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Galileo: Galileo: Aristoteles cannot be rightAristoteles cannot be right!!

Aristoteles view: the free fall velocity of bodies is proportional to 
their weight
Galileo’s simple logical argument…

“ If then we take two bodies whose natural speeds are different, it 
is clear that on uniting the two, the more rapid one will be partly 

retarded by the slower and the slower will be somewhat 
hastened by the swifter… hence the heavier body (made by the 

two tied together) moves with less speed than the lighter;
an effect which is contrary to your supposition.”

Ex: two bricks tied together to form a single brick do obviously fall at the same 
speed as each brick separately, while according to Aristoteles should fall 
faster because they are twice as heavy…



How  did  How  did  Galileo  come  Galileo  come  to to formulate  the  UFF?formulate  the  UFF?

Aristoteles view cannot be right! 

Experimental proof is needed!

Guess: the difference in time of fall may be due to air 
resistance (…test guess by amplifying resistance of  medium)

Difficulties with experiments based on dropping masses from a 
height …too fast… too much air resistance…

Inclined plane experiments

Pendulum experiments



Experimental  proof  is  neededExperimental  proof  is  needed!!

“ The facts set forth by me up to this point and, in particular, the 
one which shows that difference of weight, even when very 
great, is without effect in changing the speed of falling bodies, 
so that as far as weight is concerned they all fall with equal 
speed: this idea is, I say, so new, and at first glance so remote 
from fact that if we do not have the means of making it just as 
clear as sunlight, it had better not be mentioned; but having 
once allowed it to pass my lips I must neglect no experiment or 
argument to establish it”

This is what makes the difference w.r.t Philopponus (6th

century) and Benedetti (1553) who had questioned Aristoteles 
view before Galileo…



Galileo’s  handwritten  Galileo’s  handwritten  statement  of  the statement  of  the Universality  Universality  of  of  free  fallfree  fall

Veduto, dico, questo cascai in opinione che se si levasse 
totalmente la resistenza del mezzo tutte le materie

descenderebbero con uguali velocità.

Having observed this I came to the conlcusion that in a medium totally devoid of 
resistance all bodies [substances] would fall with the same speed.



Galileo’s   Galileo’s   “Discorsi” (I)“Discorsi” (I)



Galileo’s  Galileo’s  “Discorsi”  in  the  “Discorsi”  in  the  English English translationtranslation



Galileo’s  pendulum  Galileo’s  pendulum  test  of  the  UFF test  of  the  UFF 

Most probably the first null experiment in Physics!



Newton’s  viewNewton’s  view
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PRINCIPIA opening paragraph: “This quantity that I mean hereafter under 
the name of ... mass ... is known by the weight ... for it is proportional to the 
weight as I have found by experiments on pendulums, very accurately 
made... '‘ (Equivalence of inertial-to-gravitational mass: Equivalence
Principle)
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In the gravitational field of a source body (e.g. the Earth):



Einstein’s  view Einstein’s  view (I)(I)

Einstein (1907): “hypothesis of complete physical equivalence” between a 
gravitational field and an accelerated reference frame: In a freely falling 
system all masses fall equally fast, hence gravitational acceleration has no 
local dynamical effects (“Weak Equivalence Principle” - WEP)

An observer inside Einstein elevator will not be able to tell, before hitting the 
ground, whether he is moving with an acceleration g in empty space, far 
away from all masses, or else he is falling in the vicinity (height of fall<<Earth 
radius) of a body (the Earth) whose local gravitational acceleration is also g
(and in the same direction).

The The experimental consequence is experimental consequence is the the Universality of Free Fall (UFF)Universality of Free Fall (UFF)::
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Einstein’s  view  Einstein’s  view  (II)(II)

• “Einstein Equivalence Principle (EEP)” (assumes WEP): all 
gravitational effects are (globally) replaced by the metric of 
a curved, 4-dimension space-time…

General Relativity is based on WEP

WEP ⇒ UFF: should bodies of different composition fall with different 
accelerations, the elevator and the test mass inside it would generally fall 
with different accelerations and the observer would be able to tell that he is 
close to the surface of the Earth and not in an accelerated frame in empty 
space.

UFFUFF experiments experiments test the test the foundationsfoundations of GRof GR

a a deviationdeviation fromfrom UFFUFF would require would require a a modification modification of GRof GR



The The laws laws of of Physics Physics and and current problems current problems ((by by G. Veneziano) (I)G. Veneziano) (I)



TheThe lawslaws ofof PhysicsPhysics andand current problemscurrent problems ((byby G. Veneziano) (II)G. Veneziano) (II)



TheThe lawslaws ofof PhysicsPhysics andand current problemscurrent problems ((byby G. Veneziano) (III)G. Veneziano) (III)



TheThe lawslaws ofof PhysicsPhysics andand current problemscurrent problems ((byby G. Veneziano) (IV)G. Veneziano) (IV)



TheThe lawslaws ofof PhysicsPhysics andand current problemscurrent problems ((byby G. Veneziano) (V)G. Veneziano) (V)



TheThe lawslaws ofof PhysicsPhysics andand current problemscurrent problems ((byby G. Veneziano) (VI)G. Veneziano) (VI)



TheThe lawslaws ofof PhysicsPhysics andand current problemscurrent problems ((byby G. Veneziano) (VII)G. Veneziano) (VII)



TheThe lawslaws ofof PhysicsPhysics andand current problemscurrent problems ((byby G. Veneziano) (VIII)G. Veneziano) (VIII)



TheThe lawslaws ofof PhysicsPhysics andand current problemscurrent problems ((byby G. Veneziano) (IX)G. Veneziano) (IX)



TheThe lawslaws ofof PhysicsPhysics andand current problemscurrent problems ((byby G. Veneziano) (X)G. Veneziano) (X)



TheThe lawslaws ofof PhysicsPhysics andand current problemscurrent problems ((byby G. Veneziano) (XI)G. Veneziano) (XI)



TheThe lawslaws ofof PhysicsPhysics andand current problemscurrent problems ((byby G. Veneziano) (XII)G. Veneziano) (XII)



TheThe lawslaws ofof PhysicsPhysics andand current problemscurrent problems ((byby G. Veneziano) (XIII)G. Veneziano) (XIII)



TheThe lawslaws ofof PhysicsPhysics andand current problemscurrent problems ((byby G. Veneziano) (XIV)G. Veneziano) (XIV)



TheThe lawslaws ofof PhysicsPhysics andand current problemscurrent problems ((byby G. Veneziano) (XV)G. Veneziano) (XV)



TheThe lawslaws ofof PhysicsPhysics andand current problemscurrent problems ((byby G. Veneziano) (XVI)G. Veneziano) (XVI)



TheThe lawslaws ofof PhysicsPhysics andand current problemscurrent problems ((byby G. Veneziano) (XVII)G. Veneziano) (XVII)



TheThe lawslaws ofof PhysicsPhysics andand current problemscurrent problems ((byby G. Veneziano) (XVIII)G. Veneziano) (XVIII)



Fischbach et al. 1995: In a classical framework, if gravity couples 
anomalously to the energy of neutrino-antineutrino exchange, its contribution 
to the mass-energy of the nucleus (rigorous calculation) would lead to an EP 
violation at the level 

Damour&Polyakov 1994: Beyond the present framework of physics, 
predictions based on string theory and the existence of dilaton put an EP 
violation between and  

1710

1810−η

Classical and based on rigorous 
calculation, but achievable only in 

space…

−η

1310−η

Damour, Piazza&Veneziano 2002: With a new scenario for the dilaton, an
EP violation could be expected just below                          (for test masses
made of Cu, Be or  Pt, Ti)

1210−η

Very interesting, but 
highly speculative…

EP EP violation expected violation expected –– TTo what levelo what level??



Eotvos’ Eotvos’ torsion torsion balancebalanceEotvos’ Eotvos’ torsion torsion balancebalance

Eötvös (1888-1905/08s): confirms UFF to 
1 part in 108 by torsion balance tests

(improves by 3 orders of magnitude over
pendulum tests - differential instrument!!)

It was indeed a very subtle idea that a 
deviation from the proportionality 
between inertial and gravitational 
mass should show up as a rotation of 
the balance (inherently differential
instrument !!)

Note: Eötvös was not aware of the work by Einstein just in the same years….he had a 
very sensitive instrument and used it !!!
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Modern  torsion  balance  tests  Modern  torsion  balance  tests  of  the  of  the  Equivalence  PrincipleEquivalence  PrincipleModern  torsion  balance  tests  Modern  torsion  balance  tests  of  the  of  the  Equivalence  PrincipleEquivalence  Principle

“Eöt-Wash” group: EP tests with slowly rotating torsion balance

1994:

1999:    
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….the measured value of  η is only sligthly below    
And it has been so since the 1970s1210−



Driving  signal Driving  signal of  EP  of  EP  violationviolation:  the :  the advantage advantage of  spaceof  space

On Earth:

• If the Earth is the source mass :
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• If the Sun is the source mass :

In space (LEO):
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Equivalence  Principle  testsEquivalence  Principle  tests:  :  what’s  what’s  onon

The best ground tests (with slowly rotating torsion balances, Eöt-Wash 
group) have reached:

η ≅ 9.3⋅10-13

LLR tests have reached (Williams et al..):

η ≅ 10-13

Proposed and ongoing experiments for EP testing :

GG (I) 250 kg; STEP (USA) 1000 kg-
LEO

η ≅ 10-17 , 10-18

η ≅ 10-14 , 10-15 µSCOPE (F) 200 kg –LEO; GREaT (I-
USA) 



Do the Do the Earth Earth and the and the Moon fall Moon fall the the same same in the in the gravitational field gravitational field of the of the SunSun??

The polarization of the lunar 
orbit towards the Sun is mostly 
classical (parallactic inequality, 
because of perturbations due to
the Sun; Laplace). The 
amplitude of polarization would 
be slightly larger should the 
Earth and the Moon fall 
differently towards the Sun 
because of an EP violation 
(Nordtvedt effect)

Violation might be due to different composition or different gravitational binding 
energy, or both…
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