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Abstract

We derive new solutions of the Schrodinger, Klein—-Gordon and Dirac equations
which describe the motion of particles in a uniform magnetic field. In contrast
to the well known stationary solutions, our solutions exhibit the behavior of
quantum particles which very closely resembles classical helical trajectories.
These solutions also serve as an illustration of the meaning of the Ehrenfest
theorem in relativistic quantum mechanics.
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1. Introduction

According to classical mechanics charged particles move in a uniform magnetic field along
helical trajectories (figure 1). In this work we describe new solutions of the Schrédinger,
the Klein—Gordon and the Dirac equations which are close counterparts of the classical
trajectories.

Analytic solutions of wave equations in quantum mechanics are typically obtained by the
separation of variables and the time variable is usually the first variable which is subjected to
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Figure 1. Helical trajectories of classical charged particles in a uniform magnetic field
for three choices of initial conditions.

this procedure. This yields the stationary solutions—energy eigenstates. The wave functions
obtained in this way do not resemble their classical counterparts because the probability dens-
ity does not depend on time—nothing moves. For example, the wave functions of stationary
states in the Coulomb potential and the elliptical Keplerian orbits do not share any similarities.
While it is possible to exhibit the classical-quantum relation by superposing Coulombic wave
functions with different orientations of the z axis and with different phases, this task is quite
cumbersome and has not yet been accomplished.

Analytic solutions of the Schrodinger and Dirac equations for a charged particle in a
uniform magnetic field have been known for almost hundred years [1, 2]. They have been
described in detail in [3]. However, these are all stationary solutions, so that the probability
density is time-independent. Hence, they cannot be viewed as quantum counterparts of the
classical helical trajectories depicted in figure 1.

Our method of constructing new solutions of the Schrodinger and Dirac equations employs
the procedure that might be called the injection of classical trajectories (ICT) into the wave
functions. This method has been applied to the solutions of the Gross-Pitaevskii equation [4]
and to the center of mass motion of Bose—Einstein condensate in a harmonic trap [5]. In the
present work we apply this method to the motion of electrons in a magnetic field, both in
the nonrelativistic and in the relativistic domain. The states of quantum particles described by
the wave functions obtained here are as close as possible to their classical counterparts. The

center of the wave packet (defined as the quantum-mechanical average of position) follows the

classical trajectory.

2. Classical dynamics

The classical trajectories will be described here within the canonical Hamiltonian formalism
because the classical trajectories used in the ICT method are most easily expressed in terms

of canonical variables,
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P =1{pupy.p-}, r={xyz}. (1)

Moreover, in this formalism the equations of motion have the same form in the nonrelativistic
and in the relativistic case.

The starting point are the formulas for the Hamiltonian describing a charged particle in a
constant magnetic induction field B in the nonrelativistic and in the relativistic case,

1
Hyg = %@feA)z, )

Hgp, = c\/m2c? + (p—eA)z. 3)

For the electron e is negative.

We found it convenient to use the geometrical units 1/meter? for the magnetic induction.
This means that in our notation B is related to its counterpart in the SI units by the formula
B= eBSI / h.

In the case of a constant vector B in the symmetric gauge we have,

h
eA = EB XT. 4)
If the z axis is chosen in the direction of B, the Hamiltonians (2) and (3) take on the form,
1 hB)?
Hyg =~ |p* + %(ﬁ +3?) = B(xpy —yps) | » )

HRL =Ccv m26‘2 + 2mHNR. (6)

The canonical equations of motion in the nonrelativistic and in the relativistic case have the
same form,
B _ el BBy, )
dy(t) _ Dby (1) hB N
dt M 2M
dz(1) _ p:(1)

(®), (7b)

d T M 7
i) (0750 B, o
LU U 0] (7
@0 _, an

The only difference is in the meaning of the parameter M. In the nonrelativistic case, M
is simply the rest mass of the particle (M = m), while in the relativistic case M denotes the
relativistic mass (M = Hgp/ ¢?), which is a constant of motion, whose value depends on the
initial conditions. The solutions of equations (7) are,

1 I prosin(wr)  pyo(1 —cos(wt))
x(t) = 2x0(1 + cos(wr)) + 50 sin(wt) + o + Vo , (8a)
1 1 pxo(1 —cos(wr))  pyosin(wr)
(1) =~ grosinwn) + Syo(1 + cos(wi)) — LA 200 | PR, (8b)
2(r) = 20+ 224, (8¢)

M
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1 1 1 1
p(t) = _ZXOMW sin(wr) — ZyOMw(l —cos(wt)) + pro(l + cos(wt)) + 3P0 sin(wt), (8d)

1 1 1 1
py(t) = Zxon(l —cos(wr)) — 7o sin(wf) — P30 sin(wt) + Epyo(l + cos(wt)), (8e)

pz(t) = P:0, (8f)

where w = iB/M is the cyclotron frequency and the parameters with the subscript 0 denote
the initial values of positions and momenta. The trajectories in figure 1 depict these solutions.

3. Helical solutions of the Schrédinger equation

We start with the construction of helical trajectories of the electrons described by the solu-
tions of the Schrodinger equation. In order to treat the motion in a magnetic field, we need
an extension of the ICT method used in [4, 5] to cover the case of the Hamiltonian (5) which
in addition to the harmonic potential contains also the part with positions and momenta. The
extended version of the ICT method can be stated as the following theorem.

Consider the Schrodinger equation with a general quadratic Hamiltonian operator,

H= %ﬁiA"jﬁ, + éfciB;jfcj +piCE. )

We introduced here upper and lower indices to make use of the Einstein summation conven-
tion. The Hamiltonian is obtained from its classical counterpart (2) by replacing the canonical
variables with the operators %' and p;. In our case the diagonal elements C'; vanish so that there
in no need for the symmetrization of the last term.

The theorem states that from any solution ¥ (x, y, z,f) of the Schrodinger equation with the
Hamiltonian (9), one can obtain a family of new solutions ticr(x,y,z,t) defined by the follow-
ing unitary mapping:

Yer(x,y,2,1) = Up(x,y,2,1) = exp {—Tihpt(l)xi(f)} exp {%Pi(f)ffl} exp [—%f?ixi(f)] P(x,y,2,1),

(10)
where (x'(),p;(f)) obey the classical equations of motion,
dxi(t . .
di ) :Aupj(t)—FC;xj(t), (11
dp;(t : i
pTE) = —Byx' (1) — C'ip;(1). (12)

The proof of the theorem (see the appendix) consists in showing that the unitary operator U
leaves the Schrodinger equation intact,

ot (H - iha,) = (H - ih@,) . (13)

The unitary operator (10) is the mechanical counterpart of the Glauber displacement operator,
as was pointed out in [5]. Analogous unitary transformations were used frequently in quantum
optics, but here we apply this procedure to the motion of classical particles.

The unitary operator U has three parts: the first two are just the phase factors. The third one,
which plays an essential role in our construction of helical solutions, can also be written as the
displacement operator,
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Figure 2. Probability density p = [t |* as a function of x and y for the following
choices of quantum numbers (n, [): (0,0), (5,0) and (5,5).

exp {_ ;pixi(t)] — exp [~ (1)3)]. (14)

When acting on a wave function, it displaces the position variables x' by x'(¢). To put it more
vividly, it injects the classical trajectory x’(¢) into the wave function according to the formula,

exp [—x'(N9;] p(x') = (¥ —x'(1)). (15)
We will apply now our theorem, to generate families of helical solutions of the Schrodinger
equation,
hz . 2
iho® = —~— [V - ’eA] o, (16)
2m h

from well known (cf for example [6, 7]) stationary solutions 1), for a charged particle in the
uniform magnetic field,

Bl+1p!

_ i(p2+ Qn+ 1)BR)t ipz  B(*+?)
wnlpz(xyyazrt) - 271_21(n+l)| © |: 2mh + h 4
2 2
X (x+iy)' L} [B(x;y)] : 17)

where L/, are associated Laguerre polynomials [8]. The probability density obtained from these
solutions depicted in figure 2 does not show any resemblance to the helical trajectories of
classical charged particles in figure 1. However, the functions 1),, can be used as building
blocks in the construction of genuine helical solutions. First, note that these solutions depend
on z only through the phase factor exp(ip,z/h). Therefore, the application of the ICT method
to these wave functions would not produce helical trajectories because the probability density
will not depend on z. However, we can construct square-integrable wave packets ¢ p from (17)
by the integration over p, with the Gaussian weight exp(—d?p?/(2h?)). The resulting wave
functions, fully normalized in all three variables and localized on the z axis, have the form,

2 . —1/2 41,1 .
/s . omz iht B'*1n! _i(2n+1)Bht
vrley,zh) = eXp[ 2md? +2ihz} <d+ md) \/ 272(n + 1) xp 2m

X exp P@] (x+iy)' L, {@} (18)

5
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All these wave functions describe wave packets that are held together in the (xy) plane by the
magnetic field but they are spreading in time along the z direction. However, only the probab-
ility distribution in the ground state (depicted in figure 2) resembles the charge distribution of
a classical body. The solutions (18) of the Schrédinger equation will now be used to generate
helical solutions.

The application of the ICT method (10) to the wave-packets (18) produces the following
wave functions that describe helical trajectories,

. /4 —i Bi+1p! mz iht\ ~'/?
_ _ 1/4 i5 _ S
V3,20 = Up(oy, 2 ) =m0 e | o 11 P { 2md? +2iht} (d+ md)

S+yS i| B(x§+y§)i| , (19)

x—l—lys 1{ )

xexp{

where

_ (2n+1)Bht  p(t)-r(t) p(t)-r
0= m T T n (20)

and we introduced a shortened notation xg = x — x(¢), etc for variables (x,y,z) shifted by the
classical solutions. We will not need the explicit form of the phase § because in what follows
we will only discuss the probability density pg,

20,2 2.2 1/2
- 2 m d ZS ) h t
pr(Xs,Ys,2s,1) = [Yu(x,y,2,1)|” = N exp [—W} <d + m2d2>

2.2 2 1 2V72
X exp [_B(XS;)’S)] (2 +12) L |:B(xS2+yS):| e
The general form of the probability density makes it possible, without doing detailed cal-
culations, to conclude that the center of the wave packet defined as the average value of the
position follows exactly the classical trajectory. The average values of x,y and z are obtained
by simple shifts of the integration variables in the integrals of the density multiplied by the
corresponding coordinate. For example,

() = / drxpm(x—x(t) .y — (1) 2 — 2(1).1)

- / Pr e+ x(0))pra(x, .2, 1) = x(2). 22)

The integral of xpy vanishes, because after the shift, py is an even function of x. The same
argumentation gives analogous results for the remaining variables,

M=y, (9=2z. (23)

Therefore there are no quantum corrections to the motion of the center of the wave packet; it
follows exactly the helical classical trajectories shown in figure 1. The name helical solutions
of the Schrodinger equation is fully justified. The shape of the wave packet is governed by
quantum mechanics. In the present case, the shape of the wave packet in the xy plane does not
change in time, but the wave packet spreads in the z direction.

4. Helical solutions of the Dirac equation

The direct application of the ICT method to the Dirac equation is not possible because the
Dirac Hamiltonian is not a quadratic expression in positions and momenta. To overcome this

6
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problem, we will use the Klein—Gordon equation as an intermediate step in our construction.
The connection between the Klein—-Gordon equation and the Dirac equation is best seen in the
Weyl (chiral) representation [9] of the Dirac matrices. This connection has been employed in
[10, 11] to generate new solutions of the Dirac equations in free space.

The Dirac equation in the Weyl representation is a set of two coupled equations for two-
dimensional relativistic spinors ¢ and Y,

i)\{l/c@—l—a- (V—§A>]¢:x, (24a)

i)\[l/c@—a- (V—§A>]X=¢, (24b)

where X = hi/(mc) is the reduced Compton wave length. The electromagnetic potential is
chosen in the temporal gauge. The stationary solutions of the Dirac equation in a uniform mag-
netic field [2] are similar to the corresponding solutions of the Schrodinger equation. They have
to be subjected to the same procedure as their nonrelativistic counterparts before they acquire
a helical form.

The spinors ¢ and x that satisfy the Dirac equation have the following property. If the spinor
¢ satisfies the Klein—Gordon equation (with the additional term describing the direct coupling
of the magnetic moment to the field),

1., ie \> [mc\? e E
628,—(V—hA> +(?) —hcr~<B—ic) ¢ =0, 25)

then the spinor x defined by the equation (24a) automatically satisfies the equation (240). The
explicit formulas for the bispinor which satisfies the Dirac equation are (spin up),

¢
0

Up=1|  iX1/cO+0.—ie/hA)p |- (26)
| iA(Ox —iehA; +i0y +e/hAy) ¢ |
(spin down),

0

¢
WD = | A0, — iehA, —idy — e/FA)G | @7

iX(1/c0, — 0, +ie/hA;)¢

These formulas have been used by us in [10, 11] for the Dirac equation in free space. The
construction of the solutions of the Dirac equation from the solutions of the Klein—-Gordon
equation works also in the presence of the electromagnetic field. In doing so, we reduce the
problem of solving the set of two coupled equations (24) to solving just one equation. The use
of the solutions of the Klein—Gordon equation as a stepping stone is particularly well suited in
the present case, because this equation is of the second order in space derivatives and the ICT
method can be applied.

To obtain helical solutions of the Dirac equation, we proceed in several steps. First, we
transform the Klein—Gordon equation for spin up to the form,

mc\2

%ma_ — (0. +iBy/2)* — (8, — iBx/2)* + (?) B] Ui, =0,  (28)

7
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where
b —t4z/c and Dy — 0/O1y — %(8,ic8z). (29)

In order to obtain helical solutions by the ITC method, we convert the equation (28) into
the Schrodinger-like form. This can be done for a restricted class of functions W%, with a
special form of the time dependence, namely for those functions whose time dependence on
t+ is harmonic with the frequency w = Mc?*/h. We also extract from W% an additional factor
harmonic in7_,

i(M2Pty +mPctt_ — h2Bt_)
Vis = — P 30
kG = €Xp l SMh (30)
The equation satisfied by ® has the form of the Schrodinger equation in two spatial dimensions

with t_ playing the role of time,

B (x +?)
X y - f
Now we have at our disposal all stationary solutions (17) of the Schrodinger equation. The only
difference is a change in notation: p, is put equal to 0, ¢ is replaced by 7_, and m is replaced
by M. Our ICT theorem can now be applied to generate the solutions with injected classical

trajectories x(7_) and y(z_) defined by (8). The resulting wave function W' satisfying the
Klein—Gordon equation is,

— iB(x0y — yax)] . 3D

Ui = e YL, [B/2(x5+5)] , 32)
where
M2c21+ + (mzc2 + Znth) t_ 1 1
o= T + 5 (=)pa(1-) + (1= )Py (=) =+ (a(-) +3ps(2-)) ;- (33)
CL=exp [-B/4(x} +y3)] (xs+iys)". (34)

We may visualize these wave functions by going back to figure 2 and applying the following
transformations. First, we shift the shapes depicted there away from the center. Next, we start
rotating them around the center with the cyclotron frequency. Finally, we move this structure
with the speed of light along the z axis to create a helix.

We started our construction of the function W% with the solutions of the Klein—Gordon
equation in the form (30). This construction guarantees that W% contains only the positive
energy parts, as required to describe electrons with no parts describing positrons. However,
the ICT method injects classical trajectories which clearly introduce time dependence with
both signs of the frequency due to the presence of trigonometric functions. It may seem that
this might introduce parts describing antiparticles. We checked that in the function W%, all
terms with the opposite sign cancel out. It must be so on physical grounds; the homogeneous
magnetic field cannot supply the energy.

The requirement of positive energy is often ignored. For example, the solution of the Dirac
equation in the presence of a plane electromagnetic wave (Wolkow wave function [12]) con-
tains terms with both signs of the frequency. Therefore, it does not describe the state of an
electron but it has a significant positron component [13].

Our solution of the Klein—-Gordon equation U depends on 5 arbitrary parameters (in
addition to two quantum numbers n and /): on M and on the initial values of the injected
trajectory (8). Therefore, U may serve as the generating function for the plethora of various
solutions because all linear operations on the wave function (for example, differentiation or

8
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integration with respect to the parameters) will produce different solutions. From all these
solutions of the Klein—Gordon equation we can generate the solutions of the Dirac equation
using the formulas (26) and (27).

Since the function U depends on a free parameter M we could construct the wave pack-
ets analogous to those for the Schrédinger equation (18) by integrating over M with some
weight function. However, such wave packets are not interesting because the integration over
M obfuscates the helical form of the solutions. The reason for this is that M defines the cyclo-
tron frequency and the integration over frequencies blurs the helical motion. In the nonrelativ-
istic theory the construction of helical wave packets is possible because in this approximation
the cyclotron frequency is fixed; it does not depend on the energy.

In the last step of the construction of the helical Dirac wave function, we generate the
bispinor ¥, according to the formula (26),

L,
1 ) 0
e mal | (35)
clLf1 + chitll
where
N % (40 ) + 8nBR + (BRx(1-) —~ 20y(1) + (BRy(1-) + 2pa(1 )] . (36)
1= 5o [BRy(e) + 2p— (BAX() 20 D)), = BhGsstivg). BT

To condense the notation we omitted the argument B(x3 + y%)/2 of the Laguerre polynomials.
Note that the bispinor W/ is normalized only in the transverse direction. Its dependence on z
is periodic. The probability density associated with the Dirac bispinor (35) is,

ph = N2 &XP [—B/2(x5+¥5)] (55 +33)' [di (L) + da (L) + s L] (38)
where
d = s [+ M) o (Blx(t=) = 2p,(1-))? /4 + (Bhy(1-) + 2pa(1-))° /4] ,
22
b= D[] = o as(Bha() = 2, 1)) s (B + 200 (39)

With the use of the probability density p}! we generate the helical curves (shown in figure 3)
which provide a link with classical trajectories (shown in figure 1). These curves are obtained
as follows. For a fixed value of # we calculate the average values (x) and (y) as functions of z,

((2) = / dxdyxp(e, 3,1 — 2/c),

Wi(z) = / dxdyyp(x,y,t —z/c). (40)

In figure 3 we show the plots of ({x),(z), (¥):(z),z) .

In all cases, except when n = 0 =/, the last term in (38) is different from zero. Since d3
contains terms linear in xg and ys, the average values (xs) and (ys) do not vanish. This produces
corrections to the classical orbit. The total average values (x) and (y) are the sums of classical
trajectories and corrections, These corrections do not depend on [ and their dependence on n
is shown in the following formulas,



J. Phys. A: Math. Theor. 56 (2023) 285302 | Bialynicki-Birula and Z Bialynicka-Birula

Figure 3. Three helical lines obtained as parametric plots of ({x),(z), (¥)(z),z) for the
three consecutive values of time.

4Anh(hBx(t_) —2py(t_))
(m? +M?)c? + 8nh?B + (hBx(1—) — 2p,(t-))* + (hBy(t_) + 2p.(1_))

<x>:x(t)+4 5, (4la)

dnh(hBy(t_) +2p,(t-))
)=y + (m? + M?)c2 + 8nh2B + (hBx(1_) — 2py(1_))2 + (ABy(1_) + 2p,(1_))*’

(41b)

In the nonrelativistic limit (¢ — oo) and also in the classical limit (2 — 0) the corrections
vanish and we obtain the classical trajectories, as is the case of the Schrodinger equation.

The corrections (41) to the classical helical orbits are minuscule. The largest value of these
corrections is about 4n x 10~'3 m. Therefore, the distortion of classical orbits is completely
negligible.

5. Conclusions

The results presented in this work serve a dual purpose. On the one hand, they add new analytic
solutions of the Schrodinger and Dirac equations that have a clear physical relevance. On the
other hand they may be viewed as explicit examples of the validity of the Ehrenfest theorem
[14, 15] in relativistic quantum mechanics. In this context we found significant differences
between the non-relativistic and relativistic theories. Despite their similarities, these two cases
are substantially different. In the non-relativistic case we were able to construct electron wave
packets localized in all three dimensions moving along classical trajectories, in accordance
with the Ehrenfest theorem. In the relativistic case the wave packets were localized only in
the transverse direction. Therefore, they describe a trajectory of electrons extending over all
values of z.
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Appendix

The first factor of the unitary operator U is a c-number phase factor; it has no effect on the
Hamiltonian operator but it affects the time derivative. The second factor leaves the position
operators unchanged but shifts the momentum operator by the classical solution and the third
factor has the analogous effect on the position operator,

exp {— ;Pi(t)fci] piexp {;,Lpi(f)fci} = pi+pi(t), (A.D)

exp {;ﬁixi(t)} X' exp [ ;ﬁixi(t)} =¥ +xi(t)- (A.2)

Therefore, the action of the operator U on the Hamiltonian operator gives,
1 i i " . R Qi .
SE OB+ (0) + i+ pi)C (47 (1), (AD)

The transformation of the time derivative gives,

PP 1 dxi(t) dpi(t) ; dpi(t) ., axi(t)
"ihd,U = i, — | pilt — A (1) ) - 2 4+ . (A4
viihou ’a’+2(p’() @ C0) T Y g P A
In the last step we use the equations of motion (11). One may check now that all terms quadratic
and linear in x'(¢) and p;(¢) cancel out in the difference between (A.3) and (A.4). Therefore,
the equality,

U HO = 351+ pi)A G+ i) +

U'(H - ihd,)U = H — iho,. (A.5)

is valid.
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