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“In the 1890s our school (Einstein’s Gymansium at Aarau, Canton Aargau)
was dominated by a sharp atmosphere of scepticism, which can already be
seen from the fact that no theologian emerged from our class or the two
classes following ours. This atmosphere fitted the saucy swabian quite well,
whose fancy high-handedness distinguished him from his classmates.”
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”
Arduous intellectual work and the contemplation of God’s Na-

ture are the angels, which will guide me in a conciliative, invi-
gorating, and yet inexorably through all the troubles of life.”

“Die angestrengte geistige Arbeit und das Anschauen von Got-
tes Natur sind die Engel, welche mich versöhnend, stärkend und
doch unerbittlich streng durch die Wirren dieses Lebens führen
werden“

A.E. to Pauline Winteler (Mamerl), May 1897
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The Winteler Family around 1900

Marie, Maja Einstein, Paul, Anna, Jost, Pauline (Mamerl), Rosa
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Einstein 1931: Meaning and aim of science

I “In the sciences there are two parallel objecti-
ves: Adaptation to a body of evidence, that is
continuously growing in size and complexity,
by means of new theories and simplification
of theoretical foundations. Whereas the prac-
titioner is more interested in the first aim, the
truly scientifically oriented mind even more so
in the second.”

I The scientific mind wants to comprehend (be-
greifen). He wants to understand a law of Na-
ture in the same sense as he understands a
theorem in geometry, that is, he wants to de-
duce it. But deduction rests on assumptions
or axioms, which are themselves not deduci-
ble, i.e., logically arbitrary.”

I To manage with the fewest and simplest pos-
sible assumptions and to deduce from them
consequences which correspond completely to
the objects and laws of empiricism is the final
aim of science.”
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Max Born:
”
Physics and Relativity” (Bern 1955)

“The foundation of general relativi-
ty appeared to me then [1915], and
it still does, as the greatest feat of
human thinking about Nature, the
most amazing combinaton of phi-
losophcal penetration, physical in-
tuition and mathematical skill. But
its connections with experience we-
re slender. It appealed to me like a
great work of art, to be enjoyed and
admired – from a (respectful) distan-
ce.”
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Einstein an H.A. Lorentz am 17.1.1916

“The series of my papers on gravity is a chain of wrong tracks which slowly but surely

approached the destination. Finally the basic equations are ok, but their derivation is

abominable. This blemish has to be cured.”

7 / 33



ART Genesis

Einstein

- on the way

- on GR

Looking back

- principle of relativity

- classical mechanics

- concepts of matter

On the way

- Gibson Lecture

- scalar theory

- tension weighs

- Prague papers

- “Entwurf” paper

- Zuerich notebook

- the breakthrough

Comparison N-E

The End

The end of Einstein’s Gibson Lecture (1933)

“Once the validity of this mode of thought has been recognised,
the final results appear almost simple; any intelligent undergra-
duate can understand them without much trouble. But the years
of searching in the dark for a truth that one feels, but cannot
express; the intense desire and the alteration of confidence and
misgiving, until one breaks through to clarity and understanding,
are only known to him who has himself experienced them.”
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1905 B-CH 1)
”
Zur Elektrodynamik bewegter Körper“. (SRT)

2)
”
Ist die Trägheit eines Körpers von seinem Energiegehalt abhängig?“

1907 B-CH 3)
”
Über die vom Relativitätsprinzip geforderte Trägheit der Energie“. Spannungen

- auch elektrostatische - tragen zur trägen Masse bei.
4)

”
Über das Relativitätsprinzip und die aus demselben gezogenen Folgerungen“.

Erster großer Übersichtsartikel; endet mit erster versuchsweiser Erweiterung des
Relativitätsprinzips auf gleichförmig beschleunigte Bezugssysteme.

1911 Z-CH 5)
”
Die Relativitäts-Theorie“. Abschiedsvorlesung am 16.01.11 vor der Naturfor-

schenden Ges. in Zürich; u.a. ‘Zwillingsparadoxon’ als unabweisbare Konsequenz.
6)

”
Über den Einfluss der Schwerkraft auf die Ausbreitung des Lichts“. Ableitung

des (halben) Ablenkwinkels auf Grundlage des Äquivalenzprinzips.

1912 P-Cz 7)
”
Lichtgeschwindigkeit und Statik des Gravitationsfeldes“ und

”
Zur Theorie des

statischen Gravitationsfeldes“. Nichtlineare Erweiterung der Newtonschen Feld-
gleichungen.

8)
”
Gibt es eine Gravitationswirkung, die der elektrodynamischen Induktionswir-

kung analog ist?“. Argumentiert, dass sich die träge Masse bei Anwesenheit
umgebender schwerer Massen erhöht (→

”
Machsches Prinzip“).

1913 Z-CH 9)
”
Entwurf einer verallgemeinerten Relativitätstheorie und einer Theorie der Gravi-

tation“. Argumentiert gegen skalare Theorie und kommt Prinzip der allg. Kovari-
anz sehr nahe. Kurz danach zurückgenommen; große Verwirrung (Lochbetrach-
tung). Hilfe von Grossmann und Besso (Manuskript: Merkurperiheldrehung).

10)
”
Zum gegenwärtigen Stande des Gravitationsproblems“. Vortrag vom 23.9.1913

auf der 85. Naturforscherversammlung in Wien.
11) Zürcher Notizbuch

1915 B-D 12) Die vier Novemberarbeiten: 4.
”
Zur ART“, 11.

”
Addendum“, 18.

”
Merkurperi-

hel“, 25.
”
Feldgleichungen“.

1916 B-D 13)
”
Die Grundlagen der ART“. Erste zusammenfassende Gesamtdarstellung.
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Principle of Relativity (
”
Discorsi“ 1638)

Galileo Galilei (1564-1642)

“Shut yourself up with some friend in the
main cabin below decks on some large ship,
and have with you there some flies, butter-
flies, and other small flying animals. Have a
large bowl of water with some fish in it; hang
up a bottle that empties drop by drop into a
wide vessel beneath it. With the ship standing
still, observe carefully how the little animals
fly with equal speed to all sides of the cabin.
The fish swim indifferently in all directions;
the drops fall into the vessel beneath; and, in
throwing something to your friend, you need
throw it no more strongly in one direction
than another, the distances being equal; jum-
ping with your feet together, you pass equal
spaces in every direction. [...] Now let the ship
proceed with any speed you like, so long as
the motion is uniform and not fluctuating this
way and that. You will discover not the least
change in all the effects named, nor could you
tell from any of them whether the ship was
moving or standing still.
The cause of all these correspondences of ef-
fects is the fact that the ship’s motion is com-
mon to all the things contained in it, and to
the air also. That is why I said you should be
below decks; for if this took place above in the
open air, which would not follow the course
of the ship, more or less noticeable differences
would be seen in some of the effects noted.”
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Principles of classical mechanics

I Galilei-Newton law of inertia:
There is a distinguished class of reference frames (inertial systems) and
time-scales (inertial time-scales). Relative to them force-less bodies move
rectilinearly and uniformly (equal distances in equal time spans).

I Galilei’s principle of relativity:
Two identical closed physical systems, moving relative to each other in
rectilinear and uniform motion, are indistinguishable in all aspects which
can be measured on each individial system by mechanical means.

I Die Galilei-Transformationen:
The mathematical implementation of the principle of relativity in terms of
inertial coordinates is by Galilei transformations:

~x 7→ ~x′ = ~x− ~vt
t 7→ t′ = t

I Inertia and forces:
The structure (path structure) that defines “inertial trajectories” is a priori
given and non-dynamical. Causes for deviations from those preferred tra-
jectories are “forces”. Gravity is such a force.
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The crucial physical question

I Corresponding to the principle of relativity in mechanics we cannot detect
by mechanical means an absolute translatory motion. This is contrary to
rotatory motion, as Newton’s bucket experiment is supposed to show.

Physicists at the end of the 19th century hence posed the following crucial
question:

Is the principle of relativity valid in elektrodynamics ?

12 / 33



ART Genesis

Einstein

- on the way

- on GR

Looking back

- principle of relativity

- classical mechanics

- concepts of matter

On the way

- Gibson Lecture

- scalar theory

- tension weighs

- Prague papers

- “Entwurf” paper

- Zuerich notebook

- the breakthrough

Comparison N-E

The End

Concepts of matter around 1900

I The notion of ponderable (‘weighable’) matter contains all forms of every-
day matter including atoms.

I Next to this, there exists a substance called aether which is the (hypothe-
tical) carrier of electromagnetic fields and waves, like water is the carrier of
the respective waves. Light waves correspond to transversal (polarisable)
aether waves.

I The aether – as an elastic medium – resembles on one hand a solid body
of enormous stiffness (admitting high-speed transversal waves) which, on
the other hand, unhindered penetrates ponderable matter in solid-states,
like glass (in which light propagates). Nobody knew how that could fit
together.
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Concepts of matter around 1900

I Within the aether theory, the question of the validity of the relativity prin-
ciple reduces to the question whether, and to what extent, the aether
participates in the motion of ponderable matter.

I If it were dragged along completely, like air or water in fully sealed contai-
ners, the relativity principle would be as valid as in mechanics.
(→ Galileo’s ship; going under deck)

I On the other hand, if the aether would just stay fixed (“at rest”) in space
and freely stream through the bodies as they move in space (→ “aether-
wind”), it would define a distinguished reference system. For example, light
propagation would only be isotropic in the aether’s rest system.

I Failed attempts to prove a state of motion for the aether led to SR (1905).
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Christie’s:
”
Fine Printed Books and Manuscripts

22 June 2010 New York, Rockefeller Plaza

“The Origins of the General
Theory of Relativity”

George A. Gibson Lecture
University of Glasgow, June 20. 1933

I EINSTEIN, Albert (1879-1955). Auto-
graph manuscript signed (A. Einstein on
last page), constituting Einstein’s lec-
ture The Origin of the General Theory of
Relativity (Einiges über die Entstehung
der allgemeinen Relativitätstheorie), de-
livered as the first George A. Gibson Lec-
ture at the University of Glasgow, 20 Ju-
ne 1933. A working draft with extensive
deletions and interlinear additions. No
place, undated, but ca. June 1933.

I Lot 195/Sale 2328. Estimate $ 250,000
- $ 350,000

I Price Realized $ 578,500. (Sales totals
are hammer price plus buyer’s premium
and do not reflect costs, financing fees
or application of buyer’s seller’s credits.)
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Aus Einsteins Gibson Lecture (1933)

I “The most obvious procedure would have been to retain Laplace’s scalar
potential and to amend Poisson’s equation by a term including time de-
rivatives in the obvious way, so as to comply with Special Relativity. In
addition, the law of motion for a mass point had to be adapted.”

I “Such investigations led to a result that aroused my deepest suspicion. Na-
mely, according to Classical Mechanics, the vertical acceleration suffered
by a body in a vertical gravitational field turns out to be independent of the
body’s horizontal velocity component. It follows from this that the vertical
acceleration of a mechanical system (or of its centre of gravity) in such a
field should be independent of its internal kinetic energy. According to the
theory I was investigating, however, the vertical acceleration was not inde-
pendent of the horizontal velocity, and consequently, was not independent
of the internal energy of the system.”

I “This did not agree with the old well-known empirical result that all bodies
in a gravitational field are subject to the same acceleration. This principle,
which can also be stated as the law of the equivalence of the inertial and
gravitational mass, impressed me as being of fundamental importance. I
wondered how this law could exist, and believed that it held the key to the
real understanding of inertia and gravitation. I never seriously doubted its
exact validity, even though I did not know about the beautiful experiments
of Eötvös, which, if I remember correctly, were not known to me until a
later date.”
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Special-Relativistic theory of scalar gravity I

I We seek a Poincaré invariant generalisation of

∆ϕ = 4πGρ

I This is rather obvious:

�ϕ :=

(
∂2

c2∂t2
−∆

)
ϕ = −

4πG

c2
Tµµ

I But what about the space-time trajectories of test particles? Mathemati-
cally consistent would be something like:

d2~x

dt2
= −~∇ϕ −→

d2xµ

dτ2
= Pµν∂νF [φ]

where
Pµν = ηµν − ẋµẋν/c2
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Special-Relativistic theory of scalar gravity II

Free fall with variable initial hori-
zontal velocity (β = v/c).

~̈x(t) = −
(
1− β2(t)

)
~∇φ
(
~x(t)

)

”
Did not agree with the old well

known empirial result ... “

τh =
c

g
cos−1

(
exp
(
−hg/c2

))
≈
√

2h/g

th =
c

g
γ cosh−1

(
exp
(
hg/c2

))
≈ γ

√
2h/g

γ =
1√

1− β2
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Tensions become heavy (1907)

A rod of rest-length l moves with velocity v along x-axis relatve to coordinate
system K. At time t′ = 0 in its rest system both ends will be acted on by
equal and opposite compression forces F . The compressive stress in its interior
is then given by σ = F/cross-section.

Force F

F
x

t′ = 0

ct ct′

∆t = γl v/c2

I Judged from system K the for-
ce applied to the trailing end
starts to push the rod a ti-
me ∆t earlier then the coun-
teracting force at the leading
end. However, during this ti-
me the velocity of the rod does
not change! Hence, by conser-
vation of momentum, it follows
that the rod has an incresed in-
ertial mass as a result of the
compressive stress σ of:

∆p = F∆t = Fγl v/c2

⇒ ∆m = Fl/c2 = σV/c2
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A glimpse ahead: Spherical stars in GR

I In order to reach hydrostatic equilibrium , the radial pressure of an incom-
pressible spherical star has to grow in an inward direction according to the
Tolman-Oppenheimer-Volkoff-Equation (1939):

−
dp

dr
=

G

r2
·
4πr3

3
·
(
ρ+ 3p/c2

)
︸ ︷︷ ︸

aktive Masse

·
(
ρ+ p/c2

)
︸ ︷︷ ︸
passive Masse

·
(

1− (2GM(r)/c2r)
)−1

︸ ︷︷ ︸
Geometrie

I Pressure adds to the active as well as passive gravitational mass, which
leads to instabilities. Contrary to Newtonian stars, which in principle can
always exist, given effective pressure generation, there is a fundamental
upper bound on the compactness of a star in GR (also valid in compressible
base, Buchdahl 1959) for the pressure to stay finite at the centre:

R >
9

8
·

2GM

c2
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I These equations can be derived from a straightforward physical modification of Newton’s field

equation through the requirement that the gavitational field’s self energy gravitates according to

E = mc2. However, this does not give correct orbital corrections, e.g., for perihelion advance.
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The “Entwurf” paper
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Newton

I Potential (Field)

φ (1 component)

I Field equation (1)

∆Φ = 4πGρ

I Equation of motion for test-
mass

~̈x(t) = −~∇Φ
(
~x(t)

)
I Deviation from inertial motion:

gravity is a force.

Einstein

I Potential (Field)

gµν (10 components)

I Field equations (10)

Gµν =
8πG

c4
Tµν

I Equation of motion for test-
mass

ẍλ(τ)+Γλµν
(
x(τ)

)
ẋµ(τ)ẋµ(τ) = 0

I Pure inertial motion:
Gravity is not a force
in Newton’s sense.
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The 10 sources of gravity

Tµν =


W Sn/c

Gm · c Σmn



W : energy density

Sn : energy-current density

Gm : momentum density

Σmn : momentum-current density

gµν =


−1 + 2Φ/c2 Jn

Jm δmn +Hmn




Φ : Newtonian potential

Jn : vector potential (gravitomagnetism)

Hmn : gravity waves
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Finally ...

“What you call agnostic regarding your point of view is also
represented in mine, in a twofold way: Whatever of Nature’s
feature we may display according to the principle of simplicity,
its theoretical tratment will never prove correct once and for
all. For example, Newton’s theory seems to represent all of the
gravitational fields in a complete fashion through the scalar po-
tential ϕ. But this description proves to be insufficient; it needs
to be replaced by the functions gµν . I do not doubt the day
will come when this way of conceiving [gravity] will have to give
way to another, which differs from it fundamentally, for reasons
that today we cannot even imagine. I belive that this process of
deepening our theories has no limits.”

A.E. an Felix Klein, April 1917

Thank you for listening!
– and your patience –
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