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Introduction

All our spacetime assessments [Konstatierungen] amount to the
determination of spacetime coincidences [Koinzidenzen] ...

b/

since all coordinate systems necessarily agree on coincidences, that is, in
everything observable, there is no reason to privilege one coordinate
system over another.

A 4

general covariance = no privileged coordinate systems

2/51



Introduction

m Moritz Schlick (1917) found that Einstein point-coincidence remark
aptly expressed the conceptual novelty of general relativity respect to
previous spacetime theories.

3/51



Introduction

m Moritz Schlick (1917) found that Einstein point-coincidence remark
aptly expressed the conceptual novelty of general relativity respect to
previous spacetime theories.

m Erich Kretschmann (1917) deemed the argument as trivial and
actually valid in all spacetime theories

3/51



Introduction

m Moritz Schlick (1917) found that Einstein point-coincidence remark
aptly expressed the conceptual novelty of general relativity respect to
previous spacetime theories.

m Erich Kretschmann (1917) deemed the argument as trivial and
actually valid in all spacetime theories

m Peter G. Bergmann (1960s) and the Syracuse Group made use of the
expression coincidences, in a way that was much closer to Einstein’s
intentions.

3/51



Introduction

m Moritz Schlick (1917) found that Einstein point-coincidence remark
aptly expressed the conceptual novelty of general relativity respect to
previous spacetime theories.

m Erich Kretschmann (1917) deemed the argument as trivial and
actually valid in all spacetime theories

m Peter G. Bergmann (1960s) and the Syracuse Group made use of the
expression coincidences, in a way that was much closer to Einstein’s
intentions.

m John Stachel (1980s) archival work on Einstein’s private corr.

3/51



Introduction

m Moritz Schlick (1917) found that Einstein point-coincidence remark
aptly expressed the conceptual novelty of general relativity respect to
previous spacetime theories.

m Erich Kretschmann (1917) deemed the argument as trivial and
actually valid in all spacetime theories

m Peter G. Bergmann (1960s) and the Syracuse Group made use of the
expression coincidences, in a way that was much closer to Einstein’s
intentions.

m John Stachel (1980s) archival work on Einstein’s private corr.

4

point-coincidence argument answer to the hole argument

3/51



Introduction

m Moritz Schlick (1917) found that Einstein point-coincidence remark
aptly expressed the conceptual novelty of general relativity respect to
previous spacetime theories.

m Erich Kretschmann (1917) deemed the argument as trivial and
actually valid in all spacetime theories

m Peter G. Bergmann (1960s) and the Syracuse Group made use of the
expression coincidences, in a way that was much closer to Einstein’s
intentions.

m John Stachel (1980s) archival work on Einstein’s private corr.

4

m The hole argument extremely successful

m The point-coincidence argument fundamentally neglected

3/51



Introduction

m Moritz Schlick (1917) found that Einstein point-coincidence remark
aptly expressed the conceptual novelty of general relativity respect to
previous spacetime theories.

m Erich Kretschmann (1917) deemed the argument as trivial and
actually valid in all spacetime theories

m Peter G. Bergmann (1960s) and the Syracuse Group made use of the
expression coincidences, in a way that was much closer to Einstein’s
intentions.

m John Stachel (1980s) archival work on Einstein’s private corr.

4

nothing but coincindeces = central message of general relativity
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The Problem: General Relativity in Terms of Geographical Maps

3%

m ‘metric field: device for extracting measurable distanses ds between
any two nearby points from their coordinate differences Nz,

m gravitational field: physical field that have certain values\at a certain
point with coordinates z,, just like the electromagnetic fiel
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cartesian coordinates (z, y) on the map: ds® = da* + dy

Figure: cylindrical projection
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The Problem: General Relativity in Terms of Geographical Maps

Figure: stereographic projection

2 2\ —1
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The Problem: General Relativity in Terms of Geographical Maps

gur = map legend

m the treasure is buried at x = 45,y = 85 in open ocean

m the numbers z,y are meaningless without the map legend g,..

guw = Map legend = treasure

m the treasure is the value of g, at x = 45,y = 85 in open space

m g, different values at the same point z = 45, y = 85 in different map
legends

‘values of the g, at z,y’ = meaningful statement?
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The Problem: General Relativity in Terms of Geographical Maps

Early relativists thought in terms of geographical
maps, rather than of the geometry of the surface

m problem: the Greenwich meridian intersects the equator at the point
x = 45,y = 85 in one map but not in the other

m solution: x = 45,y = 85 is not the same physical point, the same
physical point is where Greenwich meridian intersects the equator

¥

intersections — coincidences
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The Problem: General Relativity in Terms of Geographical Maps

m classical mechanics = ‘the same place in different times’
meaningless

m special relativity = ‘at the same time in different places’
meaningless

m general relativity = at the same place at the same time

meaningless

. rethinking the very notion of where something happens
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The Proto-PCA: The Physical Meaning of Coordinates

Die Relativitits-Theorie. ")
Von

A. EinsTEIN in Prag.

In mathematical physics, it is customary to relate things to coor-
dinate systems [...]

bb/
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Die Relativitits-Theorie. ")
Von

A. EmstEIN in Prag.
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What is essential in this relating-to-something
is the following:

bb/

(Einstein, 1911)
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The Proto-PCA: The Physical Meaning of Coordinates

Die Relativitits-Theorie. ")
Von

A. EinsTEIN in Prag.

49

when we state anything whatsoever about the lo-
cation of a point, we always indicate the coincidence of this point
with some point of a specific other physical system.

bb/

(Einstein, 1911)
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The Proto-PCA: The Physical Meaning of Coordinates

Die Relativitits-Theorie. ")
Von

A. EinsTEIN in Prag.

49

If, for exam-
ple, | choose myself as this material point, and say, ‘Il am at this
location in this hall,” then | have brought myself into spatial coinci-
dence with a certain point of this hall, or rather, | have asserted this
coincidence.

bb/

(Einstein, 1911)
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The Proto-PCA: The Physical Meaning of Coordinates

Die Relativitits-Theorie. ")
Von

A. EinsTEIN in Prag.

49

This is done in mathematical physics by using three
numbers, the so-called coordinates, to indicate with which points
of the rigid system, called the coordinate system, the point whose
location is to be described coincides. b))

(Einstein, 1911)
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The Proto-PCA: The Physical Meaning of Coordinates

In classical mechanics and special relativity ‘where’ something occurs were
always meant as a physical coincidence with some material body of
reference

M////

(the surface of the Earth, the city of Zurich, or the walls of the hall in which
Einstein was giving his lecture)
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The Proto-PCA: The Physical Meaning of Coordinates

® a good non-accelerating massive cubical scaffolding of rigidly
connected measuring rods and clocks K (x,y, z,t)
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® a good non-accelerating massive cubical scaffolding of rigidly
connected measuring rods and clocks K (x,y, z,t)

® the readings of rods and clocks at rest with respect to K directly give the
numbers z, vy, z, t.

® the components of E(m, y, z,t) and é(ac, y, z,t) with respect to K can be
determined by observing the paths of test particles with respect to K.

® the paths of test particles are successive encunters with certain points of
K when the handles of a clock are on a certain position on the dial.

m theoretical asymmetry between a good acceleration-free K (z,y, z, t)
and the bad coordinate system K'(z',4, 2’, ') accelerating with
respect to the former
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The Proto-PCA: The Physical Meaning of Coordinates

One might wonder whether such pedantic physical definitions for
the time and space coordinates are really necessary,

b/

Einstein, 1912-1914

16/51



The Proto-PCA: The Physical Meaning of Coordinates

14

i.e., whether
it is really necessary to burden the beautiful and airy concepts of
space and time with cumbersome rigid bodies and clocks.

b/

Einstein, 1912-1914
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14

The Proto-PCA: The Physical Meaning of Coordinates

In my
opinion it is not necessary, but it is advantageous to proceed in
this way.

Einstein, 1912-1914

b/

16/51



14

The Proto-PCA: The Physical Meaning of Coordinates

One can in fact treat z,y, z as pale mathematical auxil-
iary quantities (parameters), that have meaning only because they
facilitate the formulation of the physical laws [...]

Einstein, 1912-1914

b/
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The Proto-PCA: The Physical Meaning of Coordinates

14

Anyway, | be-
lieve that this considerations and definitions about space and time
are sufficient only in as much one forgoes the introduction of the
gravitation in system of relativity theory

Einstein, 1912-1914

b/
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The Proto-PCA: The Physical Meaning of Coordinates

1. z,y, z,t as mathematical parameters: expr. E(m,y,z,t) — mere
mathematical function that can’t be experimentally established

2. z,y, z,t as readings on rods and clock: espr. E(:Jc, y,z,t) — has a
physical meaning

the universal nature of gravitation
made the interpretation (1) impossible.
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1. z,y, z,t as mathematical parameters: expr. E(m,y,z,t) — mere
mathematical function that can’t be experimentally established

2. z,y, z,t as readings on rods and clock: espr. E(m, y,z,t) — has a
physical meaning

the universal nature of gravitation
made the interpretation (1) impossible.

It becomes impossible to establish whether K is a ‘good’ coordinate system
in which nonaccelerated rods and clocks at rest reliably read coordinate
differences or a ‘bad’ one K’ accelerating in the opposite direction, in
which coordinate numbers do not directly denote distances.
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Notes for leoture on Relativity

Figure: Zurich Notebook

The
Entwurf Theory

ds® = Zg,l,,,d.'lz,,,dfl;,,

pv
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The Entwurf Theory

ds® = Zgwdmudmu
2%

Figure: Zurich Notebook
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The Entwurf Theory

ENTWURF EINER
VERALLGEMEINERTEN RELATIVITATSTHEORIE
UND EINER
THEORIE DER GRAVITATION

L. PHYSIKALISCHER TEIL
vox

ALBERT EINSTEIN
1N ZOmIOn

II. MATHEMATISCHER TEIL
vox

MARCEL GROSSMANN
I zowcn

LEIPZIG UND BERLIN
DRUCK UND VERLAG VON B.G. TEUBNER
1913

m 'metric field: extragt
measurable distancek ds
between any two negrby
points from their cogrdinate
differences dz,

m gravitational field": physical
field that have certain values
at a certain point with
coordinates x1, x2, x3, x4, just
like the electromagnetic field.

Guv(T1, T2, T3, T4)
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The Entwurf Theory

ENTWURF EINER

VERALLGEMEINERTEN RELATIVITATSTHEORIE

UND EINER
THEORIE DER GRAVITATION

L. PHYSIKALISCHER TEIL
vox

ALBERT EINSTEIN
15 zomion

II. MATHEMATISCHER TEIL
Vo

MARCEL GROSSMANN
1N ZoRIcH

LEIPZ1G UND BERLIN
DRUCK UND VERLAG VON B.G. TEUBNER
1913

“ ...there cannot exist

relationships between the
spacetime coordinates
T1,X2,T3,T4 and the re-
sults of measurements
obtainable by means
of measuring rods and
clocks that would be as
simple as those in the old
relativity theory

labels # distances

3
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23

The Entwurf Theory

‘Spannungs-Energie-Tensor des materiellen Vorganges 11

Den Tensor 6, neonen wir den (kontravarianten) Spannungs-
Energietensor der materiellen Stromung. Der Gleichung (10)
schreiben wir einen Giltigkeitsbereich zu, der Gber den speziellen Fall
der Stromung inkobirenter Massen weit hinansgeht. Die Gleichung
stellt allgemein die Energiebilanz zwischen dem Gravitationsfelde und
cinem belisbigen mateiellen Vorgung dar; nur it fir 6, dor demn jo-

weilen System
tensor einzusetzen. Die erste Summe in der Glsmhung enthilt die oﬂ.—
lichen Ableit der baw. i und die

zeitlichen Ableitungen der Impuls- baw. Energiedichto; die zweite Summe
st ein Ausdruck fir die Wirkungen, welche yom Schwerefelde auf den
materiellen Vorgang itbertragen werden.

§ 5. Die des

Nachdem wir die Impuls-Energiegleichung fir die materiollen Vor-
ginge (mechanische, elektrische und andere Vorginge) mit bezug auf
das Gravitationsfeld aufgestellt haben, bleibt uns noch folgende Auf-
gabe. Es sei der Tensor ,, fiir den materiellen Vorgang gegeben.
Welches sind die Differentialgleichungen, welche die GroBen g,,, d. h.
das Schwerefeld zu bestimmen gostatten? Wir suchen mit anderen
Worten die Verallgemeinerung der Poissonschen Gleichung
g = dxke.

Zur Losung dieser Aufgabe haben wir keine so vollkommen zwang-
liufige Methode gefanden, wie fiir die Lésung des vorhin hehandelten
Problems. Es war notig, einigo Annahmen einzufithren, deren Richtig-
keit zwar plausibel erscheint, aber doch nicht evident ist.

Die gosuchte Verallgemeinerung wird wohl von der Form sein

) %6, =TI,
wo # sine Konstante, I, cin ](ontnvmmtar Tensor zweiten Rlug\as
ist, der durch D ans dem

hervorgebt. Dem Newton-Poissonschen Gesetz entsprechend it
man geneigt sein zu fordern, daB diese Gleichungen (1) zweiter Ord-
nung sein sollen. Es muB aber hervorgehoben werden, dab es sich als
unmdglich erweist, unter dieser Voraussetzung einen Differentialausdruck
T, m finden, der eine Verallgemeinerung von g ist, und sich be-
liebigen Transformationen gegeniiber als Tensor erweist) A priori
kann allerdings nicht in Abrede gestellt werden, dab die endgiltigen,
genauen Gleichungen der Gravitation von hoherer als zweiter Ordnung
sein konnten. Es besteht daher immer noch die Moglichkeit, daB die
1) Vgl IL Teil, § 4, Nr. 2,

field equations relating the source

variables (charge density, mass

energy distribution, etc.) to the

field variables (gravitational field,

electromagnetic field, etc.)

Ay =4rko

/i@,u,u - Fp,u

| want to know the the values
of gu., ata point x1,z2, x3, x4

m The g, tell me where the
point T1,X2,T3,T4
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Besso-Einstein’s Argument against General Covariance
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Figure: Einstein-Besso Manuscript — June 1913

Entwurf-theory field
equations of limited
covariance — Mercury’s
anomalous perihelion
precession

‘c Is the static gravi-
tational field g, =
1,1to3, gas =
f(z,y,z) a partic-
ular solution? Or
is it the general
solution expressed
in particular coor-
dinates??

bb/
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Besso-Einstein’s Argument against General Covariance

[Besso:] The requirement of
[general] covariance of the
gravitational equations un-
der arbitrary transformations
cannot be imposed: if all mat-
ter [is given] were contained
in one part of space and for
this part of space a coordi-
nate system [is given], then,
outside of it, the coordinate
system, except for boundary
conditions be chosen arbitrar-
ily, so that a unique deter-
minability of the g’s cannot
be obtained

Figure: Besso-Memo - August 1913
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Besso-Einstein’s Argument against General Covariance
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Besso-Einstein’s Argument against General Covariance
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Besso-Einstein’s Argument against General Covariance

2} In den letsten Tagen fand ich den Beweis dafiir,
dal eine derartige allgemein kovariante Lisung aberhaupt
nicht existieren kann.

beziiglich beliebiger Substitution c‘ In the last days
variante Gleichungen zu finden, weldhen die
das Gravitationsfeld selbst bestimmendof Grofen I found a proof

g.. geniigen. In dieser Weise gel that such a gener-
aber nicht, das Problem zu Iosen?). \

gelang aber in der \Weise, daB/ nachtriiglich ally covariant solu-
wieder das Bezugssysten spezialisiert wurde. Zu tion to the problem
diesem Wege gelangt man ungezwungen durch .

folgende Uberlegung. Es ist kjar, daB fiir irgend- cannot exist at all

1) Kottler, Uber die Raumfeitlinien der Minkowski- ,,
schen Welt. Wien. Ber. 121, 1912,

2} In den ltutcn Tz;zen fand ich den Beweis dafir,
daB eine d Lisung uberhaupt
nicht existieren kann,

Einstein, 1913.
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2} In den letzten Tagen fand ich den Beweis dafiir,
daB eine derartige allgemein kovariante LOsung uberhaupt

g.. geniigen. In dieser Weise gel;
aber nicht, das Problem zu losen?).
gelang aber in der \Weise, daB/ nachtriglich
wieder das Bezugssysten spezialisiert wurde. 7Zu
diesem Wege gelangt man ungezwungen durch
folgende Uberlegung. Es ist kjr, daB fiir irgend-

1) Kottler, Uber die Raumfeitlinien der Minkowski-
schen Welt. Wien. Ber. 121, 141

2) In den letsten Tagen fand u:h den Beweis dafir,
daB eine derartige allgemein kovariante Lisung éberhaupt
nicht existieren kann,

“ a unique determi-
nation of the g..
out of the T, is
impossible (rigor-
ously provable

Einstein to Ehrenfest,
Nov. 11, 1913
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Besso-Einstein’s Argument against General Covariance

Es gebe in unserer vierdimensionalen Mannigfﬂt}gkeit einen Teil
L, in welchem ein ,materieller Vorgang® nicht stattfinde, in welchem |
also die 6,, verschwinden. Durch die auBerhalb L gegebenen 6, sind

—| klar, daB durch eine derartige Substitution

gemit unserer Annat trberatl, atsgwuch T ipmerr von £ die 7,
vollkommen bestimmt. Wir denken uks nun statt der urspriinglichen
Koordinaten x, neue K i z, &ngefihrt von folgender Art.

AuBerhalb L sei iiberall #, = x;; innerhalb L aber sei weuigstens fir —
einen Teil von L und wenigstens fiir ein

Index v z, + 2. Es ist
rreicht werden kann, daB —
wenigstens fur einon Teil von L y/, + 7,, ist\ Andererseits ist Uiberall
@, = @,,, nimlich auBerhalb I, weil fir digses Gebiet z; =z, ist, —
innerhalb L aber, weil fiir dies Gebiet @,,=0 =\@,, ist. Hieraus folgt,
daB in dem betrachteten Falle, wenn alle Substitutjonen als berechtigte
nugelassen werden, zu dem mimlichen System de
System der p,, gehdrt.

Wenn also — wie dies in der Arbeit geschehen i3
derung festgehalten wird, daB durch die @,, die y,,\vollstindig be-
stimmt sein sollen, so ist man gendtigt, die Wahl des Bezugssystems
einzuschrinken. Diese Einschriinkung wird in unserer Anpeit dadurch
erzielt, daB fiir den materiellen Vorgang und das Gravitadionsfeld zu-

6,, mehr als ein

~— an der For-

Einstein inverted
Besso’'s argument

¥

sanmen die Giltigkeit der Erhal ftze, 4 b die Giliigheit von

vier Glei - N . . . . - . . .
Aus diese Es gebe in unserer v19rd1mensnonalen Mannigfaltigkeit einen Teil
tiamafald

f L, in welchem ein ,materieller Vorgang® nicht stattfinde, in welchem
also die @, verschwmden Duz'ch dle auBerhs.lh L gegebenen 8 , sind

Figure: Appendix to Einstein and Grossmann, 1914
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Besso-Einstein’s Argument against General Covariance

a) Wenn das Bezugssystem ganz will-
kiirlich gewiahlt wird, dann kénnen die
g., durch die I,, iiberhaupt nicht voll:
staindig bestimmt sein. Man denke sich
namlich die ¥,, und g,, uberall gegeben, und
es mogen in einem Teil ¢ des vierdimensionalen
Raumes alle ¥,, verschwinden. Ich kann nun
ein neues Bezugssystem einfiihren, welches auBer
halb & mit dem urspriinglichen vollkommen
iibereinstimmt, innerhalb ¢ aber (ohne Ver
Jetzung der Stetigkeit) von ihm verschieder
ist. Bezieht man nun alles auf dieses neue
Bezugssystem, wobei die Materie durch &,
das Gravitationsfeld durch g,,” ausgedriickt wird
so ist zwar iberall

To'= ..,
dagegen werden im Innern von ¢ die Gleichungen
8uv' = gur

sicherlich nicht alle erfiilit sein). Hieraus folgt
die Behauptung.

Will man erzielen. daB eine vollstindige
Besti g der g., (Gravitationsfeld) aus den
<., (Materie) moglich sei, so kann dies nur
durch Beschrinkung in der Wahl des Bezugs-
systems erreicht werden.

1) Die Gleichungen sind so zu verstchen, daB auf
den linken Seiten jeweilen den unabhingigen Variabeln x,”
dieselben Zahlenwerte erteilt werden wie auf den rechten
Seiten den Variabeln «,.

/
:Fu,u - Tp.u

¥

G F v
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Besso-Einstein’s Argument against General Covariance

. 1) Die Gleichungen sind so zu verstchen, da auf
a) Wenn iaden linken Seiten jeweilen den unabhingigen Variabeln =,

kirlich gewihgiocelben Zahlenwerte erteilt werden wie auf den rcchten

8. durch dip
stindig best [nSeiten den Variabeln x,.
namlich die T, UnNa g,, UDETaT geg ST

es mogen in einem Teil ¢ des vierdimensionalen
Raumes alle ¥,, verschwinden. Ich kann nun
ein neues Bezugssystem einfiihren, welches auBer
halb & mit dem urspriinglichen vollkommen
iibereinstimmt, innerhalb @ aber (ohne Ver
letzung der Stetigkeit) von ihm verschieder
ist. Bezieht man nun alles auf dieses neue
Bezugssystem, wobei die Materie durch ¥,
das Gravitationsfeld durch g,,” ausgedriickt wifd
so ist zwar iiberall
To' =T,
dagegen werden im Innern von ¢ dic Gleichingen
8o’ = Gur
sicherlich nicht alle erfiilit sein'). HiepAus folgt
die Behauptung.
Will man erzielen. daB eme ‘ollstandige
Besti der g., (Gravi feld) aus den
<., (Materie) moglich sei, so kAnn dies nur
durch Beschrinkung in der Wajil des Bezugs-

systems erreicht werden.

1) Die Gleichungen sind so zu verstchen, da8 auf
den linken Seiten jeweilen den unabhangigen Variabeln x,”
dieselben Zahlenwerte erteilt werden wie auf den rechten
Seiten den Variabeln x,.

49

.the same numerical
values are always as-
signed to the independent
variables z, on the left
sides as to the variables
x,, on the right sides

bb
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The §12 Argument

§ 12. Beweis von der Notwendigkeit einer Einschrinkung
der Koordinatenwahl.

Wir b h einen Teil X des in wel-
chem ein materieller Vorgang nicht stattfindet. Das physikalische
Gmmmxmmwwmmmgmnmmmm
K die GroSen g, als
F\mktion der z, gegeben werden. Die Gesamtheit dieser Funktionen
werde symbolisch durch G(z) bezeichnet.

Es werde ein neues Koordinatensystem X' eingefihrt, wehhu

= mit X dberci: X aber von X'
art, da8 die auf K’ bezogenzny wla dle g (Mbn ihren Ab]dmngun)
dberall stetig sind. Die wir
durch G'(z). G(z) und G(2) b du nimliche

Ersetzen wir in den Funktionen g/, die Koordinaten z; durch die Ko-
ordinaten z,, d. h. bilden wir G'(z), so beschreibt G'(z) ebenfalls ein
Gnviudomfeld beziglich K, welchel aber nicht nhereincﬁmmc mit dem

(bzw.
Seﬁm wir nun vorsus, da8 die Differentialgleichungen des Gra-
i sind, so sind sie fir G'(z") erfullt
(beziiglich K'), wenn sie beziiglich K fir G(z) erfullt sind. Sie sind
dann also auch bezdglich K fix G'(s) erfulle. Berlglich K existierten
dann die i Las G(z) und G'(z), trotz-
dem an den Gebietsgrenzen beide Ldsungen ibereinstimmten, d. h.
durch allgemein kovariante Differentialgleichungen far das
Gravitationsfeld kann das Geschehen in demselben nicht ein-
deutig festgelegt werden.
Verlangen wir daher, daB (hr Ablauf des Gw:hehm im Gravita-
1de durch die Gesetze sei,
80 sind wir gendtigt, dic Wahl des Kovrdlnmuymma derart cin-
daB es ohne V ung
unmdglich ist, eln neues Kwdlmwmymm K’ von der vorhin cha-
Art des Koord
ins Innere eines Gebietes X hlndn darf nicht willkiirlich sein.

Figure: Einstein, 1914

§12

region X of spacetime

G(z) = G'(z) = G'(x)

¥

cc There are then two dif-
ferent solutions G(z) and
G'(z) relative to K, even
though the solutions coin-
cide on the boundary of
the domain X

bb
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Back to General Covariance

Zur allgemeinen Relativititstheorie.

Von A, Evstain,

Ll den letzten Jahren war ich bemiiht, anf die Voraussetzung der Re-
lativitit auch nieht eine allg
Iativititstheorie zu grinden. Ieh glaubte in der Tat, das einzige lvrl-
vitationsgesetz gefunden zu hwben, das dem sinngemi gefabien, all
gemeinen tsprieht, und suchte die

gerade dieser Losung in einer im vorigen Juhre in diesen Sitzungs-
berichten erschienenen Arbeit' darzutun.

Eine ernente Kritik zeigte mir, dal sieh jene Notwendigkeit auf
dem dort eingesehlagenen Wege absolut nicht erweisen 1it; da dies
doch der Fall zu sein schien, beruhte auf [rrtum. Das Postulat der
Relativitat, soweit ich es dort gefordert habe, ist stets erfullt,
wenn man das Hasmwroxsche Prinzip zugrunde legt; es liefert aber
in Wahrheit keine Handhabe fiir eine Ermittelung der Hamuroxschen
Funktion F des Gravitationsfeldes. In der Tat driickt die die Wahl
von H einschrinkende Gleichung (77) a. a. O. nichts anderes aus, als
daB H eine Invariante beziglich linearer Transformationen sein soll,
welehe Forderung mit der der Relativitit der Beschleunigung nichts zu
schaffen hat. Ferner wird die durch Gleichung (78) a. a. 0. getroffene
Wbl durch Gleichung (77) keineswegs festgelegt.

Aus diesen Griinden verlor ich das Vertranen zu den von mir
& und suchte nach einem Wege,
der die i iten in einer i Weise So
langte ich zu der Forderung einer allgemeineren Kovarianz der Feld-
gleichungen zuriick, von der ich vor drei Jahren, als ich rusammen
mit meinem Freunde Grosswans arbeitete, nur mit schwerem Herzen
abgegangen war. In der Tat waren wir damals der im nachfolgenden
gegebenen Lisung des Problems bereits ganz nahe gekommen.

Wie die spezielle Relativititstheorie auf das Postulat gegrindet
daB ihre Gleichungen beziiglich linearer, orthogonaler Transfor-

* Die formale Grundlage der allgemeinen Relatlvititstheore. Situungsberichte
I8 tp14, Broki—so. I Blewmdsn warden Glskcburgen dhwe shiandimpen beim
+8.2.0.e von solchen der vorliegenden Arbeit unterschieden.

Sitzangaberichie 1915. [t

four papers in November 1915
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Back to General Covariance

cc A point mass, the sun, is located at the origin of the coordinate
system.

b/

Einstein, 1915
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Back to General Covariance

49

The gravitational field this point mass produces can be
calculated from the [field equations] [...]

b/

Einstein, 1915
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Back to General Covariance

49

Nevertheless, we should
consider that the g,, are still not completely determined mathe-
matically by [the field] equations[...]

b/

Einstein, 1915
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Back to General Covariance

44

Yet we are justified in assum-
ing that all these solutions can be reduced to one another by such
transformations that they are distinguished (by the given boundary
conditions) formally but not, however, physically, from one another ,,

Einstein, 1915
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Back to General Covariance

“ In 1914 Einstein devel-
oped an almost philo-
sophical proof [against
general covariance] (I
mean e.g. §12 of his
paper of 19.X1.1914. s
this proof correct?

Ehrenfest to Lorentz, Dec. 23,
1915
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Back to General Covariance

Deckung gebrachten Teile des MeB, d Beobach
wird hierbei — wenn wir zuniichst von allen direkten GroBen-
c ‘ What is observed here — &chﬂtzungen‘absehen — nur dﬁslinzoltl):dge:d;r’ teilweise errewhte
if we neglect, at ﬁrst, all :&r:.d'é‘:nlgmde;ies Meﬂmst;:l:entes mit Tellen des M::?:g::;
direct metrical evalu-
ations — is only the

complete or partial spa-

tiotemporal coincidence

[Zusammenfallen] or non- Erich Kretschmann
coincidence [Nichtzusam-

menfallen] of parts of the

measuring instrument

with parts of the mea-

sured object

Kretschammn1915,
12/21/1915
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Back to General Covariance

b e
[vf};’ Z A%-J:Z(L VA K«L&j}.’_
iy Rl e, I

‘:/—‘:7‘,/4 I/»‘-/< //4':, Ry e

(i yomnttye Uepponilily )bt

Moritz Schlick

cc All measurements hap-
pen in a way that spatial
coincidences [Coinziden-
zen] (Galvanometer de-
flections, positions on a
clock dial etc.) can be ob-
served ... (Zurich 1910)

b/
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Private PCA: The Einstein-Ehrenfest Correspondence

Figure: Einstein-Ehrenfest Correspondence Dec. 1915-Jan. 1916
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Private PCA: The Einstein-Ehrenfest Correspondence

C‘ In §12 of my paper of last year, everything is correct [...]

b/

Ehrenfest to Einstein, Dec. 26, 1916
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Private PCA: The Einstein-Ehrenfest Correspondence

A con-
tradiction to the unigueness of the event does not follow at all from
the fact that both systems G(z) and G’(z), related to the same
frame of reference, satisfy the conditions of the grav. field. [...]

Ehrenfest to Einstein, Dec. 26, 1916

b/
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Private PCA: The Einstein-Ehrenfest Correspondence

(49

1. the reference system has no real meaning

b/

Ehrenfest to Einstein, Dec. 26, 1916
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Private PCA: The Einstein-Ehrenfest Correspondence

(49

2. that the (simultaneous) materialization of two different g
systems [...] within the same area of the continuum is[...]
impossible

b/

Ehrenfest to Einstein, Dec. 26, 1916
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Private PCA: The Einstein-Ehrenfest Correspondence

In place of §12 the following consideration must appear. Whatever
is physically real in events in the universe (as opposed to that which
is dependent on the choice of a reference system) consist in spa-
tio-temporal coincidences*

*and in nothing else!

Ehrenfest to Einstein, Dec. 26, 1916

b/
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Private PCA: The Einstein-Ehrenfest Correspondence

14

[...]1[Two inter-transformable g, -systems]
are entirely equivalent

b/

Ehrenfest to Einstein, Dec. 26, 1916
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Private PCA: The Einstein-Ehrenfest Correspondence

14

This is because they have in common all
the spatial-temporal point coincidences, that is, all the observables

b/

Ehrenfest to Einstein, Dec. 26, 1916
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Private PCA: The Einstein-Ehrenfest Correspondence

C‘ | will defend the philosophy of §12 against your refutation ,,

Ehrenfest to Einstein, Jan. 1, 1916

star emitting infinitely —_— —
weak light L e VAV RS Sy
z Ctte a STa.
D ——
\_\

@ § &Mﬁwu%c:u‘huw

W////MM?M Ble_ofa
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Private PCA: The Einstein-Ehrenfest Correspondence

light waves in empty —

: §

W////MM?M Ble_ofa
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Private PCA: The Einstein-Ehrenfest Correspondence

% N
7 ol L204 nelmroa te
%?, Ctte a STa.

=
\__\(
7 et trselh e Srn Leerea
an aperture, two tele- @’ ?‘ﬂm ————

scopes a photographic
plate 777/ 7 .»w;‘;. YA
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Private PCA: The Einstein-Ehrenfest Correspondence

//// ol L208 relrroc bt
%f’ PN 3y

The situation described ,\—\(
using x1...%4, T;”/’ Guv - \_—\_ iy -
etc. 7 S S— LS el en, Cany Lecren

W////MM?M Ble_ofa
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Private PCA: The Einstein-Ehrenfest Correspondence

%’ aE s e

The situation described —

—_ X
using =1 ...24, Thw, Guv, S
Jire TR ethrsellen, Say Leerom
etc. @,\‘ \__ v &La
_/‘ \ Rova, .

MMM'FM Blesta

“ Bravo the photrogr. plate is darkened (a true ‘coincidence expla-

nation’). ,,
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Private PCA: The Einstein-Ehrenfest Correspondence

%’ aE s e

The situation described P
using zi ... x4, Thw, Guu, —

.

gires. AN ettrselhen Sany Le
tc. N a Lz er@ne

TT7 7 e Bt Pt e s

Then let’s see the philosophy of §12 at work G(z) — G'(z") —
G'(x)
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Private PCA: The Einstein-Ehrenfest Correspondence

In the cross-hatched re-
gion occupied by mat-
ter, the coordinate sys-
tem is kept fix

€€ Then let’s see the philosophy of §12 at work G(z) — G'(z) —
!

G (@) b/
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Private PCA: The Einstein-Ehrenfest Correspondence

Z ol L2l ralimraat,
whereas in the non- %’ et ool STa

\‘
cross-hatched empty ~

space the latter is

Sire T AN R elSsell e Sra Leerenn
strongly changed @ t“ Roner,.
=l .

.

//////79‘%{:_‘5-%7‘%& e ota,

Then let’s see the philosophy of §12 at work G(z) — G'(z") —
G'(x)
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Private PCA: The Einstein-Ehrenfest Correspondence

You look at me laughing quietly and you say ‘go ahead, young
friend, and describe if you like, the empty space

with old coordinates x
and brand new G’ (z)

nothing observable, no ‘coincidence’ would change!? Now I'm as-
tonished and angry over your laugh and

I claim with clenched fist:

‘If with the old = and the old G(x) and the new G'(z) one calcu-
lates the darkening of the plate, then one should calculate the non-
darkening of the plate with old x and new G’ (z)’

Ehrenfest to Einstein, Jan. 1, 1916

b/
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Private PCA: The Einstein-Ehrenfest Correspondence

The root of your difficulty lies in the fact that you instinctively treat
the reference system as something real ,,

Einstein to Ehrenfest, Jan. 5, 1916

e Ll

/
m draw star, the ’?':}; W
aperture and the plate
onto completely

deformable tracing ( ~ .
paper S j/ﬁ-rﬂ-/_
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Private PCA: The Einstein-Ehrenfest Correspondence

The root of your difficulty lies in the fact that you instinctively treat
the reference system as something real ,,

Einstein to Ehrenfest, Jan. 5, 1916

‘“jﬁl,w
™
m deform the ;l->\//

tracing paper \\/
arbitrarily in the /—4\‘

plane of the A

paper? /‘
m make another . ‘/
/

T Lusle,

tracing on the
letter paper -

/

“the coordinates of the star, the aperture and the plate are the same, als mH[gs:the
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Private PCA: The Einstein-Ehrenfest Correspondence

“ The root of your difficulty lies in the fact that you instinctively treat
the reference system as something real ,,

Einstein to Ehrenfest, Jan. 5, 1916
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Private PCA: The Einstein-Ehrenfest Correspondence

‘c When you relate the figure once again to the orthogonal writing
paper coordinates, the solution is mathematically different from the
original, and naturally also with respect to the g,..

b/

Einstein to Ehrenfest, Jan. 5, 1916
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Private PCA: The Einstein-Ehrenfest Correspondence

14

But physically
it is exactly the same, since the writing paper coordinate system is
only something imaginary.

b/

Einstein to Ehrenfest, Jan. 5, 1916
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Private PCA: The Einstein-Ehrenfest Correspondence

Always the same points are illuminated
on the plate. [...]

Einstein to Ehrenfest, Jan. 5, 1916

b/
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Private PCA: The Einstein-Ehrenfest Correspondence

As long as the drawing paper, i.e., ‘the space’, is
unreal, both diagrams do not differ at all.

Einstein to Ehrenfest, Jan. 5, 1916

b/
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Private PCA: The Einstein-Ehrenfest Correspondence

. Always the same points
are illuminated on the plate [...] It all depends on coincidences,
e.g., whether the plate points are hit by the light or not

Einstein to Ehrenfest, Jan. 5, 1916

b/
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Private PCA: The Einstein-Ehrenfest Correspondence

Einstein to Ehrenfest, Jan. 5, 1916

b/
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Private PCA: The Einstein-Ehrenfest Correspondence

14

b/

Einstein to Ehrenfest, Jan. 5, 1916

m The same diagram'’s lines do not intersect at the same point of the
latter paper.

B The same point is there where the same diagram worldlines intersect.
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Private PCA: The Lorentz-Ehrenfest Correspondence

Lorentz-Ehrenfest

Correspondence,
January 1916”

e

"Thanks to A.J. Cox!.
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Private PCA: The Lorentz-Ehrenfest Correspondence

‘matter-free’ field:

u g = F(xq) (field 1)
L ng = F’(l’;)
] F/(xa) (field 11)

C‘ This is a new solution, differing from the first. [...] (I) and (ll) now
in fact differ physically, since in field (1) a material point moves uni-
formly along a straight line, whereas one can easily see that this
is not the ease in field (ll). [...] Of course there exists a similar
indeterminacy also in other cases, e.g. the sun’s field, calculated
by Einstein.

Lorentz to Ehrenfest, Jan. 9, 1916

b/
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Private PCA: The Lorentz-Ehrenfest Correspondence

T1,T2,T3, T4
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Private PCA: The Lorentz-Ehrenfest Correspondence

0 .
Gy () in cross- T1,T2, T3, T4
hatched matter
region
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Private PCA: The Lorentz-Ehrenfest Correspondence

T1,T2,T3, T4

J/u/( ) and guz/( ) In
empty space
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Private PCA: The Lorentz-Ehrenfest Correspondence

T1,T2,T3,T4

ds =0

m light rays traverse
different
T, T2, T3, s Values
in empty space

m light rays meet
the same point
T1,x2,Ts3,xs ON the
plate in matter
region
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Private PCA: The Lorentz-Ehrenfest Correspondence
T1,T2,T3,T4

ds =0
QX‘M
e St"‘e'ei m light rays traverse
different
T, T2, T3, s Values
B in empty space

light rays meet

/.B e the same point
/ ?Ma—?\.,eé. 1, %2, 3,4 ON the

plate in matter
region

Einstein is fully correct when he says: A and B produce the same
darkening of the photographic plate b))

Ehrenfest to Lorentz, Jan. 9, 1916
37/51



Private PCA: The Lorentz-Ehrenfest Correspondence

cc | admit that we observe only ‘coincidences’. [...]

b/

Lorentz to Ehrenfest, Jan. 10, 1916
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Private PCA: The Lorentz-Ehrenfest Correspondence

In connection
with this | now realize that in the two fields | and Il that | spoke of in

my last letter, it is true that the separate phenomena do not take
the same course in relation to the coordinate-system, but that in
both of them the coincidences do occur in the same way.

Lorentz to Ehrenfest, Jan. 10, 1916

b/
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Private PCA: The Lorentz-Ehrenfest Correspondence

| was too
much a prisoner of the idea that our equations must fully reproduce
the relations between the phenomena and the chosen coordinate-
system, whereas we can be happy if they duly reproduce the mu-
tual relations between the phenomena.

Lorentz to Ehrenfest, Jan. 10, 1916

b/
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Private PCA: The Lorentz-Ehrenfest Correspondence

‘Jupiter will be at p, 9, r at the time ¢.’
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Private PCA: The Lorentz-Ehrenfest Correspondence

‘Jupiter will be at p, 9, r at the time ¢.’

m The claim that a planet is at certain point at a certain instant respect
to the sun means that the astronomical sight lines up the planet and a
fixed star.

39/51



Private PCA: The Lorentz-Ehrenfest Correspondence

‘Jupiter will be at p, 9, r at the time ¢.’

m the trajectory of a light ray joining the star and the orbit of the planet,
passing through a telescope co-moving with earth, and living marks on
a photographic plate is interrupted by the passage of Venus when the
handles of a clock is on a certain position on the dial.
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Private PCA: The Lorentz-Ehrenfest Correspondence

‘Jupiter will be at p, 9, r at the time ¢.’

m any statement about a position of the planet is ultimately a statement
about the intersections among the worldline of the light ray coming
from the star, the worldline of the planet, and that of the telescope,
etc..

39/51



Private PCA: The Lorentz-Ehrenfest Correspondence

‘Jupiter will be at p, 9, r at the time ¢.’

m statement about the intersection of worldlines reduce to statement
about coincidences

39/51



Private PCA: The Lorentz-Ehrenfest Correspondence

‘Jupiter will be at p, 9, r at the time ¢.’

m The question whether these worldlines will intersect at the same
spacetime location ¢, 9, r,t according to all inter-trasfromable g, is
meaningless

39/51



Private PCA: The Lorentz-Ehrenfest Correspondence

‘Jupiter will be at p, 9, r at the time ¢.’

m the same spacetime location is where the same worldline intersect,
which does not depend on the g,,,, used
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Private PCA: The Einstein-Lorentz Correspondence

cc | see that you have
thought over the theory
entirely and have familiar-
ized yourself with the idea
that all of our experiences
in physics refer to coinci-

dences ,,

Einstein to Lorentz, Jan. 17, 1916

Figure: ...Prachtswinkel auf diesem 6den
Planeten
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Public PCA: Einstein 1916 Review Article

Physics. - “On Eiste’s Theory of gravitation.” 1. By Prof.
H. A. Lorentz.

(Communicated in the meeting of February 26, 1916).

Now EiNstelx bas made the
striking remark®) that the only thing we can learn from our
observations and with which our theories are essentially concerned,
is the existence of these coincidences. .

%) In a correspondence 1 had with him.

Veldfiguur I.

Veldfiguur II.
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Public PCA: Einstein 1916 Review Article

1916. M. 7,

ANNALEN DER PHYSIK.

VIERTE FOLGE. BAND 49.

1. Die Grundlage
-~ der allgemeinen Relativititstheorie;
von 4. Einstein,




Public PCA: Einstein 1916 Review Article

‘c That this requirement of general co-variance, which takes away
from space and time the last remnant of physical materiality
[Gegenstandlichkeit], is a natural one, will be seen from the fol-
lowing reflexion.

b/

Einstein, 1916
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Public PCA: Einstein 1916 Review Article

All our spacetime assessments [Konstatierungen]
invariably amount to a determination of spacetime coincidences.

Einstein, 1916

b/
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Public PCA: Einstein 1916 Review Article

(49

If, for example, events consisted merely in the motion of mate-
rial points, then ultimately nothing would be observable but the
meetings [Begegnungen] of two or more of these points.

b/

Einstein, 1916
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Public PCA: Einstein 1916 Review Article

More-
over, the results of our measurings are nothing but assessments
[Konstatierungen] of such meetings of the material points of our
measuring instruments with other material points, coincidences be-
tween the hands of a clock and points on the clock dial

Einstein, 1916

b/
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Public PCA: Einstein 1916 Review Article

m coordinates 1, x2, x3, x4 do not tell us where such coincidences
happen with respect to a given coordinate system;

m the four numbers x1, z2, x3, 24 are only a bookkeeping system to keep
track of which coincidences we are referring to in a given coordinate
system.

44/51



The PCA in Einstein’s Popular Book on Relativity

When we were describing the motion of a material point relative
to a body of reference, we stated nothing more than the encoun-
ters of this point with particular points of the reference-body.

b/

Einstein, 1917, 1916
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The PCA in Einstein’s Popular Book on Relativity

49

[...]
in conjunction with the observation of the encounter of the hands
of clocks with particular points on the dials. [...]

b/

Einstein, 1917, 1916
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The PCA in Einstein’s Popular Book on Relativity

The following
statements hold generally: Every physical description [...] refers
to the spacetime coincidence.

Einstein, 1917, 1916

b/
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The PCA in Einstein’s Popular Book on Relativity

Einstein, 1917, 1916

b/
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The PCA in Einstein’s Popular Book on Relativity

Einstein, 1917, 1916

m pre-GR: the material point coincide with a point of a scaffolding

m GR: coincidence of trajectories of two points

b/
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Reception of The PCA: Schlick and Kretschmann

m Moritz Schlick: the PCA is
essential — the choice
between different spacetimes
which agree on
point-coincidences is
conventional®

m Erich Kretschmann: the PCA
argument is trivial — the
choince of the coordinate
system to describe the same
spacetime is conventional
since all coordinate system
agree on point-coincidencesb

?Schlick, 1917.
eretschmann, 1917.
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Return of the PCA. The Correspondence with Gustav Mie

flapping rod paradox

m arod atrestin one
coordinate system.

m If one uses light rays as a
standard, the rod is appears
to be straight.

m introducing a fast changing
gravitational field, the rod
would appear flapping.
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Return of the PCA. The Correspondence with Gustav Mie
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The two coordinate systems are indeed geometrically equivalent, however,
physically, the first coordinate system is clearly better than the second one
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Return of the PCA. The Correspondence with Gustav Mie

cc | do not agree at all with your reflection about the bent (flapping)
rod.

b/

Einstein to Mie, Feb. 8, 1918
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Return of the PCA. The Correspondence with Gustav Mie

¢C

All physical descriptions that yield the same observable rela-
tions (coincidences) are equivalent in principle, provided that both
descriptions are also based on the same laws of nature.

b/

Einstein to Mie, Feb. 8, 1918
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Return of the PCA. The Correspondence with Gustav Mie

¢C

The choice
of coordinates can have great practical importance from the point
of view of clarity of description; in principle, though, it is entirely
insignificant. It means nothing that ‘arbitrary gravitational fields’
occur, depending on the coordinate choice; [...]

b/

Einstein to Mie, Feb. 8, 1918
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Return of the PCA. The Correspondence with Gustav Mie

¢C

in principle, one
can actually only learn something about the latter by eliminating
the coordinates.

b/

Einstein to Mie, Feb. 8, 1918
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Return of the PCA. The Correspondence with Gustav Mie

¢C

. The ghost of absolute space haunts your rod ex-

ample. b

Einstein to Mie, Feb. 8, 1918
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Last Use of the PCA. The Relativity Principle

618 M4

ANNALEN DER PHYPI} ) Relativititsprineip: Die Naturgesetze sind our 4 ussagen
VIERTE FOLGE BAND 55. wr teitriomliche Kointidenzen, sie finden deshalb ihren sinzig
e R ttriichen Ausdruck in allgemein kovarianten Glewchungen.

Prinzipielles sur allg H
von A Einstein,

Eine Reilie vou Publikationen der letzten Zeit, insbesonders
e uenlich in diesen Annalen 53. Heft |6 erschienene schari-
unige Arbeit von Kretschmanso, nrnl-— mich, noch-
ale auf die dlageo der all
rickzukommen. Dabei st = mein Ziel, lediglich die Grund-
danken herauszubeben, wobei ich die Theorie als bek:
TRusselze

Uie 'nm.m‘ wie sie mir boute -ur-iwhl. bery

in llerd
\sbhlagig sind. Sie esien im folgenden /J;...mu und
arakterisiert und hiernaf im rinigen Seiten

tenchtet

8} Relativitiitspringip: Die Naturgesetze sind our Au
wer aeitrigmliche Koinzidenzen; sie finden deshalb ibhren einzig
Abrlichen Ausdruck in allgemein kovarisnten Gleichungen.

b1 Ayuivalenzprinzip: Trigheil and Schwere mad wesens-
vich. Hieraus und aus den Ergebnissen der speziellon Re-
folg dig. daB der Fun-

I g, die des Ranmes,

5 Trigheit sverhaften der Kérper in ibm, sowie die Gravitstions-
rkungen bestimmt Den dureh den Fondamentaltensor be-
hriebenen Haumzustand wollen wir als . G-Feld” bezeichnen
o) Machaches Prinsip’ Das G-Feld ist restios durch die
wien der Korper bestmmt Da Mase und Evergie nach

1} Bisher babe ich dic Prinzipe o) sod o nicht sascinandergehalion,
aber verwirrend wirkte. Des Namea .Machsches Prinsip” babe
. desbaib gewhblt, weil dies Prinsip sive Veraligemeinerung der Mac b
ten Forderang bedsutet, daf die Trigheit vof eine Wechselwirkung
+ Kbrper coriekgefiber werden mdase.
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Last Use of the PCA. The Relativity Principle

“ Coordinates are not an adequate means of identifying world
points physically. A physically meaningful statement about events
is necessarily a statement about coincidences; that is, the proto-
type statement should be : ‘Events A, B, C, ... took place at the
same world point”

3

m the value of the g*/ (") is not an observable
m the value A’(z") at a point is not an observable

m the coincidence g*/ (A") is an observables (in principle can be
measured)

“Bergmann and Komar, 1962, see also Bergmann, 1961, 1962.
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Conclusion

THE RIDDLE _
OF GRAVITATION ‘c What is left of the world-
point? [...] It is

not inconceivable that in
the present formulation
of general relativity the
world point continues to
exist as a relic from pre-
vious physical theories, to
be discarded at the next
stage of theoretical devel-
opment ...°

bb

@Bergmann, The Riddle of Gravitation, 1968.
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Thanks!

Marco Giovanelli
Universita degli Studi di Torino

Dipartimento di Filosofia e Scienze
dell’Educazione

marco.giovanelli@unito.it
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