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Relativity theories
ca. 1896-1916
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Modern physics did not start with relativity
and quantum theories, but with
experimental discoveries.




institutes faculty

Germany 30 103
USA 21 100
UK 25 87
France 19 o4
Austria-Hungary 18 48
ltaly 16 43




Publication statistics: Physics in the 20th century

data sources:

PA - Physics Abstracts 1898 - 1985
PB - .Phys. Ber./ Physics Briefs -1947 - 1985

RZh - Referat. Zhurnal-fizika 1954 - 19685

authors per paper

publications

N
wn

trend equation

1977-1985 chonges in
shares of subfields

COoNS




Development of physics,
1900-1944, compared to

the development of
chemistry and
mathematics (annual
number of papers).
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Annual number of physics
papers published in
Germany, UK and USA,

1900-1944.
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G, 1905. .
LEIPZI can0SIUS BAKTH

8. Zur Elektrodynamir: beu

reqter Korper;
von A, Fin

s8tein.,

DaB die Elektrodynamik Maxwells —
wiirtig aufgefaBt zu werden pflegt — in
sewegle Kérper zq Asymmetrien fithrt, wel
icht anzuhaften scheinen, ist bekannt,
¢ elektrodynamische Wee
ten und einem Leiter.,
¥ nur ab von der Relat

rend nach der ubliche
¢ine oder der andere
inander zu trennen sj

wie dieselbe gegen-
ibrer Anwendung auf
che den Phiinomenen
Man denke z. B. an
bselwirkung zwischen einem Mag-
Das beobachtbare Phanomen hiingt
ivbewegung von Leiter und Magnet,
n Auffassung die beiden Fille, dag
dieser Korper der bewegte sei, streng

nd. Bewegt sich nimlich der Magnet

tulit der Leiter, so entsteht in der Umgebung des Magneten
lektrisches Feld vop gewissem En

ergiewerte, welches an
rten, wo sich Teile des Leiters befinden, einen Strom
‘t. der Leiter,

osetzt — zu elektrischen Strémen von derselben
selben Verlaufe Veranlassu

ng gibt, wie im ersten
ischen Kriifte:
dele #hulicher Art, sow

ie die miBlungenen Versuel
gung der Erde relativ

zum , Lichtmedium zn kon
fihren zu der Vcrmutung,

daB dem Begrifie der
tube nicht nur in der Mechanik, sondern auch in
Iynamik keine Eigenschaften der Erscheinungen ent-
mdern dsB vielmehr fir alle Koordinatcus_\'stemc,

die mechanischen Gleichungen gelten, auch dije
trodynamischen und optischen Gesetzo gelten, wie
roBen erster Ordnung’ bereits erwiesen ist. Wir
Vermutung (deren Inhalt im folgenden »Prinzip
* genannt werden wird) zur Voraussetzung er-
‘erdem die mit ihm nur scheinbar unvertriigliche

submitted 30 June; published 26 September (after light-quantum paper)
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Citations to Einstein’s 1905 paper on special relativity

(Web of Science)




probable que la courbe présentera une inflexion vers
1920-1921. Cest ce que nous dira un prochain avenir.
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Artistic inspiration from relativity theory

~~~~~~~~~~~
1% < ol o R

U. Boccioni
M. Duchamp
P. Picasso
&c.

The "4t dimension"
in art before
Einstein 1905




Anti-relativity Liquidierung der i 100
(and anti- Relativitatstheorie AUTOREN GEGF)
c: . Berechnung der EIN N

instein) Sonnengeschwindigkeit STEIN
literature in the Von Dr. Gusztav Pécsi o syl

Dr. Rudolf Weinmann —

1920s, in Germany
and other

countries.

Budh- und Kunstdrudkerei A.-G., Mnndzen-Rﬁ\

More publications within this genre than
scientific publications on the theory of

relativity.

A minor part of the literature featured
anti-semitic tendencies. Jewish physics!




Misunderstandings of relativity theory

"Einstein's theory is a marvellous proof of the
harmonious multiplicity of all possible points of
view. If the idea is extended to moral and
aesthetics, .. instead of regarding non-
European cultures as barbarous, we now begin
to respect them as views which are equivalent
to our own. There is a Chinese perspective
which is fully as justified as the Western.”

"Relativity theory is a befogged speculation
producing universal doubt about God and his
creation ... cloaking the ghastly apparition of
atheism.”

J. Ortega y Gasset (1883-1936)

|Villiam Cardinal O'Connell

(1859 - 1944)
Courtesy of ACUA
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"Space without ether is like a forest without trees.”
(A. Foppl, 1894)

"The ether is one of the grandest generalizations of
modern science; all phenomena of the physical
universe are only different manifestations of the
various modes of motion of this all-pervading
substance — the ether.” (A. Michelson, 1902)

The electromagnetic
ether




Rest Frame
—3

Two equal arms of

interferometer {=—

have length L=1m.

Moving Frame

(11T

For velocity of Earth around Sun R

th

andfor T =10""s

For moving frame
t'>t"for any v>0.

v=3x10"m/s ! c
e time difference
t'—1"=3x10"s

this is 3% of a fringe shift, and
Michelson’s instrument could
detect that. But he didn't 12!

Michelson-Morley
experiment (1887) to
detect the motion of
the Earth relative to
the ether.

No effect found to

the accuracy of (v/c¢)?

The null-result of the MM experiment can be explained (or explained away?) if

length contraction in direction of ether wind is assumed, so-called Lorentz
contraction (1899, 1904).

What was the role of the MM experiment in Einstein's route to relativity?






Elektromagnetic (“apparent”) mass

If a charged particle (“electron”) moves in the electromagnetic ether, it will acquire an
additional momentum and mass, m = m,.,, + m,,,- The “electromagnetic mass”
relates to the electron’s electrostatic energy as
e’ 2 €% 3 2 _ ¢ ~10-15

(a = —=10""m)
The charge e uniformly distributed on surface, and a is the classical electron
radius.
If the entire mass is electromagnetic, m,,.., = 0 and “matter does not exist.” What
we conceive as matter is really concentrated structures in the electromagnetic

ether, called electrons (+ 2 Moreover, the electron mass varies with the velocity
J. J. Thomson (1885); O. Heaviside (1889); F. Searle (1897); M. Abraham (1902); H. A. Lorentz

(1[3%}3;%@@9%@06((&04); P. Langevin (1904); H. Poincaré (1905), ...

N.B.: Error in Kragh (1999), p. 106: should be e%/Rc? and not e?/R?c.



Radioactivity, energy and mass

THE question as to the origin of the energy possessed by the

Becquerel rays is one of considerable interest. The existence
of substances capable of emitting radiations possessing energy,
without any appreciable loss of weight or introduction of work
from external sources, would appear to be impossible from the
view of conservation of energy. The measurements of M.
Henri Becquerel upon the deviation of the radium raysin an
electric field, taken in conjunction with those of M. and Mme.
Curie of the charges carried by these rays, lead to results which
show a way out of this difficulty, on account of the extreme
minuteness of the quantities of energy in question. The cal-
culations of M. Becquerel show that the energy radiated per
square centimetre is of the order of one ten-millionth of a watt
per second. Hence a loss of weight of about a milligram in a
thousand million years would suffice to account for the observed
effects, assuming the energy of the radium to be derived from

an actual loss of material.

Nature 61 (5 April,
1900), s. 547




"It is not to be expected that the law of conservation
of mass will hold true for radioactive phenomena, ... the
total mass must be less after disintegration than
before. Atomic mass must be regarded as a function of
the internal energy, and the dissipation of the latter in
radioactivity occurs at the expense of the mass of the

system.”

Wniversity of Glasgow,

RADIO-ACTIVITY.

Mr. FREDERICK SODDY, M.A., Lecturer in Physiecal
Chemistry and Radio-activity, will give a course of from
twelve to fifteen Lectures in the above subject twice weekly
through the present term, on Tuesdays and Thursdays, at
9 am., in the LECTURE ROOM of the Senior Chemical
Building, commencing TUESDAY, JANUARY 23rd, 1906.

SYLLABUS.

Radiation phenomena—Cathode-rays and X-rays—the radio-active elements, uranium, thorium,
radium, polonium, and actinium—the distinguishing features of the radio-elements—methods of

RADIO-ACTIVITY:-

AN ELEMENTARY TREATISE,

From the Standpoint of the Disintegration
Theory.

WITH FORTY ILLUSTRATIONS.

COPYRIGHT.

“THE ELECTF




“The relativity principle, in association with Maxwell's equations, requires that the

mass be a direct measure of the energy contained in a body ... A noticeable

reduction of mass would have to take place in the case of radium. The

consideration is amusing and seductive; but for all T know, God Almighty might be

laughing at the whole matter and might have been leading me around by the nose."

Olympia-

Academy, ca.

1902

(C. Habicht,
M. Solovine,
A. Einstein)

Einstein to
Conrad
Habicht, ca.
June 1905)



Gibt ein Korper die Energie Z in.Form von Strahleng
ab, 8o verkleinert sich seine Masse um L/F2. Hierbei ist es
offenbar unwesentlich, daB die dem Korper entzogene Energie
gerade in Energie der Strahlung iibergeht, so daB wir zu der
allgemeineren Folgerung gefithrt werden: |

Die Masse eimes Korpers ist ein MaB fir dessen Energie-
inhalt; indert sich die Energie um Z, so indert sich die Masse
in_demselben Sinne um 1/9.10%, wenn dic Energie in Erg
und die Masse in Grammen gemessen wird.

Es ist nicht ausgeschlossen, daB bei Korpern, deren
Energieinhalt in hohem MaBe verinderlich ist (z. B. bei den
Radiumsalzen), eine Prifung der Theorie gelingen wird.

Wenn die Theorie den Tatsachen entspricht, so iibertrigt
die Strahlung Trigheit xzwischen den emittierenden und absor-
bierenden Korpern.

Bern, September 1905.
(Eingegangen 27. September 1905.)

13. Ist die Trigheit eines Korpers von seinem
Energieinhalt abhingig?
von A, Einstein.

Die Resultate einer jiingst in diesen Annalen von mir
publizierten elektrodynamischen Untersuchung?) fiihren zu einer
sehr interessanten Folgerung, die hier abgeleitet werden soll.




Einstein's 1905 postulates (and Poincaré’s):

(1) The laws of physics have the same form in any

inertial system.

(2) The speed of light in vacuum is a constant,

independent of the system.

It follows that

Simultaneity is relative

Length is relative

The rate of a clock is relative

YV V V VY

... and much more

BUT, some physical quantities are invariants, with

same value in any moved system.



On the Electrodynamics of Moving Bodies

Introduction

I. KINEMATICAL PART

§1. Definition of simultaneity

§2. Relativity of length and time
§3. Transformation of coordinates
§4. Moving ridig bodies and clocks

§5. Composition of velocities

II. ELECTRODYNAMICAL PART
§6. Transformation of Maxwell equations
§7-9. Doppler principle; aberration; energy of light;

§10. Slowly accelerated electrons
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BAND 17,

KURATORITM

Y. KOMLRAUSCH, M. PLANCK, 6. QUINCKE,
W G RONTGEN, K WARBURG.

UNTER MITWIRX NG
DER DEUTSCHEX FHTANXALISONEN GESKLIACHAFTY
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M. PLANCK

L ]

PAUL DRUDE.

3. Zur Elektrodynamik bewegter Korper;
von A. Einstein.

DaB die Elektrodynamik Maxwells — wie dieselbe gegen-
wirtig aufgefalt zu werden pflegt — in ihrer Anwendung auf
bewegte Korper zu Asymmetrien fiihrt, welche den Phiinomenen
nicht anzuhaften scheinen, ist bekannt., Man denke z. B. an
die elektrodynamische Wechselwirkung zwischen einem Mag-
neten und einem Leiter. Das beobachtbare Phinomen hingt
hier nar ab von der Relativbewegung von Leiter und Magnet,
wihrend nach der iiblichen Auffassung die heiden Fiille, daB
der eine oder der andere dieser Korper der hewegte sei, streng
voneinander zu trennen sind. Bewegt sich niimlich der Magnet
und ruht der Leiter, so entsteht in der Umgebung des Magneten
ein elektrisches Feld von gewissem Energiewerte, welches an

den Orten, wo sich Teile des Leiters befinden, einen Strom
Felde entzogene Energie gleich der Bewegungsenergie # des tkSi_Ch 16{\ I{ei:er,
Elektrons gesetzt werden. Man erhilt daher, indem man be- ch:’}‘{’r:f: ::5:1:;
B achtet, daB wihrend des ganzen betrachteten Bewegungsvor- | _ Gieichheit der

N‘". . -
ganges die erste der Gleichungen (A) gilt: » gefaBten Fillen
LEIFZIG, 1905. n derselben GriBe

VERLAG VON JOHANN AMBROSIUS BAKTH, = (eXdz =fﬂsvdv — p2 __-1_ 1 vie im ersten Falle
o /-Gy )

W wird also fir v = 7 unendlich groB. TUberlicht-
geschwindigkeiten haben — wie bei unseren fritheren Resultaten
— keine Existenzmoglichkeit.

Auch dieser Ausdruck fiir die kinetische Energie mu dem
oben angefithrten Argument zufolge ebenso fiir ponderable
Massen gelten.

Wir wollen nun die aus dem Gleichungssystem (A) resul-
tierenden, dem KExperimente zuganglichen KEigenschaften der
Bewegung des Elektrons aufzihlen.

MIT YONF PIGURENTAYELN




Galilean vs Lorentz

Vv<<C

Space-time transformations

4

The observers are moving at a relative velocity of v and each
observer has their own set of coordinates (x,y,z,t) and
{x',y",2",t"). What coordinates do they assign to the event?




Out of a million

how many will
reach the Earth?

particles at 10 km,

A\
\

M : mass 207 m

charge + or -
Rest halflife: -
T0= 1.56x10 _sec

Measure muon
flux at 10 km height.

|

v=.98¢c

4
Distance: L0=10 meters
4
10 m

(0.98)(3x 10 - m/s)

Time: T=

First confirmation of relativistic

time dilation (half-life of

t@ 1,000,000

T= 34x10°%s =21.8 halflives

Survival rate:
-21.8
I
—_ =2
lo
Or only about 0.3 out
of a million.

-027x107°

muons), 1940

QOut of a million
particles at 10 km,
how many will
reach the Earth?

w—e tv tv

w—et+v, +v

1

i

A

M : mass 207 m o
charge + or -

Rest halflife:

Tp=1.56x 10-65ec

WS |

Measure muon
flux at 10 km height.

t@ 1,000,000

v=.98¢c

4
Distance: L0=10 meters
4
10 m

Time: T= B
(0.98)(3 x 10~ m/s)

T= 34x10°s = 4.36 halflives

Survival rate:
l '4.36
—_— = 2
Io
Or about 49,000 out
of a million.

=0.049

The muon's clock is
time-dilated, or running

slow by the factor T = YT,
so its measured halflife is
5 x 1.56us = 7.8us.




Addition of velocities

_ . V, + V,
Classical: u =v, + v, Relativity: u=
14 1V
T
&
For v, = ¢, u = c even for v; — c.
AY

Variation of m with velocity

Classical: m = konstant

Relativity:

Forv—c¢, vic—1 and m — (¥

Longitudinal mass? Transverse mass?
www.mathpages.com/home/kmath674.htm




A test of relativity theory? How does m vary with v = c?
Among the rival theories were Lorentz’s deformable electron and Abraham’s
rigid electron. And Finstein’s?

Abraham ———
Lorentz ———
Bucherer

Electromagnetic mass

In both theories, e/m, = constant




Hermann Minkowski (1864-1909)

Minkowski diagrams

ds? = dx? + dy? + dz? — c?dt?
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Arnold Sommerfeld and the fine structure
of the hydrogen (and He* )spectrum.

Bohr and Sommerfeld, September 1919.

2t et 1
o= —
he hc 137

T T T 1 l T
0 10
Frequency shift Ay [GHz]







844 Sitzung der physikalisch-mathematischen Klasse vom 25. November 1915

Die Feldgleichungen der Gravitation.

Von A. EINSTEIN.

In zwel vor kurzem erschienenen Mitteilungen' habe ich gezeigt, wie
man zu Feldgleichungen der Gravitation gelangen kann, die dem Postu-
lat alleemeiner Relativitiit entsprechen, d. h. die in ihrer allgemeinen
Fassung beliebigen Substitutionen der Raumzeitvariabeln gegeniiber ko-
variant sind.

Der Entwicklungsgang war dabei folgender. Zuniichst fand ich

(leichungen, welche die Newronscne Theorie als Niherung enthalten

“Die Grundlage der allgemeinen Relativitatstheorie” (AP, 11 May 1916)

(9° BT e

" p

V—g=1.




The bending of light

Anickl %X 73

In 1913 Einstein explains in a letter to
George Hale his prediction of the
bending of light, which in the case of
the Sun will be ca. 0,84". Can
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astronomers measure the tiny angle? Aaag Liblslrodiloon i tinen Gravitidivua
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In his later theory of 1915 Einstein | > Loctabralil o isé
v 3 Servat®

gets double the value, ca. 1,7".
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Expected Einstein effect

—
3
(e <]

e Actual measurements

The original negative of 1919

—
o

Sobral:
Principe Island: 1.98 {¥] 0.12

Light deflection (seconds)

o
()

Theory: 1.7 Distance from centre of Sun (solar radii)
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LIGHTS ALL ASKEW,
[N THE HEAVENS

Men of Science More or Less
Agog Over Results of Eclipse
Observations.

EINSTEIN THEORY TRIUMPHS

Stars Not Where They Seemed
or Were Calculated to be,
but Nobody Need Worry.

A BOOK FOR 12 WISE MEN

No More in All the Worid Could
Comprehend It, Said Einsteln When
His Daring Publishers Accepted It.

ECLIPSE SHOWED
GRAVITY VARIATION

Diversion of Light Rays Ac-
cepted as Affecting New-
ton's Principles.

X

is more than

THE SUN

Dislance fi
the Earth

»

Aclual Position -
|
[

of the Sfar

Dislonce from the Earth
To the Slello Backéround

I
935,000.000,.000,000 miles, |

e

THE ORSERVATION STATION
AT sgpnlu.. IN BRAZILT

A ren! Posilion
R srar .

~ -

This Disyrem shows the
proportional Displacement
of the Stors in relotion o
the disfance from the Sun,
- The omount of Displacement
T is exagqeroted aboul 600 Times

Apporent Posilion: 4
Achual Posilion: =

THE SUN

AFRICA

ATLANTIC
OCEAN

Showing Path of Tolal Eclipae of Moy T8-29 1919,
and positiona of the hwo Observalion Slalions.

Y

%~ The Corona
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