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1907,
a memorable year for EOtvOs
and for gravity research



What happened 100 years ago?

A large annual government grant was donated t&xiperimental
Physics Department of Budapest University that allos@tos to
extend his gravity research both in laboratory angeiophysical
applications. Instrumentation built from that granved as the basis
for today’s Edtvos Lorand Geophysical Institute.

Edtvos and his assistants, D. Pekar and J. Feketel startav series
of experiments on the proportionality of inertiadagravitational
masses (or UFF). Their work was awarded the Beneke ofiz
Gottingen University in 1909.

Albert Einstein formulated his Equivalence Priheifhat served as the
foundation of GR. He considered it later as his ,negtzhought” (or
rather: ,der gliicklichste Gedanke meines Lebens”).



Emblems of the Hungarian Geophysical Institute
(celebrating its centenary)
and of the Physical and Geophysical Societies,
all named after EGtvos.




Centenary exhibition
of the Geophysical
Institute (ELGI), with
several instruments
of the EOtvOs era
on display.



Lorand EOGtvos (1848-1919), as president of the Huagakcademy
(1889-1905), and in his office, after the EPF expents




Karl Runge (1856-1927)

It was Karl Runge (University of
GoOttingen) who was in charge of the
Beneke Foundation that offered a
prize for new tests on the UFF,
taking into account recent progress
In various fields of physics.

Runge was the head of the first
applied mathematics department in
the world. He studied spectral lines,
numerical methods, and was a good

friend and co-worker of Max Planck,
and thesis adviser of Max Born.



Early work of EOtvOs
on caplllarity and on gravity



Some important instruments and results of EGtvos
before the EPF experiments of 1907 to 1908

« 1886: the EOtvos-law on capillarity was publisizdegr a long,
careful study of surface tension under controlledditions.
Early work of Einstein was also influenced by thossults.

» 1887 to 1890: preparatory work with torsion baks)doth in
the lab and outdoors. Tested UFF with 400 timetebgtecision
than Bessel for various pairs of substances, medshbe slope
of his garden, effects of walls in lab, and the snafsGellért Hill.

«1891 to 1906: Measured G in lab, gravity anomadiesn old
volcanic cone, on the ice of lake Balaton, and lgo#vity and
magnetic anomalies on various terrains. Costruoésddevices.



Common features of capillary and gravitational studis by EGtvos

Very precise analysis of the local properties (eugvature) of a surface. In
capillarity, he was able to establish very genkenak of temperature dependence.

He started to study gravity possibly in connectioth the shape of the Earth, best
defined by an equipotential surface fitted to #wel of oceans, and continued as
virtual ,sea level” to the continents. He measured/\Jocal features of that surface.

E’\\ Light sources———,

Surface of ; r'; Cathetometer
Iqu|d ¥ "'b\l r.I';
=

Reflection method of capillary measurements of Eétv



EOtvos law (or rule) for capillarity:

The rate of change of molar surface energy
with temperature is a constant for all liquids.
That constant Is as fundamental for liquids as

the universal gas constant is for gases.



Enhancement of the sensitivity of@irvature variometer”
by rotatable lead sectors
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EGtvos balance (or pendulum)

wal
Horizontal variometeof EOtvos,

now usually called E6tvos balance.
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EGtvOs measured G by a torsion pendulum between talo walls. He
used the different oscillation periods of paralled @erpendicular rods.

Box 4, Gravitational Attraction Expeviments: The Newtonian Constant of Gravitation

ne of the aldest fundamental constants is the Newianian
Ommmm of gravitation €, which gives the stength of the
pravitational force of awraction between any two objects
according to the familiar formula

PG ”'l'l"l ‘
»

where m, and m, are the masses of the two objects wnd ¢ is the
distance between them (asumed 1o be large compared 1o their
extent), In effect measured by Flenry Cavendish o 1798, this
constant has shown resistance to improvement over the years,
In fact, it is the only constant whose recommended value ﬁ1 the
1998 adjustment has a larger uncertainty than its recommended
value in the prior 1986 adjustment. 'Uhe reason for the increased
uncertalnty is that alter the 1986 value was recommended, a
new, highly credible experiment reported a value for €7 that diy:

hapi//www physiestoday org

Eotvos’s results in 1896: G =

agreed signilicanly with the vecommended value Purther
morey & amally but previowsly unknown, anharmonleity was
found In the suspension of worsion balances, such as the one
wsed (0 the experiment on which the 1986 value was based,
These lacts suggested that the Iravhr experiments were not
understood av well ax was believed. Thus, tie 1986 value was
retained as the 1998 recommended value, but lts uncertainty
wis dncreased by about a l’mm of 12 1o recognize these issues
and 1o alert users 1o the problem, As a result of these consider

ationy, the 1998 recommended value is
(= G.0730010) % 10" m kg ' o ",

Recently, o precise result of a new experiment that Is n rela
tively good agreement (within twa standard deyiations) with
the 1986 recommended value has been reported! (see PHYSICS
TODAY, July 2000, page 21).
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Double E6tvos balance:

A combination of two simple
EGtvos balances.

For outdoors measurements, it
allowed to cover one site in a
single night.

For the EPF experiments it
allowed to eliminate effects of the
environment when comparing
two masses of different material.



EOtvos’s poetical description of his balance in 1901

“The means | use is a simple, straight stick witisees
attached to each end, and encased in metal, s wWikinot
be disturbed by the movement of air or differenoes
temperature. All mass near or far has an attractifhigence on
the stick, but the fibre, from which it is hungsiss this effect
and twists in the opposite direction, producingtbytwisting
the exact measurements of the forces imposed wpodhis IS
nothing but an adapted version of the Coulomb umsént.
It is simple as Hamlet’s flute, if you know how faay on it.
Just as the musician can coax entrancing melodiesnh his
Instrument, so the physicist, with equal delighgrcmeasure
the finest variations of gravity



Short historical overview
of UFF and of the
equivalence principles



Aristoteles (384-322 BC)

Was Aristoteles totally wrong
when he said heavier objects
fall faster?

His rules applied quite well for
objects falling e.g. in water,
where ,terminal speed” is more
easy to reach than in air.

At that time, acceleration was a
too tricky concept, and real
vacuum was nonexistent.



The fathers of the concept of the Universality mdd-Fall

Galileo Galilei (1564-1642) Isaac Newton (1642-1727)



*Weak Equivalence Principle (WEP):inertial and gravitational
masses are proportional (or: mass and weight are piapalit Or:
falling objects follow the same trajectory (Univeysuf Free Fall,
UFF).

*Einstein Equivalence Principle (EEP):1. WEP is valid; 2. any
non-gravitational experiment gives the same resulieely falling
frames; 3. The results are independent of when ardenh the
Universe the experiment is done. Thus physical corsgsnauld also
be the same always and everywhere. EEP probablynajses that
gravity can be described in terms of a curved spaeegeometry.

«Strong Equivalence Principle:Objects with self-gravity (e.g. stars,
planets and moons) also fall in the same way. Thatdvoot be true
If attraction was different for the gravitationahding energy.

oIt IS now questioned whether dark matter and enshgyld also fall
In the same way as ordinary, baryonic matter.



The EPF experiments
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EotvOs-balance as
used for UFF tests



If inertial and gravitating masses were different

g=Gcose—Ccosd
Csing=Gsing
Csind
g+Ccoso

Similar equations apply to the primed quantities.
Let

G'=G(l+x) Then
N=¢e-¢'= —(—;—Ksin €.
8
The EPF experiments restricted that angle to
less than 2 T6arc seconds. ,Ocean levels” of
the two materials aligned at the equator would

then not deviate by more than a hair’s width
at the poles!

Principles of UFF tests on the
rotating Earth by torsion balances

Suppose two bodies have the same
Inertial but different gravitational
masses. Then gravity acts on them with
different forces (G, G’), and their
weights (gravity + centrifugal) will be
different (g, g’), both in magnitude and
In direction.

This small difference in direction
exerts a torque on the EGtvos balance,
and can be separated from gravity
gradient effects, if a sufficient number
of measurements is made in different
azimuthal directions.



Co-authors of EOtvOs In the EPF paper

Dez$ Pekar (1873-1953)Worked with E6tvos from 1895 to 1919,
and also led his geophysical measurements. He estabbsiu led
the Lorand E6tvos Geophysical Institute until 1984de several
Improvements to the EGtvos balance, and also led ponspecting
expeditions abroad (e.g. in India).

Jend Fekete (1880-1943\orked with EGtvas for 15 years. After
the death of E6tvos (in 1919) he went to Texas, Mexaad
Venezuela, and helped to find oil there with E6tvéEnces. From
1934 he led the Lorand E6tvos Geophysical Institute.

In 1922 they jointly published the EPF paper in Alem der Physik.



Results of the EPF experiments:

*No systematic deviation from UFF was FUNDAMENXAL PATHRS OF
found for any pair of materials, not even LORAND ECO YO
for gases and for radioactive substances.

*The upper limits for violations of UFF
were found for most solids as 5x10

*For most pairs the Earth was used as the
attracting agent, in some cases the Sun.

*No shielding of gravity was found.

*The authors concluded that a still higher
precision could be reached with similar
methods, but;Ars longa, vita brevis’.




Einstein and
EOtvos



Einstein und der Eotvos-Versuch:
Ein Brief Albert Einsteins an Willy Wien
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Zusammenfassung

Das Aequivalenzprinzip wurde von Einstein erst 1907 in Worte gefasst. Er
wendete sich 1912 brieflich an W. Wien mit der Bitte, den Unterschied der
Schwingungsdauer eines Uranpendels und eines Bleipendels sowie die
Proportionalitit der trigen und schweren Massen eines Blei- und eines
Urangewichts auszumessen, und zwar mit einer Drehwage. Der Brief macht es klar,
dass Einstein bei der Aufstellung des Aequivalenzprinzips von dem E6tvos-Versuch
nichts wusste, und als es ihm notig schien, das Prinzip experimentell zu priifen, hat
er den Versuch neuentdeckt.

Summary

The principle of equivalence was first formulated by Einstein in 1907. In 1912 he
turned by letter to W, Wien with the request to measure the difference between the
periods of oscillation of pendulums made of uranium and lead, as well as the
proportionality of inertial and gravitational masses of a uranium nnq a Ic?d weight,
respectively, namely with a torsion balance. The letter testifies th.al Einstein was not
aware of the Edtvos experiment when he formulated the principle of equivalence
and as soon as he needed an experimental test of it, he reinvented the experiment.

Was Einstein aware of the
early UFF results of EGtvds,
when he formulated his EP in

19077

If not, when did he feel it
necessary to check his
assumptions?

A letter of Einstein to Wilhelm
Wien in 1912 gives some
indications.



Einstein’s proposal to Wien, how to check the ERufdecay

From J. llly 1989:

Einstein und der Eétvos-Versuch 419

Es ist ganz klar, hitte Einstein cllw;rs iiber den Eotvos-Versuch gewusst, so hitte er
nicht an Wien geschricben. Doch der Briel endet nicht mit der Unterschrift:

Post-Scripuon. Es kam mir nachtraglich eine viel empfindlichere Methode in den
Sinn, um eine nicht genaue Proportionalitit der trigen und der schweren Masse
von Uran und Blei zu konstatieren, falls es eine solche gibt. Es wire namlich
in diesem Falle die aul diec Korper infolge der Erddrehung wirkende
Zentrifugalkraft nicht fiir alle Korper der Schwere proportional. Die scheinbare
Lotrichtung eines Uran-Lotes und eines Blei-Lotes

miissten voneinander abweichen. Es miisste ferner

Faden eine Drehwage, an deren Balken ein Uranstiick

. o bezw. Bleistiick angebracht ist, ein Drehmoment
Uran Blei erfahren, wenn die Wagebalken in die West-Ost-
Richtung gebracht wird, welches Drehmoment bei

Kommutieren der Wage um 180° sein Vorzeichen dndern wiirde. Dieser Effekt
ware, wie ich mich durch Rechnung iiberzeugte ganz bequem messbar. Vielleicht

hitten Sie die Giite, diesen einfachen Versuch ausfithren zu lassen, der die
Bedeutung eines experimentum crucis hitte.*




Wilhelm Wien (1864-1928)

Wilhelm Wien received the Nobel
prize in 1911 for his work on the
black-body radiation. It greatly
helped Planck to suggest quanta.

After receiving Einstein’s letter, he
may have informed Einstein that
the proposed experiment was done
by EGtvOs more than 20 years
earlier. Next year Einstein and
Marcel Grossmann referred to the
early EOtvos paper, but they were
probably not aware of the later,
more precise EPF experiments.



Albert Einstein (1879-1955)

“l was sitting on a chair in my patent
office in Bern. Suddenly a thought
struck me: If a man falls freely, he

would not feel his weight. ... It was

what led me to the theory of gravity.”

Einstein in Kyoto, 1922

“The general theory of relativity
owes its existence in the first place to
the empirical fact of the numerical
equality of the inertial and
gravitational mass of bodies.”

Einstein, Lecture at King'’s College,
London, 1921



Tests of the Equivalence Principles
between 1930 and 1970
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In the 1930’s JAnos Renner, an earlier
assistent of E6tvos, made a long and
careful set of new tests on the UFF. He
used very similar methods and devices as
EPF, but had more time and some better
calibrated E6tvos balances.

Again, no deviations from the UFF were
found for a variety of substances, but he
iImproved the upper limits by about one
order of magnitude, to 5x10.

Although not widely known, his limits
were considered as best up to the 1960’s.



Letter of Bruno Bertotti to Janossy about Renner,abulit Dicke’s plans

Prof, L. Jdnossy
Denzrtment of Physics
University of Budapest
Budapest /Hungary
Princeton, January 31, 1961.

Dear Professor iinosati
I am interested in the experimental confirmation of
the and I recently came across with
the @ ktnmown paper oy published in 1935 in the
sceedinrs of the Hungarian Academy of Sclencex. He performed
L]

r
Eeixﬁg t§gerinant with a technique even more refined and obtais
n yesults wnich about an order of mnfnitude better than his

predecessor’s, Secnruse of the outstonding importance of this

experirent, I would like to inow more about nais viorlz and won-

der if you know whether Dr, Remner is still alive and where he

lives. s work was done in your department, anyway and may

have vou heard slready sbout it directly; what 1s your oginion

in s case? One would like to know, for example, what 13

the meaning of the statement mece in par. III according to

which he wes able to determine 1/40 of a millimeter in the

scale in the optical arra:fmont; in par. IV, in'fact, he

states that the statistical error in such resding was ,0022

millipiters, which is less than the one you can nnnzuto if you

assume that the error in each measurement is egual to 1/40

millimiter, ) :

You mizht be interested in knowing that the m

experiment is boing repeated with refined electronic T Que

nere in Princeton by professor Eﬁﬂ% and his collsborators.,
I wonder ;mg carried more experiments on the int 5

ference of weak beams of light; I read with interest your !

papers 1957; can you send me reprints of your theoreti
r%.n the luwoy_ctmto, I believe/ on if.:g:n %3 nlﬂ:g- : _

Lajos Janossy (1912-1978)




Dicke’s Princeton group
performed the first modern test
of the UFF, and achieved a

relative precision of 10.
Instead of Earth, the Sun was the
attracting center, while the role
of Earth was to smoothly rotate
the torsion balance each day.

Dicke’s group checked the
results and methods of Renner,
and concluded that his error
analysis was not quite correct.

Robert H. Dicke (1916-1997)



Lunar Laser Ranging results (from 1970 on) showvtielity of
the strong EP, including that of gravitational bngenergy.

Retroreflectors left on the moon by
Apollo astronauts are illuminated by
laser beams from Earth. Moon orbit
IS determined to cm precision.

Figura 1: {a) The LLRE retroveflasto Buze Aldrins =sicla, being earried acroes the lanar

curlace by tho Apollo 11 setronat, (0] Apella 1 Jser retrorefiechar srray. Gravitational b|nd|ng energy has
been shown to be consistent with GR
to a precision of 1 in 1000. Further
Improvement on lasers and reflectors
may further improve those limits.

ire 2: Apalle 14 {lelt) and Apolls 15 {nght) LLK retroreflector arrays



The Fifth Force proposal
of Ephraim Fischbach



Ephraim Fischbach

Fischbach et al. published the
‘Fifth Force” hypothesis In
1986. Their claim was mainly
based on the old EPF results,
Interpreted from a new point
of view.

The Fifth Force was claimed
much weeker than gravity,
with a range of hundreds of
meters, and its source was
barion number or hypercharge.



First paper on Ephraim Fischbach’s ,Fifth Forcediai

PHYSICAL REVIEW
LETTERS

VinUIME 50 6 jr“hNUﬁR‘l” 1986 NUMBER |

Reanalysis of the Eotvos Experiment

Ephraim Fischbach'®'
fustitute for Nuclear Theory, Depariment of Physics, University of Washingron, Seartle, Washingron 98195

Daniel Sudarsky, Aaron Szafer, and Carrick Talmadge
Physics Department, Purdue University, West Lafayette, fndiana 47907

and

5. H. Aronson

Physics Deparement, Brookhaven National Laboratory, Upton, New York 11977
(Received T Movember 1985)

We have carefully reexamined the results of the experiment ol Edtvis, Pekar, and Fekete, which
compared the accelerations of various materials to the Earth. We find that the Edwvos-Pekar-
Fekete data are sensitive to the composition of the materials used, and that their results support the
existence of an intermediate-range coupling to baryon number or hypercharge.



A huge experimental activity followed the Fischbaclpaper
(Phys Rev. Letts 56, 1, 1986)

T2 (1 + qe-rA)

Vir)= —G_
'

= Vlr)+AV(r). (1}

Here Vy(r) is the usual Newtonian potential energy
for two masses m, , separated by a distance r, and G
iIs the Newtonian constant of gravitation for r — co.
The geophysical data can then be accounted for quanti-
tatively if & and A have the values’

a=—(7.2+36)x10"% A=200+50 m. (2)



How do small residuals of EPF results relate taomanumber?
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EPFandRenneresults compared
to barion number differences
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My own contemporary
calculations of the residuals for
EPF and Renner.

The apparently more precise
Renner data contradicted the
Fischbach hypothesis.



Planned space experiments



STEP Symposium

Testing the Equivalence
Principle in Space

6-8 April 1993 Pisa, Italy

Newton

1686
=]

Eotvos

1896

Organised by the
Universita di Pisa
Rutherford Appleton Laboratory
Stanford University

E(').tV(’iS and STEP

Baron Roland Eétvéis of Vasarosnamény
1818 1919



o+ Increasing precision of UFF tests
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TESTS OF THE
WEAK EQUIVALENCE PRINCIPLE
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1/r% law at small and
very large distances



Eric G. Adelberger, University of Washington, Sesattl
He was the founder of the ,E6t-Wash” group in 1987.



Modern torsion balances of the E6t-Wash Group

1/r? law at small distances For testing spin - mass int&na



First E6t-Wash torsion balance for testing ldw




Most recent torsion balance
of the ,,E0t-Wash” group
that checked the validity of

the 1/¢ law of gravitational El
attraction down to about 50
micrometers. 50cm

Predictions for a vacuum
fluctuation origin of ,dark e
energy” suggest that the law
would change below about

85 micrometers.




,Fifth Force” strengths now excluded at small dises
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Fifth Force strengths excluded at larger distances
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What is our Universe made of?

74% Dark Energy

The relative amount of the
different forms of matter is
thought to be well known,
but not understood.



Dark matter in galaxies may cause flat rotatiorvesr

Observed vs. Predicted Keplerian
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Hendrik Casimir (1909-2000)

The Casimir effect — due to
vacuum fluctuations - gives
rise to strong forces between
good conductors sufficiently
close to each other.

That effect makes it difficult
to check the 1#dependence
of gravitational forces below
some tens of micrometers.



Summary

*More and more precise tests on the UFF are stillarfdlefront of
research, and torsion balances, first used by Eo6tvdkdbpurpose,
are still competitive devices.

*Tests of Einsteinian general relativity have so ti#liy fconfirmed its
predictions. There is some chance, however, thagramtiore precise
tests on UFF, or tests on the inverse square law yaswall or very
long range will find some deviation, and point tx@y toward a more
complete, unified theory.

*The structure of the Universe is poorly understoat oo very small
and on very large scales. Table-top experimentiseoEOtvos type
might be competitive with huge accelerators anestEpes in finding a
way out of the present trap of incompatible ,standhewbries”.






A poem by the young Eo6tvos that shows
how keenly he wanted success.

Laurels beckoned us, so we started out
With Nightingale towards a mountain height.
While | grappled with the sheer cliffs below,
She seized her prize in easy, graceful flight.

What | may perhaps never ever reach,

Took but a brief moment for the bird,;

O Heaven don't be so unjust, | plead,

Grant me wings too. Let my prayer be heard.



Does dark energy define a new
fundamental length scale in
physics?

pq ~ 3.8 keV/cm?

\a = he/pq ~ 85 um

a second “Planck length”?




