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FIG. 1. Cross section of Eot-Wash apparatus. 1, torsion
fiber; 2, autocollimator; 3, rotateable gravity-gradient com-
pensators; 4, magnetic shields; 5, turntable; 6, stationary
gravity-gradient compensators; 7, vacuum vessel; 8, pendu-
lum; 9, outer heat shield; 10, Helmholtz coils; 11, concrete
block; 12, damper; 13, corotating cable clamp; 14, upper fiber
attachment mechanism. The concrete block abuts the hillside
wall of the laboratory and is 1.23 m high.
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F'IG. 2. Details of the two torsion pendulums used in thie
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FIG. 1. Operating principle of the torsion balance. This
idealized balance consists of two test bodies attached to a
rigid, massless frame supported by a torsion fiber. If F1 and
F2 denote the net forces on the two test bodies, the torque
about the fiber is given by T: = (F; x Fz} ri2)/|F1 + Fa|.

fib er——%'; T,

FIG. 2. Forces on a torsion balance located at a latitude
©. We assume an attractive composition-dependent force Fs
between the test_bodies and the Earth that is stronger for
body 1 than for body 2. The possible strength of F° has
been greatly exaggerated and the magnitude of F'9 compared

“to the inertial force F* has been reduced by a factor of roughly

100.
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Fig. 1.  Selected tests of the Weak Equivalence Principle, showing bounds on the frac-
tional difference in acceleration of different materials or bodies. “Free-fall” and E6t-Wash
experiments, along with numerous others between 1986 and 1990, were originally per-
formed to search for a fifth force. Blue line and shading shows evolving bounds on WEP
for the Earth and the Moon from Lunar laser ranging (LLR).

hanced laser and telescope technology, together with a good, high-altitude
site in New Mexico, to improve the Lunar laser-ranging bound by as much
as an order of magnitudelo.

High-precision WEP experiments, can test superstring inspired models
of scalar-tensor gravity, or theories with varying fundamental constants in
which weak violations of WEP can occur via non-metric couplings. The
project MICROSCOPE,vdeSigned to test WEP to a part in 101° has been

approved by the French space agency CNES for a possible 2008 launch. A
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Fig. 2. Selected tests of local Lorentz invariance, showing bounds on the parameter
§ = c~2 — 1, where c is the speed of propagation of electromagnetic waves in a preferred
reference frame, in units in which the limiting speed of test particles is unity.

experiment)41’42*43. The results are:
OMaser < 2 X 10_4, aNull < 1074. (3)

Recent “clock comparison” tests of LPI were designed to look for possi-
ble variations of the fine structure constant on a cosmological timescale.
An experiment done at the National Institute of Standards and Technology
(NIST) in Boulder compared laser-cooled mercury ions with neutral cesium
atoms over a two-year period, while an experiment done at the Observatory
of Paris compared laser-cooled cesium and rubidium atomic fountains over
five years; the results showed that the fine structure constant o is constant
in time to a part in 101° per year4445. Plans are being developed to per-
form such clock comparisons in space, possibly on the International Space
Station.
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4. Tver den Einflup
de' ,S( h wer kr n7rml[ iig An.wbrl-ltun_/ des Lichtes;

von A. 1' m «ten n.

Die Frage, ob die Ausbreitung des Lichtes durch die
Schwere beintluBt wird, habe ich schon an einer vor 3 Jahren
erschienenen Abhandlung zu beantworten gesucht.}) Ich komme
auf dies Thema wieder zuriick, weil mich meine damulige
Darstellung des Gegenstandes nicht behiedi"t, noch mehr
aber, weil ich nun nachtriiglich einsehe, daB eine der wichtigsten
Konsequenzen jener Betrachtung der experimentellen Prifung
zugiinglich ist. Ks ergibt sich niumlich, daB Lichtstrahlen, die
in der Niibe der Sonne vorbeigehen, durch das Gravitationsfeld
derselben nach der vorzubringenden Theorie eine Ablenkung
erfahren, so daB eine scheinbare VergroBerung des Winkel-
abstandes eines nahe an der Sonne erscheinenden Kixsternes
von dieser im Betrage vou fust einer Bogensekunde eintritt.

Es haben sich bei der Durchtihrung der Uberlegungen
auch noch weitere Resultate ergeben, die sich auf die Gravi-
tation beziehen. Da aber die Darlegung der ganzen Be-
trachtung ziemlich uniibersichtlich wiirde, sollen im folgenden
nur einige ganz elementare Uberlegungen gegeben werden, aus
denen man sich bequem iher die Voraussetzungen und den
Gedankengang der Theorie orientieren kann., Die hier ab-
geleiteten Beziehungen sind, auch wenn die theoretische Grund-
lage zutriftt, nur in erster Niherung giiltig.

§ 1. Hypothese iiber die physikalische Natur
des Gravitationsfeldes.

In einem homogenen Schwerefeld (Schwerebeschleunigung 7)
befinde sich ein ruhendes Koordinatensystem X, das so orien-
tiert sei, daB die Kraftlinien des Schwerefeldes in Richtung

1) A, Einstein, Juheh, f, Radioakt, u, Elektronik IV, 4,

€08 A. Einstein.

FEinflup der Schwerkraft usw.

Nach Gleichung (4) erleidet ein an einem Himmelskdrper
vorbeigehender Lichtstrahl cine Ablenkung nach der Seite
sinkenden Gravitationspotentials, also nach der dem Himmels-
kdrper .zugewandten Seite von der GroBe

o=+ :
kM 2kM
u=——[—-—cos7d:= gt
PP :
wobei & die Gravitationskonsfante, A die Masse des Himmels-
korpers, 4 den Abstand des Lichtstrahles vom Mittelpunkt
des Himmelskorpers bedeutet.  Ein an_der Sonne vorbeigehender

Lichtstrakl erlitte demnach_eine Ablenkung vom Betrage 4.10-¢

= 0,83 Bogensehunden, Um diesen Belmg er-

scheint die Winkeldistanz des Sternes vom Sonnen-
mittelpunkt durch die Kriimmung des Strahles
_ vergroBert. Da die Fixsterne der der Sonne
" zugewandten Himmelspartien bei totalen Sonnen-
finsternissen sichtbar werden, ist diese Kon-
sequenz der Theorie mit der erahrung ver-
Tleichbar. Beim Planeten Jupiter erreicht die
mtende Verschiebung etwa !/, des an-
‘Fig. 3. gegebenen Betrages. ks wire dringend zu
wilnschen, daB sich Astronomen der hier auf-
gerollten Frage annihmen, auch wenn die im vorigen ge-
gebenen Uberlegungen ungeniigend fundiert oder gar aben-
teuerlich erscheinen sollten. Denn abgeselen von jeder Theorie
muB man sich fragen, ob mit den heutigen Mitteln ein Einflu8
der Gravitationsfelder auf die Ausbreitung des Lichtes sich
konstatieren laBt.

Prag, Juni 1911,
#  (Eingegangen 21. Juni 1911

The first and last  pages of Einstein’s paper *“On the Influence of Gravzty on the Proj)agatzon

__inght” wlzzch was written in Prague in 1911 and marked the beginning of Einstein’s

systematic concentration on the construction of a relativistic theory of gravity; this ended ™
only in 1915 when Einstein arrived at the final formulatzon of general relativity. Although
the paper is best known for the prediction that the deflection of light due to the Sun is an
observable effect, it is of even greater importance for the very foundation of the future
theory of gravity. It contains what Eddington considered to be the original statement of

the principle of equivalence, thus discounting Einstein’s formulation of 1907, and about
which Einstein’s collaborator Bannesh Hoffmann says that “‘his argument [Einstein’s
principle of equivalence], particularly in its 1911 form, must rank as one of the E
most remarkable in the history of science’.

73
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Uber den Einfluss der Schwerkraft...auf die ﬂujéfc/‘fuy des 29 f
oder nach (3) gleich diches ‘

_ 1l |
cton x

Endlich erhalten wir fiir die Ablenkung a, welche ein Lichtstrahl auf einem |
beliebigen Wege (s) nach der Seite »n’ erleidet, den Ausdruck |

1 (o2
4 o= —— | —ds.
) CZJan'

Dasselbe Resultat hitten wir erhalten konnen durch unmittelbare Be-
trachtung der Fortpflanzung eines Lichtstrahles in dem gleichformig
beschleunigten System K’ und Ubertragung des Resultates auf das System |
K und von hier auf den Fall, daB das Gravitationsfeld beliebig gestaltet ist. |

Fig. 3. |

Nach Gleichung (4) erleidet ein an einem Himmelskdrper vor-
beigehender Lichtstrahl eine Ablenkung nach der Seite sinkenden Gravi-
tationspotentials, also nach der dem Himmelskorper zugewandten Seite
von der GroBe

8=+mn/2
oz=l kizlcosS.ds=2kM, \

¢ Jomcma T c*4

wobei k die Gravitationskonstante, M die Masse des Himmelskorpers,
4 den Abstand des Lichtstrahles vom Mittelpunkt des Himmelskorpers
bedeutet (Fig. 3). Ein an der Sonne vorbeigehender Lichtstrahl erlitte

demnach erne Rblenkinr vorm Bt’trajc 4. 7o o 0,33 .3?(0.5‘(,éa’)4¢'4;
Um diesern Behag Crschemt die Wonkeldrs Tznz ofe ¢ Srerres
vom ‘5‘ onnenmitle/punk? owrch ofe RKrimmung cles Slrahles veyrazdgr)f
e?a. dre Frxslerne ofer der Sornne Z Lyc wandler éll}nmc/.s;aarﬁ'c'? é‘c'/
Zolalen Sonnen AnsTernrsssen sichtbar werclen A /st dvese kon.s'fgtc epi; I

i, S
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[29] ABRAHAM M.: Relativitit und Gravitation. Erwiderung auf eine Bemerkung des Hrn. A.
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preklad).

Doslo 4. 1. 1979.

Wiley, New York 1972 (viz také rusky

Ve svétle jiz nabytého poznanf se ndm zdalo to,
&eho jsme ¥tastné doséhli, témef samoziejmé —
a kardy inteligentni student to pochopi bez
pfilisné ndmahy. Ale hled4dnf v temnu, plné
ptedtuch a trvajici roky, napjatd touha,
stiidani nad&je a skleslosti a konefné pro-
niknuti k pravdg, to znd jen ten, kdo to sdm
zazil, )
Poznadmky o vzniku obecné teorie
relativity, 1933

Uz se nikdy nenechdm tak vyvést z miry jako
v Nauheimu. Je mi upln& nepochopitelné, jak
jsem mohl ztratit svi{j smysl pro humor, kdyz
jsem se ocitl ve zlé spoleénosti....

V dopise Maxu Bornovi, o své reakci na pred-
na%ku P. H. Lenarda, kterou organizovala
nacionalisticky orientovana ,,Studijni skupina
n&meckych prirodnich filozofa* v Bad Nau-
heimu 25. zaf{ 1920.

Chci oponovat myslence, Ze $kola musi udit
pfimo tém specidlnim znalostem a vysledkm,
které jsou bezprostiedn& potfeba pozdé&ji
v ivoté. ... Protivi se mi jednani s jednotlivcem
jako s mrtvym nastrojem. Skola by vzdy méla
povazovat za svij cil, aby ji mlady ¢&lovék
opoustél jako harmonickd osobnost, ne jako
specialista. Podle mého nazoru by tomu tak
v ur&itém smyslu mélo byt i v piipadé tech-

nickjch gkol.... Na prvnim mistd¢ by vidy
mélo stat rozvijeni obecné schopnosti neza-
vislého mysleni a usudku....

O vychovg, 1936
Drah4 matko,
dnes dobré zpravy. H. A. Lorentz mi telegra-
foval, Ze britské expedice skute¢n® potvrdily
odklon svétla pobliZ Slunce...

Tvij
Albert

L (Pohlednice matce z 27. z4¥{ 1919)

Seht die Sterne, die da lehren
Wie man soll den Meister ehren
Jeder folgt nach Newtons Plan
Ewig schweigend seiner Bahn.

Basedi, kterou A. E. napsal (pro ,,soukromou
potfebu‘*) pravdépodobné v T. 1942 pfi
300. vyro&i narozeni Isaaca Newtona.

Vychovévat je moZno jen vlastnim prikladem.
Jestlize to nejde jinak, tak pfikladem odstra-
Sujicim.
V dopisu o vychové a vychovatelich
(Jak vidim svét, 1934)

Z myslenek a dopistt A. Einsteina
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Testing

feature
article

Daniel Kennefick

relativity from

the 1919 eclipse—
a question of bias

When interpreting experimental results, context is everything. The researchers who took and
analyzed the most important eclipse data had good reasons for judging the experiment a victory

for Albert Einstein.

Daniel Kennefick is an assistant professor of physics at the University of Arkansas at Fayetteville.

One of the most famous measurements in the history of

20th-century astronomy was made over the course of several

months in 1919. Teams of observers from the Greenwich and
. Cambridge observatories in the UK traveled to Brazil and
| western Affica to observe a total solar eclipse that took place
on 29 May 1919. Their aim was to establish whether the paths
of light rays were deflected in passing through the strong
gravitational field of the Sun. Their observations were subse-
quently presented as establishing the soundness of general
relativity; that is, the observations were more consistent with
the predictions of the new gravitational theory developed by
Albert Einstein than with the traditional Newtonian theory.

In recent decades many physicists and historians of
science have cast doubt on the soundness of the famous
experiment. They claim that the measurements made in 1919
were not sufficiently accurate to decide between the Einstein-
ian and Newtonian theories of gravity. It has been further
alleged, especially by some philosophers of science, that the
conclusion in favor of Einstein was motivated by bias on the
part of the expeditions’ most famous member, Arthur Stanley
Eddington. Eddington was known to be an enthusiastic pro-
ponent of general relativity and is said to have been anxious
to make a gesture toward reconciliation between the UK and
Germany in the aftermath of World War I by verifying the
theory of one of Germany’s leading men of science, who, like
Eddington himself, was a pacifist.' Thus the 1919 eclipse is
nowadays sometimes given as a prime example of experi-
menters fitting their data to the expected result—the so-
called predictor effect.

The story that the 1919 eclipse was not the decisive exper-
iment it was cracked up to be has two versions. One, common
among physicists since at least the 1970s, goes to accuracy: The
experimenters were simply lucky to get reasonably close to
one of the two predictions, so the experiment does not consti-
tute areally viable test of the theories. The other story, common
among philosophers and historians of science but beginning
to find a popular audience, originates in a 1980 paper by
philosophers John Earman and Clark Glymour.? They specifi-
cally charge Eddington and his collaborators with throwing
[ Qufyaaa—t;%%pﬁéégftég to support Isaac Newton rather than

instein. Some modern critics have charged that such action
was not justifiable on scientific grounds and was more likely
motivated by Eddington’s theoretical and political bias.

© 2009 American Institute of Physics, S-0031-9228-0903-020-8

Of course, it’s not possible to be certain about any recon-
struction of nearly century-old experimental decisions, but I
argue that the balance of evidence lies heavily in favor of the
view that the leaders of the 1919 expedition, Frank Watson |
Dyson and Eddington, had reasonable grounds for judging
that their results were inconsistent with the prediction of

Arthur Stanley Eddington (1882-1944). In 1919 Eddington
had already acquired a major reputation as a result of his work
on the internal structure of stars. His enthusiasm for general
relativity has led some historians to accuse him of bias in the
analysis of the 1919 eclipse data. (Courtesy of the AIP Emilio
Segré Visual Archives.)

March 2009 Physics Today 37
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this ‘dlstortlon matrix for image A and the inverse of the :
trix at image B yields the (linear) transformation between in
([GOB84.1], see Sect.13.1). This product, the relative magnifi
can be determined observationally from VLBI observations,
that yield the brightness models shown in Fig.2.7. In partict
that this matrix has a negative determinant which shows th:
of images A and B are different [GO88.2], as predicted by all
Additional observations at ultraviolet [GO82.1] and infr
wavelengths confirmed the positions of the images and the r:

0957+561A l 0957+561B

Fig. 2.7. 13-cm brightness model for 0957+561 based on VLBI observati
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DOC. 7 GRAVITATIONAL INDUCTION 175

g

Gibt es eine Gravitationswirkung, die der elektro-
dynamischen Induktionswirkung analog ist?

Von
Prof. Dr. Einstein-Prag.

Die in der Ueberschrift aufgeworfene Frage kann in Anlehnung

an einen ibersichtlichen Spezialfall in folgender Weise formuliert wer-

den. Es werde ein System ponderadler

tr Massen betrachtet, bestehend aus der Kugel-

k(M) schale K mit homogen iber die Kugelfliche

verteilter Masse M und dem im Mittelpunkt

dieser Kugelschale angeordneten materieilen

Punkt P mit der Masse m. Wirkt auf den

festgehaltenen materiellen Punki P eine

Kraft, wenn ich der Schale K eine Beschleu-

$7 nigung I erteile? Die folgenden Ueber-

E legungen werden uns dazu fihren, eine

solche Kraftwirkung als tatsichlich vorhanden anzusehen und uns die
Grosse derselben in erster Anndherung ergeben.

1. Nach der Relativitits-Theorie ist die trige Masse eines ab-

geschlossenen physikalischen Systems von dessen Energieinhait in

solcher Weise abhingig, dass ein Energiezuwachs des Sysiems um E

die trige Masse um - vergrdssert, wenn ¢ die Vakuum-Lichtgeschwin-

digkeit bedeutei. Bezeichnet man also mit M die trige Masse von K
bei Abwesenheit von P, und mit m die trige Masse von P bei Ab-
wesenheii von-K, oder mit anderen Worten mit M + m die trige
Masse des aus P und K zusammen bestehenden Systems fiir den Fall,

(2]
(31

dass m sich in unendlicher Entfernung von K befindet, so folgt, dass -*

die trige Masse des aus K und m bestehenden Systems, fiir den Fall,
dass sich m im Mittelpunkt von K befindet, den Wert

M4m— 222 ()

7. “Is There a Gravitational Effect
Which Is Analogous to
Electrodynamic Induction?”’

[Einstein [9]2e]

PUBLISHED July 1912

IN: Vierteljahrsschrift fiir gerichtliche Medizin und Offentliches Sanitétswesen 44

(1912): 3740.
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: Fig.S The nativc house» of Ernst Mach

induction A year later, he subrmtted another thesis — probablv 8 study
of the Doppler Effect — and became “Privatdozent”.1?

The Doppler Effect represented a problem which in those days '
fuelled a scientific coutroversy revolving around the original papers of the
phenomenon provided by Prof. C. Doppler (1803-1854) of Prague Tech-
nical University. The Doppler Effect was Mach’s central preoccupml’xon11 .
between 1860 and 1862 when he studied the problem in depth in the lab-+
oratory of his teacher le. A. von Ettingshausen (1796-1878), mathe-

vy

9Sitzber. . \Vl‘“‘n Akad., 1839. ;
9The academic degree attained by Mach is Dozcnt (Associate Professer). " The .
qualifier “Privat-" (private) was appended if the holder of the degrce was not employed
by the university. A “Privatdozent” could lecture at the university for two hours weekly

without drawing any fees. I the “Dozent” was cinployed by the university ou a full-time
basis he recieved remuneration and was called “honorierter Dozent”. The “Dozenture”
was a stepping stone to Professorship. :

"Ann. d. Phys. Bd. 112 (1861); Ann. d. Phys. Bd. 116 (1862).

on
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Figure 5. This shows the m = 10 wave which always rotates anticlockwise. As it comes inwards

(a) at T = —2 it is in the form of a leading spiral with the outer parts of the arms ahead of the
central parts. By 7 = —1 (b) the spiral has started to open. By f = 0 (c) the central parts have

caught up and the spiral has changed to a cartwheel structure but rotation keeps it beyond 5 =~ 0.4.
By I = 1 (d) the spiral has become trailing as befits a wave that now feeds angular momentum
outwards. By f = 2 (e) the spiral becomes tighter and the flat central cylinder becomes larger. We
show 7 = 10 (f) at a small scale but note the beautiful tight wrapping of the narrow arms. Also
note the opposite spirality of the conjugate pairs f = +2 and f = +1. Figures encompass a radius
p =7 (p = |7 for f = 10). The height of y/B reduced by a factor of 10~* is between 0 and
1. Lighting falls at 45° from the left. The view is along the z axis from above at a distance of
10~*4/ B = 40.
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O bohatstvi

Jsem pevné presvédCen o tom, ze Zadné poklady svéta nemohou pomoci lidstvu
vpied, ani v rukou ¢lovéka zcela oddaného cili. Jen ptiklad velkych a Eistych
osobnosti mize vést k usSlechtilému chapani a ¢inim. Penize pfitahuji jen
ziStnost a vZdy neodolatelné svadé;i k zneuziti.

Muze si nékdo predstavit Mojzise, Jezise nebo Gandhiho vyzbrojeného méScem
Carnegiho?

V3ichni citime, Ze volnd hra hospodaiskych sil, nesporadany a bezuzdny hon
jedinci za majetkem a moci uz sdm o sobé nevede ke snesitelnému feSeni
problémii. Je tieba jistého raciondlniho potadku ve vyrobé statkd, v uzivani
pracovnich sil a v rozd€lovani vyrobeného zbozi, abychom zabranili hrozivému
vyfazovani cennych produktivnich sil a ochuzovani a zvl&ilosti velkych skupin
obyvatelstva.

Moralni rozklad (1937)

Jsem pevné piesv€dcen, Ze vasniva ville po spravedlnosti a pravdé udélala vice
pro zlepSeni lidskych podminek neZ vypoditava politicka chytrost, ktera nakonec
pouze vyvola vSeobecnou nedivéru. Kdo miZe pochybovat o tom, Ze MojZzis byl
lepSim viidcem lidstva nez Machiavelli?
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The last photograph of Einstein, made on his
seventy-sixth birthday, 14 March 195s.

Let us now hear from Einstein. To Soloviné, who had written
congratulating him on his seventieth birthday, he wrote in reply on
28 March 1949, sayfhg in part:

You imagine that I look back on my life’s work with calm satis-

faction. But from nearby it looks quite different. There is not a
single concept of which I am convinced that it will stand firm, and
I feel uncertain whether I am in general on the right track.
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,.... Zakladem na$i theorie jest t.z.v.
narodni Cest. Jsme totiz presvédCeni, ze
s vyhynutim Umeéni a VEdy, Iépe feCeno
Poesie a Moudrosti, vymira i narod. Tot
axiom, ktery ndm nevyvrati sebe vetsi
blahobyt narodnich drs§ték. Narodni drStky
a narod neni totéz... Chceme tim jen fici,
Ze jako neni vSe zlato, co se leskne, tak neni
vSe narodem, co se rodi, co Zere a co se
nakonec po mnohych jinych ZivociSnych
funkcich proméni v humus, od né¢hoz se
odvozuje dneSni humanita. Tedy naredni
Sest. Ze ji tolik jest jesté v narod&, bychom
se s nasi Védou a Uménim udrzels,

v to s pomoci Bozi doufame.

ToZz FAC ET SPERA!“ Cifi se a doufej!
Josef Florian

iz A SHa nlevic Ohradls ek iehe



EINSTEIN'S
1912 MANUSCRIPT
ON THE
SPECIAL THEORY
OF RELATIVITY

A FACSIMILE

GEORGE BRAZILLER Publisher
in association with the
Jacob E. Safra Pl ilanthropic Foundatio
and the Israel Museum, Jerusalem
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