 2/1A0>

— isH(A) . ,—isHy ;p—1 jiz-vv  —iz-vv —isHo p—1 ix-vv 0 0
e Ke e e Fwe e ) (i2/<cA Ly 2/€A0>
— isH(A) . —isHo pp—1 jiz-vv [, —iz-vv  —isBofS jiz-vv] 0 0
e T G i (1'2,@4 v QKAO> ’
(3.45)

where we use that Fv}l ( )0( }O,) = ( )O( 3), for every matrix of the form

X Y
k : Ho — H(A) is bounded (actually x is bounded from H!(R?) with values in
H(A)). Egs. (2.5), (2.9), (3.43)—(3.45), (2.23), (3.3) and Lemma 3.35 imply,
see also (3.148), (3.35). O

<0 O). We additionally use that Fy,' : L?(R?)? — H, is unitary and that

Lemma 3.11. Let v € S? and | € N, | > (/2. Suppose that ¢ € H?m)“ (R*)2 N
).

H*(R3)?, a > 0, is supported in A, ,. Let A = (Ao, A), with A € Ageg)(B
Then, for every v > vy (see Lemma 3.29),

H {Wi(é) _ eitH(A)liefitHo}Fﬁlleimvugb

‘H(A)
1 -1 1

< C||¢||H‘<Jm>4l (R3)2 (W) + C| Bl e12 (r3)2 et (3.46)

for every t € R, such that £t > 0.

Proof. We take, without loss of generality, the plus sign in Wi (A). Set 7 €
Cg°(R3;[0,1]) be such that 7(z) = 1 for |z| < 1 and it vanishes for |z > 1.
By Duhamel’s formula

[W+(A) — tH(A) gemitho | prleizvv s (16p /v) b

:/ eSHAG(H(A) K — kHo)e “HOF e 7 (16p /v)

t

— / eisH(A)eim-vve—im-vvi(H(A)H _ KH())

t
% Fﬁ/lem'vye_m'UVFwe_iSHo FVT,leiI'vV’T(lfip/’U)(ﬁ. (347)
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Using (3.37)—(3.42), it follows from Lemma 3.34 [see also (3.3), (2.5) and (2.9)]
that for every [ € N there is a constant C; such that

e UVi(H(A)k — kHo)Fy' e e Fyy e isHo FVT/leix.WT(mp/v)ngH(A

1 1
< G|l ) () *+ 1l e ) (3.48)

for every v > vy (see Lemma 3.29), v € S%, t > 0, and every ¢ € H?z)‘“ (R3).

Equation (3.48) together with (3.148), (3.47) and (3.42) imply the desired
result. O

Lemma 3.12. Take v € S? and suppose that ¢ € H(<)I>2(R3)2. Let A = (Ag, A),
with A € Ageg) (B). Then, for every v > vy (see Lemma 3.29) and every t € R

t
/ eiSH(A)ﬁefiSHOFVT,le”'””iZA(t, v, k) ¢ds
0

t
:/ ,SH(A)He—stoF LotV iWa(t, v, ,g)¢ds+0( >||¢||H‘2 ya (R?)2s
0

(3.49)
recall Definition 3.9.
Proof. We define
2= (it ) =, ) e
as Z' anti-commutes with 3 and W’ commutes with /3,
Za(s,00, k) = (Wa(s,v, k) + e21500eisBVP 7/ o =isBr P gy (3.51)

We plug (3.51) in the left-hand side of (3.49) and estimate the term corre-
sponding to the second term in (3.51) using an integration by parts:

t
/ elSH(A) lie_lSHoF‘;lelm-vu i e2zsﬁvezsﬁu-pzle—1s[3u~p¢
0

t
_ isH(A),. —isHo p—1 _iz-vv (o —1 _2isBv isfv-p rz! ,—isPBr-p
=e Ke Fy e i(2ipv) e e Z'e 0]

0
t
_ / <68 st(A) —st0> Fﬁlleiw-vui(Qiﬁv)—1e2isﬁveisﬁu~pZ/e—isﬁu-p¢
0 S

0

t
o / eisH(A)HefisHDFv;leix-vV(Qiﬁv)flieﬁsﬁv <6
0 S

isPv- pZ/ —isPv- p> (rb

= 0(2) 19l e (3.52)

To justify the last line in Eq. (3.52), we notice that following the pro-
cedure of the proof of Corollary 3.31, using Remark 3.30, we prove that
there is an integrable function h(s) such that [|Z’e %P ¢||(12gn)) +Z?:1
H(Br Z") e7 PP || p2gnyye < h(5)||¢||Hr<>I>4(R3)2. We additionally notice that
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(ZeisH(A) ge—isHoy frol eievy : [2(R3)2 — H(A) is bounded, independently
of s and vv. Equations (3.50)—(3.52) imply (3.49). O
Theorem 3.13. Set v € S? and | € N, | > (/2. Suppose that ¢ € H?x)‘“ (R3)2

is supported in Ay ,. Let A = (A, A), with A € Ageg)(B). Then, for every
v > vy (see Lemma 3.29) and every t € R

eitH(A):‘ie_itHoF‘E/leiwvu(ﬁ _ KFV?/leiwmuei f(; WA(T,V,n)drqs (353)
t] 1 21 1
o( [ as|ll: ( )
+ /0 S ||¢||H<1,>4L(R3)2 U(]. + |s|)2171 +]Z (1 + ‘S‘)2l7jvmm(2,])
1 v+ |t|
ol oy s ronet ] + o 19l ey (3:54)

Proof. By Duhamel’s formula
itH(A —itH, —1 _iz-vv —1 jiz-ov i [T drWa(rv,k
e HA) e °Fye ¢—rly e e o drWa( )b
_ (eitH(A) HefitHoFalleim-vuefifot drWa(rw,x) I<LF 1 z:r ’Ul/) ifot d’I‘WA(’I‘,IJﬂi)gb

t
:/ ds {eiSH(A)i(H(A)n — kHp)e "Hoptei™ v g(s 1)
0

— et HA) ge—isHo poleie vy, (s v, k) (s, t)} ) (3.55)
where
¢(5a t) _ 61’ f: d’I‘WA(’I‘,U,K/)d)' (356)

The desired result follows from Lemmata 3.10 and 3.12 and Eq. (3.55), using
that there is a constant C' such that

lo(s, Ollmz ,, ms)z < Cllgllmz |, @)= (3.57)

O

Lemma 3.14. Let v € S%. Suppose that ¢ € H?x>2c(R3)2 is supported in A .
Let A = (Ag, A), with A € Ag(B). Then
H (ei joi‘x’ Wa(rw,k) _ ei foit WA(T,I/,I{)) ‘

< —C ol
r2@sye — (14 [¢)S 1 OIHY

(R3)2>
(3.58)

(z)2¢

fort>0.

Proof. We take the plus sign. Let x; be the characteristic function of the ball
in R? of radius ¢ and center 0. Set ¢, = Xt/2¢ and ¢, = ¢ — ¢. It is clear that

9l @2, (3.59)

— C
<
‘|¢t||L2(R3)2 (1+|t|)<|
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for some constant C'. By Duhamel’s formula and (3.59),

H (eifooo Wa(rw,k) _ ei j(;‘ Wa(r,v,k) (b‘

L2(R3)2

+H/ Wal(r,v, k),

C
L2(R3)2 + WH¢||H?¢>C(RS)2'

S

L2(R3)2 L2(R3)2

<| / War,v, )6 (3.60)

Next we notice, see (3.33) and (3.50), that
Wa(r,v,k)p; = eV PW! eV Py, (3.61)

As e7"P'Pg, is supported in the union of the balls of radius /2 and centers rv
and —rv, the result follows from (2.5) and (2.6) [see also (3.60) and (3.61)]. O

Lemma 3.15. Set v € S2. Suppose that ¢, € HY(R?)? are supported in A, .
Let A = (Ap, A), with A € A(reg)(B). Then, for everyv > vy (see Lemma 3.29)

<I€F 1 RES UV(b,IiFWl ix- UV¢>H(A) _ <I€§Z§, :‘ﬁ’l/J>L2(R")2

< C;||¢||H1(R3)2 1Dl L2 (Rs)2- (3.62)
Proof. Take
¢ = <¢17 ¢2) ) w = (1,5171/)2) . (363)
It follows that
<I<VFW1 iz Uu(b HFW1 i Uyw>'H(A)
_ <B(A)Ii(p +m ) 1/262'a:-m/¢17 B(A)H(pQ + m2)71/26iz~vu¢1>L2(R3)
+ (K2, Kb2) 2(r3), (3.64)
thus, is it enough to prove that

<B(A)2H(p2 +,n,LZ)fl/Qeimvuqbl7 /-@(p2+m ) 1/2 iz vuw1>L2 (®9)

1
— (ko1, K1) L2(r3)| < C;||¢||H1(JR3)2\|<I5||L2(1R3)2
It is clear that
<B(A)2n(p2 +m2)71/26im~vu¢17 /@(p2+m ) 1/2 iz vu¢1>L2 (®9)
_ <e—ix~vv(i19(p2 _’_Tn2)—1/2)8'L';c~vu¢17 :‘i((p—f—vl/) +m ) 1/2 '(/}1>L2(R3)
+ (P +0v)” +m*) 21, k(P +ov)” +m?) 7200 2o,

where ¢ is defined in (3.39).
We notice that [[e=™" (d(p? + m?)~1/2)e™® || ,(p2(rsy) = C (indepen-
dently of vv) and, furthermore,

(4 0v)? +m2) 722 + 1) 7122 + 1)1 /20

*||77/11HH1(R3)
(3.65)

L2(]R3)
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We obtain:

< ( )25( )—1/2 iw-vu(b K(p2+m2)—1/2eiaz~vuw1>L2(RS)
</‘€((P+W) +m?) 201, w((p +vv)? + m?) T2 pa ey

+ O (2 N lens ey 1 2o (3.66)

Set ¢ := 1 — k2. The commutator [((p +vv)? +m?)2 ¢ = [((p + w)? +

)1/275 | = e7 = [((p? + m?)'/? ¢]e'*"? is bounded if and only if [(p? +
m2)1/ 2 <] is bounded. The latter is an integral operator in momentum space.
The kernel of this operator is

(2m) %5 — @) (0% + mH)V2 = (¢® + m?)"/?),
from which it is easy to see that

I[((p + vv)* + m2)1/2, fiz]“ﬁ(m(n@)) = (P> + m2)1/27 HZ]”L(L?(]W)) =C

(3.67)
where C' does not depend on vv.
From (3.65), (3.66) and (3.67) we get
<B(A)2 (p2+m2)—1/2 iw-vu(bl’ H(pZ +m2)—1/26i$»vu,¢)1>L2(RS)
= (w61, ) + O ) [l ol e (3.68)
Finally, (3.62) is obtained from (3.64) and (3.68). O

Theorem 3.16. Set v € S and | € N, | > (/2,1 > 2. Suppose that ¢, €
H%;p)‘“ (R3)? are supported in A . Let A= (Ao, A), with A € Ageg) (B). Then

< —ix- o S( ) -1 zz vu¢ a¢>L2(R3)2 — <e—iffcoo WA(T,V,H)dT¢ 7¢>L2(]R3)2

(3.69)
0@ﬂ<+%) if ¢ 42
+ ||¢||H?m>4l (R:’)?Hw”H?m)“ (R3)2 (3.70)
In(v) e
O( . ) if (=2.
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Proof. We assume, without loss of generality, that v > vy (see Lemma 3.29).
Using Lemma 3.11 and Theorem 3.13 we obtain
< —ix- vawS( ) Wlezz uu¢ 7/}>L2(R3)2
= (W_(A)Fy e ¢, W (A) iy e 1)) g

_ —itH (A it H, —1 _iz-vv itH(A —th 1 _ix-vv
= (e (A ke °Fy e ¢, A ke UFW e V) 1(4)

1 (¢-1 1
ol qo ol o0 (() ™ + 42)

<I€F 1 I.L’Ul/ zfo Wa(r,w,k) d7¢ HF 1 uvl/ lfOWA(’!I/Fi)dT‘,L/}>

1 (¢-1 1
ol el e {0 () ™+ 2)

I¢] 1 21 1
w0}, oG+ X e mses)

o +L|)<fl} + U;'tl)}

_ <I€Fv;leim.vue7,‘ foft WA(T,V,K)de) , HF‘;/leivaei fé Wé(r,u,n)drw>

O(v=¢+1) if¢#2
+ ||¢||H?m>4l (R3)2||¢||wa)4l (R3)2 (3.71)
o) if¢ =2,

H(A)

H(A)

where we select |t| = v, after integration, and we use that | > 2. Equation
(3.71), Lemma 3.15 and Lemma 3.14 (taking |¢t| = v) imply that

< —ix- ’UVFWS(A) —1 7,.L vl/¢ w>L2(]R3)2
— <ez jo WA(r,u,n)dr(b ,61 jo WA(r,u,m)drw>L2(R)2 (372)

O(UH + %) if¢ 42

+ ”d’”H?T ||¢HH2 L (B3)
o) ¢ =2
o < i [y Wal(ry, K)de) 6 > Wa(rw,k dr¢>L2(]R)2 (373)
o(vl—C + %) if ¢ #2
+ ||¢||H?w>4l (R3)||"/}HH?$>4L (R3) (3.74)

0(@) if¢=2.

O

Remark 3.17. In the proof of Theorem 3.16 we use high-momenta asymptotic
formulas for the wave operators, which are deduced in Eq. (3.71). We actually
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prove:

wa (A)Fy e ¢ — kFypt etV el Jo = Walrvk)dr g ‘H(A)

O(UH + %) if¢#2

= lI9llez,, ) :
o(#) if ¢ =2

W 1 z:r: (% 1 m’ 1% 1]0 Wa(r,v,k)dr ’

H +(A - P )
o(v1—< + %) if¢#£2

= Il . (3.75)

0(@) if¢ =2

3.4.2. High-Momenta Limit for the Scattering Operator: General Magnetic
Potentials (Proof of Theorem 2.7). In this section we prove our main results:
we give a high-momenta expression for the scattering operator, with error
bounds. This formula is the content of Theorem 2.7. Our formula is used in
Sects. 3.5 and 3.6 to reconstruct important information from the potentials
and the magnetic field.

Proof of Theorem 2.7. Equation (3.31) implies that S(A) = S(A) for a regular
magnetic potential A € Ageg)(B). Note that A always exists, by Remark 2.4,
and furthermore, there is A with A— A = V. In fact \ is given by (2.11), from
which we deduced in the lines below (2.13) that A is constant. This implies
that

6—1' ffcoo Wa(r,v,k)dr _ e—i jfcoc WA(T‘7V,K)dT‘. (376)

It follows from (2.23) to (2.27) and (3.33) that

Wal(t,ov, k)

= ¢itB(vp) (HAO(x) — KA - V(x)ﬁ)e‘”ﬁ(”'p) (3.77)
o1 (RAg(x +vt) — KA - v(z + vt) 0

=@ 0 kAp(r —vt) + kA - v(x — vt) @,

and therefore

6—1]_00 WA(r,vu,n)drqs

1 el JZ5 drr(A-v—Ao)(z+rv) 0
—¢ 0 e_iffooo dre(A-v+Ag)(z—rv) Qe

. 61’, 25, dr(Av—Ap)(xz+rv) 0
=0 0 =i [ dr(AvtAg) () | QO (3.78)

The desired result follows from Theorem 3.16 and Egs. (3.76) and (3.78). O
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3.5. Inverse Scattering Reconstruction Method

3.5.1. Proof of Theorem 2.9. Set y € Agec. Suppose that P, is a two-
dimensional plane P, such that y + P, C & '({1})°, for some function
k € C*(R?) satisfying (2.5) and the text above it (see Definition 2.8 and
Remark 2.10).

Theorem 2.7 implies that the scattering operator uniquely determines

ei ffooo dr(A-v—Ap)(z+rv) 0
0 o1 /75 dr(Av+ Ao) (a+rv) ¢, ¥ . (3.79)
L2(R?)

Here we suppose that ¢, € H?x)“ (R*)? (1 €N, 1> (/2,1 > 2) are supported
in B(y;d) + P,, for some small enough § such that B(y;d) + P, C =1 ({1})°.

Selecting conveniently ¢ and v we obtain that the scattering matrix uniquely
determines

o2 [, A :(ei e dr(A.y_Ao)(ac+ru)) _16—2']'_“;0 dr(A-v+Ag)(z+rv) (380)

e—ifL 240 :ei = dr’(AAI/—AO)(m+rv)6—iffoOC dr(A-u+A0)(x+r1/)7

for every line L C y + P,. Here the integral in the first equality denotes
an integral of the 1-form A and the one in the second denotes a scalar
integral with respect to the Lebesgue measure in the line L. Denote by
R(Ao)(z,v) = [7_ A¢(z + Tv)dr. Equation (3.80) implies that there exists
an integer-valued function n(x,v) such that 2R(z, v) + 27n(x, v) can be recov-
ered from the scattering operator, for every x,v such that x + Rv C y + P,.
As R is continuous, then n can be taken to be constant. The decay properties
of Ag determine the value of n. Therefore we determine R from the scattering
operator. As R describes a Radon transform, inverting this transform we can
uniquely reconstruct Ao in y + P,. The full details of this procedure, as well
as the reconstruction of the magnetic field, are carefully presented Theorem
6.3 in [4]. Using Theorem 6.3 in [4] we conclude that Ay(z) and B(z) can be
uniquely reconstructed from (3.80), for every z € y + P,.

The argument of proof of the reconstruction of the magnetic field, as
described in Theorem 6.3 in [4], requires the existence of unit vectors @, v;—
J € {1,2,3}—for every xy € ARec satisfying the following:

1.

u;-v; =0, je{l,2,3},
2. the unit vectors
ﬁj Z:fle{Ij, j:1,2,3,

are linearly independent,
3.

B(m0;5)+p(ﬁja{’j)CAv j:13273,

for some ¢ > 0, where p(Qj,V;) is the two-dimensional plane generated
by l?lj7 \A/j.
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This is clearly possible in our case. However, we want to point out that in
the proof of Theorem 6.3 in [4] we required @; - v; = 0, ¢, j € {1,2,3}. This
is a typo in our previous work. The right formula is what is written in Item
1. above. The referred typo does not damage any argument in the proof of
Theorem 6.3 in [4].

3.6. The Aharonov—Bohm Effect

In this section we assume that B = 0 and Ay = 0, i.e., that the electromagnetic
field vanishes in A. The hypothesis Ayp = 0 is assumed for convenience, in the
spirit of the Aharonov—Bohm effect. Nevertheless some results are also valid for
Ag # 0. In Sect. 3.6.3 we explain the corresponding results. The results in this
section are pretty much the same as the analogous achievements for the non-
relativistic case in [4]. We follow the lines of [4], Section 7, omitting repeated
proofs. However, we must present again some notation, already introduced [4],
to help the reader to understand the statements of our results. In the case that
Ao # 0, notable differences between the relativistic and the non-relativistic
cases hold true, see Sect. 3.6.3.

3.6.1. Theorem 2.11 and Applications.

Proof of Theorem 2.11. Tt follows from Theorem 2.7, (3.78) and the proof of
Theorem 7.1 in [4]. O

Applications

Remark 3.18. Theorem 2.11 implies that from the high-momenta limit (2.44)
for v and W we can reconstruct the fluxes

LA

for any closed curve « such that there is a surface (or chain) S in A with
0S8 = a — vy(x,y,v, W), because by Stokes’ theorem

/A:/ A+/B:/ A,
« Y(z,y, v, W) S Y(,y, Vv, W)

since B = 0. We recall that (see [19], page 47) H1(A;R) represents the first
group of singular homology of A with coefficients in R. As the coefficients are
in R it is, actually, a vector space. We, furthermore, recall that H(l16 R(A)
represents the de Rahm cohomology group in A, see [38].

Remark 3.19. Asy(z,y, v, W) is a cycle, the homology class [y(z,y, V, W)] i, (a;r)
is well defined.

We denote by

HI,I'GC(A; R) = <{[’Y($7y7‘73w)]H1(A;R) : L(l‘,\?) U L(ZE7‘;V) C A}> ) (381)
where (O) denotes the vector space generated by O. Hj rec(A;R) is a vector
subspace of Hi(A;R). Let us denote by Héle R voc (M) the vector subspace
of Hle R(A) that is the dual to Hj rec(A;R), given by de Rham’s theorem

d
(Theorem 4.17, p. 154 of [38]). Then, for all ® and all A € Ag(0), from the
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high-momenta limit (2.44) known for all v, w we reconstruct the projection of
A into H(lie R rec(A) modulo 27, as we now show. Let

m

{[O-j]Hl,reC(A§R)}j=1 ’
be a basis of Hy rec(A;R), and let

m

Al ,
{[ J]Hde R, rec(A)} 1

J
be the dual basis, i.e.,

/ Ak:(sj’k, j,k:1,2,...,m.

Let us denote by Prec the projector onto H(l1 (A). Hence, for any A €

e R, rec
As(0)
Prec [A = Ai[A; ,
rec ]Hae R(A) ; J[ J]Hae R, rec(A)
and, furthermore, as
Aj = / A,
we reconstruct A;,j7 =1,2,...,m (modulo 27 ) from the high-momenta limit

(2.44) known for all v, w.

3.6.2. Theorem 2.12. In this section we prove Theorem 2.12. This theorem is
stated again in Theorem 3.25. We give additionally precise (explicit) definitions
of the sets {Ah}hel’ Aoyt and the numbers {Fh stated in Theorem 2.12.
We start by introducing some notations.

Below we give a definition of when a line L(xz, V) [see (2.45)] goes through
holes of K. Take r > 0 such that K C B(0;r). Suppose that L(x,v) C A,
and L(z,v) N B(0;7) # (). We denote by c(z,Vv) the curve consisting of the
segment L(x,v) N B(0;r) and an arc on 9B(0;r) that connects the points
L(z,v)NOB(0; 7). We orient c¢(z, V) in such a way that the segment of straight
line has the orientation of v. See Fig. 2.

}heI’

Definition 3.20. (Definition 7.4 in [4]) A line L(x,¥v) C A goes through holes
of K if L(z,v) N B(0;7) # 0 and [c(z,V)] g, (ar) # 0. Otherwise we say that
L(z,¥) does not go through holes of K.

Definition 3.21. (Definition 7.5 in [4]) Two lines L(x,v), L(y,w) C A that
go through holes of K go through the same holes if [c(x,V)]m, (Ar) =
+[c(y, W)]a, (ar)- Furthermore, we say that the lines go through the same
holes in the same direction if [c(x, V)] #, (Ar) = [c(y, W)] &, (AR)-

Definition 3.22. For any v € S? we denote by A out the set of points z € Ay
such that L(x, V) does not go through holes of K. We call this set the region
without holes of Ag. The holes of Ag is the set A, = AO\Ao,out-
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FIGURE 2. The curves c(z, V)

We define the following equivalence relation on Ao,in' We say that xRy
if, and only if, L(z, V) and L(y, v) go through the same holes and in the same
direction. By [z] we designate the classes of equivalence under Ry .
We denote by {A¢n}, <7 the partition of Ao,in given by this equivalence
relation. It is defined as follows.
1:= {[I]}wEA0~

in’

Given h € T there is x € Ay j, such that h = [z]. We denote,

A{,’h = {y € Ao,in : yR{,I'}

Then,
Agin= U Aoy Aoy VA py, =0, hy # ho.
heT
We call Ay, the holes h of K in the direction of V. Note that
{Af/,ll}hEI U {Av,Out} (382)

is an open disjoint cover of Ag.
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Definition 3.23. For any ®, A € A5(0), v € S?, and h € T we define,

Fh = / A,
c(z,v)

where z is any point in Ag . Note that Fj, is independent the x € Ag j, that
we choose. F}, is the flux of the magnetic field over any surface (or chain) in R3
whose boundary is ¢(z, V). We call F}, the magnetic flux on the holes h of K.

Let us take ¢ € H%mw (R3)? as in Theorem 2.7. We suppose, furthermore,
that it is compactly supported. Then, since (3.82) is a disjoint open cover of
A\”n

= on+Pout (3.83)
heT
with ¢p, pout € H%zw (R®)2, ¢p, has compact support in Ay, h € Z, and
¥out has compact support in Ay oy The sum is finite because ¢ has compact
support. We denote, for v € R3\{0} with v/|v| =¥,

iV v iV
¢v =€ ¢7 Phyv =€ Ph, ‘Pout,v =€ Pout-

Remark 3.24. We remark that for every flux ® there exists a compactly sup-
ported C®-vector potential A € Ag (0). This holds true for the following reason:
take any C'*° gauge A € Ag(0) (for example the Coulomb Gauge). Take any
C* bounded domain D containing K such that R3\D is simply connected.
Set xg € D¢ and define

Az) = /C A, (3.84)

xq,T
where Cy, . is any C° curve connecting zo with z in D°. We extend A to a
C function \ defined in R3. We take finally

A(z) = A(z) — VA(2), x € A. (3.85)
Theorem 3.25. Set ¢,¢ € Hf, ., (R3)? as in Theorem 2.7, with ¢ compactly
supported. For every A € Ag(0)

iFp,
<US(A)U_1 ¢v7¢v> = < (Z <€0 e(i)Fh) Pv,h + @Out,v) ) ¢v>

heT
1
20 (2] ol oo Wl o (350

Proof. Set Ae Ag(0) be of class C2, compactly supported, such that A =
A 4 V), for some scalar function A [see (2.10) and Remark 3.24]. Equation
(3.31) implies that S(A) = S(A), with A = (0, A). Then the desired result
follows from Theorem 2.7, and the proof of Theorem 7.11 in [4]. Note that since
A is of compact support the error term in Theorem 2.7 is of order O (%) O

Corollary 3.26. Under the conditions of Theorem 3.25, the high-momenta limit
(3.86) of S(A) in a single direction v uniquely determines the fluzes F,,h € T,
modulo 2.
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Proof. The corollary follows immediately from Theorem 3.25. g

Remark 3.27. Notice that the result in Corollary 3.26 is sharp (we cannot
recover more information than the fluxes modulo 27) because the scattering
operator is invariant under change of fluxes modulo 27. This fact is achieved
using gauge transformations that change fluxes modulo 27 (non-integrable
factors). In order to keep our notation as simple as possible we did not use
them in our analysis. However, a full detailed presentation of these is addressed
in [4], for the Schrédinger equation. Our arguments in [4] can be smoothly
applied to our case (see also Remark 3.6).

3.6.3. The Case Ag # 0. Taking Ay # 0 does not change substantially our
reasoning. The results in Theorem 2.11 and Remarks 3.18 and 3.19 are deduced
from the fact that the scattering operator uniquely determines

e*iffox A.u(m+7‘1/)7 (387)

which in our case holds true only when Ay = 0. However, if Ay # 0, we can
recover

671‘ ot 2A~1/(:c+m/)7 (388)

see (3.80). Then if we substitute A by 24 in Theorem 2.11 and Remarks 3.18
and 3.19 we obtain the same results, for Ag # 0. Some care has to be taken
while considering the function  as in (2.5), it essentially amounts to substitute
K by 7 1({1})¢. We remark that the factor of 2 signifies a notable difference
from the non-relativistic case, in which this factor is not present, see [4].

Theorem 3.25 gives a very simple formula for the high-momenta limit
of the scattering operator in terms of magnetic fluxes. However, this simple
formula is not anymore valid if Ay # 0, because in this case a factors of the
from eFt /% Ao(@+T)AT et be present, see (3.79). This is also an important
difference with respect to the non-relativistic case, in which the corresponding
Theorem 3.25 is valid for Ag # 0, see Theorem 7.11 in [4].

3.7. Some Technicalities: Stationary Phase Arguments

In quantum mechanics the free evolution of particles follows the classical evo-
lution up to some error. The probability of finding the particle in a certain
region enclosing the classical trajectory can be estimated. The accuracy of find-
ing the particle close to the place where the classical particle would be depends
on the wave packet spreading. These intuitive statements can be made precise
by stationary phase arguments. Suppose for example that the free energy is
given by the relativistic energy By = (p? + m?)'/? and the initial state is a
wave function ¢ € S(R?) whose Fourier transform is localized close to pg. The
evolution of the particle at time ¢ is

. 1 (2 2\1/2y ~
(e 1tBo¢)(x) — W/ez(zp t(p?+m?) )qb(p)dp. (3.89)
Since (3.89) is an oscillatory integral, the bigger contribution is concentrated
on the stationary points, i.e., the points on which the gradient in p of the
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exponent vanishes:
Vp(z-p—t(p* +m?)/?) =0. (3.90)
If the support of (]3 is contained in a small ball around pg, this happens when

pe~p PO
N ETore

which is the description of the classical (relativistic) free trajectory with veloc-

(3.91)

ity Grrmay
This motivates the following definition that associates the (relativistic)
velocity to the momentum.

Definition 3.28. (Velocity Function) We denote by v : R? — R3,

v(p) = . r
T (% + m2)/2’

the function that associates to each momentum p the corresponding velocity.

(3.92)

If the particle is initially localized (at time ¢ = 0), to a good a approx-
imation, in the ball B(0; [t|ro/2), for some 7o € (0, 3|zo|) and zy € R3\{0},
and the possible velocities are restricted (approximately) to a ball B(xg;ro)
then, at a time ¢, the particle is localized, to a good a approximation, in the set
B(0; |t|ro/2) +tB(xo; ro) (the initial position plus the time times the velocity).
This is the content of the next Lemma, which is based on Theorem XI.14 in
[33] (see also Lemma 2.1 in [39]).

Lemma 3.29. Take zo € R*\{0}, ro € (0,2 |zo|) and f € S(R®) be such that
V(supp(f)) C B(zg;rg). For every l € N there is a constant C} such that

< -
0itlro/2) H s G+ 1)

. —itBg
"X(B(0§|t‘70/2)+753(x0;r0))c ¢ f(P)XB(
(3.93)

Moreover, let T € C§°(R3;[0,1]) be such that T(z) = 1 for |z| < 1 and it

vanishes for |x| > 1. There exists vg > 0 and a constant Cy, for every l € N,
such that

i 16(p — vv _
HXB<ut;|t\/2>C e tB”(i( " ))XBm;ws)H <G+ (3.94)
for every v € S? and every v > vy.
Proof. Let ¢ € S(R?). Using the Fourier transform we get

[e’“BOf(p)xB(o;ltlm ) )

! il(z—vy)-p—t(p2+m2)1/2
= W /dyXB(O;lt‘7,0/2) ¢(y)/dpe [(x—y)-p—t(p*+m*) ]f<p)<395)

We denote by

w(z,y) = / dpe/lle= o=t mS ] ). (3.96)
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The characteristic function in (3.93) constrains the values of x,y to satisfy
y € B(0;[t|ro/2), x & B(0; [t]ro/2) + tB(xo; 7o) (3.97)
The Corollary to Theorem XI.14 in [33] implies that for every d € N there is
a constant ¢g such that, for x and y satisfying (3.97),
1

< . 3.98
For |z| > [t|ro > 2|y| we bound
1 24
< . 3.99
T+l —g)? = T+ e (399
and for |z| < [t|ro
1 1
(3.100)

< .
(L[t + ]z =y — (1 +[t)e
Equations (3.95)—(3.100) and the Cauchy—Schwartz inequality imply that there
is a constant ¢4 such that

[owmuﬂwm@ﬂwmsmw”[

1 XB(O;MTO)}
(L[t + [z @+ )]
(3.101)
for z satisfying (3.97). A suitable election of d, the triangle inequality and
(3.101) imply (3.93).
Equation (3.94) follows from (3.93) taking
16(p —
fow=1= T(M). (3.102)

v

The necessary hypotheses for (3.93) are fulfilled for big v, taking ro = 1/4 and
x¢ sufficiently close to v to have

. , e 3.103
X (Bilthro/2+tBaor)  MBEHI/RC T XBO1/2)C (3.103)

The fact that the constants are independent of v and v follows from (3.95) to

16(p—vv)

(3.103) changing the variable of integration p in (3.95) by z = , using

the following estimation:

) = (15)’
‘ /dz exp [z[((m —y)v/16) - z — (tv/16)(2* + 32z - v + 16

+ (fm)z)l/ﬂr(z)’ (3.104)

(here we use that the factor e!(*=¥)"* can be taken out of the integral and
that is has modulus 1) and replacing x —y by 5(z —y) and t by {5t. Then we
apply the proof of the Corollary to Theorem XI.14 in [33]. We point out that
7 is independent of v and v. Notice that we can assume that |t| > 1 because
the left hand sides of (3.93) and (3.94) are bounded (we take also vy > 1). O
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Remark 3.30. The same conclusions of Lemma 3.29 hold true if we substitute
By by v-pin (3.93) and (3.94). Actually, although same proof can be applied, in
this case the analysis is much simpler because e %P is a translation operator
in position:

e tP <C(1+t)7h  (3.105
HX(B(O;\t|r0/2)+tB(w0;T0))c ‘ f(p)XB(O;It\roﬂ)H_ W) )

16(p — vv)

U )XB(O;|t|/8)H < Ci(1+ )7t (3.106)

HXB(vt;It\/2)C e (
We only prove (3.105): let ¢ € S(R?). Using the Fourier transform we get

[e’“”'pf(p)xB(OWU ) 0| (@)

B ﬁ/dyXB(O;\tlro/2)¢(y)/dpei[(x_y)'p_t”'p]f(p). (3.107)

We denote by

w(ay) = [ dpelle DB, (3.108)
The characteristic function in (3.105) constrains the values of x,y to satisfy
Yy e B(O, |t|7‘0/2), x ¢ B(O7 |t|7‘0/2) + tB(xo; 7’0). (3109)

The Corollary to Theorem XI.14 in [33] implies that for every d € N there is
a constant ¢g such that, for x and y satisfying (3.97),

1

)| < . 3.110
WS T e (3410
We finish the proof following (3.99)—(3.101).
Corollary 3.31. Suppose that V : R3 — C is such that
1
1% <Cr—r-—-— 3.111
V@) < C e (3111)

for some ay > 0. Let ¢ € S(R3) be such that f(;AS = & for some [ satisfying
the hypothesis of Lemma 3.29.
Then there is a constant C' such that
1
14|

[veig) < o )av, teR. (3.112)

Proof. The result is a direct consequence of Lemma 3.29 writing
- (X(B(0;|t\r0/2)+tB(:1:0;r0)) + X(B(O;|t|ro/2)+tB(mo;ro))C)V and ¢ = f(p)¢ =
f(p) [XB(0§|t|7’0/2) +XB(0;\t|ro/z)c}¢' H
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3.7.1. Stationary Phase Arguments for High-Momenta. In this subsection we
prove most of the technical results needed to derive the main achievements in
this paper, which are stated and proved in Sect. 3.4. We estimate time evo-
lution of relativistic particles, as explained at the beginning of Sect. 3.7, with
the particularity that the particles we consider are very energetic. Then they
behave as classical particles moving in a ballistic way, up to an error bound.

1/2
More precisely, we can substitute the relativistic evolution emit((pon)*4m?) '
by a translation operator e ~**(v*¥"P) which represents a classical free evolution
with velocity v. Here |v|| = 1; this is in agreement with the election of our
units system in which the speed of light is set to 1.
First we stress the following simple remark. We give the proof because it is

used repeatedly in this paper, although it is elementary.
Remark 3.32. There is a constant C' such that

H [e—it((p+vu)2+m2)1/2 B e_it(v+y‘}))]¢H < ClvﬂH(b”HQ(R?')y (3.113)
and

loror
((p +ov)2 +m?

1
< C;”¢||H1(R3)a (3.114)

e !¢‘

for every v > 0, v € S?, ¢t € R and ¢ € H?(R3). Furthermore, for every o, € N

there is a constant C; such that

“ p +ouv
((p + o)+ m?)

for every v > 0, v € S?, and ¢ € H*(R?).

l 1\ min(e,l)
v <C(3) T ol (3115)

Proof. Using the fundamental theorem of calculus we find that |e’® — | =
|1 — eibia] = | fobia e'dr| < |b — al; for every real numbers a, b. This implies
Eq. (3.113), since for p € R?

)[e—“(@+””>2+m2)1/2 — et ) 2| < C%’ (3.116)

that is a consequence of the next calculation:

)1/2 2

(0 o? +m)" — 0+ vp)| ()

__penog
((p+ov)? —l—mz)l/2 +(@w+v-p)

We estimate (3.117) separately for |p| < v/2 and |p| > v/2. For |p| > v/2
we use the left hand side of (3.117) taking advantage of (p)~2. For |p| < v/2
we estimate the right hand side, taking into account that the denominator is

(p)~2. (3.117)

bounded from below by v/2 and that ‘p2 +m? — (v 'p)2‘<p>’2 is uniformly
bounded.
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Now we prove (3.115). We proceed as before taking p € R? instead of p.
We write ¢ = (p) ~*(p)®¢. For |p| > v/2 we take advantage of (p)~* as before.
For |p| < v/2 we use

p+ v 4
((p+vy)2 +m2) ((ervy)? erz)

(((p+vu)2 +m2)1/2 - (’u+1/-p))1/
+ )1/2

/2 1/2

‘ (v-pv
((p+vv)? +m?

((p—H}l/)Z +m2 )1/2

(3.118)
and (3.117), without the factor (p) 2. Notice that in this case
P+ m?— (v p)?
((p+wvv)? +m2)1/2 +(w+v-p)
v
< Ip| 7 +m < C(|p| + 1),
(+o)2+m2) 4 (0t v-p)
for some constant C'. Using similar techniques we prove Eq. (3.114). g
Lemma 3.33. Let 7 € C§°(R?;[0,1]) be such that 7(x) =1 for |z| < & and it
vanishes for |z| > 1. Let h : R® — R satisfy
1 ¢
h(z)| < C( ) , 3.119
) < (5 (3119

for some ¢ > 1 and some constant C. Take f € C*(R") bounded with all
derivatives bounded. For every o, l € N with o > 2 there is a constant C} such
that
) 1/2 i
3 -l ] (190
v
l
1 1
< a _ —— -
<C |:||¢HH<1>4L (R3) <’U(1 + ‘t|)2l_1 + ; (1 ¥ |t|)2l—gvm1n(o¢,j))

2

1
+ Hd}HHQ(Rs)W}’ (3.120)

for every v > vy (see Lemma 3.29), v € S?, t € R, and every ¢ € H?ﬂf)“ (R3).

Proof. We take t > 0 (without loss of generality). We use the shorthand nota-
tion
1/2

b = h(z)f(p + vv) [e*it(<P+vV>2+m2) - e*it(v“P)}T(@ﬂ (3.121)

v
and write

Y= w(l) + ¢(2) (3.122)
with
¢(1) _ ) ¥ ¢(2) - ) (3.123)
XB(vt;|t|/2)¥s XB(vt;|t|/2)C . :
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We estimate first ¢():

1D <X B2 h(@) f(P + ov)]|
' ||6*”((p+””)2+’”2)1/2 — e*“(vﬂ*p)} (16p)¢H
1 1 (-1
,C;(W) Pl k22 3y (3.124)

where use Remark 3.32 and (3.119).
Now we estimate ¥(2). We have that

1)

= C[HXB(ut;ItW)C e

—it((p+vy)2+m2)l/2 (16p) X B(0; |t\/8) H H B(0; \tI/S)c ‘H

| [t + oo e (e em?) Y2 (otip)] M‘

<Q (H}H)QZH [<x>2lf(P + vv) [e_”[((p*””) wm?) o rp)] 1} ¢

I

(3.125)

where we use Lemma 3.29 and (3.3). To estimate the remaining part in (3.125)
we notice that the operator x is a differential operator in the Fourier transform
representation (or momentum space):

z =iV, (3.126)
Taking the commutator of (x)?! with functions of p produces derivatives with

respect to p. Taking into consideration that all derivatives of f are bounded
and using (3.115) (and similar estimates) we get

[ £ + o) [er[(@rmem?) “orvm] 1o
< CH {(m)m , f(p+ov) (eit[((p+vy)2+m ) ~(+vp)] )}ﬁH

+ CH F(p +wv) {eit[(<p+w>2+m2)”27<u+u-p>] 1] d)H

1+ [¢]\ min(e,)
<cZ( ey s

||¢||Ha 4t (R3): (3.127)
Where we use the fact that for every g € H?z)“ (R3) and every multi-index
= (l1,127l3) € (NU {0})3, with I1 + 1o + 13 < 21,

I{p) a2z gll < Cllatt ez ey gllme o) < Cllgllere , o), (3.128)

for some constant C. Equation (3.120) follows from (3.121), (3.122), (3.124),
(3.125) and (3.127). O
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Lemma 3.34. Let 7 € C§°(R3;[0,1]) be such that 7(x) = 1 for |z| < L and it
vanishes for |z| > 1. Let h: R® — R satisfy

Ih(z)] < C(1+1|:c|)c’ (3.129)

for some ¢ > 1 and some constant C. Take f € C*°(R™) bounded with all
derivatives bounded. For everyl € N there is a constant Cy such that

. V216
Hh(x)f(p +ov) {e_”((p””)z‘“”z) } ( p)¢H
1 1
< S — 3y .
< [||¢||H?1>41 (R3) <(1 n |t|)21) + 1|0l #10 (r3) T M)C}, (3.130)
for every v > vy (see Lemma 3.29), v € S?, t € R, and every ¢ € H?m)‘“ (R3).

Proof. We take ¢t > 0 (without loss of generality). We follow the procedure of
the proof of Lemma 3.33. We use the shorthand notation

¥ = h(z)(f(p + vv) {e*“(ﬁ”v")“m?)lm} T<167p)¢ (3.131)
and write
P =yp® + @ (3.132)
with
N = Xpw/2 Y, PP = Xpt/2)-Y- (3.133)

We estimate first ¢():

» o)2em2) 2 /16
[0 < Ixporgaah(a) o+ o) - e (e ent) o (0P g

C<1+It|) 1610 22, (3.134)

where use (3.129).
Now we estimate 1(2). We have that

. 1/2 1
[ gc[HxB@m/z)cwt(<p+w>2+m2) ( 6P)XB<0 It\/8)H

4 ’ XB(O |t\/8

Jlwrste + oo

< Cl(m) H [<$>2lf(l) +ov)

where we use Lemma 3.29 and (3.3). To estimate the remaining part in (3.125)
we use that z = iV,. Taking the commutator of (z)? with functions of p
produces derivatives with respect to p and as all derivatives of f are bounded

(3.135)
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we get
| [@? £+ oo

<||[@?, 1@ +o)]| + [0+ )@ < Clldllnn, @
(3.136)
Equation (3.130) follows from (3.131), (3.132), (3.134), (3.135) and (3.136). O

Lemma 3.35. Let 7 € C§°(R3;[0,1]) be such that 7(x) = 1 for |z| < L and it
vanishes for |z| > 1. Let h € C?(R3) satisfy

)" ) () wol=elatg)’ o

for some ¢ > 1, a constant C and every ly,la,l3 € NU{0} with I; +13+15 < 2.
Take f € C*(R™) bounded with all derivatives bounded. For everyl € N, there
18 a constant C; such that

H {67”(("*””)2*”12)1/2 - e—“(“”"’)} h(zx)f(p + vv)e VTP, (16P> (bH

Cl 1 ¢—1 o 1 20-1
- 3.138
< v(1+|t|) [F[——Ch (1+\tl) 9l ey, (3138)

for every v > vy (see Lemma 3.29), v € S?, t € R, and every ¢ € H%x)‘“ (R3).

Proof. We take t > 0. Let § € C5°(R3;[0,1]) be equal 1 in B(v;1/2) and zero
in B(v;2/3)¢. Define
0,(x) == 0(x/t). (3.139)
We use the shorthand
B = [e—zt((p+w) +m

) Doy )h(a) £ + o)
o—it(vtvp T<16p)
iy

P = [e—zt((p+w) +m? ety p)} (1= 6;(z))h(z) f(p + vv)

i . 16p
it(v+v-p)
X e T( : )¢>. (3.140)

We analyze first (). We have that

”1[}(1)” < H {efit((p+vu)2+m2)l/2 o efzt v+tv- p):| H
16
H )f(p + vv)e” TP ( p)abH (3.141)
1
<(C—(—— .
<O (1+ |t|) e (3.142)

where we use (3.116) and (3.137).
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Now we estimate ¢(?) using Remark 3.30 and (3.137):

0@ < | [t (Erewrent) " _ ettt py-2]
. 1
@y - e@nte) o + et (R (3043)
t 1
<C—|(—— 2 3 .
<l () ol o0 (3.144)
for every [ € N. g
Lemma 3.36. Let h: R? — R and b: R? — R? be such that
1 ¢ 1 ¢
< < —_— .
malso(iy)  b@lso(iry). G

for some constant C, and every x € R>. It follows that the exist a constant C
such that

1 .
h(x) e~ vty p) g ‘
((p +ov)2? + m2)1/2
1 1
= C[WHQS”H}IW ®3) T U7\|¢||Ha(R3)] (3.146)
and
. p + vy _ —it(v+v-p)
" [((p+v1/)2 +m2)1/2 /Je ¢
1
C{ (1+ |t\)< ”¢HH R3) T U7||¢|\HQ(RS)}, (3.147)

for every v > vy (see Lemma 3.29), v € S, t € R, every natural number
1>¢/2, and every ¢ € HY (R3), with o € {1,2,...}.

Proof. We take, without loss of generality, ¢ > 0. Let 7 € C§°(R?;[0,1]) be
such that 7(z) = 1 for |z| < % and it vanishes for |z > 1. Notice that

1
I = 7(16p/v))é]l < C 2 lIdllee (rs).- (3.148)
We prove (3.146). The proof of (3.147) is similar, using (3.115). Define
1 —it(v+v-
¥ = h(z) ———5¢ HoHP) - (16p /v) ) (3.149)
((p+vv)? +m?)
and
W =X, P = Xpwe/2)e Y- (3.150)
We have that
1

1M < Clixsrinh@)] - H 172 <p>_1H Nl

((p +ov)2 4+ mQ)
1

<C——-— 1(R3)-

(3.151)
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Now we estimate 1)(?) using Remark 3.30:
I < IXBwt )€ e MR- (16p /v)) X B0yt /) () 2|

((p+ w)zl ) ¢H (3.152)

+ HXB<o;|t\/8>C<x>_2l”} 'Hmzl

1

< CWHWH@“ (®?)>
where we use the procedure in (3.125)—(3.128). Equation (3.146) follows from
(3.149) to (3.152). O
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