
Chapter 5

Creators and Creations in Physics
and Mathematics

Nicht die Wahrheit, in deren Besitz irgendein
Mensch ist oder zu sein vermeinet, sondern die
aufrichtige Mühe, die er angewandt hat, hin-
ter die Wahrheit zu kommen, macht den Wert
des Menschen. Denn nicht durch den Besitz,
sondern durch die Nachforschung der Wahrheit
erweitern sich seine Kräfte, worin allein seine
immer wachsende Vollkommenheit bestehet.

The true value of a man is not determined by
his possession, supposed or real, of Truth, but
rather by his sincere exertion to get to the
Truth. It is not possession of the Truth, but
rather the pursuit of Truth by which he ex-
tends his powers and in which his ever-growing
perfectibility is to be found.

Gotthold Lessing. 1777. Über die Wahrheit [About the Truth].

This chapter gives an overview of some physics and applied mathematics innovations that have
played major roles in the modern world and that were invented or discovered by scientists and
engineers who were trained in the predominantly German-speaking central European research world
in the nineteenth and early twentieth centuries.
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By the mid- to late-nineteenth century, intellectual leadership in applied mathematics and physics
research had passed from primarily French and British scientists to German-speaking scientists.
Prior to that time, many giants of mathematical physics came out of the French intellectual tradi-
tion: Pierre-Simon Laplace (1749–1827), Joseph Fourier (1768–1830), André-Marie Ampère (1775–
1836), Claude-Louis Navier (1785–1836), Sadi Carnot (1796–1832), and others, but their numbers
declined after that time, perhaps due to the nearly a century of continual political upheaval that fol-
lowed the French Revolution. Several scientists from the United Kingdom made major physics con-
tributions both before this point in time [e.g., Michael Faraday (1791–1867), James Clerk Maxwell
(1831–1879), etc.] and after it [e.g., William Henry Bragg (1862–1942), William Lawrence Bragg
(1890–1971), Ernest Rutherford (1871–1937), Paul Dirac (1902–1984), etc.], but their relatively
small numbers were soon dwarfed by the large numbers of talented German-speaking physicists.

As covered in this chapter, creators from the German-speaking world made major contributions
to applied mathematics and classical mechanics, electromagnetism, special and general relativity,
statistical and thermal physics, non-relativistic quantum physics, and relativistic quantum physics.1

Scientists from the German-speaking world also made numerous contributions to other physics-
related areas listed in Chapters 6 (applied electromagnetic technologies), 8 (nuclear physics), and
9 (applied physics in aerodynamics and spaceflight).

5.1 Applied Mathematics and Classical Mechanics

Beginning in the nineteenth century, applied mathematics and classical mechanics were dominated
by a long list of creators from the German speaking world, as shown by the examples in this section.
Today, physicists still use Bessel functions, Christo↵el symbols, Jacobians, Kronecker delta func-
tions, Noether’s theorem, Riemannian geometry, and other contributions made by those scientists
and mathematicians. Even children learn about Möbius strips and Klein bottles, and university
students still learn from the two-volume mathematical textbook of Courant and Hilbert.

1In addition to specific references that are cited in di↵erent areas throughout this chapter, this chapter makes
use of general biographical and project information from: ACLS 2000; Albrecht et al. 1992; Ash and Söllner 1996;
Bar-Zohar 1967; Bower 1987; Bunch and Hellemans 2004; Challoner 2009; Cornwell 2003; Crim 2018; EB 1911, 2010;
Gillispie 1970–1990; Gimbel 1990a; Glatt 1994; Hall 2019; István Hargittai 2006, 2011; Linda Hunt 1991; Impey et
al. 2008; Jacobsen 2014; Koertge 2007; Kurowski 1982; Lasby 1971; Lusar 1956, 1971; Medawar and Pyke 2000; Mick
2000; Murray 2003; Nachmansohn 1979; NDB 1953–2020; Neufeld 2012; Nouzille and Huwart 1999; O’Reagan 2014,
2019; Porter 1994; Charles Walker 1946; Peter Watson 2010; Weitensfelder 2009.

For general overviews of large portions of the history of physics in the German-speaking world, see: Laurie
Brown et al. 1995; István Hargittai 2002, 2006, 2011; Jungnickel and McCormmach 1986, 2017; von Meÿenn 1997;
Teichmann 2008; Weber 1988.

I have deliberately left a blank space where images of some creators or creations should go.
Those are people or projects that I felt were important enough that they should definitely be shown in this book,
yet I have not yet been able to locate a suitable image that I have permission to use, despite my searches in Europe
and in the United States. If readers have any relevant images and could send them to me, I would be very grateful
and will include them in future editions of this book. Even where a suitable photo cannot be located, I believe that
leaving a blank space pays tribute both to the scientific importance of that creator or creation and to how that
historical fact has been very nearly forgotten.
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Although the German-speaking mathematics and physics research world became more established
after 1800, there were some very important earlier creators in applied math and physics:

• Nicolaus Copernicus (Prussian, 1473–1543, Fig. 4.35), who proposed that the planets orbit
around the sun and conducted other research in physics and math.

• Tycho Brahe (Danish but educated and worked in the German-speaking world, 1546–1601,
Fig. 4.36), who made detailed astronomical observations that were used by Johannes Kepler
to calculate planetary orbits.

• Johannes Kepler (Weil der Stadt, 1571–1630, Fig. 4.37), who worked out the physics of plan-
etary orbits and also did other work in physics and math.

• Otto von Guericke (German states, 1602–1686) developed the physics of water and air pres-
sure, and also studied the electrostatic force and other forces. He used those discoveries to
create several ingenuous inventions (p. 1097).

• Christiaan Huygens (Dutch, 1629–1695, Fig. 5.1), who derived mathematical formulae de-
scribing centripetal force, pendulums, optics, and other important aspects of mathematics
and classical mechanics [Andriesse 2005].

• Gottfried Leibniz (Saxony, 1646–1716, Fig. 5.1), who developed di↵erential and integral calcu-
lus and made numerous other contributions to mathematics and classical mechanics (including
the conservation of energy and the idea that time and space could be relative instead of abso-
lute). Leibniz also developed binary mathematics and built calculating machines (p. 877). He
designed other hardware from mining equipment to prototype submarines and proposed very
prescient theories regarding everything from biological evolution to the interior structure of
the earth [Antognazza 2009].

• Leonhard Euler (Swiss, 1707–1783, Fig. 5.1), who made extensive contributions to calculus,
complex number theory, mechanical stress and strain calculations, optics, logic, and other
topics [Calinger 2015].

From around 1800 onward, the number and importance of people in the greater German-speaking
world who made major contributions to mathematics and classical mechanics steadily increased
until they dominated these fields.2 In fact, the number of contributors was so great that this
section will only briefly list some of the more notable ones (shown in Figs. 5.2–5.17) and their
accomplishments in alphabetical order.

2For good overviews of this area, see especially: Grattan-Guinness 1998; Jungnickel and McCormmach 1986, 2017.
On the end of this era, see Segal 2003. For a much more extensive list, with excellent details about each mathematician,
see: http://www-history.mcs.st-andrews.ac.uk/Countries/index.html
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Figure 5.1: Early creators who made significant contributions to applied mathematics and classical
mechanics included Christiaan Huygens, Gottfried Leibniz, and Leonhard Euler.
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Emil Artin (Austrian, 1898–1962) made major contributions in algebraic number theory, class field
theory, and other areas of mathematics, and is also remembered for his Artin’s conjectures on
certain mathematical problems.

Stefan Banach (Polish, 1892–1945) developed the general theory of functional analysis and intro-
duced many mathematical concepts that still bear his name, such as Banach algebras, the Banach
fixed-point theorem, Banach measures, Banach space, the Banach-Alaoglu theorem, the Banach-
Mazur game, the Banach-Steinhaus theorem, the Banach-Tarski paradox, the Hahn-Banach theo-
rem, etc.

Paul Bernays (Swiss, 1888–1977) made important discoveries in axiomatic set theory, mathematical
logic, and complex analysis. He worked closely with David Hilbert, for example on what is now
known as the Hilbert-Bernays paradox.

In addition to fundamental discoveries in astronomy, Friedrich Bessel (Minden, 1784–1846) made
major contributions to applied mathematics, which he used to analyze his astronomical data. In par-
ticular, he developed what are now called Bessel functions, which are especially useful for describing
waves (such as electromagnetic waves, sound waves, or quantum waves) in cylindrical geometries
like pipes and waveguides.

János Bolyai (Hungarian, 1802–1860) helped to develop non-Euclidean geometry, or mathematics
describing dimensions that are warped, such as Albert Einstein later used in analyzing how gravity
warps the dimensions of space and time. He was the son of Wolfgang Farkas Bolyai.

Wolfgang Farkas Bolyai (Hungarian, 1775–1856) did important work on new methods of analysis in
geometry and on iterative and convergent solutions to mathematical problems. He was the father
of János Bolyai.

Bernardus Bolzano (Bohemian, 1781–1848) contributed in the areas of math analysis, analytic
proofs, and mathematical limits, and his name is remembered in theorems such as Bolzano’s theorem
and the Bolzano-Weierstrass theorem.

Alexander von Brill (German, 1842–1935) worked in the area of algebraic geometry and functions,
and is perhaps best remembered for Brill-Noether theory. One of his students was Max Planck,
who went on to help found the field of quantum physics.

Luitzen Brouwer (Dutch, 1881–1966) did important work in complex analysis, measure theory, set
theory, and topology. His name is still attached to concepts such as the Brouwer fixed-point theorem
and the Phragmen-Brouwer theorem.

Karl Hermann Brunn (German, 1862–1939) conducted research in convex geometry and knot theory.
He is known for Brunnian links and the Brunn-Minkowski inequality.

Heinrich Burkhardt (German, 1861–1914) worked on Fourier analysis, real-variable analysis, and
group theory.
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Georg Cantor (born in Russia but educated and worked in Germany, 1845–1918) developed the
theory of mathematical sets and applied it to a wide range of cases, greatly influencing later
mathematicians such as John von Neumann. He also made major contributions to Fourier analysis
and the foundations of real analysis.

Constantin Carathéodory (German, 1873–1950) made major contributions to the calculus of vari-
ations, conformal representations, measure theory, and real analysis.

Elwin Christo↵el (German, 1829–1900) worked in complex variable analysis, di↵erential geometry,
number analysis, and Abelian functions and integrals. He is best remembered for creating certain
tensors or matrices that are now called Christo↵el symbols, which describe warped dimensions and
were later incorporated into the theory of general relativity by Albert Einstein.

Rudolf Alfred Clebsch (German, 1833–1872) made useful discoveries in algebraic geometry and
invariant theory. His name is still remembered in Clebsch surfaces, Clebsch representations and
Clebsch potentials, and (with Paul Gordan) the Clebsch-Gordon coe�cients that physicists later
found useful for describing the quantum behavior of electron clouds in atoms.

Lothar Collatz (German, 1910–1990) specialized in developing novel numerical methods for finding
approximate solutions to di�cult equations. Among other creations, he is remembered for the
Collatz conjecture and the Collatz-Wielandt formula.

Richard Courant (German, 1888–1972) made a wide range of contributions to mathematics during
his long career. In modern times, he is especially remembered for developing finite element methods
to produce approximate numerical solutions of di↵erential equations to any desired accuracy, which
became especially useful once computers were available. In collaboration with David Hilbert, he
wrote a two-volume textbook, Methods of Mathematical Physics, that is widely used in university
courses today.

Richard Dedekind (German, 1831–1916) did important work in abstract algebra, algebraic num-
ber theory, the axiomatic foundation for the natural numbers, real numbers, and other areas of
mathematics. He was the last doctoral student of Carl Friedrich Gauss.

Max Dehn (German, 1878–1952) made useful innovations in geometry, group theory, and topology,
and his name is attached to concepts such as Dehn’s algorithm, Dehn functions, and the Dehn-
Nielsen theorem.

Peter Gustav Lejeune Dirichlet (Prussian, 1805–1859) made so many vital contributions to math-
ematics, especially in the areas of number theory, Fourier series, and mathematical analysis, that
his name remains attached to well over two dozen di↵erent mathematical concepts that are still in
use. Those mathematical innovations named after him include: Dirichlet’s approximation theorem,
the Dirichlet beta function, Dirichlet boundary conditions, Dirichlet’s box principle, Dirichlet char-
acters, Dirichlet conditions, Dirichlet convolution, the Dirichlet density, Dirichlet distributions of
several types, the Dirichlet divisor problem, the Dirichlet eigenvalue, Dirichlet’s ellipsoidal function,
Dirichlet’s energy, the Dirichlet form, the Dirichlet function, Dirichlet integrals, Dirichlet kernels,
the Dirichlet L-function, the Dirichlet principle, the Dirichlet problem, Dirichlet processes of dif-
ferent types, the Dirichlet ring, Dirichlet series, Dirichlet space, the Dirichlet stability criterion,
Dirichlet tessellation or cells, Dirichlet’s test, Dirichlet’s theorem on arithmetic progressions, and
Dirichlet’s unit theorem.
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Paul du Bois Reymond (German, 1831–1889) worked in the areas of di↵erential equations, Fourier
analysis, and real-variable analysis.

Walther von Dyck (German, 1856–1934) made many contributions to group theory and Riemann
surfaces. His name remains attached to Dyck graphs, Dyck groups, Dyck language, Dyck paths,
Dyck’s surface, Dyck tessellations, and Dyck’s theorem.

Samuel Eilenberg (Polish, 1913–1998) worked in algebraic topology and automata theory, developed
category theory, and is remembered for mathematical constructs such as the Eilenberg swindle and
the Eilenberg-Steenrod axioms.

Andreas von Ettingshausen (Austrian, 1796–1878) made important contributions to combinatorial
analysis that are widely used in probability and physics, and also conducted extensive research in
electromagnetism and optics.

Alfred Enneper (German, 1830–1885) worked in several areas of mathematics and is especially
remembered for Enneper’s minimal surfaces and Enneper-Weierstrass parameterization.

Erwin Fehlberg (German, 1911–1990) developed improved numerical methods for finding approxi-
mate solutions to di↵erential equations, most notably the Runge-Kutta-Fehlberg method. Fehlberg
moved to the United States after World War II and was ultimately awarded NASA’s Exceptional
Scientific Achievement Medal for his work calculating trajectories for the Apollo missions to the
moon.

William Feller (Austro-Hungarian Croatian, 1906–1970) did most of his work in probability and
statistics, but also contributed to mathematical analysis, geometry, and other areas. His name is
attached to Feller’s explosion test, Feller-Brown movement, Feller processes, and the Lindeberg-
Feller theorem.

Abraham Fränkel (German, 1891–1965) worked in axiomatic set theory; his name is still remem-
bered in the Zermelo-Fränkel axioms.

Friedrich Gottlob Frege (German, 1848–1925) focused on the field of mathematical logic; his name
is tied to the Frege-Church ontology, the Frege-Geach problem, Frege’s puzzles, the Frege-Russell
view, and Frege’s theorem.

Robert Fricke (German, 1861–1930) worked in the areas of automorphic functions and elliptic
functions. He is perhaps best remembered for Fricke involution and for his collaborative writings
with Felix Klein.

Georg Frobenius (German, 1849–1917) made many contributions to di↵erential equations, elliptic
functions, group theory, and number theory. His name is attached to concepts such as Frobenius
manifolds, the Frobenius matrix, the Frobenius method, and the Frobenius-Stickelberger formulae.

Lazarus Immanuel Fuchs (German, 1833–1902) made important innovations in complex variable
analysis and Abelian functions and integrals. He focused especially on methods of solving di↵erential
equations, and is remembered for Fuchs’s conditions, Fuchsian groups, Fuchs’s theorem, and the
Picard-Fuchs equation. He was the father of Maximilian Fuchs.
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Maximilian Ernst Richard Fuchs (German, 1873–1944), the son of Lazarus Fuchs, continued and
significantly extended his father’s work on di↵erential equations.

Karl Rudolf Fueter (Swiss, 1880–1950) worked on algebraic number theory and quaternions, and is
known for the Fueter-Pólya theorem.

Carl Friedrich Gauss (German states, 1777–1855) [Dunnington 2003] made discoveries in math-
ematics and physics that were staggering in both their number and importance. Among other
accomplishments, he proved several important theorems in algebra, was the first to consider non-
Euclidean geometries, and discovered four-dimensional complex numbers (quaternions) in 1819.

Kurt Gödel (Austrian, 1906–1978) made revolutionary contributions to mathematical logic and
set theory. His name is immortalized with Gödel’s incompleteness and completeness theorems, the
Gödel metric, Gödel numbering, the Gödel ontological proof, and Gödel-Dummett logic.

Paul Gordan (German, 1837–1912) made many contributions to invariant theory as well as Abelian
functions and integrals, developed the Clebsch-Gordan coe�cients with Rudolf Clebsch, and is also
known for Gordan’s lemma. He was the doctoral advisor of Emmy Noether.

Hermann Grassmann (German, 1809–1877) developed a whole field that is now known as Grass-
mann algebra; it combines algebra, geometry, and group theory in an approach that is useful for
solving a wide variety of problems.

Hermann Hankel (German, 1839–1873) worked in complex analysis and other areas of mathematics.
He is especially remembered for the Hankel contour, Hankel functions, the Hankel matrix, and the
Hankel transform.

Carl Gustav Axel Harnack (Baltic German, 1851–1888) made contributions in the areas of real-
variable analysis and also algebraic geometry and functions. He is still remembered for Harnack’s
inequality, Harnack’s principle, and Harnack’s theorem.

Friedrich Hartogs (German, 1874–1943) developed many important concepts in set theory and
complex analysis, such as the Hartogs domain, Hartogs’s extension theorem, Hartogs’s function,
Hartogs’s lemma, the Hartogs number, Hartogs’s theorem, the Hartogs-Laurent expansion, and the
Hartogs-Rosenthal theorem.

Felix Hausdor↵ (German, 1868–1942) made major contributions in topology, set theory, measure
theory, and functional analysis. He is known for the Hausdor↵ dimension, Hausdor↵ distance,
Hausdor↵ maximal principle, Hausdor↵ measure, Hausdor↵ moment problem, Hausdor↵ paradox,
Hausdor↵ space, and Hausdor↵-Young inequality.

Heinrich Eduard Heine (German, 1821–1881, not to be confused with the earlier German poet
Heinrich Heine) worked in real analysis and introduced important innovations regarding spheri-
cal harmonics, Legendre functions, hypergeometric series, and other mathematical approaches. His
name remains known via the Heine-Borel theorem, the Heine-Cantor theorem, Heine-Stieltjes poly-
nomials, the Heine definition of continuity, Heine functions, Heine’s identity, and the Mehler-Heine
formula.
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David Hilbert (German, 1862–1943) made huge contributions to many areas of mathematics, in-
cluding algebraic number theory, the calculus of variations, commutative algebra, Euclidean and
non-Euclidean geometry, and invariant theory. His name remains associated with Hilbert’s axioms,
Hilbert’s basis theorem, Hilbert’s problems, Hilbert’s program, and Hilbert space. In collabora-
tion with Richard Courant, he wrote the two-volume Methods of Mathematical Physics that is still
widely used.

Heinz Hopf (German, 1894–1971) worked in topology and geometry, and is known for many con-
cepts, such as Hopf algebra, the Hopf conjecture, Hopf fibration, the Hopf invariant, the Hopf link,
the Hopf manifold, the Hopf map, Hopf surfaces, the Hopf theorem, and the Killing-Hopf theorem.

Adolf Hurwitz (German, 1859–1919) worked on complex variable analysis, elliptic functions, real-
variable analysis, and Riemann surfaces. He is known for Hurwitz’s automorphisms theorem, Hur-
witz quaternions, the Riemann-Hurwitz formula, and the Routh-Hurwitz stability criterion.

Carl Gustav Jacobi (Prussian, 1804–1851) introduced important innovations in the classical me-
chanics of orbits, di↵erential equations, elliptic functions, and number theory. His name is widely
recognized from concepts such as the Jacobian, the Jacobi ellipsoid, Jacobi’s elliptic functions,
the Jacobi identity, the Jacobi method, Jacobi operators, Jacobi polynomials, Jacobi symbols, the
Jacobi transform, and the Hamilton-Jacobi equation.

Theodor Kaluza (German, 1885–1954) produced very innovative ideas regarding non-Euclidean
geometries and extra dimensions that proved useful in some versions of relativity and unified field
theories. His son Theodor Kaluza Jr. (German, 1910–1994) was also a mathematician.

Wilhelm Killing (German, 1847–1923) made numerous important contributions to group theory.
His name is attached to many concepts, such as the Killing equation, the Killing form, the Killing-
Hopf theorem, the Killing horizon, the Killing spinor, the Killing tensor, and the Killing vector
field.

Christian Felix Klein (German, 1849–1925) made a large number of contributions to algebraic geom-
etry and functions, automorphic functions, elliptic functions, and Riemann surfaces. His mathemat-
ical discoveries found many later applications in theoretical physics. He also created the structure
now known as a Klein bottle, somewhat like a three-dimensional Möbius strip.

Sofia Kovalevskaya (Russian but educated in Germany, 1850–1891) did important work in di↵er-
ential equations, as well as Abelian functions and integrals. She is still known from the Cauchy-
Kowalevski theorem.

Leopold Kronecker (German, 1823–1891) made research advances in algebra, mathematical logic,
and number theory. Today is he remembered from the Kronecker delta function, Kronecker’s lemma,
Kronecker product, Kronecker symbol, Kronecker’s theorem, and Kronecker-Weber theorem.

Ernst Kummer (German, 1810–1893) worked on Bessel functions, class field theory, hypergeometric
series, and other topics. His name remains linked to Kummer extensions of fields, the Kummer
surface, and Kummer theory.
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Martin Wilhelm Kutta (German, 1867–1944) developed practical methods of extracting useful an-
swers from very complicated physics and engineering equations, especially in aerodynamics. He
collaborated with Carl Runge to create the Runge-Kutta methods of producing approximate but
su�ciently accurate numerical solutions to di↵erential equations. He also developed complex anal-
ysis transformations for solving the equations for airflow around wings and other objects.

Daniel Christian Ludolph Lehmus (German, 1780–1863) worked in geometry and is especially re-
membered for the Steiner-Lehmus theorem.

Sophus Lie (Norwegian but studied and worked in Germany, 1842–1899) made huge contributions
to di↵erential equations and group theory that are now widely used in theoretical physics. His name
is immortalized in concepts such as Lie algebra, Lie groups, Lie symmetries, and Lie theorems.

Carl Ferdinand von Lindemann (German, 1852–1939) worked in algebraic geometry and functions,
and became famous for proving that ⇡ is a transcendental number. He was also the doctoral advisor
for prominent mathematicians and physicists such as David Hilbert, Martin Kutta, Alfred Loewy,
Hermann Minkowski, Oskar Perron, Arthur Rosenthal, and Arnold Sommerfeld.

Rudolf Lipschitz (German, 1832–1903) made important contributions to di↵erential equations, real-
variable analysis, and Fourier analysis. Perhaps most importantly, he independently discovered
“Cli↵ord algebras” at approximately the same time or possibly earlier than William Cli↵ord (En-
glish, 1845–1879), but with far less fame. He is remembered with the Lipschitz continuity condition,
Lipschitz integral condition, and Lipschitz quaternion.

Alfred Loewy (German, 1873–1935) focused on representation theory and introduced innovations
now known as Loewy decomposition, the Loewy length, Loewy rings, and Loewy series.

Gustav Ferdinand Mehler (German, 1835–1895) worked in several areas of mathematics, and is
noted for Mehler’s formula, Mehler functions, the Mehler kernel, the Mehler-Fock transform, and
the Mehler-Heine formula.

Friedrich Wilhelm Franz Meyer (German, 1856–1934) focused on algebraic geometry and functions.

Hermann Minkowski (German, 1864–1909) did important work in geometry and number theory,
and also contributed to the development of the theory of relativity. His name is still attached
to concepts such as Minkowski addition, Minkowski content, Minkowski diagrams, Minkowski’s
question mark function, Minkowski space, the Minkowski functional, the Minkowski inequality, the
Minkowski problem, Minkowski’s bound, Minkowski’s theorem in geometry of numbers, and the
Brunn-Minkowski inequality.

Richard von Mises (Austro-Hungarian, 1883–1953) developed mathematical methods of solving
equations in aerodynamics and the mechanics of materials, working with di↵erential equations,
complex analysis, probability, and statistics.

August Möbius (Saxony, 1790–1868) worked in topology and geometry as well as astronomy. He is
particularly famous for the Möbius strip (a figure-8 formed from a strip of paper, which e↵ectively
only has one side), but he is also known for the Möbius function, the Möbius inversion formula,
Möbius transformations, the Möbius-Kantor configuration, and the Möbius-Kantor graph.
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Carl Neumann (German, 1832–1925), the son of physicist Franz Ernst Neumann, developed math-
ematical methods for analyzing physics problems. He is especially remembered for the Neumann
boundary condition and Neumann series.

John von Neumann (Hungarian, 1903–1957) contributed a vast number of innovations to mathe-
matics, physics, engineering, computer science, and economics. Among many other contributions,
he is known for von Neumann algebra, von Neumann architecture, the von Neumann bicommutant
theorem, the von Neumann cardinal assignment, the von Neumann cellular automaton, the von Neu-
mann conjecture, the von Neumann entropy, the von Neumann equation, the von Neumann ergodic
theorem, the von Neumann extractor, von Neumann’s inequality, von Neumann interpretation, the
von Neumann measurement scheme, the von Neumann neighborhood, von Neumann ordinals, the
von Neumann paradox, the von Neumann regular ring, the von Neumann spectral theorem, von
Neumann stability analysis, the von Neumann universal constructor, the von Neumann universe,
and von Neumann-Bernays-Gödel set theory.

Emmy Noether (German, 1882–1935) made revolutionary discoveries in both mathematics and
theoretical physics. In mathematics, she worked on algebraic invariants, number fields, abstract al-
gebra, noncommutative algebras, hypercomplex numbers, group theory, and topology. She is most
famous for discovering Noether’s theorem, which explains the relationship between conservation
laws in physics (such as the conservation of energy or the conservation of momentum) and symme-
tries (ways that variables such as time and space can be shifted without altering the fundamental
laws of physics). Noether’s theorem has been employed in many areas of physics since she first
articulated it.

Max Noether (German, 1844–1921) conducted research on algebraic functions, algebraic geometry,
and Riemann surfaces. His name is attached to several theorems, and he was the father of Emmy
Noether.

Moritz Pasch (German, 1843–1930) focused on algebraic geometry and functions and the founda-
tions of geometry. He is most noted for Pasch’s axiom.

Oskar Perron (German, 1880–1975) worked on di↵erential equations and continued fractions, and
is known for the Perron method for solving elliptic di↵erential equations and for Perron’s paradox.

Ernst Peschl (German, 1906–1986) made important contributions to complex analysis, the solution
of partial di↵erential equations, and di↵erential geometry.

Michel Plancherel (Swiss, 1885–1967) worked in mathematical analysis and algebra, and is remem-
bered for the Plancherel measure, the Plancherel theorem for harmonic analysis, and the Plancherel
theorem for spherical functions.

Julius Plücker (German states, 1801–1868) contributed to geometry and also physics. In mathemat-
ics, he is known for Plücker’s conoid, Plücker coordinates, Plücker embedding, the Plücker formula,
the Plücker matrix, the Plücker relations, and the Plücker surface.
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George Pólya (Hungarian, 1887–1985) worked in many areas of mathematics, including algebra,
combinatorics, geometry, mathematical analysis, number theory, probability, and series. He is asso-
ciated with many concepts such as the Pólya-Aeppli distribution, the Pólya conjecture, the Pólya
distribution, the Pólya enumeration theorem, the Pólya inequality, the Pólya urn model, the Fueter-
Pólya theorem, and the Hilbert-Pólya conjecture.

Alfred Pringsheim (German, 1850–1941) contributed to real-variable analysis, the foundations of
real analysis, and Fourier analysis.

Bernhard Riemann (Kingdom of Hanover, 1826–1866) made enormous contributions to di↵erential
geometry, mathematical analysis, number theory, and other fields of mathematics. In particular,
his methods of using tensors in di↵erential geometry later proved especially useful to describe how
gravity warps space and time, as Albert Einstein found. Riemann’s name is attached to dozens of
concepts, including Riemann bilinear relations, Riemann conditions, Riemann’s di↵erential equa-
tion, Riemann’s existence theorem, Riemann’s explicit formula, the Riemann form, the Riemann
function, Riemannian geometry, the Riemann-Hurwitz formula, the Riemann hypothesis, the Rie-
mann integral, the Riemann invariant, the Riemann matrix, Riemann’s minimal surface, the Rie-
mann operator, the Riemann series theorem, the Riemann singularity theorem, the Riemann sum,
the Riemann surface, Riemann’s theorem on removable singularities, the Riemann theta function,
the Riemann Xi function, and the Riemann zeta function.

Arthur Rosenthal (German, 1887–1959) worked in geometry, mathematical analysis, and dynamical
systems analysis. He is perhaps best known for the Hartogs-Rosenthal theorem.

Carl Runge (German, 1856–1927) made important contributions to numerical analysis and spec-
troscopy. He collaborated with Martin Wilhelm Kutta to develop the Runge-Kutta methods of
numerically solving di↵erential equations. He is also known for Runge’s phenomenon, the behavior
of certain errors that occur when finding approximate answers for functions. Carl Runge’s son,
Wilhelm Runge, was one of the developers of radar (p. 915).

Ludwig Schlesinger (German, 1864–1933) worked in the areas of automorphic functions and di↵er-
ential equations. His name remain attached to the Schlesinger equations and Schlesinger transfor-
mations.

Arthur Schönflies (German, 1853–1928) made important contributions to group theory, set theory,
and topology. His name is still widely known from Schönflies notation, Schönflies displacement, and
Schönflies problems.

Friedrich Schottky (German, 1851–1935) worked on Abelian functions and integrals, complex vari-
able analysis, and elliptic functions. He is remembered for the Schottky form, the Schottky-Klein
prime form, Schottky groups, the Schottky problem, and Schottky’s theorem. He was the father of
Walter Schottky, one of the pioneers of semiconductor microelectronics (p. 811).

Issai Schur (Russian but studied and worked in Germany, 1875–1941) did innovative work in group
theory, number theory, and combinatorics. He is best remembered for Schur decomposition and
Schur’s lemma.

Karl Hermann Amandus Schwarz (German, 1843–1921) made many contributions to complex vari-
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able analysis and di↵erential equations. His name remains well known from concepts such as the
additive Schwarz method, the Schwarz alternating method, the Schwarzian derivative, the Schwarz
lantern, the Schwarz lemma, Schwarz’s list, the Schwarz minimal surface, the Schwarz theorem,
the Schwarz integral formula, Schwarz-Christo↵el mapping, the Schwarz reflection principle, the
Schwarz triangle, and the Cauchy-Schwarz inequality.

Jakob Steiner (Swiss, 1796–1863) conducted research in geometry and other areas of mathematics.
He is remembered in names such as the Steinerian, the Steiner chain, Steiner’s conic problem, the
Steiner inellipse, the Steiner point, Steiner’s problem, the Steiner surface, the Steiner system, the
Steiner tree, the Steiner-Lehmus theorem, and the Poncelet-Steiner theorem.

Ludwig Stickelberger (Swiss, 1850–1936) made important contributions to linear algebra and num-
ber theory, such as the Stickelberger relation and the Frobenius-Stickelberger theorem.

Thomas Joannes Stieltjes (Dutch, 1856–1894) worked in mathematical analysis, continued fractions,
and number theory. His name is attached to the Riemann-Stieltjes integral.

Otto Stolz (Austrian, 1842–1905) did innovative work in complex variable analysis and the foun-
dations of real analysis.

B. L. van der Waerden (Dutch, 1903–1996) contributed to abstract algebra and algebraic geometry.
He is remembered for concepts such as van der Waerden’s conjecture, van der Waerden notation,
the van der Waerden number, the van der Waerden test, and van der Waerden’s theorem.

Heinrich Martin Weber (German, 1842–1913) did work in algebra, mathematical analysis, and
number theory. His name is associated with Weber functions, Weber’s theorem, and the Kronecker-
Weber theorem.

Karl Weierstrass (German, 1815–1897) made major advances in a wide range of areas, including
Abelian functions and integrals, complex variable analysis, elliptic functions, the foundations of real
analysis, and real-variable analysis. He is known for concepts such as the Weierstrass approximation
theorem, Weierstrass coordinates, Weierstrass’s elliptic functions, the Weierstrass equation, the
Weierstrass factorization theorem, the Weierstrass function, the Weierstrass M-test, the Weierstrass
point, the Weierstrass preparation theorem, theWeierstrass product inequality, the Weierstrass ring,
and the Weierstrass transform.

Hermann Weyl (German, 1885–1955) introduced important innovations in group theory, number
theory, and non-Euclidean geometry, as well as general relativity. His name remains attached to
countless concepts such as Weyl algebra, the Weyl basis of the gamma matrices, the Weyl chamber,
the Weyl character formula, the Weyl equation, Weyl fermions, the Weyl gauge, Weyl gravity,
Weyl notation, Weyl quantization, Weyl spinors, Weyl sums, Weyl symmetry, Weyl tensors, Weyl
transformations, the Weyl-Schouten theorem, Weyl’s criterion, and Weyl’s lemmas.

Hans Zassenhaus (German, 1912–1991) worked in abstract algebra and group theory, and helped
to develop computer algebra and number theory.

Ernst Zermelo (German, 1871–1953) made many contributions to set theory and mathematical
logic, such as Zermelo-Fränkel set theory, Zermelo’s navigation problem, the Zermelo ordinal, and
Zermelo’s theorem.
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Figure 5.2: Some creators who made significant contributions to applied mathematics and classical
mechanics included Emil Artin, Stefan Banach, Paul Bernays, Friedrich Bessel, János Bolyai, and
Wolfgang Bolyai.
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Figure 5.3: Other creators who made significant contributions to applied mathematics and classi-
cal mechanics included Bernardus Bolzano, Alexander von Brill, Luitzen Brouwer, Karl Hermann
Brunn, Heinrich Burkhardt, and Georg Cantor.
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Figure 5.4: Other creators who made significant contributions to applied mathematics and classical
mechanics included Constantin Carathéodory, Elwin Christo↵el, Rudolf Alfred Clebsch, Lothar
Collatz, Richard Courant, and Richard Dedekind.
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Figure 5.5: Other creators who made significant contributions to applied mathematics and classical
mechanics included Max Dehn, Peter Dirichlet, Paul du Bois Reymond, Walther von Dyck, Samuel
Eilenberg, and Alfred Enneper.
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Figure 5.6: Other creators who made significant contributions to applied mathematics and classical
mechanics included Andreas von Ettingshausen, Erwin Fehlberg, William Feller, Abraham Fränkel,
Friedrich Gottlob Frege, and Robert Fricke.
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Figure 5.7: Other creators who made significant contributions to applied mathematics and classical
mechanics included Georg Frobenius, Lazarus Immanuel Fuchs, Maximilian Richard Fuchs, Karl
Rudolf Fueter, Carl Friedrich Gauss, and Kurt Gödel.
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Figure 5.8: Other creators who made significant contributions to applied mathematics and classi-
cal mechanics included Paul Gordan, Hermann Grassmann, Hermann Hankel, Carl Gustav Axel
Harnack, Friedrich Hartogs, and Felix Hausdor↵.



5.1. APPLIED MATHEMATICS AND CLASSICAL MECHANICS 645

Figure 5.9: Other creators who made significant contributions to applied mathematics and classical
mechanics included Heinrich Eduard Heine, David Hilbert, Heinz Hopf, Adolf Hurwitz, Carl Gustav
Jacobi, and Theodor Kaluza.
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Figure 5.10: Other creators who made significant contributions to applied mathematics and clas-
sical mechanics included Theodor Kaluza, Jr., Wilhelm Killing, Christian Felix Klein, Sofia Ko-
valevskaya, Leopold Kronecker, and Ernst Kummer.
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Figure 5.11: Other creators who made significant contributions to applied mathematics and classical
mechanics included Martin Wilhelm Kutta, Daniel Christian Ludolph Lehmus, Sophus Lie, Carl
Ferdinand von Lindemann, Rudolf Lipschitz, and Alfred Loewy.
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Figure 5.12: Other creators who made significant contributions to applied mathematics and classical
mechanics included Gustav Ferdinand Mehler, Friedrich Meyer, Hermann Minkowski, Richard von
Mises, August Möbius, and Carl Neumann.
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Figure 5.13: Other creators who made significant contributions to applied mathematics and classical
mechanics included John von Neumann, Emmy Noether, Max Noether, Moritz Pasch, Oskar Perron,
and Ernst Ferdinand Peschl.
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Figure 5.14: Other creators who made significant contributions to applied mathematics and classical
mechanics included Michel Plancherel, Julius Plücker, George Pólya, Alfred Pringsheim, Bernhard
Riemann, and Arthur Rosenthal.
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Figure 5.15: Other creators who made significant contributions to applied mathematics and classical
mechanics included Carl Runge, Ludwig Schlesinger, Arthur Schönflies, Friedrich Schottky, Issai
Schur, and Karl Schwarz.
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Figure 5.16: Other creators who made significant contributions to applied mathematics and classical
mechanics included Jakob Steiner, Ludwig Stickelberger, Thomas Stieltjes, Otto Stolz, B. L. van
der Waerden, and Heinrich Martin Weber.



5.1. APPLIED MATHEMATICS AND CLASSICAL MECHANICS 653

Figure 5.17: Other creators who made significant contributions to applied mathematics and classical
mechanics included Karl Weierstrass, Hermann Weyl, Hans Zassenhaus, and Ernst Zermelo.
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5.2 Electromagnetism

Electromagnetic theory describes the behavior of electric fields, electric currents, magnetic fields,
and electromagnetic waves (such as light and radio waves). The German-speaking scientific world
slowly ramped up during the nineteenth century, and before then scientists had already begun
working out the laws of electromagnetism. Therefore, most of the major early electromagnetic
discoveries came from scientists outside the German-speaking world, including:

• Italian scientists (e.g., Luigi Galvani and Alessandro Volta).

• British scientists (e.g., Michael Faraday and James Clerk Maxwell).

• French scientists (e.g., André-Marie Ampère and Charles-Augustin de Coulomb).

• Hans Christian Ørsted in Denmark.

• Benjamin Franklin in the United States.

As the German-speaking scientific world became larger and more advanced over the course of
the nineteenth century, German-speaking scientists came to increasingly dominate new discoveries
in electromagnetism; see Figs. 5.18–5.23 for some examples.3 That dominance is reflected in the
modern physics terminology of Doppler shifts, Gauss’s law, Helmholtz coils, Kirchho↵’s laws, Lenz’s
law, Lorentz force, Ohm’s law, and various physics quantities measured in Gauss, Hertz, Ohms,
Siemens, Teslas, and Webers.

A. Electric currents and magnetic fields

Carl Friedrich Gauss (German states, 1777–1855) and Wilhelm Weber (German, 1804–1891) con-
ducted magnetic research together, building the first electromagnetic telegraph in 1833 and creating
maps based on geomagnetic measurements. Along the way, Gauss discovered what is now known as
Gauss’s law, which determines how magnetic fields are created and spread out [Dunnington 2003].
The cgs (centimeter-gram-second) unit of magnetic field strength is named in Gauss’s honor, and
the metric SI (Système International) unit of magnetic flux is named after Weber.

Georg Ohm (various German states, 1789–1854) studied the electrical properties of circuits and
demonstrated that the voltage V across a circuit depends on the current I through the circuit and
the electrical resistance R across the circuit, in accordance with the equation V = IR, which is now
known as Ohm’s law. (See Fig. 5.18 top.) The unit of electrical resistance is named in his honor.

Andreas von Ettingshausen (Austrian, 1796–1878) designed the first machine to use electromagnetic
induction to generate power, and also did research in optics.

Franz Ernst Neumann (German, 1798–1895) worked out laws for the induction of currents by
magnetic fields, as well as the optical behavior of crystals.

3For good overviews of this area, see especially: Jungnickel and McCormmach 1986, 2017; von Meÿenn 1997;
Sarkar et al. 2006; Teichmann 2008.
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Figure 5.18: Examples of major German-speaking contributions to electromagnetism include Ohm’s
law for the relationship among voltage, current, and resistance in an electrical circuit; Christian
Doppler’s explanation for why the frequency and wavelength of waves change when their source is
moving; and Heinrich Hertz’s demonstration of electromagnetic waves.
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Figure 5.19: Some creators who made significant contributions to electromagnetism included Chris-
tian Doppler, Paul Drude, Andreas von Ettingshausen, Joseph von Fraunhofer, Carl Friedrich
Gauss, and Heinrich Geissler.
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Figure 5.20: Other creators who made significant contributions to electromagnetism included Eugen
Goldstein, Hermann von Helmholtz, Heinrich Hertz, Johann Wilhelm Hittorf, Wilhelm Holtz, and
Gustav Kirchho↵.
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Figure 5.21: Other creators who made significant contributions to electromagnetism included Rudolf
Kohlrausch, Ernst Lecher, Philipp Lenard, Heinrich Lenz, Hendrik Lorentz, and Albert Michelson.
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Figure 5.22: Other creators who made significant contributions to electromagnetism included Franz
Ernst Neumann, Georg Ohm, Julius Plücker, Johann Christian Poggendor↵, Heinrich Rühmkor↵,
and Arthur Schuster.
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Figure 5.23: Other creators who made significant contributions to electromagnetism included
Werner von Siemens, Nikola Tesla, August Toepler, Wilhelm Weber, Emil Wiechert, and Wilhelm
Wien.
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Heinrich Lenz (Baltic German, 1804–1865) formulated what is now known as Lenz’s law, which
describes how a changing magnetic field induces electric currents in nearby conductors that create
new magnetic fields opposing the changing field. He also discovered that the power P consumed by
an electric circuit depends on the current I flowing through the circuit and the electrical resistance
R of the circuit, P = I

2
R.

Heinrich Rühmkor↵ (German, 1803–1877) developed improved magnetic induction coils, now called
Rühmkor↵ coils, and used them in a variety of applications such as high-voltage generators. He also
investigated the rotation of the plane of polarized light in magnetic media, thermoelectric e↵ects,
and other aspects of electromagnetism.

Werner von Siemens (German, 1816–1892) began his career by creating more elaborate telegraphs
that could point to individual letters, and went on to produce a wide range of additional electrical
innovations such as generators and transformers. The unit of electrical conductivity (the inverse of
electrical resistance) is named in his honor [Bähr 2016; von Siemens 1895].

Gustav Kirchho↵ (German, 1824–1887) discovered a number of physical laws that now have his
name attached to them. Kirchho↵’s various laws describe the current and voltage in electric circuits,
the emission and absorption spectra of materials as measured by spectroscopy, and the emission
and absorption of thermal radiation.

Hendrik Lorentz (Dutch, 1853–1928) made many contributions to electromagnetism and other areas
of physics, including formulating what is now called the Lorentz force, the force that electric and
magnetic fields exert on a particle with a given electric charge and velocity. He won the Nobel Prize
in Physics in 1902 (p. 691).

Johann Christian Poggendor↵ (German, 1796–1877), Wilhelm Holtz (German, 1836–1913), and
August Toepler (German, 1836–1912) each built very early high-voltage generators and used those
to study electrostatics. Other physicists used such high-voltage generators to power some of the
earliest cathode ray tubes for producing electron beams.

B. Electromagnetic waves

Joseph von Fraunhofer (German states, 1787–1826) made a number of important discoveries and
inventions in optics. He invented di↵raction grating and studied the di↵raction of light of di↵erent
wavelengths. He used a di↵raction slit and prism to develop a spectroscope, which he and others
then applied to make important measurements in physics and chemistry. He also created achromatic
telescope lenses and other specialized lenses. Through all of these developments, von Fraunhofer
learned and applied a great deal of knowledge about the behavior of light waves.

Christian Doppler (Austrian, 1803–1853) discovered and explained how the wavelength and fre-
quency of waves changes depending on the velocity of the object emitting the waves, which is now
commonly known as the Doppler e↵ect. (See Fig. 5.18 middle.)

In 1856 (several years before James Clerk Maxwell), Wilhelm Weber collaborated with Rudolf
Kohlrausch (German states, 1809–1858) to combine the laws governing electric fields with those
governing magnetic fields, and to use those to show that light is an electromagnetic wave with its
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speed c given by those equations.

Hermann von Helmholtz (German, 1821–1894) made major discoveries in a wide range of areas
in physics and biology [Cahan 2018]. In electromagnetic theory, he is best remembered for the
Helmholtz equation for electromagnetic waves, and also for Helmholtz electromagnetic coils for
producing a very uniform magnetic field within a small volume.

Heinrich Hertz (German, 1857–1894) produced, detected, and measured electromagnetic waves,
specifically radio waves, making him also the true original inventor of radio transmitters and re-
ceivers. (See Fig. 5.18 bottom.) Unfortunately Hertz died very young; otherwise he would likely
have played even more of a role (and been recognized much more) in the early development of
radio technology. The unit of frequency (1 Hertz = 1 Hz = 1 wave/second) is named in his honor.
Because Hertz died before Nobel Prizes were awarded, he was not eligible to be considered for
one. However, Professor Hj. Théel, President of the Royal Swedish Academy of Sciences, paid
tribute to Hertz’s groundbreaking contributions in his speech for the 1902 Nobel Prize in Physics
[https://www.nobelprize.org/prizes/physics/1902/ceremony-speech/]:

This so-called electromagnetic theory of light of Maxwell’s at first aroused compara-
tively little interest. Twenty years after its first appearance however it led to a scien-
tific discovery which demonstrated its great significance in no uncertain manner. The
German physicist Heinrich Hertz then succeeded in demonstrating that the electrical
vibrations—which are generated under certain conditions when an electrically charged
body is discharged—are propagated through the surrounding space in the form of a
wave motion, and that the wave motion spreads at the speed of light and also possesses
its properties. This gave a firm experimental basis for the electromagnetic theory of
light.

Building on the earlier work of Weber, Kohlrausch, Helmholtz, and Hertz on electromagnetic waves,
Ernst Lecher (Austrian, 1856–1926) developed a device that used parallel wires (now called Lecher
lines) to measure the wavelength of radio waves.

Nikola Tesla (Serbo-Croatian, educated in Austria, 1856–1943) showed that Hertz’s radio waves
could be used to transmit signals and even power (using what are now known as Tesla coils)
over considerable distances. Tesla also made countless other contributions to electromagnetism and
electrical engineering, especially in AC (alternating current) electricity generation, distribution, and
usage [Cheney 1981; Cheney and Uth 1999]. The SI unit of magnetic field strength is named in his
honor.

Although Albert Michelson (1852–1931) was a U.S. citizen, he was born in Prussia, was raised
by German-speaking parents, and studied in Berlin and Heidelberg. He developed methods to
measure the speed of light very accurately, and then used those methods to demonstrate that
the speed of light was the same in all directions. That result showed that light is simply elec-
tromagnetic waves in empty space and not waves in some invisible vibrating “ether” material
that fills the universe and moves in a particular direction with some velocity relative to the
earth. For these experiments, Michelson won the Nobel Prize in Physics in 1907. Professor the
Count K.A.H. Mörner, President of the Royal Swedish Academy of Sciences, announced the award
[https://www.nobelprize.org/prizes/physics/1907/ceremony-speech/]:

Professor Michelson. The Swedish Academy of Sciences has awarded you this year the
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Nobel Prize in Physics in recognition of the methods which you have discovered for
insuring exactness in measurements, and also of the investigations in spectrology which
you have carried out in connection therewith.

Your interferometer has rendered it possible to obtain a non-material standard of length,
possessed of a degree of accuracy never hitherto attained. By its means we are enabled
to ensure that the prototype of the metre has remained unaltered in length, and to
restore it with absolute infallibility, supposing it were to get lost.

Your contributions to spectrology embrace methods for the determination of the length
of waves in a more exact manner than those hitherto known.

Furthermore, you have discovered the important fact that the lines in the spectra, which
had been regarded as perfectly distinct, are really in most cases groups of lines. You
have also a↵orded us the means of closely investigating this phenomenon, both in its
spontaneous occurrence and when it is produced by magnetic influence, as in Zeeman’s
interesting experiments.

Astronomy has also derived great advantage, and will do so yet more in the future, from
your method of measurements.

Paul Drude (German, 1863–1906) used the latest ideas about electromagnetic waves and electrons
to create some of the first mathematical models for the electrical and optical properties of solids.

C. Electron beams (cathode rays) and proton beams (anode rays or canal rays)

Heinrich Geissler (German, 1814–1879) invented the first high-voltage, low-pressure gas-filled glass
electrical discharge tubes, which other scientists ultimately used to produce everything from electron
beams and X-rays to fluorescent lights and television picture tubes to vacuum tubes and phototubes.

In the late 1850s and 1860s, Julius Plücker (German states, 1801–1868) and Johann Wilhelm Hittorf
(German, 1824–1914) modified Geissler’s tubes to produce cathode rays, which were later found to
be electron beams, and to measure their properties.

Philipp Lenard (Austrian/German, 1862–1947) conducted a variety of novel experiments with cath-
ode rays beginning in 1888. He demonstrated that the electrons were particles, and he experimen-
tally measured many of their properties. For this work, he won the Nobel Prize in Physics in 1905.
Professor A. Lindstedt, President of the Royal Swedish Academy of Sciences, described Lenard’s
experiments [https://www.nobelprize.org/prizes/physics/1905/ceremony-speech/]:

The discovery of the cathode rays forms the first link in the chain of brilliant discoveries
with which the names of Röntgen, Becquerel and Curie are connected. The discovery
itself was made by Hittorf as long ago as 1869 and therefore falls in a period before that
which the Nobel Foundation is able to take into account. However, the recognition which
Lenard has earned himself by the further development of Hittorf’s discovery (which is
becoming of increasing importance) shows that he too deserves the same reward as has
already come to several of his successors for work of a similar nature. [...]
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These were the circumstances prevailing when Lenard began his work on cathode rays
in 1893. He started from a fact which had been observed by his great and prematurely
deceased teacher Heinrich Hertz: that these rays were able to pass through thin metal
plates which had been introduced into the discharge tube. At Hertz’s suggestion he
utilized this fact in an attempt to lead the rays out of the tube. He used for this a tube
which was not wholly made of glass but terminated at one place in a very thin aluminium
plate. As the cathode rays reached Lenard’s “aluminium window”, it was found that
they passed through it and continued their course in the air outside the tube. This
constituted a discovery which was to have the most far-reaching consequences, above
all for the study of the radiation phenomena themselves. It became possible to study
cathode rays under much simpler and more convenient experimental conditions than
before, and also to separate observations on conditions needed for the production of the
rays in the tube from questions concerning their propagation and other characteristics.

Lenard found first of all that the rays coming through the aluminium window possessed
the same characteristics as those previously noted in rays inside the tube, i.e. that they
cause fluorescence, can be deflected by a magnet and so on. He further proved that
cathode rays have certain chemical e↵ects such as causing impressions on photographic
plates, ozonizing air, making gases conducting through so-called ionisation, etc. It was
also discovered that these rays pass unimpeded through empty space but that in gases
they are subject to di↵usion which increases with the density of the gas; and, moreover,
that bodies in general di↵er in permeability, as their absorptive power bears a direct
relationship to their density. Cathode rays proved to be carriers of negative electricity
even in empty space and they could be deflected from their path by both magnetic and
electrical fields. Finally, Lenard showed that there are various types of cathode rays,
di↵erentiated amongst other things by the fact that they are deflected by magnets, to
a greater or lesser extent. He also found that the formation of one or other type of ray
is determined by the degree of gas rarification in the discharge tube. [...]

The research by Lenard, only a very brief report of which is given here, has been
followed by a series of valuable studies by other scientists as well. Development of the
theoretical basis for the theory of electrons has gone hand in hand with the experimental
work. The study of electrons, their characteristics and their behaviour in relation to
matter has been given a sounder basis through these researches on cathode rays and
has been gradually developed into one of the foremost theories of modern physics by
Lenard himself and by other workers. This theory is in fact not only important for the
explanation of cathode rays and other closely related phenomena—the electron theory
with its concepts on the constitution of matter has become of the most fundamental
importance for the sciences of electricity and of light and for both the physicist and the
chemist.

In 1890, Arthur Schuster (German, 1851–1934) measured the charge-to-mass ratio of electrons and
showed that it was remarkably large, so electrons were particles with a very small mass compared
to atoms. Schuster was also the first physicist to propose the existence of antimatter particles that
would annihilate and produce energy if combined with particles of ordinary matter.

The geophysicist Emil Wiechert (German, 1861–1928) also demonstrated that cathode rays were
particles and measured their charge-to-mass ratio.
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One could make a strong case that the fact that electrons are particles was discovered by the
1850s–1860s qualitative demonstrations of Julius Plücker and Johann Hittorf, or by the quantitative
measurements of Lenard, Schuster, and Wiechert in the late 1880s and early 1890s. Yet traditionally
the credit for the discovery of the electron has been given to J. J. Thomson (British, 1856–1940),
who conducted very similar but much more widely publicized experiments in 1897. For that work,
Thomson received the Nobel Prize in Physics in 1906.

Eugen Goldstein (German, 1850–1930) used similar tubes not only to produce and study cathode
rays or electrons, but also to produce and analyze anode rays (also called canal rays), which turned
out to be positively charged ions, or atomic nuclei. More specifically, Goldstein’s anode rays were
protons if he used hydrogen gas in his tubes. Goldstein showed that the anode rays were particles
with a positive charge and a mass much larger than that of the electron.

Wilhelm Wien (German, 1864–1928) measured the mass of the anode rays produced from hydrogen
gas in 1898 and specifically showed that they had the same mass as a hydrogen atom. For some of
his other work (thermal radiation), Wien won the Nobel Prize in Physics in 1911 (p. 714).

Thus one could make a good case that the proton was discovered in 1886 by Goldstein, or at the
latest was more fully demonstrated in 1898 by Wien. Yet traditionally the credit for the discovery
of the proton has been given to Ernest Rutherford (New Zealand/British, 1871–1937) for a series
of experiments he conducted during the period 1917–1919.

The fundamental physics discoveries in electromagnetism led to a vast range of applications, which
is the field of electrical and electromagnetic engineering; see Chapter 6 for more information.
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5.3 Special and General Relativity

The theory of relativity is thus named because it deals with objects that are moving di↵erently
relative to each other, as there is no absolute frame of reference to authoritatively declare what is
moving and what is not.

Special relativity is valid for the special case in which the objects’ relative velocities remain constant,
with no acceleration or deceleration. Following that initial assumption to its logical if surprising
conclusions, special relativity describes the weird things that happen when something travels nearly
as fast as the speed of light (relative to some other observer), including time slowing down, lengths
contracting, and not being able to travel faster than light speed no matter how hard something is
pushed (Fig. 5.24). These strange e↵ects have all been confirmed in countless experiments. At the
fundamental level, these e↵ects are manifestations of the facts that space and time are interrelated,
and mass and energy are interrelated.

General relativity covers the general case in which objects may be accelerating or decelerating.
The forces inside an accelerating object are indistinguishable from the forces inside a gravitational
field, so general relativity describes the weird things that happen when something gets close to
very strong gravitational fields, such as time and space being warped (Fig. 5.25). Important e↵ects
that are correctly predicted by general relativity include the gravitational fields of stars, black
holes, and wormholes; gravitational red-shifting of light; gravitational bending of light; precession
of Mercury’s perihelion as it orbits the sun; gravitational waves; and the overall structure and
history of the universe.

Relativity is quite possibly unique in how much of the field came from a single person, Albert
Einstein (German, 1879–1955, Fig. 5.26).4 Indeed, Einstein and relativity are probably the most
famous creator and creation from the entire German-speaking world. In addition to developing spe-
cial relativity (1905) and general relativity (1915–1916), Einstein also made major contributions to
statistical and thermal physics, non-relativistic quantum physics, and relativistic quantum physics,
as covered in the next sections.

Shockingly, the Nobel Committee for Physics was unwilling to give Einstein an award for relativity
even years later, since they considered it so counterintuitive and controversial. They did give him
a Nobel Prize in 1921, but only for his work on the quantum physics of the photoelectric e↵ect (p.
690).

Although Einstein is justifiably lauded for special relativity, at least six other scientists also made
significant contributions to the theory: Hendrik Lorentz, Woldemar Voigt, Ernst Mach, Hermann
Minkowski, Walter Kaufmann, and Alfred Bucherer.

4For good overviews of this area, see especially: Laurie Brown et al. 1995; Isaacson 2007; Jungnickel and McCor-
mmach 1986, 2017; Levenson 2003; Pais 1982; Thorne 1994.
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Figure 5.24: Special relativity correctly predicted that time slows down for objects moving very
quickly (approaching the speed of light).
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Figure 5.25: General relativity correctly predicted that gravitational fields warp both time and
space, creating several measurable e↵ects.
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Figure 5.26: Albert Einstein proposed special relativity in papers he published in 1905, and general
relativity in a series of papers published in 1915–1916.
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Figure 5.27: Other creators who made significant contributions to special and general relativity in-
cluded Valentine Bargmann, Peter Bergmann, Hermann Bondi, Alfred Bucherer, Elwin Christo↵el,
and Willem de Sitter.
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Figure 5.28: Other creators who made significant contributions to special and general relativity
included Loránd Eötvös, Ludwig Flamm, Erwin Finlay-Freundlich, George Gamow, Thomas Gold,
and Gustav Herglotz.
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Figure 5.29: Other creators who made significant contributions to special and general relativity
included David Hilbert, Leopold Infeld, Theodor Kaluza, Jacobus Kapteyn, Walter Kaufmann,
and Oskar Klein.
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Figure 5.30: Other creators who made significant contributions to special and general relativity
included Josef Lense, Hendrik Lorentz, Ernst Mach, Hermann Minkowski, Jan Oort, and Bernhard
Riemann.
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Figure 5.31: Other creators who made significant contributions to special and general relativity in-
cluded Karl Schwarzschild, Hans Thirring, Woldemar Voigt, Carl Wilhelm Wirtz, and Fritz Zwicky.
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Over the period 1892–1905, Hendrik Lorentz (Dutch, 1853–1928, 1902 Nobel Prize in Physics)
developed mathematical formulas for apparent distortions of time and space for objects moving
at nearly the speed of light. Those formulas for the distortions are now know as the Lorentz
transformations, and correctly describe special relativistic e↵ects, as Einstein showed. Physicist
Robert Weber described Lorentz’s contributions to relativity [Weber 1988, pp. 12–13]:

In 1892 Lorentz put forward the theory of electrons which profoundly influenced the
development of theoretical physics. In 1895 he published his mathematical investigation
of the e↵ect on the shape of a body produced by its moving with speed v through the
ether. [...] Ten years later this result was shown to follow from the theory of relativity.

One deduction from Lorentz’s electron theory of matter was that the mass of an electron
increased with its velocity. Later experiments with beta rays from radioactive elements
confirmed quantitatively his prediction, and once again Lorentz anticipated a finding of
the theory of relativity. [...]

In 1904 Lorentz made his greatest contribution to theoretical physics when he showed
that James Clerk Maxwell’s electromagnetic equations were not invariant with respect
to velocity when transformed from one reference frame to another by the hitherto univer-
sally accepted Newtonian transformation formulae. These related the time and position
coordinates of an event in one reference frame to those assigned to the same event
viewed in another frame. Lorentz devised alternative transformation formulae which
made Maxwell’s equations invariant. Einstein, refusing to believe that there could be
one set of such formulae (Newton’s) for mechanical relationships and another (Lorentz’s)
for electrical, accepted Lorentz’s transformation formulae as universally applicable. The
special or restricted theory of relativity followed from that acceptance.

Actually, Woldemar Voigt (German, 1850–1919) correctly calculated the Lorentz transformations
of space and time even earlier, in 1887, although he apparently did not fully consider their physical
meaning or e↵ects as in special relativity. Historians of science Christa Jungnickel and Russell
McCormmach included a brief mention of Voigt’s achievement in their history of early German
physics [Jungnickel and McCormmach 1986, Vol. 2, p. 273]:

In 1915, in honor of the tenth anniversary of the theory of relativity, the editors of the
Physikalische Zeitschrift reprinted a paper of Voigt’s from 1887 on the Doppler principle.
This “very early precursor” of relativity theory contained what became known as the
Lorentz transformations, which Voigt had derived from a study of the elastic light-ether.
Physicists liked to recall this independent discovery, a curiosity that pointed up Voigt’s
remove from the developments that “modern” physics came to be identified with.

Voigt had reservations about Einstein’s relativity principle as a natural law[...]

Ernst Mach (Austrian, 1838–1916) intensively studied the physics of objects approaching or moving
faster than the speed of sound waves. (Hence the Mach number of an object is the ratio of its speed
to the speed of sound.) However, many of his results carry over to consideration of what would
happen if objects approached or moved faster than the speed of light waves. Mach’s philosophical
approach to space and time also influenced Einstein’s development of relativity, as described by
historian Volker Berghahn [Berghahn 2005, p. 161]:
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Among the first to do so was Ernst Mach in Vienna who, in light of recent develop-
ments, proposed a total separation of metaphysics from the sciences. In his book Die
Mechanik in ihrer Entwicklung (1883) he even went so far as to portray time and space
as metaphysical concepts that should be thrown overboard. Nature, he wrote, did not
know such confines. The body’s temporal and spatial position was determined only
in relation to other objects. Influenced by Mach, Einstein took the final step on this
journey[...]

After Einstein worked out the physics and e↵ects of special relativity, in 1907 Hermann Minkowski
(German, 1864–1909) showed that those e↵ects could be interpreted as the geometric behavior of
four dimensions in which the three spatial dimensions are real numbers and the fourth or time
dimension is an imaginary number (or equivalently, spatial dimensions are imaginary numbers and
time is a real number). Physicist Abraham Pais summarized Minkowski’s contributions [Pais 1982,
pp. 151–152]:

In 1902, Minkowski, at one time Einstein’s teacher in Zürich, had moved to the Univer-
sity of Goettingen. There, on November 5, 1907, he gave a colloquium about relativity
in which he identified Lorentz transformations with pseudorotations for which
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2
4 is invariant, x4 = ict

where x1, x2, x3 denote the spatial variables. [...] Soon thereafter Minkowski published
a detailed paper in which for the first time the Maxwell-Lorentz equations are presented
in their modern tensor form, the equations of point mechanics are given a similar treat-
ment, and the inadequacy of the Newtonian gravitation theory from the relativistic
point of view is discussed. Terms such as spacelike vector, timelike vector, light cone,
and world line stem from this paper.

Thus began the enormous formal simplification of special relativity. Initially, Einstein
was not impressed and regarded the transcriptions of his theory into tensor form as
‘überflüssige Gelehrsamkeit,’ (superfluous learnedness). However, in 1912 he adopted
tensor methods and in 1916 acknowledged his indebtedness to Minkowski for having
greatly facilitated the transition from special to general relativity.

Walter Kaufmann (German, 1871–1947) experimentally demonstrated that the mass of electrons
increases with their velocity, as predicted by special relativity. He actually made his first mea-
surements in 1901, before Einstein’s first paper on relativity. Immediately after Einstein published
his theory, Kaufmann made more accurate measurements of the electron mass increase in 1905.
Alfred Bucherer (German, 1863–1927) made even more precise measurements in 1908, helping to
distinguish between Einstein’s version of special relativity and competing theories of electron mass
increases.

To sum up the history of special relativity, Einstein justifiably earned the greatest credit for special
relativity, through his discoveries about the physical origins and physical implications of space and
time changing with velocity and his 1905 publications that elegantly tied all of that together. Yet
if Einstein had never existed, these ideas were percolating within the German-speaking physics
community, and it seems likely that Lorentz, Voigt, Minkowski, or others from that community
would have arrived at the complete theory of special relativity within a few years after 1905.
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While Einstein was the dominant figure in special relativity, it is even more clear that he was
the primary discoverer of general relativity. The Nobel-Prize-winning general relativity expert Kip
Thorne pointed out how extraordinarily farsighted and exceptional Einstein’s work was [Thorne
1994, p. 119]:

In fact, without Einstein the general relativistic laws of gravity might not have been
discovered until several decades later.

While’s Einstein’s theory of relativity was never recognized by the Nobel Committee for Physics, the
reaction from other scientists and from the public was overwhelming, as summarized by historians
of science Jean Medawar and David Pyke [Medawar and Pyke 2000, p. 33]:

Einstein was already famous, for his special theory of relativity produced in 1905 and
his general theory published in 1917. However, they were still theories and not everyone
was convinced. Then in 1919 an expedition, under the British physicist Sir Arthur Ed-
dington, went to tropical Africa to photograph a total eclipse of the sun. This confirmed
Einstein’s prediction, made in 1917, by showing that light was bent by gravity. Almost
universal acceptance followed and Einstein was hailed as a genius.

In London, the discovery was announced by J. J. Thomson, President of the Royal Soci-
ety, as ‘one of the greatest achievements in the history of human thought’. Introducing
the findings based on the expedition’s photographs, Thomson continued: ‘It is not the
discovery of an outlying island but of a whole continent of new ideas. It is the greatest
discovery in connection with gravity since Newton enunciated his principles.’

Einstein became world-famous not only among scientists but also to the public. He was
modest and of a tentative demeanour but that did not dampen the interest in everything
he said and did. [...] He was honoured and fêted everywhere as the embodiment of science
and the cleverest man in the world. No scientist had then, nor has since, been so admired
or so famous.

Despite Einstein’s critical role in the development of general relativity, a number of other German-
speaking physicists and mathematicians also made important contributions to the theory, before,
during, and after Einstein’s work.

Just as Ernst Mach’s ideas about space and time influenced Einstein’s development of special
relativity, Mach’s ideas about inertia and acceleration also influenced Einstein’s development of
general relativity.

Likewise, Einstein incorporated Hermann Minkowski’s ideas about the geometry of spatial and
temporal dimensions, and his tensors for describing those mathematically, into the theory of general
relativity.

Bernhard Riemann (German, 1826–1866) was the mathematician who originally developed most
of the tensors and other mathematical methods of describing warped dimensions in general that
Einstein later applied to describe warped space and time in particular.
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Shortly after Riemann’s death, Elwin Christo↵el (German, 1829–1900) extended Riemann’s work
by adding some new tensors, now known as Christo↵el symbols, to describe additional details of
warped dimensions. Einstein ultimately incorporated the Christo↵el symbols into general relativity,
along with Riemann’s tensors.

After Einstein’s first papers on general relativity, the mathematician David Hilbert (German, 1862–
1943) immersed himself in the new theory and independently published papers on the tensor mathe-
matics of general relativity in parallel with Einstein’s further papers on the topic. Gustav Herglotz
(Austrian/German, 1881–1953) also published some independent and very early analyses of the
tensor methods Einstein was using for general relativity.

As soon as Einstein’s first equations for general relativity were available, Einstein, as well as Josef
Lense (Austrian, 1890–1985) and Hans Thirring (Austrian, 1888–1976), found that in addition to
the distortions of space and time caused by a massive object, if that object is rotating, it will also
introduce “twisting” distortions into space and time. The twisting of space and time around massive
rotating objects is called the Lense-Thirring e↵ect or sometimes the Einstein-Lense-Thirring e↵ect.

Loránd Eötvös (Austro-Hungarian, 1848–1919) conducted early experiments demonstrating the
equivalence between gravity and acceleration, or the equivalence between gravitational mass and
inertial mass. He also developed extremely sensitive methods of measuring gravitational gradients
or variations along the earth’s surface. The cgs unit for gravitational gradients is named in his
honor, and Einstein cited Loránd Eötvös’s experimental results when he published his theory of
general relativity.

Immediately after Einstein published his first papers on general relativity in 1915, Karl Schwarzschild
(German, 1873–1916) used those to solve the equations of general relativity for the gravitational field
of a spherical, non-rotating mass. Einstein was impressed by his solution, and it is still widely used
to describe the gravitational field of objects ranging from planets to black holes. The Schwarzschild
radius, which appears in Schwarzschild’s general mathematical solution, is the size to which a given
mass must be compressed to form a black hole. Equivalently, the Schwarzschild radius is the dis-
tance from the center of the black hole to the point of no return (also called the event horizon)
for objects near the black hole, where the gravitational field becomes so strong that not even light
can escape from falling toward the center. If Schwarzschild had not died almost immediately after
publishing his result, he might have gone on to make many more contributions to general relativity.
Physicist Abraham Pais summarized Schwarzschild’s contributions [Pais 1982, p. 255]:

[O]n January 16, 1916, Einstein read a paper before the Prussian Academy on behalf
of Karl Schwarzschild, who was in the German army at the Russian front at that time.
The paper contained the exact solution of the static isotropic gravitational field of a
mass point, the first instance of a rigorous solution of Einstein’s full gravitational field
equations. On February 24, 1916, Einstein read another paper by Schwarzschild, this one
giving the solution for a mass point in the gravitational field of an incompressible fluid
sphere. It is there that the Schwarzschild radius is introduced for the first time. On June
29, 1916, Einstein addressed the Prussian Academy to commemorate Schwarzschild,
who had died on May 11 after a short illness contracted at the Russian front. He spoke
of Schwarzschild’s great talents and contributions both as an experimentalist and a
theorist. He also spoke of Schwarzschild’s achievements as director (since 1909) of the
astrophysical observatory in Potsdam. He concluded by expressing his conviction that
Schwarzschild’s contributions would continue to play a stimulating role in science.
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Like Schwarzschild, Ludwig Flamm (Austrian, 1885–1964) also responded to Einstein’s first papers
on general relativity by considering gravitational field solutions for specific cases in 1916. In partic-
ular, Flamm considered possible solutions for what would now be regarded as wormholes, or tunnels
of warped space and time connecting two di↵erent parts of the universe. Theodor Kaluza (German,
1885–1954) also considered how to extend Einstein’s theory of general relativity to include extra
dimensions or other modifications.

The astronomer Erwin Finlay-Freundlich (German, 1885–1964) planned some of the first experi-
mental tests of general relativity, including red-shifting of light from the sun and bending of starlight
around the sun. Other scientists later carried out those tests and ultimately proved that general
relativity was correct.

Willem de Sitter (Dutch, 1872–1934) collaborated with Einstein to apply general relativity to de-
scribe various possible scenarios for the structure and history of the universe, and they both agreed
that the equations of general relativity appeared to predict an expanding (or possibly contracting)
universe. Historian Thomas Levenson wrote about the first interactions of de Sitter and Einstein
regarding the theoretical discovery that the universe could be expanding [Levenson 2003, p. 135]:

In February 1917 Willem De Sitter, professor of astronomy at the University of Leyden
in the Netherlands, responded to Einstein’s theory almost as soon as it appeared by
proposing a model of an expanding universe. Einstein looked for some flaw in De Sitter’s
work that could rule out so unsettling a notion, but he soon gave up and admitted that
there was nothing formally wrong with the idea.

In a series of 1918–1924 publications (Fig. 5.32), Carl Wilhelm Wirtz (German, 1876–1939) mea-
sured the distances and the red-shifting of light from other galaxies. The amount of red-shift or
Doppler shift indicated the galaxies’ velocities relative to the Earth. With that data, he experimen-
tally demonstrated that the universe was indeed expanding, and that the more distant galaxies were
moving away from us faster than galaxies closer to us, in agreement with de Sitter’s and Einstein’s
predictions [Wirtz 1918, 1922a, 1922b, 1924, 1936]. Wirtz’s first results in this area occurred more
than a decade before Edwin Hubble’s (American, 1889–1953) first 1929 paper that also showed
evidence of the expanding universe. For example, in October 1921 Wirtz wrote [Wirtz 1922a]:

Alle diese statistischen Erscheinungen
lagern sich über den au↵älligsten und
Hauptvorgang, der sich als ein Auseinan-
dertreiben des Systems den Spiralnebel
relativ zu unserm Standpunkt beschreiben
läßt. Dann bedeutet z.B. die Abhängigkeit
von der galaktischen Breite, daß die Nebel
bei den Polen sich rascher von uns entfer-
nen als die Nebel der niedrigeren Breiten,
und die Abhängigkeit von der Größenklasse
zeigt an, daß die uns nächsten oder auch die
massenstarken Spiralnebel eine geringere
Auswärtsbewegung besitzen als die fernen
oder etwa die massenschwachen Nebel. Daß
der Zielpunkt aus den Radialbewegungen
der Spiralnebel nichts zu tun hat mit dem
Sonnenapex, ist bekannt.

All of these statistical data result from the
most remarkable and main process, which
can be described as a driving apart of the
system of the spiral galaxies relative to our
point of view. Then for example the depen-
dence on the galactic latitude means that
the galaxies at the poles move away from
us faster than the galaxies of the lower lat-
itudes, and the dependence on the distance
indicates that the spiral galaxies closest to
us or perhaps the more massive galaxies
have a smaller outward movement than the
distant or the less massive galaxies. It is
known that the target point from the ra-
dial movements of the spiral galaxies has
nothing to do with the solar apex.
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Figure 5.32: Carl Wilhelm Wirtz measured and reported the expansion of the universe in a series
of 1918–1924 publications [Wirtz 1918, 1922a, 1922b, 1924].
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Several years after Wirtz’s discovery and publications, Edwin Hubble aggressively promoted himself
in public as the discoverer of the expanding universe, and Wirtz’s accomplishments have unfortu-
nately been nearly forgotten by history [Kragh and Smith 2003; Seitter and Duerbeck 1999; van
den Bergh 2011]. Astronomer Sidney van den Bergh described the situation [van den Bergh 2011]:

In his 1922 paper Wirtz concludes that either the nearest or the most massive galaxies
have the lowest redshifts. From the more extensive observational material available in
1924 Wirtz found that the radial velocities of spiral nebulae grow quite significantly
with increasing distance. He was aware of the fact that the General Theory of Relativ-
ity predicted that redshifts should increase with increasing distance. Wirtz published
his results in the Astronomische Nachrichten, the leading German astronomy journal.
(Hubble received an A in his high-school German course [...] and he also read Ger-
man text books on corporate law [...] so he would have had no trouble reading Wirtz’s
papers.) [...]

The myth that Hubble discovered the velocity-distance relation seems to have originated
with Humason (1931) (who was at that time acting as Hubble’s observing assistant).

George Gamow (Russian but educated and worked in Germany, lived 1904–1968) built on the
earlier work of Einstein, de Sitter, Wirtz, and others regarding the history of the universe. Gamow
considered the implications that the universe has been expanding outward ever since a “Big Bang”
billions of years ago. Gamow made specific predictions about what evidence such a Big Bang would
have produced (such as the production of certain amounts of nuclei and of electromagnetic “echoes”
or background radiation) that were later discovered in experiments to be correct.

Following Einstein, de Sitter, and Wirtz, other theoretical physicists also took up the idea of an
expanding universe: Alexander Friedman (Russian but published in German, 1888–1925) in 1924,
Georges Lemâıtre (Belgian, 1894–1966) beginning in 1927, and Howard Robertson (American but
trained in Germany, 1903–1961) and Arthur Walker (British, 1909–2001) in the 1930s.

In addition to his other predictions, in 1917 Einstein also predicted the properties and physical
implications of what he called a “cosmological constant” but is now called “dark energy,” a di↵use
field throughout the universe that acts to oppose the attraction of gravity [Pais 1982]. The first
experimental evidence of dark energy was detected over 80 years later, in 1998, and much more
evidence has been discovered since then (Fig. 4.58).

Jacobus Kapteyn (Dutch, 1851–1922), Fritz Zwicky (Swiss, 1898–1974), and Jan Oort (Dutch,
1900–1992) predicted dark matter, mysterious material that adds to the gravitational attraction
of the universe but does not appear to be made out of known types of particles, decades before
its existence was proven experimentally [John Johnson, Jr., 2019; Stöckli and Müller 2008]. Large
amounts of evidence for the existence of dark matter were finally found in the 1970s and 1980s
(Fig. 4.57).

Both dark energy and dark matter have had a decisive e↵ect on the history and current state of
our entire universe.

Hermann Bondi (Austrian, 1919–2005) and Thomas Gold (Austrian, 1920–2004) used general rel-
ativity to analyze a wide range of scenarios such as gravity waves, black holes, and the structure
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and history of the universe.

In the final decades of Einstein’s life, Valentine Bargmann (German, 1908–1989) and Peter Bergmann
(German, 1915–2002) collaborated with him on a number of possible extensions and applications
of general relativity. Leopold Infeld (Austrian, 1898–1968) also collaborated with Einstein on how
to calculate the motions of a large number of objects interacting with each other due to gravity.

For additional information on German-speaking contributions to astrophysics, see Section 4.6.
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5.4 Non-relativistic Quantum Physics

Like an Impressionist painting, matter looks clearly delineated and well behaved when seen macro-
scopically from a distance, but blurry and confusing when viewed microscopically at the level of
individual atoms. (Non-relativistic) quantum physics describes the strange behavior of very small
things. (Section 5.6 discusses relativistic quantum physics, the even stranger behavior when rela-
tivity and quantum physics are combined.)

As shown in Fig. 5.33, there are two fundamental ideas in quantum physics:

• What we normally think of as waves can act like particles; for example, electromagnetic waves
can act like discrete particles called photons.

• Conversely, at the microscopic scale, particles of matter can act like blurry waves instead of
discrete chunks of solid stu↵.

Weird quantum e↵ects of particles acting like waves (and vice versa) generally only happen with
things the size of atoms or smaller, because the interrelationship between wave and particle behav-
ior involves a very small physical constant (Planck’s constant h ⇡ 6.626 ⇥ 10�34 Joule-seconds).
Nevertheless, those quantum phenomena can have profound e↵ects on the behavior of atoms and
molecules, and therefore on any reactions (chemical or nuclear) in which they are involved, or
devices (transistors, lasers, etc.) of which they are a part.

Like relativity, quantum physics was almost entirely a product of the German-speaking world
(Figs. 5.34–5.38).5 Perhaps the most significant contributions to quantum physics from outside
the German-speaking world were those of the French physicist Louis de Broglie (1892–1987), who
proposed the mathematical relationship between particle momentum and quantum wavelength, and
the Danish physicist Niels Bohr (1885–1962), who proposed a simple quantum model of the atom
and was closely connected with the German-speaking scientific world throughout his career. In fact,
historians are generally in such agreement that quantum physics was primarily a product of the
German-speaking world that they have spent decades debating what factors may have promoted
that development [Carson et al. 2011].

Arguably the first significant work on quantum theory was by Johann Balmer (Swiss, 1825–1898). In
1885, he developed a mathematical formula that correctly described the spacing between di↵erent
wavelengths of light that could be emitted or absorbed by hydrogen atoms. Many years later,
other scientists would show that the spacings Balmer described occurred because quantum physics
only allowed certain electron orbits and energy levels in atoms, and therefore certain energies or
wavelengths of light that could be emitted or absorbed by those electrons. In 1908, Friedrich Paschen
(German, 1865–1947) also demonstrated that the spectral lines continue beyond visible wavelengths
well into the infrared spectrum [Jungnickel and McCormmach 1986].

5For good overviews of this area, see especially: Laurie Brown et al. 1995; Gamow 1966; Jones 2008; Jungnickel
and McCormmach 1986, 2017; L’Annunziata 2016; von Meÿenn 1997; Weber 1988.
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Figure 5.33: The central concept of quantum physics is that when the world is viewed at a very
small scale (typically at the size of atoms or smaller), anything can behave like either a well-defined
particle or a blurry wave, or both at the same time.
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Figure 5.34: Some creators who made significant contributions to quantum physics included Johann
Balmer, Niels Bohr (Danish but closely tied to the German scientific community), Max Born, Paul
Ehrenfest, Albert Einstein, and James Franck.
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Figure 5.35: Other creators who made significant contributions to quantum physics included George
Gamow, Walther Gerlach, Werner Heisenberg, Grete Hermann, Gustav Hertz, and Friedrich Hund.
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Figure 5.36: Other creators who made significant contributions to quantum physics included Pascual
Jordan, Hendrik Kramers, Ralph Kronig, Werner Kuhn, Alfred Landé, and Hendrik Lorentz.
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Figure 5.37: Other creators who made significant contributions to quantum physics included
Friedrich Paschen, Wolfgang Pauli, Max Planck, Fritz Reiche, Erwin Schrödinger, and Arnold
Sommerfeld.
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Figure 5.38: Other creators who made significant contributions to quantum physics included Hertha
Sponer, Johannes Stark, Otto Stern, Willy Thomas, Gregor Wentzel, and Pieter Zeeman.
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In 1900, Max Planck (German, 1858–1947) made a seminal advance in quantum physics [Brandon
Brown 2015; Planck 1950]. He showed that the spectrum of light and other electromagnetic radiation
emitted by a hot object (a “black body” that glows because of its heat) could be explained if
the electromagnetic radiation was acting not just as waves, but also as particles (later dubbed
“photons”). Planck found that the energy E of the particles was proportional to the frequency f of
the waves, where the two quantities were related by a new constant h ⇡ 6.626⇥10�34 Joule-seconds
that came to be known as Planck’s constant (E = hf). Later scientists would realize that Planck’s
constant governed a wide variety of quantum e↵ects. Planck won the Nobel Prize in Physics in 1918
for his pioneering work. Dr. Å. G. Ekstrand, President of the Royal Swedish Academy of Sciences,
announced the award [https://www.nobelprize.org/prizes/physics/1918/ceremony-speech/]:

Professor Planck. The Swedish Academy of Sciences has awarded you the Nobel Prize for
1918 in recognition of your epoch-making investigations into the quantum theory. This
theory, which was originally connected with black-body radiation, has now demonstrated
its validity for other fields and relationships of Nature, and the constant number, named
after you, is a proportionality factor which describes a common, but until now unknown,
property of matter.

Albert Einstein (German, 1879–1955) expanded on Planck’s work regarding how light behaves like
quantum particles, or photons [Isaacson 2007; Pais 1982]. Specifically, Einstein showed that the
particle nature of light could explain the photoelectric e↵ect, in which there is a clear di↵erence
between particles of light that do or do not have enough energy to knock electrons loose in a
substance. For helping to further establish and expand the growing field of quantum physics (but
not for his contributions to statistical physics or his development of special and general relativity!),
Einstein received the Nobel Prize in Physics in 1921. Professor S. Arrhenius, Chairman of the Nobel
Committee for Physics, said [https://www.nobelprize.org/prizes/physics/1921/ceremony-speech/]:

There is probably no physicist living today whose name has become so widely known
as that of Albert Einstein. Most discussion centres on his theory of relativity. This
pertains essentially to epistemology and has therefore been the subject of lively debate
in philosophical circles. It will be no secret that the famous philosopher Bergson in Paris
has challenged this theory, while other philosophers have acclaimed it wholeheartedly.
The theory in question also has astrophysical implications which are being rigorously
examined at the present time.

Throughout the first decade of this century the so-called Brownian movement stimu-
lated the keenest interest. In 1905 Einstein founded a kinetic theory to account for this
movement by means of which he derived the chief properties of suspensions, i.e. liquids
with solid particles suspended in them. This theory, based on classical mechanics, helps
to explain the behaviour of what are known as colloidal solutions, a behaviour which
has been studied by Svedberg, Perrin, Zsigmondy and countless other scientists within
the context of what has grown into a large branch of science, colloid chemistry.

A third group of studies, for which in particular Einstein has received the Nobel Prize,
falls within the domain of the quantum theory founded by Planck in 1900. This theory
asserts that radiant energy consists of individual particles, termed “quanta”, approxi-
mately in the same way as matter is made up of particles, i.e. atoms. This remarkable
theory, for which Planck received the Nobel Prize for Physics in 1918, su↵ered from a
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variety of drawbacks and about the middle of the first decade of this century it reached
a kind of impasse. Then Einstein came forward with his work on specific heat and the
photoelectric e↵ect. This latter had been discovered by the famous physicist Hertz in
1887. He found that an electrical spark passing between two spheres does so more readily
if its path is illuminated with the light from another electrical discharge. A more exhaus-
tive study of this interesting phenomenon was carried out by Hallwachs who showed
that under certain conditions a negatively charged body, e.g. a metal plate, illuminated
with light of a particular colour—ultraviolet has the strongest e↵ect—loses its nega-
tive charge and ultimately assumes a positive charge. In 1899 Lenard demonstrated the
cause to be the emission of electrons at a certain velocity from the negatively charged
body. The most extraordinary aspect of this e↵ect was that the electron emission veloc-
ity is independent of the intensity of the illuminating light, which is proportional only
to the number of electrons, whereas the velocity increases with the frequency of the
light. Lenard stressed that this phenomenon was not in good agreement with the then
prevailing concepts. [...]

Einstein’s law of the photo-electrical e↵ect has been extremely rigorously tested by
the American Millikan and his pupils and passed the test brilliantly. Owing to these
studies by Einstein the quantum theory has been perfected to a high degree and an
extensive literature grew up in this field whereby the extraordinary value of this theory
was proved. Einstein’s law has become the basis of quantitative photo-chemistry in the
same way as Faraday’s law is the basis of electro-chemistry.

While some physicists were exploring various aspects of the wave/particle duality of light, other
physicists were investigating aspects of what ultimately proved to be the wave/particle duality of
electrons, as revealed by how the electrons orbiting in atoms emitted and absorbed light. Building
on the earlier work by Johann Balmer about the behavior of normal atoms, they studied how atoms
responded to strong magnetic or electric fields.

Pieter Zeeman (Dutch, 1865–1943) demonstrated and Hendrik Lorentz (Dutch, 1853–1928) ex-
plained how applied magnetic fields shift the energy levels of electrons orbiting in atoms, and
therefore the wavelengths of light that they absorb and emit [Jungnickel and McCormmach 1986].
For this work, they both won the Nobel Prize in Physics in 1902. Professor Hj. Théel, President of
the Royal Swedish Academy of Sciences, explained the importance of their discovery
[https://www.nobelprize.org/prizes/physics/1902/ceremony-speech/]:

The greatest credit for the further development of the electromagnetic theory of light
is due to Professor Lorentz, whose theoretical work on this subject has borne the rich-
est fruit. While Maxwell’s theory is free from any assumptions of an atomistic nature,
Lorentz starts from the hypothesis that in matter extremely small particles, called
electrons, are the carriers of certain specific charges. These electrons move freely in
so-called conductors and thus produce an electrical current, whereas in non-conductors
their movement is apparent through electrical resistance. Starting from this simple hy-
pothesis, Lorentz has been able not only to explain everything that the older theory
explained but, in addition, to overcome some of its greatest shortcomings.

[...] Guided by the electromagnetic theory of light, Zeeman took up Faraday’s last ex-
periment, and, after many unsuccessful attempts, finally succeeded in demonstrating
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that the radiation from a source of light changes its nature under the influence of mag-
netic forces in such a way that the di↵erent spectral lines of which it consisted were
resolved into several components. The consequences of this discovery give a magnificent
example of the importance of theory to experimental research. Not only was Professor
Lorentz, with the aid of his electron theory, able to explain satisfactorily the phenom-
ena discovered by Professor Zeeman, but certain details which had hitherto escaped
Professor Zeeman’s attention could also be foreseen, and were afterwards confirmed by
him. He showed, in fact, that the spectral lines which were split under the influence of
magnetism consisted of polarized light, or in other words that the light vibrations are
orientated in one particular way under the influence of the magnetic force, and in a way
which varies according to the direction of the beam of light in relation to this force.

For the physicist this discovery—the Zeeman e↵ect—represents one of the most im-
portant experimental advances that recent decades have to show. For, through the
demonstration that light is a↵ected by magnetism in accordance with the same laws as
vibrating electrically charged particles, clearly not only has the strongest support been
given to the electromagnetic theory of light, but the consequences of Zeeman’s discovery
promise to yield the most interesting contributions to our knowledge of the constitution
of spectra and of the molecular structure of matter. For these reasons the Swedish Royal
Academy of Sciences has come to the conclusion that the discovery outlined here is of
such great importance for the understanding of the connection between the forces of
Nature and for the development of physical science that its recognition by the award of
the Nobel Prize for Physics is justified. The Academy also bore in mind the great part
which Professor Lorentz has played in the following up of this discovery through his
masterly theory of electrons, which is moreover of the greatest significance as a guiding
principle in various other realms.

Alfred Landé (German, 1888–1976) later showed that the Zeeman e↵ect was influenced by both
the spin and orbital angular momentum of electrons in atoms. A factor in the relevant equations
is still known as the Landé g-factor.

Likewise, Johannes Stark (German, 1874–1957) discovered how applied electric fields shift the
energy levels of electrons orbiting in atoms, and hence the wavelengths of light that they absorb
and emit [Jungnickel and McCormmach 1986]. The specific e↵ects were somewhat di↵erent than
those induced by magnetic fields, so they provided important new information about the quantum
behavior of electrons in atoms. For these experiments, Stark won the Nobel Prize in Physics in
1919. Dr. Å.G. Ekstrand, President of the Royal Swedish Academy of Sciences, announced the
award [https://www.nobelprize.org/prizes/physics/1919/ceremony-speech/]:

Professor Stark. Our Academy of Sciences has awarded you the Nobel Prize in Physics
for 1919 in recognition of your epoch-making research into the so-called Doppler e↵ect
in canal rays, which has given us an insight into the reality of the internal structure of
atoms and molecules. The Nobel Prize relates also to your discovery of the splitting of
spectral lines in electric fields—a discovery which is of the greatest scientific importance.

In 1914, James Franck (German, 1882–1964) and Gustav Hertz (German, 1887–1975) carried out
an important experiment that became known as the Franck-Hertz experiment [L’Annunziata 2016;
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Weber 1988]. By colliding electrons of various energies with atoms, they demonstrated that electron
orbits in atoms only have certain allowed energy levels, as had already been independently suggested
by optical experiments. Both Franck and Hertz went on to make many other important contributions
to physics, especially later in nuclear weapons programs (Franck in the United States, Hertz first in
Germany and then in the Soviet Union—see Chapter 8), but for their famous experiment together,
they won the Nobel Prize in Physics in 1925. Professor C.W. Oseen, member of the Nobel Com-
mittee for Physics, praised their work [https://www.nobelprize.org/prizes/physics/1925/ceremony-
speech/]:

Franck and Hertz have opened up a new chapter in physics, viz., the theory of collisions
of electrons on the one hand, and of atoms, ions, molecules or groups of molecules on the
other. This should not be interpreted as meaning that Franck and Hertz were the first
to ask what happens when an electron collides with an atom or a molecule, or that they
were the originators of the general method which paved the way for their discoveries
and which consists of the study of the passage of a stream of electrons through a gas.
The pioneer in this field is Lenard. But Franck and Hertz have developed and refined
Lenard’s method so that it has become a tool for studying the structure of atoms, ions,
molecules and groups of molecules. By means of this method and not least through
the work of Franck and Hertz themselves, a great deal of material has been obtained
concerning collisions between electrons and matter of di↵erent types. Although this
material is important, even more important at the present time is the general finding
that Bohr’s hypotheses concerning the di↵erent states of the atom and the connexion
between these states and radiation, have been shown to agree completely with reality.

As already noted, the Danish physicist Niels Bohr used some of these results to propose one of the
first quantum models of how electrons orbit in the atom, and how they can emit or absorb photons
of electromagnetic energy by changing from one orbit to another. For that work, he won the No-
bel Prize in Physics in 1922 [https://www.nobelprize.org/prizes/physics/1922/ceremony-speech/].
Bohr interacted very closely with the greater German-speaking scientific community throughout his
long career, hosting visiting German-speaking scientists in Denmark and visiting German-speaking
scientists in their home countries and in the U.S. nuclear laboratories that employed many of them
[Jungnickel and McCormmach 1986; Rhodes 1986].

Bohr’s atomic models were expanded and extended by Arnold Sommerfeld (German, 1868–1951)
[Eckert 2013]. Sommerfeld patiently worked out the theoretical foundations for much of quantum
physics, applying it to everything from individual atoms to metallic solids. As a result, his name
is still attached to many key formulas and theories, such as the Sommerfeld model of electrons in
metals, the Sommerfeld fine structure constant, the Sommerfeld identity, the Sommerfeld approx-
imation, and many others. He was also famed as a teacher and mentor, authoring physics books
that were used worldwide and training a vast number of students in his own lab, many of whom
went on to make major discoveries themselves. Historian Michael Eckert summed up Sommerfeld’s
enormous impact [Eckert 2013, p. XI]:

Who was Arnold Sommerfeld? Along with Max Planck (1858–1947), Albert Einstein
(1879–1955), and Niels Bohr (1885–1962), he belongs among the founders of theoretical
physics, which developed into an independent discipline during his lifetime (1868–1951).
Among his best known achievements is the elaboration of the Bohr atomic theory es-
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tablished a century ago. Even among physicists of the twenty-first century, the “Bohr-
Sommerfeld Atom” and the “Sommerfeld fine-structure constant” remain current con-
cepts. Older physicists associate Sommerfeld’s name with the first “school” of modern
theoretical physics, and with the work known as the “Bible of atomic physics,” Atomic
Structure and Spectral Lines. This legendary textbook was spread throughout the world
in many editions and translations, and initiated generations of physics students into the
field of nuclear physics. Additionally, Sommerfeld’s Lectures on Theoretical Physics,
published in six volumes, and reissued long after his death in ever new editions, conveys
a sense of the charismatic teacher’s personality. At the University of Munich, where he
taught and pursued research from 1906 for over three decades, the tradition of the Som-
merfeld school continues at the “Arnold Sommerfeld Center for Theoretical Physics.”
[...] A hundred years ago, the Munich “nursery of theoretical physics” (as Sommerfeld
liked to describe his institute) was a haven for the new quantum physics. Sommer-
feld’s students included Nobel Prize winners Peter Debye (1884–1966), Max von Laue
(1879–1960), Wolfgang Pauli (1900–1958), Werner Heisenberg (1901–1976), Linus Paul-
ing (1901–1994) and Hans Bethe (1906–2005). With his 81 nominations, Sommerfeld
himself holds the sad record of having been proposed for the Nobel Prize more often
than any other physicists . . . without ever receiving the coveted distinction.

Building on the work of Sommerfeld and other early physicists, much of the overarching framework
of what became the final version of quantum theory was provided (at least in large part) by Erwin
Schrödinger (Austrian, 1887–1961) [Moore 1989] and Werner Heisenberg (German, 1901–1976)
[Cassidy 1992, 2009]. The names of these two physicists remain recognized even by the modern
general public:

• “Schrödinger’s cat” is a thought experiment involving a cat that is both alive and dead at
the same time as the result of an unobserved quantum experiment, in order to emphasize the
strangeness of the concept that smeared-out quantum waves can be in two places or in two
states at the same time.

• The “Heisenberg uncertainty principle” describes how trying to make one aspect of a quantum
wave (such as its position) less blurry inevitably causes other aspects of the wave (such as its
momentum) to become even more blurry.

In the mid-1920s, Schrödinger and Heisenberg independently derived two theories of quantum
physics that were fully equivalent to each other, yet expressed in very di↵erent mathematical terms.
Schrödinger used wave equations to calculate the smoothly varying back-and-forth wiggling motion
of matter waves in space and time. Heisenberg preferred to calculate with matrices of numbers,
where each number essentially represented how many humps a matter wave had. Ultimately both
mathematical approaches gave the same answer, although Schrödinger’s approach made it some-
what easier to solve some problems, and Heisenberg’s approach made it somewhat easier to solve
other problems.

Since the Nobel Committee for Physics had not awarded a prize in 1932, in 1933 it chose to
simultaneously award Heisenberg with the 1932 Nobel Prize and Schrödinger with the 1933 Nobel
Prize in Physics. Professor H. Pleijel, Chairman of the Nobel Committee for Physics, described how
their discoveries fit together [https://www.nobelprize.org/prizes/physics/1933/ceremony-speech/]:
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Since the electrons were the seat of outgoing waves, Schrödinger thought that it should
be possible to find a wave equation for the motions executed by the electrons which
would define these waves in the same way as the wave equation which determined the
propagation of light. From the solution of this wave equation one should be able to
select those oscillations which were feasible for the motions within the atoms. He was
successful, too, in determining the wave equation for a series of di↵erent motions of
the electron, and it turned out that these equations gave finite solutions only when the
energy of the system had specific discrete values, determined by Planck’s constant. In
Bohr’s theory these discrete energy values of the electron paths were only hypothet-
ical, but in Schrödinger’s, on the contrary, they appeared as completely determined
by the form of the wave equation. Schrödinger himself, and others after him, have ap-
plied his wave theory to various optical problems including the interpretation of the
phenomena accompanying the impact between light rays and electrons, investigations
into the behaviour of atoms in electric and magnetic fields, the di↵raction of light rays,
etc. In every direction, values and formulae have been obtained using Schrödinger’s
theory, which have been in closer agreement with experience than the older theories
were. Schrödinger’s wave equation has provided a convenient and simple method for
handling problems to do with light spectra, and has become an indispensible tool for
the present-day physicist.

Somewhat before the appearance of Schrödinger’s theory Heisenberg brought out his
famous quantum mechanics. Heisenberg started o↵ from quite di↵erent standpoints and
viewed his problem, from the very beginning, from so broad an angle that it took care of
systems of electrons, atoms, and molecules. According to Heisenberg one must start from
such physical quantities as permit of direct observation, and the task consists of finding
the laws which link these quantities together. The quantities first of all to be considered
are the frequencies and intensities of the lines in the spectra of atoms and molecules.
Heisenberg now considered the combination of all the oscillations of such a spectrum
as one system, for the mathematical handling of which, he set out certain symbolical
rules of calculation. It had formerly been determined already that certain kinds of
motions within the atom must be viewed as independent from one another to a certain
degree, in the same way that a specific di↵erence is made in classical mechanics between
parallel motion and rotational motion. It should be mentioned in this connection that
in order to explain the properties of a spectrum it had been necessary to assume self-
rotation of the positive nuclei and the electrons. These di↵erent kinds of motion for
atoms and molecules produce di↵erent systems in Heisenberg’s quantum mechanics. As
the fundamental factor of Heisenberg’s theory can be put forward the rule set out by him
with reference to the relationship between the position coordinate and the velocity of
an electron, by which rule Planck’s constant is introduced into the quantum-mechanics
calculations as a determining factor.

Although Heisenberg’s and Schrödinger’s theories had di↵erent starting points and were
developed by the use of di↵erent processes of thought, they produced the same results
for problems treated by both theories.

What is often overlooked is that Heisenberg did not develop the matrix version of quantum physics
alone, but rather with other physicists. One of those was Max Born (German, 1882–1970), Heisen-
berg’s mentor at Göttingen [Greenspan 2005]. Born also made a hugely important contribution to
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Schrödinger’s wave version of quantum physics, by showing that the waves represent the probability
of where the corresponding particle could be found. Born made numerous other important contri-
butions to theoretical physics, many of which now bear his name (Born approximation, Born equa-
tion, Born series, Born-Haber cycle, Born-Infeld theory, Born-Landé equation, Born-Oppenheimer
approximation, Born-von Kármán boundary condition, etc.). Over the course of Born’s career,
he mentored many students and young scientists. In addition to Heisenberg, they included Max
Delbrück, Walter Elsasser, Enrico Fermi, Siegfried Flügge, Maria Goeppert-Mayer, Friedrich Hund,
Pascual Jordan, Lothar Nordheim, J. Robert Oppenheimer, and Victor Weisskopf. For his con-
tributions to quantum physics, Max Born won the Nobel Prize in Physics in 1954. Professor I.
Waller, member of the Nobel Committee for Physics, described the importance of Born’s innova-
tions [https://www.nobelprize.org/prizes/physics/1954/ceremony-speech/]:

Research into the laws valid for the movement of the electrons around the nucleus in
the centre of the atom has been a central problem for physics during this century. Niels
Bohr made a start on the solution to the problem in 1913. But his theory was of a
provisional nature. Professor Max Born took an active part in striving to improve it, as
did the many followers who gathered round him in Göttingen. During the twenties of this
century, Göttingen, together with Copenhagen and Munich, was a place of pilgrimage
for researchers in the field of atomic theory. When the young Heisenberg, formerly
a pupil of Sommerfeld in Munich and of Bohr in Copenhagen, published his epoch-
making preliminary work on the exact laws for atomic phenomena in 1925, he was
Born’s assistant in Göttingen. His work was immediately continued by Born, who gave
logical mathematical form to the Heisenberg theory. Owing to this progress, Born, in
collaboration with his pupil Jordan and later with Heisenberg also, was able to expand
the latter’s original results into a comprehensive theory for atomic phenomena. This
theory was called quantum mechanics.

The following year Born got a new result of fundamental significance. Schrödinger had
just then found a new formulation for quantum mechanics. Schrödinger’s work expanded
the earlier ideas of De Broglie which imply that atomic phenomena are connected with a
wave undulation. However, Schrödinger had not solved the problem of how it is possible
to make statements about the positions and velocities of particles if one knows the wave
corresponding to the particle.

Born provided the solution to the problem. He found that the waves determine the prob-
ability of the measuring results. For this reason, according to Born, quantum mechanics
gives only a statistical description. This can be illustrated by a simple example. When
you shoot at a target it is possible in principle—according to the older conception—to
aim the shot from the start so that it is certain to hit the target in the middle. Quan-
tum mechanics teaches us to the contrary—that in principle we cannot predict where a
single shot will hit the target. But we can achieve this much, that from a large number
of shots the average point of impact will lie in the middle of the target. In contradiction
to the deterministic predictions of the older mechanics, quantum mechanics accordingly
poses laws which are of a statistical character, and as regards single phenomena will
only determine the probabilities that one or another of various possibilities will occur.
For material bodies of ordinary dimensions the uncertainty of the predictions of quan-
tum mechanics is practically of no significance. But in atomic phenomena, on the other
hand, it is fundamental. Such a radical break with older ideas could not of course prevail
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without opposition. But Born’s conception is now generally accepted by physicists, with
a few exceptions.

In addition to these achievements, which have been rewarded with the Nobel Prize,
Born has made fundamental contributions to many fields of physics. In the first place
he dedicated his interest to the theory of crystals and has been one of the great pioneers
in that field.

Pascual Jordan (German, 1902–1980) played a major role in the development of both nonrelativistic
quantum physics and relativistic quantum physics (Section 5.6) [Jones 2008]. Working directly with
Heisenberg and Born, he helped to develop the matrix version of quantum theory. He then went on
to publish a string of important papers on quantum theory, both alone and in collaboration with
various other physicists. The modern Encyclopedia Britannica still includes a brief note testifying
to his importance [EB 2010, Jordan, Pascual]:

German physicist who in the late 1920s founded (with Max Born and Werner Heisen-
berg) quantum mechanics and (with Wolfgang Pauli and Eugene Wigner) quantum
electrodynamics.

Nevertheless, other than a few similarly brief mentions or footnotes in modern books, Jordan’s
important contributions to the development of quantum physics have been largely forgotten by
history, perhaps because of his associations with the German government during World War II.
Modern historians should examine Jordan’s many scientific contributions in much more detail than
they generally have.

Paul Ehrenfest (Austrian, 1880–1933) made several important contributions to quantum theory
[Jones 2008]. His most famous discovery became known as the Ehrenfest theorem. It described
mathematically how, even though quantum waves are very blurry, averages of the waves have the
same values as classical mechanics would predict for well-defined particles.

Otto Stern (German, 1888–1969) and Walther Gerlach (German, 1889–1979) demonstrated that
the angular momentum of atoms was quantized, or could only have certain values, due to quantum
e↵ects [L’Annunziata 2016; Weber 1988]. Their experiment was one of the earliest insights into how
quantum physics constrains the behavior of rotating things (angular momentum or spin). For this
work, which has since become known as the Stern-Gerlach experiment, Stern won the Nobel Prize
in Physics in 1943. Professor E. Hulthén, member of the Nobel Committee for Physics, described
the experiment [https://www.nobelprize.org/prizes/physics/1943/ceremony-speech/]:

The experiment was carried out in Frankfurt in 1920 by Otto Stern and Walter Gerlach,
and was arranged as follows: In a small electrically heated furnace, was bored a tiny hole,
through which the vapour flowed into a high vacuum so as to form thereby an extremely
thin beam of vapour. The molecules in this so-called atomic or molecular beam all fly
forwards in the same direction without any appreciable collisions with one another, and
they were registered by means of a detector, the design of which there is unfortunately
no time to describe here. On its way between the furnace and the detector the beam
is a↵ected by a non-homogeneous magnetic field, so that the atoms—if they really
are magnetic—become unlinked in one direction or another, according to the position
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which their magnetic axles may assume in relation to the field. The classical conception
was that the thin and clear-cut beam would consequently expand into a di↵use beam,
but in actual fact the opposite proved to be the case. The two experimenters found
that the beam divided up into a number of relatively still sharply defined beams, each
corresponding to one of the just mentioned discrete positional directions of the atoms in
relation to the field. This confirmed the space-quantization hypothesis. Moreover, the
experiment rendered it possible to estimate the magnetic factors of the electron, which
proved to be in close accord with the universal magnetic unit, the so-called “Bohr’s
magneton”.

When Stern had, so to speak, become his own master, having been appointed Head of
the Physical Laboratory at Hamburg in 1923, he was able to devote all his energies to
perfecting the molecular beam method. Among many other problems investigated there
was a particular one which excited considerable interest.

It had already been realized when studying the fine structure of the spectral lines
that the actual nucleus of the atom, like the electron, possesses a rotation of its own,
a so-called “spin”. Owing to the minute size of the nuclear magnet, estimated to be a
couple of thousand times smaller than that of the electron, the spectroscopists could only
determine its size by devious ways—and that too only very approximately. The immense
interest attaching in this connection to a determination of the magnetic factors of the
hydrogen nucleus, the so-called proton, was due to the fact that the proton, together
with the recently discovered neutron, forms the basic constituent of all the elements
of matter; and if these two kinds of particles were to be regarded, like the electron, as
true elementary particles, indivisible and uncompounded, then as far as the proton is
concerned, its magnetic factor would be as many times smaller than the electron’s as
its mass is greater than the electron’s, implying that the magnetic factor of the proton
must be, in round figures, 1,850 times smaller than the electron’s. Naturally then, it
aroused great interest when, in 1933, Stern and his colleagues made this determination
according to the molecular beam method, it being found that the proton factor was
about 21⁄2 times greater than had theoretically been anticipated.

Wolfgang Pauli (Austrian, 1900–1958) explained mathematically how angular momentum or spin
works in quantum systems, constructing what are now known as Pauli spin matrices [L’Annunziata
2016; Weber 1988]. Moreover, he proved that identical particles with half-integer spin values that
are in the same atom or other quantum system do not want to do the exact same thing as each other,
which became known as the Pauli exclusion principle. For example, in an atom, each electron finds
a way to orbit or spin somewhat di↵erently than every other electron. The same is also true among
the protons in the atomic nucleus, and likewise among the neutrons in the nucleus. Pauli won the
Nobel Prize in Physics in 1945. Professor I. Waller, member of the Nobel Committee for Physics,
praised Pauli’s discoveries [https://www.nobelprize.org/prizes/physics/1945/ceremony-speech/]:

At this stage of the development of atomic theory, Wolfgang Pauli made a decisive
contribution through his discovery in 1925 of a new law of Nature, the exclusion principle
or Pauli principle. [...]

The principle, first discovered for electrons, has proved to be valid for the nuclei of
hydrogen, called protons, and also for the neutrons which are formed in many nuclear
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reactions. The neutrons are particles which have no charge but have approximately the
same masses as the protons. According to present views any atomic nucleus consists of
protons and neutrons. The Pauli principle is therefore essential for the description of
the properties of atomic nuclei.

Pauli occupies a leading position in present theoretical physics. He has made many
other important contributions to di↵erent branches of his science, among them several
to nuclear physics.

Friedrich Hund (German, 1896–1997) worked out specifically how the electrons in an atom are
arranged in accordance with the Pauli exclusion principle [Laurie Brown et al. 1995]. The patterns
he found, now called Hund’s rules, are still widely used in atomic physics and chemistry.

At least two German-speaking women made important contributions to quantum physics that have
been largely overlooked by conventional histories, and there are significant parallels in their ca-
reers. Hertha Sponer (German, 1895–1968) received her Ph.D. in physics from the University of
Göttingen in 1920 and spent her career doing experimental research on quantum e↵ects (including
molecular physics and spectroscopy), first in Germany and then in the United States. In 1946 she
married James Franck [https://www.deutsche-biographie.de/sfz123855.html]. Grete Hermann (Ger-
man, 1901–1984) received her Ph.D. in physics from the University of Göttingen in 1926 and spent
her career exploring some of the theoretical and philosophical implications of quantum physics,
including whether or not the apparent wave-like nature of matter could be explained away as clas-
sical particles simply obeying undiscovered “hidden variables” [https://arxiv.org/abs/0812.3986].
Both Sponer and Hermann left Germany during the Third Reich; Sponor did not return to live in
Germany until late in life, whereas Hermann returned soon after the war. Sponer and Hermann,
and any other women who played important roles in the development of quantum physics, deserve
much more attention than they have received.

Other aspects of quantum theory were named after their originators [Laurie Brown et al. 1995].
Gregor Wentzel (German, 1898–1978), Hendrik Kramers (Dutch, 1894–1952), and Léon Brillouin
(French, 1889–1969) independently and roughly simultaneously in 1926 proposed what is now known
as the Wentzel-Kramers-Brillouin (WKB) approximation for estimating the size of a quantum
matter wave under conditions that are too complicated to find exact mathematical solutions. George
Gamow (1904–1968) was Russian but studied and worked in Germany before moving to the United
States. In Göttingen in 1928, Gamow used the WKB approximation to calculate the rate at which
alpha particles can quantum-mechanically tunnel out of the nucleus, introducing a factor still known
as the Gamow factor.

Similarly, Willy Thomas (German?, ??–??), Fritz Reiche (German, 1883–1969), and Werner Kuhn
(Swiss, 1899–1963) developed the Thomas-Reiche-Kuhn (TRK) sum rule for calculating transitions
rates between di↵erent energy levels in atoms or other quantum systems [Laurie Brown et al. 1995].
The WKB and TRK methods of calculating quantum e↵ects remain widely used to this day.

Ralph Kronig (German, 1904–1995) made a number of contributions to quantum theory, including
early ideas about electron spin, the Kronig-Penney model of electron behavior in crystals, the
Kramers-Kronig relations for optical and electronic properties, and other e↵ects [Laurie Brown et
al. 1995].
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5.5 Statistical and Thermal Physics

Statistical and thermal physics deals with the collective behavior of enormous numbers of particles,
such as those that make up solids, liquids, gases, plasmas, and even light or other electromagnetic
radiation. Heat or thermal energy is a random jittering of those particles; the higher the temper-
ature, the more the particles dance around. Even though one cannot predict the random motions
of any individual particle, the laws of statistical and thermal physics can accurately predict the
average behavior of a whole population of particles.

Because statistical and thermal physics deals with collections of microscopic particles, it overlaps
with quantum physics, which governs the behavior of particles at the microscopic scale (Section
5.4). Thus many of the same scientists and discoveries were important for both areas. Yet whereas
simple quantum physics only calculates the behavior of one or a few particles, statistical and thermal
physics employs additional mathematical methods to extend those calculations to huge numbers
of particles. Statistical and thermal physics also describes how such a collection of particles will
respond to and carry heat energy in a system such as a refrigerator, an engine, an ice crystal, or a
blast furnace.

According to quantum physics, particles can behave like spinning tops, and the allowed angular
momentum of their spinning motion comes in units of h̄ = h/(2⇡), where h is Planck’s constant (p.
683). Moreover, some particles have a spin value that is an integer multiple of h̄ (e.g. photons that
carry the electromagnetic force and particles that carry the nuclear force have “spin 1,” or 1h̄),
and other particles have a spin value that is a half-integer multiple of h̄ (e.g. electrons, protons,
and neutrons have “spin 1/2,” or h̄/2). According to statistical and thermal physics, these two
categories of particles behave very di↵erently when they are around other particles of the exact
same type:

• Integer-spin particles (such as photons) are called “bosons” because they obey Bose-Einstein
statistics, which basically means that they are conformists and love to be doing the same
thing as each other, unless they have so much thermal energy that they randomly move in
many di↵erent ways. Since light and other electromagnetic radiation can be viewed as either
waves or particles (photons), the boson nature of light is especially important for “black-
body radiation,” or radiation emitted by something that is so hot that it glows. See Fig. 5.39
for information on how the energy density and spectral distribution of black-body radiation
change with the temperature.

• Half-integer-spin particles (such as electrons) are called “fermions” because they obey Fermi-
Dirac statistics, which essentially means that they are individualists, with each particle in
a system insisting on doing at least one thing di↵erently than any other identical particle
in that system (the Pauli exclusion principle). That di↵erence might be having a di↵erent
energy, di↵erent spin direction (e.g., up vs. down), or di↵erent magnitude or direction for
the angular momentum of the particle’s orbit. If a population of fermions has very little
thermal energy, they fill up all the lowest available energy states, like sports fans arriving in a
stadium with open seating. If a population of fermions has significant thermal energy, some of
them randomly jump up to higher energy states, leaving their formerly occupied lower energy
states empty (like sports fans who are so excited that they run up and down the levels of
the stadium). See Fig. 5.39 for more information about the characteristics of fermions such
as electrons.
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Figure 5.39: Some important discoveries in statistical and thermal physics are that the energy
density of photons (electromagnetic radiation such as light) rapidly increases with temperature T

(as T
4), and that a hot object emits a spectrum of photons with a predominant wavelength that

becomes shorter as the temperature increases.
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Figure 5.40: Other important discoveries in statistical and thermal physics are that each electron in
a system does not want to do exactly the same thing as any other electron in the system. Thus like
sports fans filling a stadium with open seating, the first electrons occupy the states with the lowest
energy levels, and succeeding electrons occupy additional states with higher and higher energies.
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As some of the names in the introduction of this section suggest, there were some important
contributions to statistical and thermal physics from outside the German-speaking world. The most
notable outside contributions came from Satyendra Bose (Indian, 1894–1974), Sadi Carnot (French,
1796–1832), Subrahmanyan Chandrasekhar (Indian, 1910–1995), Paul Dirac (English, 1902–1984),
Enrico Fermi (Italian, 1901–1954), James Joule (English, 1818–1889), Lord Kelvin (Scottish, 1824–
1907), and James Clerk Maxwell (Scottish, 1831–1879). With the exception of Bose, Chandrasekhar,
Dirac, and Fermi, those outside contributions occurred before the German-speaking scientific world
had really ramped up by the late nineteenth century. After that time, a large number of German-
speaking physicists dominated the field as shown in Figs. 5.41–5.46.6

A. Thermodynamic properties

Julius von Mayer (German, 1814–1878) expressed the first law of thermodynamics, the law of
conservation of energy (including heat energy and work), in 1841. (James Joule independently
rediscovered that law, published it in 1843, and historically has received most of the publicity for
it.) He was also the first to find equations for the specific heat of an ideal gas, or the relationship
between the amount of heat energy absorbed by a substance and the corresponding temperature
rise for that substance.

In 1847, Hermann von Helmholtz (German, 1821–1894) published a more detailed treatment of the
first law of thermodynamics, Über die Erhaltung der Kraft (On the Conservation of Energy), and
also studied the thermodynamics of fluids.

In 1850, Rudolf Clausius (German, 1822–1888) was the first to clearly articulate the second law
of thermodynamics, that entropy cannot decrease, or equivalently that heat flows from regions of
higher temperature to regions of lower temperature.

Johannes van der Waals (Dutch, 1837–1923) developed detailed thermodynamic equations relating
the pressure, density, and temperature of gases and liquids. He won the Nobel Prize in Physics in
1910. Professor O. Montelius, President of the Royal Swedish Academy of Sciences, described his
accomplishments [https://www.nobelprize.org/prizes/physics/1910/ceremony-speech/]:

On the basis of this law of what are known as “corresponding states” for various gases
and liquids Van der Waals was able to provide a complete description of the physi-
cal state of gases and, more important, of liquids under varying external conditions.
He showed how certain regularities can be explained which had earlier been found by
empirical means, and he devised a number of new, previously unknown laws for the
behaviour of liquids.

6For coverage of di↵erent aspects of this area, see especially: [Laurie Brown et al. 1995; [Gamow 1966; [Jones 2008;
[Jungnickel and McCormmach 1986, [2017; [L’Annunziata 2016; [von Meÿenn 1997; [Ingo Müller 2007; [Teichmann
et al. 2008; [Weber 1988.
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It appeared, however, that not all liquids conformed precisely to the simple laws for-
mulated by Van der Waals. A protracted controversy arose around these discrepancies
which were ultimately found to be attributable to the molecules in these liquids not
all being of the same character; the older Van der Waals laws apply only to liquids of
uniform composition. Van der Waals then extended his studies to mixtures of two or
more types of molecules and here too he managed to find the laws and these, of course,
are more complex than those which apply to substances composed of molecules of a
single type. Van der Waals is still occupied with working out the details of this great
investigation. [...]

Yet Van der Waals’ studies have been of the greatest importance not only for pure
research. Modern refrigeration engineering, which is nowadays such a potent factor in
our economy and industry, bases its vital methods mainly on Van der Waals’ theoretical
studies.

Josiah Gibbs (American but educated in Germany, 1839–1903) derived equations for the thermody-
namic properties of chemical mixtures, and also showed how to calculate the behavior of substances
as collections of large numbers of particles.

Ludwig Boltzmann (Austrian, 1844–1906) developed an extensive framework of statistical physics
equations for describing the thermodynamic behavior of large numbers of particles in solids, liquids,
or gases.

Wilhelm Ostwald (German, 1853–1932) also developed statistical physics methods that were appli-
cable to thermodynamic processes in both chemistry and physics. Ostwald’s work won the Nobel
Prize in Chemistry in 1909. Dr. H. Hildebrand, President of the Royal Academy of Sciences, praised
Ostwald’s work [https://www.nobelprize.org/prizes/chemistry/1909/ceremony-speech/]:

The Royal Academy of Sciences has resolved to award the former professor at Leipzig
University and Geheimrat, Wilhelm Ostwald, the Nobel Prize for Chemistry 1909 in
recognition of his work on catalysis and associated fundamental studies on chemical
equilibria and rates of reaction. [...]

The significance of this new idea is best revealed by the immensely important role—
first pointed out by Ostwald—of catalytic processes in all sectors of chemistry. Catalytic
processes are a commonplace occurrence, especially in organic synthesis. Key sections
of industry such as e.g. sulphuric acid manufacture, the basis of practically the whole
chemical industry, and the manufacture of indigo which has flourished so during the
last ten years, are based on the action of catalysts. A factor of perhaps even greater
weight, however, is the growing realization that the enzymes, so-called, which are ex-
tremely important for the chemical processes within living organisms, act as catalysts
and hence the theory of plant and animal metabolism falls essentially in the field of
catalyst chemistry. [...]

Although the Nobel Prize for Chemistry is now being awarded to Professor Ostwald
in recognition of his work on catalysis, he is a man to whom the chemical world is
indebted also in other ways. By the spoken and the written word he, perhaps more than
any other, has carried modern theories to a rapid victory and for several decennia he
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played a leading part in the field of general chemistry. In other ways too he has furthered
chemistry by his versatile activity with numerous discoveries and refinements in both
the experimental and the theoretical spheres.

Similar to Ostwald, Walther Nernst (German, 1864–1941) made important discoveries regarding
the statistical physics underlying thermodynamics, physical chemistry, electrochemistry, and the
physics of solids. He won the Nobel Prize in Chemistry in 1920. Professor Gerard de Geer, President
of the Royal Swedish Academy of Sciences, announced the award
[https://www.nobelprize.org/prizes/chemistry/1920/ceremony-speech/]:

Herr Geheimrat Nernst. The discovery of fire, which during the classic age was still
attributed to a titan, Prometheus, is both the oldest and certainly the most important
of all discoveries.

For long years chemists eagerly sought the suspected connection between the evolution
of heat and the chemical a�nity during the combustion of coal and in other chemical
reactions.

Your work has now brought this connection to light.

You have used brilliant acuteness during your masterly experimental researches on spe-
cific heat and chemical equilibria.

Using the heat theorem discovered by you it has now become possible on the one hand
to calculate from the heat evolution during chemical reactions and the specific heats, the
chemical a�nity and the maximum possible output of energy during chemical reactions,
and on the other hand to calculate the equilibrium in reactions not yet studied.

The Academy of Sciences has decided to hand you the Nobel Prize for Chemistry as
recognition of the exceptional merit of your work on Thermochemistry.

Peter Debye (Dutch, 1884–1966) studied and worked in Germany and Switzerland for many years.
He developed statistical models of the behavior of molecules, chemical solutions, and crystalline
solids. For his work, he was honored with the Nobel Prize in Chemistry in 1936. Professor A.
Westgren, Secretary of the Nobel Committee for Chemistry, congratulated him
[https://www.nobelprize.org/prizes/chemistry/1936/ceremony-speech/]:

Professor Debye. Your rich scientific activity has been aimed in particular to research
into the structure of matter. Your wealth of ideas, your penetration and your secure
mastery of mathematical methods have yielded great success to your endeavours, and
your results have enriched chemistry to an extraordinary degree in all kinds of ways.
By your investigations on dipole moments and also on X-ray and electron interferences
in gases you have widened and deepened our knowledge of molecular structure to such
an extent that the Royal Academy of Sciences has awarded you the Nobel Prize for
Chemistry.

Leo Szilard (Hungarian, 1898–1964) introduced several thermodynamic innovations including the
Szilard engine, new ideas about Maxwell’s demon, and the Einstein refrigerator.
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Figure 5.41: Some creators who made significant contributions to statistical and thermal physics
included Richard Becker, Ludwig Boltzmann, Rudolf Clausius, Peter Debye, Paul Ehrenfest, and
Albert Einstein.
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Figure 5.42: Other creators who made significant contributions to statistical and thermal physics
included Markus Fierz, Josiah Gibbs, Samuel Goudsmit, Hermann von Helmholtz, Friedrich Hund,
and Pascual Jordan.
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Figure 5.43: Other creators who made significant contributions to statistical and thermal physics in-
cluded Heike Kammerlingh Onnes, Gustav Kirchho↵, Ralph Kronig, Ferdinand Kurlbaum, Nicholas
Kurti, and Max von Laue.
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Figure 5.44: Other creators who made significant contributions to statistical and thermal physics
included Carl von Linde, Fritz London, Heinz London, Otto Lummer, Julius von Mayer, and Fritz
Walther Meissner.
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Figure 5.45: Other creators who made significant contributions to statistical and thermal physics
included Kurt Mendelssohn, Walther Nernst, Karol Olszewski, Wilhelm Ostwald, Friedrich Paschen,
and Wolfgang Pauli.
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Figure 5.46: Other creators who made significant contributions to statistical and thermal physics
included Raoul Pictet, Max Planck, Ernst Pringsheim, Heinrich Rubens, Franz Simon, and Arnold
Sommerfeld.
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Figure 5.47: Other creators who made significant contributions to statistical and thermal physics
included Josef Stefan, Leo Szilard, George Uhlenbeck, Johannes van der Waals, Wilhelm Wien, and
Zygmunt Wróblewski.
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B. Bosons

As mentioned in Section 5.4, experimental and theoretical investigations of black-body radiation
led directly to the development of quantum physics. Those investigations were also a critical part
of statistical and thermal physics, since black-body radiation is an example of the behavior of large
numbers of bosons (photons).

Beginning in the 1850s, Gustav Kirchho↵ (German, 1824–1887) conducted the first experimental
and theoretical investigations of black-body radiation, and was also responsible for giving it that
name. Historian of science Ingo Müller described Kirchho↵’s foundational role in this area [Müller
2007, p. 199]:

Kirchho↵ conceived of a black body, a hypothetical body that sends out radiation of all
frequencies and that should therefore—by Kirchho↵’s law—also absorb all radiation,
and reflect none, so that it appears black. Such black bodies came to play an important
role in radiation research, although in the early days no real good black body existed to
serve as a reliable object of study. Therefore Kirchho↵ suggested an ingenious surrogate
in the form of a cavity with blackened, e.g. soot-covered interior walls, which could be
heated. Any radiation that enters the cavity by a small hole is absorbed or reflected
when it hits a wall. If reflected, the light will most likely travel to another spot of the
wall, being absorbed or reflected there, etc. In this way virtually no reflected light comes
out through the hole so that the hole itself absorbs radiation as if it were a black body.
The radiation emitted through the hole is called cavity radiation and it can be studied
at leisure for any temperature of the walls.

In 1879, Josef Stefan (Austrian, 1835–1893) experimentally demonstrated that the power of emitted
black-body radiation varies as the fourth power of the temperature, as shown at the top of Fig. 5.39.
Stefan was also the doctoral advisor for Ludwig Boltzmann, who found a theoretical derivation for
that relationship in 1884, so the relationship between power and temperature for thermal radiation
is now known as the Stefan-Boltzmann law.

In the late nineteenth century, increasingly accurate experimental measurements of the spectrum of
black-body radiation were conducted by Ferdinand Kurlbaum (German, 1857–1927), Otto Lummer
(German, 1860–1925), Ernst Pringsheim (German, 1859–1917), Heinrich Rubens (German, 1865–
1922), and Wilhelm Wien (German, 1864–1928). Those experiments essentially yielded the curves
shown at the bottom of Fig. 5.39 for how the spectrum of black-body radiation varies with changes
in the temperature of the object emitting the radiation.

Several scientists worked to develop equations to describe the measured black-body radiation spec-
trum, as well as physical explanations for the origins of those equations. Wilhelm Wien derived
an approximate equation for that spectrum in 1896, and showed that it agreed quite well with
his experiments except at very long wavelengths. Friedrich Paschen (German, 1865–1947) indepen-
dently arrived at the same equation at the same time, although primarily based on experimental
data and not theoretical reasons. Max Planck (German, 1858–1947) found the exact equation for
the black-body radiation spectrum in 1900, and showed that it resulted from light behaving like a
collection of particles, or photons.

For their discoveries regarding black-body radiation, Wien won the Nobel Prize in Physics in
1911 and Max Planck won it in 1918 [https://www.nobelprize.org/prizes/physics/1918/ceremony-
speech/].
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In awarding the 1911 Nobel Prize to Wien, Dr. E.W. Dahlgren, President of the Royal Swedish
Academy of Sciences, emphasized the long line of German-speaking scientists who had pioneered
the study of black-body radiation [www.nobelprize.org/prizes/physics/1911/ceremony-speech/]:

Ever since the beginning of the last century and, in particular, since spectrum analysis
reached an advanced stage of development as a result of the fundamental work by Bunsen
and Kirchho↵, the problem of the laws of heat radiation has occupied the attention of
physicists to an exceptionally high degree. [...]

The di�culty in investigating the laws of radiation of black bodies was, firstly, that no
completely black body exists in nature. In accordance with Kirchho↵’s definition, such
a body would reflect no light at all, nor allow light to pass. Even substances such as
soot, platinum black etc. reflect part of the incident light.

This di�culty was only removed in 1895, when Wien and Lummer stated the principles
according to which a completely black body could be constructed, and showed that the
radiation which issues from a small hole in a hollow body whose walls have the same
temperature behaves in the same manner as the radiation emitted by a completely
black body. The principle of this arrangement is based on the views of Kirchho↵ and
Boltzmann and had already been applied in part by Christiansen in 1884.

With the assistance of this apparatus it now became possible to investigate black body
radiation. In this manner, Lummer, together with Pringsheim and Kurlbaum, succeeded
in substantiating the so-called Stefan-Boltzmann law which indicates the relationship
between the quantity of heat radiated by a black body and its temperature. [...]

In 1893 Wien published a theoretical paper which was destined to acquire the utmost
importance in the development of radiation theory. In this paper he presented his so-
called displacement law which provides a very simple relationship between the wave-
length having the greatest radiation energy and the temperature of the radiating black
body.

The importance of Wien’s displacement law extends in various directions. As we shall
see, it provides one of the conditions which are required for the determination of the
relationships between energy radiation, wavelength and temperature for black bodies,
and thus represents one of the most important laws in the theory of heat radiation.
Wien’s displacement law has however acquired the greatest possible importance in other
contexts as well. Lummer and Pringsheim have shown that the radiation of bodies other
than black bodies obeys the displacement law, with the sole di↵erence that the constant
which forms part of the formula has a di↵erent value. [...]

It was only natural that Wien who had contributed so much to the advancement of ra-
diation theory should make an attempt to find an answer to the last remaining question
also, i.e. that of the distribution of energy in radiation. In 1894 he indeed deduced a
black body radiation law. This law has the virtue that, at short wavelengths, it agrees
with the above-mentioned experimental investigations by Lummer and Pringsheim. [...]

The problem now became to bridge the gap between these two laws each of which had
been shown to be valid in a specific context. It was Planck who solved this problem; as
far as we are aware, his formula provides the long sought-after connecting link between
radiation energy, wavelength and black body temperature.
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Physicist Robert Weber described the scientific contributions of Wien and Planck in more detail
[Weber 1988, pp. 43, 58–59]:

Wien’s major work dealt with the distribution of radiant energy in the spectrum and the
e↵ect of a change in temperature on this distribution. Wien and Otto Lummer devised
the first practical black-body or cavity radiator to provide the ‘full radiation’ needed
for their experiments. [...]

Wien next investigated the problem of the distribution of energy among the wavelengths
in black-body radiation. Thermodynamical reasoning was not su�cient. Wien made
some arbitrary assumptions (within the framework of classical physics) about the role
of molecules in the emission of radiation, and arrived at the formula

E� =
c1

��5 exp(�c2/�T )
,

where E� is the energy at wavelength � over a unit range of wavelength, and c1 and c2

are constants, which he determined by curve-fitting. Wien’s formula predicts intensities
a little lower than experimental values for large values of �T . The search for a better
formula led Max Planck to formulate the quantum theory of radiation. Satisfyingly,
Planck’s theory gives c1 and c2 in terms of fundamental physical constants, but oddly,
Planck’s equation di↵ers from Wien’s in form only by the addition of a (�1) in the
denominator. In temperature measurements with an optical pyrometer, Wien’s equation
is still often used; the calculations are simpler and su�ciently accurate. [...]

Beginning in about 1896 Planck became interested in finding the correct theoretical
expression for the radiation from a black body. He applied Boltzmann’s equation from
the theory of gases (relating entropy and probability) to a set of resonators, the energy
of which, he hypothesized, occurred only in discrete multiples of ". From Wien’s dis-
placement law he reasoned that the entropy was a function of E/⌫ (energy/frequency).
He was then led (1900) to the famous relation between a quantum of energy and the
frequency, and to the introduction of the constant h named after him: E = h⌫.

The resulting Planck radiation law, unlike Wien’s, fitted all the experimental data [...]
Einstein spotlighted attention on Planck’s work when he used the concept of quanta
in his explanation of the photoelectric e↵ect, in 1905. Next the quantum concept was
exploited in the Rutherford-Bohr model of the atom. The fact that it took 25 years of
experimental and theoretical work to build the quantum theory is one measure of the
quality of Planck’s contribution.

In 1905, Albert Einstein (German, 1879–1955) provided detailed theoretical calculations to show
that light was also behaving like particles or photons in the photoelectric e↵ect. For that work,
he won the Nobel Prize in Physics in 1921 (p. 690). In several papers published over the span
of a couple of decades, Einstein extended his initial treatment of photons to cover a population
of any identical particles of integer spin. In 1924, Einstein also helped Satyendra Bose to publish
a paper that gave an alternative derivation of Planck’s earlier equation. As a result, populations
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of integer-spin particles became known as Bose-Einstein particles, or bosons for short.7 Historian
Walter Isaacson evaluated Einstein’s contributions [Isaacson 2007, pp. 98, 328–329]:

Einstein explored this hypothesis [in 1905] by determining whether a volume of black-
body radiation, which he was now assuming consisted of discrete quanta, might in fact
behave like a volume of gas, which he knew consisted of discrete particles. First, he
looked at the formulas that showed how the entropy of a gas changes when its volume
changes. Then he compared this to how the entropy of blackbody radiation changes
as its volume changes. He found that the entropy of the radiation “varies with volume
according to the same law as the entropy of an ideal gas.”

He did a calculation using Boltzmann’s statistical formulas for entropy. The statistical
mechanics that described a dilute gas of particles was mathematically the same as
that for blackbody radiation. This led Einstein to declare that the radiation “behaves
thermodynamically as if it consisted of mutually independent energy quanta.” It also
provided a way to calculate the energy of a “particle” of light at a particular frequency,
which turned out to be in accord with what Planck had found. [...]

Bose’s [1924] paper dealt with photons, which have no mass. Einstein extended the idea
by treating quantum particles with mass as being indistinguishable from one another
for statistical purposes in certain cases. “The quanta or molecules are not treated as
structures statistically independent of one another,” he wrote. [...]

When he applied this approach to a gas of quantum particles, Einstein discovered an
amazing property: unlike a gas of classical particles, which will remain a gas unless the
particles attract one another, a gas of quantum particles can condense into some kind
of liquid even without a force of attraction between them.

This phenomenon, now called Bose-Einstein condensation, was a brilliant and important
discovery in quantum mechanics, and Einstein deserves most of the credit for it. [...]

In 1995, Bose-Einstein condensation was finally achieved experimentally by Eric A.
Cornell, Wolfgang Ketterle, and Carl E. Wieman, who were awarded the 2001 Nobel
Prize for this work.

7In retrospect, it seems odd that of all the scientists who worked on this topic, it was Bose who was immortalized
when this category of particles was named. His 1924 paper arrived at the same result that Max Planck had nearly a
quarter century earlier, it was only published with Einstein’s input and assistance, and his other papers before and after
that time were undistinguished (especially when compared with those of other Indian physicists and mathematicians
such as Homi Bhabha, Subrahmanyan Chandrasekhar, C. V. Raman, and Srinivasa Ramanujan). The mathematical
theory describing populations of photons or similar types of particles was progressively developed by Wien, Planck,
and Einstein, based on experimental data and earlier work by the other German-speaking scientists going back to
Kirchho↵. Perhaps in the aftermath of World War I, when English was the predominant language worldwide and
German speakers were isolated and viewed with hostility because of the war, it was easier for the English-speaking
world to give name credit to Bose, who was an English-speaking member of the British Empire, than to the series
of German-speaking scientists who spent nearly three-quarters of a century developing this part of physics from
beginning to end.
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C. Fermions

The greater German-speaking world also dominated in discovering the behavior of fermions such
as electrons. The largest and most important parts of this work were conducted by Wolfgang Pauli
(Austrian, 1900–1958). In 1924, he realized that each electron in a system such as an atom refused
to be in exactly the same state as any other electron in that system, a rule that became known as
the Pauli exclusion principle. In 1925, Pauli further realized that data from atomic measurements
showed that each state could actually have up to two electrons; he therefore proposed that there
was some previously unknown, binary quantum property that was di↵erent between those two
electrons, so that they would still satisfy the Pauli exclusion principle.

Pauli’s new binary-valued property of electrons turned out to be their spin angular momentum,
which could be pointed in two distinct directions (e.g., up or down). Ralph Kronig (German,
1904–1995) first proposed the concept of electron spin to Pauli in January 1925. Later in 1925,
Paul Ehrenfest (Austrian, 1880–1933) and his students George Uhlenbeck (Dutch, 1900–1988) and
Samuel Goudsmit (Dutch, 1902–1978) rediscovered the concept of spin.

Pauli went on to prove that particles with half-integer spins (such as electrons, protons, and neu-
trons) behaved as fermions and followed the Pauli exclusion principle with regard to other identical
particles in the same system. Moreover, he proved that particles with integer spins (such as photons
and mesons) behaved as bosons and actually liked being in the same state as each other when their
energies were low enough. In 1927, Pauli also developed what are now known as the Pauli spin
matrices, which mathematically describe how the spin states of particles can change (for example,
how an electron might change its spin from up to down). For his decisive contributions to this topic,
Pauli won the Nobel Prize in Physics in 1945. Physicist Robert Weber [Weber 1988, pp. 125–126]
summarized Pauli’s discoveries:

In 1924 Pauli enunciated his ‘exclusion principle’ with which much of the then existing
knowledge of atomic structure fell into order: no two electrons in an atom can be in the
same quantum state. In 1925 Pauli wrote that a new quantum theory property of the
electron, which he called a ‘two-valuedness not describable classically,’ was indispensable
to an understanding of the anomalous Zeeman e↵ect. Goudsmit and Uhlenbeck identified
this fourth quantum number with an angular momentum (spin) of the electron. The
exclusion principle could then be stated: no two electrons in an atom can have the same
set of four quantum numbers. In this form, Pauli’s principle led to an understanding of
the formation of electron shells in an atom and the periodicity of chemical properties
observed when the elements are arranged in order of increasing atomic number. [...]

Other research papers by Pauli dealt with the relation of quantum spin and the appro-
priate distribution statistics for elementary particles, paramagnetic properties of gases
and of metals (leading to the quantum mechanical theory of electrons in metals), ex-
tension of wave mechanics from one to a large number of particles, explanation of the
meson, and the nuclear binding force. To explain the beta-decay of radioactive nuclei,
Pauli in 1931 postulated the existence of a new subatomic particle; it was named the
neutrino by Fermi in 1932, and was detected in 1956.

As soon as Pauli published his 1924–1925 papers on the exclusion principle for electrons, Pascual
Jordan (German, 1902–1980) realized that that principle could be extended to describe the behavior
of very large numbers of electrons (or other particles that behaved in a similar fashion). In 1925,
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Jordan wrote an elegant paper that derived what is now known as the Fermi-Dirac distribution
for such particles, as shown at the bottom of Fig. 5.40. He submitted the paper to Max Born for
prompt publication in the widely read physics journal that Born edited, Zeitschrift für Physik.
Then something unfortunate happened, as recounted by historian Nancy Thorndike Greenspan
[Greenspan 2005, p. 135]:

Born had one disconcerting moment after returning [in 1926]—his discovery of a paper
by Pascual Jordan at the bottom of his suitcase. Just before Born’s departure [in 1925],
Jordan had given it to him for possible publication in the journal Zeitschrift für Physik,
of which Born was an editor. Born had packed it, intending to read it on the trip.
When he pulled it out and finally read it, he saw that Jordan had discovered the impor-
tant statistical laws that Enrico Fermi had just published in the Zeitschrift für Physik.
Shortly, Paul Dirac made the same discovery of what became known as the Fermi-Dirac
statistics. These laws describe the statistical distribution of identical particles of spin
1⁄2 (now called fermions). They follow Pauli’s exclusion principle: that only one such
particle can occupy an energy state at a time. These laws, as applied to electrons, aided
in the development of the field of electronics. Amid the serious problems that rocked
his future relationship with Jordan, Born always felt guilty, even “ashamed,” that he
had robbed Jordan of his due.

Sadly, it does not appear that journal editor Born made any attempt to rectify or publicly clarify
the situation even after the fact. Thus the sequence of events is: Pauli worked out the behavior of
small numbers of fermions in 1924–1925. Jordan extended Pauli’s results to cover large numbers of
fermions in 1925 and submitted his discovery for publication. After perusing Pauli’s publications,
Enrico Fermi (Italian, 1901–1954) independently rediscovered the same results as Jordan in 1926,
and Paul Dirac (English, 1902–1984) rediscovered those same results again in 1927. Yet Jordan has
been nearly forgotten by history, and the names of Fermi and Dirac will be forever linked to this
topic.8

In 1927, Friedrich Hund (German, 1896–1997) used the Pauli exclusion principle to work out the
detailed order in which electrons fill progressively higher energy states in atoms that have many
electrons. His rules are still widely used today in chemistry and physics.

Also in 1927, Arnold Sommerfeld (German, 1868–1951) used the Pauli exclusion principle to de-
scribe the behavior of electrons in metals. Sommerfeld’s theory successfully explained the contri-
butions of electrons to the electrical and thermal conductivities of metals, and it is now known as
the Sommerfeld or Drude-Sommerfeld model of free electrons. (For Paul Drude’s earlier work, see
p. 663).

Some other German-speaking scientists who made important contributions to the physics of fermions
included Richard Becker (German, 1887–1955) and Markus Fierz (Swiss, 1912–2006).

8Jordan’s virtual omission from this part of history is certainly not the fault of Fermi and Dirac. If Jordan had
not existed, Fermi and Dirac would indeed have been the first discoverers of this statistical distribution of particles.
Both Fermi and Dirac made a long string of revolutionary discoveries before and after that time. For unrelated work,
Dirac won the Nobel Prize in Physics in 1933, and Fermi won it in 1938. Although Fermi came out of the Italian
system and Dirac out of the British system, both were highly individualistic geniuses whose accomplishments appear
to have been due to their self-created natures and specific circumstances far more than the particular systems in
which they lived. Both Fermi and Dirac had extensive interactions with the German-speaking scientific world during
their careers. Books have been written about both of them, but their lives should be scrutinized in even more detail
for lessons that future scientists might learn.
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D. Cryogenics

Cryogenics concerns methods of producing extremely cold temperatures, very close to absolute zero,
and also with testing the properties of materials at those low temperatures. Many scientists from
the greater German-speaking world made tremendously important contributions to cryogenics.

Carl von Linde (German, 1842–1934) greatly improved earlier attempts at ammonia refrigeration
to create a truly practical and e�cient large refrigeration system. He used that to liquefy air and
various gases on an industrial scale.

Zygmunt Wróblewski (Polish, educated in Germany, 1845–1888) and Karol Olszewski (Polish, 1846–
1915) also conducted important early work on liquefying di↵erent gases and studying their prop-
erties.

Raoul Pictet (Swiss, 1846–1929) was the first to produce liquid nitrogen.

Heike Kamerlingh Onnes (Dutch, educated in Germany, 1853–1926) built upon and extended that
earlier work, reaching colder and colder temperatures. Using those extremely cold temperatures,
he was the first to liquefy helium, and he also discovered superconductivity. For his discoveries, he
won the Nobel Prize in Physics in 1913. Th. Nordstrom, President of the Royal Swedish Academy
of Sciences, explained the importance of his contributions
[https://www.nobelprize.org/prizes/physics/1913/ceremony-speech/]:

It was for this research that Kamerlingh Onnes set up his famous laboratory at the
beginning of the 1880’s, and in it he designed and improved, with unusual success, the
physical apparatus needed for his experiments.

It is impossible to report briefly here on the many important results of this work. They
embrace the thermodynamic properties at low temperatures of a series of monatomic
and diatomic gases and their mixtures, and have contributed to the development of
modern thermodynamics and to an elucidation of those associated phenomena which
are so di�cult to explain. They have also made very important contributions to our
knowledge of the structure of matter and of phenomena related to it. [...]

I should have to cover too much ground if I were to report here on the experimental
equipment with which Kamerlingh Onnes was at last successful in liquefying helium,
and on the enormous experimental di�culties which had to be overcome. I would only
mention here that the liquefaction of helium represented a continuation of the long series
of investigations into the properties of gases and liquids at low temperatures which
Kamerlingh Onnes has carried out in so praiseworthy a manner. These investigations
finally led to the determination of the so-called isotherms of helium and the knowledge
gained here was the first step towards the liquefaction of helium. Kamerlingh Onnes has
constructed cold baths with liquid helium which permit research to be done into the
properties of substances at temperatures which lie between 4.3o and 1.15o from absolute
zero.

The attainment of these low temperatures is of the greatest importance to physics
research, for at these temperatures both the properties of the substances and also the
course followed by physical phenomena, are generally quite di↵erent from those at our
normal and higher temperatures, and a knowledge of these changes is of fundamental
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importance in answering many of the questions of modern physics. [...]

Various principles borrowed from gas thermodynamics have been transferred to the so-
called theory of electrons, which is the guiding principle in physics in explaining all
electrical, magnetic, optical, and many heat phenomena.

The laws which have been arrived at in this way also seem to be confirmed by mea-
surements at our normal and higher temperatures. That the situation is at very low
temperatures not the same, however, has, amongst other things, been shown by Kamer-
lingh Onnes’ experiments on resistance to electrical conduction at helium temperatures
and by the determinations which Nernst and his students have carried out in relation
to specific heat at liquid temperatures.

Physicist Anthony J. Leggett indicated how advanced Onnes’s achievements were [Laurie Brown
et al. 1995, p. 913]:

If the subject which we now know as low-temperature physics can be said to have a
birthday, that day would be 10 July 1908—the date on which Heike Kamerlingh Onnes
and his team at the University of Leiden first successfully cooled the element helium
(4He) below 4.2 K and thereby liquefied it. For the next 15 years, the only place in the
world where liquid helium existed was the Leiden laboratory (now named after Onnes).

Franz Simon (German, 1893–1956) and Nicholas Kurti (Hungarian, 1908–1998) developed refriger-
ators capable of cooling down to one millionth of a degree Celsius above absolute zero.

Kurt Mendelssohn (German, 1906–1980) studied the properties of liquid helium, demonstrating
superfluidity, or flow without any viscosity or friction. He also further investigated the properties
of superconductors.

Some other German-speaking scientists who made especially important contributions to supercon-
ductivity included Fritz Walther Meissner (German, 1882–1974), Max von Laue (German, 1879–
1960), and the brothers Fritz London (German, 1900–1954) and Heinz London (German, 1907–
1970).

Many of these creators personally transferred their knowledge of advanced cryogenics out of the
German-speaking world, as described by Leggett [Laurie Brown et al. 1995, p. 920]:

By this time political events in Europe had begun to a↵ect the course of low-temperature
physics. Following the accession to power of the Nazi government in Germany, the years
1933–34 saw the exodus of many Jewish physicists, including Kurt Mendelssohn, Franz
Simon, Nicholas Kurti and the London brothers, all of whom were attracted to Oxford
by F A Lindemann (later Lord Cherwell) at the Clarendon Laboratory, which thereby
rapidly became a major centre in experimental low-temperature physics. At the same
time superconductivity at the PTR su↵ered a severe blow when Meissner left for Munich
and von Laue was fired by the new Nazi-appointed head.
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5.6 Relativistic Quantum Physics or Particle Physics

Relativistic quantum field theory (often simply called field theory, for short) combines special
relativity, which describes very fast things, and (non-relativistic) quantum physics, which describes
very small things. The resulting theory correctly predicts the behavior of fundamental particles,
which are small and often move at high speeds, or are in tightly bound states where they rattle
around at high speeds. For that reason, the topic is also often called particle physics, as it describes
the behavior of particles that are collided together and new particles that are produced in large
particle accelerators. Also for the same reason, relativistic quantum theory is the best way to
describe the e↵ects of the fundamental physical forces: electromagnetic force, the strong and weak
nuclear forces, and gravitational force (as well as real or potential interactions among those forces).

Relativistic quantum theory applied to the electromagnetic force is called quantum electrodynamics
(QED). As shown in Fig. 5.48, one may use QED to picture electrically charged particles such as
electrons interacting with photons, the particles that make up an electromagnetic field. One of
the first predictions of QED is that normal particles have antimatter versions or antiparticles,
which have the opposite charge from the normal particles, or alternately have the same charge
but travel backward in time relative to the normal particles. For example, the antimatter version
of the negatively charged electron is called a positron, since it has a positive electric charge. A
particle-antiparticle pair can be created from electromagnetic energy, or a particle-antiparticle
pair can annihilate with each other and produce electromagnetic energy. QED correctly predicts
electrostatic repulsion and attraction, particle-antiparticle annihilation, and a number of more
complicated e↵ects.

Relativistic quantum theory applied to the weak nuclear force describes phenomena such as the
decay of neutrons (beta decay) and muons. Relativistic quantum theory applied to the strong
nuclear force is called quantum chromodynamics, and is relevant to the behavior of the quarks that
compose particles like protons, neutrons, and pions, as well as the collective interactions among
protons, neutrons, and pions that hold the atomic nucleus together.

Relativistic quantum theory applied to the gravitational force is called quantum gravity, as illus-
trated in Fig. 5.49. It must incorporate general relativity as well as special relativity, and therefore
it is far more complex than theories describing the other forces. One way to view the complexity of
quantum gravity is to realize that gravitons (particles of the gravitational field) can be produced
by anything with mass or energy, but gravitons themselves have energy and can therefore create
unlimited numbers of additional gravitons. Another way to view the complexity of quantum gravity
is to consider that calculations of particle interactions are made with reference to locations in space
and time, yet gravitational interactions warp space and time themselves. For these reasons, even
today physicists remain far from a satisfactory theory of quantum gravity (or at least experimental
evidence that one of the many proposed approaches to quantum gravity is correct).

Relativistic quantum physics and particle physics are generally viewed as subjects that were devel-
oped largely after World War II, and largely outside the German-speaking world. The best-known
luminaries in the field were mostly Americans (e.g., Richard Feynman, Murray Gell-Mann, Sheldon
Glashow, Willis Lamb, Julian Schwinger, and Steven Weinberg) plus a few British (e.g., Paul Dirac
and Freeman Dyson) and Japanese physicists (e.g., Sin-Itiro Tomonaga and Hideki Yukawa). Most
of the early giant particle accelerators used to experimentally confirm the predictions of relativistic
quantum theory were in the United States.
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Figure 5.48: Combining special relativity, quantum physics, and electromagnetism yields quan-
tum electrodynamics, which successfully predicted the existence of antimatter and numerous other
e↵ects.
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Figure 5.49: Combining special and general relativity with quantum physics yields a theory of
quantum gravity, which still su↵ers from several unresolved mathematical problems.
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In fact, there were a large number of German-speaking scientists who made major early contribu-
tions to relativistic quantum theory, as shown in Figs. 5.50–5.54.9 Their research was foundational
to later work outside the German-speaking world, and in some cases they made the same discover-
ies as non-German-speaking scientists, but earlier (and sadly with far less fame). There are several
reasons why there was not even more German-speaking work on relativistic quantum theory, and
why the work that was conducted is not as well known as it should be:

• The most detailed, successful work on combining relativity with non-relativistic quantum
theory could not begin until non-relativistic quantum theory was fully developed, which did
not occur until the end of the 1920s. Very soon thereafter, the rise of Nazism caused ⇠25% of
scientists (including many of those working on relativistic quantum theory) to leave German-
speaking Europe, disrupting their work and their interactions with other German-speaking
scientists and/or spreading more of the development of relativistic quantum theory to other
countries (especially the United States).

• Further development of relativistic quantum theory by scientists who remained in Germany
and Austria during the Third Reich was hindered by the Nazi party’s dislike for “Jewish
physics” theories, the wartime focus on research with military applications, the di�culties of
publishing scientific papers during the war and in the first several years after the war, and the
scarcity of particle accelerators to confirm theoretical predictions. (The Third Reich appears
to have possessed many particle accelerators by the end of the war, but they were devoted to
military applications such as nuclear physics during the war, and most were confiscated by
Allied countries after the war—see Section C.1 and pp. 2496–2516 and 2740–2746.)

• Likewise, immediate development of relativistic quantum theory by German-speaking scien-
tists who fled to Allied countries was also retarded by the wartime focus on military research
and the lack of particle accelerators not devoted to military purposes.

• Further work on relativistic quantum theory after the war in the German-speaking world was
greatly impeded by the Allied procurement of most of the scientists, scientific documents,
and scientific equipment from the German-speaking world at the end of the war. That chaotic
dismantlement of the German-speaking scientific world also obscured many of the scientific
results that it had achieved in the preceding years.

• Many of the Americans who contributed to relativistic quantum theory (Murray Gell-Mann,
Julian Schwinger, Steven Weinberg, etc.) were the children of immigrants who had fled
German-speaking areas of Europe due to the political turmoil of World War I, its aftermath,
and the rise of Nazism.

• There are few books that cover the history of relativistic quantum physics, and most of those
that do exist were generally written for American and British audiences, without devoting
su�cient attention to German-speaking contributions in this field.

9Most references that focus on relativistic quantum theory tend to provide far too little information on the
German-speaking world, while references that do consider the German-speaking world in detail generally focus much
more on non-relativistic than relativistic quantum theory. References with at least some information on this topic
include: Laurie Brown et al. 1995; Laurie Brown and Hoddeson 1983; Cassidy 1992, 2009; Gamow 1966; Greiner and
Reinhardt 1994; Jones 2008; L’Annunziata 2016; von Meÿenn 1997; Moore 1989; Schweber 1994; Weber 1988. Blum
and Rickles 2018 is wonderful but focuses primarily on quantum gravity and not other parts of relativistic quantum
theory in the German-speaking world. Historians of science should write more books in this area!
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Figure 5.50: Some creators who made significant contributions to relativistic quantum physics
included Valentine Bargmann, Richard Becker, Peter Bergmann, Hans Bethe, Felix Bloch, and
Fritz Bopp.
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Figure 5.51: Other creators who made significant contributions to relativistic quantum physics
included Max Born, Hendrik Casimir, Peter Debye, Max Delbrück, Albert Einstein, and Hans
Euler.
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Figure 5.52: Other creators who made significant contributions to relativistic quantum physics
included Markus Fierz, Herbert Fröhlich, Walter Gordon, Burkhard Heim, Werner Heisenberg, and
Walter Heitler.
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Figure 5.53: Other creators who made significant contributions to relativistic quantum physics
included Leopold Infeld, Pascual Jordan, Theodor Kaluza, Nicholas Kemmer, Oskar Klein, and
Polykarp Kusch.
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Figure 5.54: Other creators who made significant contributions to relativistic quantum physics
included J. Robert Oppenheimer, Wolfgang Pauli, Dirk Polder, Léon Rosenfeld, Erwin Schrödinger,
and Adolf Smekal.
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Figure 5.55: Other creators who made significant contributions to relativistic quantum physics
included Ernst Stückelberg, Gerard ’t Hooft, Simon van der Meer, Martinus Veltman, Felix Villars,
and Victor Weisskopf.
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Figure 5.56: Other creators who made significant contributions to relativistic quantum physics
included Gregor Wentzel, Hermann Weyl, and Eugene Wigner.
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Physicist and historian Alexander Blum made it clear that relativistic quantum theory came out of
the same German-speaking world that had just produced non-relativistic quantum theory, and that
it was founded by many of the same physicists, including Max Born, Werner Heisenberg, Pascual
Jordan, Wolfgang Pauli, and Erwin Schrödinger [Blum and Rickles 2018, pp. 49, 255]:

In the years 1925 to 1927, the old quantum theory was replaced by the newly developed
theory of quantum mechanics, which grew out of the matrix mechanics of Heisenberg,
Born, and Jordan and the wave mechanics of Schrödinger. Both of these theories were
initially formulated entirely non-relativistically. But it was clear from the outset that
contact would have to be made with the special theory of relativity for two impor-
tant reasons: On the one hand, the mechanics would have to be complemented with a
quantum electrodynamics (QED), in order to describe the emission and absorption of
radiation, as well as the particulate properties of light itself, which by this time (in the
wake of the discovery and interpretation of the Compton e↵ect) was a generally accepted
fact. On the other hand, the mechanics itself would have to be made relativistic, as it
was known, already since the mid 1910s, that relativistic corrections to the kinematics
of the electron would have a measurable e↵ect in the fine structure of atomic spectra.

It was Schrödinger’s wave mechanics, rather than matrix mechanics, that provided the
ideal starting point for a relativistic kinematics of matter: One needed to find a new,
relativistic matter wave equation, but at first glance there were no immediate other
conceptual di�culties, such as the problem of a non-commuting time variable in ma-
trix mechanics. Schrödinger himself had initially attempted to find a relativistic wave
equation, following de Broglie’s program of matter waves, which had been formulated
in a relativistic manner. But de Broglie had stopped short of addressing the dynamical
equations. Schrödinger in fact arrived at the Klein Gordon equation, but he dismissed
it, due to its empirical inadequacy (later understood as the absence of spin in the Klein
Gordon equation). Others were not as scrupulous, and the Klein Gordon equation was
rediscovered (and published) multiple times in the immediate aftermath of Schrödinger’s
first papers on wave mechanics. [...]

In the years 1926–1928, immediately following the creation of matrix and wave mechan-
ics, the protagonists of this development elaborated and expanded the techniques of the
new quantum mechanics, so as to apply them to field theories. This work culminated in
the theory of interacting quantum electrodynamics (QED), published in 1929 by Werner
Heisenberg and Wolfgang Pauli.

As Blum noted, Schrödinger derived the Klein-Gordon relativistic quantum wave equation for
spinless particles years before Klein and Gordon. Schrödinger also worked on quantum gravity, and
made numerous other contributions to relativistic quantum field theory [Moore 1989; Weber 1988,
pp. 99–100]. Walter Gordon (German, 1893–1939) and Oskar Klein (Swedish but closely coupled
to the German-speaking scientific world, 1894–1977) were also part of the same German-speaking
physics community.

Historian of science David Cassidy confirmed the foundational roles of German-speaking scientists
such as Heisenberg, Jordan, and Pauli in relativistic quantum field theory [Cassidy 1992, p. 276]:
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Since electromagnetic radiation is a manifestation of electric and magnetic fields, the
search began almost immediately for what is now called a relativistic quantum field the-
ory. This extremely technical and mathematical branch of quantum physics, the founda-
tions of which were laid by Heisenberg, Dirac, Pauli, Jordan, and their colleagues during
the late 1920s and early 1930s, continues to this day with much the same program and
approach. [...] The enormous high-energy accelerators, bubble chambers, and data anal-
ysis equipment that were built after World War II, employing vast teams of physicists,
technicians, and students, are technological wonders in themselves. They were stimu-
lated by the discovery of new types of nonelectromagnetic fields in the middle 1930s,
the quantum behavior of which comes into play only when particles smash into each
other at such extremely high energies that their internal workings become evident.

Large-scale experimental research was paralleled by the continuing search for a unified
field theory—a quantum field theory encompassing all four types of fields known today,
rather than just the electromagnetic field. [...] Werner Heisenberg was again a leading
member of the small band of abstract theorists who established the program and laid
the foundations of relativistic quantum field theory as it has been pursued ever since.

Physicist Silvan Schweber further described Pauli’s contributions to relativistic quantum physics
[Schweber 1994, p. 583]:

Quantum electrodynamics and quantum field theory became Pauli’s main concern after
1927. [...] Pauli and Heisenberg formulated the canonical approach to the quantization
of field systems in 1929. During the thirties many of the seminal papers in quantum
field theory were either written by Pauli, had Pauli as one of its authors, or were written
under the acknowledged guidance of Pauli. [...]

Pauli spent the war years, from 1940 to 1946, at the Institute of Advanced Study in
Princeton. Most of his e↵orts during that period were devoted to meson theory.

Felix Villars (Swiss, 1921–2002) collaborated with Pauli on what is now called Pauli-Villars regular-
ization, a mathematical technique of getting physically sensible results (instead of mathematically
infinite answers) from relativistic quantum calculations.

J. Robert Oppenheimer (1904–1967) was born in New York but had a German father and second-
generation German-American mother, was raised speaking German, repeatedly visited family in
Germany during his childhood, and received his Ph.D. under Max Born in Germany. He began
working in relativistic quantum theory under Born and Pauli, and continued to work in that field
in the United States.

Gregor Wentzel (German, 1898–1978) also began relativistic quantum research with Pauli and then
continued in the United States.

Some physicists from the greater German-speaking world won Nobel Prizes related to relativis-
tic quantum theory. Born, Heisenberg, Pauli, and Schrödinger won Nobel Prizes, although those
were primarily for their earlier work on non-relativistic quantum physics. Peter Debye (Dutch,
1884–1966) won a Nobel Prize in Chemistry in 1936, yet he also made unrelated contributions to
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relativistic quantum theory. Hans Bethe (German, 1906–2005) also made a number of important
contributions to relativistic quantum theory, but his Nobel Prize was for unrelated work on nuclear
fusion in stars (p. 1138). Similarly, Felix Bloch (Swiss, 1905–1983) won a Nobel Prize in Physics in
1952, but that was for his research on nuclear magnetic resonance, not his research on relativistic
quantum theory (p. 1118). Eugene Wigner (Hungarian, 1902–1995) won a Nobel Prize in Physics in
1963 for his work on mathematical groups and symmetries in physics, which was highly applicable
to both nuclear physics and relativistic quantum physics (p. 1127).

Polykarp Kusch (German, 1911–1993) won a Nobel Prize in Physics in 1955 for his contributions
to quantum electrodynamics. Professor I. Wailer of the Nobel Committee for Physics explained
Kusch’s work [www.nobelprize.org/prizes/physics/1955/ceremony-speech/]:

The discovery of Kusch refers directly to an important property of the electron, namely
its magnetic moment. It had been known since long that the electron is a small magnet.
The strength of this magnet is measured by its moment. The magnitude of the moment
should be uniquely determined by the electron theory of Dirac, mentioned before. [...]

Starting from this idea Kusch made a series of very careful investigations and found in
1947 that the magnetic moment of the electron is larger than the Bohr magneton by
about one part in a thousand.

In 1936, Walter Heitler (German, 1904–1981) published the first complete textbook on quantum
electrodynamics, The Quantum Theory of Radiation, which was so farsighted and useful that it is
still in print.

Ernst Stückelberg (Swiss, 1905–1984) was one of the German-speaking scientists who made some
of the most advanced and yet some of the most historically overlooked contributions to relativistic
quantum field theory. He was the first to produce many of the major innovations and solutions in
QED for which Richard Feynman later became famous, and he also made revolutionary suggestions
regarding the nuclear strong force and other topics in relativistic quantum theory. Physicists Walter
Greiner and Joachim Reinhardt gave a very short description of his work [Greiner and Reinhardt
1994, pp. 37–38]:

Stückelberg [...] made pioneering contributions to quantum field theory. In 1942 he first
conceived the idea that positrons can be interpreted as electrons running backward
in time. The use of the causal propagator for calculating the scattering matrix was
introduced in 1949 independently by R. Feynman and S. [Stückelberg] (with his student
D. Rivier). Later S. (with A. Petermann) developed the idea of the renormalization
group.

Markus Fierz (Swiss, 1912–2006) studied under and collaborated with Pauli, scrutinized the ideas
of Stückelberg, and made a long and extremely fruitful research career of his own in quantum
electrodynamics and other areas of relativistic quantum theory. Like Stückelberg, Fierz’s many
contributions have been often overlooked by those outside the German-speaking world.

Greiner and Reinhardt also mentioned some other German-speaking scientists who made important
contributions to relativistic quantum theory. Those included: Max Delbrück (German, 1906–1981),
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who was much better known for his work on DNA and viruses (pp. 83 and 156); Hans Euler
(German, 1909–1941), who obtained his Ph.D. in physics under Werner Heisenberg in 1935 and
began a very promising career in quantum field theory that ended with his death during the war;
and Victor Weisskopf (Austrian, 1908–2002), who worked in many areas of quantum field theory
[Greiner and Reinhardt 1994, p. 381]:

Delbrück [...] published a short addendum to an experimental paper on the coherent
scattering of hard � rays where he pointed out the possible interaction of photons with
the vacuum polarization charge induced by a nucleus. The existence of this e↵ect was
demonstrated much later and called Delbrück scattering by H. Bethe. [...]

Euler [...] The airplane in which he served as a meteorological observer was shot down
in 1941. In his PhD thesis E. [Euler] calculated the QED process of scattering light by
light. Subsequently he worked on the theory of high-energy cosmic ray collisions.

Weisskopf [...] In 1934 W. [Weisskopf] formulated a relativistically covariant quantum
field theory of bosons (with W. Pauli) and in 1936 introduced concepts which led to
renormalization theory.

In 1923, Adolf Smekal (Austrian, 1895–1959) predicted one of the first QED e↵ects, inelastic scat-
tering of photons. That e↵ect was demonstrated several years later by C. V. Raman, who won a
Nobel Prize for it.

In 1947, Hendrik Casimir (Dutch, 1909–2000) and Dirk Polder (Dutch, 1919–2001) predicted the
Casimir e↵ect, a minute but real force exerted on electrically conductive objects by particles that
quantum-mechanically appear out of nothingness and immediately disappear back into nothingness.
This e↵ect was actually demonstrated in the 1990s.

Some other physicists who made various early contributions to relativistic quantum theory in
the German-speaking world included Richard Becker (German, 1887–1955), Fritz Bopp (German,
1909–1987), Herbert Fröhlich (German, 1905–1991), Nicholas Kemmer (Russian but educated and
worked in Germany and Switzerland, lived 1911–1998), and Léon Rosenfeld (Belgian but worked
in Germany and Switzerland, lived 1904–1974).

For completeness, some later contributions should also be mentioned. Martinus Veltman (Dutch,
1931–) and Gerard ’t Hooft (Dutch, 1946–) developed the electroweak theory that showed how the
electromagnetic force and the weak nuclear force are two di↵erent aspects of the same theory. For
that insight, they won the Nobel Prize in Physics in 1999. The Royal Swedish Academy of Sciences
summarized their research [www.nobelprize.org/prizes/physics/1999/veltman/facts/]:

According to modern physics, four fundamental forces exist in nature. Electromagnetic
interaction is one of these. The weak interaction—responsible, for example, for the beta
decay of nuclei—is another. In the 1960s, a unified theory was formulated for these
two forces: the electroweak interaction. However, certain problems still remained to be
solved. In the early 1970s, Martinus Veltman and Gerardus t’Hooft formulated and
tested a mathematical theory that further explained the electroweak interaction.
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In closely related work, Simon van der Meer (Dutch, 1925–2011) made improvements to particle
accelerators that allowed electroweak theory to be confirmed experimentally. He won the Nobel
Prize in Physics in 1984. The Royal Swedish Academy of Sciences noted
[www.nobelprize.org/prizes/physics/1984/meer/facts/]:

According to modern physics, there are four fundamental forces in nature. The weak
interaction, responsible for e.g. the beta-decay of nuclei is one of them. According to
the theory forces are mediated by particles: the weak interaction by the so called heavy
bosons W, Z, about 100 times more massive than the proton. Simon van der Meer devel-
oped a method to accumulate a large number of energetic antiprotons in an accelerator
ring. These were used in experiment where antiprotons and protons of high energy were
brought to collide. In these experiments W and Z particles were discovered in 1983.

Many of the physicists already mentioned in this section not only wrote papers on how to combine
quantum theory with special relativity to describe quantum electrodynamics and other aspects of
quantum field theory, but they also wrote papers with early ideas for how to combine quantum
theory with general relativity in order to describe gravitational e↵ects [Blum and Rickles 2018].

Other physicists bypassed mainstream quantum field theory and focused directly on quantum grav-
ity or other approaches for combining gravity with other fundamental forces and theories [Blum
and Rickles 2018; Pais 1982, pp. 325–354].

One of the earliest and most important physicists in this latter category was Theodor Kaluza (Ger-
man, 1885–1954). In 1919, Kaluza combined Albert Einstein’s equations of general relativity with
the equations of electromagnetism by using an extra fifth dimension in addition to the usual three
spatial dimensions and fourth time dimension. In 1926, Oskar Klein suggested ways to incorporate
some aspects of quantum theory as well, so the resulting approach remains known as Kaluza-Klein
theory.

Einstein himself was very impressed by Kaluza-Klein theory and spent the rest of his career (until
his death in 1955) working on various versions and extensions of it. In that pursuit, Einstein was
assisted at di↵erent points by Valentine Bargmann (German, 1908–1989) and Peter Bergmann
(German, 1915–2002), who in turn each also contributed some of their own original ideas to the
field.

Hermann Weyl (German, 1885–1955) and Leopold Infeld (Austrian, 1898–1968) also had some
important early ideas about how to combine general relativity with other aspects of physics.

Burkhard Heim (German, 1925–2001) is an interesting case that deserves closer scrutiny. He was
badly injured while doing research on novel explosives during the war, then spent the rest of
his career pursuing his own ideas for how to combine quantum theory and general relativity
[https://www.engon.de/protosimplex/index.htm]. Because his papers were published outside main-
stream physics journals and employed Heim’s own mathematical notation for his new approaches,
his work has never been fully and properly evaluated. German-speaking physicists with a detailed
knowledge of quantum gravity research should examine Heim’s major papers to determine how
sound his reasoning was and whether he had any physics insights that should be more widely
known and utilized.


