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1879 bornin Ulm

1880 - 1894 Munich period

1896 - 1900 studies physics at ETH Zurich
1904 - 1909 patent officer in Bern

1905 - annus mirabilis / PhD

1908 - Habilitation Univ. Bern

1908 - Assoc. Prof. Univ. Zurich

1911 - 1912 Ord. Prof. German Univ. Prague
1912 - 1914 Ord. Prof. ETH Zurich

1914 - 1933 Berlin

1915 - Final paper on General Relativity
1921 - Nobel Prize (photo effect])

1933 - 1935 Princeton
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Electrotechnical enterprise of the Einstein family
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Black Body: Spectrobolometer: Bolometer:

Black body radiation in the laboratory of the Physical-Technical
Reichsanstalt in Berlin around 1300
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DIE ATOME

JEAN PERRIN
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Jean Perrin, “Les Atomes”, 1913
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Due to disciplinary isolation
only few cared.

A forerunner: the
astronomer and
astrophysicist

Karl Schwarzschild
(1873 - 1916)
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Borderline Problems of Classical Physics

relativity physics
(Einstein 1905: electrodynamics
of moving bodies)

atomism & statistical physics
(Einstein 1905: Brownian motion)
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Borderline Problems of Classical Physics

relativity physics
(Einstein 1905: electrodynamics
of moving bodies)

atomism & statistical physics
(Einstein 1905: Brownian motion)
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* In classical physics, deviations from the homogeneity and
Isotropy of space, as witnessed by matter and its motion,
are explained by forces.

* As long as forces can be interpreted as acting along the
direct line between two bodies they do not affect the
concept of space.

* Electromagnetism introduced forces not acting along the
line between bodies that hence do affect the quality of
space.

* Optics and electromagnetism require a space-filling
medium for the propagation of waves.

* The ensuing physical qualities of space are represented by
a virtual medium, the ether.

Jurgen Renn
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* The concept of field originally represents the physical
properties of space as the properties of a virtual medium,
the ether.

* Such a virtual medium is not directly accessible other than
through its explanatory function.

* As those explanatory functions multiply, it becomes ever
more difficult to interpret the virtual medium as a body In the
sense of mechanics and the field becomes an entity in its
own right:

[Albert Einstein: Ather und Relativitdtstheorie, 1920.]

Jurgen Renn
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* The borderline problem of the electrodynamics of moving bodies could be
successfully treated in the framework of Lorentz’s electron theory.

* But the underlying ether model was not compatible with other physical
knowledge.

* The encompassing integration of physical knowledge made it impaossible
to cope with this difficulty on the level of the existing theories and thus
necessitated a reflection on deeper knowledge structures:

* (Can the existing knowledge be explained in terms of a new understanding
of space and time?

Jurgen Renn
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* Special relativity established a new practical geometry allowing to
assess the spatio-temporal aspects of physical theories.

* The anisotropies of space-time such as gravitation could be
interpreted either as fields or as indications of a further
modification of space.

* Problems with the field approach and the universality of gravitation
Including matter and radiation suggested the latter.

* |n hindsight, the problem was to reconcile a metric with an affine
structure of space-time.

* |ts relation to acceleration (Equivalence Principle]) suggested a
generalization of the relativity principle, conceiving both gravitation
and inertia as an effect of masses (Mach'’s Principle).

Jurgen Renn
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* Newton’s theory only deals with static fields.

* The analogy of a field theory of gravitation with
electrodynamics requires the existence of
dynamic gravitational fields.

Jurgen Renn
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The problem of dynamic gravitational fields
as an example for the Paradox of Missing Knowledge

* Newton’s theory only deals with static fields.

* The analogy of a field theory of gravitation with
electrodynamics requires the existence of
dynamic gravitational fields.

* The problem: nothing is known about such fields.

Jurgen Renn syl
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The problem of dynamic gravitational fields
as an example for the Paradox of Missing Knowledge

* Newton’s theory only deals with static fields.

* The analogy of a field theory of gravitation with
electrodynamics requires the existence of
dynamic gravitational fields.

* The problem: nothing is known about such fields.
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The Equivalence Principle

4

Simulating gravity
by acceleration
Einstein coulc
preserve Galileo’s
Insight that all
bodies fall with the
same acceleration.
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Simulating gravity by acceleration
one can infer that light rays must
be deflected by a gravitational field.

There should hence be gravitational
lensing!

Can the appearances of Novae be
thus explained?

Albert Einstein:
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In 1936 an amateur scientis rediscovers Einstein’s reasoning and
speculates: folin gpasbntin Finy Alu—sotdt

Did gravitational lenses focus cosmic radiation in such a way that
dinosaurs became extinct?

(Einstein an Rudi Mandl, 1936)]

Jurgen Renn
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Einstein Cross

QS0 2237+0305
Einstein cross of a quasar
(1989]
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A drama In three acts

2: Metric tensor
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0. Field equations
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Einstein’s Transformation to rigidly accelerated reference frame

acceleration a

(& 7) > (2,1)
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T(A) = (1—Lsinh(a)\)
£\ = écosh(a/\)

¢ = X cosh (aT)
7 = X sinh (aT)

simplification

~
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in Rindler coordinates
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T(A) = - sinh(a\)
E(N) = écosh(a)\)

1
E~ X(1+ §a2T2)
T~ XaT

simplification
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The
tinkering
phase

A phase model for
Einstein’s discovery process
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DIFFERENTIAL OPERATOR (FIELD) = SOURCE
Default setting for FIELD = metric tensor

Default setting for SOURCE = energy-
momentum

Default setting for
DIFFERENTIAL OPERATOR
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A phase model for
Einstein’s discovery process
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Matching the qualitative
iInsights with the mathematical
formalism turned out to be
exceedingly difficult:

How to chew the Riemann
tensor?

Albert Einstein:
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ENTWURF EINER
VERALLGEMEINERTEN RELATIVITATSTHEORIE |
UND EINER

THEORIE DER GRAVITATION

[. PHYSIKALISCHER TEIL

VON

ALBERT EINSTEIN

[I. MATHEMATISCHER TEIL

VON

Albert Einstein and
Marcel Grossmann,

MARCEL GROSSMANN

LEIPZIG UND BERLIN
DRUCK UND VERLAG VON B.G. TEUBNER
1913
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“The fraternity of physicists behaves rather passively with respect to my gravitation paper.
[...] Laue is not open to the fundamental considerations, and neither is Planck, while
Sommerfeld is more likely to be so. A free, unprejudiced look is not at all characteristic of
the (adult) Germans [blinders!).”

Jurgen Renn
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In November 13915 Einstein publishes in a
dramatic acceleration of events four papers,
ultimately returning to the correct field
equations of 1912.

3 l)])(‘.l

Albert Einstein,“Die Feldgleichungen der Gravitation” [November, 25th, 1915), p. 846.
(in: Sitzungsberichte der Preussischen Akademie der Wissenschaften, p. 844-847)

Jurgen Renn



SHE Sitzong der ploasikainelismathematiselhien Klasse vom 25, NSovember 1915

Die Feldgleichungen der Gravitation.

Von \. Kinsreis.,

|u zwei vor kurzem ersehienenen Mitteilungen ' habe ich gezeigl, wie
min zu Feldgleichungen der Gravitation gelangen kann, die dem Postu-
lat allgemeiner Relativitiit entsprechen, d. h. die in iheer allgemeinen
Fassung belichigen Substitutionen der Raumzeitvaviabeln gegeniiber Ko
variant sind.

Dev Entwicklungsgang war dabei folgender.  Zuniiehst fand ich
Gleichungen, welehe die Newtosseug Theorie als Nitherung enthalten
und beliehigen Substitutionen von der Determinante 1 gegendiber ko-
variant waren.  Hierauf fand ich, daB diesen Gleichungen allgemein
kovariante entsprechen, falls der Skalar des Energietensors der »Ma-
terics versehwindet.  Das Koordinatensystem war dann nach der eine
fachen Regel zu spezialisicren, daB | —y zu 1 gemacht wird. wodurch
die Gleichungen der Theorie eine eminente Vereintachung  crfahren.
Dabei muBte aber. wie erwithnt. dije Hypothese cingefithrt werden,
dald der Skalar des Energietensors der” Materie verschwinde.

Neuerdings finde iech nun. JdaB man ohne Hypothese iiber den
Energictensor der Materie auskommen kann, wenn man den Energie-
tensor der Materie in etwas anderer Weise in die Feldgleichungen
cinsetzt, als dies in meinen beiden fritheren Mitteilungen geschehen
ist.  Die Feldgleichungen fir das Vakuum, auf welche ich die Er
klirung der Perihelbewegung des Merkur gegriindet habe, hleiben von
dieser Modifikation unberiihiet.  leh gebe hier nochmals die ganze Be-
trachtung, damit der Leser nicht gendtiot ist, die fritheren Mitteilungen
unauseesetzt II"I'-'NIZIIZi(‘ll('".

\us der bekannten Riesassscnns Kovariante vierten Ranges leitet
man foleende Kovariante zweiten Ranges ah:

G,.= R,+N, (1)

D)
v

p

D

S A
/; Mak Planck
/| Institute for
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>~Bof Science

Einstein’ s final paper on the
field equations of general

relativity, Berlin
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How did Einstein pass from the incorrect draft theory to General Relativity - only
with Hilber's help?

Lagrangian

The field in
General Relativity

The field in the
Entwurf Theory

Jurgen Renn



MAX PLANCK INSTITUTE FOR THE HISTORY OF SCIENCE

Max Planck
Max-Planck-Institut fir Wissenschaftsgeschichte

Institute for
the History
~B of Science

kovarianter Vierervektor (kein V-Tensor bzw. V-Vektor). An diese
Gleichung haben wir eine fiir das Folgende wichtige Bemerkung zu
kniipfen. Diese KErhaltungsgleichung hat mieh frither dazu verleitet,
die Groflen

\mv:{/"

0 X.

als den natiirlichen Ausdruck fiir die Komponenten des Gravitations-
feldes anzusehen, obwohl es im Hinblick auf die Formeln des abso-

luten Differentialkalkiils niher liegt, die CumistorrerLschen Symbole

fvfr[
| 7 J

statt jener Grofen einzufithren. Dies war ein verhingnisvolles Vor-

urteil. Eine Bevorzugung des Curistorreuschen Symbols rechtfertigt

Albert Einstein,”On the General Theory of Relativity” [November, 4th, 1919)

Jurgen Renn



Die Grundlagen der Physik.

{Erste Mitteilung.)

David Hilbert.

Vorgelegt in der Sitzung vom 20. November 1915,

Die gewaltigen Problemstellungen von Einstein') sowie
dessen scharfsinnige zu ihrer Liosung ersonnenen Methoden und
die tiefy enden G und originellen Begriffshildungen, ver-
mige derer } seine Elektrodynamik ‘aufbant, haben der Unter-
suchung iiber dic Grundlagen der Physik nene Wege eriffnet.

Ich michte im Folgenden — im Sinne der axiomatischen Me-
thode — wesentlich ans zwei einfachen Axiomen ein neues System
von Grundgleichungen der Physik aufstellen, die von idealer Schin-
heit sind, und in denen, wie ich glaube, die Lisung der Probleme
von Einstein und Mie gleichzeitig enthalten ist. Die ge-
nanere Ausfithrang sowie vor Allem die spezielle Anw endung meinar
Grundgleichungen auf die fandamentalen Fragen der Elektrizitits-
lehre bel miw ich spiteren Mitteilungen vor.

: 2, 8, 4) irgendwelche dic Weltpunkte wesent-

deutig benennende Koordinaten, die sogenannten Weltpara-

meter (allgemeinste Raum-Zeit-Koordinaten). Die das Geschehen
in w, charakterisicrenden Griofen seien:

1) die zehn zuerst von Einstein eingefiihrten Gravitations-
potentiale g, (¢, v = 1,2, 8,4) mit symmetrischem Tensorcharakter
gegeniiber einer belichigen Transformation der W fltpfu‘.{m-rtr w,

2) die vier eclektrodynamischen Potentiale ¢, mit \r:l\tm—
charakter im selben Sinme

) Bitzangsber. d. Berliner Akad. 1914 8. 1030, 1915 8. 778, 799, 881

2) Amn. d. Phys. 1912, Bd. 87 8. 611, Bd. 39 §. 1. 1918, Bd. 40 5.

;

, B44

Egl, Gea. d. Wiss, Nachrichton, Math.-phys. Klasse. 1915, He

/ ﬂ\} Planck
i

tute for

of Science

Traditionally, Hilbert is seen
as having been the first to
find the correct field
equations.

David Hilbert,

“The Foundations

of Physics”
proceedings of the
Gattingen Academy

of Sciences ,1915
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Die Grundlagen der Physik.
(Erste Mitteilung.)
Vin
David Hilbert.

Vorgelegt in der Sitzung vom 20. November 1915,

Die tiefgreifenden Gedanken und originellen Begriffshildungen,
vermoge derer Mie seine Elektrodynamik aufbant, und die ge-
waltigen Problemstellungen von Einstein sowie dessen scharf
sinnige zu ihrer Liosang ersonnenen Methoden haben der Unter-
suchung iiber die Grandlagen der Physik nene Wege erdifnet.

Ich méchte im Folgenden — im Sinne der axiomatischen Me-
thode — aus drei einfachen Axiomen ein meues System von Grand-

gleichungen der Physik aufstellen, die von idealer Schénheit sind,

und in denen, wie ich glanbe, die Lisung der gestellten Probleme

enthalten ist. Die genavere Ausfithrang sowie vor Allem die
spezielle Anwendung meiner Grundgleichungen auf die funda-
mentalen Fragen der Elektrizitiitslehre behalte ich spiteren Mit-
teilangen vor.

Es seien w, (s = 1, 2, 8, 4) irgendwelche diec Weltpunkte wesent-
lich eindeutig benennende Koordinaten, die sogenannten Weltpara-
meter. Die das Geschehen in w, charakterisierenden Grifen seien:

1) die zuhnmra\‘itat.ion.:pot(tntialv Guy (v =1,23,4) mit
gymmetrischem Tensorcharakter gegeniiber einer belichigen Trans
formation der Weltparameter w,;

2) die vier elektrodynamischon Potentiale g, mit Vektor
charakter im selben Sinne

Dag physikalische Geschehen ist nicht willkiirlich, es gelten
vielmehr zuniichst falgende zwei Axiome:

David Hilbert,

“The Foundations

of Physics”,

1915, p. 1.

(page proofs, including
handwritten notes

by David Hilbert)

Mak Planck
Institute for
‘thé History
of Science
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Nach diesen Vorbereitungen stelle ich nunmehr das folgende Hllber\t’s
Axiom auf:

Axiom III (Axiom von Raum und Zeit). Die Raum - Zeit- non_gener\a”y

koordinaten sind solche besonderen Weltparameter, fir die der Energie-

satz (15! ql'//ff(l ist. Cova r\ia nt ener\gy
Nach diesem Axiom liefern in Wirklichkeit Raum und Zeit

eine solche besondere Benennung der Weltpunkte, daf der Energie-

satz giiltig ist. I CDndlthﬂ

Das Axiom III hat das Bestehen der Gleichungen (16) zur
R

Folge: diese vier Differentialgleichungen (16) vervollstindigen die

Gravitationsgleichun ) zu einem System von 14 Gleichungen D d Hlb t
fiir die 14 Potentiale ¢“*, q,: dem System der Grundglei- avi HDEert,

chungen der Physik. Wegen der Gleichzahl der Gleichungen .

und der zu bestimmenden Potentiale ist fiir das physikalische Ge- uThe Foundatlons
schehen auch das Kausalititsprinzip gewihrleistet, und es enthiillt . »”

sich uns damit der engste Zusammenhang zwischen dem Energie- Of PhVSlCS g

satz und dem Kausalititsprinzip, indem beide sich einander be-

dingen. Dem Ubergang von einem Raum - Zeit-Bezugssystem zu /I 91 5, p 7

einem anderen entspricht die Transformation der Energieform von

einer sogenannten ,Normalform* [page prDDfS]
E=3ép
8,1

auf eine andere Normalform.

Jurgen Renn
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Albert Einstein
Berlin, 1916

Jirgen Renn 64
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* \When Einstein found difficulties in establishing generally
covariant field equations, he developed the so-called “hole
argument” justifying why such equations could not exist.

* The hole argument presupposes that one can identify space-
time points prior to introducing a gravitational field, thus
making use of Its interpretation as a proper field.

* \When Einstein finally discovered generally covariant field
equations, he had to get rid of the hole argument. He was
helped by a philosophical argument due to Moritz Schlick
stating that objective physical events can only be identified
with the help of physically real space-time coincidences which
already presuppose the existence of a gravitational field.

Jurgen Renn
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Moritz Schlick
(1882 - 1936]

Jirgen Renn 66
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While Mach’s principle claimed the primacy of matter over space on an
ontological level, Schlick’s principle seemed to establish the primacy of
material events on an epistemological level.

But actually the gravitational field has strong implications for matter:

No material space-time coincidences are needed, since it has its own
landmarks. The gravitational field alone can be used to create an in

principle observable grid of intrinsic coordinates that all observers will
share.

The motion of matter and its description in terms of energy and
momentum follow from the field equations.

Modifications of the field equations seemed to open up the possibility for
formulating a comprehensive theory of matter (unified field theory).

Jurgen Renn
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* Only with the help of practical geometry can general relativity be
interpreted as a theory of space.

* Poincaré’s conventionalism: Only (G) + [P]) can be controlled by
experience, one can thus choose (5] as one likes.

As long as part of the symbolic structure of a theory retains
contact with underlying understanding of experiences of space, a
theory describing new experiences (such as the theory of
relativity] may affect our understanding of space.

: The understanding of space is governed by a complex
hierarchy of knowledge, with interactions between its layers.

Jurgen Renn
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“Wie kommt aber der Raumbegriff selbst zustande? Wenn ich die Kdrper allesamt
weggenommen denke, bleibt doch wohl der leere Raum Uber? Soll etwa auch dieser
vom Kérperbegriff abhéngig gemacht werden? Nach meiner Uberzeugung ganz
gewif3!”

Jurgen Renn
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Ex libris

for Albert Einstein,

1817

Jurgen Renn
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: | Einstein’ s cosmological
Kosmologische Betrachtungen zur allgemeinen . .
Relativititstheorio. considerations of 191/ -
iIntroducing the
- remain of a
philosophical nature - strictly
wedded to his Machian
motivations.

,Now the problem does not plague
me anymore, after it initially did
not leave me any rest.”

Albert Einstein, 1917/
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Einstein closes the eyes and denies
of: ...dynamical solutions:..; to which
attributed.” (1923] '
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* The untypical character of the gravitational field
Is confirmed by difficulties of creating a quantum
field theory of the gravitational field.

* A quantum theory of gravitation thus emerges
as a new borderline problem:

* Quantum theory is characterized by a
superposition principle of matter states. If
matter acts as source of the gravitational field,
then also space-time geometry should be subject
to such a superposition principle.

Jurgen Renn
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* If one wants to match formalisms, one has to reformulate
them.

* This happened in the history of quantum physics, which
iInvolved an elaboration of classical mechanics.

* The formulation closest to quantum physics was the
Hamilton-dacobi formulation of classical mechanics
because it allowed to build a wave mechanics including the
superposition principle and the correct classical limit.

* Can general relativity be reformulated in Hamilton-dacobi
form?

* Yes, but only after mastering the problems of constrained
Hamiltonian dynamics.

Jurgen Renn
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The Genesis of General Relativity, 2006

Jurgen Renn
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* We will embed the notion of space of relativistic
mechanics in a long-term history of spatial thinking.

* \We will demonstrate how the heuristics originally
paving the way for the space of relativistic
mechanics is eventually overcome in its mature
development.

* \We will argue that general relativity may actually
suggest different concepts of space in dependence
of the way in which it is formulated and that only its
combination with quantum theory may settle this
ambiguity.

Jurgen Renn
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* The power of the formalism - examples from
the past.:

* Integrating Fermat'’s principle of least time for
light and Maupertuis’ principle of least action for
matter into a single formalism could have
suggested special relativity.

* Hamilton's optical-mechanical analogy did
suggest the idea of a wave mechanics.

* \Which reformulations of general relativity and
guantum theory will suggest a theory of
guantum gravity?

Jurgen Renn
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* In 1965 a Hamilton-Jacobi reformulation of general relativity
became the starting point for the Wheeler-De\Witt equation,
the “Schrodinger equation” for quantum grauvity.

* This equation as well as subsequent work in quantum gravity
suggest quantum fluctuations of geometry.

* The Wheeler-DeWitt equation is, however, unsatisfactory
because It is based on a phase space formulation of general

relativity that does not adequately reflect the general
covariance of the theory.

* |In a recent, fully covariant reformulation using intrinsic
coordinates, it suggests quantum fluctuations of space and
time.

Jurgen Renn



