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1) Introduction

To set the stage let’s start in the year 1900 :

Max Born

David Hilbert

Woldemar Voigt

Max Planck

Max Born will be center stage in my talk



2) Max Born: His early career

Göttingen period one : 1904-1906

“Die Bonzen”

Felix Klein

David Hilbert

Herrman Minkowski

Carl Runge

Topic for the “Academic Price 1906”: The stability of the elastic line



Göttingen period two: 1908 - 1915

1908:

Minkowski invites Born to work with him on problems related
to special relativity. Born arrives in Göttingen November
1908.

1909:

January 12: Minkowski dies of appendicitis at age forty four

October 23: Habilitation lecture about J.J. Thomson’s “plum

pudding” atomic model

This model lost attention after Rutherfords scattering experiments in 1912



1912-1913:

collaboration with Theodore von Kármán

1913:

Marriage with Hedwig Ehrenberg

1915:

“Dynamik der Kristallgitter” (book)

(the first of the many books Born wrote)

Meanwhile Peter Debye held the Göttingen chair in theoreti-
cal physics



Max Born: 1915 - 1921

1915-1919:

Born’s first professorship: associate professor ( “Extraordina-
rius”) in Berlin

There he met e.g. Max Planck and Albert Einstein, with whom he
had a friendly relationship until Einstein’s death in 1955

1919-1921:

Full professor (“Ordinarius”) in Frankfurt (Main)

Max von Laue who held the Frankfurt chair before, wanted to work
in Berlin. Born und von Laue simply exchanged their positions, a
very unusual procedure.



Max Born did not actively participate in the development of “old

quantum theory” before his third Göttingen period. Here a very

short review:

1913: Nils Bohr’s postulates...

νnm = (En − Em)/h, with En = −ER/n2 for the hydrogen atom

1915: Arnold Sommerfeld’s generalization to the quantization of
the classical action for multiple periodic systems

1916: Sommerfeld’s relativistic version (introducing α = e2/~c)

1919: book: Atombau und Spektrallinien (Atomic Structure and
Spectral Lines)

The Bohr-Sommerfeld theory had problems to properly describe
the spectra of a helium atom, even the single electron molecule
H+

2 was badly described (see later).



3) The Institute of Theoretical Physics

and the birth of Quantum Mechanics

3.1) Göttingen 1921-1924

3.2) 1925: Matrix Mechanics

3.3) 1926: Wave Mechanics

3.4) Interpretation, Applications and Nobel Prizes

3.5) Early textbooks on Quantum Mechanics



Göttingen: 1921-1924

Max Born (1882 - 1970) in the 1920th



Wolfgang Pauli (1900 - 1958) in the 1920th



Friedrich Hund (1896 - 1997) in the 1920th



Wolfskehl lectures in June 1922

In seven lectures Nils Bohr treated

“from atoms with a single electron to the periodic system of
elements”

Bohr pointed out

“how incomplete and uncertain everything still is”

After the last lecture David Hilbert thanked Bohr “that
he had allowed insight into the holy grail of his scientific
personality...”

After the third lecture Werner Heisenberg, a PhD student of
Arnold Sommerfeld, had asked a question...



Werner Heisenberg (1901 - 1976) in the 1920th





1925: matrix mechanics

Göttingen: the steps towards matrix mechanics

(Born and Jordan: transition amplitudes)

Heisenberg

Born and Jordan

Born, Heisenberg and Jordan

Hamburg: Pauli

Cambridge: Dirac





Pascual Jordan (1902 - 1980) in the 1920th





Heisenberg’s multiplication rule

Using Newton’s equations of motion Heisenberg treated one-

dimensional “atoms” (anharmonic oscillator) where the electron

undergoes a periodic motion by the quantum number n. The clas-

sical coordinate x(n, t) can then be described by a Fourier series.

In order to describe the radiative transitions Heisenberg proposed

to replace the Fourier coefficients by quantities X(n, n − α) de-

pending on two quantum numbers n and n− α, like the transition

frequencies ν(n, n− α).

The really bold step in Heisenberg’s paper concerned the question:

which quantum object Y (t) corresponds to the quantity x(t)2 ?



Arguing with the Ritz combination principle Heisenberg comes up

with his multiplication rule for transition amplitudes

Y (n, n− β) =
∑
α

X(n, n− α)X(n− α, n− β)

which he considers the “simplest and most natural assumption”.

A few steps later he points out that while classically x(t)y(t) always

equals y(t)x(t) this is not necessarily the case in quantum theory.

With the realization that quantum theory has to deal with
possibly

noncommuting mathematical objects

quantum mechanics was born.



It took Born about a week to realize that Heisenberg’s multiplica-

tion rule was nothing but the multiplication rule for matrices he

had learned as a student in Breslau.

The mathematical concept of matrices was unknown to Heisenberg

when he wrote his paper. In matrix language he had only worked

with the diagonal element of the commutator of position q and

momentum p.

Born “easily guessed” the off-diagonal elements and was the first

to obtain the basic commutation relation

pq − qp =
h

2πi



There is general agreement that Heisenberg’s paper is difficult to

read, e.g.

“I have tried several times to read the paper that Heisenberg wrote

returning from Helgoland, and, although I think I understand quan-

tum mechanics, I haver never understood Heisenberg’s motivation

for the mathematical steps in his paper... Heisenberg’s paper was

pure magic” (Steven Weinberg, Dreams of a Final Theory)

important book: (1924)

R. Courant and D. Hilbert: Mathematische Methoden der Physik I





Hamburg: the missing piece

The solution of the hydrogen atom using matrix mechanics was

found by W. Pauli end of october 1925.

As it seemed impossible to describe angular variables as matrices

Pauli wrote the classical Runge-Lenz vector in matrix form

~A =
1

Ze2me

1

2

(
~l × ~p− ~p×~l

)
+
~r

r

and showed that its components are constants of motion in the

Coulomb potential Ze2/r as in the classical case.

Using ~A and the angular momentum matrices ~l Pauli obtained
Bohr’s energy values En after an algebraic tour de force.

As he tried to treat also the relativistic case he submitted his paper as late as
January 17 1926.



Cambridge: beyond matrices

Paul Adrian Maurice Dirac (1902 - 1984) in the 1920th



Dirac realized that most of the quantum mechanical equations

can be written in a form similar to classical Hamilton mechanics

using Poisson brackets. For differentiable functions A and B of

the canonical variables they are defined as

{A,B} ≡
n∑
i=1

(
∂A

∂qi

∂B

∂pi
− ∂B
∂qi

∂A

∂pi

)
,

which implies e.g. {qi, pj} = δij.

In his paper “The fundamental equations of quantum mechanics”,

received by Proceedings of the Royal Society on 7 November 1925,

Dirac writes:

We make the fundamental assumption that the difference between
the Heisenberg products of two quantum quantities is equal ih/2π
times their Poisson bracket expression.





1926: wave mechanics

Erwin Schrödinger (1887 - 1964) in the 1920th



wave mechanics

de Broglies’s extension of the wave-particle dualism (1924)

Schrödinger’s “wave equation” (familiar mathematics)

“simple” solution of the hydrogen problem, other external poten-

tials treatable

Sommerfeld: “Wir glauben an Heisenberg, aber rechnen mit

Schrödinger”

Born: scattering theory...





my translation:

“While for periodic systems the wave mechanical description of the
quantum laws according to Schrödinger provides nothing more
and nothing less than the matrix representation of Heisenberg,
Jordan and myself, it seems especially well suited for aperiodic
processes. But it is necessary to drop completely Schrödinger’s
ideas which are heading towards a revival of classical continuum
theory. One only has to take the formalism and give it a new
physical content. One has to assume the existence of a guiding
field which determines the probability of discrete elementary acts.
As shown recently one can get the laws for the scattering of point
particles (electrons, α-particles) off atoms this way”.



Interpretation

Heisenberg: (∆x)|ψ〉∆p)|ψ〉 ≥ ~/2 (1927)

Born: |ψ(~x)|2d~x

Schrödinger: i~ ddt|ψ(t)〉 = Ht|ψ(t)〉

Bohr, von Neumann: acausal effect of “macroscopic” measurement
(“collapse of the wave function” )

“Copenhagen interpretation”

The discussion of the many alternative interpretations would be a topic of a
separate talk.

John Bell (1990): “ORDINARY QUANTUM MECHANICS (as far as I know) IS
JUST FINE FOR ALL PRACTICAL PURPOSES (FAPP)”



Applications

Soon after its formulation quantum mechanics was successfully

applied to problems in

atomic-, molecular-, nuclear- and solid state physics

In Göttingen:

example “molecular”: Hund, Born-Oppenheimer,...

other PhD-students, post-docs and visitors of Max Born:

Lothar Nordheim, Viktor Weisskopf, Max Delbrück, Maria Göppert,

Enrico Fermi, Paul Dirac, Walter Heitler, Wladimir Fock, Edward

Teller,...

closer to David Hilbert were:

John von Neumann, Eugene Wigner



Nobel Prizes for creators of quantum mechanics

1932: Werner Heisenberg

For the creation of quantum mechanics, the application of which,

has inter alia, led to the discovery of the allotropic forms of

hydrogen

1933: Erwin Schrödinger and Paul Dirac

For the discovery of new productive forms of atomic theory

1954: Max Born

For his fundamental research in quantum mechanics, especially

for his statistical interpretation of the wave function



Early textbooks on Quantum Mechanics

1) P. Dirac:

“The Principles of Quantum Mechanics” (1930)

2) M. Born, P. Jordan (1930)

“Elementare Quantenmechanik”

(Zweiter Band der Vorlesung über Atommechanik)

3) J. von Neumann:

“Mathematische Grundlagen der Quantenmechanik” (1932)



The later years of Max Born

April 1933: Suspension of non-Aryan civil servants, like

Max Born, Richard Courant, James Franck

July 1933: Born applies for a three year leave of absence to accept

a lectureship at the University of Cambridge

October 1933: granted





October 1933: Max Born moves to Great Britain with his wife

Hedi and the children Irene, Margarete and Gustav

winter 1935/36: Bangalore (working with C.V. Raman)

November 1935: forced early retirement on his Göttingen chair

1936: Ministry in Berlin orders Richard Becker on Born’s chair

1936: Born accepts the Tait-Professorship for Natural Philosophy

in Edinburgh (retires there 1953)

1938: Born family deprived of their German citicenship

1939: Born family receives certificate of naturalization as

British subjects



1953: Max Born, Richard Courant and James Franck named

honorary citicens of Göttingen

1954: Born returns as a Göttingen professor emeritus to Germany

and lives in Bad Pyrmont

1957: Born signs the “Göttinger Manifest” against arming

the German Bundeswehr with nuclear weapons.

F. Hund accepts Born’s chair (R. Becker died 1955).

Openening ceremony for the enlarged ITP





Friedrich Hund’s 70-th birthday



Born’s gravestone



Born bust in the ITP




