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This paper presents new analytic solutions to the Dirac equation employing a recently introduced
method that is based on the formulation of spinorial fields and their driving electromagnetic fields
in terms of geometric algebras. A first family of solutions describe the shape-preserving translation
of a wavepacket along any desired trajectory in the x —y plane. In particular, we show that the dis-
persionless motion of a Gaussian wavepacket along both elliptical and circular paths can be achieved
with rather simple electromagnetic field configurations. A second family of solutions involves a plane
electromagnetic wave and a combination of generally inhomogeneous electric and magnetic fields.
The novel analytical solutions of the Dirac equation given here provide important insights into the
connection between the quantum relativistic dynamics of electrons and the underlying geometry of

the Lorentz group.

I. INTRODUCTION

In this work we further expand upon the recently de-
veloped framework of Relativistic Dynamical Inversion
(RDI) [I] whose purpose is to solve the following prob-
lem: Given an arbitrary (desired) spinorial spacetime
wavepacket v, find an electromagnetic vector potential
A,, such that the Dirac equation is satisfied. This is ac-
complished by RDI in two steps: First, we verify the
attainability of the given evolution 1 by assessing the
existence of the underlying A, leading to valid Maxwell
equations (for a proof of this statement see section A
of the appendix). Second, if it exists, an explicit form
of A, is obtained which satisfies the Dirac equation for
the given 1. Moreover, the method can also be used to
assess for attainable dynamics.

The task of constructing control fields yielding a de-
sired dynamics at all times and positions is one of the
most important and challenging problems in quantum
control. In particular, transporting coherent wavepack-
ets without disturbance is a required building block in
quantum technologies. By breaking down the spinor as
a series of local Lorentz transformations (i.e., Lorentz
transformations whose parameters are functions of space
and time), RDI allows for finding analytic solutions
which are not feasible by other current methods.

Exact solutions of the Dirac equation, a system of four
partial differential equations, are rare. The vast major-
ity of them are for highly symmetric stationary systems
[2H4]. Only a handful of solutions for time dependent
dynamics exists [5HI6]. For instance, it was long after
the first exact time dependent solution was reported by
Volkov [5], that its generalization was proposed in [6], fol-
lowed by a slightly more general exact solution [7]. Most
of the investigations call for either semi-classical methods
[I7H19] or numerical calculations [20H26]. In addition to
being computationally demanding, commonly used nu-
merical schemes are plagued by unphysical artefacts at
the fundamental level [27, 28]; thus, there is a need for
systematic construction of analytic solutions. RDI fulfils
all these needs by providing stationary as well as time-
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dependent exact solutions in two and three dimensions
(see [I] for other solutions).

Here, RDI is used to construct electromagnetic fields
that move a given Dirac spinor along any desired trajec-
tory in the x — y plane without spreading. In addition,
general solutions for a combination of plane electromag-
netic waves and electric and magnetic fields along the
wave’s propagation direction with arbitrary perpendicu-
lar profiles are also constructed. Illustrations are given
for the particular examples of a Gaussian wavepacket
moving along both an ellipse and a circle in the z — y
plane. Moreover, we give solutions for a Dirac electron
in a combination of a plane electromagnetic wave with
a constant and homogeneous magnetic field along the z
axis (known as the Redmond solution [6]) as well as in
a combination of a plane electromagnetic wave with a
constant and homogeneous magnetic field and an elec-
tric field of general profile, both along the z axis (first
reported by Bagrov et. al. in [7]). Our solution general-
izes the solutions given by Redmond and Bagrov et. al.
in that it also allows for inhomogeneous magnetic fields
along the z axis with an arbitrary perpendicular profile.
The analytical solutions of the Dirac equation given here
provide important insights into the relativistic dynamics
of electrons.

II. METHODOLOGY OF RELATIVISTIC
DYNAMICAL INVERSION.

The Dirac equation is commonly expressed as
Y ichd, — ceA, ] = mcip, (1)

where the summation over repeated indices is adopted, 1
is a four-component complex spinor, m is the mass, ¢ is
the speed of light, v* are the 4 x 4 so-called gamma ma-
trices, A, is the four-vector potential and = 0,1, 2, 3.

The Dirac equation can be viewed as a “first quan-
tization” approximation to QED. The solutions of Eq.
(1) exclude effects such as radiation reaction and parti-
cle creation/annihilation prominent at ultra-relativistic
energies. Nevertheless, Eq. provides a mean-field
description of relativistic effects at low and moderate
energies. A moving Dirac electron generates the current
Jp = 4O~k that emits secondary radiation, which is
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not accounted for by Eq. . Therefore, a solution of
the Dirac equation is physical if the energy loss due to
the secondary radiation is much smaller than the elec-
tron kinetic energy. This criterion should be satisfied in
the applications of the Dirac equation considered in this
work.

The Eq. can be written in different forms empha-
sizing the geometry of the Lorentz group [29H32]. Here,
we employ the Hestenes formulation [29] where the state
1 in Eq. is represented by the matrix ¥,
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obeying the Dirac equation in the matrix form
(he@Uryay, — ce AT) = mc? Uy, (2)

where the Feynman slash notation was employed 4 =
Aty @ =~"0, (p,v =0,1,2,3). Note that the matrix
4 must have real coefficients A,,. The vector potential
may be expressed as a function of the state

e = Uy Ut — meln 0wt (3)
where
U -
U= 0 =Tl
T Yo¥ Yo

A crucial insight is the spinor factorization for elec-
trons/positrons: ¥ = ,/pL, where p is a non-negative
scalar function modulating the probability density and
L is an invertible matrix representing a Lorentz group
element [29H3T]. It is very important to note that for all
cases other than a free electron, the scalar density |/p
acts as an envelop function ensuring that the electron’s
probability distribution ¢ is normalizable. Thus, it
is always written in the form exp(—f(z,y, z,t)), where
f(x,y,z,1) is semi-positive definite. For the particular
case of a free particle, we have \/p = 1.

Considering that L is a member of the special Lorentz
group [29H3T], a spinor ¥ can always be written as the
product of spatial rotations R, boosts B and a transfor-
mation of internal degrees of freedom parametrized by
the Yvon-Takabayashi angle 8 [33], B4]. Thus, the most
general parameterization of the matrix spinor is [29-32]

U= /pBRe™?, i =971727s. (4)

The boost B is written in terms of the velocity com-
ponents cv = c(v!,v%,v%) (bold symbols denote three

dimensional vectors throughout)

o, +1
V201 +00)’
with v0 = V1 +v2, «ap is the 4 x 4 identity matrix and
ar = YrYo are the well known gamma Dirac matrices;

whereas, the spatial rotations are parametrized by the
angles 8 = (6',62%,0%)

B=B((v)= (5)

R = R(6) = exp (—i0"ay/2) . (6)

Note that the density p, velocity v, rotation angle 6
and Yvon-Takabayashi angle 8 are in general functions
of space and time. In this case, we say that the Lorentz
transformations encoded in the spinor ¥ are local. More-
over, It must be stressed that all solutions to the Dirac
equation can be put in the form given by Eq. .

RDI is performed in the following way: Spacetime
functions p, v, 8 and § are initially selected to describe a
desired dynamics of the Dirac state ¥. The constructed
factorization is substituted in Eq. to obtain the
vector potential in the matrix form 4.

If the A, are not real, the proposed dynamics is not
reachable with physical fields, and the parametrization
p, v, 8, and B needs to be modified.

If the A, are real, then we perform the final step
of the procedure, consisting in the substitution of both
the vector potential A, and the Dirac spinor describing
it, which is simply the leftmost column of W, into the
Dirac equation . If the Dirac equation is satisfied ex-
actly, then the procedure is completed: The obtained
vector potential A, = Tr(A4~,)/4 enables to recover the
electromagnetic fields F** = ¢ (0*AY — 9V A*) and the
source J” = 0,F"/(eoc) generating them. Provided
the current J”, the obtained fields F'*” necessarily sat-
isfy Maxwell’s equations. Note that J" differs from the
current J4 = Tr (Uy# W) /4 = hT70~H1) emanating from
the Dirac electron.

Before proceeding to the discussion of the newly found
solutions, let us better illustrate the philosophy of RDI
by analyzing the case of a free electron in the Hestenes
formalism (see [29] for more details). In this case, the
Dirac-Hestenes equation becomes

heWryay1 = mc* Wy, (7)

The two positive energy solutions are
U = U;er2rnpus’/h (8)

K3 )

where the U; are constant spinorial Lorentz transforma-
tions. It is noteworthy that since 9y, = tas, the expo-
nential term is a rotation around the 27y, axis by an an-
gle p,a* /h. In our examples it is shown that gauge trans-
formations can also be described as rotations around the
same axis. Inserting (8) into (7)) gives

PU; = mcUiyo — p = mcUiyoUs = mey,

since U;U; = 1. The Lorentz transformations U; and
U, correspond to states with spin up and spin down,
respectively. They are explicitly given by

Uy =B(v), Uy=B(v)e t=m/2
The two negative energy solutions are

U = Vievwlpux“/h’ (9)

where V; = B(—v)e?™/2, because in this case the Yvon-
Takabayashi angle is 3 = . Note that ViV; = €' al-
though we still have V;voV; = 9. Thus the four momen-
tum becomes

P = mepe ™™ = —mcp.



Since vY is positive, the energy cp® is negative.

From the above discussion it becomes clear that when-
ever we parameterize the spinor by local Lorentz trans-
formations, the addition of the vector potential becomes
necessary if the Dirac equation is to be satisfied, in much
the same way as when local gauge transformations are
performed. Thus, we can claim that all the information
about the dynamics of electrons interacting with exter-
nal fields are contained in the parameterization of the
spinor. This aspect of RDI will become more apparent
during the discussion of our novel solutions.

IIT. A GENERAL SOLUTION FOR MOTION
CONFINED TO THE X-Y PLANE

We start with the following Dirac spinor describing an
electron wavepacket with spin down, which is in a ground
state of some potential, having zero average velocity at
time ¢t = 0 in the laboratory frame

0
e T,y 2

¢ =e Bffh ) N(m% +€) ; (10)
0

corresponding to the matrix spinor

0

0

_1 I (11)
0

BG(x,y)
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N(mc* + ¢)

oo = O
o OO
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where G is a positive real function to be determined later,
N is a normalization constant and eB > 0 is also a con-
stant. Such initial state will always lead to a magnetic
field along the z axis in the laboratory frame that is par-
allel to the z-component of the electron’s spin. Moreover,
a peculiar feature of electrons with g-factor ¢ = 2 is that
the ground state energy in this case is exactly € = mc?
for the case of a constant and homogeneous field [2, [35].

We should point out that Eq. is of the form .
For instance, since the electron has zero average veloc-
ity the boost B(0) = 1 is simply given by the identity
matrix. Moreover, given that the spin of the electron is
down (i.e., along the —2 axis), we know from the previ-
ous section that

0 -1

O O =
o O O

However, the scalar density instead of being equal to
one as in the free particle case, it is now given by

VP =€ LR N (e + mc?). Such modification of the
matrix spinor necessarily leads to the addition in the
Dirac equation of the following vector potential as can

be derived from Eq.

eA® =0,
EUOSS ki3 0

AR = — —
€ 2 p ©

(12)

with v9 = —s% = 1 since

BG(z,y)
g

pp =Wyl = e= 2 N (e +me?) o,

pf = Uy3¥ = —e~ eBgc(;yy)Nz(e + mc?)?ys. (13)

Hence, this confirms our claim that the particular spinor
parametrization will always lead to some type of
magnetic field along the 2 axis. In the case that
G(z,y) = c(z? + y?) we recover the ground state of an
electron in a constant and homogeneous magnetic field
eB = {0,0, —eB}. Other choices for the free function G
will generally lead to inhomogeneous magnetic fields.
The goal is to translate the electron along an arbitrary
trajectory in the x — y plane. In order to do so, we
apply to the matrix spinor a boost with velocity

f'(t) along x and ¢'(¢t) along y
"(t
g'( ),0} 7
c

U, =B(vV)¥, v= {’yflét),'y

(14)

where

e g0

along with the following transformations also performed
on the initial state ¥

2 =x— f(t)
Yy =y—g(t)
pr=pa'y) /1y

The boosted Dirac spinor v, extract from Wy is then

0
S v
=13 [ We-igw) |
/Ty
0
eBG(z',y")
Vo = @ (P g ) e
x N (e +mc?). (15)

The electron’s velocity becomes

=" (’Yo+71f/c(t) +’Y2glc(t)> )
(16)

Note that the spin vector continue to have the form .
From Eq. we get the following components of the

vector potential
h/[l1—~]d J'(t) .
A% = — V1
e 2([ . ]dtarctan(f/(t) +(sxv)-Vinp

ap 0

1_ 2 _ 1
eA" = % <’yay + Cat(pv )) mev-,
eA? = h (fyap + 768 (pvl)> — mev?,

2
eA® = 0. (17)




The solution we found is a generalization of the 2D solu-
tions found in Ref. [I]. The electron’s trajectory is given
by the free real functions f(¢) and g(¢). In the appendix
we prove that the spinor exactly satisfies the Dirac
equation with the vector potential .

Before proceeding, let us give a more intuitive expla-
nation of the spinor parametrization . In general,
the matrix spinor ¥ is an active Lorentz transformation
describing the motion of the electron as seen by an ob-
server in the laboratory frame. Thus, the local Lorentz
boost B in Eq. simply means that the observer in
the laboratory frame sees the electron moving with a
varying velocity. The observer thus concludes that the
electron is being acted on by a force. Since what we can
measure are trajectories and not fields, we infer from the
spinor parameterization the electromagnetic fields caus-
ing the observed motion of the electron. This feature is
at the core of RDI, thus being a crucial property of all
the solutions discussed in this work.

A. Gaussian tracing out an ellipse without
dispersion.

As an illustration of the newly found solution, we now
consider an electromagnetic field that moves a Gaussian
wave packet along an ellipse in the z — y plane without
distortion. We choose the following functions

f(t) = aq cos(wt), ¢g(t) = agsin(wt),
Gz,y) = c(a® +17),

where a1, as are the semi-axes of the ellipse. The vec-
tor potential is calculated from Egs. for the given
functions.

According to RDI, the electromagnetic fields generat-
ing the dynamics consists of a time dependent homoge-
neous magnetic field B perpendicular to a planar electric
field which co-rotates in the x —y plane with the electron.

In Fig. the crossed circles represent the time de-
pendent homogeneous magnetic field perpendicular to
the plane, and the electric field at times wt = 0 (Fig.
A) and wt = 3.3 (Fig. [ B) are displayed as blue
arrows in the x — y plane. The dashed blue and dot-
dashed red curves are the trajectories of classical point
particles, initially localized at different points within
the electron’s wavefunction, calculated by numerically
solving the Lorentz force equation with the driving
fields given by Egs. , and of the ap-
pendix in order to show that the derived electromagnetic
fields indeed lead to no spreading. As shown in Sec.
C of the appendix, these electromagnetic fields satisfy
Maxwell’s equations with an electric current but with-
out free charges. The black diffused circle (initially at
x = lpm and y = 0) depicts the Gaussian state 1/121/);,
whose shape is preserved during its motion along the full
grey curve.

It is important to investigate two different energy
regimes of our solutions: The non-relativistic regime
¢ > a;w and the highly relativistic regime a;w ~ ¢ where
a; are the semi-major axis of the elliptical trajectory.
Note that if a;w > ¢, v becomes complex.

y (um)

y (um)

-2 -1 0 1 2
X (pm)

FIG. 1: Dispersionless Motion. Time snapshot of the state
evolution (A) at the beginning of the translation ¢t = Ons
and (B) at ¢ = 6.6ns. The black diffused circle represents
the electron probability density moving along the full grey
curve with frequency w without changing its shape. The
dashed blue and dot-dashed red curves are the trajectories
of classical point particles calculated by numerically solving
the Lorentz force equation with the driving fields given by

Egs. (C7), (C19) and (C20]) of the appendix. This dynamics

is achieved by a combination of a rotating electric field (blue
arrows) given by Egs. (C2]) and and a time dependent
homogeneous magnetic field B perpendicular to the plane
of the figure (crossed red circles) given by Eq. of the
appendix. The values of the parameters are e = mc?, B =
0.35T, a1 = 1um, a2 = 2um and w = 0.5ns~ 1.

The non-relativistic limit ¢ — oo of the driv-
ing fields given by Egs. , and
of the appendix consist of the constant and ho-
mogeneous magnetic field B along the 2z direc-
tion and the time dependent electric field: eE =
w {(azeB — a3mw) cos wt, (a1eB — agmw) sinwt, 0},
eB = {0,0,—eB}. This setup can be shown to preserve
the Gaussian shape within the Schrodinger equation.
Note that this dynamics can be observed at experimen-
tally available values of B = 0.35T and |E| ~ 0.3V/m
employed in Fig. In such a regime, the radiation
energy loss per cycle is infinitesimally (i.e., 11 orders of
magnitude) smaller than the electron’s kinetic energy.
Therefore, the obtained solutions fall within the range
of applicability of the Dirac equation.

The highly relativistic limit v > 1 of the driving fields
is given by Eqgs. (C18) and of the appendix. Con-
trary to the non-relativistic case, the magnetic field be-



comes time dependent while the electric field is depen-
dent on both space and time. In the intermediary regime
shown in Fig. [1| the electric field has a weak dependent
on both z and y proportional to w3(a? + a2)eB/(2c?).

IV. A GENERAL SOLUTION FOR AN
ELECTRON INTERACTING WITH THE
COMBINATION OF A PLANE
ELECTROMAGNETIC WAVE WITH ELECTRIC
AND MAGNETIC FIELDS

The starting point for the construction of the desired
solution is the matrix spinor . The matrix spinor is
construct by applying to the following combination
of local Lorentz transformations

cEAA ®
Uy = e2@o—r) B,We2M®, (18)

where the terms applied to the left of W consist of the
following boost along the z direction

B, =B(v.), (19)

with v, = {07 0, 03 (g)}v Po = Mmcvg, Pz (5) = mcv? (6) and
¢ = wt — wz/c followed by a combination of boosts and
rotations given by

EAA=F1(8) (a1 +idaz) + f5(8) (@2 —dar)  (20)

while the term applied to the right is a rotation about
the v axis leading to a gauge transformation given by
the free function ®. The w and k, = %(1,0,0,1) are the
laser’s frequency and wave vector, respectively. More-
over, the application of the successive Lorentz transfor-

76;6/\4 . .
mations e2«®o-72) 3, induce the following change of co-
ordinates

- /f 15 2(0) + P (9)
0

m2w?

m2w?

y/:y+/05d¢(pz(¢)+p0)fé(¢).

The Dirac spinor is then

Y = N(e+mc?) p:(£) 4 PO mio— G0 ) «
mc mc
_ e(f1©) =if3(&)) (em—p: (&) +po)
2v2wy/cm(cm+po) (po—p-= (€))
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V2y/em(em+po)

The components of the vector potential given by Eq.

are

A0 — wh®00 (¢ 2, y)  (p2(€) +po) (f1(6)* + f5(6)*)

c 2m2w?
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A2 = _=
€ 2"\ 2he

n Cffiu(f)’

eA® = eA” — p.(€) + po. (22)

Note that the free function ® can be chosen such that
eAY = 0. Thus, it amounts to a gauge transformation.
The corresponding electromagnetic fields are

eB(p-(€) 4+ po) VG (z',y)

4c2miw
Q- F©), - Dv7a (), (23)
B = {ce et (1- =) ]
Po

(24)

where V2 = 92 /02'? + 8% /0y'?. The found solutions are
written in terms of the free functions G, f1, f2,p. and @,
being therefore very general.

It is now important to better explain the significance

of the local Lorentz transformation e% and why
does it leads to plane wave fields. First of all, it should
be noted that ¥ A A corresponds to a null bivector, which
means that (F A A)? = 0. This property implies that

oA ., ckrd
QW(po _pz)

Thus, if we make the substitutions B,¥ — U; and

¢ eA*p e A?
P = — iz _ ro_
pat /- | d¢( o %%) |

in Eq. (18) we recover the well known Volkov states
[B]. Therefore, replacing U; in the Volkov states by the
more general local Lorentz transformation B,V leads to
the addition of extra electromagnetic fields to the plane
wave field from the original Volkov spinor. In the ap-
pendix we prove that the spinor exactly satisfies
the Dirac equation with the vector potential . It
is noteworthy that the bivector ¥ A A consists of the
boost vector {f1(£), f5(£),0} and the rotation vector
{=15(8), f1(&),0} which are mutually orthogonal. From
the expression for the electromagnetic fields we see
that in the terms corresponding to the plane wave field
inherited from the Volkov spinor (i.e., terms that don’t



depend on neither V/2G nor p,(€)), the electric and mag-
netic field components are given by —%{f{(ﬁ), 15(¢),0}

and —d%{— 1508, f1(€),0}, respectively. Moreover, the
z component of the electric field is a consequence of the
local Lorentz boost B..

It is instructive to consider what kind of sources will
generate the electromagnetic fields . From Maxwell’s
equations, we get

o 1 402m2w3p; (5)2 i (f)
Pe = 4eo <pg — 4w’pl(€) (1 - po)
LB (po ;pz )

_ B O Gngy . B2
'UOJ_{ 4c8y’V Gl y), 4c Ox'

(25)

Hence, unless V'2G(2',%') is constant, which happens
only if G(2/,y') = c(2"?+y'?) or if G(2/, ) is a harmonic
function, the magnetic fields from our solutions will be
inhomogeneous.

In what follows, we will consider some particular cases
of our general solution (21]).

A. Solution to the Dirac equation for a particle
with a plane electromagnetic wave and a
homogeneous magnetic field

As a rule the free functions of our solutions are chosen
such that the source of the given electromagnetic fields
have a simple form, the simplest being source free
fields in vacuum. For instance, by choosing G(z,y) =
c(z? + y?) and p, = 0, the vector potential becomes

oa0 — U1+ f5(©)%) wh@H00 (g, 2, y)

—cm
2mw? c
_eB ' fi(§) — 2 f3(€))
2mw ’
!/
eAl = % (—2h¢(0’1’0)(€,x,y) + Lf:)(f) + eBy’) ;
! !/
€A2 = —h@(0>071)(£7x’y) + M _ &B%,
w
eA3 = eA® + me.
while the electromagnetic fields are
—eBJf] —eB/f}
8= {210 o, = TR0 g, o),
mw mw
eE = {ceBy, —ceB,,0}.
(26)

It is straightforward to show that the electromag-
netic fields obey the source-free Maxwell’s equa-
tions, as desired. This solution is a particular case
of the well known Redmond solution [6] provided that
lime, oo f/(§) = limes oo fI/(€) =0, i = 1,2 and that
the asymptotic spinor corresponds to the ground state
of the homogeneous magnetic field.

05~ 5(© 50| 726
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FIG. 2:  Dispersionless Motion in a directed plane wave
field. The diffuse tube represents the state . This dy-
namics is achieved by a combination of circularly polarized
800 nm laser field propagating along x~ = t — z/c of in-
tensity 1021W/ em? with electric and magnetic field compo-
nents represented by the blue full curve and the red dashed
curve, respectively and a constant and homogeneous mag-
netic field B perpendicular to the x — y plane. The values
of the parameters are ¢ = mc?, ap = 3.24T, B = 0.13T and
w=eB/m = 2.35fs" .

1. Gaussian tracing out a circle without dispersion in the
presence of a plane wave field and a homogeneous and
constant magnetic field.

For this example we choose the following functions

f1(&) = ap(cos(§) — 1),  f2(&) = —agsin(§).

In Fig.[2] the blue full curve represents the electric field
while the red dashed curve represents the magnetic field
components of a circularly polarized directed plane wave
propagating along the x~ = ¢t — 2 direction with polar-
ization on the x — y plane. It is easy to see that these
electromagnetic fields satisfy the source free Maxwell’s
equations. The diffuse tube depicts the Gaussian state
@[J;wT whose shape is preserved during its circular mo-
tion on the x —y plane. As seen from the explicit expres-
sion of the Dirac spinor ( see section D of the appendix)
the wavepacket is unbounded along the z axis.

B. Solution to the Dirac equation for a particle in
a plane electromagnetic wave and a combination of
a homogeneous magnetic field and an electric field

For this example, we also choose G(z,y) = c(z? + y?)
but keep p,(§) arbitrary. The electromagnetic fields then



become
e = - (B BHOCLO+m) )
{1516, ~1(©).0}, 1)
B = {eeB,, et (@) (1- ).
(28)

Thus, we recover the generalization of the Redmond so-
lution [6] first given by Bagrov et. al. in Ref. [7].

V. OUTLOOK.

We have applied RDI, a new framework for analyti-
cally constructing electromagnetic fields controlling the
dynamics of the Dirac equation, to the case of disper-
sioneless translation along an arbitrary trajectory in the
x — y plane. Illustrations are given for a Gaussian
wavepacket moving along an ellipse and a circle in the
r — y plane.

Additionally, we found solutions for a Dirac electron
driven by the combination of a plane electromagnetic
wave with both axial electric and magnetic fields with

|

non homogeneous perpendicular profiles. In the process
of finding these mew solutions, RDI provided a glimpse
of what might come by further exploration of the full
freedom contained in the spinor factorization . More-
over, our illustrations of RDI also hints on a deep con-
nection between the electron motion in external fields
described by the Dirac equation and the underlying ge-
ometry of the Lorentz group, the symmetry group of
quantum relativistic dynamics

Having illustrated the potential of RDI, the challenges
presented upon us are twofold. First, is the task of find-
ing square-integrable solutions to the Dirac equation for
an electron interacting with realistic laser fields (e.q.,
gaussian beams). Second is whether or not RDI can be
used as means to construct the complete set of eigenval-
ues and eigenfunctions for bound state problems. The
key to such understanding lies in elucidating the physi-
cal and geometrical meanings of each term in the Dirac
and Dirac-Hestenes spinors for the solutions to the Dirac
equation.
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Appendix A: Proof that e4 satisfy Maxwell’s equations

The importance of finding a real A4 through the inversion procedure is the following. First, let us recall the form
of Maxwell’s equations

Pe = 6 K,
V-B=0,
- 0
pod =V x B~ =B,
- 0
__ 9 Al
VxE o (A1)
Giving any real function Ag(t,z,y, z) and any real vector field A = (A, (t,x,y, 2), As(t, ,y, 2), Az(t, 2,9, 2))7, set
B=V x A, (A2)
- 0
By also setting
- - 0
p5:V'E7 MOJ:VXB_CTatE7 (A4)

we get solutions to (Al)). That this is the case can be easily seem from Eqgs. (A2) and (A3) as follows. Since B is
the curl of a vector field, then V - B = 0. Moreover, by taking the curl of E we get from 1)

ﬁsz—iﬁxAéﬁxE:—iB.
cot cot

Therefore, the vector potential derived from the RDI method is guaranteed to obey Maxwell’s equations.

(A5)

Appendix B: Proof that the calculated vector potentials really satisfies the Dirac equation for the given
spinors

We begin by expanding the Dirac equation given in Eq. of the main text
ich(9,7° + Oyt + 8y’yz + 0.9 — (ceA%yo + ceAlyy + ce A%y + ceA3ys 4+ mc® ) = 0,



For the spinor of the main text, the first term on the right hand side of Eq. (B1)) becomes

0
ich(0° + 0uy' + 07 + 0" )y =, O = gz
0
where
_ i #N' (c®m +¢) 67% c (—er’(t)G(l’O) (2',y') — eBg' (t)GOV (2, y))
Ve = 4v/2¢2 { ¥ *

290 (' (1" () + ¢ (19" (1) + iceB (£ (GO (@) — ¢ (NGO (o)) }

7_‘_1./\/(6 m+e)e eBEle ) 2c7e BGOD (2, /) <c+ 9 (t)(:&iti)—lf (ﬂ))
bz = — —8evh (g (t) +if"(t
s — { s evh (o' (6) + i (1) +
; 10) (37 o) (¢ — O O—ig'®)
2icyeBG («',y ) (C c(y+1) N 47271(9/@) +if (1) (L4 20) f" (1) g'(t) + f'(t) (F'(t) — 2ig" (£)))
T+ G+ 1) :

e - g

It is then straightforward to show that upon substltutlng the vector potential given in Eq. | of the main text on
the second term on the right hand side of (B1) we get

(ce A%y 4 ce Aty + ce A%y + ceAyz + me? )y, = 9.

Thus, the Dirac equation (B1)) is exactly satisfied.
For the spinor of the main text, the first term on the right hand side of Eq. (B1)) becomes

01
ieh(0° + 0.7 + 0,77 +0.0%wr =0, o= |
¢4
where
—i® chp-(§) eBGOV (o, y)  ieBGMO) (/. y)) . (0,0,1) - £(0,1,0)
=- 2900, 2ip (01
(bl \/ﬁe 2\/5\/m 2Hh + 2%Hh +Z( <§7xay)+ ? <£7may)) )

= (Cm+p07p2(€))\/’567i¢ lice | ifs (L) (2 o lc ! ifs e (01
0= BB (iceB ((6) + £ GO 00/ + e ((€) + i) DG

2 (2R (f5(6) +if1(6) @OV (€, 2, y) + AR (F(€) — if5(6) OO 2, ) — 2h(po — p(€)) 0V (€, 2,)) }

_se ln/me(me+p eBGOD (/4 ieBGL0) (/o
b3 = —\/pe i® Vi 0 {( QCh( y)_|_ QCh( y') +z(2<1>(001)(§xy)+22<1>(010)§xy

_ (Cm—i—po—pz(f))ﬁ@_@ lce / —if! (1,0) Yy _lce / if! (0,1) 2
0= e SIS (46 ~ () 6 0'f) = 5B ((6) + () 6 (&)

+2[ = iR (f1() - if3(€)) @OV (€ w,y) — PR F(E) — if3(6) 2OO(E, a,y)
+ 2% (VEm? £ pa(€) —p(6)) 010 (€, 2, }

pz(g) _1_17706 465 ' /).
mc mc

Vp = N(e+mc?)

It is then straightforward to show that upon substituting the vector potential given in Eq. of the main text on
the second term on the right hand side of (B1]) we get

(ceA g + ceAyy + ceA? vy + ce APyg + mc)Yr = ¢.

Thus, the Dirac equation (B1)) is exactly satisfied.



Appendix C: Dispersionless motion along an elliptical path: Gaussian state in 2D

For this particular case the Dirac spinor v, is

0
B((x—aq cos(tw)2+(y—an sin(tw))z)
Nem de2—w2(a? sin2(tw)4a2 cos2 (tw) <2 +cexp| — (
\/ ( ! 2 ) \/CQ—MQ(af sin? (tw)+a2 cos? (tw)) 4h
V2
= B((w—ay cos(tw))?+(y—ag sin(tw))?
Vo Nc2mw(—ay sitl(tw)+ia2Cos(tw))exp(— (T ik i it )>

C2 +
/2 —w2(a? sin2 (tw) +a3 cos? (1w))

c

V2 %/02—0.)2 (af sin2(tw)+a§ cos? (tw))

0

The corresponding electric field is

o S (410 ) s ) ), (1)
Y

227 242 2
aiaseBrw | 22 — (?-oiw?)(*—aze?)
102 Y P Buos? ) a% (02 _ a%wQ) )
— e sin(2tw) | ——————%* +a
2c2y(a? — a2) 42y yw (2tw) c2y2 2]
in(¢ w? (® — a?w?) (2a9¢®m — aqw (a%eB — k
eFy = 81;1(2(,0) (aleBw (a%w2 + 20272) — ( ! ) ( 2 55 ! ( 2 ))
vy c*y
2 2 2\(2 2 2
arazeByw | 2y — (¢ —afw ZEZ ) 2(2 2 2
n v 1 Barub si (2t ) aj (c ajw )
- eBzw” sin(2tw
2c¢2y(a? — a3) 4c2y c2y?
€E3 =0.

The magnetic field is

631:0,
6B2:0,

B (2¢* — w? (a? sin®(tw) + a3 cos?(t B 1
633:—6 (2¢% — w? (af sin® (tw) azcos(w))):_e(7+)'

20\/02 — w? (a? sin®(tw) + a3 cos?(tw)) 2

The obtained electromagnetic field obeys Maxwell’s equations

V-E=0,
V-B =0,
0
E+-—-B=0
V x +3t ,
10
B-——E=ypJ
VX c? ot Ho,
with the current J
0
1_
poe " == g b
1o}
2 _
Hoe” == g b
poeJ® =0.

The non-relativistic limit of the electromagnetic field (C2))-(C7) is

eE,, = {wcos(tw) (eBag — aymw) ,wsin(tw) (eBaj; — agmw), 0},
eB,,,, = {0,0,—eB}.

(C2)

(C8)
(C9)

(C10)

(C11)

(C12)

(C13)
(C14)

(C15)
(C16)



10

It is noteworthy that the time dependence of the magnetic field as well as the space dependence of the electric field
are more pronounced in the high energy regime, in which wa; ~ ¢, where a; is the semi-major axis of the ellipse. In
this regime v > 1 and the electric and magnetic fields becomes

B
eB, ~ — {0,0, 7;} , (C17)
a20a1T . a1a2y
eE, ~ yeBw {agcoswt— — . a1 smwt—|—,0}. (C18)
2(af — a3) 2(af — a3)

In the classical limit i — 0, the magnetic field (C7)) remains unchanged while the electric field becomes

- t w? (2 — a2w?) (aswa2eB — 2a;1¢2m 2.2
o, _ Cos(te) ( (2 — a3?) (azwad 1e*m) +a26372w(a2¢; +202)
v

2¢2y 2y
ajazeBrw | 2% — (Foofe” (e aze’)
o L Byt (o) (L 080)  op (C19)
- eByw® sin(2tw) | ————2% 445 |,
2¢27(af — a3) a2y 7Y c2y? ?
~ sin(tw) w? (¢ — aiw?) (2a2¢*m — aywa3eB)
eEy = R (aleBw (a%wQ + 262’}/2) — ) (02'72
2 2 2\(2 2 2
ajaze Byw <0272 L alwvzgﬁ — )> 1 a3 (& — a3u?)
—~ Baw? sin(2¢ 2 : 2 C20
* 2c2y(af — a3) 4y T il m( c2y? e (G20)

(C21)

The current constructed from the Dirac spinors is Jp = U0V, whose components J¥ = Tr(\Iwo\iWM) /4 are

JY =N?c*m? exp <_B (Gl COS(tw))ij— (y — azsin(tw))?) > : (C22)
B ((z — tw))? — ay sin(tw))?
J/%) —  N2ayPmiw sin(tw) exp (_ ((x aq cos( w))2;- (y — agsin(tw)) )) , (C23)
B((x— tw))? + (y — ag sin(tw))?
JE =N2asc®*mPw cos(tw) exp (— (@ = aa cos( w))% (y = a sin(tw))") ; (C24)
J3 =0. (C25)
The velocity associated with the current Jp is obtained as v* = ¢J& /p

v = — aywsin(wt), (C26)

v? =agw cos(wt), (C27)

with the magnitude given by |v| = w\/ a? cos(wt)? + asin(wt)?. Thus, superluminal propagation is avoided if

aiw<c i=1,2.

The current J, — entering Maxwell’s equations — is related to the current Jp —
constructed from the Dirac spinor in the following way: The Maxwell current J. creates the electromagnetic field
— steering the Dirac wave packet . Moving along an elliptical trajectory, a Dirac electron yields the
current Jp emitting radiation. If the radiation losses are large, the proposed solutions may not work. Therefore,
the calculated electromagnetic fields are physically meaningful if the electron kinetic energy is much larger than the
energy emitted via radiation. The dispersionless rotation shown in Fig. 1 of the main text obeys well this criterion
because the radiative energy loss per period is oc 10732J, whereas the electron kinetic energy is oc 10721J.

Appendix D: Gaussian tracing out a circle without dispersion in the polarization plane of a circularly
polarized directed plane wave field

For this particular case the Dirac spinor ¢ is
ao(sin(§)—i cos(£))
- eB((aoc(cos(g)—1)+'mmw2)2+(7aocsir\(§)+7rzyw2)2) 27’17’("')
_ip—
wT =e amZwtn ag(sin(§)—icos(£)) (Dl)

2mw
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with

c (€ (ad(eB 4+ mw) 4 2m3w?) + ageB (mw?(x sin(€) + y cos(£)) — agesin(€))) .

b =
2m2wih

The current constructed from the Dirac spinors is Jp = \IJT*yO\i/T, whose components J5, = Tr(\IleyO\i/T*yu) /4 are

eB((aoc(cos(£)71)+7nzw2)2+(7a00 sin(g)+myw

JY =e” 2m2ath (1 + 2m2w2> (D2)
e eB((aoc(cos(ﬁ)*1)+mw2u:2)j:h(faocsin(ﬁ)+7nyw (ao ::; ) D3)
e el (wen @), o
J? 267EB((GOU(COS(&71”7”?:;2)5;(7%0Sm(g)myw ) ) <2nj;)w2) . (D5)
The spin density constructed from the Dirac spinors is ps = \IIT'yg\i/T, whose components pst = Tr(\I/T'yg\ilTvu)/él
are
0 eB((aoc(cos(&)—1>+mww22)2:(—aocsiu(s>+myw2)2) a2

pst —e o (5s). (D6)

mw
ps? :e*EB((GOC<COS(£)71)%2:,22)5;,(7&06Sm(g)mywz)2> <ao cos (f)) 7 (D8)

mw
e i) o

m2w
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