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•Loránd (Roland) Eötvös and his innovative gravity research

•Universality of Free Fall (UFF), Equivalence Principles (EP)

•Einstein’s  „belated proposal” for Eötvös-type experiments

•Renewed interest in gravity experiments in the early 60’s

•Fischbach’s Fifth Force, and reinterpreted EPF experiments

•Composition- and modified distance-dependence of gravity?

•Exotic matter, exotic gravity laws, and the validity of the EP

•Eöt-Wash group in Seattle, recent and planned experiments

Topics to be covered



1907,
a memorable year for Eötvös

and for gravity research



What happened 100 years ago?
1. A large annual government grant was donated to the Experimental 

Physics Department of Budapest University that allowed Eötvös to 
extend his gravity research both in laboratory and in geophysical 
applications. Instrumentation built from that grant served as the basis 
for today’s Eötvös Loránd Geophysical Institute.

2. Eötvös and his assistants, D. Pekár and J. Fekete started a new series 
of experiments on the proportionality of inertial and gravitational 
masses (or UFF). Their work was awarded the Beneke prize of 
Göttingen University in 1909.

3. Albert Einstein formulated his Equivalence Principle that served as the 
foundation of GR. He considered it later as his „happiest thought” (or 
rather: „der glücklichste Gedanke meines Lebens”).



Emblems of the Hungarian Geophysical Institute
(celebrating its centenary) 

and of the Physical and Geophysical Societies, 
all named after Eötvös.



Centenary exhibition 
of the Geophysical 

Institute (ELGI), with 
several instruments 
of the Eötvös era 

on display.



Loránd Eötvös (1848-1919), as president of the Hungarian Academy 

(1889-1905), and in his office, after the EPF experiments



Karl Runge (1856-1927)

It was Karl Runge (University of 
Göttingen) 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 Eötvös 
on capillarity and on gravity



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

• 1886: the Eötvös-law on capillarity was published after a long, 
careful study of surface tension under controlled conditions. 
Early work of Einstein was also influenced by those results.

• 1887 to 1890: preparatory work with torsion balances, both in 
the lab and outdoors. Tested UFF with 400 times better precision
than Bessel for various pairs of substances, measured the slope 
of his garden, effects of walls in lab, and the mass of Gellért Hill.

•1891 to 1906: Measured G in lab, gravity anomalies on an old 
volcanic cone, on the ice of lake Balaton, and both gravity and 
magnetic anomalies on various terrains. Costructed new devices.



Common features of capillary and gravitational studies by Eötvös

Very precise analysis of the local properties (e.g. curvature) of a surface. In 
capillarity, he was able to establish very general laws of temperature dependence.

He started to study gravity possibly in connection with the shape of the Earth, best 
defined by an equipotential surface fitted to the level of oceans, and continued as 
virtual „sea level” to the continents. He measured very local features of that surface.

Light sources

CathetometerSurface of 
liquid

Reflection method of capillary measurements of Eötvös 



Eötvös 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 a „curvature variometer”
by rotatable lead sectors 

torsion wire

lead sectorsbeam

mass



Horizontal variometerof Eötvös, 
now usually called Eötvös balance.

By this instrument he could measure 
4 of the 5 independent second 
derivatives of the local gravitational 
potential on the surface of Earth.

For measuring very local variations 
in gravity, both test masses were 
made of platinum.

For checks on UFF, one of the two
test masses was made of some other 
material.

Eötvös balance (or pendulum)



Eötvös measured G by a torsion pendulum between two brick walls. He 
used the different oscillation periods of parallel and perpendicular rods.

Eötvös’s results in 1896: G = 6.650 (138) x 10-11 m3 kg-1 s-2



Double Eötvös balance: 

A combination of two simple 
Eötvös 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.



Eötvös’s poetical description of his balance in 1901

“The means I use is a simple, straight stick with masses 
attached to each end, and encased in metal, so that it will not 

be disturbed by the movement of air or differences in 
temperature. All mass near or far has an attracting influence on
the stick, but the fibre, from which it is hung, resists this effect 
and twists in the opposite direction, producing by its twisting 
the exact measurements of the forces imposed upon it. This is 
nothing but an adapted version of the Coulomb instrument. 

It is simple as Hamlet’s flute, if you know how to play on it. 
Just as the musician can coax entrancing melodies from his 
instrument, so the physicist, with equal delight, can measure 

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.



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

The fathers of the concept of the Universality of Free Fall



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

•Einstein Equivalence Principle (EEP):1. WEP is valid; 2. any 
non-gravitational experiment gives the same results in freely falling 
frames; 3. The results are independent of when and where in the 
Universe the experiment is done. Thus physical constants should also 
be the same always and everywhere. EEP probably also implies that 
gravity can be described in terms of a curved spacetime geometry.

•Strong Equivalence Principle:Objects with self-gravity (e.g. stars, 
planets and moons) also fall in the same way. That would not be true 
if attraction was different for the gravitational binding energy.

•It is now questioned whether dark matter and energy should also fall 
in the same way as ordinary, baryonic matter.   



The EPF experiments



Eötvös-balance as 
used for UFF tests



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 Eötvös balance, 
and can be separated from gravity 
gradient effects, if a sufficient number 
of measurements is made in different 
azimuthal directions.

If inertial and gravitating masses were different

Similar equations apply to the primed quantities. 
Let 

Then

The EPF experiments restricted that angle to 
less than 2 10-4 arc 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!  



Co-authors of Eötvös in the EPF paper

Dezsı Pekár (1873-1953). Worked with Eötvös from 1895 to 1919, 
and also led his geophysical measurements. He established and led 
the Loránd Eötvös Geophysical Institute until 1934, made several 
improvements to the Eötvös balance, and also led some prospecting 
expeditions abroad (e.g. in India).

Jenı Fekete (1880-1943)worked with Eötvös for 15 years. After 
the death of Eötvös (in 1919) he went to Texas, Mexico, and 
Venezuela, and helped to find oil there with Eötvös balances. From 
1934 he led the Loránd Eötvös Geophysical Institute.

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



Results of the EPF experiments:

•No systematic deviation from UFF was 
found for any pair of materials, not even 
for gases and for radioactive substances.

•The upper limits for violations of UFF 
were found for most solids as 5x10-9. 

•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 
Eötvös



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

1907? 

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 EP for α decay

From J. Illy 1989:



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 Eötvös more than 20 years 
earlier. Next year Einstein and 
Marcel Grossmann referred to the 
early Eötvös paper, but they were 
probably not aware of the later, 
more precise EPF experiments.



Albert Einstein (1879-1955)

“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

“I 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



Tests of the Equivalence Principles 
between 1930 and 1970



In the 1930’s János Renner, an earlier 
assistent of Eötvös, 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 Eötvös balances.

Again, no deviations from the UFF were 
found for a variety of substances, but he 
improved the upper limits by about one 
order of magnitude, to 5x10-10.

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



Lajos Jánossy (1912-1978)

Letter of Bruno Bertotti to Jánossy about Renner, and about Dicke’s plans 



Robert H. Dicke (1916-1997)

Dicke’s Princeton group 
performed the first modern test 

of the UFF, and achieved a 
relative precision of 10-11. 

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.



Lunar Laser Ranging results (from 1970 on) show the validity of 
the strong EP, including that of gravitational binding energy. 

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

Gravitational binding 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. 



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 Force” claim 



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



How do small residuals of EPF results relate to barion number?



My own contemporary 
calculations of the residuals for 

EPF and Renner.

The apparently more precise 
Renner data contradicted the 

Fischbach hypothesis.

EPFand Rennerresults compared 
to barion number differences



Planned space experiments





Increasing precision of UFF tests



.

How upper limits on 
possible violations of the 

UFF decreased in 100 
years, since the EPF 

experiments.



1/r2 law at small and 
very large distances



Eric G. Adelberger, University of Washington, Seattle.
He was the founder of the „Eöt-Wash” group in 1987. 



Rot-Wash, continuously rotating UFF test for 4 pairs of substances

1/r2 law at small distances For testing spin - mass interaction

Modern torsion balances of the Eöt-Wash Group



First Eöt-Wash torsion balance for testing 1/r2 law



Most recent torsion balance 
of the „Eöt-Wash” group 
that checked the validity of 
the 1/r2 law of gravitational 
attraction down to about 50 
micrometers.

Predictions for a vacuum 
fluctuation origin of „dark 
energy” suggest that the law 
would change below about 
85 micrometers.



„Fifth Force” strengths now excluded at small distances



Fifth Force strengths excluded at larger distances



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

What is our Universe made of?



Dark matter in galaxies may cause flat rotation curves.



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/r2 dependence 
of gravitational forces below 
some tens of micrometers.



Summary

•More and more precise tests on the UFF are still in the forefront of 
research, and torsion balances, first used by Eötvös for that purpose, 
are still competitive devices.

•Tests of Einsteinian general relativity have so far fully confirmed its 
predictions. There is some chance, however, that either more precise 
tests on UFF, or tests on the inverse square law at very small or very 
long range will find some deviation, and point the way toward a more 
complete, unified theory. 

•The structure of the Universe is poorly understood both on very small 
and on very large scales. Table-top experiments of the Eötvös type 
might be competitive with huge accelerators and telescopes in finding a 
way out of the present trap of incompatible „standard theories”. 





Laurels beckoned us, so we started out 

With Nightingale towards a mountain height. 

While I grappled with the sheer cliffs below, 

She seized her prize in easy, graceful flight.

What I may perhaps never ever reach, 

Took but a brief moment for the bird; 

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

Grant me wings too. Let my prayer be heard.

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




