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Einsteins short CV 
 

1879   born in 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 

1909 - 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 -  1955 Princeton 
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Electrotechnology as a motor of industrialization and 
new scientific knowledge 

 

Electrotechnical enterprise of the Einstein family 
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From the light bulb to quantum theory 

Black body radiation in the laboratory of the Physical-Technical 
Reichsanstalt in Berlin around 1900	
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Hendrik Antoon Lorentz 
(1853 - 1928) 
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Max Planck 
(1858 - 1947) 
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Ludwig Boltzmann 
(1844 - 1906) 
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Jean Perrin, “Les Atomes”, 1913 

Jean Perrin 
 (1870-1942) 
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Is non-Euclidean geometry relevant to astronomy? 

Due to disciplinary isolation 
only few cared. 
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A forerunner: the 
astronomer and 
astrophysicist  
 
Karl Schwarzschild  
(1873 – 1916) 
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In “Things at Rest in the Universe” (1897) 
Schwarzschild is concerned with the 
question of how to define fixed  directions in 
space 	



 
 In “On the Permissible Scale of the Curvature 

of Space”(1900) he discusses hyperbolic 
space, having constant negative curvature, 
and spherical space, having  constant positive 
curvature. He assumes that light travels 
along geodesics	



Is non-Euclidean geometry relevant to astronomy? 
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Is non-Euclidean geometry relevant to astronomy? 
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Page N 2:2 of Karl 
Schwarzschild’s manuscript 
documenting his relativistic 
calculations on the problem 
of rotation 

Is non-Euclidean geometry relevant to astronomy? 
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Borderline Problems of Classical Physics 
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Borderline Problems of Classical Physics 
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including a field theory 
of gravitation ! 
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1905: Einstein’s  
annus mirabilis 
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Important steps in the development of relativity  

Jürgen Renn 16 

metric tensor 
represents 
gravitational 
potential 

1905 1907 1913 1912 1915 

idea of a 
generalized 
relativity 
principle 

Entwurf 
theory 

General 
relativity 

Special 
relativity 
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The concept of space in special relativity:  
roots in electromagnetism  

 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. 
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The concept of space in special relativity:  
the Figaro problem 

 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: 

“Man kann hinzufügen, daß die ganz Änderung der Ätherauffassung, 
welche die spezielle Relativitätstheorie brachte, darin bestand, daß 
sie dem Äther seine letzte mechanische Qualität, nämlich die 
Unbeweglichkeit, wegnahm.”  

    (Albert Einstein: Äther und Relativitätstheorie, 1920.) 
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The concept of space in special relativity:  
the Figaro Problem 

•  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: 

“Man kann hinzufügen, daß die ganz Änderung der Ätherauffassung, 
welche die spezielle Relativitätstheorie brachte, darin bestand, daß 
sie dem Äther seine letzte mechanische Qualität, nämlich die 
Unbeweglichkeit, wegnahm.”  

    (Albert Einstein: Äther und Relativitätstheorie, 1920.) 
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The concept of space in special relativity:  
the measurement problem 

  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 impossible 
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? 

  The new understanding of space emerged from a reinterpretation of 
practical geometry in the light of a fundamental results of 
electromagnetism, the constancy of the speed of light. 
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The concept of space in GENERAL RELATIVITY 

  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. 

  In hindsight, the problem was to reconcile a metric with an affine 
structure of space-time.  

  Its 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). 
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Three Paradoxes 

(1) The paradox of missing knowledge 
(2) The paradox of deceitful heuristics 
(3) The paradox of discontinous 

progress 
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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 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. 
•  Einstein’s solution: Take inertia into account and 

create a theory for the gravito-inertial field in 
terms of a curved spacetime! (Mach’s followers 
did not use field theory!) 
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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. 
•  Another problem: a special relativistic theory of 

gravitation did not seem to do justice to Galileo’s 
principle that all bodies fall with the same 
acceleration. 
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The Equivalence Principle 
 

Simulating gravity 
by acceleration 
Einstein could 
preserve Galileo’s 
insight that all 
bodies fall with the 
same acceleration. 
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Inertial forces in a rotating system as a 
dynamic gravitational field (1911–12) 
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Einstein and Mach 

Jürgen Renn 28 

Einstein’s reading of Mach made it 
plausible for him to consider inertial 
forces as being due to the action of 
the masses of the distant stars. 
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Gravitational light bending 

In 1911 Einstein predicted the gravitational 
light bending effect, which was famously 
confirmed in 1919 by an English expedition 
under the leadership of Sir Arthur Eddington. 

Jürgen Renn 29 



M A X  P L A N C K  I N S T I T U T E  F O R  T H E  H I S T O R Y  O F  S C I E N C E  
M a x - P l a n c k - I n s t i t u t  f ü r  W i s s e n s c h a f t s g e s c h i c h t e  

30 Jürgen Renn 

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: Prague Notebook, 
1912 
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In 1936 an amateur scientis rediscovers Einstein’s reasoning and 
speculates: 
 
 
 
 
 
 
 
 
 
 
 
Did gravitational lenses focus cosmic radiation in such a way that 
dinosaurs became extinct? 

(Einstein an Rudi Mandl, 1936) 
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Einstein Cross 
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QSO 2237+0305 
Einstein cross of a quasar 
(1985) 
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A drama in three acts 

(1)   1907: Equivalence principle 

(2)   1912: Metric tensor 

(3)   1915: Field equations 
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1912:  
Towards the 
metric tensor 
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Towards the metric tensor 
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Towards the metric tensor 
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Towards the metric tensor 
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Towards the metric tensor 
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Three Paradoxes 

(1) The paradox of missing knowledge 
(2) The paradox of deceitful heuristics 
(3) The paradox of discontinous 

progress 
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How did Einstein transform his 
qualitative insights into a new 
theory of gravitation? 
 
The mental models of bucket 
(rotation) and elevator (linear 
acceleration) continued to 
guide him. 
 
 
Albert Einstein: 
Zurich Notebook, 
1912/13 
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The 
tinkering 

phase 

fall 1912 

late 1912 
to early 1913 

November 
1915 

A phase model for  
Einstein’s discovery process 
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Albert Einstein, 
Zurich Notebook (1912/13), 
p. 39L. 
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The Lorenz model of field theory 
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 The field equation: source determines field 
 DIFFERENTIAL OPERATOR (FIELD) = SOURCE 
 Default setting for FIELD = metric tensor 
 Default setting for SOURCE = energy-

momentum 
 Problem: 

 Default setting for  
 DIFFERENTIAL OPERATOR ??? 
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Albert Einstein, 
Zurich Notebook (1912/13), 
p. 7L. 
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The 
tinkering 

phase 

fall 1912 

The 
systematic 
searching 

phase 

late 1912 
to early 1913 

November 
1915 

A phase model for  
Einstein’s discovery process 
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Marcel Grossmann 
(1878 - 1936) 



M A X  P L A N C K  I N S T I T U T E  F O R  T H E  H I S T O R Y  O F  S C I E N C E  
M a x - P l a n c k - I n s t i t u t  f ü r  W i s s e n s c h a f t s g e s c h i c h t e  

47 Jürgen Renn 

Matching the qualitative 
insights with the mathematical 
formalism turned out to be 
exceedingly difficult: 
 
How to chew the Riemann 
tensor? 
 
 

Albert Einstein: 
Zurich Notebook, 1912/13, 
p. 14L. 
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Einstein double strategy 

Jürgen Renn 48 

Einstein’s double strategy arose from the different roles of the heuristic 
requirements of generalized relativity, conservation, and correspondence 
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Albert Einstein: 
Zurich Notebook, 1912/13, 
p. 20L. 
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Einstein’s discovery process 
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Albert Einstein and 
Marcel Grossmann, 
“Draft of a Generalized  
Theory of Relativity and  
a Theory of Gravitation”, 
1913 

‘Entwurf’ theory 
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The Besso Memo 

Jürgen Renn 52 

From the first of 
four pages of 
notes by 
Michele Besso 
on discussions 
with Albert 
Einstein about the 
‘Entwurf’ theory, 
August 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!).” 

Einstein an Michele Besso, January 1914  
	
  

Michele Besso  
(1873-1955) 

 
 a lifelong friend to Einstein. 



M A X  P L A N C K  I N S T I T U T E  F O R  T H E  H I S T O R Y  O F  S C I E N C E  
M a x - P l a n c k - I n s t i t u t  f ü r  W i s s e n s c h a f t s g e s c h i c h t e  

54 Jürgen Renn 

 
 
”The Formal Foundations 
of General Relativity“ in: 
Proceedings of the  
Prussian Academy 
of Sciences, 
November, 19th 1914. 
 
 



M A X  P L A N C K  I N S T I T U T E  F O R  T H E  H I S T O R Y  O F  S C I E N C E  
M a x - P l a n c k - I n s t i t u t  f ü r  W i s s e n s c h a f t s g e s c h i c h t e  

55 Jürgen Renn 

Three Paradoxes 

(1) The paradox of missing knowledge 
(2) The paradox of deceitful heuristics 
(3) The paradox of discontinous 

progress 
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A phase model for  
Einstein’s discovery process 
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Field equations 
In November 1915 Einstein publishes in a 
dramatic acceleration of events four papers, 
ultimately returning to the correct field 
equations of 1912. 
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Albert Einstein,“Die Feldgleichungen der Gravitation”(November, 25th, 1915), p. 846.  
(in:  Sitzungsberichte der Preussischen Akademie der Wissenschaften, p. 844-847) 
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”The Field Equations 
of Gravitation“, 
 
Einstein’s final paper on the 
field equations of general 
relativity, Berlin 1915.  
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Einstein & Hilbert 

Jürgen Renn 59 

Lagrangian 

The field in 
General Relativity 

The field in the 
Entwurf Theory 

How did Einstein pass from the incorrect draft theory to General Relativity – only 
with Hilber‘s help? 
 
Einstein could actually reinterpret his old theory, keeping the same Lagrangian by 
giving a new interpretation to the field variables: 
 

A triumph of the physical strategy to integrate knowledge! 
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 “Fateful Prejudice” 
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Albert Einstein,“On the General Theory of Relativity” (November, 4th, 1915) 
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Traditionally, Hilbert is seen 
as having been the first to 
find the correct field 
equations. 
 
 
 
 
David Hilbert, 
“The Foundations 
of Physics”,  
proceedings of the  
Göttingen Academy 
of Sciences ,1915. 



M A X  P L A N C K  I N S T I T U T E  F O R  T H E  H I S T O R Y  O F  S C I E N C E  
M a x - P l a n c k - I n s t i t u t  f ü r  W i s s e n s c h a f t s g e s c h i c h t e  

62 Jürgen Renn 

 
Proofs of Hilbert’s 
publication show that he 
initially followed Einstein in 
stipulating non-generally 
covariant field equations. 
 
 
 
David Hilbert, 
“The Foundations 
of Physics”, 
1915, p. 1. 
(page proofs, including 
handwritten notes 
by David Hilbert) 



M A X  P L A N C K  I N S T I T U T E  F O R  T H E  H I S T O R Y  O F  S C I E N C E  
M a x - P l a n c k - I n s t i t u t  f ü r  W i s s e n s c h a f t s g e s c h i c h t e  

Einstein & Hilbert  

Jürgen Renn 63 

Hilbert’s  
non-generally 
covariant energy 
condition 
 
David Hilbert, 
„The Foundations 
of Physics”, 
1915, p. 7 
.(page proofs) 
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Albert Einstein 
Berlin, 1916	
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The INTERPRETATION of space in general relativity 

 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. 

Jürgen Renn 65 
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The INTERPRETATION of space in general relativity 
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Moritz Schlick 
(1882 - 1936) 
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The INTERPRETATION of space in general relativity 

  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). 

Jürgen Renn 67 
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“Geometrie und Erfahrung” 1921 
  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 (G) as one likes. 
 
  Einstein’s argument against conventionalism:  

 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. 

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

Jürgen Renn 68 
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The INTERPRETATION of space in general relativity 

“Wie kommt aber der Raumbegriff selbst zustande? Wenn ich die Körper allesamt 
weggenommen denke, bleibt doch wohl der leere Raum über? Soll etwa auch dieser 
vom Körperbegriff abhängig gemacht werden? Nach meiner Überzeugung ganz 
gewiß!”  

 

“The strange conclusion to which we have come is this—that now it appears that 
space will have to be regarded as a primary thing and that matter is derived from it, 
so to speak, as a secondary result. Space is now turning around and eating up 
matter. We have always regarded matter as a primary thing and space as a 
secondary result. Space is now having its revenge, so to speak, and is eating up 
matter.” 

             Albert Einstein, 1930 

Jürgen Renn 69 
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Happy End? 

Jürgen Renn 70 
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What about Cosmology? 
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Erich Büttner:  
Ex libris  
for Albert Einstein, 
1917 
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Einstein’s cosmological 
considerations of 1917 – 
introducing the cosmological 
constant –  remain of a 
philosophical nature – strictly 
wedded to his Machian 
motivations.  
 
„I have committed again a crime in 
gravitation theory that exposes 
me to the danger of being 
interned in a madhouse.” 
 
„Now the problem does not plague 
me anymore, after it initially did 
not leave me any rest.” 
 
Albert Einstein, 1917 
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Alexander Friedmann proposes an expanding universe. 
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Einstein closes the eyes and denies the consequences of his own theory; he speaks 
of: „…dynamical solutions…, to which a physical significance can hardly be 
attributed.” (1923) 
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Only the integration of 
General Relativity with 
observations of the redshift 
of galaxies establishes the 
cosmological significance of 
Einstein’s theory.  
 
 
 
Einstein with the director of 
the Mount Wilson 
Observatory (Walter S. 
Adams, in the middle), 
1931 
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Is this the end of the story? 
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“With an incredible presence of mind 
God had taken a picture of the Big Bang 

which he still considered rather 
impressive.” 
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The interpretation of space in the genesis of 
quantum gravity 
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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. 
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The interpretation of space in the genesis of 
quantum gravity 
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 If one wants to match formalisms, one has to reformulate 
them. 

 This happened in the history of quantum physics, which 
involved an elaboration of classical mechanics.  

 The formulation closest to quantum physics was the 
Hamilton-Jacobi 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-Jacobi 
form? 

 Yes, but only after mastering the problems of constrained 
Hamiltonian dynamics. 
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The Genesis of General Relativity, 2006 
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Facsimilie, Transcription, and Commentary 
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Max Planck Institute 
for the History of Science 

Jürgen Renn 
 
  

Thank you very much ! 
 
 
 

IHES Paris, 07 March 2013	
  

http://www.mpiwg-berlin.mpg.de 
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Bonus 
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Historical Epistemology 
 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.  
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Some more remarks  
on Quantum Gravity 
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The interpretation of space in the genesis of 
quantum gravity 
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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 
quantum theory will suggest a theory of 
quantum gravity? 
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  In 1965 a Hamilton-Jacobi reformulation of general relativity 
became the starting point for the Wheeler-DeWitt equation, 
the “Schrödinger equation” for quantum gravity. 

 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. 


