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Aspects of an electrodynamical interpretation of the wave function suggested by Schrodinger
are described. According to this conception, electron charge is continuously distributed
throughout the interior of the atomic system. A proof is given that classical electrodynamics
holds within an atom. The Schrodinger atom is shown to be the only model in which
electrons do not lose their energy through emission when they move around the nucleus. The
value of the self-field of the distributed electron charge is estimated. Practical applications
of this concept are noted, including a new trend in quantum electrodynamics. Experimental
and theoretical confirmation of the model of an atom with continuously distributed
charge is presented.

1. INTRODUCTION

The creation of nonrelativistic quantum mechanics
was essentially complete by the end of 1927 and from then
on belonged to history. The radical wave-probability con-
cepts adopted at that time were described in detail and
comprehensively in monographs and textbooks. This is in
contrast to alternative ideas and solutions put forward at
the same period, which have remained poorly known until
now. Some of them, proposed by Einstein, Duane, Schro-
dinger, and Heisenberg, are probably deserving of atten-
tion.

In this article we consider the role of Schrodinger,
which is usually by no means fully revealed. Schrodinger
did not just derive the fundamental equation bearing his
name. He proposed his own model of the atom and phys-
ical interpretation of the wave function, which he called
the electrodynamic interpretation.

The Schrodinger model of the atom did not receive
recognition at that time and was essentially not subjected
to serious discussion. Interest in it revived only many de-
cades later in connection with the development of a fruitful
new direction in quantum electrodynamics (see Sec. 4).

Between January and June of 1926 Schrodinger sub-
mitted for publication four articles, jointly entitled "Quan-
tization as an eigenvalue problem."1

Schrodinger started from the ideas of de Broglie about
matter waves, although he did not share the hypothesis
regarding the dual corpuscular-wave nature of particles.
He looked for a wavelike solution in order to describe the
motion of electrons in an atom. And he succeeded in find-
ing a partial differential equation describing the discrete
stationary states of atomic systems. In his first communi-
cation he presented the equation for the hydrogen atom,
and in the second the general equation for systems in a
steady state:

here U is the electron potential energy in the external field
and E is the energy of the system. As boundary conditions
Schrodinger assumed the natural requirements that the
function ф be real, single-valued, bounded, and twice dif-
ferentiable. The condition that it be real was soon relaxed.
In time it became clear that it was almost always sufficient
for i/> to be quadratically integrable. The fourth paper de-
rived the equation for time-dependent systems:

2m
-z-
dt (2)

2.ТП
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In the interval between the second and third papers
Schrodinger also published an article in which he showed
the mathematical equivalence of his equation and Heisen-
berg's matrix mechanics,2 thereby laying the foundations
of the theory of transformations. It is impossible to dis-
agree with the words of M. Jammer: "The new mechanics
... was created essentially entirely and over just a few
months by none other than Schrodinger."3

The Schrodinger equation was met enthusiastically by
physicists around the world, particularly by those who ad-
hered to classical scientific principles: Einstein, Planck,
Sommerfeld. The new method was much more convenient
and more attractive than the totally abstract matrix me-
chanics and the Dirac algorithm. Contemporaries were
struck by the fact that the "completeness" and discreteness
of the energy spectrum were obtained as conditions in
which there was no arbitrariness, in contrast to the incom-
prehensible and contradictory postulates of the Bohr plan-
etary theory. A universal technique for calculating atomic
systems developed which was extremely powerful, logically
consistent, and quite transparent.

Schrodinger originally called his theory "microme-
chanics" and "undulatory mechanics," and the function »/>
he called the "mechanical scalar field" and the "field sca-
lar." Only in later papers did he switch to the terms "wave
mechanics" and "wave function."
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To complete the theory it was necessary to reveal the
physical meaning of the wave function and to find an ad-
equate atomic model.

Specifically, the goal originally set by Schrodinger, to
describe matter waves, assumed a continuous distribution
of electron material throughout the volume of an atomic
system. But in addition, wavelike variations of the electron
charge were assumed to exist in space and time. "It is quite
natural to associate the function i/» with some vibrational
process in the atom," writes Schrodinger in his first paper.
As he initially assumed, in emitting light an atom vibrates
simultaneously with two frequencies, which causes beating.
Of course, this reflects the influence of the ideas of de
Broglie. Moreover, Schrodinger did not accept them liter-
ally. He calls the atomic vibrational process "hypotheti-
cal," and the sequence of positions "arbitrary." In the sec-
ond communication, retreating from his original views, he
represents the electron in the form of a "wave group"
(wave packet).

Only in the fourth paper did Schrodinger finally do
away with the concept of "fluctuating matter" and part
with the vital concept of an atom as an "oscillator."

2. THE ELECTRODYNAMIC INTERPRETATION

According to Schrodinger's idea, formulated in his
fourth paper, electron charges and the currents they pro-
duce are continuously distributed throughout the volume
of an atom, molecule, or crystal with densities expressed in
terms of the wave function i/>. In the steady state of an
atomic system the spatial distribution of the electron
charge and current is constant in time, and their electrical
and magnetic fields are constant. "In a certain sense one
can speak of returning to the electrostatic and magneto-
static model of the atom," writes Schrodinger.

Thus, electrons are not point charges and are not small
in comparison with an atom. "According to this hypothesis
the charge of an electron is actually confined to a region of
several Angstroms," asserts Schrodingei * The electron di-
mensions are of the same order as those of an atom.

For a time-independent state of a system it is necessary
that the forces of the electric and magnetic fields be bal-
anced by the nonelectrodynamic forces, represented in the
Schrodinger equation by the term containing Planck's con-
stant fi. Equilibrium is attained not for arbitrary distribu-
tions of electron charge and current, but only for certain
chosen ones, determined by discrete solutions (eigenfunc-
tions) of the Schrodinger equation with the corresponding
energy levels E.

The density of the electron charge and current can be
expressed most simply in terms of the wave function 1/1 in
the case of the hydrogen atom and other single-electron
systems:

iefi
J= — - —

2m
grad ф* —

(3)

(4)

for multielectron atomic systems. In fact, when applied to
an atom with Z electrons the function ф depends not on
three coordinates in physical three-dimensional space but
on 3Z coordinates in a configuration space of 3Z dimen-
sions.

However, Schrodinger succeeded in overcoming the
difficulties that developed. In the fourth paper he repre-
sented the wave function in the form ф=ф(хгх'), where x
is the set of coordinates of one particle and x' is the set of
coordinates of all the other particles. This allowed the den-
sity of the distributed charge and current of the a-th par-
ticle to be expressed in terms of the three usual coordinates
in the form of integrals:

=^ f
2.ma J

grad ^--ф* grad

(5)

(6)

Summation of expressions (5) and (6) over all particles
yields the desired electron charge and current densities p
and J as functions of the three spatial variables. Schro-
dinger also derived the continuity equation

/>„(*)+diveja(*)=0. (7)

One of the objections advanced against the Schro-
dinger interpretation reduces to saying that it is unsuited

In deriving integrals of the form (5) and (6), Schro-
dinger actually introduced for the first time the concept of
the density matrix, but this achievement went unnoticed.
Some time later density matrices were independently rein-
troduced into the theory and only then did they receive this
appellation.

Note one surprising circumstance. Over the course of
many successive decades the spatial distribution of the
electron charge was characterized in the literature as inad-
missible on the basis that it is appropriate only for one-
electron systems. The generalization of this concept to
multielectron systems, carried out by Schrodinger, went
unremarked both by his contemporaries and by later gen-
erations of researchers. In the literature the opinion that
the electrodynamic interpretation was inappropriate for
complex systems was frequently asserted.3'5'6

Schrodinger pointed out a number of advantages of his
interpretation. "The hypothesis according to which the
electron is transformed from one vibrational state to an-
other in a quantum transition is considerably more satis-
factory than the picture of an electron jumping around.
The change in the vibrational form can always occur con-
tinuously in space and time; it can last a time equal to the
experimentally determined time for the emission process,"
writes Schrodinger in the first paper.

And in the third paper he points out: "It is necessary
to try to apply the ideas of Uhlenbeck and Goudsmit in
wave mechanics ... since in it the electron is no longer a
point charge, but fills space with a continuous flux, so that
the unpleasant concept of a 'rotating point charge' is elim-
inated." In fact, the electron spin, which is equal to й/2, is
naturally explained in terms of its rotation about an inter-
nal axis with angular momentum mvR. The mean radius R
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can be chosen to be equal roughly to the first Bohr radius
a, =#2/me2=0.529 • 10~8 cm. Then it can easily be shown
that it suffices to have rotational velocities of order
v=H/2mal=ac/2, which are small in comparison with the
velocity of light (a=e2/fic= 1/137 is the fine-structure
constant).

3. NONRADIATING ELECTRONS AND CLASSICAL
ELECTRODYNAMICS

Among the advantages of this interpretation Schro-
dinger points out another one. "The mechanical scalar field
(which / denote by ф) is completely suited to play the role
of 'source' for the electromagnetic field vector even in the
case when the latter satisfies the unaltered Maxwell-
Lorentz equations." As can be seen, Schrodinger assumed
that classical electrodynamics also applies inside an atom.

Subsequently this assumption of Schrodinger was fully
corroborated. In the literature one can encounter several
versions of a mathematically rigorous proof that the equa-
tions of classical electrodynamics can be derived from the
special theory of relativity, the law of conservation of elec-
tric charge, and the Coulomb law (or the principle of least
action).7""9 A fairly concise proof has been presented by M.
Bowler (see Appendix). True, proofs of this sort are not
intended for applications to the atom. But inside an atom
and other atomic systems all the initial assumptions are
satisfied. One must conclude that classical electrodynamics
remains valid inside atomic systems, although it is clearly
inadequate to describe the atom.10

"Furthermore, the absence of radiation in the normal
state can at any rate be simply explained," writes Schro-
dinger in the fourth paper. In fact, it turns out to be pos-
sible to explain simply and naturally how electrons avoid
losing energy to radiation while moving around atomic
nuclei, despite the validity of Maxwell electrodynamics.

In the simplest case, that of the hydrogen atom, the
time-independent spatial distribution of the electron charge
and current has circular symmetry about an axis passing
through the nucleus. The electric and magnetic field inside
and outside of the atom are also axisymmetric and time-
independent. The electric and magnetic field vectors E, H
everywhere lie in planes passing through the axis of the
atom. The electromagnetic energy flux, whose density is
given by the Poynting vector ЕхНс/4тг, is perpendicular
everywhere to these axial planes, i.e., directed azimuthally
and closed on itself. The electromagnetic energy, rather
than being radiated, only circulates inside the atom and in
its immediate vicinity. Such an atom can be called "rota-
tional" in view of the circular symmetry of its electronic
charges and currents, electric and magnetic fields, and fi-
nally, energy fluxes.

Obviously, the system does not have to be circularly
asymmetric. There also exist distributions of electron
charge and current about atomic nuclei which do not have
circular asymmetry, do not radiate energy, and are con-
stant in time. It is only necessary that the electromagnetic
energy circulate inside and around them in closed con-
tours, and not escape into the surrounding space. In the

presence of two or more atomic nuclei such electronic
charge and current distributions form molecules or crys-
tals.

Thus, according to the Schrodinger interpretation at-
oms and molecules are unique spatially self-restricted
"resonators"—spatial distributions of electron charge and
current about atomic nuclei having a discrete series of pos-
sible stationary configurations and corresponding energy
levels. Of course, transitions from one stationary state to
another are accompanied by radiation or absorption of
photons with a frequency proportional to the difference in
the energy levels in the initial and final states.

4. THE SELF-FIELD AND EXTERNAL PROBLEMS

According to Schrodinger, as already noted, the dis-
tributed electronic charges and currents are sources of the
self-electromagnetic field.2 In the Schrodinger equation (1)
it is necessary to add to the quantity U the potential energy
Us of the electron charge in its self-field,

— (8)

The quantity Us is determined from the Poisson equation

(9)

where Fs is the potential of the self-electric field of the
electron, or else is expressed in terms of the Green's func-
tion

Us(x)=e ( D(x-y)p(y)dy.

With the addition of Us the Schrodinger equation
ceases to be linear, and solving it becomes more compli-
cated. The quantity £/s is fairly small, so that near the
nucleus the self-field of the electron is negligible in com-
parison with that of the nucleus, while at the periphery of
the atom where these fields are of the same order, they are
both quite weak. Consequently, the Schrodinger equation
yields fairly accurate results even with the addition of Us.

However, the presence of Us significantly affects some
properties of the atom. Thus, the electron charge density at
the periphery of the atom falls off not exponentially but
faster, and vanishes at a finite distance from the nucleus.
The atom has clearly delineated boundaries, and the dis-
tributed electron charge does not extend to infinity.

Next, the concept of a spatially distributed electron
charge called into existence a new direction in quantum
electrodynamics. One of its problems is the calculation of
the so-called radiative corrections caused by the self-field
of electrons. As is well known, previously this area of the-
oretical physics was unsatisfactory in its logical structure.11

The Schrodinger interpretation permitted the problem to
be reduced to that of including the self-potential energy
Us. The shift in the energy levels of atoms and in the
spectral lines (the Lamb shift), the anomalous magnetic
moment of the electron, and other radiative effects are now
calculated by more efficacious, accurate, and physically
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transparent methods without divergences, renormalization
and second quantization.12"16 Of course, the inclusion of
relativistic factors is desirable.14

Among the problems of quantum mechanics it is
worthwhile to distinguish between internal and external
ones. Internal problems include the study of the nature of
the electron charge and current spatial distributions in an
atomic system—atom, molecule, crystal, etc. (e.g., a po-
tential well). These problems are solved using the Schro-
dinger equation. It was just for this purpose that it was
devised by its author when he advanced the electrody-
namic interpretation of the function i/j.

External problems include the investigation of atomic
systems in which particles move through relatively ex-
tended regions of space, free of electron charge. Examples
are particle collision and scattering processes, particle dif-
fraction by crystals, etc. In solving external problems use is
made of energy and momentum quantization, the relation
between the photon frequency and momentum, and other
rules.

The Schrodinger equation was not designed to solve
external problems directly. Nevertheless, it is widely used
in external problems also, with the probabilistic interpre-
tation of the $ function, and it yields results that are con-
firmed by experiment. However, on examination these re-
sults may turn out to be wholly illusory. Thus, for the
process of scattering of a particles by an atom the Schro-
dinger equation leads to the same Rutherford formula as
does the classical treatment. This formula does not contain
the Planck constant fi at all; the Schrodinger equation
drops out, so to speak, in the algebra. The correction term
obtained in next order, which contains fi, yields only an
apparent improvement, since the calculation that is done
does not take into account the self-field of the distributed
electron charge.

Thus, the applicability of the Schrodinger equation to
the solution of external problems requires careful study,
and it cannot be taken for granted at all. For internal and
external problems Barut14 has introduced two different no-
tations for the wave function, т/* and Ф.

In the Thomson atom (1901) positive electrical charge
filled the whole volume of the atom, and electrons were
interspersed throughout it like raisins in a bun. In 1911
Rutherford showed that the positive charge of the atom is
concentrated in a very small nuclei, but the electrons were
still regarded as small. The Schrodinger interpretation pro-
posed in 1926 finally forced us to change our view of elec-
trons. It turned out that electrons are not small, and their
charge fills the whole volume of the atom. According to
Schrodinger, real atoms are the reverse of the Thomson
atom.

As already noted, Schrodinger did not arrive at his
interpretation directly. It ripened gradually and in the be-
ginning was interwoven with erroneous ideas about oscil-
lations of the electron charge. Viewed against the back-
ground of the triumphant success of the Schrodinger
equation his exegesis of the meaning of the t/> function
appeared tangled and unconvincing. For a long time it was
aimed only at the hydrogen atom. Only in the fourth paper

did Schrodinger extend his interpretation to multielectron
systems. But by this time, of course, readers had simply
gotten tired of following Schrodinger's constantly changing
ideas. Instead of publishing just one final result, he re-
vealed the whole process of his search, the picture of his
long wandering in the darkness. And this had quite undes-
ired consequences. Furthermore, in the middle of 1926 the
Schrodinger atom already had to compete with the proba-
bility interpretation of the wave function put forward by
Max Born.

After encountering staunch objections from Bohr,
Heisenberg, and Dirac, the Schrodinger interpretation was
rejected.

The events unfolded dramatically. Schrodinger's
fourth paper reached the journal Annalen der Physik on
June 21, 1926. On June 25 the editors of another journal,
Zeitschrift fiir Physik, received a short note from Born, and
on July 21 his detailed paper.17 Born apparently had not
been acquainted with Schrodinger's fourth paper prior to
that.

According to Born, particles are material points, and
the square of the absolute value of the wave function, t/M/i*,
is the probability density for finding a particle at a given
point of space. According to this interpretation, which be-
came widely accepted, quantum mechanics cannot predict
events, but only the probability for them to occur.

5. REALITY OF THE SCHRODINGER CONCEPT

The Schrodinger interpretation of atomic structure, as
already noted above, has served as the basis for a fruitful
new direction in quantum electrodynamics. This is an im-
portant, but by no means the only, practical application of
the Schrodinger concept.

In quantum chemistry the density matrices first intro-
duced by Schrodinger are widely used. Density matrices
provide a simple and clear picture of the role of each elec-
tron and atom in a complicated atomic system. They were
found to be much better suited to the structural properties
of complicated atoms, and also of molecules and crystals,
than the excessively detailed wave functions.18

The density matrix multiplied by the total electron
charge is called the electron distribution. The idea of the
electron distribution is also used in treating collisions be-
tween particles and atoms,19 to provide a schematic picture
of the structure of molecules and crystals, etc.

In calculations of multielectron systems the concept of
the self-consistent field is introduced. This allows a many-
body problem to be reduced approximately to the problem
of the motion of a single particle in the average field of the
remaining particles of the system. In connection with cal-
culations of complicated atoms this method was proposed
by D. Hartree in 1927 and improved by V. A. Fok in 1930.

The Schrodinger interpretation also finds support
through its ability to explain in a simple and natural way a
number of well-known phenomena which cannot be ex-
plained otherwise.

The most important of these phenomena is the ex-
tended stable existence of atoms in stationary states, i.e.,
the absence of energy losses through radiation by electrons
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moving around atomic nuclei. For the Schrodinger atom
with its spatially distributed electron charge this is easy to
explain (see Sec. 3). But if we regard electrons as points or
small in size compared with an atom, then according to the
laws of classical electrodynamics it is impossible to explain
reasonably the absence of radiation from moving electrons.

With the Schrodinger idea of a "large" electron, hav-
ing dimensions comparable with those of an atom, the elec-
tron spin is easily explained through its rotation about its
own axis (Sec. 2). But if we ascribe the "classical" radius
re to an electron, the linear velocity of its rotation would
have to be hundreds of times the speed of light.

A natural explanation of the tunneling effect is also
possible. We can view the passage of a particle over a
potential barrier without having the necessary energy as
follows. When a particle has finite and sufficiently large
dimensions its charge need not at any time be located en-
tirely at the top of the barrier. A substantial part of its
charge is at all times on the slopes or at the foot of the
barrier, and the amount of energy needed to overcome it is
thereby substantially reduced.

Thus, in the pole vault an athlete does not pass over
the bar all at once; first his feet, then his body, and finally
his head and hands go over. His center of gravity is always
below the bar.

There are additional analogies to the tunneling effect in
classical mechanics. For example a train of railroad cars
(without a locomotive), coasting down from a switching
hump of some height, may then climb over a second hill,
even one that is higher than the first, provided that the
train is sufficiently longer than the second hill.

The idea of vanishingly small electron dimensions, as is
well known, leads to the so-called divergences. The sim-
plest example of a divergence is that the energy of the
external electric field of an electron, which is equal to e2/r,
blows up at r=0. If we equate the energy of the external
field of an electron to its rest mass me2, we find the "clas-
sical" electron radius re=e2/mc2=2.8 • 10~13 cm. Since
the laws of classical electrodynamics apply (see Sec. 3), we
must conclude that the electron dimensions are finite and
in any case are not smaller than re.

From the expressions for the classical radius, the
Compton wavelength, and the first Bohr radius,

__f!_ _A _ *
~~me2' ° me' ' me2

we see that all the quantities with dimensions of length go
to zero at the rest mass increases. The electron mass is
smaller than that of the proton, and so the electron dimen-
sions are naturally larger than those of a proton. If the
electron radius were inversely proportional to the mass, it
would be equal to

Др=2.75-10-10 cm,

but since the internal structures of these two particles are
different the electron radius is larger, of order 10~8 cm.

The relatively large dimensions of the electron are also
confirmed by the resolving power that has been achieved
with electron microscopes. In present-day microscopes an

accelerating potential of up to 100 kV is used, which cor-
responds to de Broglie waves of length A=A//>=3.7 • 10~10

cm. However, the resolution of electron microscopes, re-
gardless of their degree of technological refinement, is no
better than 10~8 cm. Usually this is explained by distortion
introduced by the magnetic lenses. But it also follows from
the finite dimensions of the electron if these are of order
10"8 cm. Electron dimensions of this order have been con-
firmed by a new type of electron microscope, the scanning
tunnel microscope of Binnig and Rohrer,20 which appeared
in the 1980s.

6. CONCLUSION

The Schrodinger model of the atom looks strange, but
appears to be well founded.

The Schrodinger atom with its spatially distributed
electron charge is the only atomic model in which the
electrons moving around the atomic nucleus do not emit
energy in the steady states of the atom, although the laws
of classical electrodynamics do remain valid there.10

The idea of a continuous electron charge distribution
in the volume of an atomic system has already been used in
practical applications for a long time in calculating com-
plicated atoms (the Hartree-Fok method) and in quantum
chemistry (the "electron distribution"), and recently has
been used as the basis for developing a fruitful new ap-
proach in quantum electrodynamics.12"16

Of course, more extensive information about effective
and physically clear methods for calculating radiative ef-
fects is necessary. An adequate estimate of the Schrodinger
atom would aid also in the broader discussion of the ap-
plicability of Maxwellian electrodynamics inside the atom.
If classical electrodynamics applies we must acknowledge
that the idea of point electrons is inconsistent: no matter
how point electrons move in an atom, they would inevita-
bly lose their energy to radiation, and the atom would be
destroyed.

Moreover, in treating so-called external problems, and
in particular in studying the processes of collision and scat-
tering, it is entirely natural to take electrons and other
microscopic particles as material points. An analogous
simplification is used, e.g., in celestial mechanics in con-
nection with the planets and the sun. The high accuracy
achieved in such calculations, of course, in no way implies
that celestial bodies have vanishingly small dimensions. In
the same way, success in solving external problems in no
way should be regarded as proof that the electron and
other particles have vanishingly small dimensions.

The Schrodinger electrodynamic interpretation of the
wave function, propounded in a classical spirit and consis-
tent with the scientific principles that phenomena are de-
terministic and knowable (perspicuous) has been rejected
in its time. The probabilistic interpretation, based on the
idea of a point electron and contradicting the causational
origin of individual events and phenomena in the micro-
scopic world, has come to predominate. As it happens,
Max Born arrived at the probabilistic interpretation pre-
cisely as a result of studying collision and scattering pro-
cesses, and not the internal structure of the atom.17
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Nearly all of the creators of quantum mechanics—
Planck, Einstein, de Broglie, Schrodinger, Heisenberg, and
Dirac—at one time or another and in various ways ob-
jected to abandoning classical principles. In connection
with the negation of classical determinism Dirac wrote, "I
feel very strongly that the stage physics has reached at the
present day is not the final stage."21

During the years in which the theory of atomic phe-
nomena was being developed, along with the probabilistic-
wave ideas, which have subsequently become generally ac-
cepted, alternative ideas and solutions lying in the classical
mainstream were advanced. The Schrodinger model of the
atom is only one of these solutions. The history of quantum
mechanics is undoubtedly in need of more complete illu-
mination and study.

APPENDIX

M. Bowler has presented a derivation of the Maxwell
equations based on special relativity, the Coulomb law, and
the law of electric charge conservation.8

First, the Coulomb law directly yields the laws of elec-
trostatics, including the Poisson equation

Д(р=— 4тгр,

which related the potential q> and the electric charge den-
sity p. Of course, this equation does not satisfy the require-
ment of covariance under Lorentz transformations: it con-
tains only the three spatial coordinates x, y, z. It is
necessary to augment it by introducing the time t as a
fourth coordinate, i.e., replacing the Laplacian Д by the
D'AlembertianD:

In this equation <p and p must have the same transfor-
mation properties. If we take into account charge conser-
vation, this is only possible if <p and p are corresponding
components of two 4-vectors. These 4-vectors can be writ-
ten in the form

Av=(\,i<p), Jv=(3,icp).

It is natural to call A the vector potential and J the current
density. It is clear that other pairs of corresponding com-
ponents must also be related in the same way as <p and p:

4ir
OAV=—JV (v= 1,2,3,4).

But this is the system of classical electrodynamic equations
in the four-dimensional notation. The equation for <p is
obtained from this for v=4. The transition from the po-
tentials A, <p to the field vectors E, H yields the Maxwell
equation.

Finally, Bowler has derived the covariant equation for
the rate at which the momentum of a charged particle
changes in an electromagnetic field and has obtained the
well-known expression for the Lorentz force on the right-
hand side of this equation:

1dp

This derivation of the equations of classical electrody-
namics from the special theory of relativity is a fundamen-
tal result which could have been obtained, however, al-
ready in the period 1905-1907.

'E. Schrodinger, Ann. Phys. (Leipzig) 79, 361 (1926); ibid., p. 489;
ibid., 80, 437 (1926); 81, 109 (1926).

2E. Schrodinger, ibid., 79, 734 (1926).
3M. Jammer, The Conceptual Development of Quantum Mechanics,

McGraw-Hill, N.Y., 1967 [Russ. transl., Nauka, M., 1985].
4E. Schrodinger, Phys. Rev. 28, 1039 (1926).
5 L. S. Polak, "Erwin Schrodinger and the origin of quantum mechan-
ics," in E. Schrodinger, Selected Works on Quantum Mechanics [Russ.
transl., Nauka, M., 1976].

6B. I. Spasskil, History of Physics, Vol. 2 [in Russian], Vysshaya Shkola,
M., 1977.

7 L. D. Landau and E. M. Lifshitz, The Classical Theory of Fields, 4th
ed., Pergamon, Oxford (1975) [Russ. original, 1973 and 1988].

8M. G. Bowler, Gravitation and Relativity, Pergamon, Oxford (1976)
[Russ. transl., Mir, M., 1979].

9E. M. Purcell, Electricity and Magnetism, McGraw-Hill, N.Y., 1965.
10 A. D. Vlasov, Preprint No. 9009, Moscow Radio Engineering Institute,

1990.
H V. B. Berestetskil, E. M. Lifshitz, and L. P. Pitaevskii, Quantum Elec-

trodynamics, 2nd Ed. Pergamon, Oxford 1982 [Russ. original, Nauka,
M., 1980 and 1989].

12J. R. Ackerhalt and J. H. Eberly, Phys. Rev. DID, 3350 (1974).
13 A. O. Barut, Ann. Phys. (Leipzig) 7. Folge, 45, 31 (1988).
14 A. O. Barut, Found. Phys. Lett. 1, No. 1, 47 (1988).
15 A. O. Barut, (ed.), New Frontiers in Quantum Electrodynamics and

Quantum Optics, Plenum Press, N.Y., 1990.
"A. O. Barut and J. P. Dowling, Phys. Rev. A41, 2284 (1990); A43,

4060 (1991).
17M. Born, Z. Phys. 38, 803 (1926).
18R. McWeeny and В. Т. Sutcliffe, Methods of Molecular Quantum Me-

chanics, Academic Press, N.Y., 1969 [Russ. transl., Mir, M., 1972].
19 D. I. Blokhintsev, Principles of Quantum Mechanics, Reidel, Dordrecht,

1964 [Russ. original, Nauka, M., 1949 and 1976].
20G. Binnig and H. Rohrer, Rev. Mod. Phys. 59, 627 (1987).
21 P. A. M. Dirac, Scientific American 208, No. 5, 45 (1963).

Translated by D. L. Book

99 Physics - Uspekhi 36 (2), February 1993 A. D. Vlasov 99




