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Abstract

We review the literature on possible violations of the superposition prin-
ciple for electromagnetic fields in vacuum from the earliest studies until the
emergence of renormalized QED at the end of the 1940’s. The exposition
covers experimental work on photon-photon scattering and the propagation of
light in external electromagnetic fields and relevant theoretical work on non-
linear electrodynamic theories (Born-Infeld theory and QED) until the year
1949. To enrich the picture, pieces of reminiscences from a number of (the-
oretical) physicists on their work in this field are collected and included or
appended.
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1 Introduction

Light has catched the imagination of men since the earliest historic times and the-
ories on its nature probably have an even long history. The physical world around
us to a large extent is being perceived by us by means of (visible) light and also the
discourse of physical theory-building is strongly influenced by our anthropomorphic
capability “to see”. A hypothetic intelligent species without such a visual capability
probably would approach physical theory-building in a different manner than we do
- trying to figure out the nature of that “dark matter” that is visible to mankind.
To us, light and its interaction with (charged) matter is prototypical, and so is the
most advanced to date theory describing it - quantum electrodynamics (QED). Our
visual perception of the world (and also many physical experiments) is resting on
two pillars: the interaction of light with charged particles whose strength is ruled by
the fine structure constant, and the (for all practical purposes) non-interaction of
light with itself described by the superposition principle. In the literature, various
formulations of the superposition principle can be found. As we are both concerned
with experimental and theoretical work to us the superposition principle is more
than a mathematical rule related to the linearity of the equations describing a phys-
ical phenomenon. Quite generally, we understand the superposition principle as
the principle that two physical influences can be superposed without impeding each
other. In this sense, in our context it can be understood as a specific non-interaction
principle — a non-self-interaction principle.

That the superposition principle for light is something special to be thought
about has been recognized long ago. In 1604, Johannes Kepler wrote in his book
Ad Vitellionem Paralipomena, Quibus Astronomiae Pars Optica Traditur®: “The
rays of light neither mutually color each other, nor mutually illuminate each other,
nor mutually impede each other in any way. ... This is just like one physical mo-
tion’s not impeding another.” It seems that Kepler is the first to explicitly mention
this property of light: His intellectual predecessor, Erazmus Witelo (Vitellio, Vitello;
13th century) Kepler refers to in the title of his book does not mention this property
in book II of his Perspectiva [164, 166] where one would expect such an observation
to occur”. Somewhat later than Kepler, in 1690, Christiaan Huygens commented in

a2l Proposition 26 ([160], p. 23, reprint (1859) p. 142, reprint (1939) p. 32: cf. our App. A, p. 37;
English transl. [163], p. 37)

[PITt is rather Ibn al-Haytham (Alhazen; “the father of optics”) who might be considered as having
observed and described earlier the superposition principle for light in some rudimentary form. A. I.
Sabra notes ([167], p. 207, footnote 29): “Ibn al-Haytham described an experiment (the well-known
camera obscura experiment) to show that beams of coloured light do not mix, and therefore do not
affect one another, when they meet in space (at the opening of ‘the dark place’).” Ibn al-Haytham
described his conclusions the following way (For the Arabic text see [168], Latin: [165], book I,
chap. 5, item 29, p. 17, cf. our App. A, p. 37. For a reprint of the Latin text see [170], book I,
chap. 7, p. 57, item [6.87]. We quote here from the English translation [171], book I, chap. 7,
p. 380, item [6.87]; for another English translation see [169], vol. I, book I, chap. 6, item I 116b,
p. 91.): “Therefore, the lights do not mix in air; instead, each of them extends along straight
lines; and those lines are parallel, or they intersect, or they have various [other] orientations. And



his Traité de la Lumiérel): “Another property of waves of light, and one of the most
marvellous, is that when some of them come from different or even from opposing
sides, they produce their effect across one another without any hindrance.” At the
beginning of the 19th century the superposition principle led Thomas Young to the
formulation of the principle of interference within the framework of the wave theory
of light [177]. However, while within the framework of the wave theory of light the
superposition principle must have been more or less natural, for the proponents of
the rival model — the corpuscular model of light developed by Descartes and New-
ton — the superposition principle required special consideration. Sergei 1. Vavilov
writes on this account!d: “The reproach often made in the XVIII. century to
the Newtonian theory consisted just in saying that the collisions of the light corpus-
cles, i.e., a violation of the superposition, should be observed. An answer to this
difficulty was the admission of the extreme smallness of the corpuscles: «I know
—~ Lomonosov3KS: orig footn] wrote addressing the defenders of the corpuscular
hypothesis — that you divide the material of light into such fine particles and place
them in universal space with so little density that the whole quantity can be com-
pressed and packed in the porous crevices of one grain of sand.»”.

In the 19th century, the wave theory of light got the upper hand over the cor-
puscular model in explaining optical phenomena and James Clerk Maxwell with his
equations finally brought mathematical clarity to electromagnetic phenomena, in-
cluding the propagation of electromagnetic waves and specifically visible light. The
phenomenon of the non-self-interaction of light (in vacuum) described, for exam-
ple, by Kepler and Huygens received its mathematical explanation in terms of the
linearity of the Maxwell equations in vacuum. However, as Faraday discovered in
material (polarizable) media electromagnetic fields may exert an influence on each
other: In a magnetic field, a rotation of the plane of polarization of linearly polarized
light propagating along the direction of the magnetic field can be observed (Faraday
effect). Consequently, the linearity of the Maxwell equations has a restricted range
of validity. Besides the Faraday effect, the discovery of the (electro-optic) Pock-
els and Kerr effects and the (magneto-optic) Voigt, Majorana, and Cotton-Mouton
effects (birefringence in a magnetic field for propagation of light perpendicular to

the form of each light-source radiates along all the [straight| lines that can be extended from it
through the air, and in accord with this [the resulting forms of light] do not mingle in the air, nor
is the air tinted by them; rather, they merely pass through its transparency, and the air does not
thereby become transformed.”. Witelo covers the camera obscura experiment by al-Haytham in an
abbreviated manner without clearly expressing the superposition principle aspect we are interested
in (cf. [164], book II, proposition 5, p. 40, reprint [165], p. 64, reprint [166], pp. 242/243, English
translation: [166], p. 47).

[€I[172], p. 20: cf. our App. A, p. 37; English transl. [173], pp. 21/22 (We owe this quote Vavilov
[10].).

[d1[10], p. 555, reprint [174], p. 234: cf. our App. A, p. 37; English transl. p. T-1 (= P-3). Also
see [175], part 2, § 2.

3[K.8.: orig. footn.] N B. Jlomonocos, CiioBo 0 porcxoaennn ceeta. Cobpanme PasHBIX COUH-
uenwnit, 9. IIT [M. V. Lomonosov, Slovo o proiskhozhdenii sveta. Sobranie raznykh sochinenii, ch.
I11], 1803, p. 155. (K.S.: [178])



it) showed that material media can be polarized by electromagnetic fields in such a
manner that the superposition principle for electromagnetic fields does not apply for
material (polarizable) media in general (For references concerning these effects see
[179, 180].). However, matterless space, the vacuum, remained immune from such
effects in the view of physicists.

With the advent of the quantum theory at the beginning of the 20th century
the corpuscular model of light made a surprising return with the emergence of the
concept of the photon. The particle-wave dualism characteristic for all quantum phe-
nomena led to a dialectical synthesis of the wave and corpuscular models of light.
However, once the particle-like aspects of light had been recognized the century-old
problem of the corpuscular model of light reemerged. What about the scattering
of corpuscles of light — photons — among each other? Qualitative investigations of
this problem began to emerge. The first theoretical attempt to study this prob-
lem was published in 1925 by Konstantin N. Shaposhnikov [8] by writing down the
quantum mechanical equations for energy-momentum conservation for the photon-
photon scattering process. Shaposhnikov’s main purpose was to emphasize that
these equations allow solutions which correspond to a non-violation of the super-
position principle. In 1926, Louis de Broglie then pointed out (|9], Chap. XI, Sec.
2, pp. 96-98; cf. our Appendix B, p. 42) that these equations also allow solutions
which correspond to nontrivial scattering events between two photons in deviation
from the superposition principle. This point has further been elaborated in a short
contribution by Arthur L. Hughes and George E. M. Jones [12]| in 1929. Vavilov,
in 1928, discussed the status of the superposition principle for light from an ex-
perimental point of view by reporting on laboratory experiments of his own and
invoking extraterrestrial considerations by means of an analysis of the problem of
the solar corona ([10], cf. our subsecs. 2.1 and 2.3). The article by Vavilov was
followed by a public exchange of comment and response between Shaposhnikov and
Vavilov [13, 14]. In his reply ([14], p. 395, p. T-3 (= P-5) of the English transl.),
giving credit for this consideration to Yakov I. Frenkel Vavilov pointed out that the
superposition principle for light should be violated, in principle, in any case due to
the (negligibly small) gravitational interaction of two quanta of light. The same
argument had been made in 1928 already by Léon Rosenfeld and Enos E. Witmer
([11], p. 521) in an article in which they considered from a qualitative point of view
the role of collisions among photons for the discussion of black body radiation.

However, the physical mechanism for photon-photon interaction processes and
their quantitative details remained beyond consideration for a couple of further
years. In 1933, Otto Halpern [26] finally proposed that virtual electron-positron
pairs could be at the origin of photon-photon collisions. While this clarified the
qualitative picture to be applied for the description of photon-photon scattering,
only the early development of quantum electrodynamics (QED) provided physicists
with the theoretical tools for a quantitative answer: It was finally given by two
students of Werner Heisenberg, Hans Euler and Bernhard Kockel, who calculated



in 1935 the leading nonlinear corrections to the Maxwell equations in vacuum [47].
Within the framework of QED, it turned out that photon-photon scattering as a
characteristic feature of a nonlinear electrodynamic theory has a very low probabil-
ity for all practical purposes. Once the theoretical picture had been established the
challenge emerged to demonstrate experimentally consequences of the violation of
the linearity of Maxwell equations in vacuum, i.e., of the violation of the superposi-
tion principle for light (or, speaking more generally, for electromagnetic fields). The
processes of Delbriick scattering (elastic scattering of a photon in the Coulomb field
of a nucleus) and photon splitting (in an external field) have meanwhile experimen-
tally been confirmed (cf. [181, 182]). However, up to the present day demonstration
of such a fundamental physical phenomenon as photon-photon scattering remains
a problem at the edge of current experimental and observational capabilities (for
some recent developments see [183, 184]).

There is a continuous current, varying in intensity over time, of experimental and
theoretical research in the field of nonlinear electrodynamic phenomena in vacuum.
The main motivation for experimental work derives from the prominent role electro-
magnetic phenomena play in the physical world we live in. Theoretical studies often
have a wider set of motivations which are often linked to the changing directions of
theoretical thinking. New research can successfully only be based on the knowledge
of the achievements and failures of past generations of scientists. While the main
publications from the past in the field of nonlinear electrodynamics in general and
of QED in particular are well known many details of the early thinking and experi-
mentation concerning photon-photon scattering and related phenomena seem to be
largely forgotten. It is the purpose of the present review to collect as completely as
possible the early literature on this subject as a source and inspiration for further
research. The time span covered reaches from the earliest publications that can be
linked to the problem of nonlinear electrodynamics up to 1949, i.e., the end of the
1940’s, which roughly marks the begin of a new period in the history of theoretical
physics with the emergence of renormalized quantum electrodynamics. Of course,
the year 1949 is somewhat arbitrarily chosen based on an analysis of the occurrence
of relevant literature references. In a certain way, the short review article by Kunze
in 1949 [155] marks the end of the period the present exposition is concerned with.

The present review has a mixed character. On one hand, primarily it is writ-
ten as a literature review. On the other hand, it is also a piece of science history.
To illuminate various social and science history aspects we quote extensively from
a number of different sources. This rather unconventional set-up serves a twofold
purpose. First of all, it provides the reader with a more complex and first-hand
picture of the early developments. The second purpose consists in collecting the
widely scattered pieces of text for the convenience of the reader in one place. Some
of the early pieces of text have been translated into English to make them more
easily accessible to the current and future generations of physicists.



The review is split in a section on early experimental work and a section on the-
oretical studies in nonlinear electrodynamics. Corresponding to the historic course
of research, we cover both Born-Infeld electrodynamics as a (mainly) classical field
theory and quantum electrodynamics which gives rise to an effective action by means
of which contact can be made with a classical theory as Born-Infeld electrodynam-
ics. However, the relation between both theories is more than a historic one. Also
modern research benefits from viewing both theories as special instances of nonlin-
ear electrodynamics because this allows to elucidate more easily general principles.
The early literature on Born-Infeld electrodynamics has been included in the list of
references somewhat more broadly than that from QED. As there does not seem to
exist any comprehensive review of the early developments of Born-Infeld theory this
choice seemed to be appropriate.

The list of references is split into two parts. One part arranged according to the
year of publication contains the main body of references related to photon-photon
scattering and related nonlinear electrodynamic phenomena up to 1949. Most of
these references are cited and commented in the main body of our text, very few
references are only listed in the bibliography for completeness and are not mentioned
elsewhere [60, 67, 156-159]. The references in the main bibliography represent the
present literature review in the narrow sense. All further references cited are col-
lected in a separate list of (auxiliary) references. We deliberately cite literature after
1949 only once this seems absolutely to be necessary for the presentation or discus-
sion. Consequently, most of the more recent relevant literature from 1950 onwards
is absent. The main list of references is supplemented by a list of author names
where for identification purposes the first names and, if known, the dates of birth
and death are given. If available, we provide for each name a link to further infor-
mation. For the convenience of the reader, we rely primarily on Wikipedia articles.
Preference has been given to English language articles. If an English language arti-
cles was not existent we have tried to make some other reasonable language choice.
If no Wikipedia article was available at all, a link to some other information page
on the Internet has been selected. In a number of cases, no appropriate information
on the Internet was available. We then make reference to some printed obituary.
In a small number of cases, we had to restrict ourselves to links to VIAF (Virtual
International Authority File, OCLC) or some related source. Finally, for very few
author names, we were unable to trace any further author information.

2 Experiment

In the period under consideration, experimental work concerning the study of pho-
ton-photon scattering and related phenomena has been fueled by a number of differ-
ent developments in physics. There have been two main directions of experimental
work:



1. Experimental work concerning the study of photon-photon scattering in the
narrow sense, i.e., direct searches for experimental signatures of the scattering
of light by light.

2. The experimental study of the propagation of light (photons) in strong (elec-
tromagnetic) fields. This main direction of research can historically be divided
into 3 subcategories:

A. The dependence of the propagation of light on the intensity of the light
wave.

B. The propagation of light (photons) in macroscopic, constant magnetic
and electrical fields.

C. The propagation/scattering of photons in the Coulomb field of nuclei.

Finally, it seems to be appropriate to add as a further direction of experimental
work:

3. Considerations related to extraterrestrial and astronomical observations.

In the following subsections arranged according to the above classification we will
give an overview over the experimental and observational work up to the end of the
1940’s. Early experimental and observational work on photon-photon scattering and
related phenomena has been scarce. We have tried to cover the relevant literature
as completely as possible and in the subsections below we will refrain from mak-
ing any further statements to the effect that no further relevant work is known to us.

2.1 Photon-photon scattering

The first attempt to directly observe the scattering of photons by photons in an
experiment seems to have been undertaken in 1928 in the Soviet Union by S. I.
Vavilov (Institute of Biological Physics, Moscow). In a contribution read to the 6.
Congress of Russian Physicist in Moscow on August 6, 1928 Vavilov reports!®: “Un-
der laboratory conditions, the highest instantaneous radiation densities can
certainly be obtained by means of the light of a condensed spark. Concentrating
this light with a lense, instantaneous values of the light energy density that exceed
the corresponding value on the surface of the sun can be achieved easily. In this case,
the average density is small due to the short duration and rareness of the sparks,
but the hypothetical effect of the “collisions” of light quanta must be proportional
to the square of the instantaneous density, therefore, a spark turns out to be con-
siderably more advantageous than, for example, an arc. Preliminary experiments
with a spark the light of which met in an evacuated container did not uncover

[eI[10], § 2, pp. 556/557, reprint [174], p. 236: cf. our App. A, p. 37; English transl. pp. T-2/T-3
(= P-4/P-5). Also cf. his note [18].



any noticeable scattering. These observations have been carried out with
the usual precautions, in front of distant container walls covered with black velvet;
for control, the experiments have been repeated with the light of an incandescent
lamp that delivered the same average radiation density; in both cases the result
has been equally negative.”.

Shortly thereafter, in 1930, A. L. Hughes and G. E. M. Jauncey (Washington
U., St. Louis, USA) published a somewhat more elaborate description of a similar
experiment to detect collisions of photons [16, 17]. In difference to Vavilov, they
used (intense) light from the sun to perform the experiment. Two light beams were
allowed to meet at an angle of 120° and the observation for scattered light was
performed with the dark-adapted eye in the plane of the scattering beams at the
(forward) direction of the bisector of the angle between them. In their experiment,
Hughes and Jauncey took into account that with the chosen geometric set-up light
resulting from photon-photon collisions would emerge with a higher frequency ac-
cording to the quantum-mechanical laws of energy-momentum conservation in the
collisions. In the experiment, no experimental sign of photon-photon collisions was
found and Hughes and Jauncey give as bound for the cross section o of photon-
photon scattering o < 3 x 1072 em?.

Interestingly, the article by Hughes and Jauncey [17] is not only followed by a
short note by Vavilov [18] pointing out the results of his earlier experiments |[10]
but also by a short note by A. K. Das (Alipore Observatory, Calcutta, India) [20]
giving details of an earlier (unpublished) idea for performing an experiment to study
photon-photon scattering. Noting that due to the (likely) miniscule size of the effect
photon-photon scattering cannot be observed by optical methods (cf. the analogous
comment by Vavilov: [10], § 2, p. 558, p. 237 of the reprint, p. T-4 (= P-6) of the
English translation), Das proposed to observe single (scattered) photons by means
of “Elektronenzéhlrohren” (electron counter tubes) he had constructed for the inves-
tigation of gamma and cosmic rays. From a modern point of view, it also interesting
to note that Das envisioned the experiment to be performed with X-rays or gamma-
rays (and not with visible light for which the photon-photon cross section is smaller).

The experiment in 1930 by Hughes and Jauncey was followed in 1933 by an anal-
ogous experiment performed by F. L. Mohler (Bureau of Standards, Washington,
D. C., USA) |27] which differed from that of Hughes and Jauncey geometrically by
the angle between the scattering light beams (180° in the experiment by Mohler
versus 120° in the experiment by the former; also see the corresponding comment
by Hughes and Jauncey [39]). Mohler relied in his experiment on the light of pro-
jection lamps and the observation for scattered photons was performed with the
human eye in the direction perpendicular to the joint axis of the two scattering light
beams. The result of the experiment was negative and Mohler expressed the result
in his article in terms of a limit on the cross section ¢ for photon-photon scattering
(0 <6 x 10717 em?).



The following logical step in the experimental search for the existence of photon-
photon collisions has been made in two Master theses: the human eye as detector
of light (radiation) is being replaced by a photographic film. In 1937, B. Castaldi
(Clark University, Worcester, MA, USA) investigates the problem of photon-photon
scattering for visible light [105] (thesis advisor: P. M. Roope). In the experiment of
Castaldi, a sodium Lab-arc is used as source of light (with a wavelength of approx-
imately 589 nm). Two beams of light met at an angle of 60° and the photographic
film used as detector of scattered light was placed in the plane of the scattering
beams at the (forward) direction of the bisector of the angle between them (as in
the experiment by Hughes and Jauncey). In the (final) trial (after the design phase),
the photographic plate was exposed for 28 days (672 hours) and then developed. No
trace of scattered light was found. Castaldi estimates that his method was 661.6
times as sensitive as that of Hughes and Jauncey relying on the human eye as de-
tector. In 1940, to study the problem of photon-photon collisions R. V. Wiegand
(Montana State College, Bozeman, MT, USA) uses X-rays for which, according to
Euler and Kockel [47], the cross section (~ w® where w is the frequency of the
scattering light quanta) is larger than for visible light [138| (thesis advisor: A. J. M.
Johnson). The experiment has been performed with X-rays of a wavelength of 1.473
A( = 0.1473 nm) and for an collision angle of 28° 8,6'. “X-ray film was placed on
the six sides of the collision point and long exposures taken to determine if radiation
was given off in any direction.” The maximal exposure time was 25 hours but “no
“collision” radiation of sufficient amount to register on the photographic film was
found” (both quotes are from the abstract of [138]).

2.2 Propagation of light in strong electromagnetic fields
2.2.1 Influence of the intensity on the propagation of light

In the late 19th/early 20th century the question has been studied if the speed of light
might depend on the intensity of the propagating light wave. Experiments by J. J.
Miiller (University of Leipzig, Germany) performed with visible light and published
in 1871 [1] indicated that the speed of light (in air) increases with increasing fre-
quency and intensity (cf. the tables on pp. 107, 120 of [1]). The intensity variations
studied by Miiller were not larger than 1:10. Miiller used interference experiments
to investigate the dependence of the wavelength A of an incident (monochromatic,
with frequency f) light beam on its intensity and inferred from it a corresponding
variation in the speed of light ¢ = fA. Such a phenomenon of the intensity de-
pendence of the speed of light (in vacuum) would clearly represent a violation of
the superposition principle and would — on the theoretical side — correspond to a
Lagrangian for the (gauge) field describing the light wave which is not quadratic in
this field.
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Contemporary physicists apparently had been aware of the potential significance
of the results of Miiller. Not long after the publication of his work [1| they have
checked his assertion in other experiments with higher precision and found no indi-
cation for any intensity dependence of the speed of light hereby ruling out any no-
ticeable self-interaction of a light beam with itself (F. Lippich, University of Prague,
Austria: |2]; H. Ebert, University of Erlangen, Germany: [3|; Th. E. Doubt, Univer-
sity of Chicago, USA: [6]). Ebert [3] besides giving the results of his experiments also
uses astronomical arguments (pp. 381-383) to infer that the speed of light cannot
depend on the intensity of the light wave in any significant way (cf. our subsection
2.3). Doubt achieving in his experiments light intensity variations between 1:43000
and 1:290000 concluded that any corresponding variation in the speed of light, if
any at all, must be smaller than roughly one part in one billion.

2.2.2 Propagation of light in macroscopic, constant magnetic and elec-
trical fields!’

The earliest experiment to be mentioned in this section belongs to a time before
the advent of the special theory of relativity. In the year 1900, R. A. Fessenden
(Western University of Pennsylvania, Pittsburgh, USA) relied on an aether model
to reason (|4], pp. 87/88) that an electrostatic field should lead to an increase in the
speed of light in vacuo in the direction of the applied electric field. Two years later,
Fessenden reported a positive result obtained by him in a preliminary experiment
to check his assertion [5]. It seems that neither Fessenden nor any other researcher
has later returned to this subject. This is not very suprising in view of the fact that
in 1905 Albert Einstein started to revolutionize thinking on fundamental physics.
While the aether as a vacuum model had to be abolished even Albert Einstein seems
to have further thought about the possibility that the speed of light in vacuo might
depend on external electromagnetic fields.

Information in this respect comes from a reminiscence by P. L. Kapitsa of a con-
versation he has had with Albert Einstein on the occasion of a visitlel of the latter
to the Cavendish Laboratory of the University of Cambridge. His report provides us
with an interesting glimpse into the thinking of Albert Einstein. Kapitsa recalls™:
“In the 1930s, in Cavendish’s laboratory, I developed a method of obtaining mag-

For a different discussion of the experiments by Watson [15] and Farr and Banwell [21, 135]
dealt with in this subsection see p. 11 of [185].

el This meeting took place at an unknown date, somewhen during the period between 1922
and 1934 when Kapitsa worked at the University of Cambridge - probably, after 1929 when the
experiment by W. H. Watson [15] had been performed (see further below). The question when
this conversation took place precisely must rest with historians of science.

B186], p. 31, [187], p. 40, reprints: 1. [187], p. 40. 2. [188], 3. ed. p. 375, 4. ed. p. 374, English
transl. [189], p. 9, reprint [190], p. 317; we quote here the English translation, for the original
Russian text see our App. A, p. 38. I owe this quote Yu. M. Poluektov [191], p. 6.
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netic fields one order stronger than had previously been attained. In a conversation
Einstein tried to persuade me to study experimentally the influence of a magnetic
field upon the velocity of light. Such experiments had been conducted, and no effect
was discovered. In my magnetic fields it was possible to raise the limit of accuracy of
measurement by two orders of magnitude, because the effect was dependent on the
square of the intensity of the magnetic field. I protested to Einstein that according
to the existing picture of electromagnetic phenomena, I could not see from whence
such a measurable phenomenon would come. Having found it impossible to prove
the need for such experiments, Einstein finally said, “I think that der liebe Gott
could not have created the world in such a fashion that a magnetic field would be
unable to influence the velocity of light.” Of course, it is hard to counter that kind
of argument.”

A first experiment investigating the propagation of light in a (constant homo-
geneous) transverse magnetic field had been carried out in 1929 by W. H. Watson
[15] at the Cavendish Laboratory in Cambridge, UK. This experiment predates the
development of the theory of quantum electrodynamics. The main motivation for
the experiment has been to look for the existence of a magnetic moment of the pho-
ton. The experiment has been carried out with a magnetic field strength (magnetic
induction) of 10 000 gauss (= 1 tesla = 1 T) (for reference, the QED critical field
strength is B, = % ~ 10° T, m, is the electron mass). The interaction region be-
tween the strong magnetic field and the light beam used for observation was located
in a Fabry-Pérot cavity from which air had been pumped out (The quality of the
obtained vacuum is not described in [15].). The interference pattern whose potential
change has been observed was produced by polarized, monochromatic (visible) light
of a wavelength of 585.2 nm. The null result that was obtained in the experiment
yields a bound on the magnetic moment of the photon ., of g, < 1.4-107%* emu
(= 1.4-10% Am?). Equivalently, the null result entails that the change in the
refractive index of the vacuum under the influence of the magnetic field is less than

4.1077/T.

Three years later, in 1932, C. C. Farr and C. J. Banwell of the Canterbury Uni-
versity College, Christchurch, New Zealand, published the description of an experi-
ment designed to study the “Velocity of propagation of light in vacuo in a transverse
magnetic field” [21]. This experiment relied on a different experimental set-up than
that performed by Watson. A Jamin refractometer was used where one unpolar-
ized, monochromatic light beam (of a wavelength of 546.1 nm) passed through the
strong magnetic field while the other (parallel, of the same wavelength) beam only
experienced a weaker leakage field. Using this set-up Farr and Banwell achieved a
roughly one order of magnitude higher sensitivity than Watson. The strength of
the magnetic field amounted to 17 992 gauss (= 1.7992 tesla). The quality of the
obtained vacuum in the interaction region is given as 0.005 mm of mercury (= 0.005
torr = 0.67 Pa) and the authors conclude from the null result they obtained that
the change in the refractive index of the vacuum under the influence of the magnetic
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field is less than 2.7-107%/T.

Further eight years later, in 1940, Banwell and Farr published an account of
an improved experiment of the same type performed using a yet different set-up
[135], namely, a Michelson interferometer. Here one of the two perpendicular opti-
cal arms was placed in the strong magnetic field while the other did not experience
the influence of any significant magnetic field at all. In the Michelson interferometer
unpolarized, monochromatic light of a wavelength of A = 546.1 nm was propagating.
The intensity of the applied magnetic field is given as 19 917 oersted (corresponding
to a magnetic induction of 1.9917 T in vacuo). The quality of the vacuum in the
Michelson interferometer is stated as 0.05 mm of mercury (= 0.05 torr = 6.7 Pa).
With the probable error taken into account, Banwell and Farr obtain as result of
their Michelson interferometer experiment a non-null result. In the applied mag-
netic field of roughly 2 T they find an increase in the speed of light by (0.3431 +
0.1856) m/s. The estimated error corresponds to a change in the refractive index of
3.1-107'°/T. Banwell and Farr conclude their article [135], p. 25, with the following
sentences: “The authors consider that they have taken all precautions to eliminate
causes tending to give a spurious effect greater than the probable error of observa-
tion quoted above. They would however be very hesitant in accepting the above
final result as real. All that can be said definitely is that in such a field (20,000
oersted) the effect is less than 1 part in about 5 x 10%.” (For a discussion of this
non-null result obtained by Banwell and Farr see our Appendix C.).

The influence of strong (inhomogeneous) electric fields on the propagation of
light has been studied by J. Stark (Traunstein, later Eppenstatt, Germany) in the
years after World War II (For the role of Stark in fascist Germany see, e.g., [192],
chap. 6, pp. 103-122, [193].). The motivation for such a study Stark derived from
a light vortex model for photons (which, of course, implicitly entails the existence
of nonlinearities in the corresponding electromagnetic theory); cf. [194], sec. 13, pp.
40-44. In his private laboratory he has conducted — among others — the following
experiment ([145]; also see [194], sec. 14, pp. 44-50 (reprinted from [147]), [195]): A
razor blade is positioned in a parallel trough cut out of a metal plate (perpendicular
to the razor blade; cf. fig. 2 on p. 507 of [195]) at close distance. A narrow beam of
polarized light passes along the razor blade in the space between blade and trough
and consequently falls on a screen (photographic plate). The razor blade/metal plate
system is placed in a vacuum tube. The image produced by the light beam (mostly
yellow light) is compared for the situation without any electric field applied and
the situation where a strong electric field is applied between razor blade and metal
plate. Stark estimates the strength of the electric field close to the razor blade to be
1 to 1.5 x 10° V/em at maximum. He reports on the existence of a slight difference
in the images for the cases with and without electric field applied once the electric
field of the polarized light is perpendicular to the razor blade (cf. fig. 1 on p. 47 and
fig. 2 on p. 48 of [194] and fig. 3 on p. 508 of [195]). For the case of the electric field
of the polarized light parallel to the razor blade Stark reports a null result. The
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experiment of Stark has been repeated independently by J. Sperling (University of
Kiel, Germany) [153] who finds no effect whatsoever. For a discussion of other,
related experiments of Stark see [148, 150, 151]. From out the modern point of view
of quantum electrodynamics a null result does not come unexpected. Comparing
the maximum value of the electric field given by Stark as 1 to 1.5 x 10° V/em with

the QED critical field strength E., = 0367;:3 ~ 10' V/em (m, is the electron mass)

one immediately recognizes that the strong electric field used by Stark is too weak
to give rise to any nonlinear quantum electrodynamic effects.

We conclude this subsection with the description of a somewhat speculative ex-
perimental proposal by H. Bauer (University of Kiel, Germany) made in 1931 [19].
The proposal starts with the theoretical observation of the existence of a source-free
(Poynting) energy current S ~ ExB in the simultaneous presence of (say, constant)
magnetic (B) and electric (E) fields. Concerning the existence of such an energy
current Bauer refers (see his footnote 3 on p. 38), among others, to Planck [196],
second part, chap. 2, § 13, p. 26 (p. 34 of the English translation). It should be men-
tioned that the literature on this subject in later decades is controversial, however,
Feynman, for example, expresses the same view as Planck [197], chap. 27, sec. 27-5,
p. 27-8. Bauer notes that the existence of such an energy current (for constant cross-
fields) had not (yet) been demonstrated experimentally. He then points out that a
momentum current S/c? is associated with the energy current S. He then goes on to
reason that if a non-vanishing cross section for photon-photon scattering would exist
in nature (the constant magnetic and electric fields correspond to a coherent state
of photons) one could light of frequency v let propagate in (opposite) line with the
momentum current S/c?. The phenomenon of photon-photon scattering would then
result in a (tiny) frequency change of the light photons which could be measured. He
estimates that a frequency change related to a cross section of 210727 em? should be
observable. Bauer points out that a non-negative experimental result would entail
a violation of the superposition principle (characteristic for the Maxwell theory),
i.e., it would be related (effectively) to a nonlinear electromagnetic theory. Bauer
further points out that a non-negative experimental result would show the physical
reality of the Poynting energy current (in the constant cross-field situation) and at
the same time prove the existence of the phenomenon of photon-photon scattering.

2.2.3 Propagation/scattering of photons in the Coulomb field of nuclei

While the experiments discussed further above have intentionally been devised to
study the properties of light, the experiments referred to in this subsection have been
performed historically with another objective, namely to advance the understanding
of cosmic rays, to gain further insight into the nuclear structure of atoms, and to
explore experimentally the predictions of (relativistic) quantum mechanics. In the
early decades of the 20th century numerous experiments have been made to study
the absorption and scattering of y-rays emitted by radioactive materials by various
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targets. We will not review these experiments here, the interested reader is referred
to [198, 199] (For a related historic account see [200].). Here, we are concerned
with such v-ray experiments performed by L. Meitner and collaborators (Hupfeld,
Kosters; Kaiser Wilhelm Institute of Chemistry, Berlin, Germany) in the early 1930s
[25, 201-206] (For a historic discussion of these experiments see [207].). In these -
ray absorption and scattering experiments performed to explore the validity of the
Klein-Nishina formula (one of the consequences of relativistic quantum mechanics)
Meitner and collaborators found that for targets with large nuclear number (nuclear
charge) the Klein-Nishina formula is not sufficient to correctly describe the experi-
mental results. Apparently, besides the scattering of y-rays off electrons (described
by the Klein-Nishina formula) another physical process related to the atomic nuclei
of the target material was also to be considered. Referring to the just discovered
creation of positive electrons (positrons) by ~-rays in various materials, M. Delbriick
(Kaiser Wilhelm Institute of Chemistry, Berlin, Germany) hypothesized in 1933 (in
an addendum to an article by Lise Meitner — whose assistant he was by then —
and H. Kosters)!l, “... that it involves a photoeffect on one of the infinitely many
electrons in states of negative energy, which according to Dirac’s theory fill the
entire space with infinite density and would well be capable of such an absorptive
process, by virtue of their interaction with the nucleus.” He then concludes: “Such
a proposal has also the consequence that that these electrons of negative energy are
capable of scattering y-rays, and in fact coherently, analogous to the phenomenon
of the unshifted Compton line.”.

In appreciating the contribution by Delbriick one has to remind oneself that at
the time of writing of this addendum the theory of quantum electrodynamics was
still in its birth phase but Delbriick relied on the model picture of the Dirac sea to
qualitatively describe an advanced quantum field theoretic process whose detailed
nature Delbriick did not sketch. Today, to lowest order of QED perturbation theory
contributions to Delbriick scattering — as it is now being called — can be depictured
by Feynman diagrams as shown in Fig. 1.

Interestingly, in 1978 Delbriick has described his proposal and its further fate in an
oral history interview of the California Institute of Technology Archives ([208], pp.
52-54 = Delbriick-45 - Delbriick-47) from which we quote in the following (with
kind permission by the Caltech Archives):

“... One of the graduate students of Lise Meitner had studied the scat-
tering by lead of gamma rays of ThC''; ThC!' is a gamma ray source with
relatively hard gamma rays, as I recall, 2.6 million electron volts. If
you scatter these gamma rays on lead, then, according to then current
theory, you should find very little coherent scattering. Most of the
scattered light should be Compton-scattered -- that means scattering

[[25]: cf. our App. A, p. 38, p. 38; English transl. [207], Appendix, p. 135. The English
translation given here slightly deviates from the English translation printed there in order to make
the translation more adequate.
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Figure 1: Typical (lowest order) Feynman diagrams contributing to Delbriick scat-
tering (The wavy line ending in a cross depicts the Coulomb field of a nucleus.).

where the electron acts as if it were a free electron. And after scat-
tering you find, at right angles then, a Compton-scattered light quantum
which is very much less energetic than the incoming one. This student,
H. Kosters had found a scattered component which was much harder than
the expected one. I put out the conjecture that this had something to do
with the new theory of the electron that Dirac had proposed, according to
which the negative energy states of an electron (with energies below mi-
nus mc?) were all filled, and the electron never jumped from plus energy
to minus energy because these were filled (because of Pauli’s exclusion
principle). I made the conjecture that these negative energy electrons
in the vicinity of the nucleus are not free electrons, but that their
wavefunction was distorted by the nucleus of the atom and therefore that
they could scatter. If they are free electrons then they wouldn’t scat-
ter, but if they are disturbed by the field of the nucleus then there
could be virtual transitions from minus to plus energy, and there would
be corresponding scattering.

This problem is related to the problem of scattering of light by light.
In the classical theory, two light beams just go right through each
other and don’t interact, but in quantum electrodynamics if you take
into account these negative energy electrons, then the first light beam
polarizes the vacuum, and the second light beam then is scattered on
the first one. So I made a conjecture that these hard scattered rays
should be due to this scattering of underground electrons. The fate
of this conjecture was that it turned out that the scattered light,
the scattered quanta observed by Kosters, were not due to that effect.
Instead, they were due to the effect that the negative energy electrons
actually absorbed a quantum, and thereby created a hole there, a positive
electron. This positive electron then could recombine with some other
electron and make annihilation radiation, and that is very much harder
than the Compton-radiation. Actually that was an obvious implication
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that I had overlooked. And that came out very quickly. Nevertheless the
effect that I predicted ought to be there also, and the question was how
to calculate it, and I slaved on that and it turned out to be a nightmare
to calculate that.lllfootn K-S] yith the help of some advice by Hans Bethe
I got so far as to predict that this effect should be proportional to the
fourth power of the nuclear charge, Z* , and that’s about all that I
predicted; it was published in a short appendix, I think, to the paper
by Kb'SteI'S.Q[K'S': orig. footn.]

That’s where my contribution ended to this problem, and I never
heard of it again until about 20 years later, in the fifties, when I was
long since in biology. Somebody told me that there had been published
two papers in Physical Review on "Delbriick scattering," by Bethe and
some graduate students of his who had made some progress in calculating
them, 131K-5: orig. footn] g5 since then this name, "Delbriick scattering" ex-
ists, and if you ask theoretical physicists then I am known scurrilously
for that little incident. I understand that the actual calculation of
this effect, and experimental verification of it, still has been linger-
ing on for the next 20 years after that, because it turned out to be just
very, very difficult to calculate; also, in order to observe it you need
to go to much higher energies -- I think the optimal energy is about 10
million electron volts rather than 2.7 -- and I think now it has been
confirmed to exist. ...

It remains to add that L. Meitner in 1934 [212] refers to a qualitative calculation
by Delbriick himself of the particular scattering process described by him in [25] [¥].
She quotes Delbriick as having calculated the angular distribution of the Delbriick
scattering process and mentions that this calculation will be published in the near
future. However, apparently this calculation never got published and also a pre-
served manuscript of it is not known. Related results have been published in 1937
by N. Kemmer and G. Ludwig (University of Zurich and ETH Zurich, Switzerland)
[115]. Kemmer and Ludwig ([115], p. 184) give for the cross section ¢ for the scat-
tering of light of (long) wavelength A (> h/mc, m = m,) off a nucleus with charge

UK.S.: In this context, W. Heisenberg reported in a letter of June 16, 1935 to W. Pauli:
“Delbriick recently was here and reported about his fruitless attempts to calculate the coherent
scattering. He certainly would be glad if he could do this work together with somebody else,
e.g., Weisskopf (Sauter is now in Gottingen).” ([209], letter [374] of June 16, 1934, pp. 331-333,
specifically p. 332: cf. our App. A, p. 38; English transl.: K.S.).

12[K.5.: orig. footn.] M. Delbriick, "Zusatz bei der Korrektur," in L. Meitner and H.
Késters, "Uber die Streuung Kurzwelliger ~y-Strahlen," Zeitschrift fiir Physik
84:137-144 (1933), 144. (K.S.: cf. [25])

13[K.S.: orig. footn.]  F_ Rohrlich and R. L. Gluckstern, "Forward Scattering of Light
by a Coulomb Field," Physical Review 86:1-9 (1952); H. A. Bethe and F. Rohrlich,
"Small Angle Scattering of Light by a Coulomb Field," Physical Review 86:10-16
(1952.) (K.S.: cf. [210, 211])

(KlThe memory of Max Delbriick in his above quoted interview apparently slightly mixes the
course of events. His note [25] does not contain any calculation.
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Z|e| the formula (¢q, ¢y are certain unknown constants and 6 is the scattering angle)

e\ 2\ 2, 2 2
g = (@) : <X) [(f+63) (1+cos*8) + 2c1coc086] . (1)
Related results have been published in 1937 by Akhiezer and Pomeranchuk [102] (cf.
subsec. 3.2). As M. Delbriick in his Caltech Archives oral history interview recalls
(see above quote) the further study of the Delbriick scattering process continued in
the 1950’s only.

2.3 Considerations related to extraterrestrial and astronom-
ical observations

Since the earliest times of mankind, light has naturally played a prominent role in
developing an understanding of the physical world we live in. It comes as no surprise
that also the problem of photon-photon interactions (or, nonlinear electrodynamics,
or possible violations of the superposition principle) has been approached by means
of results of extraterrestrial and astronomical observations. In the period under con-
sideration, three comments that belong to this line of research are known to us. One
comment has been made by H. Ebert in 1887 [3] concerning the possible dependence
of the speed of light on the intensity of the propagating beam, a second consider-
ation on the subject of using the solar corona for obtaining limits on the violation
of the (optical) superposition principle has been published in 1928 by S. I. Vavilov,
and a third comment concerning a possible frequency dependence of the speed of
light is due to F. Zwicky (California Institute of Technology, Pasadena, USA) in
1937 [123]. In the following, we will let Ebert and Zwicky speak for themselves by
simply quoting from their articles while the somewhat longer discussion by Vavilov
is being summarized only.

Let us first quote the relevant part of the paper by Ebert!! in which he makes
contact between his laboratory experiments (cf. subsection 2.2.1) and astronomical
observations (an early example of astroparticle physics ...):

“At the end, I am allowing myself to apply the above result to some astrophysical
questions.

Is the velocity of the propagation of light dependent on its intensity to some notice-
able degree, beyond the circumstance that the phenomena in the sky occurring to
us at the same moment belong to very different times in reality, the further compli-
cation would step in that these times even for equal spatial distance would be very
different for the different objects. In view of the large differences in intensity that are
being met here and in view of the large distances which the light rays have to pass

W3], pp. 381-383: cf. our App. A, p. 38; English transl.: K.S.. To some extent the original
German text exhibits a historic style used at the end of the 19th century, the present English
translation does not deliberately attempt to imitate this historic style.
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before they can reach us, even small differences in the velocity of the propagation
of light can make themselves noticeable to a large degree. For example, this should
occur for physical double stars; here, we have got two sources of light that, in some
rough approximation, are equally far away from us but whose intensity of light, in
general however, considerably differs from each other. Despite this we find that -
if we succeeded in calculating the trajectories of double stars - the two components
indeed show up at the same time at corresponding points of their trajectories and
together with their joint center of gravity always lie on a straight line. Right from
this fact, we can also draw new support for the experimental result obtained by
us.[mIlfeotn K-S] Ope example might incidentally show yet that the bound proved by
me for the independence of the two quantities in question!™/[footn K-S1 ig completely
sufficient for the astronomical practice.

According to calculations by Auwers and Peter s, the companion of Sirius,
calculated by Bessel and discovered by Clark, has an extraordinary large mass
(12 to 2/3 of the mass of Sirius itself). At the same time, it occurs to us as a
star of about class 9 only, also compared with its main star, its brightness is a very
small one, according to Schdénfeld l)[K'S': orig. footn.] appr. 1/100() of that of Sirius
only. Further above, for rays of medium wavelength (for sodium light) it was found
that for an attenuation of light from intensity 1 to intensity 1/33 the velocity of the
propagation of light does not change even by 1/500 000. Relying on this limit, i.e.
assuming that for differences in brightness of 33:1 the velocity of propagation could
differ just yet by this amount and that the latter would grow proportionally with
the difference in intensity, in the present example, in each second the light of the
companion would stay behind the light of the main star by 30 x 0,6 or 18 km. In
light-time, the distance of the Sirius system amounts to about 30 years. Assuming
it were precisely 30 years, it would take the light of the companion:

300 000

= — 1
599 032 x 30 30,0018

years to reach us, i.e., of two simultaneously emanated light rays the one emitted by
the companion would always arrive about 0.7 days later only than the one emitted by
Sirius itself. As, however, the period of revolution of both bodies around their joint
center of gravity is 50 years, this difference in time and the difference in location
corresponding to it can be neglected. The assumptions made, however, are very
unfavourable ones; for all orbit determinations, we can disregard any dependence,
existent yet perhaps, of the velocity of propagation on any intensity whose value lies
below the limits established by the experiment.

Further, the obtained result is of relevance for applications of the Doppler prin-
ciple where the relative velocities of the stars in the direction of the line of sight are
determined from changes in the average refractivity of isolated spectral lines. Here,

mIK.S.: Cf. our subsec. 2.2.1.
["K.S.: i.e., the velocity of light and the intensity of light.
1)[K'S': orig- footn.] Schgnfeld, Die dunklen Fixsternbegleiter. Mannheimer Verein fiir
Naturkunde. 30. Jahresbericht. (K.S.: cf. [213])
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in the different cases very large differences in brightness exist and, consequently, for
the applicability of this principle it is important to have shown directly that these
differences in brightness do not also have an influence.”.

As described in subsection 2.1, Vavilov [10, 18] had performed in 1928 a lab-
oratory experiment to attempt the direct (optical) observation of photon-photon
scattering in vacuum. This experiment ended with a negative result: no photon-
photon scattering has been observed. It should be noted that in 1928 the experiment
had been based on a qualitative understanding of the quantum nature of light only,
the later qualitative predictions of QED for the scattering of photons by photons
were not yet made. To Vavilov it was clear that the superposition principle for
electromagnetic radiation is fulfilled to a high degree, consequently, the experimen-
tal search for any signatures of photon-photon scattering is confronted with a tiny
effect (if any at all). To Vavilov, a high radiation density was therefore the key for a
possible observation of photon-photon scattering (Only the later QED calculations,
see subsection 3.2, further clarified the situation: the size of the photon-photon scat-
tering cross section is critically dependent on the photon energy.). In his article of
1928 Vavilov, therefore, also turned his attention to the sun with its large radiation
density. From data concerning the solar corona he concluded that in any photon-
photon scattering at most 1.8 - 10717 of the beam energy is being scattered (|10],
§ 2, p. 558, p. 237 of the reprint, pp. T-4 (= P-6) of the English translation; also
see [18]). From this estimate he concludes that even if photon-photon scattering
existed it could not be observed in any terrestrial experiment because the human
eye would not be sensible enough to detect the low intensity of scattered photons
(At that time, the human eye was the most sensitive photon detector in such a type
of optical experiments, cf. e.g. [17], p. 777, last sentence.). Finally, noting that there
was no satisfactory theory of the solar corona (in 1928) he then tried to explain (in
a somewhat more hypothetical way) certain known features of the solar corona by
means of photon-photon collisions (For a current treatment of the solar corona see,
e.g., [214].).

Zwicky in 1937 [123] is concerned with a frequency dependence of the speed of
light possibly arising within theories of nonlinear electrodynamics. He writes:
“Certain effects have recently come to our knowledge which suggest that the dif-
ferential equations governing the propagation of light through empty space are not
strictly linear. Nonlinearity of these equations results in a dependence of the wve-
locity of light on frequency. One reason for the existence of slight deviations from
the superposition principle of light lies in the potential possibility of the formation
of pairs of positive and negative electrons by interacting photons. This interaction
necessitates a generalization of Maxwell’s field equations through the introduction
of non-linear terms in the field strengths.’[f-5+ orig- feotn] Ag g yesult, light traveling
through space which is free of matter but filled with radiation will have a velocity

SIK.S.: orig. fooin ] Fyler and Kockel, Naturwiss., 23, 246 (1935). (K.S.: cf. [47])
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depending on its frequency. In addition similar effects arise from the gravitational
interaction of light with light and matter. Although the effects to be expected are
in all probability small the possibility of an experimental test may be kept in mind.
An obvious way of investigating effects of the kind mentioned lies in the observation
of light signals of different frequency which have traveled through space for a long
time. If we knew of any signals which have started simultaneously from a very distant
source the dependence of the velocity on frequency could perhaps be demonstrated
by checking up on the times of arrival of these signals. A unique case to perform
this test is afforded by the observation of distant nova outbursts. For such an
outburst we may safely assume that photons in the various emission lines of, say,
hydrogen have started out simultaneously on their long journey. We must therefore
attempt to determine whether or not the intervals in which the different hydrogen
lines flare up in the spectrum of a distant super-nova are zero or not. With the
present telescopic equipment it is probably possible to find super-novae to distances
as great as 10® light-years. With reasonable luck it should be possible to detect
differences in the time of arrival of various emission lines amounting to as little as
a few days. Observations of this kind will therefore enable us in the most favorable
cases to determine the ratio of the velocity of violet light to that of red light traveling
through internebular space with a relative accuracy of 107107,

He then goes on to describe certain astronomical observations concerning novae in
the Andromeda galaxy M31 which - at the time of writing - might be considered
being related to a possible frequency dependence of the speed of light.

3 Theory

In classical electrodynamics the superposition principle holds true, consequently,
direct interaction processes (without mediation by charged particles) of electromag-
netic fields such as photon-photon scattering do not occur within this framework. Its
theoretical description, Maxwell electrodynamics, is based on the following Lagrange
density for the electromagnetic field

1 1 1
FUFu = 5 (B =B = g (60E2 - %BZ) (2)

1

Lo =
’ 4po

where F* is the electromagnetic field strength tensor and the velocity of light
(squared) is given by ¢ = 1/(eouo) with €g, o being the dielectric permeability and
the magnetic permittivity of the vacuum, respectively. A characteristic feature of the
Maxwell theory is that the Lagrange density of the electromagnetic field is quadratic
in the electric (E) and magnetic (B) fields. Electromagnetic theories which are to
model direct interaction processes of electromagnetic fields have to be described by
Lagrange densities which contain higher powers of the electromagnetic fields. The
first theoretical study which considered Lagrange densities of the electromagnetic
field of a more general form has been published by G. Mie (University of Greifswald,
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Germany) in 1912 [7]. However, Mie considered not only a dependence of the La-
grange density on the electric and magnetic fields themselves but also explicitely and
separately on the electromagnetic potentials. In his famous review of the theory of
general relativity [215] in 1920, W. Pauli (University of Munich, Germany) pointed
out (§ 64, pp. 754-769, pp. 188-192 of the English translation) that the non-gauge
invariant ansatz of Mie is physically not viable. The work of Mie does not contain
any explicit reference to such processes as photon-photon scattering we are inter-
ested in in the present review but it has to be considered as the earliest theoretical
approach in principle entailing such processes.

3.1 Born-Infeld electrodynamics

The following step in the further development of nonlinear Lagrangians for electro-
magnetism is closely related to a political-historic situation — the rise to power of
the Nazi party in Germany in 1933. M. Born (University of Gottingen, Germany)
describes in his autobiography [216] the situation he found himself in. After he had
been dismissed from his chair at the University of Gottingen as a result of the fascist
Law for the Restoration of the Career Civil Service |Gesetz iiber die Wiederherstel-
lung des Berufsbeamtentums| of April 7, 1933 he immediately left Germany for Italy
in May 1933. He writes about this time in Italy (|216], part 2, chapter IV, pp. 254-
255): “I soon began to miss my accustomed work. But I had neither books nor
periodicals. So I looked for a subject for which no literature was needed, something
in quite a new line. I started from my old favourite problem, the electromagnetic
mass of the electron, which I had treated in my thesisl®/l/oot K-S] for admission as
a lecturer. According to Coulomb’s law, the energy of a charged particle becomes
infinite when the radius shrinks to nothing. One has therefore to assume that the
electron has a finite size. But if it is a rigid sphere one gets into trouble with the
theory of relativity because there, in general, rigidity does not exist. In my thesis
(see Part 1, Chapter XI)“’] [footn. K.5] T had discovered that there are special move-
ments for which rigidity can be defined, and I had obtained for these a definite
expression for the self-energy (electromagnetic mass). But for arbitrary movements
this was not possible. The only way out of this difficulty seemed to be the assump-
tion that the ordinary Maxwellian theory of the electromagnetic field holds only
approximately for dimensions large compared with the radius of the electron, while
for smaller distances it should be replaced by another, more subtle theory. A quite
general frame for modifying Maxwell’s equations had been given, many years before,
by Gustav Mieldlfootn- K51 T remembered these and tried to fill out this frame by
special, plausible assumptions. But I was not successful though I spent many hours
on my verandah pondering about it. At last I succeeded by abandoning Mie’s for-
malism and inventing another one. The usual linear theory of the electromagnetic

lPIK.S.: i.e., habilitation thesis [217].
[PIK.S.: Part 1, Chapter XI of [216].
lK.S.: [7].
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field was replaced by a non-linear one, in which point charges existed which carried
a finite electrostatic energy.

I had no means (tables, etc.) to work it out numerically, and I remember the ten-
sion with which I waited for the letter from a colleague whom I had asked to evaluate
the decisive elliptic integral. When it came I was very happy and proud!"/lfeetn- K.5].
for I was filled with the intense desire to discover something fundamental to regain
my self-confidence after the loss of my job in Gé6ttingen, and to ‘show the Germans
what they had lost’. Alas, these ambitions were not fully satisfied. My non-linear
field theory made some stir, but did not lead to the solution of the problem of the
structure of elementary particles, although I spent a great deal of time and effort on
it during the following years, together with a number of collaborators, in the first
place the Pole Infeld. I shall return to this later. The so-called Born-Infeld theory
was one of the first attempts at a non-linear field theory and worked perfectly in the
‘classical’ (non-quantum) domain, but failed in the quantum domain. Today one
has a wide empirical knowledge about elementary particles, and it is clear that the
electron cannot be treated separately. The most promising theory, that of Heisen-
berg, also uses non-linear field equations and follows thus the direction indicated by
my work, but rests on quantum theory right from the beginning. In any case, this
work helped me to overcome the bitter feelings produced by the loss of my position
and my expulsion.”

In his Letter to Nature [22] (followed by a full length paper [28] submitted for
publication at about the same time, August 1933) M. Born proposed as a gauge-
invariant nonlinear Lagrangian of electromagnetism the expression (b is some di-
mensionful constant; [28|, p. 426, eq. (6.1))

b2 F
AN 3
1
F = = F"F,,

2

which leads to a finite value of the self-energy of a point charge (in contrast to
Maxwell electrodynamics) as shown by M. Born and L. Infeld (both at the Univer-
sity of Cambridge, UK) shortly thereafter [23]. Ya. I. Frenkel’ (Physico-Technical
Institute, Leningrad, USSR) immediately devoted two sections in volume 1 of his
new teaching book on classical electrodynamics to this nonlinear electrodynamic

theory by Born ([35], chap. X, § 11-12, pp. 407-422).

Once (arbitrary) nonlinear Lagrangians of the electromagnetic field are allowed
the natural question arises by which principles the functional shape of the La-
grangian should be chosen. Born and Infeld formulated two general principles which
should rule the choice of the Lagrangian: the principle of the finite field [24] (the

['IK.S.: The first Letter of Max Born on this subject appeared in the journal Nature in August
1933 [22].

23



(13

corresponding full length paper is [30])/principle of finiteness (“... a satisfactory
theory should avoid letting physical quantities become infinite.” [30], § p. 427) and
the postulate (principle) of the invariance of action (under space-time transforma-
tions, [30], § 2, p. 429)). Following earlier considerations by Eddington (|219], §
88, p. 206, eq. (88-4), § 97, p. 223, § 101, p. 232), Born and Infeld write down the
expression (an additive constant is being omitted)

v [ F &

1 1 1
F = -FwR, G=-Fwp — _EB,
2 wr G 4 m c

as ... simplest Lagrangian satisfying the principle of general invariance” ([30], p.

432, below of eq. (2.26))). Contrasting eq. (4) with eq. (3) Born and Infeld state:
“Which of these action principles is the right one can only be decided by their conse-
quences.” ([30], p. 432, below of eq. (2.28)). A discussion of a large class of invariant
Lagrangians in generalization of the egs. (3), (4) has been given in 1935 by W. H.
Erskine (Johns Hopkins University, Baltimore, USA) in his Ph.D. thesis [45, 46]. In
the following years, the choice of the functional form of the Lagrangian has further
been discussed in [66, 78-81, 86, 110112, 118]. Infeld in his autobiography reports
on his own view of the problem in late 1935 by saying: “... I recently discovered that
Maxwell’s theory can be generalized in many different ways. This is not astonishing.
But I no longer believe that the generalization presented by Born is the simplest. I
don’t like the arbitrariness of the whole problem.” (|139], book two, sec. 13, p. 223
(p. 177 of the reprint # 1)). For the reader interested in science history we would
like to mention that both the autobiographies of Born [216] and Infeld [139] contain
much interesting material which provides the reader with a unique insight into the
development of the Born-Infeld theory.

The introduction of nonlinear Lagrangians of the electromagnetic field has re-
sulted in a number of directions of thought whose significance is not limited to the
particular Lagrangians considered by Born and Infeld. Some of these are:

e The nonlinear electromagnetic Lagrangians (3), (4) contain a dimensionful
constant b which sets the scale for the nonlinearity and, consequently, for the
deviation of phenomena from the predictions of (linear) Maxwell electrody-
namics. Considerations concerning the value of b have been given by Born
and Infeld [30], § 8, p. 446, eq. (8.8), and Born and E. Schréodinger (University
of Oxford, UK)[43].

e One of the physical consequences of choosing a nonlinear Lagrangian of the
electromagnetic field consists in modifications of the Coulomb law (potential)
in the vicinity of a charged particle. Resulting effects in spectroscopic prob-
lems have been discussed for the first time by G. Heller and L. Motz (Columbia
University, New York, USA) [37] right in 1934 concluding, however, that these
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are “barely observable” ([37], p. 505) in the problem under consideration (fine
structure of the Balmer series for hydrogen). Later, J. Meixner (University
of Giefen, Germany) [54|, Z. Chraptywyj (Jan Kazimierz University, Lvov,
Poland) [73, 107], and B. S. R. Madhava Rao (Indian Institute of Science,
Bangalore, India) [116] have further extended these investigations drawing the
same final conclusion, however. A. Bramley (Bartol Research Foundation,
Swarthmore, USA) [69] explored possible consequences of Born-Infeld electro-
dynamics on the scattering of charged particles off each other.

Nonlinear electromagnetic theories exhibit a rich field-theoretic structure dif-
fering from that of standard Maxwell electrodynamics. Therefore, formal field-
theoretic studies to explore the mathematics related to nonlinear electromag-
netic Lagrangians are necessary. Besides Born and Infeld themselves |28, 30] a
group of other authors has studied formal aspects of nonlinear electrodynamics.
A number of investigations are dealing with the description of the dynamics
and the status of charged particles in nonlinear electrodynamics [31, 34, 44,
48, 71, 72, 92, 93, 98, 106-108, 129, 131, 134, 142]. Others studied the intro-
duction of complex field variables into the formalism [61, 65, 83, 88, 121, 122],
investigated solutions of the field equations [57, 58, 89, 117, 129, 133, 144],
and explored further questions [62, 68, 75, 85, 87, 90, 99, 117, 124, 126, 130].

The quantization of the nonlinear electromagnetic theory has received some
attention (in the time period under consideration quantum electrodynamics
was still in its infancy). Here, besides the studies by Born and Infeld [29, 32,
33, 42, 113] few further investigations exist [53, 59, 91, 94, 119, 143].

Born and Infeld have considered the electromagnetic theory in Minkowski
space. However, in the time period under consideration in the present re-
view the problem of the unification of gravitation and electromagnetism has
been explored widely. In the context of the Born-Infeld theory, this problem
has been considered by B. Hoffmann (University of Rochester, USA) [38], [51]
(this is the full length paper related to the Letter [38]), [49, 50] and other
authors [40, 127, 130, 146, 149].

In the following we would like to discuss in somewhat greater length three such

further subjects that are more closely related to the phenomenon of photon-photon
scattering.

1. The scattering of light by light

The first comment on the scattering of light by light within the framework of Born-
Infeld theory can be found in the classical article by Euler and Kockel [47] on photon-
photon scattering in QED where they point out that the lowest order terms in the
QED (effective) Lagrangian of the electromagnetic field responsible for this process
are fairly similar to those in the Born-Infeld Lagrangian (The most obvious differ-
ence lies in the numerical value of some coefficients involved. For the view of W.
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Pauli in this respect cf. our App. F.).

In 1936, a first thorough analysis within (classical) nonlinear electrodynamics of
the interaction of two light waves is given in Chap. II, § 5 (pp. 59-66, pp. T-59 -
T-66 (= P-63 - P-70) of the English translation) of the candidates (Ph.D.) thesis of
A. A. Smirnov (Ural Physico-Technical Institute, Sverdlovsk, USSR) [96]. Smirnov
relies in his analysis on the action (3) initially chosen by Born [28] which only con-
tains the invariant F of the electromagnetic field. The analysis is performed to
leading nontrivial order in the constant b (the critical field strength). In principle,
this kind of analysis is also applicable to the Euler-Kockel-Heisenberg Lagrangian
(which however depends on both of the field invariants F and G). For counterprop-
agating electromagnetic waves (for the choice of polarization see the original thesis
[96]) he finds as main results a change in the phase velocities and the emergence of
small wave components with significantly different frequencies compared with the
initial waves (e.g., for initial waves of the same frequency w wave components with
triple frequency 3w emerge, i.e., higher-harmonics generation is found). The above
analysis of Smirnov is published in 1940/41 [136, 140] only in a slightly generalized
form (cf. the footnotes on p. 449 of [136] and on p. 48 of [140]).

In 1942, as part of a larger study, Schrédinger (Dublin Institute for Advanced
Studies, Ireland) also published an approximate analysis of the interaction of two
light waves [141], Part I, Sec. 4, pp. 85-88 (pp. 317-320 in [265]) within the frame-
work of the Born-Infeld theory (Schrodinger relies on the form of the action (4).).
He also finds as main result, as Smirnov did, a change in the phase velocities of the
two waves. Schrodinger also studied the interaction of three light waves [141], Part I,
Sec. 5, pp. 88-92 (reprint [265], pp. 320-324). Somewhat later, in 1943, Schrodinger
also found an exact two-wave solution of the equations of motion of Born-Infeld
theory [144].

It should also be mentioned that in late 1936 an erroneous analysis of the inter-
action of two light waves in Born-Infeld theory has been published by C. D. Thomas
(University of Chicago, USA) [97]. He assumed unchanged phase velocities in his
Ansatz for solving the wave equation (e.g., cf. [97], p. 1048, eq. (16)). This incor-
rect assumption, however, leads to (physically not acceptable) wave solutions whose
amplitude is linearly growing in time (cf. [97], p. 1048, egs. (14), (14’)) invalidating
hereby the further analysis. The papers of Smirnov and Schrédinger both contain
comments on the danger of such unphysical solutions (Smirnov: [96] Chap. II, §
2, pp. 35-37, pp. T-35 - T-37 (= P-39 - P-41) of the English translation, [136], p.
449, [140], pp. 47-48; Schrodinger: [141], Part I, Sec. 4, p. 87 (reprint [265], p. 319),
around eq. (4.10)).

Finally, in 1943 J. McConnell (Dublin Institute for Advanced Studies, Ireland)

published an analysis of photon-photon scattering in the framework of the Born-
Infeld theory [143]. Again, the analysis is performed to leading nontrivial order
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in the constant b (the critical field strength) and can, therefore, be compared to
the description of photon-photon scattering in the framework of the Euler-Kockel-
Heisenberg Lagrangian [47, 74, 76] of QED. The quantization is performed on the
level of an effective field theory technique (phrasing it in modern field theoretic
terms) and the resulting cross section for photon-photon scattering is compared
with the analogous QED result ([143|, Sec. 4, pp. 170-171). McConnell finds that
the angular dependence of the differential cross section for photon-photon scattering
and the dependence on the photon frequency are the same to lowest nontrivial order
in (quantized) Born-Infeld theory and QED.

2. The scattering of light by electromagnetic background fields

In the time period under review, the consideration of the scattering of light by elec-
tromagnetic background fields has been performed for two different situations: for

constant homogeneous electric and magnetic fields and for the presence of a Coulomb
field.

A first short note studying the case of a constant homogeneous electric back-
ground field is published by S. P. Shubin (Ural Physico-Technical Institute, Sverd-
lovsk, USSR) and Smirnov in 1936 [95]. Details of the calculation are contained in
the candidates (Ph.D.) thesis of Smirnov (|96], Chap. II, § 2, pp. 33-48, pp. T-33 -
T-48 (= P-37 - P-52) of the English translation) which also comprises an analogous
investigation of the case of a magnetic background field (Chap. II, § 4, pp. 55-58, pp.
T-55 - T-58 (= P-59 - P-62) of the English translation). Shubin and Smirnov primar-
ily find for a weak test wave that to leading order (in the critical field strength b) the
electric background field causes a change in the phase velocity of the test wave, in
dependence on the direction of its propagation and its polarization. They compare
the situation found for the Lagrangian (3) to the birefringence found in an uniaxial
crystal (also see [120], footnote * on p. 132 of the English version; this footnote
does not exist in the Russian version). In his thesis (|96], Chap. II, § 3, pp. 48-55,
pp. T-48 -T-55 (= P-52 - P-59) of the English translation.), Smirnov extends the
analysis to the next to leading order in b. As additional effects of the electric back-
ground field he obtains higher harmonics generation in the forward and backward
directions of the test wave and also a small component scattered backwards with the
frequency of the test wave itself. A couple of years later, in 1942 Schrédinger [141],
as one part of a broad analysis of the consequences of the Born-Infeld Lagrangian
(4), also observes that an electric background field exerts a refractive effect on a
weak test wave (p. 102; p. 334 of the reprint). In accordance with general insight
obtained decades later [220, 221], in difference to Shubin and Smirnov who rely on
the Lagrangian (3) he finds no birefringence.

Within nonlinear electrodynamics, the first study of the situation that corre-

sponds to Delbriick scattering in QED, i.e., the scattering of light by a Coulomb
field, has been published in 1937 by Shubin and Smirnov [120]. For a fairly gen-
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eral class of nonlinear electrodynamic Lagrangians, they analyze the scattering of
light from a point charge and find the polarization averaged differential cross section
(in a certain approximation). Then, they specify their result for the choice of the
Born-Infeld Lagrangian (4). Furthermore, they also include a discussion of their
results on a level where comparison with the corresponding results for the Euler-
Kockel-Heisenberg Lagrangian is possible. In 1940, Smirnov publishes a follow-up
paper [137] where instead of the Born-Infeld Lagrangian the Lagrangian proposed
by Hoffmann and Infeld [111] is being used. The work by Shubin and Smirnov was
followed in 1938 by a paper by S.I. Tomonaga and M. Kobayasi (both at RIKEN —
Institute of Physical and Chemical Research, Tokyo, Japan) who along analogous
lines analyzed the low-frequency scattering of light by a point charge in Born-Infeld
theory. A couple of years later, in a comprehensive study Schrodinger [141] takes
up the subject (Part II, pp. 100-116; pp. 332-348 of the reprint). In part he agrees
with the results of Shubin/Smirnov and Tomonaga/Kobayasi for the cross section
of the scattering of light from a charged point charge, in part he finds further terms
(cf. eq. (10,10) on p. 109; p. 341 of the reprint).

3. The splitting of photons in electromagnetic background fields

Tomonaga and Kobayasi in their paper [132] also considered for the first time within
Born-Infeld theory the process of photon splitting, i.e., the splitting of one incom-
ing photon in the Coulomb field of a point charge into two outgoing photons. In
the case of QED, the same process had been mentioned before by E. J. Williams
(University of Copenhagen, Denmark) in 1935 [63], § 10, pp. 47-49 (cf. the subsec.
3.2). Tomonaga and Kobayasi calculate the differential cross section for the photon
splitting process in some low-frequency approximation.

4. The Stefan-Boltzmann law

L. Rosenfeld and E. E. Witmer (University of Gottingen, Germany) [11] have pointed
out in 1928 that interactions between photons will lead to changes in the characteris-
tics of black body radiation. Their discussion amounts to a qualitative consideration
without specifying details of the interactions among the photons being part of the
cavity radiation. They only mention (p. 521) that possibly correction terms to the
Maxwell equations could describe such interactions. Born-Infeld theory just speci-
fies such correction terms to the Maxwell equations. Consequently, in 1936 B. Kwal
and J. Solomon (France) [84] for the first time quantify the leading correction to the
Stefan-Boltzmann law for the energy density u of black body radiation. They find
(0 is some constant):

1470
w = oT! (1+ 72‘27 ) (5)

Some time later, both authors present a derivation of the Stefan-Boltzmann law
within a fairly large class of nonlinear electrodynamic theories [125]. Equations
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analogous to eq. (5) have later also been obtained by E. Milkutat (Berlin, Germany)
[128] and Schrodinger [141], p. 100, eq. (7, 18) (p. 332 of the reprint [265]).

The early development of Born-Infeld electrodynamics in general has been de-
scribed by few reviews. The most comprehensive one is the review written by Max
Born himself in 1937 [103|. Less comprehensive are conference expositions of 1935 by
Born [41] and of 1937 by Chraptywyj [109]. Finally, it also seems worth mentioning
sections on Born-Infeld theory in the monographs by Frenkel’ [35] (rur. [gl.|/|chap.]
X, §11, §12), Sommerfeld [152| (Teil [part] IV, §37), and Ivanenko/Sokolov [154]

(§32).

We conclude this section with two statements (dating from different times) by
Albert Einstein and Max Born himself concerning Born-Infeld electrodynamics. In
a private letter of March 22, 1934, Albert Einstein writes to Max Born ([222], letter
69, pp. 169/170, for the original German text see our App. A, p. 40; here we quote
the English translation [223], p. 122.): “I am greatly interested in your attempt to
attack the quantum problem of the field from a new angle, but I am not exactly
convinced. [ still believe that the probability interpretation does not represent a
practicable possibility for the relativistic generalisation, in spite of its great success.
Nor has the reasoning for the choice of a Hamiltonian function for the electromag-
netic field, by analogy with the special theory of relativity, convinced me. I am
afraid that none of us will live to see the solution of these difficult problems.”. Max
Born comments this letter many years later (in 1969) by the following words (|222],
pp. 170/171, for the original German text see our App. A, p. 40; here we quote
the English translation [223], pp. 122/123.): “Einstein’s objections to my ideas were
twofold. The first was based on his rejection of the probability of quantum me-
chanics. This concerns a matter of principle. It did not really apply to the theory
devised by Infeld and myself, because we ourselves did not in fact manage to make
it fit in with quantum mechanics; he judged our efforts in this direction to be wrong
in principle. Einstein’s second objection concerned our original classical field the-
ory, which was complete in itself and free from inconsistencies. It was based on the
following analogy: in the special theory of relativity the kinetic energy of a particle,
which in classical mechanics is proportional to the square of its velocity, is repre-
sented by a rather complicated expression; for velocities which are small compared
with that of light it tends to the classical expression, but deviates from it when the
velocity approaches that of light. In Maxwell’s electrodynamics the energy density
is a quadratic expression containing the field intensity. I replaced this with a general
expression which approximates to the classical expression whenever the strength of
the field is small compared with a certain field intensity, but diverges from it when
this is not the case. From this it followed automatically that the total energy of
the field of a point charge is finite, while it becomes infinite in the Maxwellian field.
The absolute field has to be regarded as a new natural constant. Einstein did not
find this analogical construction convincing. Infeld and I found it attractive for a
long time. We abandoned the theory for completely different reasons, namely, be-
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cause we did not succeed in reconciling it with the principles of the quantum field
theory. In any case this constituted the first attempt to overcome the difficulties
of microphysics by means of a non-linear theory. Heisenberg’s theory of elementary
particles, which is much talked about today, is also non-linear. But I am guessing.”.

3.2 Quantum electrodynamics

As we have discussed in the Introduction (section 1), in the late 1920’s among physi-
cists the idea developed that the emerging quantum theory should also allow and
describe the scattering of photons by photons. However, the physical mechanism
for such scattering events initially remained unclear. With the proposal by P. A.
M. Dirac of the equation named after him (1928), the discovery of the positron
(C. D. Anderson, 1932), and the first steps towards the theory of quantum electro-
dynamics elements of a possible explanation became available. O. Halpern (New
York University, USA) [26] proposed in late 1933 in a short, qualitative note that
the occurrence of virtual electron-positron pairs could be identified as the physical
mechanism by means of which photon-photon scattering occurs (a more elaborate
quantitative discussion announced by the author at the end of the note seems not to
have emerged). The note of Halpern had been preceeded by the discussion of two-
photon production in “electron-proton” annihilation® by Dirac [225], Oppenheimer
[226], Tamm [227], the process of electron-positron pair creation by a photon in the
field of an atomic nucleus by Oppenheimer and Plesset [228] (also see, published
somewhat later, Heitler and Sauter [229], Bethe and Heitler [230], Nishina, Tomon-
aga, and Sakata [231, 232], Racah [233]), and the Breit-Wheeler process [234, 235]
of electron-positron creation in two-photon scattering. Furthermore, also P. Debye
is credited by W. Heisenberg to have mentioned similar ideas as Halpern in a private
discussion with him!l. In early 1935, D. D. Ivanenko (Physico-Technical Institute,
Leningrad, USSR) [52|, with reference to the article [36] (containing references to
Halpern [26] and Debye), also discussed in a short qualitative note the possible role
of the occurrence of virtual electron-photon pairs for photon-photon scattering. He
points out that the existence of photon-photon scattering entails the violation of
the superposition principle [characteristic for the (linear) Maxwell theory of elec-
tromagnetism]|, i.e., the phenomenon of photon-photon scattering is characteristic
for a nonlinear electromagnetic theory. Consequently, as Ivanenko notes, the Dirac
theory leads to some nonlinear electromagnetic theory which needs to identified.
Somewhat formal attempts to link the Dirac equation with nonlinear electrodynam-
ics, specifically with the theory proposed by Born, have been published in 1935 by
K. V. Nikolskii (Steklov Mathematical Institute, Moscow, USSR) [55, 56].

[sIThis process of “electron-proton” annihilation found its proper re-interpretation as electron-
positron pair annihilation after the discovery of the positron in 1932 only.

[t1[36], p. 228, footnote 2 [also cf. [47], p. 246, footnote 5, [74], p. 398, footnote 3 (footnote 2 in
the separate Thesis print)]
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A first answer to the task described by Ivanenko is given almost simultaneously in
time: A completely new level in the discussion of photon-photon scattering is reached
with the appearance in print in spring 1935 of a short article by H. Euler and B.
Kockel (both Ph. D. students of Heisenberg at the University of Leipzig, Germany;
for some reminiscences of W. Heisenberg concerning this research see our Appendix
E) [47]. The article marks the transition from qualitative considerations concerning
the phenomenon of photon-photon scattering to detailed quantitative calculations.
The short article is followed in 1936 by the Ph.D. thesis of H. Euler [74] [*/ which
contains a comprehensive exposition of the calculation user by Euler and Kockel to
arrive at the results presented in [47] (For a detailed discussion of certain aspects
of this Thesis see sec. 2.1, pp. 23-28 of [237].). Euler and Kockel determined the
leading perturbative correction (for small field strengths and photon frequencies well
below the electron-positron pair production threshold) to the Lagrange density Ly
of the Maxwell field. They find (cf. eq. (10,6) on p. 444 of [74], written here in SI
units):
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The used symbols are: « is the fine structure constant, A\, = i/(m.c) is the (reduced)
Compton wavelength of the electron with mass m., the velocity of light (squared)
is given by ¢ = 1/(eouo) with €, o being the dielectric permeability and the
magnetic permittivity of the vacuum, respectively, F*, , = e#m@F"ﬁ /2 is the dual of
the electromagnetic field strength tensor F*”. Using the relations given in the egs.
(D.4), (D.5) of Appendix D, one can write eq. (8) the following way

202 ! 7
L = Lo+ 4% o {—10 L+ 5 TWTW] (10)
202 ! 5 1

["ITn his thesis review (University of Leipzig Archive, Philosophical Faculty, Prom. 769, reprinted
in [236], pp. 125/126), Heisenberg credits Debye with having initiated this thesis research by posing
him a question (quoted here after [236], p. 126: cf. our App. A, p. 41; English transl.: K.S.): “The
subject of the present work originates from a question posed to me by colleague Debye.”
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where T* (eq. (D.2)) is the stress-energy-momentum tensor of the free electromag-
netic field, and the Poynting vector is given by

s - LExB. (12)
Ho

The found (Euler-Kockel-Heisenberg) Lagrangian (EKH Lagrangian) is a nonlinear
Lagrangian for the electromagnetic field which leads to nonlinear corrections to the
classical Maxwell equations. The resulting (effective) Maxwell equations do not
respect the superposition principle and describe nonlinear electromagnetic phenom-
ena such as photon-photon scattering. One can recognize from eq. (11) that the
term quadratic in the Poynting vector provides us with an interaction term between
electromagnetic (photon) energy currents which is relevant for the experimental pro-
posal by Bauer [19] discussed at the end of subsec. 2.2.2. Euler and Kockel also give
for the first time a quantitative estimate for the cross section o of photon-photon
scattering. They find (for photons of frequency hw < mc?):

o~ at AP (5>6 (13)
c

entailing a size of the cross section of 10730 e¢m? for y-rays and of 1077 em? for
visible light ([47], bottom of p. 247, [74], p. 446, eq. (10,10))". These cross sec-
tions are fairly small and Euler immediately points out (|74], p. 446, below of eq.
(10,10)) that this will make it difficult to experimentally prove the phenomenon of
photon-photon scattering. This is a comment proving its significance even today
after 80 years. Furthermore, the cross section estimate of Euler and Kockel explains
the negative results of all experiments performed earlier (discussed in subsec. 2.1)
to directly detect photon-photon scattering.

Roughly one year after the article by Euler and Kockel [47] an article by Heisen-
berg and Euler [76] appeared in print which considerably extended the result ob-
tained by the former. While Euler and Kockel limited the perturbative calculation of
the effective Maxwell Lagrangian to sufficiently small electromagnetic fields, Heisen-
berg and Euler solved the Dirac equation for constant, arbitrarily strong, parallel

MIn a letter of June 17, 1934 quoted here from [209], p. 331 (cf. our App. A, p. 41; English
transl.: K.S.), W. Heisenberg mentions to N. Bohr that: “Debye came up with the idea that the
solar corona originates from this scattering of light; the above value [(e?/he)*(h/mc)? for the cross
section] would excellently fit this thesis. However, as already said, one still has to see whether all
calculations are correct.” In a letter one day earlier ([209], letter [374] of June 16, 1934, pp. 331-
333, specifically p. 332: cf. our App. A, p. 41; English transl.: K.S.), W. Heisenberg also wrote to
W. Pauli: “This value seems to fit well to the idea of Debye that the solar corona emerges through
this scattering of light by light.” S. I. Vavilov had discussed the possible role of the scattering of
light by light for the emergence of the solar corona in his article [10] in 1928 (cf. subsec. 2.3) which
is the written version of a talk delivered by him at the VI Congress of Russian Physicists in the
same year (cf. [238], p. 47, item 80). P. Debye has been a participant to this congress (cf., e.g.,
[239], chap. 6, p. 226, English translation: chap. 4, p. 140). It is well possible that he had listened
to the talk of S. I. Vavilov.
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magnetic and electric fields and calculated on the basis of this information the
effective Maxwell Lagrangian. This (in modern terms: 1-loop) effective Maxwell
(Euler-Heisenberg) Lagrangian for constant electromagnetic fields together with its
weak-field limit, the EKH Lagrangian, represents a milestone in the history of quan-
tum field theory.

An independent confirmation of the results obtained by Euler and Kockel came
in 1936 with a short note by N. Kemmer and V. F. Weisskopf (University of Zurich
and ETH Zurich, Switzerland) [82]. Some aspects of this work, which cannot easily
be read from this short note, are pointed out by V. F. Weisskopf in an oral history
interview in 1965"): “We connected the scattering of light by light with the Delbriick
scattering. Today it’s a triviality; one light quantum is replaced by the Coulomb
field¥l[footn- K.S] hut at that time it was not so trivial. ... Euler and Kockel at that
time, under Heisenberg, calculated the scattering of light by light, but had to do a
lot of subtracting because there were a great many terms that were infinite. They
did this in the usual clever way and got the result. And Kemmer and I showed that
you can do the calculation without raking any subtractions, because you can show
that it is equivalent to the Delbriick scattering, replacing one light quantum by the
Coulomb field, and the Delbriick scattering doesn’t diverge.” The same year, a long
paper by Weisskopf [100] presented a more efficient and improved re-derivation of
the Euler-Heisenberg Lagrangian (For some historic recollections by V. F. Weisskopf
also concerning this article see our Appendix G.). In [100], Weisskopf in principle
follows the path taken by Heisenberg and Euler [76] but solves the Dirac equation
for a constant magnetic field accompanied by a parallel, spatially periodic electric
field. While Heisenberg and Euler, considering a constant electric field, had to deal
with the Klein paradox (any spatially constant electric field creates electron-positron
pairs) Weisskopf was able to sail around this difficulty by considering a sufficiently
weak, spatially periodic electric field for which no electron-positron pair creation oc-
curs. The result of his calculation confirmed the expression obtained by Heisenberg
and Euler for the effective Maxwell (Euler-Heisenberg) Lagrangian.

The theoretical study of photon-photon scattering was also in the focus of re-
search interests elsewhere: L. D. Landau (Ukrainian Physico-Technical Institute,
Kharkov, USSR) handed the task of studying certain aspects of photon-photon
scattering to his doctoral student A. I. Akhiezer. As a first result a short note
by Akhiezer, Landau, and I. Ya. Pomeranchuk (Ukrainian Physico-Technical Insti-
tute, Kharkov, USSR) appeared [64] treating for the photon-photon scattering cross

"ICf. our Appendix G (quotation with kind permission of the American Institute of Physics),
for some related historic recollections by Kemmer see our Appendix H.

XIK. S.: More precisely, they consider for the scattering electric field E the condition lgrad E| <
|E| mc/h (weakly varying fields at a length scale of the electron Compton wavelength) which in
the strict sense is not fulfilled for the Coulomb field: in a region close to the center of the nucleus.
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section the high-frequency case hw > m,.c®. They found:

4 (C)?
o~ a (w) (14)
noting that the proportionality factor is difficult to compute (In the low frequency
case hw < mec? studied by Euler and Kockel [47] the proportionality factor can be
found from the EKH Lagrangian.). The result by Akhiezer, Landau, and Pomer-
anchuk showed that the cross section ¢ for photon-photon scattering must have “a
maximum value in a region fw ~ mc®>” (m = m,.) [64]. The kand. diss. (Ph.D.
Thesis) research of A. 1. Akhiezer giving the details of the calculation leading to eq.
(14) is finally published in 1937 [101] (For historic recollections concerning the thesis
research of A. I. Akhiezer see our Appendices I, J.). It should be mentioned that in
1935 also W. Pauli (University of Zurich, Switzerland) spent some time attacking
the problem of high-frequency photon-photon scattering*!. However, the calculation
proved to be difficult and in a letter of December 5, 19351 Pauli informed Weisskopf:
“Presently, the “Euler-Kockel” problem for short waves looks somewhat bleak to me.”
A short time later, the Nature article by Akhiezer, Landau, and Pomeranchuk [64]
appeared in print.

Besides the fundamental nonlinear quantum-electrodynamic process of photon-
photon scattering related phenomena have found attention at about the same time.
As discussed in subsec. 2.2.3, in 1933 Delbriick [25] had qualitatively considered
the interaction of photons with the Coulomb field of nuclei via their impact on
the surrounding QED  vacuum/®!. However, the cross section calculations related
to this process Delbriick attempted in the time thereafter proved to be extremely
difficult (cf. footnote [j| on p. 17). Weisskopf then independently took a look at the
problem, but as W. Pauli reported to W. Heisenberg in June 1935""!: “Weisskopf is
on the Delbriick problem and the problems of subtraction physics occurring there
are getting not very nice.” Finally, in 1936 the joint work of Weisskopf and Kemmer
paid off and as a first result — as already mentioned above — they established a
connection between the scattering of light by light in the low-frequency domain and
Delbriick scattering (understood here in a somewhat generalised sense as scattering
of photons from a sufficiently slowly varying electric field) and confirmed this way
the expression for the EKH Lagrangian [82] (also cf. our Appendices G, H). Details of
the calculation were given by Kemmer in 1937 in [114]l°l. A short follow-up article
by Kemmer and Ludwig [115] explored the calculational aspect that occur if the

¥1See his letter [421a], [240], pp. 769-771 (specifically p. 770) of September 27, 1935 to Weisskopf,
the corresponding section is quoted in our Appendix F.

[?JReprinted as letter [423b] in [240], pp. 777/778, specifically p. 778: cf. our App. A, p. 41;
English transl.: K.S..

[2al For another discussion of the articles to be considered in this paragraph on Delbriick scattering
see [241], subsec. 3.1, pp. 84-87.

[Pbl1209], letter [412] of June 15, 1935, pp. 402-405, specifically p. 402: cf. our App. A, p. 41;
English transl.: K.S..

[l For a rare glimpse into the communication between Kemmer and Weisskopf concerning this
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assumption of a sufficiently slowly varying electric field is given up and the Coulomb
field is considered instead. For this case, they derived qualitatively an expression for
the low-frequency (differential) cross section [cf. eq. (1) at the end of subsec. 2.2.3]
which, however, contained two unknown constants. Simultaneously with Kemmer
and Ludwig, Akhiezer and Pomeranchuk had considered Delbriick scattering [102].
They obtained in the low- and high-frequency limits (fw < m.c? and hw > m.c?,
respectively; w is the photon frequency) expressions for the total cross section whose
size however remained undetermined up to a constant. Specifically, they found for
fiw < mec?® |in accordance with the above eq. (1) on page 18|:

o=z () () (15

and for fiw > m.c® (the absorptive contribution of real electron-positron pair cre-
ation is not included):

2
c hw
o = aoz2Z4—21n 5
w MeC

(16)

where a and b are unknown constants. Akhiezer and Pomeranchuk conclude again!?:

“The effective cross section has a maximum at Aw ~ mc®.” (m = m,).

In the period under consideration, besides photon-photon scattering and Del-
briick scattering the possible phenomenon of splitting of photons has also been dis-
cussed. Halpern [26] had mentioned in 1933 photon splitting as a process conceivable
in principle within quantum electrodynamics. Following Halpern, W. Heitler (Uni-
versity of Bristol, UK) in 1936 in his book also mentioned this possibility (|77], 1.
and 2. eds., Chap. IV, § 19, pp. 193/194). Furthermore, he correctly notes that
the probability for the vacuum decay of a photon into two photons vanishes — a
modern consideration would refer to Furry’s theorem [242] to infer this — leaving as
minimal possible case a decay into three photons. Relying on the formalism used by
Heisenberg in [36], M. P. Bronshtein (Leningrad Physico-Technical Institute, USSR)
in 1937 concludes [104] (preceeded by a corresponding short note in 1936 [70]) that
in free Minkowski space (spontaneous) photon splitting is not possible at all within
the framework of quantum electrodynamics/®. On the other hand, photon splitting
in the presence of an external field is possible and Williams discussed in 1935 [63],
§ 10, pp. 47-49, for the first time the splitting of a photon in the presence of an

work see the letter of June 8, 1936 from Kemmer to Weisskopf (letter [430b] reprinted in [240], pp.
792-794). For the interest of Pauli in this problem see his letters of May 19, 1936 and of June 3,
1936 to Weisskopf (letters [427f] and [430a] reprinted in [240], pp. 788-790 (specifically p. 788) and
pp. 790-792 (specifically p. 791), respectively.)

[4411102], p. 567 in the Russian original (cf. our App. A, p. 41), p. 7 of the reprint, p. 478 in the
German transl.. English transl.: K.S..

leelFor a modern argument see [243], sec. III, p. 2343. Note that in eq. (31) the first sum sign
should be read as a product sign.
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electric particle (electric field).

Within the framework of quantum electrodynamics, the further investigation of
such processes as photon-photon scattering, Delbriick scattering, and photon split-
ting continued in the 1950’s only and falls, therefore, beyond the time frame of
the present exposition. In the 1930’s and 1940’s these subjects have been con-
sidered both within Born-Infeld electrodynamics and in quantum electrodynamics.
Interestingly, however, the theoretical study of the propagation of light in constant
homogeneous magnetic and electric fields has been performed in the period under
review within Born-Infeld electrodynamics only. Corresponding studies within QED
began in the 1950’s only (J. S. Toll).
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Appendices

Appendix A

Original language versions of the quotations in the main text:

P. 3:

P. 3:

P. 4:

P. 4:

P. 8:

Kepler ([160], p. 23, reprint (1859) p. 142, reprint (1939) p. 32, proposition
26): “Lucis radii se mutud neque colorant, neque illustrant, neque impediunt
vllo modo. ... Sané vt nec physicus motus alter alterum mouet.”

Ibn al-Haytham ([165], book I, chap. 5, item 29, p. 17, reprint [170], book I,
chap. 7, p. 57, item [6.87]): “Luces ergo non admiscétur in aere, sed queelibet
illart extenditur super uerticationes rectas; & ille uerticatides sunt sequidis-
tates, & secétes se, & diuersi situs. Et forma cuiuslibet lucis extéditur super
oés uerticatides, que possunt extendi in illo aere ab illa hora: neq; tamé admis-
centur in aere, nec aer tingitur per eas, sed pertranseunt per ipsius diaphanitaté
tantum, & aer non amittit sué forma.”

Huygens ([172], p. 20): “Une autre, & des plus merveilleuses preprietez de la
lumiere est que, quand il en vient de divers costez, ou mesme d’opposez, elles
font leur effet I'une & travers ’autre sans aucun empéchement.”

Vavilov ([10], p. 555, reprint [174], p. 234): ¢ Yupek, koropsiii 8 XVIIIL. B.
4aCcTO JeJIal HbIOTOHOBCKOI TEOPHH, 3aKII0YAJICS MMEHHO B TOM, 9TO JOJIK-
HBI OOHAPYZKUBATHCS COYJAPEHUsT CBETOBBIX KOPIYCKYJI, T. €. HApyIIeHUe Cy-
HepIosunuy. BhIXOIOM U3 3aTpyJAHEHUs ObLIO JOIyIIeHne KpaiiHeil MaJlocTH
KOPIIYCKyJI: «3Hato, — mcan JIomomocos SK-S: orig. feoln] 116 a1pecy 3a-
MIATHUKOB KOPIIYCKYJISPHOI TUIIOTE3BI, — 9TO BBl pas3Jielisere MaTepuio CBeTa
HAa, TOJIb MaJible YaCTHILI M TOJIb PEIKO OJHYIO IO BCEMHUPHOMY IPOCTPAHCTBY
MOCTaBJIAETe, ITO BCE OHOE KOJMYECTBO MOYKET CKAThCA U YMECTUTHCA B IO
POXKHIX CKBarKMHAX OJHON HECUNHKU».”

Vavilov ([10], § 2, pp. 556 /557, reprint [174], p. 236): “ Expa ju ve cambie 60J1b-
e MHTOBeHHBIe IUIOTHOCTH PaJUallii B J1ab0pPaTOPHBIX YCIOBUAX HOJIY-
YaloTCs IPU HOMOIIN CBeTa KOHJICHCHPOBAHHON MCKpPBI. KOHIEHTpupysa 9TOT
CcBET J_H/IH?)OIU/I, JIET'KO ,Z[O6I/ITI)C51 MHTHOBEHHBIX 3HaueHUI IIJIOTHOCTH .HyLH/ICTOIU/I
9QHEPIr'uu, IPEBLIMIAIOINX COOTBECTCTBYIOINE 3HAYCHUA Y ITOBEPXHOCTU CO.HH—
na. CpelHsas IIOTHOCTL B 9TOM CJIydae MaJja BCJIEJCTBHE KPATKOM JITUTe b
HOCTH W PEeJIKOCTH UCKD, HO THIOTeTHICCKUil 9P PeKT «CoyTapeHuii» CBeTOBBIX
KBAHTOB JI0JIZKEH OBITH IIPONOPIUOHAILHLIM KB a P aTy MHIHOBEHHOMH ILIOT-
HOCTH, IIO9TOMY HMCKDPa OKA3bIBAETCA 3HAYUTE/LHO BBITOJIHEE, YeM, HapHMep,

3[K.S.: orig. footn.]

M. B. Jlomonocos, CiioBo 0 npoucxoxaenun csera. CobpaHne pasHbIX COYN-

wenuit, u. 111, 1803, crp. 155. (K.S.: M. V. Lomonosov, Slovo o proiskhozhdenii sveta. Sobranie
raznykh sochinenii, ch. (pt.) III, 1803, str. (p.) 155 [178])
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P 11:

P.17:

P. 18:

nyra. Habmronennst mpu 9ToM MPOM3BOIUINCH C OOBIYHBIMU IIPEIOCTOPOXKHO-
cTsiMi, Ha (OHE JIaJIeKO OTCTOSIINX CTEHOK COCY/la, OTKJIEEHBIX YE€PHBIM Oap-
XaTOM; JIJIT KOHTPOJISI OIBITHI IOBTOPSIINCH CO CBETOM JIAMIIbI HAKAJIMBAHMSI,
KOTOpas jlaBaja Takyko YKe CpeJHI0 K IJIOTHOCTb PaJualui; B 000UX CIIy-
Jagx pe3ysIbTaT ObLI OJIMHAKOBO OTPUIATETHHBIM.”

Kapitsa ([186], p. 31, [186], p. 40, reprints: 1. [187], p. 40. 2. [188], 3. ed. p.
375, 4. ed. p. 374): “ B 30-x rogax B Kapenjuiickoii abopatopuu st oCyIie-
CTBUJI METOJI TIOJIy9YeHUsT MarHUTHBIX TOJIeil 110 cujie Ha TOPSJIOK BBIIIE, YeM
JIO CHX IIOP 3TO OBLIO JOCTUTHYTO. B ojHoil Oecejie DIHINTENRH MBITAICT MEHS
yOeIUTh IKCIEPUMEHTAIBLHO U3yYaTh BIUsIHIE MAaIrHUTHOIO IIOJISI HA CKOPOCTD
PACIIPOCTPAHEHUsT CBETA. DTU OIBITHI yKe JeJIAJUCh, HUKAKOro dpderTa He
OBLI0 OOHAPY2KEHO. B MOMX MArHUTHBIX MOJISIX MOYKHO OBLJIO ObI TIOJHATH TIPe-
JieJT TOYHOCTU M3MEPEHUs MOPsIKa Ha JIBa, IMOCKOJIbKY 3(M@MEKT JOJZKEH ObLT
3aBUCETHh OT KBaJlpaTa MHTEHCHBHOCTH MArHUTHOTrO 10Jd. £ Bo3parKas DitH-
IITEIHY, 9TO, COIVIACHO CYIIECTBYIONIENH KapTUHE 9JIEKTPOMArHUTHBIX STBJICHMUIA,
HE BHJIHO, OTKY/Ia MOYKHO ObLIO OBbI 2KJIaTh TAKOBO M3MEPUMOIo siBjeHus. He
HAXO/IsT BOBMOXKHOCTU 0DOCHOBATH HEOOXOIMMOCTD TAKHMX OIBITOB, DITHINTEH,
HaKOHell, cKazas: «¢ mymato, aro moporoit rocmofs 6or (der liebe Gott) He
MOT' TaK CO3JaTh MUDP, YTOOBI MAIHUTHOE I10JIE HE BJINAJIO Ha CKOPOCTH CBETa».
Koneuno, 310 aprymenT, ¢ KOTOPbIM TPY/IHO CIOPUTD.”

: Delbriick [25]: ... dak es sich um einen Photoeffekt an einem der unendlich

vielen Elektronen in Zustdnden negativer Energie handelt, die nach Diracs
Theorie den ganzen Raum mit unendlicher Dichte erfiillen und die zu einem
solchen Absorptionsprozefs vermdoge ihrer Wechselwirkung mit dem Kern wohl
befdhigt waren.”

: Delbriick [25]: “Eine solche Auffassung zwingt dann auch zu der Folgerung,

dafl diese Elektronen negativer Energie v-Strahlen zu streuen vermdégen, und
zwar kohdrent, analog dem Phénomen der unverschobenen Comptonlinie.”

Heisenberg (|209], letter [374] of June 16, 1934, pp. 331-333, specifically p. 332):
“Delbriick war neulich hier und erzéhlte von seinen vergeblichen Versuchen,
die kohérente Streuung zu rechnen. Er wire sicher froh, wenn er die Arbeit
gemeinsam mit einem anderen z.B. Weisskopf machen konnte (Sauter ist jetzt
in Gottingen).”

Ebert ([3], pp. 381-383):

“Zum Schluss erlaube ich mir noch, das obige Resultat auf einige astrophysikali-
sche Fragen anzuwenden.

Ist die Fortpflanzungsgeschwindigkeit des Lichtes von seiner Intensitat in ir-
gend einem merklichen Grade abhingig, so wiirde zu dem Umstande, dass
die uns am Himmel in demselben Augenblicke entgegentretenden Erschein-
ungen in Wirklichkeit sehr verschiedenen Zeiten angehéren, noch die weitere
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Complication hinzutreten, dass diese Zeiten selbst bei gleicher raumlicher Ent-
fernung fiir die verschiedenen Objecte sehr verschieden waren. Bei den grossen
Intensitatsunterschieden, die sich hier vorfinden, und den grossen Entfernun-
gen, welche die Lichtstrahlen zu durchlaufen haben, ehe sie zu uns gelangen,
konnten sich selbst kleine Unterschiede in der Fortpflanzungsgeschwindigkeit
in hohem Grade geltend machen. Dies miisste z. B. bei den physischen Doppel-
sternen eintreten; hier haben wir zwei Lichtquellen, die zwar sehr angenéhert
gleich weit von uns abstehen, deren Lichtintensitdt sich aber im allgemeinen
sehr erheblich voneinander unterscheidet. Trotzdem finden wir, dass, wenn es
uns gelungen ist die Bahnen von Doppelsternen zu berechnen, die beiden Com-
ponenten wirklich zu gleicher Zeit an entsprechenden Punkten ihrer Bahnen
erscheinen und mit ihrem gemeinsamen Schwerpunkte immer auf einer gera-
den Linien liegen. Diese Thatsache konnen wir also geradezu als neue Stiitze
fiir das von uns experimentell festgestellte Resultat heranziehen. Ein Beispiel
moge iibrigens noch zeigen, dass die von mir nachgewiesene Grenze fiir die
Unabhéngigkeit der beiden in Rede stehenden Grossen fiir die astronomische
Praxis jedenfalls vollig ausreicht.

Der von Bessel berechnete, von Clark entdeckte Begleiter des Sirius be-
sitzt nach den Berechnungen yon Auwers und Peters eine ausseror-
dentlich grosse Masse (1/ bis 2/3 der Siriusmasse selbst). Gleichwohl erscheint
er uns nur als Stern etwa 9. Grosse, seine Helligkeit ist also gegen die seines
Hauptsternes eine sehr geringe, nach Schénfeld )-S5+ orig- feotn] — pyy ca,
1/100() von der des Sirius. Oben wurde fiir Strahlen mittlerer Wellenlédnge (fiir
das Natriumlicht) gefunden, dass bei Abschwéchung des Lichtes von der In-
tensitét 1 bis zur Intensitit 1/33 die Fortpflanzungsgeschwindigkeit sich noch
nicht um 1/500 000 dndert. Gehen wir von diesem Grenzwerthe aus, d. h.
nehmen wir an, dass sich bei Helligkeitsdifferenzen von 33:1 die Fortpflanzungs-
geschwindigkeit gerade noch um diesen Betrag unterscheiden konne, und dass
derselbe proportional mit dem Intensitdtsunterschiede wachse, so wiirde das
Licht des Begleiters in dem vorliegenden Beispiele in jeder Secunde um 30 x 0, 6
oder 18 km hinter dem Lichte des Hauptsternes zuriickbleiben. Die Entfer-
nung des Siriussystems betriagt in Lichtzeit etwa 30 Jahre. Nehmen wir an, es
seien genau 30 Jahre, so wiirde das Licht des Begleiters:

300 000
299 982

Jahre gebrauchen, um zu uns zu gelangen, d. h. von zwei gleichzeitig ausge-
henden Lichtstrahlen wiirde der des Begleiters immer nur etwa 0,7 Tag spéter
eintreffen, als der vom Sirius selbst ausgesandte. Da aber die Umlaufszeit
beider Kérper um ihren gemeinsamen Schwerpunkt etwa 50 Jahre betragt, so
ist jene Zeitdifferenz und die ihr entsprechende Ortdifferenz zu vernachléssi-
gen. Die gemachten Annahmen sind jedenfalls sehr ungiinstige; wir konnen

x 30 = 30,0018

1)[K.S.: orig. footn] Schgnfeld, Die dunklen Fixsternbegleiter. Mannheimer Verein fiir
Naturkunde. 30. Jahresbericht. (K.S.: cf. [213])
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P. 29:

P. 29:

also sicher bei allen Bahnbestimmungen von der etwa noch vorhandenen Ab-
héngigkeit der Fortpflanzungsgeschwindigkeit von der Intensitét, deren Betrag
unter den durch das Experiment festgestellten Grenzen liegt, absehen.

Das erhaltene Resultat ist ferner bei den Anwendungen des Doppler’schen
Principes von Bedeutung, wo die relativen Geschwindigkeiten der Gestirne
in der Richtung der Sehlinie aus Aenderungen in der mittleren Brechbarkeit
isolirter Spectrallinien bestimmt werden. Hier liegen in den einzelnen Fillen
oft sehr grosse Helligkeitsunterschiede vor, und es ist folglich fiir die Anwend-
barkeit dieses Principes wichtig, direct nachgewiesen zu haben, dass diese Hel-
ligkeitsunterschiede nicht mit in Frage kommen.”

Einstein (]|222], letter 69, pp. 169/1970): “Dein Versuch, die Quantenfrage
des Feldes von einer neuen Seite anzugreifen, hat mich sehr interessiert, aber
nicht gerade iiberzeugt. Ich glaube immer noch, daft die Wahrscheinlichkeits-
Interpretation trotz ihres grofsen Erfolges keine gangbare Moglichkeit fiir die
relativistische Verallgemeinerung bildet. Auch die Begriindung der Wahl einer
Hamiltonfunktion fiir das elektromagnetische Feld mit der Analogie zur spe-
ziellen Relativitdatstheorie hat mich nicht tiberzeugt. Ich fiirchte, daf wir alle
die wirkliche Losung dieses harten Problems nicht erleben werden.”

Born (|222], pp. 170/1971): “Zweierlei Einwénde hatte Einstein gegen meine
Ideen: Der erste beruhte auf seiner Ablehnung der Wahrscheinlichkeits-In-
terpretation der Quantenmechanik. Dabei geht es um eine Prinzipienfrage
des Denkens, von der noch mehr die Rede sein wird. Er traf die von Infeld
und mir entworfene Theorie eigentlich nicht, da wir selber mit der Einfi-
gung derselben in die Quantenmechanik nicht fertig wurden; er verurteilte
unsere Bemiihungen in dieser Richtung als grundsétzlich falsch. Der zweite
Einwand Einsteins bezog sich auf unsere urspriingliche, >klassische< Feldtheo-
rie, die in sich geschlossen und widerspruchsfrei war. Sie beruhte auf folgender
Analogie: In der speziellen Relativitatstheorie wird die kinetische Energie eines
Teilchens, die in der klassischen Mechanik dem Quadrat der Geschwindigkeit
proportional ist, durch einen etwas komplizierteren Ausdruck dargestellt; fiir
Geschwindigkeiten, die klein gegen die des Lichtes sind, geht er in den klas-
sischen Ausdruck iiber, weicht aber davon ab, wenn die Geschwindigkeit der
des Lichtes nahe kommt. In der Maxwellschen Elektrodynamik ist die Ener-
giedichte quadratisch in den Feldstédrken; ich ersetzte sie durch einen allge-
meinen Ausdruck, der in den klassischen iibergeht, wenn die Feldstérken klein
gegen eine »absolute Feldstarke< sind, aber davon abweichen, wenn das nicht
der Fall ist. Daher ergab sich ganz von selbst, dafs die Gesamtenergie des Feldes
einer Punktladung endlich ist, wahrend sie im Maxwellschen Feld unendlich
grof wird. Das absolute Feld mufs als eine neue Naturkonstante angesehen
werden.

Diese Analogie-Konstruktion fand Einstein nicht iberzeugend. Infeld und mir
schien sie lange anziehend. Wir gaben die Theorie aus ganz anderen Griinden
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P. 31:

P. 32:

P. 32:

P. 34:

P. 34:

P. 35:

auf, ndmlich weil es uns nicht gelang, sie mit den Prinzipien der Quanten-
Feldtheorie in Einklang zu bringen.

Jedenfalls war dieser Ansatz der erste Versuch, die Schwierigkeiten in der
Mikro-Physik durch eine nicht-lineare Theorie zu beheben. Heisenbergs Theo-
rie der Elementarteilchen, die heute viel von sich reden macht, ist auch nicht-
linear. Aber das gehort nicht hierher.”

Heisenberg (|236], p. 126): “Das Thema der vorliegenden Arbeit geht auf eine
Frage zuriick, die mir Kollege Debye stellte.”

Heisenberg (|209], p. 331, letter of June 17, 1934 to N. Bohr): “Debye hatte die
Idee, dafs die Sonnenkorona durch diese Streuung von Licht entsteht; zu dieser
These wiirde der obige Wert [(e?/he)*(h/mc)? fiir den Wirkungsquerschnitt]
ausgezeichnet passen. Aber, wie gesagt, man mufs noch abwarten, ob alle
Rechnungen in Ordnung sind.”

Heisenberg ([209], letter [374] of June 16, 1934, pp. 331-333, specifically p.
332): “Dieser Wert scheint gut zu der Idee von Debye zu passen, daf die
Sonnenkorona durch diese Streuung von Licht an Licht entsteht.”

Pauli ([240], letter [423b] of December 5, 1935, pp. 777/778, specifically p.
778): “Das ,Euler-Kockel™Problem fiir kurze Wellen sieht mir im Moment
etwas triibe aus.”

Pauli (]209], letter [412] of June 15, 1935, pp. 402-405, specifically p. 402):
“Weisskopf ist am Delbriickschen Problem und die dabei auftretenden Fragen
der Subtraktionsphysik werden sehr unschon.”

Akhiezer ([102], p. 567): “ DddexTuBHbBIl MONEPEIHUK pACCeAHIsT UMEET MaK-

cumyM 1pu fiw ~ mc2)
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Appendix B

Extract from the book Ondes et Mouvements (1926) by L. de Broglie (|9], Chap. XI,
Sec. 2, pp. 96-98. English transl.: K.S.. The English translation is appended after
the original French text.):

“2. Chocs entre atomes de radiation. — Examinons une autre question assez
curieuse : deux qanta de lumiére peuvent-ils échanger de 1’énergie par choc, autre-
ment dit peuvent-ils changer de fréquence a la suite d’une collision ? L’expérience
n’a rien révélé de semblable et un tel phénomeéne est tout a fait étranger aux théories
classiques. Cependant, il existe peut-étre une raison de le croire possible au moins en
principe. Dans la derniére partie de ce livre, je montrerai qu’a la suite des travaux
de MM. Bose et Einstein et des miens, il est légitime de considérer le rayonnement
noir comme un gaz d’atomes de lumiére; des raisonnements statistiques appliqués
a nos conceptions ondulatoires nous conduiront a la loi Planck, mais elles ne nous
montreront pas par quel mécanisme cette répartition des quanta entre le diverses
valeurs de I’énergie se trouve réalisée et maintenue. Il parait assez tentant de sup-
poser que l'équilibre résulte des échanges d’énergie et de quantité de mouvement
entre quanta dues a leur interaction mutuelle, & leurs chocs au sens le plus géneral
du mot.

Peut-étre est-il done intéressant d’étudier un peu ce genre de chocs.

Il serait facile de résoudre le probléme général de la rencontre de deux quanta
de fréquences différentes comme nous ’avons fait pour I'effet Compton.

Pour ne pas multiplier les formules, je me contenterai d’envisager un cas trés
simple. Supposons qu’a l'aide de collimateurs, on fasse se croiser a angle droit deux
faisceaux monochromatiques de méme fréquence, aucune condition de cohérence
n’étant d’ailleurs exigée. Représentons schématiquement ces deux faisceaux par des
lignes droites AB et A’'B’ (fig. 9) se croissant en O.

Fig. 9.
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Observons, s’il en existe, la lumiére diffusée au point O dans la direction OM

L —

bissectrice de ’angle BOB’. Si, par suite d’un choc, un quantum est diffusé suivant
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OM, lautre quantum sera diffusé suivant OM’. Soient v la fréquence initiale, v; et
vy le fréquences des quanta diffusés vers M et vers M’. Les équations de conservation
s’écrivent

hvi + hvy = 2 hy,
th hVQ

h
— - — = Q—I/COS45O;
c c c

d’ou
v = v(l+cosdb®) = 1,7 v,
v, = 0,3 v.

Si la longueur d’onde des faisceaux employés était A = o, 68, la radiation ob-
servée en M correspondrait & A\; = Ol’ﬁ = o', 4. En visant le point de croisement
de deux faisceaux rouges, on recueillerait de la lumiére violette. Ce serait un beau
phénomeéne! Je ne sais s’il existe et, en ce cas, s’il serait observable, mais, si un jour
il était décelé, sa place serait toute marquée dans ’ensemble de nos nouvelles vues
théoretiques sur les radiations.”

English translation:

“2. Collisions between atoms of radiation. — We are considering another in-
teresting problem: Can two light quanta exchange energy in a collision, or speaking
differently, can they change the frequency in course of a collision? Experience does
not reveal anything similar and such a phenomenon is rather alien to classical the-
ories. However, there may be a reason for considering this to be possible, at least
in principle. In the last part of this book, I will show, as a result of work done by
Messrs. Bose and Einstein and myself, that it is legitimate to consider the black radi-
ation in a gas of atoms of light; statistical reasoning applied to our wave conceptions
leads us to the Planck law, but it does not explain by what mechanism this redis-
tribution of quanta among the different energy levels is achieved and maintained.
It seems quite tempting to assume that the equilibrium results from exchanges of
energy and momentum among quanta as a result of their mutual interactions, their
collisions in the most general sense of the word.

Consequently, it is perhaps interesting to somewhat investigate this kind of col-
lisions.

It is easy to solve the problem of the encounter of two quanta with different
frequencies the same way as we did for the case of the Compton effect. In order to
not multiply formulae, I will only consider a very simple case.

Consider, using collimators, intersecting at a right angle two monochromatic
beams of the same frequency, incidentally, no coherence condition is being required.
We represent the two beams schematically by means of the two perpendicular lines
AB and A'B’ (fig. 9) intersecting each other in O.
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Fig. 9. (K.S.: see above)

We observe whether any light scatters from the point O into the direction OM

bisecting the angle BOB'. If, through a collision, a quantum is scattered along OM,
the other quantum is scattered along OM’. Let v be the initial frequency, and v,
and 15 the frequencies of the quanta scattered towards M and towards M’. The
equations of conservation are

hvi + hvy = 2 hy,

h
%—ﬂ = 2@008450;
c c c

wherefrom
v = v(l+cosdd’) = 1,7,
v, = 0,3 v.

If the wavelength of the beams used is A = 0*, 68, the radiation observed in M
would correspond to A\; = % = o",4. Aiming at the crossing point with two red
beams, one would obtain violet light. This would be a beautiful phenomenon! I
do not know if it exists, and in that case, whether it is observable, but if one day
it was detected it would assume a distinguished place within the framework of our

new theoretical ideas on radiation.”
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Appendix C

On the experimental result of Banwell and Farr, Proc. Roy. Soc. London
A 175(1940)1 [135]:

Given the present-day interest in the type of experiment Banwell and Farr reported
in 1940 [135] it seems to be interesting to contemplate the question what influence
might have led to the non-null result (which Banwell and Farr themselves — see
quote in subsec. 2.2.2 in the main text — considered as likely to be erroneous).
In the following we will attempt to hypothesize about a possible reason for their
non-null result for the refractive index of the vacuum in a magnetic field which is
much larger than the present-day expectation based on the Euler-Kockel-Heisenberg
effective Lagrangian of QED (and of opposite sign). Reading the carefully written
article by Banwell and Farr one notices that they say very little about one important
optical element used in their experimental set-up, namely, the mirrors employed in
the Michelson interferometer. They are only characterized as optical flats, silvered
or half-silvered (p. 1, begin of the second paragraph; pp. 3/4). The point is that two
of the mirrors used by Banwell and Farr in the experiment are subject — at least —
to magnetic stray fields: one mirror (mirror O, cf. fig. 1 on p. 3 of [135] redisplayed
in our Fig. 2) at the end of the arm of the Michelson interferometer placed in the
strong magnetic field, and a semi-transparent mirror (mirror N, cf. Fig. 2) used
to split the initial light beam into the two arms of the Michelson interferometer.
Both mirrors are just located a few decimeters away from the coils generating the
strong magnetic field. This aspect of the experimental set-up is neither mentioned
nor discussed by Banwell and Farr. Let us shortly consider the physical situation
at the mirror (mirror O) at the end of the arm of the Michelson interferometer
placed in the strong magnetic field (The semi-permeable mirror N is also subjected
to stray fields but the light in both arms of the Michelson interferometer interacts
with N in a fairly symmetric manner and the mirror N can, therefore, be left outside
the current consideration.). The light from this arm falls perpendicularly onto the
mirror and is perpendicularly being reflected at the silver layer (by the way, whose
thickness is not given in the article by Banwell and Farr). In this metallic reflection
(by a metallic medium with the complex refractive index n = n'+i n” = n/(1+ix))
the reflected light beam experiences a phase shift ¢ relative to the incident light
beam given by the equation!™:

2n'k
n/2 —|—TL/2/€2 -1 :

tan (C.1)

For massive silver at room temperature and light of A = 546.1 nm (equivalent to a
photon energy of 2.27 V) one has n’ = 0.17, 'k = 3.31 (|246], Table IX, p. 356,
interpolated by means of [247]) resulting in a phase shift ¢ of about 0.59 rad (cor-
responding to 34°). Now, once the refractive index of the mirror material (in this

[f1[244], p. 86, eq. (40); for a modern discussion see, e.g., [245], sec. 2.4, p. 35, eq. (2.4.14); N.B.
For simplicity we neglect in the present discussion the influence of any intermediate glas layer.
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Figure 2: Top view of the Michelson interferometer used by Banwell and Farr (re-
display of Fig. 1 of [135], p. 3). L is the light source while observation is made at
C' (photoelectric cell). D, E, F are the electromagnets of the arm subjected to the
magnetic field, M, O are mirrors (silvered flats) while N is a half-silvered flat.

case, silver) changes the phase shift ¢ also experiences a corresponding change Ay
to some @ = ¢+ Ag. Once this change in the mirror properties (and, consequently,
the change in the phase shift at the mirror) occurs only for one of the mirrors at
the end of the two arms of the Michelson interferometer the interferometric pattern
observed in the experiment will also change. If this phenomenon is not properly
taken care of the corresponding change in the interferometric pattern can lead to
a misinterpretation of results. As we will detail further below it seems to be con-
ceivable that the change in the mirror properties (mirror O) effected by the stray
magnetic field may have led to the non-null result reported by Banwell and Farr.

In their Michelson interferometer experiment, Banwell and Farr have interpreted

the observed change in the interference pattern once the magnetic field acting on
one interferometer arm had been switched on as resulting from a changed vacuum
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velocity of light € = f\ (f is the frequency of the monochromatic light wave). Hy-
pothesize now that the observed change in the interference pattern in fact completely
originated from a change in the refractive index of the silver layer of the mirror O
placed in the (stray) magnetic field. Then, according to the interpretation applied
by Banwell and Farr the optical path of length [ (= 2 x 1.17 m = 2.34 m) placed
in the magnetic field would be stretched out by n wave cycles of wavelength A (We
also have taken into account the phase shift/delay under reflection.)

I = nx— 22X, (C.2)
2w

while in reality it should be written as

I = nx— 2\, (C.3)
2w

From the equations (C.2), (C.3) follows that the assumed change in the vacuum
velocity of light Ac = ¢ — ¢ can be expressed as a change in the phase shift under
reflection according to the equation

A

Ap = =21 — 4

@ Ty 2 (C.4)
I Ac

~ 27 — — )

Ty (C.5)

where equation (C.5) represents the relation at leading order of the small quantity
Ac/c. Inserting now the values given by Banwell and Farr into eq. (C.5) one finds
the following. The change in the interference pattern observed in the Michelson
interferometer which has been interpreted by Banwell and Farr as a change in the
(vacuum) velocity of light in a magnetic field could haven arisen equally well from a
different source in the experimental apparatus. Let us assume that in the presence
of the applied strong magnetic field stray fields might have modified the reflective
properties of the silver mirror (mirror O) at the end of the arm of the Michelson
interferometer placed in the magnetic field. Then, a corresponding change in the
phase shift under reflection experienced by the light beam propagating in this arm
of the Michelson interferometer of the size

Ap ~ —27 (4.7+£26)-1077. (C.6)

might have modified the interference pattern equivalently. From eq. (C.1) it is clear
that any change in the (complex) refractive index of the silver layer of the order of
Ak/k, An'/n’ ~ 1072 will result in the right order of magnitude of change in the
phase shift under reflection given by eq. (C.6).

Let us ponder now the question if it is conceivable that a magnetorefractive ef-

fect might result in a change in the refractive index of the silver mirror that has the
right magnitude (We primarily imagine that the magnetic stray field is parallel to

47



the mirror surface.). Unfortunately, there is apparently little information available
in the literature in this respect. Gostishchev and Sobol’ [248] estimate for low tem-
peratures, however, and a magnetic field of the order of 10° oersted (corresponding
to a magnetic induction of 10 T in vacuo) that for visible light the change in the
reflection coefficient (compared to the situation with no magnetic field applied) for
a metal with a closed Fermi surface is not larger than 1072 (the same applies to
the refractive index). On one hand side, the estimate of Gostishchev and Sobol’ is
somewhat smaller than required by eq. (C.6) and on the other hand, they consider
the case of low temperatures while the experiment of Banwell and Farr has been
performed at room temperature. To broaden the perspective, let us mention that
the Drude model of metals (free gas of conduction electrons) relates the conductivity
in a metal to its refractive index. Consequently, any study of the phenomenon of
magnetoresistance in a metal has in principle its bearing on its magnetorefractive
properties. Of course, this connection can only be of heuristic value as the reliability
of the Drude model is restricted to the domain of infrared light, while the experi-
ment of Banwell and Farr has been performed using visible light. Magnetoresistance
effects are primarily related to two phenomena: the deviation of the Fermi surface
from a spherical shape (cf., e.g., [249], Sec. 12.3, p. 490-495, specifically p. 494) and
the influence of size effects as they occur in thin films. For experimental results see,
e.g., [250, 251].

To conclude, in principle magnetorefractive effects in silver mirrors exist which
might lead to a change in the phase shift under reflection in accordance with eq.
(C.6). The present state of research reflected in the literature, however, is insuffi-
cient to decide the question whether these magnetorefractive effects might have the
right order of magnitude to explain the non-null result by Banwell and Farr.
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Appendix D

Some formulas for the electromagnetic field strength tensor:

0 -l -lE, -lE
g, 0  -By B,

= (D.1)
g, By 0 -B
By —B, By 0

The (symmetric) stress-energy-momentum tensor of the free electromagnetic field
reads:

1 1
™ = — [F“O‘F”a — - gWFaﬂFaﬁ} (D.2)
Ho 4

After some calculation one finds:

T, = 26 [(E2—02B2)2 + 2 (EB)Q] (D.3)
2 4 2
Ho
1
— 4 {(TOO)2 - 5 SQ] = —4T™T, (D.5)
&

with the free field Lagrange density

1 1 1 1
= ——— F"WE, = - ¢ (E*=*B?) = - (¢E*— —B? D.
»CO 4#0 m 5 €0 ( C ) 5 €0 1o ( 6)
and
_ 1 2 22\ 1 2 i 2
Too = = e (E*+B?) = B>+ —B?) . (D.7)
2 2 Ho

One recognizes from the egs. (D.4), (D.5), that the square of the Poynting vector S =
M—lo E x B is related to the field invariant (EB)2 (By virtue of the Lagrange identity
for three-dimensional vectors a, b, ¢, d: (axb)-(cxd) = (a-c)(b-d)—(b-c)(a-d).).
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Appendix E

Reminiscences of W. Heisenberg onto his conversations with H. Euler concerning
the scattering of light by light in advance of the thesis research of the latter [252],
chap. 13, pp. 220-222, 225 (pp. 220-222, 225 of the reprint, pp. 160-162, 164 of the
English translation. The English translation is appended after the original German
text.):

“So kam ich oft mit Euler zusammen, und wir berieten daher iiber die moglichen
Konsequenzen der Diracschen Entdeckung und der Umwandlung von Energie in
Materie.

»Wir haben doch von Dirac gelernt«, so konnte Euler etwa gefragt haben, »dafs
ein Lichtquant, das an einem Atomkern vorbeifliegt, sich dabei in ein Paar von
Teilchen, ein Elektron und ein Positron, verwandeln kann. Bedeutet das eigentlich,
dak ein Lichtquant aus einem Elektron und einem Positron besteht? Dann wére das
Lichtquant so eine Art Doppelsternsystem, in dem Elektron und Positron umeinan-
der kreisen. Oder ist das eine falsche anschauliche Vorstellung? «

»Ich glaube nicht, daf ein solches Bild viel Wahrheit enthélt. Denn aus diesem
Bild wiirde man doch schliefsen, daf die Masse eines solchen Doppelsterns nicht
viel kleiner sein sollte als die Summe der Massen der beiden Teile, aus denen es
besteht. Und man kénnte auch nicht einsehen, warum dieses System sich immer mit
Lichtgeschwindigkeit durch den Raum bewegen mufs. Es kénnte doch auch irgendwo
zur Ruhe kommen. «

» Was soll man aber dann iiber das Lichtquant in diesem Zusammenhang sagen? «

»Man darf vielleicht sagen, dafs das Lichtquant virtuell aus Elektron und Positron
besteht. Das Wort >virtuell< deutet an, dafs es sich um eine Moglichkeit handelt.
Der eben ausgesprochene Satz behauptet dann nur, dafs das Lichtquant sich eben
in gewissen Experimenten mdglicherweise in Elektron und Positron zerlegen 1aft.
Mehr nicht. «

»Nun konnte in einem sehr energiereichen Stof ein Lichtquant doch vielleicht
auch in zwei Elektronen und zwei Positronen verwandelt werden. Wiirden Sie dann
sagen, dafs das Lichtquant virtuell auch aus diesen vier Teilchen besteht? «

»Ja, ich glaube, das wéare konsequent. Das Wort »>virtuell<, das die Moglichkeit
bezeichnet, erlaubt ja die Behauptung, daf das Lichtquant virtuell aus zwei oder
vier Teilchen besteht. Zwei verschiedene Mdoglichkeiten schliefsen sich ja nicht aus.«

» Aber was gewinnt man dann noch mit einem solchen Satz?« wandte Euler ein.
»Dann kann man doch gleich sagen, daf jedes Elementarteilchen virtuell aus irgen-
deiner beliebigen Zahl von anderen Elementarteilchen besteht. Denn bei sehr ener-
giereichen Stofsprozessen wird schon irgendeine beliebige Zahl von Teilchen entstehen
konnen. Das ist doch fast keine Aussage mehr.«

»Nein, so beliebig sind Zahl und Art der Teilchen denn doch nicht. Nur solche
Konfigurationen von Teilchen werden als mogliche Beschreibung des einen darzustel-
lenden Teilchens in Betracht kommen, die die gleiche Symmetrie haben wie das
urspriingliche Teilchen. Statt Symmetrie kdnnte man noch genauer sagen: Trans-
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formationseigenschaft gegeniiber solchen Operationen, unter denen die Naturgesetze
unverdndert bleiben. Wir haben doch schon aus der Quantenmechanik gelernt, daf
die stationdren Zustdnde eines Atoms durch ihre Symmetrieeigenschaften charak-
terisiert sind. So wird es eben auch bei den Elementarteilchen sein, die ja auch
stationédre Zustédnde aus Materie sind.«

Euler war noch nicht so recht zufrieden. »Das wird doch reichlich abstrakt,
was Sie jetzt sagen. Es kiime wohl mehr darauf an, sich Experimente auszudenken,
die anders ablaufen, als man bisher angenommen hétte, und zwar deshalb anders,
weil die Lichtquanten virtuell aus Teilchenpaaren bestehen. Man wiirde doch ver-
muten, daf man wenigstens qualitativ verniinftige Resultate bekommt, wenn man
das Bild vom Doppelsternsystem einen Moment ernst nimmt und fragt, was nach der
fritheren Physik daraus folgen sollte. Zum Beispiel kénnte man sich fiir das Prob-
lem interessieren, ob zwei Lichtstrahlen, die sich im leeren Raum kreuzen, wirklich
so ungehindert durcheinander hindurchgehen, wie man bisher immer angenommen
hat und wie die alten Maxwellschen Gleichungen es fordern. Wenn in dem einen
Lichtstrahl virtuell, das heiftt als Moglichkeit, Paare von Elektronen und Positronen
vorhanden sind, so kénnte der andere Lichtstrahl doch an diesen Teilchen gestreut
werden; also miifite es eine Streuung von Licht an Licht geben, eine gegenseitige
Storung der beiden Lichtstrahlen, die man aus der Diracschen Theorie ausrechnen
konnte und die auch experimentell zu beobachten ware. «

»Ob man so etwas beobachten kann, hdngt natiirlich davon ab, wie grofs diese
gegenseitige Storung ist. Aber Sie sollten ihre Wirkung unbedingt ausrechnen.
Vielleicht finden die Experimentalphysiker dann auch Mittel und Wege, sie nachzu-
weisen. «

»Eigentlich finde ich diese Philosophie des »als ob<, die hier betrieben wird, doch
sehr merkwiirdig. Das Lichtquant verhélt sich in vielen Experimenten so, »als ob«<
es aus einem Elektron und einem Positron bestiinde. Es verhilt sich auch manch-
mal so, »als ob< es aus zwei oder noch mehr solchen Paaren bestiinde. Scheinbar
gerdt man in eine ganz unbestimmte verwaschene Physik hinein. Aber man kann
aus der Diracschen Theorie doch die Wahrscheinlichkeit dafiir, dafs ein bestimmtes
Ereignis eintritt, mit grofser Genauigkeit berechnen, und die Experimente werden
das Ergebnis schon bestéatigen.«

Euler berechnete zusammen mit einem anderen Mitglied meines Seminars, Kockel,
die Streuung von Licht an Licht, und obwohl der experimentelle Nachweis hier nicht
so direkt gefithrt werden konnte, besteht heute wohl kein Zweifel mehr daran, daf
es die von Euler und Kockel behauptete Streuung wirklich gibt.”

English translation:
“And so we would talk about atomic physics instead and, in particular, about the
possible consequences of Dirac’s discovery, and the transformation of energy into
matter.

“Dirac has shown,” Euler said,“that when a light quantum flies past an atomic
nucleus, it may change into a pair of particles —an electron and a positron. Does this
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mean the light quantum itself consists of an electron and a positron? In that case,
it would be a kind of double star, one in which the electron and positron revolve
about each other. Or is this a false picture?”

“I don’t think it’s very convincing. You see, the mass of a double star cannot
be much smaller than the sum of the masses of its constituent parts. Nor would it
necessarily have to move through space with the velocity of light. There is no reason
why it should never come to rest.”

“But, what can we say about the light quantum in this context?”

“Perhaps that is is virtually made up of an electron and a positron. The word
‘virtually’ means that we are dealing with a possibility. In that case, my assertion
means no more than that the light quantum may, in certain experiments, split up
into an electron and a positron—noting more.”

“Well, in a very high-energy impact, a light quantum might easily be transformed
into two electrons and two positrons. Does that mean that it is virtually made up
of these four particles as well?”

“Yes, I believe that would be the consistent view. Since the term ‘virtually’
denotes possibilities, we are entitled to say that the light quantum is virtually made
up of two of four particles. Two different possibilities do not necessarily exclude
each other.”

“But what is the advantage of this sort of assertion?” Euler asked. “We might
equally well say that every elementary particle is virtually made up of any number
of other particles. After all, any number of particles might be created during high-
energy collisions. In that case our statement says very little indeed.”

“I should not put it like that, for, you see, the number and type of particles are
not as arbitrary as all that. Only such configurations may be considered possible de-
scriptions of a particular particle as have the same symmetry as the original particle.
Instead of ‘symmetry,” we might say more precisely: transformation characteristics
under operations that leave the physical laws unchanged. After all, quantum me-
chanics has taught us that the stationary states of an atom are characterized by
their symmetries. Things are probably much the same with elementary particles,
which, when all is said and done, are simply stationary states of matter.”

Euler was still not fully satisfied. “The whole argument is a bit too abstract
for my liking. What we probably ought to be doing is to think up experiments
that would lead to unexpected results, and this precisely because light quanta are
virtually made up of pairs of particles. It seems reasonable to assume that we should
obtain at least qualitatively satisfactory results if we stuck to the model of the double
star, and asked what conclusions orthodox physics would draw. For instance, we
could investigate whether or not two light rays crossing in empty space really pass
through each other with no interaction, as we have assumed until now, and as the
old Maxwellian equations demand. If pairs of electrons and positrons are virtually
present, i.e., contained as a possibility, in a light ray, then another light ray ought
to be scattered by these particles; hence there would be deflection of light by light,
that is, an interaction of the two light rays. We ought to be able to demonstrate its
existence and to calculate its extent from Dirac’s theory.”
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“Whether of not we would be able to observe it would, of course, depend on
the intensity of the mutual perturbations. But by all means calculate the effect.
Perhaps experimental physicists will then discover ways and means of corroborating
your results.”

“I really think this whole ‘as if” philosophy is terribly odd. The light quantum is
said to behave in some experiments as if it consisted of an electron and a positron.
But at other times it apparently behaves as if it consisted of two or more such pairs.
The result is a wishy-washy kind of physics. And yet we can use Dirac’s theory
to calculate the probability of a certain event with great precision, and find that
experiments will confirm the results.”

Meanwhile Euler, together with another of my pupils, B. Kockel, determined the

scattering of light by light, and although no experimental verification was possible
here, there is little doubt today that the scattering effect they deduced is a fact.”
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Appendix F

Extract from a letter of September 27, 1935 from W. Pauli to V. Weisskopf (Reprint-
ed as letter [421a] in [240], pp. 769-771, specifically p. 770. English transl.: K.S..
The English translation is appended after the original German text.):

“...Prycel] und ich haben beschlossen, wenigstens zu versuchen, die Haufigkeit
des Streuprozesses zweier Lichtquanten aneinander ohne die Euler-Kockelsche Ein-
schrinkung hinsichtlich Kleinheit der Lichtfrequenzen gegen mc?/h auszurechnen.

Ich bin mir dariiber klar, dafs das Problem nicht leicht ist. Nicht nur sind die
auftretenden Integrale von einem komplizierteren Typus als das erwahnte Heisenberg-
Serbersche Integral, sondern vor allem bekommt man zunéchst die praktisch un-
endlich grofte Zahl von 6 x 24 = 144 Termen (nach Euler-Kockel). Dennoch scheint
mir das Problem nicht so ganz hoffnungslos zu sein. Ich habe den Eindruck, daft
die riesigen Koefliziententabellen von Euler-Kockel nicht so sehr dem Subtraktions-
formalismus als solchem zur Last zu legen sind als vielmehr dem Umstand, daft
viel zu frith nach den ¢’s entwickelt wurde. Letzteres scheint mir nicht nur in for-
maler Hinsicht ungeschickt, sondern es wird auch in physikalischer Hinsicht durch die
Beschrinkung auf kleine v auch die Ahnlichkeit mit der Bornschen Theorie?[£-5- erig.
footn] yorgetéiuscht; aber diese liefert keine Paarerzeugung! Das ist so wie wenn
man eine Theorie hétte, die (fiir lange Wellen) Dispersion liefert, aber keine Ab-
sorption! Nach meiner Meinung haben Euler und Kockel in ihrer publizierten
Note*[K-5:: orig. fooin] oin viel zu starkes Gewicht gelegt auf den Vergleich mit diesem
Ungetiim von einer Pseudotheorie!

Nun aber zuriick zur mathematischen Seite des Problems. Was mir eine gewisse
Hoffnung gibt, durchzukommen ist der Umstand, dafs das Problem sich sehr verein-
fachen lafst durch Einfithrung eines speziellen Bezugsystems. Abgesehen von dem
singuldren Sonderfall, daf die beiden Lichtquanten im Anfangszustand exakt in der-
selben Richtung laufen (in welchem Sonderfall aus Thnen sehr bekannten Griinden die
Streuwahrscheinlichkeit ohnehin exakt verschwinden diirfte), kann man immer ein
Bezugsystem einfiithren, wo g; + g2 = 0 (d. h. die Lichtquanten laufen in entgegenge-
setzter Richtung aufeinander zu und ihre Frequenzen sind gleich). Und in diesem
Normalkoordinatensystem werden die Formeln viel einfacher. Vielleicht gelingt es
da, die Zahl 6 x 24 der Terme so weit zu reduzieren, dafs man die Streuwahrschein-
lichkeit wirklich ausrechnen kann (fiir beliebige Frequenz der Lichtquanten). -
Zunéchst rechnet Pryce allgemein die Spur aus (womit er fast fertig ist) und dann
werden wir weiter sehen, ob wir durchkommen. Princeton ist ein Ort, der sehr
geeignet ist, um komplizierte Integrale auszurechnen. ...”

English translation:
“ . .Prycel] and I have decided to at least try to calculate the probability of the
scattering process of two quanta of light off each other without the Euler-Kockel

BIK.S.: orig. fooin] Vol Born und Infeld (1934). (K.S.: cf. [30])
A[K.S.: orig. footn] Fyler und Kockel (1934). (K.S.: cf. [47])
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restricion with respect to the smallness of the light frequency in comparison with
mc?/h.

[ am aware of the fact that the problem is not an easy one. Not only the integrals
occurring are of a more complicated type than the Heisenberg-Serber integral men-
tioned but primarily one gets the practically infinitely large number of 6 x 24 = 144
terms (according to Euler-Kockel). Despite this it seems to me that the problem
is not that hopeless. It is my impression that the huge coefficient tables of Euler-
Kockel are not that much due to the subtraction formalism as such as rather due to
the problem that much too early an expansion in the ¢’s has been applied. To me,
the latter does not only seem to be awkward but also in physical respect by virtue
of the restriction to small v a similarity to the Born theory?[K -5+ orig- footn] ig heing
pretended to exist; but it does not yield any pair creation! This is the same as if one
would have a theory that (for long waves) yields dispersion but not any absorption!
In my view, in their published note!!%-5+ orig- feotn.] Eyler and Kockel have put much
to strong emphasis on the comparison with this monstrosity of a pseudo-theory.

But now back to the mathematical side of the problem. What provides me with
some hope to get through is the fact that the problem can considerably be simplified
by introducing a special reference system. Disregarding the singular special case that
two quanta of light in the initial state propagate in exactly the same direction (in
which special case for reasons very well known to you the scattering probability
should vanish exactly anyway), one can always introduce a reference system where
g1 + g2 = 0 (i.e., the quanta of light propagate in directions opposite to each other
and their frequencies are the same). And in this system of normal coordinates the
formulas are becoming much easier. Perhaps one can succeed in reducing the number
6 X 24 of terms that much that one can really calculate the scattering probability
(for arbitrary frequency of the quanta of light). — First Pryce calculates the trace in
general (what he almost is done with) and then we will see further if we get through.
Princeton is a place which is very much suited for calculating complicated integrals.

2

3[K.S5.: orig. footn.] K G . gee footnote 3 on page 5H4.
A[K.S.: orig. footn.] K G . see footnote 4 on page 54.
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Appendix G

Historic recollections by V. F. Weisskopf related to the articles [82, 100| (The pas-
sages are quoted from [253] with kind permission of the American Institute of
Physics.):

“Weisskopf: ... Now I come to the work about the vacuum polarization, which
I published in the Danish Academylee!lfootn- K-S 1 very rarely complain about not
getting enough recognition because I think I've received in my life more recognition
than I really deserved, but for this paper I don’t get enough recognition. In my
opinion, this paper is really the beginning of re-normalization; and when you read it
you’ll find, it. The first purpose of the work, and the one for which it is perhaps best
known, was the recalculation in a very much simpler way of the Euler-Heisenberg
vacuum polarization for slowly varying fields, which Wick mentioned today. It was
really only a recalculation, although with very nice methods suggested by Pauli.
This is why I didn’t publish it in Zeitschrift fiir Physik; I thought I should have
something in the Danish Academy, and so I published this there because it was
really only a simplification.

However, this same paper contains a study in which I was not very sure of
myself, which is also why I published it in the Danish Academy, but which excited
me very, very much. The study was to show that all the infinities that come about in
calculation are in fact infinities that you cannot measure, namely, infinities of charge,
infinities of mass, and infinities of what I called there the “dielectric constant of the
vacuum.” As it says there explicitly, one could assume that the total result is given
by nature and one can forget about these infinities. What is given there is the recipe
for re-normalization. Again I say that if I had had my Sommerfeld training I could
have done much more with this. In fact I used rather primitive methods there to
prove my point and perhaps that is another reason that the work was not too well
known. But you could directly quote from there a recipe for re-normalization. There
is a paper by Dirac in which he says the same thing for the mass, I think, but I
knew that already. I directly say there are three magnitudes which are essentially
nowadays the three “Z’s”, the three infinities; and I say in there that these are the
three infinities; but is characteristic that were they finite, you wouldn’t be able to
notice them.

This is why you can forget them, and I say this explicitly in this paper. I did
this work rather independently; Pauli was of course interested in it and he advised
me in many things. By the way, [ was always a sloppy man, and this paper was one
that has the greatest number of calculating mistakes of any paper ever written; it’s
terrific what’s wrong in there, but in principle it was right. ...

Heilbron: There’s just one paper, isn’t there, in the Danish Academy?

leelK.S.: see ref. [100].
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Kuhn: Let’s get that chronology right on the tape now.

Weisskopf: The papers are, in order, as follows: 34, the self energy paper or-
dered by Paulil?/[footn- K5I then the boson paper, the Klein-Gordon equation
with Paulilllfootn- K51 and in ’36, the polarization of the vacuum and the re-
normalization proposallillfeetn K51 which was done partially with Pauli but was
really written in Copenhagen. That’s why it was published here.

Weisskopf: ... 1 did another paper with Kemmer on the scattering of light by light.
I think this was in a letter to Naturel<<llfootn- K51 \We connected the scattering of
light by light with the Delbriick scattering. Today it’s a triviality; one light quantum
is replaced by the Coulomb field, but at that time it was not so trivial. That thing
was in fact the beginning of this later paper on the vacuum polarization where very
similar problems are treated. That just shows that these were the things one was
worrying about. No, I know what it was about; it had deeper significance, that
letter to the editor. Euler and Kockel at that time, under Heisenberg, calculated
the scattering of light by light, but had to do a lot of subtracting because there were
a great many terms that were infinite. They did this in the usual clever way and
got the result. And Kemmer and I showed that you can do the calculation without
raking any subtractions, because you can show that it is equivalent to the Delbriick
scattering, replacing one light quantum by the Coulomb field, and the Delbriick
scattering doesn’t diverge. This is a special case of what one does now every day if
one calculates these things. ... "

[BhK.S.: see ref. [254].
[K.S.: see ref. [256].
IK.S.: see ref. [100].
[KKIK.S.: see ref. [82].
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Appendix H

Historic recollections by N. Kemmer [258|, pp. 171-172 (English transl.: K.S.. The
English translation is appended after the original German text.):

“Weilskopf war damals auch in Ziirich und arbeitete am Selbstenergieproblem in
diesem neuen Rahmen!!!lfootn- K-S1 Ey fand, daf die neue Theorie immer noch an
Divergenzen litt, die aber nur schwach (logarithmisch) waren [11]lmm/lfootn- K51 Tch
beteiligte mich ein wenig an diesen Rechnungen und erlebte es mit, als Nachricht von
Heisenberg ankam, dafs zwei seiner Schiiler, Euler und Kockel, aufgrund dieser Theo-
rie die , Streuung von Licht an Licht” berechnet hatten [12]"/lfootn- K-S] Dieg war ein
wohldefinierter, kleiner, aber im Prinzip beobachtbarer Effekt, der als Abweichung
von den Maxwellschen Gleichungen beschrieben werden konnte. Die Autoren mufiten
bis zur vierten Ordnung in der Stérungstheorie rechnen und ohne vollstandige Recht-
fertigung gewisse divergente Integrale vernachléssigen. Die Berechnung war enorm
lang, obwohl sie nur fiir einige Spezialfille durchgefiihrt wurde. Heisenberg war
aber iiberzeugt, dafl trotz der Unvollkommenheit der Theorie das Endresultat rel-
ativistisch invariant sein miisse. Unter dieser Annahme konnten Euler und Kockel
ihr Ergebnis in der Form eines Zusatzes zur Lagrange-Funktion des Maxwell-Feldes
angeben

_L 2 p2
L_SW(E B?) +

ST {(EQ - %) +7(EB) 21 2)

(in den damals iiblichen Einheiten), wo

oo (Y (YL
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Unter Weiltkopfs Leitung und mit Dr. Guido Ludwig als Mitarbeiter berechnete
ich einen verwandten Effekt [13]locllfectn- K51 nimlich die (Delbriick-) Streuung von
Licht an einem elektrostatischen Potential. In der Abwesenheit invarianter Rechen-
methoden war es nicht offensichtlich, dafs unser Resultat mit dem Euler-Kockelschen
ibereinstimmen wiirde. Ich fand aber genau dieselben Koeffizienten wie in (2). So
lernte ich, dafs man Invarianzargumenten trauen konnte — auch fiir eine ganz unvoll-
kommene Theorie!”

WK.S.: i.e., hole theory, electron-positron theory [258], p. 171.
[m] K S Reference in the original article [258]: [11] Weisskopf, V., Z. Phys. 98, 27 (1934),
Berichtigung [correction] 90, 817 (1934). (K.S.: cf. our ref. [254])

[ K.S.: Reference in the original article [258]: [12] Euler, H., u. B. Kockel, Naturwissenschaften
23, 246 (1935). (K.S.: cf. our ref. [47]. For the letters of W. Heisenberg to W. Pauli reporting
about the progress of this calculation see letter [374], pp. 331-333, and letter [393], pp. 358-360, in
[209].)

lolK.S.: Reference in the original article [258]: [13] Kemmer, N., Helv. Phys. Acta 10, 112 (1937)
u. G. Ludwig, Helv. Phys. Acta 10, 182 (1937). (K.S.: cf. our refs. [114, 115].)
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English translation:

“At that time, Weilskopf also stayed in Zurich and worked on the self-energy problem
within this new framework/Prllfeotn K-S] = He discovered that the new theory still
suffered from divergencies, however weak (logarithmic) ones [11]laallfoetn K-S] T o0k
some part in these calculations and witnessed when news from Heisenberg arrived
that two of his students, Euler and Kockel, had calculated the “scattering of light
by light” on the basis of this theory [12]I"[feotn- K-5] This was a well-defined, small,
but observable in principle effect which could be described as a deviation from the
Maxwell equations. The authors had to perform calculations up to the fourth order
of perturbation theory and to neglect certain integrals without complete justification
for doing so. The calculation was enormously long although it was done for some
special cases only. However, Heisenberg was convinced that the final result had to
be relativistically invariant despite the imperfection of the theory. Relying on this
assumption, Euler and Kockel could present their result in terms of an addition to
the Lagrange function of the Maxwell field

L = 8%7 (E2 - B + 36€7T2 [(E2 — B’ 47 (Eéﬂ 2)

(in the units customary then) where
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Under the guidance of Weifkopf and with Dr. Guido Ludwig as collaborator I cal-
culated a related effect [13]I*Ilfoetn- K-S namely the (Delbriick-) scattering of light
by an electrostatic potential. In the absence of invariant calculational methods it
was not obvious that our result would agree with the one by Euler-Kockel. However,
I obtained the same coefficients as in (2). This way I learned that one can trust
invariance arguments — also for a fairly imperfect theory!”

[PPIK.S.: see footnote [II] on page 58.
[99K.S.: see footnote [mm| on page 58.
[MIK.S.: see footnote [nn| on page 58.
[1K.S.: see footnote (00| on page 58.
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Appendix I

Historic recollections by A. I. Akhiezer about his kand. diss. (Ph.D. Thesis) research
leading to the publications [64], [101] (The following passage is quoted from [259],
pp. 36-38; for a somewhat shorter version also see [260], pp. 107-109, pp. 77-78 of
the English translation.):

“Photon-photon scattering

Alter I passed the theorminimum Landau gave me a research subject. I was to study
the scattering of light by light. Landau had earlier given this subject to Rosenke-
vitch, who was another of his students. He and Landau were going to investigate
the scattering of light by light in the low-frequency domain, where the photon en-
ergy is much less than the mass of the electron. (Electron-positron pair production
makes the electron mass an important parameter here.) But Rosenkevitch failed to
solve this problem, and besides, there soon appeared a remarkable paper by Werner
Heisenberg and his student Hans Euler that gave a complete solution. Landau was
upset that the problem “got away” from him.

That happened just when I was passing the theorminimum. So Landau decided
to test my abilities with this difficult problem of photon-photon scattering, but this
time in the high-frequency domain where the photon energy exceeds the electron
mass. The phenomenon in question was a fourth-order effect in perturbation theory.
To calculate the scattering probability in that approximation, one should really use
Dirac’s relativistic theory of the electron. But at that time, perturbation theory had
been worked out only in nonrelativistic quantum mechanics. It was a hard task to
calculate the scattering amplitude, because one had to take into account numerous
intermediate states without overlooking any.

Eventually I had the amplitude written down and showed it to Landau. And
that’s when the first, and last, blowup in my relations with Landau erupted. He
didn’t like the nonrelativistic form of the probability amplitude. Besides, it was
written in terms of photon vector potentials rather than the electromagnetic fields
themselves. Therefore the expression was not gauge invariant. So Landau started
getting angry, but he couldn’t make my expression relativistically and gauge invari-
ant either. Nonetheless I strongly objected to his assertion that it couldn’t be done
within the existing perturbation theory.

This conversation had become rather unpleasant by the time Rosenkevitch came
in. Sizing up the situation, Rosenkevitch took two candlesticks standing on the desk,
gave one to me and the other to Landau, and said, “Now fight it out.” Landau burst
out laughing and said: “The hell with you. Do the calculations the way you want.”
I understood that he couldn’t deny my general formula. So I decided that since the
formula was correct, it should lead eventually to a properly invariant expression.
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‘The best gammists’

It was then that Pomeranchuk began to work with me. The calculations were hor-
rifying exercises in the manipulation of gamma matrices. Evgenii Lifshitz, coauthor
of the famous Landau textbooks, joked that Pomeranchuk and I were “the best gam-
mists in the Soviet Union.” (The joke, which loses something in translation, depends
on the similarity of “gamma” to an indecorous Russian word for excrement.)

Landau was insistent that we check the gauge invariance of our result. To that
end we replaced the vector potential with the field itself. We got 144 terms, which
had to sum to zero. Chuk (that’s what we used to call Pomeranchuk) and I held our
breaths as we did the sum. I can’t remember any other moment when I've been as
happy as I was when I finally saw that the sum did indeed vanish. We immediately
ran to Landau. He was happy too. Soon we had completed the calculation, getting
a relativistically invariant expression for the scattering cross section in the high-
frequency domain. We also succeeded in removing possible divergences simply by
exploiting the gauge invariance of the amplitude.

We described our work to Victor Weisskopf, who had recently arrived in Kharkov.
He was very pleased with it. At Landau’s seminar Weisskopf reported on his own
work on the nonlinear electrodynamics of the vacuum, and he gave me the galley
proofs of his paper. Though he obtained the same result Heisenberg and Euler had
gotten earlier, Weisskopf’s method was beautiful. Landau was full of praise.

Landau suggested that we publish our results in the British journal Nature.
Pomeranchuk and I wrote a brief paper, and Fritz Houtermans, a German émigré
at our institute, promptly translated it into English. (For more on the peripatetic
Houtermans see the letter by Victor Frenkel on page 104 and the article by losif
Khriplovich in PHYSICS TODAY, July 1992, page 29.) Without bothering to get
official permission, we took the article to the post office, and soon it was published
under our three names.

Then Pomeranchuk and I concerned ourselves with the problem of the coherent
scattering of gamma rays in the Coulomb field of the nucleus. This was another
problem to be solved in the framework of Dirac theory. In 1937 there was a nuclear
physics conference in Moscow. Pauli came, and Landau introduced Pomeranchuk
and me to him. We familiarized Pauli with our work on light-light scattering and
gamma scattering off nuclei. He approved. It was all a brilliant success for Lan-
dau’s “school,” because it indicated that we were dealing with the most important
theoretical problems of the day.”
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Appendix J

Historic recollections by Laslo Tisza (MIT, Cambridge, MA, USA) about the kand.
diss. (Ph.D. Thesis) research by A. I. Akhiezer leading to the publications [64], [101]
(The following passage is quoted from [261], pp. 307-308.):

“ITII. SCATTERING OF LIGHT BY LIGHT

P. A. M. Dirac published in 1928 a remarkable paper in which he established a rela-
tivistically invariant form for quantum mechanics. This theory was at first plagued
by a curious difficulty, it called for negative energy states for the electron. Dirac
later showed that instead of reversing the sign of the energy, one might reverse the
sign of its charge. At first this did not improve the situation much until the discovery
of the positron in 1932 changed the difficulty into a most remarkable prediction of
any theory. The use of the Dirac equation still was not obvious. The 4 x 4 gamma
matrices involved in this equation made manipulations difficult. There was an Inter-
national Theoretical Conference in May 1934 at the UFTI"!/lfootn- K-S] where these
questions were discussed. By 1935 pair production problems were rather standard
although they remained labor-intensive.

Shural"llfeetn K-S and myself completed about the same time our theoretical
minimum. We turned to Landau to start us off in research. The Dirac perturbation
theory was ready for use, mainly as a result of the so-called Casimir method for
handling gamma matrices; we all started along this line. Shura got the assignment
of the «scattering of light by light». This was a very difficult problem of fourth-
order perturbation calculus. After a while he and Chuk["VIlfeetn- K-5] decided to join
forces. This was a fortunate decision. I vividly remember the two sitting side by
side at two desks, working through long sequences of calculations. They were doing
the same step independently and proceeded to the next step only after their results
checked. They reminded me of the famous cartoon characters: Max and Moritz
by Wilhelm Busch, two mischievous boys, one of them with a funny hairdo. This
one was clearly Chuk. He was always full of ideas, be it something funny, or some
important physics. Landau said that Chuk reminded him of his younger self. They
had both striking ironical faces, but Daul""Ilfeotn- K-5] was tall and Chuk was short
and boyish. Shura has his own benign sense of humor. The two were sitting at their
desks, constantly joking and cursing while doing their ghastly calculations.

Eventually they finished and convinced Dau that all was right. (See Akhiezer’s
paper in Physics Todayl>/lfootn- K51 of 1994.) At the time the foremost expert
Victor Weisskopf was visiting and he endorsed the work as well. When the secretary
received the manuscript for typing, the title «Scattering of light by light» provoked

[*1K.S.: UFTI = Ukrainian Physico-Technical Institute.
[wKS.: Shura = A. I. Akhiezer.
["WIK.S.: Chuk = I. Ya. Pomeranchuk.
WWIK S.: Dau = L. D. Landau.
bK.S.: see ref. [259] (and our App. T).
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her perceptive remark: «do chevo zhe dumalis!» In free translation: «What will
they dream up next?»

His hard work paid off, Akhiezer passed his grueling test to be ready to become
Landau’s successor in due time.”
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Jauncey, G. E. M. [12, 16, 17, 39]
= Jauncey, George Eric Macdonnell (21.9.1888-19.5.1947)
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Kockel, B. [47]
= Kockel, (Wilhelm Paul) Bernhard (3.9.1909-27.5.1987)
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Kreisler, J. [83]
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Kunze, P. [151, 155]
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Kwal, B. [53, 84, 125]
= Kwal, Bernard [(7)-1952]
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Landau, L. [64] / [266, 267]
= Landau, Lev (Davidovich) [22.1.(O.S. 9.1.)1908-1.4.1968],
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Lippich, F. 2]
= Lippich, Ferdinand (Franz) (4.10.1838-18.10.1913)
https://de.wikipedia.org/wiki/Ferdinand_Lippich
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Madhava Rao, B. S. [85—88, 116118, 126]
= Madhava Rao, Bangalore Srinivasa Rao (29.5.1900-6.11.1987)
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Meixner, J. [54]
= Meixner, Josef (24.4.1908-19.3.1994)
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Mie, G. [7]
= Mie, Gustav (Adolf Feodor Wilhelm Ludwig) (29.9.1868-13.2.1957)
https://en.wikipedia.org/wiki/Gustav_Mie
Milkutat, E. [128]
= Milkutat, Ernst (dates of birth and death not known)
http://d-nb.info/gnd/10517615X
Mimura, Y. [124]
= Mimura, Yositaka (1.3.1898-26.10.1965)
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Mohler, F. L. [27]
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Morinaga, K. [124]
= Morinaga, Kakutard (23.8.1905-20.11.1970)
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Motz, L. [37]
= Motz, Lloyd (5.6.1909-14.3.2004)
https://en.wikipedia.org/wiki/Lloyd_Motz
Miiller, J. J. [1]
= Miiller, Johann Jakob (4.3.1846-14.1.1875)
https://en.wikipedia.org/wiki/Johann_Jakob_Miiller
Nikolsky, K. = see Nikol’skii, K. V.
Nikol’skii, K. V. (Nikolsky, K.) [55, 56]
= Nikol’skii, Konstantin Vyacheslavovich (1905-1978)
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Pauli, W. [90, 91] / [215, 256, 271]
= Pauli, Wolfgang (Ernst) (25.4.1900-15.12.1958),

Nobel Prize in Physics 1945
https://en.wikipedia.org/wiki/Wolfgang_ Pauli

Pomeranchook, I. = see Pomeranchuk, I.

Pomeranchuk, I. (Pomeranchook, I., Pomerantschuk, I.) [64, 102] / [268]
= Pomeranchuk, Isaak (Yakovlevich) [20.5.(O.S. 7.5.)1913-14.12.1966|
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https://en.wikipedia.org/wiki/Isaak_Pomeranchuk

Pomerantschuk, I. = see Pomeranchuk, I.

Pryce, M. H. L. [57-59, 92-94, 119]
= Pryce, Maurice Henry Lecorney (24.1.1913-24.7.2003)
https://en.wikipedia.org/wiki/Maurice_Pryce

Rosenfeld, L. [11]
= Rosenfeld, Léon (14.8.1904-23.3.1974)
https://en.wikipedia.org/wiki/Léon_Rosenfeld

Schaposchnikow, K. = see Shaposhnikov, K.

Schrodinger, E. [43, 60, 61, 141, 142, 144, 156—-158] / [265]
= Schrodinger, Erwin (Rudolf Josef Alexander) (12.8.1887-4.1.1961),

Nobel Prize in Physics 1933
https://en.wikipedia.org/wiki/Erwin_Schrddinger

Shaposhnikov, K. (Schaposchnikow, K.) 8, 13]
= Shaposhnikov, Konstantin (Nikolaevich) [24.4.1880-(7)]
= Hlanomnukos, Koncranrun (Hukonaesu«a)
http://ispu.ru/book/export/html/1338

Shirokov, M. F. [146]
= Shirokov, Mikhail Fedorovich (1901-24.10.1982)
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See [283].

Shubin, S. [95, 120] / [272]
= Shubin, Semén (Petrovich) [31.7.(0.S. 18.7.)1908-28.11.1938]
= Hly6un, Cemén (IlerpoBm)
https://ru.wikipedia.org/wiki/llybun, Ceméu_lleTpoBuy
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Solomon, J. [84, 125]
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Sommerfeld, A. [152]
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Sperling, J. [153]
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Stark, J. [145, 147] / [194, 195]
= Stark, Johannes (15.4.1874-21.7.1957), Nobel Prize in Physics 1919
https://en.wikipedia.org/wiki/Johannes_Stark
Thomas, C. D. [97, 131]
= Thomas, Charles Danser [5.11.1908-(?)]
See [284], Chap. 6, pp. 131-146.
Tomonaga, S. [132] / [231, 232, 275]
= Tomonaga, Sin-Itiro (31.3.1906-8.7.1979), Nobel Prize in Physics 1965
= ok, IR—FB / N ®F 7, > > 4 F B [Tomonaga Shin’ichiro]
https://en.wikipedia.org/wiki/Sin-Itiro_Tomonaga
Tonnelat-Baudot, M.-A. (Baudot, M.-A.) [65, 66, 98, 121]
= Tonnelat-Baudot, Marie-Antoinette (5.3.1912-3.12.1980)
https://en.wikipedia.org/wiki/Marie-Antoinette_Tonnelat
Vavilov, S. L. [10, 14, 18] / [174-176]
= Vavilov, Sergel Ivanovich [24.3.(0.S. 12.3.)1891-25.1.1951]
= Basuos, Cepreii llBanoBuq
https://en.wikipedia.org/wiki/Sergey_Ivanovich_Vavilov
Watson, W. H. [15, 62, 99]
= Watson, William Heriot (12.12.1899-9.11.1987)
http://viaf.org/viaf /118253342

95


https://ru.wikipedia.org/wiki/%D0%A1%D0%BC%D0%B8%D1%80%D0%BD%D0%BE%D0%B2,_%D0%90%D0%B4%D1%80%D0%B8%D0%B0%D0%BD_%D0%90%D0%BD%D0%B0%D1%82%D0%BE%D0%BB%D1%8C%D0%B5%D0%B2%D0%B8%D1%87
https://en.wikipedia.org/wiki/Arseny_Sokolov
https://en.wikipedia.org/wiki/Jacques_Solomon
https://en.wikipedia.org/wiki/Arnold_Sommerfeld
http://d-nb.info/gnd/106504460
https://en.wikipedia.org/wiki/Johannes_Stark
https://en.wikipedia.org/wiki/Sin-Itiro_Tomonaga
https://en.wikipedia.org/wiki/Marie-Antoinette_Tonnelat
https://en.wikipedia.org/wiki/Sergey_Ivanovich_Vavilov
http://viaf.org/viaf/118253342

Weiss, P.

[122]

= Weiss, Paul (9.4.1911-19.1.1991)

https://en.wikipedia.org/wiki/Paul_Weiss_(mathematician)
Weisskopf, V. [82, 100] / [253, 254, 257]

= Weisskopf, Viktor (Friedrich) (19.7.1908-21.4.2002)

= Weisskopf, Victor (Frederick)

https://en.wikipedia.org/wiki/Victor_Weisskopf

Wiegand,

R. V. [138]

= Wiegand, Roy Vernon (13.5.1914-18.12.2000)

Williams,

E.J.  [63]

= Williams, Evan James (8.8.1903-19.9.1945)

https://en.wikipedia.org/wiki/Evan_James_Williams
Witmer, E. E. [11]

= Witmer, Enos Eby (28.11.1898-29.10.1987)

http

://viaf.org/viaf/45946401

Zwicky, F. [123]
= Zwicky, Fritz (14.2.1898-8.2.1974)
https://en.wikipedia.org/wiki/Fritz_Zwicky

Further literature

[160] J. Kepler: Ad Vitellionem Paralipomena, Quibus Astronomiae Pars Optica
Traditur. C. Marnius & heirs of J. Aubrius, Frankfurt/M., 1604

(The book is freely available online at the ETH Zurich Library site given by
the DOI: 10.3931 /e-rara-322 .). [in Latin| Reprints: 1. [161], pp. 119-398. 2.
[162], pp. 5-391. 3. Culture et Civilisation, Brussels, 1968. Translations:

1.

Catalans: J. Kepler: Paralipomens a Vitel-lio. Els Origens de ’Optica
Moderna. Portic-EUMO-IEC, Barcelona, 2010.

English: [163]
French: J. Kepler: Paralipoménes a Vitellion. Les Fondements de

I’Optique Moderne. L'Histoire des Sciences, Textes et Etudes, Vol. 21.
J. Vrin, Paris, 1980.

German: 1. J. Kepler: J. Keplers Grundlagen der geometrischen Optik
(im Anschluf$ an die Optik des Witelo). Ostwalds Klassiker der Exak-
ten Wissenschaften, Vol. 198. Akademische Verlags-Gesellschaft, Leipzig,
1922 (The book is freely available online at the Deutsche Digitale Biblio-
thek website: https://www.deutsche-digitale-bibliothek.de/item
/DIMDW5WCXUTTFBJLOCBGHGFP2FHWQP3D).

96


https://en.wikipedia.org/wiki/Paul_Weiss_(mathematician)
https://en.wikipedia.org/wiki/Victor_Weisskopf
https://en.wikipedia.org/wiki/Evan_James_Williams
http://viaf.org/viaf/45946401
https://en.wikipedia.org/wiki/Fritz_Zwicky
http://dx.doi.org/10.3931/e-rara-322
https://www.deutsche-digitale-bibliothek.de/item/DJMDW5WCXU7TFBJLOCBGHGFP2FHWQP3D
https://www.deutsche-digitale-bibliothek.de/item/DJMDW5WCXU7TFBJLOCBGHGFP2FHWQP3D

[161]

[162]

163

[164]

[165]

[166]

2. J. Kepler: Schriften zur Optik, 1604-1611. FEingefiihrt und erganzt
durch historische Beitrage zur Optik- und Fernrohrgeschichte von Rolf
Riekher. Ostwalds Klassiker der Exakten Wissenschaften, Vol. 198 (new
edition of vols. 144 and 198 in one volume). Verlag Harri Deutsch, Frank-
furt /M., 2008.

— Cited at pp.: 3, 37

J. Kepler: Joannis Kepleri Astronomi Opera Omnia. Vol. 11. Heyder & Zim-
mer, Frankfurt/M., 1859 (The book is freely available online from the Séch-
sische Landesbibliothek — Staats- und Universitédtsbibliothek Dresden site:
http://digital.slub-dresden.de/id338583289). — Cited at pp.: 96

J. Kepler: Gesammelte Werke. Band II, Astronomiae Pars Optica. C. H.
Beck’sche Verlagsbuchhandlung, Munich, 1939. — Cited at pp.: 96

J. Kepler: Optics. Paralipomena to Witelo € Optical Part of Astronomy.
Translated by W. H. Donahue. Green Lion Press, Santa Fe, NM, 2000. —
Cited at pp.: 3, 96

Witelo |G. Tannstetter, P. Apianus (Eds.)|: Vitellonis Mathematici Doctissimi
[Mepe OnTekno [Peri Optikes/, id est de natura, ratione, € proiectione radio-
rum visus, luminum, colorum atqlue| formarum, quam vulgo Perspectivam
vocant, libri X. J. Petreius, Nuremberg, 1535, 2. ed. 1551 (The edition of 1535
is freely available online from the Sdchsische Landesbibliothek - Staats- und
Universitétsbibliothek Dresden at the URL:

http://digital.slub-dresden.de /id274466821 . The edition of 1551 is freely
available online from the Universidad de Sevilla digital archive at the URL:
http://fondosdigitales.us.es/fondos/libros/978 /10 /vitellionis-mathematici-
doctissimi-peri-optikes-id-est-de-natura-ratione-proiectione-radiorum-uisus-
luminumcolorum-atque-formarum-quam-uulgo-perspectiuam-uocant-libri-
x/). [in Latin|] Reprinted in: 1. [165]. 2. Incomplete: Various volumes of
the series Studia Copernicana, Ossolineum, The Polish Academy of Sciences
Press, Wroclaw (The series also contains English and Polish translations.). —
Cited at pp.: 3, 4

F. Risner (Ed.): Opticae Thesaurus. Alhazeni Arabis Libri Septem, nunc pri-
mum editi: eiusdem liber de crepusculis et nubium ascensionibus. item Vitel-
loni Thuringopoloni Opticae Libri X / omnes instaurati, figuris illustrati &
aucti, adiectis etiam in Alhazenum commentariis. Episcopios, Basel, 1572 (The
book is freely available online at the ETH Zurich Library site given by the DOI:
10.3931 /e-rara-9817 .). Reprint: D. C. Lindberg (Ed.), Johnson Reprint Corp.,
New York, 1972. — Cited at pp.: 3, 4, 37, 97

S. Unguru: Witelonis Perspectivae Liber Secundus et Liber Tertius. Books I
and III of Witelo’s Perspectiva — A Chritical Latin Edition and English Trans-
lation with Introduction, Notes and Commentaries. Studia Copernicana, Vol.

97


http://digital.slub-dresden.de/id338583289
http://digital.slub-dresden.de/id274466821
http://fondosdigitales.us.es/fondos/libros/978/10/vitellionis-mathematici-doctissimi-peri-optikes-id-est-de-natura-ratione-proiectione-radiorum-uisus-luminumcolorum-atque-formarum-quam-uulgo-perspectiuam-uocant-libri-x/
http://fondosdigitales.us.es/fondos/libros/978/10/vitellionis-mathematici-doctissimi-peri-optikes-id-est-de-natura-ratione-proiectione-radiorum-uisus-luminumcolorum-atque-formarum-quam-uulgo-perspectiuam-uocant-libri-x/
http://fondosdigitales.us.es/fondos/libros/978/10/vitellionis-mathematici-doctissimi-peri-optikes-id-est-de-natura-ratione-proiectione-radiorum-uisus-luminumcolorum-atque-formarum-quam-uulgo-perspectiuam-uocant-libri-x/
http://fondosdigitales.us.es/fondos/libros/978/10/vitellionis-mathematici-doctissimi-peri-optikes-id-est-de-natura-ratione-proiectione-radiorum-uisus-luminumcolorum-atque-formarum-quam-uulgo-perspectiuam-uocant-libri-x/
http://dx.doi.org/10.3931/e-rara-9817
http://dx.doi.org/10.3931/e-rara-9817

1167]

[168]

[169]

[170]

[171]

XXVIII. Ossolineum, The Polish Academy of Sciences Press, Wroclaw, 1991
(The book is freely available online at the Kujawsko-Pomorska Digital Library
site: http://kpbc.umk.pl/dlibra/docmetadata?id=41346). — Cited at pp.:
3,4

A. 1. Sabra: Theories of Light from Descartes to Newton. Oldbourne History
of Science Library. Oldbourne, London, 1967. Updated reprint: Cambridge
University Press, London, 1981. — Cited at pp.: 3

b pro el e 4GS Ao y U (Ao Lganly g Lgads ¢ pigll (o (st
[lil-Hasan ibn Haytham; haqqaqaha wa-raja’aha “ala al-tarjamah al-Latmiyah
"Abd al-Hamid Sabrah]|/[|al-Hasan ibn al-Haytham; edited and reviewed after
the Latin translation by Abdul Hamid Sabral:

SelBu Y o bay Y SV S =Yool Bl B [Kitab al-Manazir:
al-Magalat 1, 2, 3 fi al-ibsar “ald al-istigamah/. Kitab al-Manazir. Books I, 11,
111, on Direct Vision. a3 53 alwlw [al-Silsilah al-turathiyah|, Vol. 4 (1983).
=8Il olge g 1o WwlR 5 Guelsd) g &) I = Vaoh) : Hlall S

\m\\rﬁﬂ\: époaadl [Kitab al-Manazir: al-magalat al-rabi “ah wa al-khamisah fu
in “ikas al-adwa ” wa mawadi~ al-khayalat al-mubsarah bi-al-in “ikas|. Kitab al-
Manazir. (The Optics) of al-Hasan ibn al-Haytham. Books IV-V on Reflection
and Images Seen by Reflection. a1 2231 alwlew [al-Silsilah al-turathiyah|, Vol.
27 (2002). @1a¥1 9 O geall g 2dLaIL ido o3 udad! [al-Majlis al-Watan lil-
Thaqgafah wa-al-Funun wa-al-Adab|/[National Council for Culture, Arts, and
Letters|, Kuwait, 1983, 2002. |in Arabic| — Cited at pp.: 3

A. 1. Sabra: The Optics of Ibn al-Haytham. Books I-II-III: On Direct Vision.
Studies of the Warburg Institute, Vol. 40, part 1. Translation, part II: Intro-
duction, commentary, glossaries, concordance, indices. The Warburg Institute,
University of London, London, 1989. — Cited at pp.: 3

A. M. Smith: Alhacen’s theory of visual perception: A critical edition, with
English translation and commentary, of the first three books of Alhacen’s De
aspectibus, the medieval Latin version of Ibn al-Haytham’s Kitab al-Manazir.
Volume one: Introduction and Latin text. Transactions of the American Philo-
sophical Society, New Series 91:4(2001)i-clxxxi+1-337 (DOI: 10.2307 /3657358,
stable JSTOR URL: http://www.jstor.org/stable/3657358). — Cited at
pp.: 3, 37

A. M. Smith: Alhacen’s theory of visual perception: A critical edition, with
English translation and commentary, of the first three books of Alhacen’s De
aspectibus, the medieval Latin version of Ibn al-Haytham’s Kitab al-Manazir.
Volume two: English translation. Transactions of the American Philosophical
Society, New Series 91:5(2001)339-819 (DOI: 10.2307/3657357, stable JSTOR
URL: http://www. jstor.org/stable/3657357). — Cited at pp.: 3

98


http://kpbc.umk.pl/dlibra/docmetadata?id=41346
http://dx.doi.org/10.2307/3657358
http://www.jstor.org/stable/3657358
http://dx.doi.org/10.2307/3657357
http://www.jstor.org/stable/3657357

[172] Ch. Huygens: Traité de la Lumiére ou sont expliqueés les causes de ce qui
luy arrive dans la refexion, € dans la refraction. Et particulierement dans
Uetrange refraction du cristal d’Islande. Pierre van der Aa, Leiden, 1690 (The
book is freely available online at the ETH Zurich Library site given by the
DOI: 10.3931 /e-rara-3766 .). [in French]

Reprints:

1.

AR AT

In: Ch. Huygens: (Fuvres Complétes. Tome XIX. Mécanique Théorique et
Physique de 1666 a 1695. Martinus Nijhoff, The Hague, 1937, pp. 451-548
(The text if freely available online from the Digitale Biblioteek voor de
Nederlandse Letteren (Digital Library of Dutch Literature) site: http://
www.dbnl.org/tekst/huyg003oeuv19_01/downloads.php . The book is
freely available online at the Gallica Site of the Bibliothéque Nationale
de France, stable URL:
http://gallica.bnf.fr/ark:/12148/bpt6k77868x).

Gressner und Schramm, Leipzig, 1885, 1887, [19137].

Les Maitres de la Pensée Scientifique. Gauthier-Villars, Paris, 1920.
Dawsons, London, 1966.

Culture et Civilisation, Brussels, 1967.

Philips” Gloeilampenfabrieken Eindhoven Lighting Design and Engineer-
ing Centre, Eindhoven, 1980.

7. Dunod, Paris, 1992.
Translations:
1. Chinese: 50 BH# 4. BT [Kelisidi an. Hul géng s1]: 7t [Lun guang].

B} £ % X [Kexué mingzhu weénkn]. & Hh#: [Withan chubén shé],
Wuhan, 1993.

Dutch: Ch. Huygens: Verhandeling over het licht. Epsilon Uitgaven,
Utrecht, 1990.

3. English: [173].

German: Ch. Huygens: Abhandlung tiber das Licht: worin die Ursachen
der Vorginge bei seiner Zurickwerfung und Brechung und besonders bei
der eigentimlichen Brechung des isldndischen Spates dargelegt sind. Ost-
walds Klassiker der exakten Wissenschaften, Vol. 20. W. Engelmann,
Leipzig, 1. ed. 1890, 2. ed. 1903, 3. ed. 1913; Wissenschaftliche Buchge-
sellschaft, Darmstadt, 1964; H. Deutsch, Thun, 1996.

I[talian: 1. Trattato sulla luce. In: Ch. Huygens, C. Pighetti (Ed.)
Horologium Oscillatorium. Traité de la lumiére / L’orologio a pendolo: di-
mostrazioni geometriche sul moto dei pendoli applicati agli orologi. Trat-
tato sulla luce. G. Barbera, Florence, 1963. 2. Ch. Huygens: Trattato
sulla luce. Atti della Fondazione Giorgio Ronchi e Contributi dell’Istituto
Nazionale di Ottica 18:3(1963)257-291, 18:4(1963)361-415.

99


http://dx.doi.org/10.3931/e-rara-3766
http://www.dbnl.org/tekst/huyg003oeuv19_01/downloads.php
http://www.dbnl.org/tekst/huyg003oeuv19_01/downloads.php
http://gallica.bnf.fr/ark:/12148/bpt6k77868x

[173]

[174]

[175]

6. Latin: Tractatus de lumine. In: Ch. Huygens: Christiant Hugenii
Zuilichemui, dum viveret Zelhemiir Toparchae, opuscula reliqua. Vol. 1.
Jansson-Waesberg, Amsterdam, 1728 (The book is freely available online
at the ETH Zurich Library site given by the DOI: 10.3931/e-rara-4462

).

7. Portuguese: Ch. Huygens: Tratado sobre a Luz: onde sdo explicadas as
causas daquilo que lhe aconte ce na reflexdo e na refracao e particular-
mente na estranha refracao do cristal da Islindia. Cadernos de Historia

e Filosofia da Ciéncia (Suppl. 4, 1986). UNICAM, Sao Paulo, 1986.

8. Russian: X. I'toiirenc [Kh. Gyuigens|: Tpaxmam o ceeme, 6 xomopom
00BACHEHDL NPULUHDL MO0, YMO € HUM NPOUCTOOUM NPU OMPAAHCEHUL U
NPENOMACHUL, 6 YACTVHOCTNU NPU CMPAHHOM NPEAOMAEHUL UCAAHICKO20
kpucmaana [Traktat o svete, v kotorom ob™yasneny prichiny togo, chto
s nim proiskhodit pri otrazhenit i prelomlenii, v chastnosti pri strannom
prelomlenii islandskogo kristalla). Kiaccuku ecrecrsosnanus |Klassiki
estestvoznaniyal. 1. ed.: OHTU [ONTI|, Moscow-Leningrad, 1935; 2.
ed.: Kuaccnkn nayku [Klassiki nauki]. URSS, Moscow, 2010.

— Cited at pp.: 4, 37

Ch. Huygens: Treatise on Light in which are explained the cause of
that which occurs in reflexion, € in refraction. And particularly in the
strange refraction of Iceland crystal. Translated by S. P. Thompson.
University of Chicago Press, Chicago, Macmillan, London, 1912 (The
text is freely available online as eBook from The Project Gutenberg,
http://www.gutenberg.org/dirs/1/4/7/2/14725 . The book is freely
available online at the Internet Archive

site: http://www.archive.org/details/treatiseonlight031310mbp).
Reprint: Dover Books on History of Science and Classics of Science, Vol. 179.
Dover Publications, New York, 1962. — Cited at pp.: 4, 99

C. 1. Basmwios [S. I. Vavilov|:  Cobpanue cowunenuti. Tom I -  Pabomw
no gusuxe 1914-1936 [Sobranie sochinenii. Tom I - Raboty po fizike 191/-
1936]. WznarenscrBo Axajgemunn mayk CCCP [Izdatel’stvo Akademii nauk
SSSR], Moscow, 1954 (The book is freely available online at the following site
of the Russian Academy of Sciences: http://nasledie.enip.ras.ru/
ras/view/publication/general.html1?7id=43932907). [in Russian| — Cited
at pp.: 4, 8, 37, 66, 67, 95

C. U. Baswios [S. 1. Vavilov]:  Mukpocmpyxmypa ceema (Hccaedosarua
u ouepku) [Mikrostruktura sveta (Issledovaniya i ocherki)]. Cepusi «Vroru
u npobsieMbl coBpeMeHHOl Hayku» [Seriya «Itogi i problemy sovremennoi
naukiy|. Msmareascreo Akagemun nayk CCCP [Izdatel’stvo Akademii nauk
SSSR|, Moscow, 1950 (The book is freely available online at the following site
of the Russian Academy of Sciences:

100


http://dx.doi.org/10.3931/e-rara-4462
http://www.gutenberg.org/dirs/1/4/7/2/14725
http://www.archive.org/details/treatiseonlight031310mbp
http://nasledie.enip.ras.ru/ras/view/publication/general.html?id=43932907
http://nasledie.enip.ras.ru/ras/view/publication/general.html?id=43932907

[176]

[177]

178

http://nasledie.enip.ras.ru/ras/view/publication/general .html?
1d=46540521). [in Russian| Reprinted in: [176], pp. 381-544. Translations (no
English transl.):

1. Chinese: FLZEV& KR [Wa weéi luo fu]: JERIROWEE 5. B 57 7019 B
[Guang de wéiguan jiégou. Ydnjiu hé gailié]. H E R E [Zhongguo
kexuéyuan|/[Chinese Academy of Sciences|, Beijing, 1954.

2. French: S. 1. Vavilov: Micro-structure de la lumiére. Editions en Langues
Etrangéres, Moscow, s.d..

3. German: S. I. Wawilow: Die Mikrostruktur des Lichtes. Untersuchungen
und Grundgedanken. Akademie-Verlag, Berlin, 1953.

4. Hungarian: Sz. I. Vavilov: A fény mikrostruktirdja. Akadémiai Kiado,
Budapest, 1955.

5. Polish: S. I. Wawilow: Mikrostruktura Swiatta. Badania i szkice. Parist-
wowe Wydawnictwo Naukowe, Warsaw, 1953.

6. Romanian: S. I. Vavilov: Mikrostruktura Lumini (Cercetari si Studii).
Editura Academiei Republicii Populare Roméane, Bucarest, 1953.

7. Ukrainian: C. U. Baswmios [S. 1. Vavilov|:  Mixpocmpyxmypa ceimaa
[Mikrostruktura svitla. Pansuceka mrkoma |[Radyans’ka shkola], Kiev,
1956.

— Cited at pp.: 4, 95

C. 1. Basunos [S. I. Vavilov]:  Cobpanue cowunenuti. Tom II - Pabomw
no gusuxe 1937-1951 [Sobranie sochinenit. Tom II - Raboty po fizike 1937-
1951]. MsparenscrBo Axagemnu nayk CCCP [Izdatel’stvo Akademii nauk
SSSR], Moscow, 1954 (The book is freely available online at the following site
of the Russian Academy of Sciences: http://nasledie.enip.ras.ru/
ras/view/publication/general.htm1?7id=43460755). [in Russian| — Cited
at pp.: 95, 101

N. Kipnis: History of the Principle of Interference of Light. Science Networks
- Historical Studies, Vol. 5. Birkhduser Verlag, Basel, 1991 (DOI: 10.1007/978-
3-0348-8652-9). — Cited at pp.: 4

M. B. Jlomonocos [M. V. Lomonosov|: Caoso o npouczoscdeniu cerma, no-
8Y10 MEOPI0 0 UBTHMATE NPEICMABAAIOULEE, 65 NYOAUYHOMS COOPAMHIL UMNe-
pamopcroti Axademiu wayks oas 1 dna 1756 20da 206opennoe Muzatinoms
Jlomomnocosvims [Slovo o proiskhozhdenii svéta, movuyu teoriyu o tsvétakh”
predstavlyayushchee, v’ publichnom” sobranii imperatorskoi Akademui nauk”
wulya 1 dnya 1756 goda govorennoe Mikhailom” Lomonosovym”. Vmuepa-
Topckas Axkajiemis Haykb [[mperatorskaya Akademiya nauk”|, St. Petersburg,
1757. [in Russian| Reprinted in: 1. Ioanoe cobparie covwunenit Muxatina Ba-
cuavesuua Jlomonocosa. Yacmv mpemis [Polnoe sobranie sochinenii Mikhaila

101


http://nasledie.enip.ras.ru/ras/view/publication/general.html?id=46540521
http://nasledie.enip.ras.ru/ras/view/publication/general.html?id=46540521
http://nasledie.enip.ras.ru/ras/view/publication/general.html?id=43460755
http://nasledie.enip.ras.ru/ras/view/publication/general.html?id=43460755
http://dx.doi.org/10.1007/10.1007/978-3-0348-8652-9
http://dx.doi.org/10.1007/10.1007/978-3-0348-8652-9

Vasil’evicha Lomonosova. Chast’ tretiyal. VImneparopckasi Akajiemist HayKb
[Imperatorskaya Akademiya nauk”|, St. Petersburg, 1803, pp. 105-142 (The
book is freely available online at the site:

http: / /imwerden.de/cat /modules.php?name=books&pa=showbook
&pid=2666).

2. Covwumnenia M. B. Jlomonocosa ¢ 008ACHUMEAOHOIMU MPUMIDYAHIAMU
axademuxa M. H. Cyxomaunosa [Sochineniya M. V. Lomonosova s”
ob yasnitel’nymi priméchaniyami akademika M. I. Sukhomlinova/. Vol. 4. Nwm-
neparopckasi Akajemist Haykb [Imperatorskaya Akademiya nauk”|, St. Peters-
burg, 1898, item XIII, p. 392-424 (The book is freely available online at the
following site of the Russian Academy of Sciences: http://nasledie.enip.
ras.ru/ras/view/publication/general .html?id=42070256). 3. M. B. Jlo-
monocoB [M. V. Lomonosov|:  Cji0BO 0 IPOMCXOKICHAU CBETA, HOBYIO TEOPUIO
0 TBETAX MPEJICTABJISIONEe, B MyOJUIHOM COOpAHUN UMIEPATOPCKOi AKae-
mun Hayk utosist 1 nast 1756 rosa ropopernoe Muxaiisiom JTomorocoseiM [Slovo
o proiskhozhdenii sveta, novuyu teoriyu o tsvétakh predstavlyayushchee, v
publichnom sobranii imperatorskoi Akademii Nauk iyulya 1 dnya 1756 goda
govorennoe Mikhailom Lomonosovym|. In:  IToanoe cobparue cowunenui.
Tom Tpemudi. Tpydv, no gusure 1753-1765 2e. [Polnoe sobranie sochineni.
Tom tretit. Trudy po fizike 1753-1765 gg.]. V3narenbcrBo Akajemun Hayk
CCCP [Izdatel’stvo Akademii nauk SSSR|, Moscow, 1952, item 15, pp. 315-
344 (The book is freely available online at the site:
http://lomonosov300.ru/6158.htm). Translations:

1. English: Oration on the origin of light. A new theory of color, pre-
sented in a public meeting of the Imperial Academy of Sciences,
July 1, 1756. In: Mikhail Vasil’evich Lomonosov on the Corpus-
cular Theory. Translated, with an Introduction, by H. M. Leices-
ter. Harvard University Press, Cambridge, MA, 1970, pp. 247-269
(The book is freely available online at the Internet Archive site:
http://www.archive.org/details /mikhailvasilevic017733mbp).

2. German: Rede iiber das Entstehen des Lichtes, die eine neue Farbenlehre
darstellt. In: M. W. Lomonossow: Ausgewdhlte Schriften in zwei Banden.
Band 1: Naturwissenschaften. Akademie-Verlag, Berlin, 1961, pp. 329-
360.

3. Hungarian: Beséd a fény keletkezésérsl, amely a szinek 4j elméletét is
bemutaja. Elmondta Mihajlo Lomonoszov a Cari Tudoményos Akadémia
1756. julius 1-én tartott nyilvanos tlésén. In: [M. Lomonoszov|: Lomonos-
zov valogatott frasai. Europa Kényvklado, Helikon Kiado, Budapest,
1982, pp. 195-236.

4. Latin: Oratio de origine lucis: sistens novam theoriam colorum, in pub-
lico conventu Academiae Scientiarum Imperialis Petropolitanae propter
nominis festivitatem serenissimis princips magni ducis Pauli Petridae

102


http://imwerden.de/cat/modules.php?name=books&pa=showbook&pid=2666
http://imwerden.de/cat/modules.php?name=books&pa=showbook&pid=2666
http://nasledie.enip.ras.ru/ras/view/publication/general.html?id=42070256
http://nasledie.enip.ras.ru/ras/view/publication/general.html?id=42070256
http://lomonosov300.ru/6158.htm
http://www.archive.org/details/mikhailvasilevic017733mbp

[179]

[180]

181]

[182]

[183]

[184]

[185]

[186]

1187]

habita calendis Iuliis annt MDCCLVI a Michaele Lomonosow, consiliario
academico. Typis Academiae Scientiarum, St. Petersburg, 1756.

— Cited at pp.: 4, 37

E. D. Palik, B. W. Henvis: A bibliography of magnetooptics of solids. Applied
Optics 6:4(1967)603-630 (DOI: 10.1364/A0.6.000603). — Cited at pp.: 5

J. W. Beams: Electric and magnetic double refraction. Reviews of Modern
Physics 4:1(1932)133-172. (DOI: 10.1103/RevModPhys.4.133). — Cited at pp.:

5
A. 1. Milstein, M. Schumacher: Present status of Delbriick scattering. Physics
Reports 243:4(1994)183-214 (DOI: 10.1016,/0370-1573(94)00058-1). — Cited at

pp-: 6

R. N. Lee, A. L. Maslennikov, A. I. Milstein, V. M. Strakhovenko,
Yu. A. Tikhonov: Photon splitting in atomic fields. Physics Reports
373:3(2003)213-246 (DOIL: 10.1016/S0370-1573(02)00030-3) [arXiv:hep-
ph/0111447 (https://arxiv.org/abs/hep-ph/0111447)]. — Cited at pp.:
6

R. P. Mignani, V. Testa, D. Gonzalez Caniulef, R. Taverna, R. Tur-
olla, S. Zane, K. Wu: Evidence vor vacuum birefringence from the first
optical-polarimetry measurment of isolated neutron star RX J1856.5-3754.
Monthly Notices of the Royal Astronomical Society 465:1(2017)492-500
(DOI: 10.1093/mnras/stw2798) [arXiv:1610.08323 (https://arxiv.org/
abs/1610.08323)]. — Cited at pp.: 6

ATLAS Collaboration (Morad Aaboud (Oujda U.) et al.): Evidence for
light-by-light scattering in heavy-ion collisions with the ATLAS detector
at the LHC. Nature Physics 13:9(2017)852-558 (DOI: 10.1038 /nphys4208)
[CERN Preprint CERN-EP-2016-316, arXiv:1702.01625 (https://arxiv.
org/abs/1702.01625)]. — Cited at pp.: 6

R. Battesti, C. Rizzo: Magnetic and electric properties of a quantum
vacuum. Reports on Progress in Physics 76:1(2013)016401, 23 pp. (DOI:
10.1088,/0034-4885/76,/1/016401) [arXiv:1211.1933 (https://arxiv.org/
abs/1211.1933)]. — Cited at pp.: 11

I1. JI. Kammna [P. L. Kapitsa]: Ann6epr Ditamrreiin [Al’bert Einshtein|. Bo-
npoco, Quaocoguu [Voprosy Filosofiil No. 6 (1980)29-31. Reprinted in: 1. [187],
2. [188], 3. ed. pp. 372-375, 4. ed. pp. 370-375. English translation: [189],
reprinted in [190], item 29, pp. 315-317. — Cited at pp.: 11, 38

. JI. Kammma [P. L. Kapitsa]:  Amn6epr Ditamrein [Al'bert Einshtein|/
[Albert Einstein|. Becmunux Axademuu Hayx CCCP [Vestnik Akademii Nauk
SSSR] No. 7 (1980)37-40. — Cited at pp.: 11, 38, 103

103


http://dx.doi.org/10.1364/AO.6.000603
http://dx.doi.org/10.1103/RevModPhys.4.133
http://dx.doi.org/10.1016/0370-1573(94)00058-1
http://dx.doi.org/10.1016/S0370-1573(02)00030-3
https://arxiv.org/abs/hep-ph/0111447
https://arxiv.org/abs/hep-ph/0111447
https://arxiv.org/abs/hep-ph/0111447
http://dx.doi.org/10.1093/mnras/stw2798
https://arxiv.org/abs/1610.08323
https://arxiv.org/abs/1610.08323
https://arxiv.org/abs/1610.08323
http://dx.doi.org/10.1038/nphys4208
https://arxiv.org/abs/1702.01625
https://arxiv.org/abs/1702.01625
https://arxiv.org/abs/1702.01625
http://dx.doi.org/10.1088/0034-4885/76/1/016401
http://dx.doi.org/10.1088/0034-4885/76/1/016401
https://arxiv.org/abs/1211.1933
https://arxiv.org/abs/1211.1933
https://arxiv.org/abs/1211.1933

188

[189)

[190]

191]

192]

193]

194]

[195]

[196]

IT. JI. Kanuua |[P. L. Kapitsa|: xcnepumenm. Teopus. ITpaxmuka. Cmamwu,
svicmynaenus [Eksperiment. Teoriya. Praktika. Stat’i, vystupleniya/. Hayxa
[Nauka], Moscow, 3. ext. ed.: 1981, 4. corr. and ext. ed.: 1987. Translations of
the 3. ed.:

1. German: P. L. Kapica: Fxperiment, Theorie, Praxis. Aufsdtze und Reden.
Beitrége zur Forschungstechnologie, Sonderband No. 3. Akademie-Verlag,
Berlin, 1984.

2. Polish: P. L. Kapica: Eksperyment. Teoria. Praktyka. Artykuty,
wystgpienia. Panstwowe Wydawnictwo Naukowe, Warsaw, 1987.

3. Spanish: P. L. Kapitsa: Ezperimento. Teoria. Prdactica. Articulos y con-
ferencias. Mir, Moscow, 1985.

— Cited at pp.: 11, 38, 103

P. L. Kapitsa: Albert Einstein. Soviet Studies in Philosophy 19:3(1980)3-10
(DOI: 10.2753/RSP1061-196719033). Reprinted in: [190], item 29, pp. 315-
317.— Cited at pp.: 11, 103

D. ter Haar (Ed.): Collected Papers of P. L. Kapitza. Volume 4: 1965-1983.
Pergamon Press, Oxford, 1986. — Cited at pp.: 11, 103, 104

Yu. M. Poluektov: On the dependence of the speed of light in vacuum on
temperature. arXiv:1706.01319 (https://arxiv.org/abs/1706.01319). —
Cited at pp.: 11

A. D. Beyerchen: Scientists under Hitler. Politics and the Physics Community
in the Third Reich. Yale University Press, New Haven, 1977. — Cited at pp.:
13

W. Stocker: Der Nobelpreistriger Johannes Stark, 1874-1957. Eine politische
Biographie. Medien Verlag Kohler, Tiibingen, 2001. [in German| — Cited at

pp-: 13

J. Stark: FErfahrungen und Theorien tiber Licht und Elektron. Verlag G. H.
Stifel, Traunstein Obb., 1950. [in German| — Cited at pp.: 13, 86, 95

J. Stark: Weitere experimentelle Untersuchungen iiber die Natur des Lichts
[Further experimental investigations on the nature of light|. Zeitschrift fir
Physik 133:4(1952)504-512 (DOI: 10.1007/BF01336862). |in German| — Cited
at pp.: 13, 86, 95

M. Planck: Einfihrung in die Theorie der Elektrizitit und des Magnetismus.
Zum Gebrauch bei Vortrigen, sowie zum Selbstunterricht. Verlag von S. Hirzel,
Leipzig, 1. ed. 1922, 2. ed. 1928, 3. ed. 1937 (= Vol. 3 of: Einfihrung in die
Theoretische Physik; the volume, 1. ed., is freely available online at the Inter-
net Archive site:

104


http://dx.doi.org/10.2753/RSP1061-196719033
https://arxiv.org/abs/1706.01319
https://arxiv.org/abs/1706.01319
http://dx.doi.org/10.1007/BF01336862

197]

[198]

[199]

200

[201]

[202]

203

http://www.archive.org/details/einfhrungindietO0Oplangoog). English
translation: Theory of Electricity and Magnetism. Being Volume III of “Intro-
duction to Theoretical Physics”. Macmillan, London, pr. 1932, 1949, 1957. —
Cited at pp.: 14

R. P. Feynman, R. B. Leighton, M. Sands: The Feynman Lectures on Physics,
Mainly Elektromagnetism and Matter. Addison-Wesley Publishing Company,
Inc., Reading, MA, 1964 (= Vol. 2 of: The Feynman Lectures on Physics;
various further editions). — Cited at pp.: 14

W. Gentner: Die Absorption, Streuung und Sekundéarstrahlung harter -
Strahlung [The absorption, scattering, and secondary radiation of hard ~-
radiation|. Physikalische Zeitschrift 38:21(No. 985)(1937)836-853. [in German)|
Reprinted in: W. Gentner: Schriften und Vortrige zur Kernphysik bis 1976.
Max-Planck-Institut fiir Kernphysik, Heidelberg, 1976, item 31, pp. 251-268.
— Cited at pp.: 15

Ch. M. Davisson, R. D. Evans: Gamma-ray absorption coefficients. Reviews
of Modern Physics 24:2(1952)79-107 (DOI: 10.1103/RevModPhys.24.79). —
Cited at pp.: 15

W. Gentner: Einiges aus der frithen Geschichte der Gamma-Strahlen [From
the early history of gamma rays|. [in German| In: O. R. Frisch, F. A. Paneth,
F. Laves, P. Rosbaud (Eds.): Beitrdge zur Physik und Chemie des 20. Jahrhun-
derts. Lise Meitner, Otto Hahn, Max von Laue zum 80. Geburtstag. Friedrich
Vieweg & Sohn, Braunschweig, 1959, pp. 28-44. Parallel edition: O. R. Frisch,
F. A. Paneth, F. Laves, P. Rosbaud (Eds.): Trends in Atomic Physics. Essays
dedicated to Lise Meitner, Otto Hahn, Max von Laue on the occasion of their
80th birthday. Interscience Publishers, New York, 1959. Reprinted in: W. Gen-
tner: Schriften und Vortrige zur Kernphysik bis 1976. Max-Planck-Institut fiir
Kernphysik, Heidelberg, 1976, item 57, pp. 466-482. — Cited at pp.: 15

L. Meitner, H. H. Hupfeld: Uber die Priifung der Streuungsformel von Klein
und Nishina an kurzwelliger y-Strahlung [On the verification of the scatter-
ing formula by Klein and Nishina on short-wave y-radiation|. Die Naturwis-
senschaften 18:22(1930)352-353 (DOI: 10.1007/BF01513428). [in German| —
Cited at pp.: 15

L. Meitner, H. H. Hupfeld: Priifung der Streuungsformel von Klein und
Nishina an kurzwelliger y-Strahlung |Verification of the scattering formula
by Klein and Nishina on short-wave y-radiation|. Physikalische Zeitschrift
31:21(No. 817)(1930)947-948. [in German| — Cited at pp.: 15

L. Meitner, H. H. Hupfeld: Uber das Absorptionsgesetz fiir kurzwellige -
Strahlung [On the law of absorption for short-wave y-radiation|. Zeitschrift
fiir Physik 67:3-4(1931)147-168 (DOI: 10.1007/BF01394595). [in German| —
Cited at pp.: 15

105


http://www.archive.org/details/einfhrungindiet00plangoog
http://dx.doi.org/10.1103/RevModPhys.24.79
http://dx.doi.org/10.1007/BF01513428
http://dx.doi.org/10.1007/BF01394595

1204]

205

[206]

207]

208

209

[210]

[211]

212]

L. Meitner, H. H. Hupfeld: Uber das Streugesetz kurzwelliger ~-Strahlen
[On the scattering law of short-wave ~-rays|. Die Naturwissenschaften
19:37(1931)775-776 (DOI: 10.1007/BF01520525). |in German| — Cited at pp.:

15

L. Meitner, H. H. Hupfeld: Uber die Streuung kurzwelliger v-Strahlung an
schweren Elementen |[On the scattering of shortwave ~ radiation off heavy
elements|. Zeitschrift fir Physik 75:11-12(1932)705-715

(DOI: 10.1007/BF01341611). |in German| — Cited at pp.: 15

L. Meitner: Uber die Streuung kurzwelliger ~-Strahlen (nach gemeinsamen
Versuchen mit H. H. Hupfeld und H. Késters) [On the scattering of short-wave
v rays (according to joint experiments with H. H. Hupfeld and H. Kosters)|.
Helvetica Physica Acta 6:6(1933)445-450 (The article is freely available on-
line at the ETH Zurich Library site: http://www.e-periodica.ch/digbib/
view?pid=hpa-001:1933:6::447). [in German| — Cited at pp.: 15

L. M. Brown, D. F. Moyer: Lady or tiger? — The Meitner-Hupfeld effect and
Heisenberg’s neutron theory. American Journal of Physics 52:2(1984)130-136
(DOI: 10.1119/1.13920). — Cited at pp.: 15, 68

Mazx Delbriick: Interview by Carolyn Harding, Pasadena, California, July 14-
September 11, 1978. Oral History Project, California Institute of Technol-
ogy Archives, Pasadena, CA (The transcript - retrieved June 24, 2017 - is
freely available online from the Caltech Archives site, persistent URL: http:
//resolver.caltech.edu/CaltechOH:0H_Delbruck_M). — Cited at pp.: 15,
90

K. von Meyenn (Ed.): Wolfgang Pauli. Wissenschaftlicher Briefwechsel mit
Bohr, Einstein, Heisenberg u.a.. Band II: 1930-1939. Scientific Correspon-
dence with Bohr, Finstein, Heisenberg a.o.. Volume II: 1930-1939. Sources in
the History of Mathematics and Physical Sciences, Vol. 6. Springer-Verlag,
Berlin, 1985 (DOI: 10.1007,/978-3-540-78801-0). — Cited at pp.: 17, 32, 34, 38,
41, 58

F. Rohrlich, R. L. Gluckstern: Forward scattering of light by a Coulomb field.
Physical Review 86:1(1952)1-9 (DOI: 10.1103/PhysRev.86.1). — Cited at pp.:
17

H. A. Bethe, F. Rohrlich: Small angle scattering of light by a Coulomb field.
Physical Review 86:1(1952)10-16 (DOI: 10.1103/PhysRev.86.10). — Cited at

pp-: 17

L. Meitner: Die Streuung harter 7-Strahlen [The scattering of hard ~y-rays|. Die
Naturwissenschaften 22:11(1934)174 (DOI: 10.1007/BF01496259). [in Ger-
man| — Cited at pp.: 17

106


http://dx.doi.org/10.1007/BF01520525
http://dx.doi.org/10.1007/BF01341611
http://www.e-periodica.ch/digbib/view?pid=hpa-001:1933:6::447
http://www.e-periodica.ch/digbib/view?pid=hpa-001:1933:6::447
http://dx.doi.org/10.1119/1.13920
http://resolver.caltech.edu/CaltechOH:OH_Delbruck_M
http://resolver.caltech.edu/CaltechOH:OH_Delbruck_M
http://dx.doi.org/10.1007/978-3-540-78801-0
http://dx.doi.org/10.1103/PhysRev.86.1
http://dx.doi.org/10.1103/PhysRev.86.10
http://dx.doi.org/10.1007/BF01496259

[213]

[214]

[215]

[216]

[217]

[218]

E. Schénfeld: Die dunkeln Fixstern-Begleiter |[The dark fixed star companions|.
Jahresbericht des Mannheimer Vereins fir Naturkunde 30(1864)91-114. [in
German| — Cited at pp.: 19, 39

M. J. Aschwanden: Physics of the Solar Corona. An Introduction. Springer-
Praxis Books in Geophysical Science. Praxis Publishing Ltd., Chichester;
Springer-Verlag, Berlin, 2004. 2. ed. with corrections, problems, and solutions:
Physics of the Solar Corona. An Introduction with Problems and Solutions.
Springer-Praxis Books in Astronomy and Planetary Sciences. Praxis Publish-
ing Ltd., Chichester; Springer-Verlag, Berlin, 2005, 2006 (DOI: 10.1007/3-540-
30766-4). — Cited at pp.: 20

W. Pauli jun.: Relativitatstheorie. Encyclopddie der Mathematischen Wis-
senschaften mit FEinschluss threr Anwendungen. Finfter Band in drei Teilen.
Zweiter Teil. Verlag und Druck von B. G. Teubner, Leipzig, 1904-1922, sec.
19 (1920), pp. 539-775 (The article is freely available online at the GDZ Doc-
ument Server: http://gdz.sub.uni-goettingen.de/dms/load/
toc/7PPN=PPN360709672). Separately issued: Relativititstheorie. Sonderab-
druck aus der Encyklopddie der Mathematischen Wissenschaften. B. G. Teub-
ner, Leipzig, 1921. Extended reprints: Relativititstheorie. Boringhieri, Turin,
1963. Relativitatstheorie. Neu herausgegeben und kommentiert von Domenico
Giulini. Springer, Berlin, 2000 (DOI: 10.1007/978-3-642-58355-1). [in German]|
English translation: Theory of Relativity. Pergamon Press, New York, NY,
1958. Reprinted: Dover Books on Physics. Dover Publications, New York,
NY, 1981. — Cited at pp.: 22, 94

M. Born: My Life. Recollections of a Nobel Laureate. Charles Scribner’s Son,
New York, NY; Taylor & Francis, London, 1978. Reprint: Routledge Li-
brary Editions: 20th Century Science. Routledge, Abingdon, UK, New York,
NY, 2014. German translation: Mein Leben. Die Erinnerungen des Nobel-
preistragers. Nymphenburger Verlagshandlung, Munich, 1975. — Cited at pp.:
22, 24, 89

M. Born: Die Theorie des starren Elektrons in der Kinematik des
Relativitédtsprinzips [The theory of the rigid electron in the kinematics
of the relativity principle|. Annalen der Physik, 4. Series, 30 (335 of
all series altogether):11(1909)1-56 (DOI: 10.1002/andp.19093351102), Erra-
tum ibid. 4. Series, 30 (335 of all series altogether):14(1909)840 (DOI:
10.1002/andp.19093351410). [in German| Also separately issued as: M. Born:
Die Theorie des starren Elektrons in der Kinematik des Relativitdtsprinzips.
J. A. Barth, Leipzig, 1909. The article is reprinted in: [218], vol. 1, item 2, pp.
105-160. — Cited at pp.: 22, 89

M. Born: Ausgewdihite Abhandlungen. Mit einem Verzeichnis der wis-
senschaftlichen Schriften. 2 Volumes. Vandenhoeck & Ruprecht, Gottingen,
1963. — Cited at pp.: 68, 69, 89, 107

107


http://dx.doi.org/10.1007/3-540-30766-4
http://dx.doi.org/10.1007/3-540-30766-4
http://gdz.sub.uni-goettingen.de/dms/load/toc/?PPN=PPN360709672
http://gdz.sub.uni-goettingen.de/dms/load/toc/?PPN=PPN360709672
http://dx.doi.org/10.1007/978-3-642-58355-1
http://dx.doi.org/10.1002/andp.19093351102
http://dx.doi.org/10.1002/andp.19093351410
http://dx.doi.org/10.1002/andp.19093351410

[219]

[220]

[221]

[222]

[223]

[224]

A. S. Eddington: The Mathematical Theory of Relativity. Cambridge Univer-
sity Press, 1. ed.: 1923, 2. ed.: 1924, various reprints (The first edition of
the book is freely available online at the Internet Archive site, URL: https:
//archive.org/details/mathematicaltheo0Oeddiuo). — Cited at pp.: 24

G. Boillat: Nonlinear electrodynamics: Lagrangians and equations of motion.
Journal of Mathematical Physics 11:3(1970)941-951
(DOI: 10.1063/1.1665231). — Cited at pp.: 27

J. Plebanski: Lectures on Non-Linear Electrodynamics. Nordita, Copenhagen,
1970. — Cited at pp.: 27

A. Einstein, H. Born, M. Born: Albert Finstein. Hedwig und Max Born.
Briefwechsel 1916-1955, kommentiert von Max Born. Nymphenburger Ver-
lagshandlung, Munich, 1969. Translations:

1. Chinese (translation of [224]): % B-Z K EH FEEE (1916-1955). B
P B AR B AL BB I B2 [Bo en-ai yin sitdn shiixin ji (1916-1955).
Dongdang shidai de yiuyl, zhéngzhi he will xué]. FIERIEEE H AR
1 [Shanghsi keji jidoyu chuban shé|/ [Shanghai Science and Technology
Education Press|, Shanghai, 2010.

2. English: [223|. Modified reprint: [224]

3. French: Albert Finstein. Max Born. Correspondance 1916-1955. Seuil,
Paris, 1972.

4. Japanese: 74 ¥ ¥ a x4 R {ELE 1916-1955 [Ainshutain borun
ofuku shokan-shu 1916-1955]. ={&fk [Sanshusha], Tokyo, 1976.

5. Norwegian: Albert Finstein. Max Born. Brevveksling 1916-1955. As-
chehoug, Oslo, 1971.

6. Spanish: 1. Correspondencia (1916-1955). Albert Einstein. Max y Hedwig
Born. Siglo XXI, Madrid, Mexico City, 1. ed.: 1973, 2. ed.: 1999. 2. Albert
FEinstein - Max Born. Cartas (1916-1955). (Y algunos aledarnos). S.T.1.
ediciones, Zaragoza, 2015.

— Cited at pp.: 29, 40

A. Einstein, H. Born, M. Born: The Born-FEinstein Letters. Correspon-
dence between Albert Finstein and Max and Hedwig Born from 1961 to
1955 with commentaries by Max Born. Macmillan, London; Walker, New
York, 1971 (The book is freely available online at the Internet Archive site,
URL: https://archive.org/details/TheBornEinsteinLetters). Modified
reprint: [224|. — Cited at pp.: 29, 108

M. Born: The Born-Einstein Letters 1916-1955. Friendship, Politics and
Physics in Uncertain Times. Macmillan, Basinstoke, 2005. — Cited at pp.:
108

108


https://archive.org/details/mathematicaltheo00eddiuo
https://archive.org/details/mathematicaltheo00eddiuo
http://dx.doi.org/10.1063/1.1665231
https://archive.org/details/TheBornEinsteinLetters

[225]

[226]

[227]

[228]

[229]

230

231]

P. A. M. Dirac: On the annihilation of electrons and protons. Pro-
ceedings of the Cambridge Philosophical Society 26:3(1930)361-375 (DOI:
10.1017/S0305004100016091). Reprinted in: R. H. Dalitz (Ed.): The Collected
Works of P. A. M. Dirac 1924-1948. Cambridge University Press, Cambridge,
1995, paper 1930:2, pp. 419-435. — Cited at pp.: 30

J. R. Oppenheimer: Two notes on the probability of radiative transitions.
Physical Review 35:8(1930)939-947 (DOI: 10.1103/PhysRev.35.939). — Cited
at pp.: 30

I. Tamm: Uber die Wechselwirkung der freien Elektronen mit der Strahlung
nach der Diracschen Theorie des Elektrons und nach der Quantelelektrody-
namik [On the interaction of free electrons with radiation according to Dirac’s
theory of the electron and according to quantum electrodynamics|. Zeitschrift
fiir Physik 62:7-8(1930)545-568 (DOI: 10.1007/BF01339679). [in German]|
Reprinted in Russian: O B3anmojeiicTBUN CBOOOTHBIX JIEKTPOHOB C U3JTyde-
HUEM II0 JTUPAKOBCKOW TeOPUHU 3JEKTPOHA W 10 KBAHTOBOM JIEKTPOIHHAMUKE
|O vzaimodeistvii svobodnykh élektronov s izlucheniem po dirakovskol teorii
elektrona i po kvantovoi élektrodinamike|. In:  U. E. Tamwm [I. E. Tamm]|:  Co-
bpanue Hayuwnulr mpydos 6 deyxr momar [Sobranie nauchnykh trudov v dvukh
tomakh/, Tom [Tom] II: Teopus ssemenmapnuix wacmuy, u 63aumodeticmeut
npu 6vicokur smepeuar. Pyndamernmanvhuvie npobaemu. Pasnoe [Teoriya éle-
mentarnykh chastits i vzaimodeistvit pri vysokikh énergiyakh. Fundamental nye
problemy. Raznoe|. Hayxka |Nauka|, Moscow, 1975, item 35, pp. 24-45 (The
book is freely available online at the EqWorld site:
http://eqworld.ipmnet.ru/ru/library/books/Tamm_t2_1975ru.djvu). —
Cited at pp.: 30

J. R. Oppenheimer, M. S. Plesset: On the production of the positive electron.
Physical Review 44:1(1933)53-55 (DOI: 10.1103/PhysRev.44.53.2). — Cited at

pp-: 30

W. Heitler, F. Sauter: Stopping of fast particles with emission of radi-
ation and the birth of positive electron. Nature 132:3345(1933)892 (DOI:
10.1038,/132892a0). — Cited at pp.: 30, 91

H. Bethe, W. Heitler: On the stopping of fast particles and on the creation
of positive electrons. Proceedings of the Royal Society of London. Series A,
Containing Papers of Mathematical and Physical Character 146:856(1934)83-
112 (DOI: 10.1098/rspa.1934.0140, stable JSTOR URL:
http://www.jstor.org/stable/2935479). — Cited at pp.: 30

Y. Nishina, S. Tomonaga: On the creation of positive and negative electrons.
Proceedings of the Physico-Mathematical Society of Japan, 3. Series, 15:3-
6(1933)248-249 (The article is freely available online at the J-Stage site given
by the DOI: 10.11429 /ppmsj1919.15.3-6  246.), Japanese Journal of Physics,

109


http://dx.doi.org/10.1017/S0305004100016091
http://dx.doi.org/10.1017/S0305004100016091
http://dx.doi.org/10.1103/PhysRev.35.939
http://dx.doi.org/10.1007/BF01339679
http://eqworld.ipmnet.ru/ru/library/books/Tamm_t2_1975ru.djvu
http://dx.doi.org/10.1103/PhysRev.44.53.2
http://dx.doi.org/10.1038/132892a0
http://dx.doi.org/10.1038/132892a0
http://dx.doi.org/10.1098/rspa.1934.0140 
http://www.jstor.org/stable/2935479
http://dx.doi.org/10.11429/ppmsj1919.15.3-6_246

[232]

233

[234]

[235]

(236

237

238

[239)

Abstracts 9:1(1933)(21), item 56 (only text without references). — Cited at pp.:
30, 95

Y. Nishina, S. Tomonaga, S. Sakata: On the photo-electric creation of posi-
tive and negative electrons. Scientific Papers of the Institute of Physical and
Chemical Research 24:Suppl. No. 17(1934)1-5. Reprinted in: [275], item 2, pp.
2-6. — Cited at pp.: 30, 95

G. Racah: Sulla nascita degli elettroni positivi [On the creation of positive
electrons|. Il Nuovo Cimento, 8. Ser., 11:7(1934)477-481
(DOI: 10.1007/BF02959919). — Cited at pp.: 30

G. Breit, J. A. Wheeler: Collisions of two quanta. Physical Review
45:10(1934)766 (DOIL: 10.1103/PhysRev.45.739), Bulletin of the American
Physical Society 9:2(1934)34 (erratum in footnote 2 on p. 1090 of [235]). The
article is item 134 of: Program of the Washington Meeting at the Bureau of
Standards and the National Academy of Sciences, April 26-28, 1934. Bulletin
of the American Physical Society 9:2(1934)1-36, Proceedings of the Ameri-
can Physical Society, Minutes of the Washington Meeting, April 26-28, 1934.
Physical Review 45:10(1934)739-771. — Cited at pp.: 30

G. Breit, J. A. Wheeler: Collisions of two light quanta. Physical Review
46:12(1934)1087-1091 (DOI: 10.1103/PhysRev.46.1087). — Cited at pp.: 30,
110

H. Rechenberg, G. Wiemers (Eds.): Werner Heisenberg: Gutachten- und Prii-
fungsprotokolle fiir Promotionen und Habilitationen (1929-1942). BBGNT -
Berliner Beitrage zur Geschichte der Naturwissenschaften und Technik, Vol.
29. ERS-Verlag, Berlin, 2001. — Cited at pp.: 31, 41, 75

A. Wiithrich: The Genesis of Feynman Diagrams. Archimedes, New Studies
in the History of Science and Technology, Vol. 26. Springer, Dordrecht, 2010
(DOI: 10.1007/978-90-481-9228-1). — Cited at pp.: 31

VI Csesd pycckuxr ¢usuxos, Mocksa, Huorcrnuti-Hoszopod, Kazanw, Capa-
mos (5-16 aseycma 1928 20da). Ilepeuenv dokaados, npedcmasierHvir Ha
cse3d, ¢ kpamrum uxr codepocanuem |VI S"eszd russkikh fizikov, Moskva,
Nizhnii-Novgorod, Kazan’, Saratov (5-16 avgusta 1928 goda). Perechen’ dok-
ladov, prestavlennykh na s"eszd, s kratkim ikh soderzhaniem|. Tocymapcr-
BeHHOe m3aresbeTBo |Gosudarstvennoe izdatel’stvo], Moscow, Leningrad,
1928 (The book is freely available online at the following site of the
Russian Academy of Sciences: http://nasledie.enip.ras.ru/ras/view/
publication/general.html?id=48235066). — Cited at pp.: 32, 66

B. 5. Openkens V. Ya. Frenkel'|:  fxoe Havuw Ppenrens [Yakov Ilich Fren-
kel’]. Hayka |Nauka|, Moscow, Leningrad, 1966. English translation: V. Ya.
Frenkel: Yakov Ilich Frenkel. His work, life and letters. Springer Basel AG

110


http://dx.doi.org/10.1007/BF02959919
http://dx.doi.org/10.1103/PhysRev.45.739
http://dx.doi.org/10.1103/PhysRev.46.1087
http://dx.doi.org/10.1007/978-90-481-9228-1
http://nasledie.enip.ras.ru/ras/view/publication/general.html?id=48235066
http://nasledie.enip.ras.ru/ras/view/publication/general.html?id=48235066

[240]

[241]

[242]

[243]

[244]

[245]

246

[247]

[248]

(Birkhiuser), Basel, 1996 (DOI: 10.1007/978-3-0348-8490-7). — Cited at pp.:
32

K. von Meyenn (Ed.): Wolfgang Pauli. Wissenschaftlicher Briefwechsel mit
Bohr, Einstein, Heisenberg u.a.. Band I1I: 1940-1949. Scientific Correspon-
dence with Bohr, Finstein, Heisenberg a.o.. Volume III: 1940-1949. Sources in
the History of Mathematics and Physical Sciences, Vol. 11. Springer-Verlag,
Berlin, 1993 (DOI: 10.1007/978-3-540-78802-7). — Cited at pp.: 34, 35, 41, 54

P. Papatzacos, K. Mork: Delbriick scattering. Physics Report 21:2(1975)81-
118 (DOI: 10.1016,/0370-1573(75)90048-4, preprint version: Arkiv for det Fy-
siske Seminar i Trondheim No. 3 (1975)). — Cited at pp.: 34

W. H. Furry: A symmetry theorem in the positron theory. Physical Review
51:2(1937)125-129 (DOI: 10.1103/PhysRev.51.125). — Cited at pp.: 35

7. Bialynicka-Birula, I. Bialynicki-Birula: Nonlinear effects in quantum elec-
trodynamics. Photon propagation and photon splitting in an external field.
Physical Review D 2:10(1970)2341-2345 (DOI: 10.1103/PhysRevD.2.2341). —
Cited at pp.: 35

P. Drude: Ueber die Phasendnderung des Lichtes bei der Reflexion an Metallen
[On the phase shift of light under reflection by metals|. Annalen der Physik
und Chemie, 3. Series, 51 (287 of all series altogether):1(1894)86-104 (DOLI:
10.1002/andp.18942870105). [in German| — Cited at pp.: 45

M. Dressel, G. Griiner: FElectrodynamics of Solids. Optical Properties of Elec-
trons in Matter. Cambridge University Press, Cambridge, 2002. — Cited at pp.:
45

D. W. Lynch, W. R. Hunter: Comments on the optical constants of metals and
an introduction to the data for several metals. In: E. D. Palik (Ed.): Handbook
of Optical Constants of Solids, Vol. 1. Academic Press Handbook Series. Aca-
demic Press, Boston, 1985, pp. 275-367 (http://www.sciencedirect.com/
science/book/9780125444156). — Cited at pp.: 45

Refractive Index Database (URL: http://refractiveindex.info). Retrieved
on May 30, 2013. — Cited at pp.: 45

B. U. Tocrumes [V. I Gostishchev], B. P. Cob6osmr [V. R. Sobol’|:
BiiisiHme MarHuTHOTO T1I0JISI Ha OTPasKeHWe CBeTa MeTajljioM B IIPEJIIo-
JIOXKEHUN HM30TPOIHOro 3akoHa jucrepcun [Vliyanie magnitnogo polya na
otrazhenie sveta metallom v predpolozhenii izotropnogo zakona disper-
sii]/[The influence of a magnetic field onto the reflection of light by
metal under the assumption of an isotropic dispersion relation|. /lox.aa-
ou. Axademuu Hayx BCCP [Doklady Akademii Nauk BSSR] 27:4(1983)333-
336 (The article is freely available online from the Byelorussian State

111


http://dx.doi.org/10.1007/978-3-0348-8490-7
http://dx.doi.org/10.1007/978-3-540-78802-7
http://dx.doi.org/10.1016/0370-1573(75)90048-4
http://dx.doi.org/10.1103/PhysRev.51.125
http://dx.doi.org/10.1103/PhysRevD.2.2341
http://dx.doi.org/10.1002/andp.18942870105
http://dx.doi.org/10.1002/andp.18942870105
http://www.sciencedirect.com/science/book/9780125444156
http://www.sciencedirect.com/science/book/9780125444156
http://refractiveindex.info

[249]

250

1251]

[252]

[253]

[254]

[255]

[256]

University repository site: http://elib.bspu.by/handle/doc/23082 at
the URL: http://elib.bspu.by/bitstream/doc/23082/1/13-[loknazns AH
BCCP-1983-27-4-CBP.pdf ). [in Russian, English abstract] — Cited at pp.: 48

J. M. Ziman: Flectrons and Phonons. The Theory of Transport Phenomena
in Solids. International Series of Monographs on Physics. Clarendon Press,
Oxford, 1960. Reprinted: Oxford Classic Texts in the Physical Sciences, 2001.
— Cited at pp.: 48

H. J. Fink: Magnetoresistance of silver. Physics Letters 13:2(1964)105-106
(DOI: 10.1016,/0031-9163(64)90674-2). — Cited at pp.: 48

K. L. Chopra: Size effects in the longitudinal magnetoresistance of thin silver
films. Physical Review 155:3(1967)660-662 (DOI: 10.1103/PhysRev.155.660).
— Cited at pp.: 48

W. Heisenberg: Der Teil und das Ganze. Gesprdche im Umkreis der Atom-
physik. Piper, Munich, 1969 (various further German editions). Reprinted
in:  W. Blum, H.-P. Diirr, H. Rechenberg (Eds.): Werner Heisenberg —
Gesammelte Werke/Collected Works. Abteilung C: Allgemeinverstindliche
Schriften/Philosophical and Popular Writings, Band I1I: Physik und Erkennt-
nis 1969-1976: Der Teil und das Ganze, Die Bedeutung des Schéonen, Natur-
wissenschaftliche und religiose Wahrheit, Elementarteilchen u.a.. Piper, Mu-
nich, 1985, item 1, pp. 3-334. English translation: Physics and Beyond. En-
counters and Conversations. World Perspectives, Vol. XLII. Harper & Row,
Publishers, Inc., New York, 1971; Allen & Unwin, London, 1981. Numerous
editions of translations into other languages. — Cited at pp.: 50, 91

Interview of Victor Frederick Weisskopf by Thomas S. Kuhn and John L.
Heilbron on July 10, 1963. Niels Bohr Library & Archives, American Institute
of Physics, College Park, MD (The transcript - retrieved June 24, 2017 -
is freely available online at the following site of the American Institute of
Physics: https://www.aip.org/history-programs/niels-bohr-library/
oral-histories/4944). — Cited at pp.: 56, 96

V. Weisskopf: Uber die Selbstenergie des Elektrons [On the self-energy of the
electron|. Zeitschrift fir Physik 89:1-2(1934)27-39

(DOI: 10.1007/BF01333228), Erratum 4bid. 90:11-12(1934)817-818

(DOI: 10.1007/BF01340744). [in German| English translation (by W. Grant):
[255], paper 5, pp. 157-168. — Cited at pp.: 57, 58, 96

A. I. Miller: FEarly Quantum FElectrodynamics: A Source Book. Cambridge
University Press, Cambridge, 1994. — Cited at pp.: 78, 112, 113

W. Pauli, V. F. Weisskopf: Uber die Quantisierung der skalaren relativistis-
chen Wellengleichung [On the quantization of the scalar relativistic wave equa-
tion|. Helvetica Physica Acta 7:7(1934)709-731 (The article is freely available

112


http://elib.bspu.by/handle/doc/23082
http://elib.bspu.by/bitstream/doc/23082/1/13-%d0%94%d0%be%d0%ba%d0%bb%d0%b0%d0%b4%d1%8b%20%d0%90%d0%9d%20%d0%91%d0%a1%d0%a1%d0%a0-1983-27-4-%d0%a1%d0%92%d0%a0.pdf
http://elib.bspu.by/bitstream/doc/23082/1/13-%d0%94%d0%be%d0%ba%d0%bb%d0%b0%d0%b4%d1%8b%20%d0%90%d0%9d%20%d0%91%d0%a1%d0%a1%d0%a0-1983-27-4-%d0%a1%d0%92%d0%a0.pdf
http://dx.doi.org/10.1016/0031-9163(64)90674-2
http://dx.doi.org/10.1103/PhysRev.155.660
https://www.aip.org/history-programs/niels-bohr-library/oral-histories/4944
https://www.aip.org/history-programs/niels-bohr-library/oral-histories/4944
http://dx.doi.org/10.1007/BF01333228
http://dx.doi.org/10.1007/BF01340744

[257]

258

259

260

|261]

[262]

263

1264]

[265]

online at the ETH Zurich Library site given by the DOI: 10.5169 /seals-110395
.). [in German| Reprinted in: [257], vol. II, pp. 701-731. English translation
(by W. Grant): [255], paper 7, pp. 188-205. — Cited at pp.: 57, 94

R. Kronig, V. F. Weisskopf (Eds.): Collected Scientific Papers by Wolfgang
Pauli. 2 Vols.. Interscience, New York, 1964. — Cited at pp.: 96, 113

N. Kemmer: Die Anfange der Mesonentheorie und des verallgemeinerten
Isospins [The beginnings of meson theory and of generalized isospin]|.
Physikalische Bldtter 39:7(1983)170-175 (DOI: 10.1002/phbl.19830390704). [in
German| — Cited at pp.: 58, 91

A. 1. Akhiezer: Recollections of Lev Davidovich Landau. Physics Today
47:6(1994)35-42 (DOI: 10.1063/1.881434). — Cited at pp.: 60, 62, 838

A. 1. Axuesep [A. I. Akhiezer|: Bocnomunanus o JIbse dasumosuue Jlan-
may [Vospominaniya o L’ve Davidoviche Landau|. Qusuxa Husxux Temne-
pamyp [Fizika Nizkikh Temperatur] 19:1(1993)106-117 (The article is freely
available online at the journal website: http://fnte.ilt.kharkov.ua). [in
Russian| English translation: A. I. Akhiezer: Reminiscences about Lev Davy-
dovich Landau (on the 85th anniversary of his birth). Low Temperature Physics
19:1(1993)76-85. — Cited at pp.: 60, 88

L. Tisza: Recollections about Alexander Ilich Akhiezer. In:  Hanmonasin-
nas Axajemus Hayk Ykpaunbl [Natsional’'naya Akademiya nauk Ukrainy],
MunncrepctBo obpazoBanust u Hayku YkKpauubl |[Ministerstvo obrazovaniya
i nauki Ukrainy|, HanmonasbHblil HaydHBIH HeHTD «XapbKOBCKUiT (hbU3nKo-
rexandecknii macruTyT> |Natsional'nyl nauchnyi tsentr «Kharkovskii fiziko-
tekhnicheskil institut»]:  A. H. Azuesep. Ouepku u eocnomunanus [A. I
Akhiezer. Ocherki i vospominaniyal. ®axr [Fakt|, Kharkov, 2003, pp. 304-
311, Russian translation pp. 311-319. — Cited at pp.: 62

E. Infeld, I. Bialynicki-Birula, A. Trautman (Eds.): Leopold Infeld, his Life
and Scientific Work. Polish Men of Science. Polish Scientific Publishers,
Warszaw, 1978. — Cited at pp.: 69, 71, 91

Program VII Zjazdu Fizykow Polskich w Krakowie, 27.1X — 29.1X.1934. S.n.,
s.l., 1934 (The booklet is freely available online at the Polona Digital Library
site: http://polona.pl/item/68785823). |in Polish| — Cited at pp.: 69

W. Blum, H.-P. Diirr, H. Rechenberg (Eds.): Werner Heisenberg — Gesam-
melte Werke/Collected Works, Series A/Part II: Original Scientific Papers
— Wissenschaftliche Originalarbeiten. Springer-Verlag, Berlin, 1989 (DOI:
10.1007/978-3-642-70078-1). — Cited at pp.: 70, 75, 91

E. Schrédinger:  Collected Papers. Volume 2: Contributions to Field The-
ory/Gesammelte Abhandlungen. Band 2: Beitrdge zur Feldtheorie. Verlag

113


http://dx.doi.org/10.5169/seals-110395
http://dx.doi.org/10.1002/phbl.19830390704
http://dx.doi.org/10.1063/1.881434
http://fnte.ilt.kharkov.ua
http://polona.pl/item/68785823
http://dx.doi.org/10.1007/978-3-642-70078-1
http://dx.doi.org/10.1007/978-3-642-70078-1

[266]

267

268

269

270]

271]

272]

1273]

[274]

der Osterreichischen Akademie der Wissenschaften, Friedrich Vieweg & Sohn
Braunschweig/Wiesbaden, Wien, 1984. — Cited at pp.: 26, 29, 71, 73, 85, 94

D. ter Haar (Ed.): Collected Papers of L. D. Landau. Pergamon Press, Oxford,
1965 (DOI: 10.1016/B978-0-08-010586-4.50001-8). — Cited at pp.: 73, 92

JI. 1. Jlagmay |[L. D. Landau|:  Cobpanue mpydos [Sobranie trudov/, Vol. 1.
Hayxa |[Nauka|, Moscow, 1969 (The book is freely available online at the follow-
ing site of the Russian Academy of Sciences: http://nasledie.enip.ras.ru/
ras/view/publication/general.html?7id=45221810). — Cited at pp.: 73, 92

1. 4. Momepanuyk [I. Ya. Pomeranchuk|:  Cobparue nayuwnvix mpydos II.
DuauKa dINEMEHMAPHLLT YACTNUY. DAEKMPOMAZHUMHBIE U CAAOBLE 83AUMOOET-
cmeus [Sobranie nauchnykh trudov. I1. Fizika élementarnykh chastits. Elektro-
magnitnye i slabye vzaimodeistviya. Hayka [Nauka|, Moscow, 1972. — Cited
at pp.: 73,79, 94

G. E. Gorelik, V. Ya. Frenkel: Matvei Petrovich Bronstein and Soviet Theo-
retical Physics in the Thirties. Science Networks, Historical Studies, Vol. 12.
Birkhéuser, Basel, 1994 (DOI: 10.1007/978-3-0348-0200-0). — Cited at pp.: 74

Program VIII Zjazdu Fizykow Polskich, Lwow, 28.1X — 2.X.1936. Nakladem
Komitetu organizacyjnego, Lwow, 1936 (The booklet is freely available on-
line at the Kujawsko-Pomorska Digital Library site: http://kpbc.umk.pl/
dlibra/docmetadata?id=2010). [in Polish| — Cited at pp.: 74, 75, 76

W. Pauli, notes by B. Hoffmann: The Theory of the Positron and Related
Topics. (Report of a Seminar). The Institute for Advanced Study, Princeton,
NJ, 1935/1936 (The seminar report is freely available online from the Wolfgang
Pauli Archive website at CERN: http://cds.cern.ch/record/788821). —
Cited at pp.: 77, 91, 94

C. IL. lly6wun [S. P. Shubin]:  Hs6parnvie mpydu no meopemuueckoti ususxe.
Ouepku orcusnu. Bocnomunanua. Cmamovu [Izbrannye trudy po teoreticheskot
fizike. Ocherki zhizni. Vospominaniya. Stat’ij. Edited by C. B. Borcosckwnii
[S. V. Vonsovskii|, M. 1. Kanneascon |[M. I. Katsnel’son|. Wucturyr dbun-
suku MetasuioB |Institut fiziki metallov]/[Institute of Metal Physics|, Ypasb-
ckoe oresienne Akajgemun Hayk CCCP [Ural’skoe otdelenie Akademii nauk
SSSR]/|Ural Branch of the Academy of Sciences of the USSR], Sverdlovsk,
1991. — Cited at pp.: 36, 77, 81, 94

J. Schwinger (Ed.): Selected Papers on Quantum Electrodynamics. Dover Pub-
lications, New York, 1958. — Cited at pp.: 78

Atinwmetinoscruti cooprnux 1980-1981 [Einshteinovskii sbornik 1980-1981].
Hayka [Nauka|, Moscow, 1985. — Cited at pp.: 79

114


http://dx.doi.org/10.1016/B978-0-08-010586-4.50001-8
http://nasledie.enip.ras.ru/ras/view/publication/general.html?id=45221810
http://nasledie.enip.ras.ru/ras/view/publication/general.html?id=45221810
http://dx.doi.org/10.1007/978-3-0348-0200-0
http://kpbc.umk.pl/dlibra/docmetadata?id=2010
http://kpbc.umk.pl/dlibra/docmetadata?id=2010
http://cds.cern.ch/record/788821

[275]

1276]

277]

1278

279

[280]

|281]

[282]

[283]

T. Miyazima (Ed.): Scientific Papers of Tomonaga, Volume 1. Misuzu Shobo
Publishing Co., Tokyo, 1971. — Cited at pp.: 83, 95, 110

H. A. Barton: Arthur Bramley. Physics Today 24:9(1971)73
(DOI: 10.1063/1.3022957). — Cited at pp.: 89

R. Mahnke, R. Nareyka: Liste der an der Rostocker Physik verteidigten
Promotionen wund Habilitationen wm Zeitraum 1945 — 1999. Universitat
Rostock, Rostock, 2014 (The list is freely available online at the following site
of the University of Rostock:
http://www.physik.uni-rostock.de/fileadmin/Physik/Mahnke/
Geschichte/Promotionen_ab1945_bis_1962_ListePhysik_03072014.pdf).
— Cited at pp.: 91

B. W. Sargent: Arthur Llewelyn Hughes, 1883-1978. Proceedings of the Royal
Society of Canada, 4. Series, 23(1985)109-114. — Cited at pp.: 91

INER, KA ) 3+ 7%, ¥ 4 A7 [Konagaya, Daisuke|: [i K i bl 2%
Bz <5 —HIE &2 D] [Kodai riron-ken setchi o meguru Mimura
Yoshitaka to sono shuhen| / Yoshitaka Mimura and his coworkers on the es-
tablishment of the Research Institute of Theoretical Physics in Hiroshima. Gé
AL [Ryukoku kiyo] / The Ryukoku Journal of Humanities and Sciences
35:1(2013)37-45 (The article is freely available online at the journal web-
site: http://hdl.handle.net/10519/5166). [in Japanese, English abstract]
— Cited at pp.: 91

D. Konagaya: Yukawa Institute connecting prewar, wartime, and postwar sci-
ence in Japan. The Korean Journal for the History of Science 36:2(2014)205-
215 (The article is freely available online at the journal website: http:
//www .khss.or.kr/kjhs/5593). — Cited at pp.: 92

A. Rovenchak: Bibliography of the Department for Theoretical Physics,
University of Lviv, in 1914-1939. 2Kypnan @Pisuunuzr ocaioocens [Zhur-
nal Fizichnikh Doslidzhen’| = Journal of Physical Studies 17:3(2013)3002,
13 pp., p. 3002-4 (The article is freely available online at the journal web-
site: http://physics.lnu.edu.ua/jps/2013/3/pdf/3002-13.pdf). — Cited
at pp.: 92

A. Kawaguchi: Professor Kakutaro Morinaga (23rd Augustus 1905-20th
November 1970). Tensor, N.S. 22:1(1971) page without pagination. — Cited
at pp.: 93

B. B. Bparunckwuit [V. B. Braginskii| et al.:  Ilamarn Muxanna Pemopo-
suua [lupokosa |[Pamyati Mikhaila Fedorovicha Shirokoval. Yenexu @u-
suveckur Hayw [Uspekhi Fizicheskikh Nauk/ 141:12(1983)719-720 (The ar-
ticle is freely available online at the journal website given by the DOI:
10.3367/UFN.0141.1983121.0719 .). [in Russian]

115


http://dx.doi.org/10.1063/1.3022957
http://www.physik.uni-rostock.de/fileadmin/Physik/Mahnke/Geschichte/Promotionen_ab1945_bis_1962_ListePhysik_03072014.pdf
http://www.physik.uni-rostock.de/fileadmin/Physik/Mahnke/Geschichte/Promotionen_ab1945_bis_1962_ListePhysik_03072014.pdf
http://hdl.handle.net/10519/5166
http://www.khss.or.kr/kjhs/5593
http://www.khss.or.kr/kjhs/5593
http://physics.lnu.edu.ua/jps/2013/3/pdf/3002-13.pdf
http://dx.doi.org/10.3367/UFNr.0141.198312i.0719
http://dx.doi.org/10.3367/UFNr.0141.198312i.0719

1284]

English translation: V. B. Braginskii, et al.: Mikhail Fedorovich Shi-
rokov (Obituary). Soviet Physics Uspekhi 26:12(1983)1114-1115 (DOI:
10.1070/PU1983v026n12ABEH004595). — Cited at pp.: 94

Eric S. Wright: FExperimentalism, Relativity and Quantum Mechanics at a
Land Grant Institution: West Virginia University 1920-1960. Master’s thesis,
West Virginia University, Morgantown, 2008 (The thesis is freely available
online at the Proquest website: https://pgdtopen.proquest.com/pubnum/
1458789 . html). — Cited at pp.: 95

116


http://dx.doi.org/10.1070/PU1983v026n12ABEH004595
http://dx.doi.org/10.1070/PU1983v026n12ABEH004595
https://pqdtopen.proquest.com/pubnum/1458789.html
https://pqdtopen.proquest.com/pubnum/1458789.html

	Contents
	1 Introduction
	2 Experiment
	2.1 Photon-photon scattering
	2.2 Propagation of light in strong electromagnetic fields
	2.2.1 Influence of the intensity on the propagation of light
	2.2.2 Propagation of light in macroscopic, constant magnetic and electrical fields
	2.2.3 Propagation/scattering of photons in the Coulomb field of nuclei

	2.3 Considerations related to extraterrestrial and astronomical observations

	3 Theory
	3.1 Born-Infeld electrodynamics
	3.2 Quantum electrodynamics

	Acknowledgements
	Appendices
	Appendix A
	Appendix B
	Appendix C
	Appendix D
	Appendix E
	Appendix F
	Appendix G
	Appendix H
	Appendix I
	Appendix J

	Main list of references
	List of full author names
	Further literature

