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ABSTRACT. The meeting patronized by Ernest Solvay in 1911, the
first Solvay Council, marked the beginning of what can be called the
first quantum revolution. Maurice de Broglie was one of the secretaries
of the Council. He participated in the two following conferences and
contributed to the third Council with his work. Louis de Broglie collab-
orated and discussed with his elder brother. Departing from Maurice’s
achievements, Louis developed his approach to the wave-particle du-
ality of light and extended it to other particles. He presented it at
the fifth meeting in 1927. This paper investigates the connection be-
tween the two scientists and the Solvay Councils, arguing that this
link was essential in developing the first quantum revolution, a process
that ended, according to Werner Heisenberg, at the fifth Solvay Physics
Council.

P.A.C.S.: 03.65.Bz; 04.20.-q

Introduction

Max Planck’s announcement of his law addressing blackbody radiation
data at the beginning of the twentieth century marked the introduction
of the quantum of action in physics. However, its necessity emerged only
in the following ten years. According to the historian Dieter Hoffmarﬂ
“Quantum theory was by no means part of the universally secured body
of physical knowledge at that time, |[...]| its general recognition had only
begun with the Solvay Congress of 1911.” ([I], p. 17) The first Solvay

1'We provided an English translation of Hoffman’s original text, which is in Ger-
man, and extracts from other sources in French.
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conference and the following meetings offered a unique framework for
addressing experimental and theoretical questions related to the problem
of quanta. Sixteen years later, the scientists stimulating the transition
from the old quantum theory to a new quantum mechanics gathered
together in 1927. Louis de Broglie’s introduction of wave-particle duality
(1924), the discovery of matrix-mechanics by Werner Heisenberg, Max
Born, and Pascual Jordan (1925), and Schrédinger’s wave mechanics
(1926) converged in the fifth Solvay Council.

The proof of equivalence between the two theoretical schemes and
Heisenberg’s paper with his uncertainty relations were published before
another meeting in Como. However, as Heisenberg emphasized in his
interview with Thomas Kuhn, the Como conference had not been nearly
so important as the Brussels meeting [2]:

In Como, there were some very informal talks, and I think
I had to give a lecture. Schrédinger gave a lecture. Certainly,
the Como meeting did a lot to spread the knowledge of this
new scheme to many physicists. So it was the first time that
a large group of physicists would listen to that kind of thing
and hear that now there is a development going on that seems
to be in a state of clarification. The Brussels meeting was
the one where the details were really discussed and where
one had to fight.

Heisenberg referred to the so-called Bohr-Einstein debate. Even if the
disagreement between Niels Bohr and Albert Einstein continued dur-
ing the following Solvay Council (1930), Heisenberg underlined that the
meeting of 1927 marked the end of the process for a specific group of
physicists [2]: “This group, Bohr, Ehrenfest, Pauli, and myself, felt that
they were on the right track, that they had a good concept and no lack of
clarity anymore. So we were all quite happy and felt that the game was
now won.” In a word, the fifth Solvay Council certified the completion
of quantum mechanics.

The sixteen years necessary to achieve the conceptual leap from clas-
sical to quantum physics (1911-1927) coincide precisely with the period
during which the Scientific Committee of the International Solvay Insti-
tute of Physics (ISIP) was placed under the enlightened chairmanship
of Hendrik A. Lorentz. This striking coincidence aroused our interest
in the role played by Ernest Solvay’s Science Project during this golden
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age. We call Ernest Solvay’s Science Project the road map suggested
by Ernest Solvay and implemented by Lorentz, which allowed the ISIP
to grant subsidie&ﬂ to experimental physicists from all nations and to
promote the exchange of ideas between the most competent researchers
through the regular organization of Physics Councils by an International
Scientific Committee (ISC).

Maurice de Broglie and his younger brother Louis participated in this
adventure from the very beginning. However, they only partially con-
tributed to Solvay’s project. Indeed, during Lorentz’s presidency, they
were never called to participate in the ISC, and due to the wealthy fi-
nancial situation of de Broglie’s family, they never profited from ISIP’s
subsidy program. Despite this, they participated in and contributed to
the discussions of the Solvay meetings. This paper aims to describe the
connection between the Councils and the work of the two brothers. We
argue that Maurice de Broglie’s work for the Solvay meetings proved
crucial for the transition from the old quantum theory to quantum me-
chanics. As it is well known, Maurice influenced his brother’s scientific
work. We present an in-depth analysis of how Maurice’s work affected
Louis’ point of view. We investigate the link between the proceedings
of the Solvay conferences, Maurice’s experimental work, and Louis de
Broglie’s development of his wave-particle approach.

The paper is organized as follows. In section [I, we present the first
Solvay Council (1911) and describe some elements that will emerge in
Louis de Broglie’s work. In section [2] we briefly explain how the dis-
coveries of Max von Laue and the Bragg family on X-rays affected the
second Solvay Physics Council (1913). Then, we describe their impact
on Maurice’s work and the preparation of his work for the third Solvay
meeting (1921). Section analyzes the legacy of the third conference and
Louis de Broglie’s early scientific production. We describe some hidden
connections between the de Broglie brothers and the interpretation of
the Compton effect. In section[d] we argue that the fourth Solvay Coun-
cil (1924) was the first moment to spread Louis’ innovative ideas. We
conclude our analysis with section [f] where we quote some less-known
recollections of Louis de Broglie about his encounter with Einstein at the
fifth Solvay Council (1927). The paper finally ends with a brief epilogue.

2 Another noteworthy action of ISIP was the bursary program, which allowed young
Belgian scholars to perfect their skills in foreign laboratories. This local aspect of
ISIP’s efforts contributed to developing physics in Belgium. For a description of these
aspects of ISIP’s program, see [3].
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1 The first Solvay Physics Council

On June 15, 1911, twenty prominent physicists received a letter entitled:
Invitation to an International Scientific Council to elucidate topical is-
sues of molecular kinetic theory. The invitation was confidential. It
was signed “E. Solvay.” Today, the first Solvay Council, hereafter Solvay
I, held in Brussels from October 30 to November 3, 1911, is cited as
history’s first international conference on quantaﬂ Indeed, it convened
initially to discuss molecular kinetic theory, but the reports and discus-
sions focused on problems related to Einstein’s introduction of the light
quantum hypothesis. Curiously, this “private conference” in physics was
convened by an industrialist and took place in a country where no one
cared about the molecular implications of Max Planck’s quantum hy-
pothesis. In fact, the idea of an International Scientific Council was
launched in 1910 by Walther Nernst, the Institute of Physical Chem-
istry director at the University of Berlinﬁ

The timing of the plan proved crucial. Ten years had passed since
Planck discovered the elementary quantum of action. Solvay got in-
volved in organizing a Physics Council when measurements of specific
heats, carried out by Nernst, showed that Planck’s hypothesis could be
made fruitful in a domain that differed from the one in which it had
been introduced. Hence, by publicizing the successful exportation of the
quantum hypothesis from the field of radiation to the field of matter, the
Council appeared to Nernst as a means of fostering its acceptance. It
also seemed a means to bring the quanta to the attention of a large com-
munity of physicists and chemists. Nernst’s idea, conceived for personal
reasons, proved most effective. Inspired by the Council’s discussions,
Henri Poincaré wasted no time demonstrating the need to accept the
notion of energy quanta [4].

1.1 Louis and Solvay I

The scientific life of Maurice and Louis de Broglie was affected by the
Solvay Physics Councils from the beginning. According to the historian
Bruce Wheaton, Henri Poincaré invited the elder brother Maurice to
be one of the scientific secretaries of Solvay I in 1911 ([5], p. 40). At

3In the following, we will consider the Physics Councils only, without referring
to the Chemistry Councils that started in 1922. Hence, the various Physics Solvay
Councils will be denoted as Solvay I, Solvay II, etc.

4Nernst’s motives for planning this unprecedented “Council in Physics” are re-
ported in detail in ([3], p. 30-40).
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the time, the two brothers had already lost their father: Maurice was
36 years old, and his younger brother Louis just turned 19. As Duke
Philippe Maurice de Broglie conﬁrme(ﬂ, his ancestor Maurice took Louis
as his secretary in Brussels. Louis had already completed his history
license, and his reading of Poincaré’s books, stimulated by his brother,
had convinced him to study physics. Regarding the role of his brother,
in 1931, Louis wrote ([6], p. 15):

My natural inclination was toward mechanics, theoretical
physics, and the philosophy of science. But under the guid-
ance of my brother Maurice and living in the atmosphere of
the laboratory where he pursued his experimental research,
I was from that time on accustomed to not losing sight of
the fact that the theoretical constructs of science are only of
value if they are always based on facts and remain in contact
with them.

Moreover, according to later recollections, ever since Louis turned to the
study of theoretical physics at the age of nineteen, he has been “an ardent
admirer of both the person and the work of Albert Einstein.” ([7]; p.14).

One of the main protagonists of Solvay I was Einstein, who reported
on the problem of specific heats and expanded his review to embrace
the idea of light quanta. Once back in Paris, the young Louis had the
opportunity to study the reports and read in-depth the discussions at the
Council very early because Maurice was charged with their publication
with Paul Langevin. When Louis had the Solvay minutes [8] in his hands,
he reacted as follows:

With the enthusiasm of my age, I had been thrilled by the
interest in the problems studied, and I had promised my-
self to devote all my efforts to understanding the true nature
of the mysterious quanta [...| At the time, I had already
perceived the importance [...| of Analytical Mechanics [em-
phasis added] ([9]; p. 458).

These two emphasized aspects will be the main focus of Louis de Broglie’s
Ph.D. thesis.

5We acknowledge Duke Philippe Maurice for sharing this information with us
during his visit to the Solvay Archive in Brussels.
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In Louis de Broglie’s report on his work dated 1931, he emphasized
the following points. “I read the reports presented there [at Solvay I] with
passionate interest. Reading Mr. Planck’s report introduced me to the
mysteries of quantum theory, the development of which has dominated
the entire evolution of theoretical physics over the last thirty years” (6],
p. 14).

Louis stressed the role of Einstein: “The discovery of the photoelectric
effect, in particular, had led Mr. Einstein to assume that all frequency
radiation is made up of hr-valued corpuscles, a new mysterious inter-
vention of the constant h. Revived from the Greeks and Newton, this
corpuscular theory of light seemed irreconcilable compared to the wave
theory, which was firmly established based on diffraction and interfer-

ence experiments. This fact heralded a formidable crisis in theoretical
physics” ([6], p.15).

His brother Maurice similarly emphasized: “The role played by the
general principles of Analytical Mechanics had struck him.” ([I0]; p.
425). Regarding the role of Analytical Mechanics, Louis recollected ([6];

p. 15):

Looking through the minutes of the Solvay Council, I was
struck by the fact that the general theories of Analytical Me-
chanics played an essential role in developing the quantum
doctrine. Although the constant h is utterly foreign to clas-
sical Analytical Mechanics, the latter seems to form a ready-
made mold for it. Entirely determined to devote myself to
studying the quantum mystery, I made Analytical Mechanics
and its relationship with quanta the focus of my reflections.

In the following section, we briefly summarize the content of Solvay
I with an emphasis on the reports presented by Lorentz, Planck, and
Einstein. The first stressed how the approach of Analytical Mechanics
should have been modified. Planck presented the puzzles connected with
the introduction of light quanta in a very pedagogical way. Einstein in-
troduced his brand-new findings to support the light-quanta hypothesis.

1.2 The proceedings of Solvay I

At the opening of Solvay I, Lorentz emphasized the depth of the crisis:
“We have the feeling that we are at a dead end, as the old theories are
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showing themselves to be powerless to pierce the darkness which sur-
rounds us at all sides” [I1]. The presentation of eleven reports preceded
the deliberations of the Council

1 Application of the equipartition of energy theorem on radiation
(Lorentz);

2 The kinetic theory of specific heat according to Clausius, Maxwell,
and Boltzmann (Jeans);

3 Ezperimental verification of Planck’s formula in the region of high
frequencies (Warburg);

4 The verification of Planck’s radiation formula in the long wave
region (Rubens);

5 The blackbody radiation law and the hypothesis of elementary ac-
tion quantities (Planck);

6 Kinetic theory and the experimental properties of ideal gases
(Knudsen);

7 Evidence of molecular reality (Perrin);

8 Application of the theory of quanta to a number of physio-chemical
and chemical problems (Nernst);

9 Application of the element of action theory to non-periodical molec-
ular phenomena (Sommerfeld);

10 Kinetic theory of magnetism, the magnetons (Langevin);

11 The current state of the specific heat problem (Einstein).

Most reports, notably those by Planck, Nernst, Sommerfeld, and Ein-
stein, led to vivid discussions. Lorentz translated questions and answers.
He summarized the debates at the end of each session. Maurice took note
of the interventions made in French. He collected handwritten notes from
members who spoke in German or English [8]. It was agreed that the

6The discussion of every report took place during its lecturing [§]. However, in the
official proceedings, the discussions have been placed at the end of the corresponding
report.
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Council’s Proceedings would be published in French out of respect for
Mr. Solvay. Langevin was asked to take care of the translations.

The volume, edited by Langevin and de Broglie , appeared under the
title La théorie du rayonnement et les quanta. The contrast with the
Council’s initial goal — to elucidate topical issues of molecular kinetic
theory[| - reflects a clear shift of focus in the debates. The more fun-
damental radiation problems slowly overshadowed questions regarding
kinetic and molecular theory.

Maurice de Broglie analyzed the meeting in a booklet published in
1951. “Lorentz insisted on the difficulties connected with classical theo-
ries [...]| [He| discussed Planck’s ideas and showed their necessity despite
their strangeness” (J12], p. 22). The importance of Analytical Mechanics,
the Lagrangian methods, and Hamilton’s equations emerged in Lorentz’s
report. The discussion addressed the applicability of Hamilton’s equa-
tions in the context of new quantum phenomenaﬂ Marcel Brillouin, one
of the participants, underlined the same point in his annotated version
of the Council’s reportsﬂ Louis de Broglie would study physics under
Brillouin in Paris after the Great War.

Brillouin highlighted another comment in Lorentz’s report: “We
should invent a mechanism enabling the energy transfer in the form
of rapid vibrations from the ether to matter excluding the reverse” ([11],
p. 13). This statement clearly expresses the asymmetry in the process
described from Lorentz’s perspective at the time. Maurice de Broglie
would definitively state the symmetry in the energy exchanges at Solvay
IIT after WWI.

Planck exposed an alternative to his initial theory, the so-called emis-
ston theory, in which he had recently developed an attempt to reconcile
his radiation law with classical electrodynamics and presented alterna-
tives to his theory. In his booklet on the Solvay Councils, Maurice em-
phasized Planck’s hesitancy in accepting light quanta when presenting
FEinstein’s ideas. Brillouin underlined the same statement in his anno-
tated reports. Planck’s comment is as follows:

7Conseil pour élucider quelques questions d’actualité des théories cinétiques et
moléculaires

8The applicability was questioned in connection with the equipartition and Liou-
ville’s theorems for canonical ensembles.

9Document 11127; PLS-ESPCI https://bibnum.explore.psl.eu/s/psl/ark:
/18469/1z19r.
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Einstein adopted the first point of view in his hypothesis
of light quanta. Stark followed it. According to this hypothe-
sis, the energy of a light ray of frequency v is not distributed
continuously in space, and it propagates in a straight line
by determined quanta of size hv in the same way as light
particles in Newton’s theory of emission. An important con-
firmation of this hypothesis is that the velocity of secondary
cathode rays produced by Roentgen rays is independent of
the intensity of these rays. J.J. Thomson’s study of photo-
electric phenomena led him to a similar conception; he be-
lieved he could only explain the small number of electrons
emitted and the independence between their speed and the
intensity of the incident light by admitting, instead of a uni-
form distribution of energy across the front of the light waves,
local accumulations of this Needless to say, such hypotheses
were irreconcilable with Maxwell’s equations and all the elec-
tromagnetic theories of light proposed to date ([I1], p. 93).

The association between the names of Einstein and J. J. Thomson in
this context would always be underlined by Maurice, e.g., in his book
entitled Les Rayons X and published in 1921. Paul Langevin, another
participant of the Council, would do the same in his evaluation of Louis
de Broglie’s Ph.D. thesis. The historian Wheaton noticed this fact with-
out offering a possible explanation. Planck’s comment at Solvay I is
their common denominator. Marcel Brillouin imagined the wavefronts
with non-uniformly distributed energy and sketched it in his annotated
version of Solvay I reports.

In the last report to the Council, Einstein finally analyzed the prob-
lem of specific heat and discussed his recent findings on thermal radiation
and the idea of energy grains. Einstein’s conclusions about the issue of
specific heats did not convey the positive message that Nernst expected.
Instead of emphasizing the success of Planck’s hypothesis in the molec-
ular domain, Einstein noted that in its current form, quantum theory
could not explain the behavior of thermal conductivity of matter in the
vicinity of the absolute zero of temperature. Extending his report beyond
the problem of specific heat, Einstein addressed the fundamental issue
of thermal radiation. Regarding Planck’s law, he made this discouraging
remark: “I had no other goal here than to show how fundamental are the
difficulties in which the radiation formula leads us, even if we consider
it as a simple experimental fact” ([II], p. 407).
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Regarding Planck’s theory, he drew a dark picture of the chal-
lenge ahead: “These discontinuities which make it so difficult to accept
Planck’s theory seem to exist in nature. The difficulties that a satisfac-
tory theory of these fundamental phenomena must overcome seem, at
this moment, insurmountable. Why does an electron in a metal struck
by Rontgen rays take the high kinetic energy observed in the secondary
cathode rays? All the metal is in the field of the Rontgen rays; why is it
only a small part of the electrons that pick up the speed of these cathode
rays? How come the energy is absorbed in an extraordinary few points?
How do these few points differ from others? We have no answer to these
questions and to so many others” ([I1], p. 407).

Einstein introduced his theoretical consideration on the hypothesis
of quanta as follows. “Now we come to the all-important, but unfortu-
nately still unresolved question: how can Mechanics be modified to align
it with the law of radiation and the thermal properties of matter?” (JIT],
p. 407). Again, Einstein’s central point was the application of statisti-
cal mechanics and his blackbody fluctuation formula, which showed that
two distinct contributions are needed to compute the fluctuation of the
energy described by Planck’s formula. One term represented the contri-
bution due to the undulatory character of electromagnetic radiation, like
in Maxwell’s theory, while the second term was due to the particle prop-
erties of light. Einstein’s formula was one of Louis de Broglie’s starting
points when he turned his attention to the blackbody problem after the
Great War. Louis would refer to the proceedings of Solvay I to quote
Einstein’s formula.

Marcel Brillouin was impressed by the same point when studying
Einstein’s report. In his annotated version of the Solvay meeting, he un-
derlined the fluctuation formula and its meaning and Einstein’s reference
to light quanta as energy plots. By accepting the hypothesis that light
energy is localized, Brillouin supported the idea of quanta as particles
and deprived Maxwell’s waves of part of their reality character. Bril-
louin and Louis followed this path to reconcile light’s wave and particle
aspects. The following statement made by Marcel Brillouin during the
final discussion reflects the general feeling at the end of the conference
(1], p. 451):

It now seems quite certain that it will be necessary to intro-
duce into our physical and chemical concepts a discontinuity,
an element varying by leaps, of which we had no idea a few
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years ago. How should it be introduced? This is what I see
less well. [..] T don’t know. The uncertainty in which we
find ourselves about the form and the extent of the trans-
formation that must be operated - evolution or a complete
overhaul - is a powerful stimulus. This concern will certainly
haunt us for many weeks, and each of us will passionately fo-
cus on solving the difficulties that our discussions have shown
to be inevitable and important in so many fields of physics
and chemistry.

2 X-rays: to the heart of atoms

Louis was too young when he first encountered the ideas discussed at
Solvay I. He recollected: “When, with increased maturity, I was able to
return to my studies after the long interruption caused by World War
I, it was once again the ideas of Einstein, this time on the wave-particle
dualism in light, that guided me in my attempts to extend this dualism
to matter” ([7] p. 14). Louis de Broglie’s approach is deeply rooted in
the experimental work of his elder brother, Maurice de Broglie.

Maurice started his work on X-rays soon after von Laue and W. H.
Bragg’s discovery (1912). The reflection and diffraction of X-rays by
crystals were discussed at Solvay IT (1913). Again, Maurice was one of
the three secretaries with Frederick Alexander Lindemann. Both had
a more active role this time and presented some experimental results.
Soon after Solvay II, Maurice devised an extremely elegant method - the
rotating crystal method - which made it possible, by dropping a beam
of X-rays onto a slowly rotating crystal, to photographically record the
diffraction spectra and thus obtain the spectral analysis of this radiation,
as well as essential information on the crystal structure. Right from the
start of his research, he discovered several fundamental laws governing
the emission and absorption of X-rays. He confirmed Moseley’s law by
extending it to many elements. FEven if W. H. Bragg is usually rec-
ognized as the father of X-ray spectroscopy, according to Jean-Jacques
Trillat, Maurice de Broglie deserves a similar title. Indeed, Trillat un-
derlined that thanks to his progress, Maurice clarified the structure of
atoms, concluding as follows: “Maurice de Broglie was the father of X-ray
spectrography.” ([I3]; p. 239) All these elements clarify why Rutherford
would indicate Maurice’s name to be one of the rapporteurs at Solvay
III (1921) after WWIL.

In 1919, Langevin lectured on the theory of quanta at Collége de
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France. The annotations Louis took and described by the historian
Chieko Kojima can be reconsidered from our perspective. Louis de
Broglie’s annotations are focused on Bohr’s theory, Sommerfeld’s quan-
tization rules and the Jacobi function, and the Hamilton-Jacoby theory.
These arguments are coherent with the interests of the young de Broglie
stimulated by the Solvay meetings. Sommerfeld’s ideas were presented
at Solvay I, and the Hamilton-Jacobi theory is one of the pillars of ana-
lytical mechanics. There is no track of Bohr’s theory in the proceedings
of Solvay II. However, it was probably discussed in private. This subject
soon became the center of Maurice’s research program. The very first
communication published in 1920 by Louis was devoted to the experi-
mental verification of Bohr’s model.

Chieko Kojima noticed that in his lectures, Langevin did not mention
Einstein’s latest research into the nature of radiation. However, Louis
would quote Einstein’s 1917 note on radiation in his second published
communication, showing to be updated on Einstein’s work. This fact is
unsurprising because, as de Broglie recollected, Einstein’s figure always
fascinated him. “I also knew (and since I was immersed in the study of
quantum theory, this part of his work interested me most keenly) that
Einstein had produced a bold hypothesis on the subject of light. |[...]
[I|ln every aspect of my studies I encountered with growing admiration
the work of this lofty thinker” ([7]; p. 14).

After the Great War, Louis started to work with his brother Maurice.
The elder brother recollected: “In the laboratory of Lord Byron Street,
[...] he found - with the work I was carrying out on the photoelectric
effect of X-rays, a quantum phenomenon so curiously related both to
waves and particles, with the company of young physicists focused on
the corpuscular aspects of Roentgen’s rays - a fertile breeding ground for
his ideas” E ([10], p. 426).

Louis’s work with Maurice and the investigations his brother pre-
pared for Solvay III (1921) laid the groundwork for the wave-particle
dualism for matter. Louis stressed the importance of his experimental
work as follows.

Nor should it be thought that, by focusing on X-rays, I
was losing sight of my essential goal: studying quanta. In-
deed, the whole theory of high-frequency radiation is imbued

10The address indicated by Maurice for his laboratory in Paris is correct. The
street is connected with the usually quoted address, namely 27 Rue Chateaubriand.
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with the idea of the quantum. Like light, these radiations be-
have as if they were made up of corpuscles of energy hv, and
the high value of the frequency means that the quantum hv
has a relatively large value, making it easier to demonstrate.

On the other hand, X-rays originate in the deep regions of
the atom, the architecture of which is essentially determined
by the quantum of action, as we learned from Bohr’s theory.
Observation of the X-ray lines emitted by a given category
of atoms provides information on the internal structure of
these atoms and the movement of the electrons within them -
movements subject to quantum theory. Therefore, the study
of X-ray spectra is closely linked to the theory of the atom
and the quantum mechanics of electron motion in the atom.
So it’s easy to understand the interest it presented for me

([6]; p.16).
2.1 Preparing Solvay III

Following his brother’s interests, Louis started investigating the inter-
action between X-rays and matter at the beginning of 1920. On March
31, the International Scientific Committee of the Solvay Institutes de-
cided on the topic and the rapporteurs of the third Physics Counciﬂ
The next Council meeting was scheduled for April 1921. Madame Curie
and Sir Ernest were invited to propose the program while the Commit-
tee discussed the rapporteurs. One of the topics was Structure of the
atom, charge, and constitution of the nucleus, isotopes. Rutherford and
Maurice de Broglie were charged with preparing two distinct reports.
Rutherford would indeed report on the structure of the atom at Solvay
IIT in 1921, while Maurice focused on the photoelectric effect for high fre-
quencies, the absorption and emission of light and X-rays, and Einstein’s
relation for light quanta: E = huv.

After the Solvay Committee’s decision, Alexandre Dauviller joined
Maurice’s laboratory. According to Wheaton, “Dauvillier’s research had
already moved from studies of X-ray absorption to an examination of the
kinetic energies of the secondary electrons released by X-rays” ([I4], p.
265). However, the three researchers’ first published papers were on the
absorption of X-rays. Maurice and Dauvillier focused on experimental

HFor a detailed account, see the Procés Verbauz de la Commision Scientifique,
document L8/04, p. 105. PSL-ESPCI, https://bibnum.explore.psl.eu/s/psl/ark:
/18469/1z52k.
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facts, while Louis published his theoretical investigations elaborating
Einstein’s probabilistic description of energy exchanges between matter
and radiation, which he introduced in 1917.

The investigations of this period focused on testing Bohr’s atomic
model and explaining its tension with experimental measurements. How-
ever, at the beginning of 1921, the group’s investigations shifted to the
so-called corpuscular spectra. Maurice published “A key finding” on Jan-
uary 31 ([I5], p. 275; January 31). Let us see how and why Maurice
turned his research in this direction. He started his paper by summariz-
ing the phenomena he was interested in:

It is well known that bodies irradiated with X-rays will
emit two different radiations: characteristic X-rays, called
fluorescence rays, and very fast photo-electrics electrons. The
new high-frequency spectroscopy investigates the first phe-
nomenon; to date, the second has not been studied in depth;
however, it offers similar interesting features ([I5], p. 274).

As stressed by Wheaton, Maurice knew “the suggestive early work by
Robinson and Rawlinson, and the incomplete experiments by Hu” (|14,
p. 266), and he explicitly declared wanting to improve Hu’s results.
In the already quoted paper, Maurice emphasized that “photoelectric
electrons are characterized by their velocity” and that it was possible
to investigate the velocity spectrum of the expelled particles using a
magnetic field. Working with metals, Maurice analyzed Hu’s suggestion
to connect their (relativistic) kinetic energy with Einstein’s formula hv.
His preliminary work convinced him that he had found a corpuscular
analog to specific X—rayﬂ This correspondence impressed Maurice,
who remarked: “This point completes the parallelism between the two
emissions.” This parallelism would be the first step toward constructing
the wave-particle dualism concept, and it will resonate in his report for
Solvay III.

By improving his experimental apparatus, Maurice realized that the
relation between Einstein’s formula and the photoelectron kinetic energy
is valid for almost-free electrons, the asymptotic region of X-ray spectra.
The formula should be modified for bounded electrons by subtracting
the work corresponding to the energy level specified by Bohr’s theory.

12Maurice referred to K rays, i.e., the X-rays emitted by stimulating the K energy
level.
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He improved the experimental work and wrote a joint paper with Louis
to give a theoretical basis to his experimental findings. On March 29,
1921, Maurice published the final proof of the connection between the
corpuscular spectra, the work to extract them, and the atomic levels
through the work needed to extract the electron from the atom. The
day after, the Solvay Institutes received his report for Solvay III, to
which Louis also contributed. Hence, it is unsurprising that Louis asked
to be admitted as an auditor. As recollected by Maurice:

It was customary in Brussels to allow a few people from
outside the Council — but versed in physics — to attend the
sessions. A young man, almost unknown then, requested this
authorization, which was refused. He keenly felt disappointed
in this failure and vowed to return to the next Council, but
this time through the front door. It was Louis de Broglie,
who a few years later was to hold one of the first places
in the Brussels meetings, by exposing the new quantum dy-
namics that would restore the pace of theoretical conceptions
rejuvenated by his work ([12], p. 43).

Lindemann, who had submitted a similar request, was also denied per-
mission to attend the Council meeting.

2.2 Discussions at Solvay IIT

As recollected by Louis, the general result of his investigations with
Maurice was that “the predictions of the corpuscular theory of radia-
tion are exact in the domain of the X-photoelectric effect.” ([6], p. 19)
Hence, their work broadened the domain of the concept of light quanta
and pointed towards its universality. The light quantum hypothesis was
not universally accepted in the early 1920s before the discovery of the
Compton effect. Their work for Solvay III on X-rays in Maurice’s well-
equipped laboratory in the family’s mansion in Paris was also a starting
step for Compton’s research.

Solvay IIT was devoted to Electrons, Atoms, and Radiation and took
place in Brussels from April 1 to 6, 1921. It welcomed W. L. Bragg
and the American Nobel laureate Albert A. Michelson. FEinstein was
prevented from attending the meeting because of a trip to the United
States. He nevertheless took part in the Council through an intermedi-
ary. His contribution was presented by Wander de Haas (Lorentz’s son-
in-law). Bohr declined the invitation, being exhausted by the founding
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of the Copenhagen Institute of Theoretical Physics, which opened its
doors on March 3, 1921. However, like Einstein, he participated in the
Council through an intermediary. Ehrenfest presented his report. Solvay
IIT was the first Council convened after WWI, and the Germans were
not invited.

The debates focused on two fundamental issues. One was the
Rutherford-Bohr model of the atom. The other was about the dual
wave-particle nature of light. In his report on The Structure of the
Atom, Rutherford recalled that it was only in 1914 that Darwin showed
that Geiger’s and Marsden’s results on the scattering of alpha particles
agreed with the customary law of electric force and that this law could
be derived directly from the observations made on the variation in the
scattering with the velocity of the incident particles.

Concerning radiation, there was a general feeling that Planck’s quan-
tum of action, which had been shown to play a fundamental role in the
constitution of atoms, should also be responsible for the complex nature
of light and X-rays. This view, first introduced in 1905 with Einstein’s
light quantum hypothesis in 1905 and reinforced in 1909 with his fluc-
tuation formula, was defended by Richardson and Bragg. However, the
strongest arguments in favor of a particle-like nature of light were put
forward by M. de Broglie. Reporting on “pin-shaped X-rays,” de Broglie
discussed a series of phenomena - photoelectric effects and inverse pro-
cesses - in which quanta seemed to intervene as “individual entities.” The
discussion provided a long-awaited answer to the following remark made
by M. Brillouin at the end of Solvay I: “It is very unsatisfactory to be
reduced to recognizing the presence of a discontinuity by means of ap-
parently continuous phenomena, to introduce it at the basis of a theory,
before drowning it out with the help of statistical considerations |[...] If
we could imagine an experiment that made us seize the discontinuity
on the spot, it would be much more decisive and instructive” [emphasis
added] ([I1], p. 451).

Maurice’s statement in his report about the inability of classical wave
theory to account for an experimental fact was particularly striking.

An atom that receives the light of frequency v emits a
projectile, endowed with energy hv, long before the radiation
has been able to provide it with elements of this energy by
means of homogeneous spherical waves.
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As it has been stressed by Kuhn, de Broglie insisted that X-ray radi-
ation “must be corpuscular, or if it is undulatory, its energy must be
concentrated in points of the surface of the wave” ([14], p. x).

One of the significant effects of M. de Broglie’s work was its impact
on understanding the photoelectric effect — after Millikan’s well-known
results — in the X-ray frequency range. As noted by Wheaton, de Broglie
modified the Manchester S-ray velocity spectrometer and employed it to
analyze X-ray absorption using what he called “spectres corpusculaires”,
namely corpuscular spectra. Wheaton remarked:

[By| introducing corpuscular spectra as a means to ana-
lyze the atom, he proceeded to a general discussion of the
photoelectric effect. Assuming the validity of the Bohr-
Kossel model for X-ray emission, it was clear that the full
energy quantum of the X-ray is transferred to individual elec-
trons. Coupled with the evidence that each X-ray frequency
gives rise to a particular set of electron velocities, it became
virtually impossible for de Broglie to avoid the issue of the
light quantum ([I4], p. 258).

In fact, with his presentation at Solvay III, de Broglie killed two
birds with one stone: by validating Einstein’s expression for the energy
of a light quantum, he provided decisive support to Bohr’s revolutionary
postulates. Last but not least, de Broglie’s work directly impacted the
research of his young brother Louis. As reported in Wheaton’s book,
Louis told his elder brother:

We debated the most pressing and baffling questions of
the time, in particular, the interpretation of your experiments
on the X-ray photo effect [...]| The insistence with which you
directed my attention to the importance and the undeniable
accuracy of the dual particulate and wave properties of radi-
ation little by little redirected my thought ([14], p. 275).

Hence, to understand Louis’ turning point, we follow again Maurice’s
work on X-rays.

Maurice’s report strongly asserted the symmetry between absorption
and emission of light quanta. In this process, the absorption and emis-
sion of p-rays were considered on the same footing. He reiterated that
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corpuscular spectra are “kinetic transposition belonging to periodic vi-
brations” ([16], p. 86). For almost-free electrons, in the case of irradiated
gas, the kinetic energy has the order of the irradiating X-ray, hv. During
the discussion of de Broglie’s report, Rutherford remarked on Maurice’s
first point and proposed considering the transformation process of X-
rays into S-rays. At the same time, Millikan emphasized how Maurice’s
ideas would imply that free electrons in the atoms have the energy hv.
(6], p. 122).

During the discussion of de Broglie’s report, Leon Brillouin discussed
a thermodynamical analogy to treat blackbody radiation. By comment-
ing on Brillouin’s ideas, Maurice mentioned in an elusive way the idea
that the quantum could go under “degradation” ([I6], p. 114). As we
shall see, Louis will develop this idea after Solvay III as further proof of
the influence exerted by Maurice’s ideas.

3 The legacy of Solvay III

Maurice de Broglie gave us a clear idea of his feelings in 1921 when Louis
started his great work. Reporting on Solvay III in his book, Maurice
wrote:

This was one of those periods when the balancing act
between theory and experiment, the usual source of progress
in the physical sciences, favored experiment, and it is clear
from rereading Lorentz’s paper on the theory of electrons and
the discussion that followed it, how much facts then overtook
theoretical ideas [12].

After Solvay III, Louis continued to collaborate with Dauvillier, but he
returned to the subject of corpuscular spectra and the thermodynamic
analogy we mentioned in analyzing Solvay III.

3.1 Maurice’s perspective

Maurice and Louis published two connected notes. In his note, Maurice
again stressed the perfect match between X-rays and corpuscular spec-
tra, which can be interpreted as a “kinetic transposition of the spectrum
belonging to periodic vibrations” ([I7], p. 1158). As already noticed by
Olivier Darrigol, Maurice believed that “both electrons and X-rays pos-
sessed wave and corpuscular characteristics,” an idea triggered by the
“extremely detailed correspondence between corpuscular spectrum and
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X-ray spectra” ([I8], p. 321). We clarified that Maurice’s conviction
originated from his experimental work for Solvay III and the discussion
of his report. Before analyzing the meaning and importance of the ther-
modynamic analogy, we discuss Maurice’s subsequent work on X-rays.

Between the end of 1921 and 1922, Maurice worked on a book col-
lecting his work and view on X-rays. Darrigol noticed that in this book:
“IMaurice] willingly talked about the « frequency of the electrons » mean-
ing the frequency which, once multiplied by h, gave the (relativistic) en-
ergy of the electron” ([I8], p. 321). Again, we emphasize how this point
of view originated in his work presented at Solvay III and the discussion
of his report.

By digging deeper into Maurice’s booklEL we can better understand
his point of view. He wrote:

Something kinetic is to be found in undulatory radiations
and Something periodic in the projections of corpuscles, and
all this makes it every day more tempting to think that a
single reality is presented to us, sometimes as a kinetic and
sometimes as an undulatory manifestation ([I9], p. 17).

However, in a footnote, Maurice stressed that “the emission of a radiation
of a period which is well defined |[...] corresponds to corpuscles of a
particular velocity, at the instant of their collision with matter” ([19], p.
17). Maurice’s comment means that the possible undulatory nature of
corpuscular spectra was not yet considered as an intrinsic characteristic
of the electrons, as in his brothers’ future work, but a consequence of
the interaction with electromagnetic radiation.

According to Maurice, the theoretical connection between the two
manifestations of the single reality is the definition of quantum. “A
quantum has a double significance; it indicates both the frequency of
a radiation and a certain quantity of energy carried by the frequency.”
([19], p. 18) For light, Einstein’s formula allowed a definition of energy
independent of the wave intensity and the introduction of the corpuscu-
lar character of light. Maurice reiterated the definition of the quantum
from the perspective of energy transformations: “A quantum can also be
defined for a particle possessing kinetic energy.” He also added: “These

131n the following quotations of Maurice’s book, we are using its English translation
dated 1925 after having checked nothing changed in comparison to the French version
(1922).
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considerations can be used to connect the kinetic and vibratory repre-
sentations of radiations,” a connection that had already been stressed at
Solvay III by him, Rutherford, and Millikan.

To emphasize the unity of matter and radiation, Maurice presented a
table (JI9], p. 19) where he explicitly assigned a frequency and a wave-
length to electrons moving at a speed of 38 m/s. The frequency can be
defined by dividing the (non-relativistic) kinetic energy by the Planck
constant. At the same time, the wavelength is obtained by dividing the
speed of light by the frequency obtained. Hence, Maurice’s undulatory
characteristics of electrons differed from the wavelength and frequency
Louis will define. They were not yet intended as an intrinsic character
of the electrons but defined through a quantity. This energy remains
constant when, in contact with matter, beta and electromagnetic radia-
tions are transformed into each other. However, Maurice insisted on the
fact that his considerations of the quantum introduce “a kind of bond
between undulatory and corpuscular radiations” ([19], p. 21). This bond
seems to indirectly suggest that the wave-particle duality for light could
be extended to electrons, as Louis would do. In the same table (J19], p.
19), Maurice calculated the velocity of light quanta, which again is the
speed of the expelled electrons.

In his concluding remarks, Maurice emphasized the ideas regarding
electromagnetic energy that Einstein and Thomson had expressed at
Solvay I. He stressed: “The fundamental fact is that the velocities of the
expelled electrons always depend on the frequency of the radiation and
not on its intensity. If it is necessary to assume, as has been sometimes
suggested (Sir Joseph Thomson), that the energy is localized at specific
points of the wavefront, we are very near to a corpuscular theory of
light.” ([19], p. 156)

Another consequence of the centrality of Einstein’s ideas in de
Broglie’s book is the following. If the energy of the electromagnetic
wave is not uniformly distributed on the surface of the wavefront and we
combine this idea “with the existence of an inertia for the energy, it will
be seen how we get back to the corpuscular theory of radiation.” ([I9],
p- 20) In this last statement, Maurice suggests that it is possible to
assign a mass to light quanta through Einstein’s formula relating mass
and energy. The inertia associated with any form of energy is another
ingredient Louis would use in his synthesis of wave-particle duality.
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3.2 Louis’ path to the photon gas

We now go back to the concept suggested by Maurice at Solvay III, the
idea of degradation of light quanta, and the two connected communica-
tions published in the Comptes-rendus de I’Académie des Sciences, one
by Maurice [I7] and one by Louis [20]. Maurice emphasized the equiv-
alence between X-ray and corpuscular spectra from the experimental
point of view.

Using the example of Tungsten, he described the correspondence be-
tween its X-ray spectrum of the K-level and the corpuscular spectrum
represented by the alpha-, (al,a2), and the two beta-, (81,32), ray
emissions. From Maurice’s perspective, the original quantum of energy
had been split into quanta of lower frequency. Indeed, every corpuscular
emission can be converted again into an X-ray quantum. In a sort of
chain reaction, an X-ray quantum can be converted into a corpuscular
emission, which can be converted into an X-ray mission, and so on. In
this process, the original quantum drops down and is progressively de-
graded. In his communication [20], Louis analyzed a thermodynamical
analogy linking the frequency with the temperature and the quantum
of action with the entropy. Without entering into the technical details,
this analogy played an essential role because it was Louis’s first attempt
to treat X-ray emissions using thermodynamic concepts. This commu-
nication was the first step in applying statistical mechanics to X-ray
emission.

Louis de Broglie’s following step was a work on the Bragg-Pierce
law. In Ref. [21I], Louis formulated his first step for X-ray absorption.
Louis evaluated a constant of proportionality with the help of Bohr’s
correspondence principle. Louis wrote:

Let us consider an ensemble of N atoms at a certain tem-
perature T. We focus on very small frequencies for the tem-
perature T'. It is in the spirit of Bohr’s correspondence princi-
ple to admit that, for the emission of such frequencies, every
atom can be treated as a tri-dimensional oscillator ([21], p.
1457).

He used the result to compare his theoretical prediction with experimen-
tal data. The excellent matching of the two results led him to conclude
that his calculation was showing “the far-reaching impact of the corre-
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spondence principle when it is interpreted as a statistical principle” (|21],
p. 1458).

The last step is the paper he finished in June 1921 and published
in February 1922 [22]. This paper bridges his investigations on X-rays’
absorption and radiation’s structure. Louis added the elements of statis-
tical mechanics investigating a closed system maintained at a fixed tem-
perature formed by atoms and radiation. He quoted a work published
by Brillouin, which was also mentioned in the proceedings of Solvay III,
and where he quoted Einstein’s report of Solvay I. This fact is essential
for two reasons.

First, it testifies that Louis was informed by his brother about the
discussions of Solvay III. Second, Brillouin proved that statistical me-
chanics could be applied to continuous and discontinuous systems. Louis
focused on the continuous spectrum of X-rays and Wien’s law. He ap-
plied statistical mechanics to the emitting electrons inside the atoms by
modeling them as a gas. Using the quantum hypothesis, he obtained the
Bragg-Pierce law. We will come back to this fact in the following.

Around the end of 1921 and the beginning of 1922, Louis turned
his attention to the structure of radiation in two connected papers. In
[23], received in January 1922, Louis derived Wien’s law. In his subse-
quent communication [24], he investigated the consequences of consider-
ing aggregates of light quanta to include interference phenomena in his
corpuscular approach.

Let us now focus on the first paper. As Darrigol noticed, Louis used
purely corpuscular assumptions. De Broglie represented the radiation as
a gas of photons. More precisely, he wrote: “This work aims to establish
a certain number of results known from radiation theory by a reason-
ing based solely on thermodynamics, kinetic theory, and quantum the-
ory, without any intervention from electromagnetism.” [emphasis added]
(23], p. 33). This statement suggests interpreting this paper as a nat-
ural continuation of his work based on the use of the thermodynamical
analogy, with the addition of elements of statistical mechanics.

In his recollections, Louis wrote,

My studies of high-frequency radiation had convinced me
of the need to accept, at least in a certain sense, the granular
structure of radiation. And yet the phenomena of interfer-
ence and diffraction of light are there to show us the necessity
of the wave theory, and in the very field of high-frequency
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radiation, isn’t the diffraction of X-rays by crystals, which
has been the basis of all the progress made in X-ray spec-
troscopy, clearly a wave phenomenon? Preoccupied by these
questions, I undertook a little work that was the prelude to
the development of Wave Mechanics ([6]; p.21).

De Broglie was referring to the work done by his brother, who had proved
the need to introduce the quantum hypothesis in the range of X-ray fre-
quencies. Louis described radiation as a gas of light quanta and applied
statistical mechanics to it. Where did this idea come from?

In the previous paragraph, we stressed that Maurice suggested as-
signing a mass to the light quanta using Einstein’s relation. Maurice
started writing his book in 1921 and published it around the end of
1922. The most recent paper published by Louis and quoted by Maurice
in his book was published in February 1922. It is the work about the
Bragg-Pierce law, which belongs to the last part of the book, while Mau-
rice’s suggestion of a massive light quantum appears at the beginning of
the book. These elements suggest that the two brothers discussed this
idea. However, we cannot say if it originated from Maurice or Louis. We
can say that Louis improved Maurice’s original idea: Louis assigned a
velocity to the light quantum. In contrast, Maurice assigned a velocity
to the beta-particle emerging after X-ray absorption by describing light
quanta scattered by the walls of a cube.

At the beginning of his article, Louis states that the mass of the
light quantum is obtained by dividing its energy hv by the square of the
speed of light, ¢, as suggested by his brother, to give proof of the light
pressure radiation formula by modeling light quanta as massive particles
scattering the wall of a cube. He didn’t specify if he was referring to the
kinetic or the total energy. However, in the first footnote ([23], p. 422),
de Broglie considered the Special Relativistic formulas of the kinetic
energy W and momentum G for particles of rest mass mg and velocity
v. He introduced a limiting procedure where mg tends to zero, and v
tends to ¢ to justify his assumption for the energy and obtain Einstein’s

formula for the momentum of a photon. He imposed that, in this limit,
Mo

_ v2
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energy equals the total energy, and he could impose W = hv = mc?. A
moBc

_ v
C2

the variable mass m = would stay finite. Hence, the kinetic

similar reasoning for the momentum gives G = = mc because
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B = < tends to 1. The two formulas combined in the main text gave him

the correct formula for the radiation of pressure.

It must be stressed that de Broglie’s approach is not entirely clear.
De Broglie used the terms infinitely close to zero and infinitely close to
¢; hence, he seemed to be considering a nonzero rest mass mg and v < c.
This interpretation appears to be confirmed by the fact that, as also
noticed by Darrigol ([I8], p. 337), Louis would calculate the velocity v
of the light quantum at the end of the paperE However, in his interview
with Thomas Kuhn, A. George, and T. Kahan, Louis recollected that he
was thinking precisely of a limiting procedure, bothered by the fact that
when v tends to c, the energy goes to infinity (|25]; part II, p. 5).

De Broglie recollected that, at the time, he was considering the phys-
ical meaning of this limit, which, from his perspective, was empirically
justifiable. A massive light quantum moving at a speed less than the
speed of light reproduces Maxwell’s relation between energy and mo-
mentum only approximately, but the difference would not be measur-
able. This comment confirms that Louis considered light quanta to be
relativistic particles, implicitly opening the possibility of extending the
dualistic nature of light to electrons. However, from a strictly mathemat-
ical perspective, de Broglie’s limit mass m cannot exist when we interpret
the formula for the total energy as a function of the two variables mg
and v. Despite these incongruences, it is clear that Louis elaborated
on his brother’s ideas and that this limiting procedure, giving the light
radiation pressure formula, inspired Louis to identify light quanta with
massive particles.

Another element explaining Louis’s inspiration emerges again from
the discussions at the Solvay meetings. During the debate on Maurice’s
report at Solvay III, Léon Brillouin presented one of his theoretical cal-
culations published in 1920. Brillouin investigated the X-ray continuum
emissions and absorption but focused on the velocity distribution of the
decelerated or accelerated electrons that produce the phenomenon. Mau-
rice noticed that Wien had already introduced the thermodynamic anal-
ogy in the context of X-rays in 1911 ([I1], p. 114). We know that Louis
quoted Brillouin in his previous work and that in his work, Brillouin
quoted Einstein’s report at Solvay I.

14We should point out that there must be a typo no one noticed in de Broglie’s
paper. Indeed, the correct formula should contain the fifth power of the speed of light
instead of the third power.
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Furthermore, in his last paper, Louis informed us that he discussed
his work with Léon Brillouin ([23], p. 426). All these elements suggest
that Louis was stimulated to reread the proceedings of Solvay I, where
Marcel Brillouin, Léon’s father, was present. Hence, the following ques-
tion arises: are there some hints in Einstein’s report and the subsequent
discussion?

To answer our question, we first point out that Lorentz made the fol-
lowing comment: “There have often been protests against the application
of statistical methods to radiation; I don’t see why these methods can’t
be applied to radiation (see Lorentz’s report).” (JII], p. 119) Once Louis
had verified that the relativistic massive light quanta reproduced the
correct radiation pressure formula, applying statistical mechanics would
be a direct consequence.

As already said in section Louis was an ardent admirer of Ein-
stein’s work. In the proceedings of Solvay I, which Louis thoroughly
studied, Einstein suggested the following:

Let us imagine a box with perfectly reflecting or white
walls of volume V' containing radiation of energy E that is
substantially monochromatic and of frequency v (...). Sup-
pose the radiation’s density is sufficiently weak to remain in
the domain of validity of Wien’s law. In that case, the sta-
tistical distribution law is the same as if the radiation were
composed of distinct point particles, each possessing the en-
ergy hv. [...] If we imagine the radiation composed of small
energy elements equal to hv, we immediately obtain an ex-
planation for the probability law of diluted radiation ([I1],
p. 442).

Again, Einstein emphasized: “If we imagine radiation made up of small
energy elements equal to hr, we immediately obtain an explanation for
the probability law of diluted radiation” ([11], p. 443). Quoted Einstein’s
comments suggest the possibility of treating radiation as an ensemble of
particles.

The last hidden contribution of Solvay I comes from the footnote of
page 423. Having used a limiting formulation of relativistic dynamics
to describe light quanta, Louis could emphasize that Liouville’s theo-
rem is applicable. Darrigol has observed that this fact is contained in
Langevin’s relativity lectures ([I8]; footnote 69 p. 335). However, we
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have already stressed that the importance of Liouville’s theorem, its
connection with the canonical theory, and the applicability of Gibbs’
methods was one of the central issues discussed in the proceedings of
Solvay I that Louis had studied very carefully.

Another argument that could have convinced Louis came from a pa-
per by Lindemann quoted at the end of de Broglie’s paper. His short
note in Philosophical Magazine focused on the significance of the chemi-
cal constant and its relation to the behavior of gases at low temperatures.
However, Lindemann pointed at an analogy between gases and radiation
through the role played by the chemical constant on one side and the
Stéfan constant on the other. At the end of his paper, Lindemann in-
sisted on the analogy and suggested the following: “One may conclude,
therefore, since the chemical constant can be replaced by radiation pres-
sure, that its physical significance may perhaps be sought rather in the
interaction of radiation and matter than in the subdivision of Gibbs’s
N-dimensional space into finite elements of equal probability.” ([26], p.
25) We could say that Louis took up this challenge in his work.

3.3 Einstein in Paris

Einstein visited Paris in March 1922 when Louis was working on his
second communication on a gas of light quanta. Einstein lectured at
the Sorbonne and the Collége de France. For Louis, this was an emo-
tional moment, as he recalled it in the following: “During that period
of my life, I caught a glimpse of Einstein, though only from afar [...]
While attending his lectures [...], I was struck by his charm and facial
expressions, sometimes meditative and aloof, lively and playful.” ([7], p.
14)

Einstein’s visit influenced de Broglie’s work. In his communication to
the Comptes Rendus, Louis explicitly quoted Einstein’s report at Solvay
I. He reconsidered his fluctuation formula to show how introducing ag-
gregates of light quanta could explain the first term, usually originating
from Maxwell’s theory. Darrigol stressed that despite the result obtained
by Louis de Broglie, “[He] did not believe that the future theory would
work with corpuscular theory only.” ([I8], p. 335) De Broglie’s attitude
is not surprising for two reasons. Firstly, because of Einstein’s influence.
As already emphasized, at Solvay I, Einstein underlined that his formula
would imply a coexistence of corpuscular and undulatory concepts. Sec-
ond, a purely corpuscular theory of light could not explain interference
phenomena unless some periodic phenomenon could be associated with
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the light particle. This problem will be the next Louis addressed. The
following two papers contain the seed of this point of view.

In the work published in the Journal de Physique, Louis obtained
Wien’s law except for a coefficient 2, representing the possible polar-
ization states of the photon, which is another aspect connected to the
undulatory character of light. The following remark made by Louis clari-
fies that he was already considering light quanta as a source of a periodic
phenomenon capable of explaining the polarization of light.

A complete theory of light quanta would have to introduce
it [the polarization of light] in a form such as the following:
each light atom would be linked to an internal state of right
or left circular polarization represented by an axial vector
having the direction of the propagation velocity [emphasis
added] (23], p. 426).

De Broglie’s comment indicates he was convinced of the coexistence be-
tween particle and wave aspects like Einstein. It also tells us that he was
already trying to define a periodic phenomenon originating from light
particles. As noticed by Darrigol, Louis underlined in his communica-
tion to the Comptes-rendus the need for a compromise by introducing
the notion of periodicity into the theory of light quanta to take into
account interference phenomena ([18]; p. 335). For the polarization of
light, Louis imagined attaching an axial vector along the direction of the
propagation vector ([23], p. 426)

Before proceeding, it should be pointed out that the deficiency of
de Broglie’s particle approach in considering the polarization phenom-
ena was recognized by Léon Brillouin. In his conferences at Collége de
France, Léon pointed out that Einstein’s idea of grains of energy would
not explain the polarization of light. Léon’s observation was another rea-
son Louis retained the view of a particle’s coexistence and an undulatory
picture, as only this last one could explain the polarization phenomena.
Léon quoted the proceedings of Solvay I and Solvay II as essential ref-
erences to understand the debate around Planck’s original hypothesis.
He also referred to the proceedings of Solvay III and the conferences at
Collége de France by Maurice de Broglie for a deeper understanding of
Bohr’s atomic theory and its experimental verification.

Louis would also refer to the Solvay conference proceedings in his PhD
thesis. According to Léon Brillouin, Louis often discussed his ideas with
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him during 1921 and 1922. In his March 29, 1962 interview, Brillouin
explained [27]: “We [Louis and Léon| discussed these ideas a dozen times.
Several times. Sometimes he [Louis] came to see some papers in our
library, sometimes we talked together for five minutes, sometimes for a
longer time.”

Léon also pointed out that “the most important part of the work was
finished in 1922.” During the discussions with Brillouin, Louis had cer-
tainly absorbed Brillouin’s idea that in a dispersive medium, the energy
of electromagnetic waves travels with the group velocity U, which is the
speed of propagation of the amplitude’s Variatiorﬁ ([28], p. 11). Louis
would later associate a light quantum with a group of waves and iden-
tify the photon’s velocity with the group velocity U. In his interview,
Brillouin insisted again on the early stage of Louis de Broglie’s work:

The crucial thing was the moment when he discovered the
relation between momentum and wavelength [...] Everything
started from there [the papers of 1922]. That was the first
mark. And the rest had to follow it. Each step took a long
time of thinking and wondering before he decided how to
adjust to a new term. But I am sure — we agree on that
— the p relation, the lambda relation, was ‘22. And then,
I remember, there was some time before his thesis could be
printed [27].

It must be emphasized that de Broglie’s wavelength appeared after intro-
ducing the phase waves, which traveled at speed V', obeying the relation
UV = ¢%. Hence, Brillouin’s recollection seems partially incorrect. What

h
can be inferred from de Broglie’s Ref. [23] is the relation A ~ —, where

G is the momentum of a massive particle traveling at speed U = ¢ and
for which we can write A\v =~ U. As already said, the idea of a massive
photon triggered the idea to extend the relation between wavelength and
momentum to other massive particles.

At the time, Marcel Brillouin, Léon’s father, lectured at Collége de
France in the same period. Marcel had recently published the last of a
series of papers where he elaborated on a proposal where the electrons
would emit a wave while revolving around the nucleus. De Broglie did

15 A similar topic was discussed by Lorentz and Einstein. See Einstein Papers, Vol.
12, DOC. 298.
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not mention Marcel’s work at this stage, but from the interviews with
Louis and Léon — 1962 and 1963 — it emerges that Louis de Broglie knew
Marcel Brillouin’s proposal in 1922.

Louis reverted to Einstein’s fluctuation formula in the communication
dated November 1922 at the Comptes-rendus. Louis suggested consid-
ering “Maxwell’s theory as a continuous approximation (limit) of the
discontinuous structure of radiation” (|24], p. 812). As Darrigol noticed
in this paper, Louis obtained Planck’s distribution law by summing the
contribution of “light molecules” made of many quanta. For this reason,
Louis imagined that the simultaneous presence of many quanta would
be at the origin of the interference phenomena, but this statement was
only a conjecture ([24], p. 66).

On one side, the imperfect particle approach served as a basis for
introducing periodic phenomena in the particle picture to describe light.
Conversely, the suggestion to make the same extension for massive par-
ticles was implicit because the formula of relativistic dynamics involved
a nonzero rest mass.

3.4 De Broglie’s impact on Compton’s work

The study of secondary gamma and X-rays was one of the topics ad-
dressed by Arthur Compton in his report for the National Research
Council. Compton’s account, published in October 1922, contains the
first evidence of what we call nowadays the Compton effect. The research
aimed to understand the softening of secondary gamma and X-rays. As
pointed out by Compton, previous studies had shown that “this radia-
tion was less penetrating than the primary beam, and that this difference
in quality was greater the harder the primary rays employed.” ([29], p.
15) For this reason, Compton investigated the frequency of secondary X-
rays: spectroscopic measurement showed a distinct change in wavelength
for the secondary rays detected at a right angle, while absorption mea-
surement seemed to suggest that this secondary radiation was composed
of two parts, “one having the same wavelength as the primary beam, and
the other a slightly greater wavelength” (|29], p. 16).

Compton’s reference to the quantum nature of the frequency shift was
implicitly based on the results of Solvay III. Indeed, Compton started his
discussion of this “Doppler effect in secondary X-rays” with the following
statement: “Based on the quantum theory, a different hypothesis may
be formed. Let us suppose that each electron, when it scatters X-rays,
receives a whole quantum of energy and reradiates the whole quantum
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in a definite direction” [emphasis added| ([29], 18). As we have stressed
above, the transmission of an entire quantum during the interaction
between radiation and electrons was one of the central topics of Maurice
de Broglie’s report at Solvay III. Compton did not quote it, but he
insisted on its result: the interaction between radiation and electrons
must involve the absorption of an entire quantum ([29]; p. 26).

According to Compton, a consistent theory of X-rays was still lacking
at the time. One of the problems pointed out by the American scientist
was the explanation of X-ray absorption. Compton reviewed two pos-
sible explanations in his report: a pure electromagnetic approach and
Louis de Broglie’s theory. The former relied upon Maxwell’s equation
and gave the correct formula “without introducing the quantum concept”
(I29], p. 43). As we have already commented, Louis’s theory was instead
based on the quanta hypothesis. However, this part of Compton’s report
tells us that the two scientists were in contact. Indeed, Compton stated
that he discussed this approach with Louis in exchanging letters ([29], p.
44). Compton maintained a laic approach in this report by presenting
both perspectives. However, in his subsequent paper on Physical Re-
view where he describes the shift of wavelength as a scattering process,
Compton quoted Louis de Broglie’s explanation only ([30], p. 496) and
used his new experimental evidence with X-ray absorption to confirm
the change in frequency. This fact testifies to Compton’s conviction of
the quantum foundation of this effect.

In his later recollections, Compton remembered how difficult it was
to accept the change in wavelength at the time. “The results, accurately
confirming the theoretical predictions, immediately became a subject
of the most lively scientific controversy I have ever known. I reported
the results [...] before the American Physical Society in April 1923.”
([31], p. 818). In this context, Maurice played again an important role.
In his recollections, Compton stressed: “Having frequently repeated the
experiments, I entered the debate with confidence but was nevertheless
pleased to find the support from P. A. Ross of Stanford and M. de Broglie
of Paris, who had obtained photographic spectra showing results similar
to mine.” ([31], p. 818)

Einstein’s following statement testifies to the importance of Comp-
ton’s resul@ “The positive outcome of Compton’s experiment proves
that radiation acts as if it were composed of discrete projectiles of en-

16See Einstein papers, vol 14, DOC. 236.
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ergy, not just as regards energy transfer, but also as regards the collision
effects.”

3.5 The stroke of a genius

1923 was that of Louis de Broglie’s stroke of a genius, as Darrigol called
it. In 1931, Louis recollected his path as follows.

The study of blackbody radiation strengthened my con-
viction that, to arrive at a more comprehensive theory of
light and radiation, it was necessary to seek to unite the
idea of corpuscles with that of waves. Reflecting on this
point, I suddenly thought that a similar unification should
also be realized in a theory of matter. [...] In the corpuscu-
lar conception of radiation, the fundamental formula is that
of Einstein’s light quantum. This relationship between the
energy of the radiation corpuscle and the frequency of the
corresponding wave establishes a kind of bridge between the
conception of waves and that of corpuscles; it creates a kind
of correspondence between the two images. Hence, the con-
stant h establishes a link between the wave and the corpuscle.
What do we see when we consider the theory of matter, par-
ticularly the theory of atomic systems? We see elementary
particles of matter, particularly electrons, describing quan-
tized motions whose specification involves the constant h and
integers. The appearance of integers immediately brings to
mind interference and resonance phenomena, i.e., wave phe-
nomena. Doesn’t this suggest that, in the theory of matter,
waves should be added to corpuscles, the correspondence be-
tween one and the other being defined by formulas in which
Planck’s constant plays an essential role? If we establish such
a correspondence between waves and corpuscles in the case
of matter, it might be identical to the one we must admit
in the case of light. We would then have achieved a won-
derful result: we would have created a general doctrine that
establishes a correlation between waves and corpuscles in the
realm of light as in that of matter. For light, this correspon-
dence requires the coexistence of photons and light waves,
the energy of a photon being related to the frequency of the
wave by Einstein’s relation. Applied to matter, the same
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correspondence requires that every corpuscle of matter, ev-
ery electron, for example, be associated with a wave, which
accompanies and controls its motion. From that moment
on, I thought it would be possible to obtain interference and
diffraction phenomena with electrons ([6], p. 23).

According to Louis, the core of his innovative approach is contained in
the three communications that appeared in the Comptes-rendus [32] [33]
[34]. Again, as Louis recollected, we should emphasize that his starting
point was Maurice’s suggestion to consider Einstein’s formula for mass
and radiation hv = moc?. Using the exact words in his brother’s book,
Louis thought of this equivalence in the rest frame of a photon, which
was a massive particle in his mind. From now on, Louis would no longer
refer to the particle’s kinetic energy but its total energy. In this context,
the constant c is not the speed of light quanta but just “the speed limit
of the theory of relativity.” (|[32], p. 507)

As Darrigol has observed, the crucial point in introducing the identity
hv = mgc? and the idea of an internal periodic phenomenon represented
by an internal clock was that it produced a new theoretical difficulty.
Louis introduced his law of accordance (or harmony) of phases to find a
description consistent with relativistic formulas. According to Georges
Lochack, during the celebrations of his eighties birthday at the Academy
of Sciences, de Broglie said: “A man never has more than one great idea
in his life. If I ever had such an idea, it is certainly the law of phase
harmony.” (|35], p. 4) Lochack underlined that the principal idea of
de Broglie’s reasoning was the clock: “[This] is why de Broglie always
considered that the first fundamental idea of wave mechanics was [...]
in the work of Newton [...] in which an internal frequency was already
introduced in the particles of light” (|35], p. 6).

We will not go into technical details that have been described else-
where. Furthermore, we will not discuss the role of the Maupertuis and
Fermat principle. We point out just some details. First, Louis obtained
the relativistic version of Bohr’s orbits ([32], p. 507). Then, he identified
the particle’s velocity with the group velocity and explained interference
and diffraction ([33], p. 548).

In his discussion with Léon Brillouin, Louis should have learned that
the energy of a light signal, i.e., a group of waves whose frequencies
are nearly equal, travels with the group velocity ([28] p. 12). On the
contrary, the phase waves guiding the particle traveled at a speed greater
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than c. In de Broglie’s view, the energy must be localized, as Einstein
suggested. The diffraction patterns are obtained by curving the particle’s
trajectories at the cost of abandoning the conservation of momentum
(B3], p. 549). Finally, he went back to the idea of photon gas. The
presence of an accompanying wave made possible the introduction of a
polarization vector ([34], 633).

Louis gathered all his results in his PhD thesis, which he defended on
November 25, 1924. In his work, Louis quoted the three Solvay Councils
in his historical introduction to discuss the energy fluctuations in black
body radiation.

4 Solvay IV: spreading the news

The International Scientific Committee members of the Solvay Institute
met on April 18 and 19, 1923, to prepare the fourth Physics Council,
scheduled for April 1924. The Committee then comprised the following
members: Lorentz, M. Curie, W. H. Bragg, E. Rutherford, M. Brillouin,
H. Kamerlingh-Onnes, M. Knudsen, P. Langevirﬂ and E. van Aubel.
After lengthy discussions, the Committee decided to devote Solvay IV
to the mechanism of metallic conductivity and a series of phenomena
likely to shed light on that mechanism. This choice was primarily due to
Lorentz, who wished to select a subject that could be dealt with without
German memberﬂ Einstein was on the list of possible invitees as a
Swiss citizen. However, he begged Lorentz not to be invitedﬂ arguing
that he didn’t want to be the only German guest. In contrast, the
Council welcomed Erwin Schrédinger, an Austrian physicist attached to
the University of Zurich, and George de Hevesy, a Hungarian researcher
who worked in Copenhagen.

The idea of discussing the electrical conductivity of metals (an issue
closely related to the electron theory) came to Lorentz’s mind during
his transatlantic tour from January to April 1922. This journey en-
abled him to meet first-rank American and Canadian physicists, such
as Edwin Hall, the discoverer of the phenomenon that bears his name;

17Following the death of Righi on July 8, 1920, his seat in the ISC had been given
to Langevin.

18The banning of German scientists was connected to facts related to the World
conflict. See Ref. [3], p. 188.

19 Just as his friend Max Born, Einstein was critical about the considerable repara-
tion payments imposed by the Allies on the Weimar Republic. Einstein likely reacted,
in part, to the occupation of the Ruhr by French and Belgian troops. See [36], letters
29 and 45.
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Percy Bridgman, a specialist in high pressures; John MacLennan, a low-
temperature expert from Toronto, and Compton, who was about to dis-
cover the Compton effect.

Ernest Solvay died in May 1922, but his scientific project remained
alive. Solvay IV took place from April 24 to 28, 1924. Nine reports were
on the Council’s agenda:

1 Application of electron theory to metals and their properties
(Lorentz)

2 Conductivity phenomena in metals and their theoretical explana-
tion (Bridgman).

3 A theory of conductivity in metals (Richardson).

4 The internal structure of alloys (Rosenhain).

5 Electrical resistance and metal expansion (Broniewski).
Electrical conductivity of crystals (Joffé).

New experiments with superconductors (Keesom).

co N O

Metal conductivity and the transverse effects of the magnetic field
(Hall).

9 Note the propagation of radiation impulses (Joffé and Dobron-
ravofl).

Regarding the topics discussed, it should be noted that the difficulty
of inviting German physicists, which prevented the Council from focusing
on fundamental questions in quantum theory, did not stop the partici-
pants from exploring the limits of its application. In a text written on the
occasion of Langevin’s death in December 1946, the Ukrainian physicist
Abram Fedorovich Joffé, who is considered today as the “father” of Soviet
Physicﬂ emphasized: “I remember a meeting with Paul Langevin in
1924 at the Solvay Congress, where the contradictions between classical
and atomic physics appeared very clearly. Lorentz, the creator of the
theory of electrons, could only express his regret at not having died five
years earlier when the horizon of this theory seemed serene” (|38], 16).

20Tt is more than probable that Joffé was invited at the suggestion of Langevin, a
supporter of Soviet physics within the ISC. See Ref [37].
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The Stern-Gerlach experimenﬂ which showed the reality of angular
momentum quantization in atomic systems, was briefly mentioned dur-
ing Richardson’s report (Einstein’s quantum relation was mentioned, as
were the quantized Bohr orbits). As for Bohr’s second atomic model, it
was addressed by Willem Keesom in his presentation of the Kamerlingh
Onnes repor@ In the ninth report, added at the very last moment,
Joffé presented an experiment prepared with Dobronravoff that had not
yet been published. The report again certified how the work of Maurice
de Broglie had definitively given proof of the localized character of en-
ergy for light quanta, as Einstein suggested. In their report, the authors
implicitly referred to the recently appeared proposal of Bohr, Kramers,
and Slater, which was based on the idea that energy conservation should
only be regarded as a statistical principle.

The participants discussed the different models explaining conduc-
tion in metals, crystals, and gases. Lorentz states, “It seems quite prob-
able that conductivity must be due to a certain freedom of the peripheral
electrons” (J39]; p. 123). However, some proposed models seemed to con-
tradict Bohr’s atomic theory. In general, the concept of free electrons
was difficult to reconcile with Bohr’s orbits. These tensions and all the
unresolved problems regarding radiation could have stimulated the par-
ticipants to discuss them in the corridors and during the breaks from
the official discussion, as already happened@ In his reminiscences, Joffé
wrote: “Because all participants lived together during the congresses and
the committee’s work and spoke to each other not only at the meetings
but also in the evenings, they became closely acquainted with one an-
other.” ([40], p. 51) At Solvay IV, Joffé, Debye, and Schrédinger spent
much time together. Joffé wrote: “With Schrédinger and his wife, we
had many conversations about political topics as early as 1924” ([40], p.
53). However, in the following, we argue that this could not be the only
topic they discussed.

In 1924, Schrédinger had not developed wave mechanics, a formal-
ism based on the ideas put forward by Louis de Broglie in his doctoral
thesis, which was not published yet at the time of Solvay IV. How-
ever, Joffé probably informed Schrédinger and Debye of de Broglie’s
work. According to Jammer: “Now, as we know from reliable sources,

21 Einstein described it at the time as “the most interesting advance” ([36], letter
42).

22Keesom replaced Kamerlingh Onnes, who had fallen ill.

23See Ref. [3].
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Langevin, despite any as yet recognized empirical verification, spoke
about de Broglie’s work at the fourth Solvay Congress in April 1924”
([1], p. 248). One of Jammer’s “reliable sources” was Joffé, whose
recollections are contained in two documents.

In the text written on the occasion of Langevin’s death [38], Joffé
emphasized: “Langevin spoke about Louis de Broglie’s work as an inter-
esting attempt as synthesis, offering a possible way out of the impasse.”
We know crucial discussions between participants in Solvay meetings
often occurred outside the conference room. According to Joffé’s later
recollections:

In the spring of 1924, in Brussels, Langevin told me
about Louis de Broglie’s ideas about electron waves. He had
submitted the work for the doctoral award to de Broglie.
Langevin was charmed by the insight and originality of de
Broglie’s ideas, even if he did not believe they were real.”
([40], p. 64).

This comment, taken together with Joffé’s close friendship with Debye
and Schrédinger, and with the Council members’ habits to discuss the
latest developments in private, suggests that Schrodinger heard about
de Broglie’s thesis at Solvay IV.

There are indications that it was not until the fall of 1925 that
Schrodinger paid serious attention to de Broglie’s idea ([42]; p. 344,
footnote 21). As Schrodinger testified, Einstein’s paper on Bose-Einstein
statistics played a decisive role in this fact. However, Langevin might
have played a role too. We report here the little story told by Edmond
Bauer [43].

I must tell you something else, which perhaps de Broglie
will not tell you about. [...] Victor Henri was an excellent
friend of mine; he was also a professor in Ziirich at the Univer-
sity. Weiss was at the Polytechnique. Victor Henri told me
this story. He went to Paris from Zurich, and Langevin told
him, Oh, we [had] the very remarkable thesis of de Broglie,
and I will give it to you. Victor Henri returned to Zurich and
began reading Louis de Broglie’s thesis. [...] Schrodinger, af-
ter two weeks, gave it back to him and told him, That’s rub-
bish! [...] Victor Henri returned to Paris, saw Langevin, and
told him what Schrédinger [had said]. And Langevin told
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him, I think Schréodinger is wrong; he must look at it again.
Then Victor Henri came back to Zurich and told Schrédinger,
You ought to read again the thesis of de Broglie; Langevin
thinks this is an excellent work. Then Schrédinger reread it
and began his work.

Why did Langevin send a copy to Schrédinger? From what we said
above, Langevin was trying to highlight de Broglie’s thesis, and he tar-
geted Einsten, who was supposed to be at the Solvay Council, and the
participants of Solvay IV. Jammer underlined he has been “unable to
find additional independent evidence” of the story Bauer reminded [41].
Indeed, there is no evidence for Schréodinger’s comment. However, when
told about this episode, Louis de Broglie emphasized that it is plausible,
as suggested by one of the interviewers, that “[Schrédinger| refused to
study your [de Broglie’s] thesis; [however| he had great admiration for
Langevin. So Mr. Langevin thought your thesis was important, and he
said to himself: well, if he insists, I’ll have to take a close look at it, and
that’s that.” (|25], p. 11)

5 Solvay V

In 1925, Louis de Broglie published in the journal Philosophical Magazine
a short English version of the results contained in his PhD thesis. Werner
Heisenberg, Pascual Jordan, and Max Born wrote a paper on Matrix
Mechanics. Wolfgang Pauli formulated his exclusion principle. Around
the end of 1925, Schréodinger discovered his wave equation, and in 1926,
he published his papers on Wave Mechanics.

The members of the ISC met in Brussels during the first days of April
1926 to fix the program of the fifth Physics Council. The Committee
members agreed with Lorentz that inviting moderate German researchers
was time. Germany’s decision to join the League of Nations facilitated
the acceptance of these proposals by the Administrative Commission.
However, the presence of Germans in Brussels was still a sensitive issue.
It had to be approved by the King. On April 1, 1926, Lorentz was
received in the audience by King Albert, who, according to Lorentz,
declared: “A better understanding between peoples is necessary, and
science should help to bring it about. Considering what the Germans
have done in physics, it would be difficult to do without them’@ This
settled the problem.

24Letter to ISIP’s Administrative Commission.
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During the ISC meeting, it was decided that Solvay V would be de-
voted to Classical and Quantum Radiation Theories. Seven reports were
on the Council’s program. The Committee assigned Louis the presen-
tation of his approach to reconciling the concept of light quanta with
the undulatory nature of Maxwell waves. The last report was to be pre-
sented by Heisenberg or Schrédinger. This choice could sound strange
because matrix mechanics, invented by Heisenberg, and wave mechan-
ics, developed by Schrodinger on de Broglie’s ideas, were two different
approaches. The reason for this alternative is that the participation of
Heisenberg, a German fellow, was not sure, and Schrédinger had recently
informed Lorentz he had found a connection between the approaches.

In 1927, Louis de Broglie continued to elaborate on his ideas: “|[To| re-
ally remain in agreement with classical ideas, it was necessary to succeed
in incorporating the corpuscle into the wave in such a way as to obtain
a clear and coherent image of the wave-particle dualism in the frame-
work of space and time” ([44], p. 183). Louis created his double-solution
approac}ﬁ However, Louis soon realized that his approach involved
enormous mathematical difficulties apart from simple cases. Hence, as
Louis recollected in Ref. [44], he sought to establish himself more firmly
on a sort of “fallback position that was less satisfactory in principle but
perhaps easier to defend” ([44], p. 185). Louis referred to his pilot-wave
appmachm This evolution was connected with the Solvay meeting, as
the following account testifies.

Preparing a report for the fifth Solvay Physics Council,
which was to meet in Brussels in October 1927, offered me
this opportunity.

The immense interest that the emergence of the new me-
chanics had aroused in scientific circles in all countries had
led to the choice of the study of this doctrine in its various
aspects as the theme of the planned meeting. The illustri-
ous H.-A. Lorentz (who was to die at the beginning of the
following year), responsible for organizing and presiding this
Physics Council, wrote to me in June 1927 to ask me to
send him a report on Wave Mechanics and its interpretation,
report which was to be distributed to the members of the

25We will not enter into technical details. For an in-depth analysis of his work, see
Ref. [45].
26For a technical introduction to the pilot-wave approach, see Ref. [45].
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Council before its meeting and to provide one of the bases
for the discussion. Convinced at that moment that my hy-
pothesis of the double solution was too difficult to justify, I
adopted a more mixed perspective in my report. I admitted,
on the one hand, the existence of corpuscles imagined in a
classical way as small point objects and, on the other, that of
continuous associated waves transposed from physical optics
into wave mechanics. The corpuscle placed in the wave was,
therefore, found to coincide with an element of a fictitious
fluid of probability [...]; my hypothesis was then that the
corpuscle followed at all times the movement of the element
of the fictitious fluid with which it coincided and the princi-
ple of interference resulted immediately. Thus, I placed the
corpuscle within the wave in some authority, and I supposed
that it was driven according to a well-defined law by the very
propagation of the wave.

[...] In my hypothesis, the wave "piloted" the corpus-
cle somehow, hence the name "pilot-wave theory" that I
gave to this conception. This theory was undoubtedly much
less complete than the one that I had hoped to be able to
build with the hypothesis of the double solution since it no
longer succeeded in incorporating the corpuscle into the wave
and noted the wave-corpuscle dualism without attempting to
delve deeper into its nature. However, in my eyes, it then had
the advantage of retaining the traditional notion of a point
corpuscle well localized in space and maintaining its move-
ments’ rigorous determinism. This was the solution I gave
an outline in my report to the Solvay Congress ([44], p. 185).

Lorentz described the specificity of the fifth Council in a Note pub-
lished on October 23, 1927, by the Brussels newspaper Le Soir.

The issues dealt with by the present Council are closely
linked to those of sixteen years ago. Mr. Planck introduced
the notion of discontinuities and abrupt transitions in the
motion of atoms and electrons. In 1911, the question was to
appreciate these discontinuities’ role in various phenomena
and examine the fundamental laws that govern them. The
first exploration of new and vast terrain, the richness of which
had been revealed during the years that have passed since
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then, already suggested the need to reform the foundations
of mechanics to reveal the discontinuities in question (their
magnitude is now referred to as “quanta”), and to character-
ize them, not as Something additional but as a fundamental
and essential element. This year, the discussions will focus
on the attempts made in recent years to develop what may
be called “quantum mechanics,” in which Messrs. de Broglie,
Heisenberg, Born, Schrodinger, Dirac, and others took part.
The work of these physicists still constitutes a more or less
disparate aspect because, despite the unity deep inside, sig-
nificant divergences of opinion remain. As a result, the “clash
of opinions” will not be lacking. In such circumstances, the
Solvay method is particularly efficient and can clarify ideas
and accelerate progress.

Lorentz’s note brought the name of Louis de Broglie to the general public.

For Louis de Broglie, Solvay V was crucial because he had the oppor-
tunity to meet Einstein. As Louis recollected: “The illustrious scientist
[Einstein] [...] stressed the importance of the ideas underlying my the-
sis [...] The paper of Einstein’s drew the attention of scientists to my
work [...] T have always felt that I owe him a great personal debt for the
encouragement he gave me.” ([7], p. 15) At Solvay V, Louis reported
on wave mechanics. He recollected: “In addition to my intellectual plea-
sure at being asked to participate in the Congress, I was full of pleasure
and curiosity at the prospect of meeting Albert Einstein and exchang-
ing ideas with him. [...]| During a fairly long talk, he made a profound
impression on me and fully confirmed my expectations.” ([7], p. 15)

During the fifth Solvay Physics Council, the debates were character-
ized by the confrontation between the classical and the quantum theories
of radiation. Irving Langmuir provided us in a letter to his mother with
his vivid account of the Council’s sessions and of the general feeling at
the end of the debatedZ’}

Strenuous meetings — 8 hours per day in a lecture room
and all evenings (often till one o’clock in the morning) in the
hotel where we all stayed, discussing quantum theory. Wave
mechanics is the universal mode of expression today. For the
first time, quantum theory can be formulated in apparently

27See Ref. [3].
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complete form so that the discrepancy between the classi-
cal wave theory and quantum phenomena (even the photon
theory) seems to be clearing up.

According to Louis: “Though the concepts introduced by wave me-
chanics were generally accepted at the time, the details of the physical
interpretation of the wave-particle dualism remained very controversial.
[...] Schrédinger and myself tried to present a concrete and causal in-
terpretation, by and large in agreement with the traditional concepts
of physics [...] Born, Bohr, Heisenberg, Pauli, and Dirac presented a
novel, purely probabilistic interpretation based on Heisenberg’s recently
discovered uncertainty relations.” ([7], p. 15)

In Ref. [7], Louis called the last group of physicists we mentioned
“the indeterministic school.” They met his theory “with cold disapproval.”
Lorentz, instead, “spoke out as a convinced partisan of determinism and
concrete images of classical physics.” However, for Louis, the essential
opinion was Eisntein’s. “Although he had never expressed the opinion
that I found a definitive solution to the problem, he had always encour-
aged me in private conversations to persevere on my path.”

During Solvay V, a group of the participants went to Paris to cele-
brate the centenary of the death of Augustin Fresnel, a French scientist
born in a little town in Normandy: Broglie. This town, where the two
de Broglie brothers also grew up, still hosts a residence for de Broglie’s
family with the laboratory that Maurice used during his summer hol-
idays. Louis and Einstein were among the participants who went to
Paris for Fresnel’s celebration. “On the return trip from Brussels to
Paris [...] I had a final conversation with Einstein on the arrival plat-
form of the Gare du Nord. He told me that he had little confidence in
the indeterminist interpretation and was worried about the exaggerated
turn toward formalism that quantum physics was taking. Then, possibly
going further than he might normally have liked to go, he told me that
all physical theories, their mathematical expression apart, ought to lend
themselves to so simple a description that even a child could understand
them. And what could be less simple than the purely statistical inter-
pretation offered by Wave Mechanics! Outside the station, he left me by
saying: Carry on! You are on the right track!” [emphasis added] ([7], p.
17) Einstein’s words should have resonated in Louis de Broglie’s mind.
They could explain why Louis never lost hope and, lately, tried again to
develop his original ideas.
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6 Epilogue

As anticipated by Louis de Broglie’s recollections, Lorentz died soon
after the meeting in 1928. The period of Lorentz’s presidency of the
International Physics Committee coincided precisely with a process ini-
tiated in 1911 that culminated sixteen years later with the completion
of quantum mechanics. Heisenberg described this point of culmination
as follows.

In the autumn of 1927, the Solvay Conference took place
in Brussels, and here, the new interpretation of quantum
theory was exposed to the most ingenious criticism, particu-
larly on the part of Einstein, and thereby received the crucial
test. [...] Since the Solvay Conference of 1927, the Copen-
hagen interpretation has been fairly generally accepted and
has formed the basis of all practical applications of quantum
theory [2].

As for Louis de Broglie, he resisted for some months; then, he aban-
doned his deterministic approach. We know that the revival of his ideas
by David Bohm during the mid-1950s would convince him to reprise his
old research program. However, before that, in 1947, Louis was aware of
the weakness of his approach: “[As| I delved deeper into this theory of the
pilot wave, I better perceived its fragility and difficulties” ([44], p. 186).
Between the end of 1927 and the beginning of 1928, Louis exchanged
some letters with one of his pupils, Léon Rosenfeld, who had joined the
indeterministic school in Gottingen and managed to convince Louis to
embrace the new dogmﬂ In 1947, before Bohm’s revival, Louis wrote:

[The| pilot wave theory [...| ultimately appeared irrecon-
cilable with Born’s principle. As the development of Wave
Mechanics has shown more and more, [...] this development

must necessarily lead to abandoning the classical representa-
tion of phenomena using precise images within the framework
of space and time and, consequently, of the mechanical deter-
minism linked to it. These thoughts began to impose them-
selves on me when, on the eve of the opening of the Solvay
Council, I became aware of a memorandum published shortly
before by Mr. Heisenberg where, guided by suggestions from

28See Ref. [46)] for the details.
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Mr. Bohr, the young German scholar stated for the first
time his famous relations of uncertainty and developed all
the new ideas to which they are linked. But I still hesitated
to adopt a viewpoint wholly opposed to all my habits and
previous thoughts. The discussions on this subject at the
Solvay Council were quite lively. [...] Without letting myself
be entirely convinced by the arguments of MM. Bohr and
Heisenberg, I began to appreciate all their importance and
depth.

At the beginning of 1928, T was convinced that, despite
the enormous effort of intellectual recovery they entailed, it
was necessary to adopt the conceptions of Bohr and Heisen-
berg. Invited to give lectures at the University of Hamburg
in the spring of 1928, I gave my formal support for the new
ideas for the first time in public.

This last statement confirmed Heisenberg’s perception of Solvay V

as the closing event of a lengthy process we dubbed the first quantum
revolution. This paper has highlighted the role played by Maurice and
Louis de Broglie in connection with the stimulating actions of the In-
ternational Solvay Institutes of Physics in the confirmation of the old
quantum theory and the transition to Quantum Mechanics.
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