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Introduction

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

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

general covariance = no privileged coordinate systems

2 / 51



Introduction

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

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

. . .

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.

John Stachel (1980s) archival work on Einstein’s private corr.
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Moritz Schlick (1917) found that Einstein point-coincidence remark
aptly expressed the conceptual novelty of general relativity respect to
previous spacetime theories.

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

. . .

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.

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

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

ds2 =
∑
µν

gµν dxµdxv

metric field: device for extracting measurable distances ds between
any two nearby points from their coordinate differences dxν

gravitational field: physical field that have certain values at a certain
point with coordinates xν , just like the electromagnetic field .
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The Problem: General Relativity in Terms of Geographical Maps

gµν = map legend

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

the numbers x, y are meaningless without the map legend gµν

gµν = map legend = treasure

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

gµν different values at the same point x = 45, y = 85 in different map
legends

‘values of the gµν at x, 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

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

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

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

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

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

“ In mathematical physics, it is customary to relate things to coor-
dinate systems [. . .] What is essential in this relating-to-something
is the following: 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. If, for exam-
ple, I choose myself as this material point, and say, ‘I am at this
location in this hall,’ then I have brought myself into spatial coinci-
dence with a certain point of this hall, or rather, I have asserted this
coincidence. 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.

(Einstein, 1911)” 12 / 51
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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

(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)

• the readings of rods and clocks at rest with respect to K directly give the
numbers x, y, z, t.

• the components of ~E(x, y, z, t) and ~B(x, 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.

theoretical asymmetry between a good acceleration-free K(x, y, z, t)
and the bad coordinate system K′(x′, y′, z′, t′) accelerating with
respect to the former

14 / 51



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)

• the readings of rods and clocks at rest with respect to K directly give the
numbers x, y, z, t.

• the components of ~E(x, y, z, t) and ~B(x, 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.

theoretical asymmetry between a good acceleration-free K(x, y, z, t)
and the bad coordinate system K′(x′, y′, z′, t′) accelerating with
respect to the former

14 / 51



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)

• the readings of rods and clocks at rest with respect to K directly give the
numbers x, y, z, t.

• the components of ~E(x, y, z, t) and ~B(x, 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.

theoretical asymmetry between a good acceleration-free K(x, y, z, t)
and the bad coordinate system K′(x′, y′, z′, t′) accelerating with
respect to the former

14 / 51



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)

• the readings of rods and clocks at rest with respect to K directly give the
numbers x, y, z, t.

• the components of ~E(x, y, z, t) and ~B(x, 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.

theoretical asymmetry between a good acceleration-free K(x, y, z, t)
and the bad coordinate system K′(x′, y′, z′, t′) accelerating with
respect to the former

14 / 51



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)

• the readings of rods and clocks at rest with respect to K directly give the
numbers x, y, z, t.

• the components of ~E(x, y, z, t) and ~B(x, 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.

theoretical asymmetry between a good acceleration-free K(x, y, z, t)
and the bad coordinate system K′(x′, y′, z′, t′) accelerating with
respect to the former

14 / 51



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, i.e., whether
it is really necessary to burden the beautiful and airy concepts of
space and time with cumbersome rigid bodies and clocks. In my
opinion it is not necessary, but it is advantageous to proceed in
this way. One can in fact treat x, y, z as pale mathematical auxil-
iary quantities (parameters), that have meaning only because they
facilitate the formulation of the physical laws [. . .] Anyway, I 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”
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The Proto-PCA: The Physical Meaning of Coordinates

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

2. x, y, z, t as readings on rods and clock: espr. ~E(x, 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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The
Entwurf Theory

Figure: Zurich Notebook

ds2 =
∑
µν

gµνdxµdxν

18 / 51



The Entwurf Theory

Figure: Zurich Notebook

ds2 =
∑
µν

gµνdxµdxν

18 / 51



The Entwurf Theory

ds2 =
∑
µν

gµν dxµdxv

metric field: extract
measurable distances ds
between any two nearby
points from their coordinate
differences dxν

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

gµν(x1, x2, x3, x4)
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The Entwurf Theory

“ . . . there cannot exist
relationships between the
spacetime coordinates
x1, x2, x3, x4 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 6= distances
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The Entwurf Theory

field equations relating the source
variables (charge density, mass
energy distribution, etc.) to the
field variables (gravitational field,
electromagnetic field, etc.)

∆ϕ = 4πk%

κΘµν = Γµν

I want to know the the values
of gµν at a point x1, x2, x3, x4

The gµν tell me where the
point x1, x2, x3, x4
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Besso-Einstein’s Argument against General Covariance

Figure: Einstein-Besso Manuscript — June 1913

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

“ Is the static gravi-
tational field gµν =
1, 1 to 3, g44 =
f(x, y, z) a partic-
ular solution? Or
is it the general
solution expressed
in particular coor-
dinates?a

”
ain Besso’s hands.
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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

[Besso:] It is, however, not

necessary that the them-

selves are determined

uniquely, only the observable

phenomena in the gravitation

space, e.g., the motion of a

material point, must be

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

[Einstein:] Of no use, since

with a solution a motion is

also fully given. If in coor-

dinate system 1, there is a

solution K1, then this same

construct is also a solution in

2, K2; K2 however, also a

solution in 1

Figure: Besso-Memo – August 1913

22 / 51



Besso-Einstein’s Argument against General Covariance

“ In the last days
I found a proof
that such a gener-
ally covariant solu-
tion to the problem
cannot exist at all

”
Einstein, 1913.
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Besso-Einstein’s Argument against General Covariance

“ a unique determi-
nation of the gµν
out of the Tµν is
impossible (rigor-
ously provable)

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

Figure: Appendix to Einstein and Grossmann, 1914

Einstein inverted
Besso’s argument

mass surrounded by
empty space →
region L without any
material process
surrounded by
matter
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Besso-Einstein’s Argument against General Covariance

T ′
µν = Tµν

g′
µν 6= gµν
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Besso-Einstein’s Argument against General Covariance

“ . . . the same numerical
values are always as-
signed to the independent
variables xν on the left
sides as to the variables
x′
ν on the right sides

”
25 / 51



The §12 Argument

Figure: Einstein, 1914

§12

region Σ of spacetime

G(x) → G′(x)′ → G′(x)

“ There are then two dif-
ferent solutions G(x) and
G′(x) relative to K, even
though the solutions coin-
cide on the boundary of
the domain Σ

”26 / 51



Back to General Covariance

four papers in November 1915 ...
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Back to General Covariance

“ A point mass, the sun, is located at the origin of the coordinate
system. The gravitational field this point mass produces can be
calculated from the [field equations] [. . .] Nevertheless, we should
consider that the gµν are still not completely determined mathe-
matically by [the field] equations [. . .] 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.XI.1914. Is
this proof correct?

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

“ What is observed here —
if we neglect, at first, all
direct metrical evalu-
ations — is only the
complete or partial spa-
tiotemporal coincidence
[Zusammenfallen] or non-
coincidence [Nichtzusam-
menfallen] of parts of the
measuring instrument
with parts of the mea-
sured object

Kretschammn1915,
12/21/1915”

Erich Kretschmann
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Back to General Covariance

Moritz Schlick “ 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)

”
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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

“ In §12 of my paper of last year, everything is correct [. . .] A con-
tradiction to the uniqueness of the event does not follow at all from
the fact that both systems G(x) and G′(x), related to the same
frame of reference, satisfy the conditions of the grav. field. [. . .]

1. the reference system has no real meaning
2. that the (simultaneous) materialization of two different g

systems [. . .] within the same area of the continuum is [. . .]
impossible

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”
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Private PCA: The Einstein-Ehrenfest Correspondence

“ In §12 of my paper of last year, everything is correct [. . .] A con-
tradiction to the uniqueness of the event does not follow at all from
the fact that both systems G(x) and G′(x), related to the same
frame of reference, satisfy the conditions of the grav. field. [. . .]

1. the reference system has no real meaning
2. that the (simultaneous) materialization of two different g

systems [. . .] within the same area of the continuum is [. . .]
impossible

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 spatio-
temporal coincidences* [. . .] [Two inter-transformable gµν -systems]
are entirely equivalent

*and in nothing else!
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Private PCA: The Einstein-Ehrenfest Correspondence

“ In §12 of my paper of last year, everything is correct [. . .] A con-
tradiction to the uniqueness of the event does not follow at all from
the fact that both systems G(x) and G′(x), related to the same
frame of reference, satisfy the conditions of the grav. field. [. . .]

1. the reference system has no real meaning
2. that the (simultaneous) materialization of two different g

systems [. . .] within the same area of the continuum is [. . .]
impossible

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

*and in nothing else!

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

“ I will defend the philosophy of §12 against your refutation

Ehrenfest to Einstein, Jan. 1, 1916”
star emitting infinitely
weak light
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Private PCA: The Einstein-Ehrenfest Correspondence

“ I will defend the philosophy of §12 against your refutation

Ehrenfest to Einstein, Jan. 1, 1916”
light waves in empty
space
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Private PCA: The Einstein-Ehrenfest Correspondence

“ I will defend the philosophy of §12 against your refutation

Ehrenfest to Einstein, Jan. 1, 1916”

an aperture, two tele-
scopes a photographic
plate
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Private PCA: The Einstein-Ehrenfest Correspondence

“ I will defend the philosophy of §12 against your refutation

Ehrenfest to Einstein, Jan. 1, 1916”
The situation described
using x1 . . . x4, Tµν , gµν ,
etc.
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Private PCA: The Einstein-Ehrenfest Correspondence

“ I will defend the philosophy of §12 against your refutation

Ehrenfest to Einstein, Jan. 1, 1916”
The situation described
using x1 . . . x4, Tµν , gµν ,
etc.

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

Ehrenfest to Einstein, Jan. 1, 1916” 32 / 51



Private PCA: The Einstein-Ehrenfest Correspondence

“ I will defend the philosophy of §12 against your refutation

Ehrenfest to Einstein, Jan. 1, 1916”
The situation described
using x1 . . . x4, Tµν , gµν ,
etc.

“ Then let’s see the philosophy of §12 at work G(x) → G′(x′) →
G′(x)

Ehrenfest to Einstein, Jan. 1, 1916” 32 / 51



Private PCA: The Einstein-Ehrenfest Correspondence

“ I will defend the philosophy of §12 against your refutation

Ehrenfest to Einstein, Jan. 1, 1916”
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(x) → G′(x′) →
G′(x)

Ehrenfest to Einstein, Jan. 1, 1916” 32 / 51



Private PCA: The Einstein-Ehrenfest Correspondence

“ I will defend the philosophy of §12 against your refutation

Ehrenfest to Einstein, Jan. 1, 1916”
whereas in the non-
cross-hatched empty
space the latter is
strongly changed

“ Then let’s see the philosophy of §12 at work G(x) → G′(x′) →
G′(x)

Ehrenfest to Einstein, Jan. 1, 1916” 32 / 51



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′(x)

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 x and the old G(x) and the new G′(x) one calcu-
lates the darkening of the plate, then one should calculate the non-
darkening of the plate with old x and new G′(x)’

Ehrenfest to Einstein, Jan. 1, 1916”
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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”

draw star, the
aperture and the plate
onto completely
deformable tracing
paper
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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”
deform the

tracing paper
arbitrarily in the
plane of the
papera

make another
tracing on the
letter paper

athe coordinates of the star, the aperture and the plate are the same, as well as the
boundary conditions at infinity.
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Private PCA: The Einstein-Ehrenfest Correspondence

“ 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 gµν . But physically
it is exactly the same, since the writing paper coordinate system is
only something imaginary. Always the same points are illuminated
on the plate. [. . .] As long as the drawing paper, i.e., ‘the space’, is
unreal, both diagrams do not differ at all. 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”
The same diagram’s lines do not intersect at the same point of the

latter paper.

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*

†

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

‘matter-free’ field:

gµν = F (xα) (field I)

g′
µν = F ′(x′

α)
F ′(xα) (field II)

“ This is a new solution, differing from the first. [. . .] (I) and (II) now
in fact differ physically, since in field (I) a material point moves uni-
formly along a straight line, whereas one can easily see that this
is not the ease in field (II). [. . .] 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”
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Private PCA: The Lorentz-Ehrenfest Correspondence

g0
µν(x) in cross-

hatched matter
region

x1, x2, x3, x4
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Private PCA: The Lorentz-Ehrenfest Correspondence

g0
µν(x) in cross-

hatched matter
region

x1, x2, x3, x4

gAµν(x) and gBµν(x) in
empty space
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Private PCA: The Lorentz-Ehrenfest Correspondence

g0
µν(x) in cross-

hatched matter
region

x1, x2, x3, x4

ds = 0

light rays traverse
different
x1, x2, x3, x4 values
in empty space

light rays meet
the same point
x1, x2, x3, x4 on the
plate in matter
region
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Private PCA: The Lorentz-Ehrenfest Correspondence

g0
µν(x) in cross-

hatched matter
region

x1, x2, x3, x4

ds = 0

light rays traverse
different
x1, x2, x3, x4 values
in empty space

light rays meet
the same point
x1, x2, x3, x4 on the
plate in matter
region

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

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



Private PCA: The Lorentz-Ehrenfest Correspondence

“ I admit that we observe only ‘coincidences’. [. . .] In connection
with this I now realize that in the two fields I and II that I 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. I 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”
38 / 51



Private PCA: The Lorentz-Ehrenfest Correspondence

“ I admit that we observe only ‘coincidences’. [. . .] In connection
with this I now realize that in the two fields I and II that I 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. I 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”
38 / 51



Private PCA: The Lorentz-Ehrenfest Correspondence

“ I admit that we observe only ‘coincidences’. [. . .] In connection
with this I now realize that in the two fields I and II that I 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. I 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”
38 / 51



Private PCA: The Lorentz-Ehrenfest Correspondence

‘Jupiter will be at ϕ, ϑ, r at the time t.’
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Private PCA: The Lorentz-Ehrenfest Correspondence

‘Jupiter will be at ϕ, ϑ, r at the time t.’

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.

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.

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..

statement about the intersection of worldlines reduce to statement
about coincidences

39 / 51



Private PCA: The Lorentz-Ehrenfest Correspondence

‘Jupiter will be at ϕ, ϑ, r at the time t.’

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.

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.

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..

statement about the intersection of worldlines reduce to statement
about coincidences

39 / 51



Private PCA: The Lorentz-Ehrenfest Correspondence

‘Jupiter will be at ϕ, ϑ, r at the time t.’

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.

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.

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..

statement about the intersection of worldlines reduce to statement
about coincidences

39 / 51



Private PCA: The Lorentz-Ehrenfest Correspondence

‘Jupiter will be at ϕ, ϑ, r at the time t.’

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.

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.

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..

statement about the intersection of worldlines reduce to statement
about coincidences

39 / 51



Private PCA: The Lorentz-Ehrenfest Correspondence

‘Jupiter will be at ϕ, ϑ, r at the time t.’

The question whether these worldlines will intersect at the same
spacetime location ϕ, ϑ, r, t according to all inter-trasfromable gµν is
meaningless

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

Figure: . . . Prachtswinkel auf diesem öden
Planeten

“ I 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”

40 / 51



Public PCA: Einstein 1916 Review Article
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Public PCA: Einstein 1916 Review Article

“ That this requirement of general co-variance, which takes away
from space and time the last remnant of physical materiality
[Gegenständlichkeit], is a natural one, will be seen from the fol-
lowing reflexion. All our spacetime assessments [Konstatierungen]
invariably amount to a determination of spacetime coincidences.
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. 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”
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Public PCA: Einstein 1916 Review Article

coordinates x1, x2, x3, x4 do not tell us where such coincidences
happen with respect to a given coordinate system;

the four numbers x1, x2, x3, x4 are only a bookkeeping system to keep
track of which coincidences we are referring to in a given coordinate
system.
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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. [. . .]
in conjunction with the observation of the encounter of the hands
of clocks with particular points on the dials. [. . .] The following
statements hold generally: Every physical description [. . .] refers
to the spacetime coincidence.

Einstein, 1917, 1916”
pre-GR: the material point coincide with a point of a scaffolding

GR: coincidence of trajectories of two points
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Reception of The PCA: Schlick and Kretschmann

Moritz Schlick: the PCA is
essential → the choice
between different spacetimes
which agree on
point-coincidences is
conventionala

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

aSchlick, 1917.
bKretschmann, 1917.
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Return of the PCA. The Correspondence with Gustav Mie

flapping rod paradox

a rod at rest in one
coordinate system.

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

introducing a fast changing
gravitational field, the rod
would appear flapping.
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Return of the PCA. The Correspondence with Gustav Mie

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

“ I do not agree at all with your reflection about the bent (flapping)
rod. 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. 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; [. . .] in principle, one
can actually only learn something about the latter by eliminating
the coordinates. The ghost of absolute space haunts your rod ex-
ample.

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

“ Relativity Principle: Na-
ture’s laws are merely
statements about
temporal-spatial coin-
cidences

”
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Last Use of the PCA. The Relativity Principle

any theory can be trivially
presented in a way in which
coordinates are meaningless
parameters.

pre-general-relativistic
theories can also be written in
terms of coordinates that are
reading on rods and clocks
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Last Use of the PCA. The Relativity Principle

pre-general-relativistic
theories contain not just
statements about
coincidences but also
statements about coordinate
systems which serve for their
description

general relativity entails
nothing more than relations
between coincidences, the
statements of which are
independent of the choice of
coordinates.
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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’*

”
the value of the gij(xi) is not an observable

the value Ai(xi) at a point is not an observable

the coincidence gij(Ai) is an observables (in principle can be
measured)

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

“ 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 . . . a

”
aBergmann, The Riddle of Gravitation, 1968.
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Thanks!

Marco Giovanelli

Università degli Studi di Torino
Dipartimento di Filosofia e Scienze
dell’Educazione

marco.giovanelli@unito.it
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