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Einstein formulated three key principles which are at the very basis 
of GR 

• Principle of general covariance

• Principle of consistency

• Principle of equivalence



Principle of general covariance

3

One of the postulates of special relativity is the principle of relativity, i.e., that the laws of physics are the same in any 
inertial frame of reference.

The principle of general covariance extends that requirement to say that the form of the laws of physics should be the 
same in all – inertial and accelerating – frames. 

In other words, physical phenomena shouldn't depend on the choice of coordinate systems used to describe them, and 
therefore all frames are equally valid. 

To paraphrase Foster and Nightingale: 
A physical equation of general relativity is generally true in all coordinate systems if 
(a) the equation is a tensor equation (i.e., it preserves its form under general coordinate transformations)
(b) the equation is true in special relativity.

Taken together, these two conditions mean that if we have a valid tensor equation that is true in special relativity we can, 
with a little bit of twiddling, transform it into an equation that is true in general relativity. 



Principle of consistency
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The principle of consistency requires that a new scientific theory must be able to account for the successful predictions of 
the old theories it replaces. 

This means that, given the appropriate conditions, general relativity should reduce to both the laws of Newtonian 
mechanics and, in the absence of gravity, to the formulations of special relativity. 

Example of consistency, the general-relativistic continuity equation
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Principle of equivalence
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(Text from C. Will, "The Confrontation between General Relativity and Experiment", Living Rev. Relativ. 17, 4 (2014). 
https://doi.org/10.12942/lrr-2014-4) 

The principle of equivalence has historically played an important role in the development of gravitation theory. Newton 
regarded this principle as such a cornerstone of mechanics that he devoted the opening paragraph of the Principia to it.

In 1907, Einstein used the principle as a basic element in his development of general relativity (GR). We now regard the 
principle of equivalence as the foundation, not of Newtonian gravity or of GR, but of the broader idea that spacetime is 
curved. Much of this viewpoint can be traced back to Robert Dicke, who contributed crucial ideas about the foundations 
of gravitation theory between 1960 and 1965. These ideas were summarized in his influential Les Houches lectures of 
1964, and resulted in what has come to be called the Einstein equivalence principle (EEP). 

One elementary equivalence principle is the kind Newton had in mind when he stated that the property of a body called 
“mass” is proportional to the “weight”, and is known as the weak equivalence principle (WEP). 

An alternative statement of WEP is that the trajectory of a freely falling “test” body (one not acted upon by such forces as 
electromagnetism and too small to be affected by tidal gravitational forces) is independent of its internal structure and 
composition. 

https://doi.org/10.12942/lrr-2014-4
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In the simplest case of dropping two different bodies in a gravitational field, WEP states that the bodies fall with the same
acceleration (this is often termed the Universality of Free Fall, or UFF). 

The Einstein equivalence principle (EEP) is a more powerful and far-reaching concept; it states that: 

1. WEP is valid. 
2. The outcome of any local non-gravitational experiment is independent of the velocity of the freely-falling reference 

frame in which it is performed. 
3. The outcome of any local non-gravitational experiment is independent of where and when in the universe it is 

performed. 

The second piece of EEP is called local Lorentz invariance (LLI), and the third piece is called local position invariance (LPI).

For example, a measurement of the electric force between two charged bodies is a local non-gravitational experiment; a 
measurement of the gravitational force between two bodies (Cavendish experiment) is not. 

The Einstein equivalence principle is the heart and soul of gravitational theory, for it is possible to argue convincingly that 
if EEP is valid, then gravitation must be a “curved spacetime” phenomenon, in other words, the effects of gravity must be 
equivalent to the effects of living in a curved spacetime. 
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As a consequence of this argument, the only theories of gravity that can fully embody EEP are those that satisfy the 
postulates of “metric theories of gravity”, which are: 

1. Spacetime is endowed with a symmetric metric. 
2. The trajectories of freely falling test bodies are geodesics of that metric. 
3. In local freely falling reference frames, the non-gravitational laws of physics are those written in the language of 

special relativity. 

The argument that leads to this conclusion simply notes that, if EEP is valid, then in local freely falling frames, the laws 
governing experiments must be independent of the velocity of the frame (local Lorentz invariance), with constant values 
for the various atomic constants (in order to be independent of location). 

The only laws we know of that fulfill this are those that are compatible with special relativity, such as Maxwell’s equations
of electromagnetism, and the standard model of particle physics. 

Furthermore, in local freely falling frames, test bodies appear to be unaccelerated, in other words they move on straight 
lines; but such “locally straight” lines simply correspond to “geodesics” in a curved spacetime. 
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General relativity is a metric theory of gravity, but then so are many others, including the Brans–Dicke theory and its 
generalizations. 

Theories in which varying non-gravitational constants are associated with dynamical fields that couple to matter directly 
are not metric theories. Neither, in this narrow sense, is superstring theory, which, while based fundamentally on a 
spacetime metric, introduces additional fields (dilatons, moduli) that can couple to material stress-energy in a way that 
can lead to violations, say, of WEP. 

It is important to point out, however, that there is some ambiguity in whether one treats such fields as EEP-violating 
gravitational fields, or simply as additional matter fields, like those that carry electromagnetism or the weak interactions.

Still, the notion of curved spacetime is a very general and fundamental one, and therefore it is important to test the 
various aspects of the Einstein equivalence principle thoroughly.  ...
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"Fundamental Ideas and Methods of the Theory of Relativity, Presented in Their Development"

Albert Einstein (after 22 January 1920)
https://einsteinpapers.press.princeton.edu/vol7-trans/129 

15. The Basic Idea of the Theory of General Relativity in Its Original Form
...

When I was busy (in 1907) writing a summary of my work on the theory of special relativity for the Jahrbuch für Radioaktivität und Elektronik [Yearbook for 
Radioactivity and Electronics], I also had to try to modify the Newtonian theory of gravitation such as to fit its laws into the theory. While attempts in this 
direction showed the practicability of this enterprise, they did not satisfy me because they would have had to be based upon unfounded physical hypotheses. 
At that moment I got the happiest thought of my life in the following form: 
In an example worth considering, the gravitational field has a relative existence only in a manner similar to the electric field generated by magneto-electric 
induction. Because for an observer in free-fall from the roof of a house there is during the fall—at least in his immediate vicinity—no gravitational field. Namely, 
if the observer lets go of any bodies, they remain relative to him, in a state of rest or uniform motion, independent of their special chemical or physical nature. 
The observer, therefore, is justified in interpreting his state as being “at rest.” 

The extremely strange and confirmed experience that all bodies in the same gravitational field fall with the same acceleration immediately attains, through this 
idea, a deep physical meaning. Because if there were just one single thing to fall in a gravitational field in a manner different from all others, the observer could 
recognize from it that he is in a gravitational field and that he is falling. But if such a thing does not exist—as experience has shown with high precision—then 
there is no objective reason for the observer to consider himself as falling in a gravitational field. To the contrary, he has every right to consider himself in a 
state of rest and his vicinity as free of fields as far as gravitation is concerned.

The experimental fact that the acceleration in free-fall is independent of the material, therefore, is a powerful argument in favor of expanding the postulate of 
relativity to coordinate systems moving nonuniformly relative to each other. 

On the other hand, one can also start with a space that has no gravitational field. A material point in this space, when sufficiently distant from other masses, 
behaves free of acceleration relative to an inertial system K. However, if one introduces a uniformly accelerated coordinate system K' relative to K (uniformly 
accelerated parallel translation), then K' is no inertial system in the sense of classical mechanics or the theory of special relativity. Every mass point sufficiently 
distant from others is uniformly accelerated relative to K'. When seen from K, the acceleration of the system K' is of course the cause of the relative acceleration 
of the mass point relative to K' and on the basis of classical mechanics, as understood up to the present day, it is the only possible interpretation. 

https://einsteinpapers.press.princeton.edu/vol7-trans/129
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However, we can also view as K' an admissible system (“at rest”) and attribute the acceleration of masses relative to K' to a static gravitational field that fills the 
entire space that is under consideration. This interpretation again is possible based upon the experimental fact that in a gravitational field (such as that relative 
to K') all bodies fall in the same manner. 
If we know the laws of nature with respect to a (gravitation-free) system K, then we can by mere transformation learn the laws relative to K', i.e., we learn about 
the physical properties of a gravitational field by means of a purely speculative method. At its basis here is the hypothesis that the principle of relativity also 
holds in reference to coordinate systems that are mutually accelerated to each other, and that the physical properties of space that rule relative to K' are 
completely equivalent to a gravitational field (hypothesis of equivalence).

The generalization of the principle of relativity, therefore, points to a speculative way of investigating the properties of the gravitational field. 

Because all bodies in a gravitational field have the same fall, a stimulus arose that pointed with irresistible force toward a generalization of the principle of 
relativity. 〈Consequently, it is necessary to point out that this result (of the equivalence hypothesis) is supported with extraordinary precision, in particular by 
the tests made by Eötvös. This is based upon the following consideration.〉

This experimental fact can also be phrased in a second especially remarkable form. According to Newton’s law of motion, the fall of a body occurs according to 
the equation

(inertial mass) X (acceleration in fall) = (gravitational force of the earth). 

On the other hand,

(gravitational force of the earth) = (intensity of the gravitational field) X (gravitational mass).

In these equations “inertial mass” means the mass that is responsible for the inertial reaction of the body, “gravitational mass” is the constant responsible for 
the influence of the gravitational field on the same body—two constants which by definition are completely independent of each other. From both equations 
together follows 

(inertial mass) X (acceleration in fall) = (gravitational mass) X (intensity of the gravitational field). 
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In order to keep the experimentally confirmed law

(acceleration in fall) = (intensity of the gravitational field) 

valid, it must also be true that

inertial mass = gravitational mass.

The experimental fact of the same fall of all bodies therefore can, in the spirit of Newtonian mechanics, also be viewed as the equality of the inertial and 
gravitational mass, which from the point of view of Newtonian mechanics is by no means self-evident.

This theorem has been confirmed with extraordinary precision by the tests of Eötvös, which are based upon the following. A body on the surface of the earth is 
under the influence of the gravitational force of the earth and of the centrifugal force of the earth’s rotation. The first force is proportional to the gravitational 
mass, the latter to the inertial mass. The resultant of both forces is independent of the material only if the ratio of inertial and gravitational mass is 
independent of the material. Eötvös attached masses of different material to the ends of the horizontal balance beam of a torsion scale. In case of an 
incomplete proportionality of inertial and gravitational mass, the resulting forces acting upon the two masses could not be exactly parallel; i.e., there should 
have been a torsion moment acting upon the system when the balance beam was oriented in the east-west direction. The negative outcome was registered 
with such precision that the relative difference between inertial and gravitational mass had to be smaller than 10-7.
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Image Credit: NASA
Published: July 16, 2018
At the end of the last Apollo 15 moon walk, Commander 
David Scott (pictured above) performed a live 
demonstration for the television cameras. He held out a 
geologic hammer and a feather and dropped them at the 
same time. Because they were essentially in a vacuum, 
there was no air resistance and the feather fell at the same 
rate as the hammer, as Galileo had concluded hundreds of 
years before - all objects released together fall at the same 
rate regardless of mass. Mission Controller Joe Allen 
described the demonstration in the "Apollo 15 Preliminary 
Science Report":
"During the final minutes of the third extravehicular 
activity, a short demonstration experiment was conducted. 
A heavy object (a 1.32-kg aluminum geological hammer) 
and a light object (a 0.03-kg falcon feather) were released 
simultaneously from approximately the same height 
(approximately 1.6 m) and were allowed to fall to the 
surface. Within the accuracy of the simultaneous release, 
the objects were observed to undergo the same 
acceleration and strike the lunar surface simultaneously, 
which was a result predicted by well-established theory, but 
a result nonetheless reassuring considering both the 
number of viewers that witnessed the experiment and the 
fact that the homeward journey was based critically on the 
validity of the particular theory being tested." - Joe Allen, 
NASA SP-289, Apollo 15 Preliminary Science Report, 
Summary of Scientific Results, p. 2-11

From https://moon.nasa.gov/resources/331/the-apollo-15-
hammer-feather-drop/

https://moon.nasa.gov/resources/331/the-apollo-15-hammer-feather-drop/
https://moon.nasa.gov/resources/331/the-apollo-15-hammer-feather-drop/
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apparatus and claimed to have improved 
on the accuracy of the work. 

The principal instrument used by 
Eotvos was extremely simple [see illus
tration on opposite pagel. It consisted 
of a light horizontal beam, 40 centimeters 
long, suspended by a thin platinum-iridi
um wire. Attached to the ends of the 
beam were two weights, one of them 
suspended 20 centimeters lower than the 
other. Although this conflguration was 
useful for measuring small gravitational 
gradients in geophysical work, it made 
his fundamental experiment more diffi
cult. 

The principle used by Eotvos in his 
most accurate experiments can be visu
alized by imagining a weight suspended 
from a plumb line. In a rotating co
ordinate system, where the earth appears 
to be at rest, the mass can be thought of 
as being acted on by two forces: the 
gravitational attraction causing the mass 
to fall toward the center of the earth and 
the centrifugal force-a form of inertial 
force-tending to throw the mass out
ward [see bottom illustration on this 
pagel. If weights of different composi
tion are used, will the plumb line always 
hang in precisely the same direction, 

thereby indicating a strict proportional
ity between these two different kinds of 
force? 

In the actual experiment the beam 
supporting the two masses was lined up 
facing east and west. Any small differ
ence in the proportionality between 
gravitational and inertial forces would 
produce a torque on the beam, making 
it rotate. Since Eotvos could detect no 
rotation that could be clearly attributed 
to a lack of proportionality, regardles.s 
of the substance he tested, he reported a 
null result within the limits of accuracy 
of his experiment. (In a few of his ex-

EARLY GRAVITY EXPERIMENTS were performed by dropping 
weights (Galileo's famous experiment was not tbe first of its 
kind) or by observing the period of pendulums. Two pendulums of 
the same length should swing in synchrony regardless of the na
ture of the suspended masses. Isaac Newton observed the pe-

riods of pendulums supporting many different substances to show 
that all reacted in the same fashion to the force of gravitation. 
In the diagrams the broken lines inside the colored circles indio 
cate that a dense substance, such as lead, has been hollowed out 
to make it equal in mass to a lighter substance (gray circles). 

EOTVOS EXPERIMENT, performed in two series, first in 1889 
and again in 1908, demonstrated the constancy of gravitational 
acceleration with great accuracy. Eotvos observed the effect on 
a torsion balance when two weights affixed to a beam were acted 

on simultaneously by two forces: the gravitational force of the 

86 

earth and the centrifugal force created by the earth's rotation. Con· 
ceivably two masses of different composition might react differently 
to these two forces and produce a torque resulting in a slight rota· 
tion of the balance. By observing the balance in different 
orientations Eotvos verified that no significant rotation took place. 

© 1961 SCIENTIFIC AMERICAN, INC
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The Eötvös experiment

apparatus and claimed to have improved 
on the accuracy of the work. 

The principal instrument used by 
Eotvos was extremely simple [see illus
tration on opposite pagel. It consisted 
of a light horizontal beam, 40 centimeters 
long, suspended by a thin platinum-iridi
um wire. Attached to the ends of the 
beam were two weights, one of them 
suspended 20 centimeters lower than the 
other. Although this conflguration was 
useful for measuring small gravitational 
gradients in geophysical work, it made 
his fundamental experiment more diffi
cult. 

The principle used by Eotvos in his 
most accurate experiments can be visu
alized by imagining a weight suspended 
from a plumb line. In a rotating co
ordinate system, where the earth appears 
to be at rest, the mass can be thought of 
as being acted on by two forces: the 
gravitational attraction causing the mass 
to fall toward the center of the earth and 
the centrifugal force-a form of inertial 
force-tending to throw the mass out
ward [see bottom illustration on this 
pagel. If weights of different composi
tion are used, will the plumb line always 
hang in precisely the same direction, 

thereby indicating a strict proportional
ity between these two different kinds of 
force? 

In the actual experiment the beam 
supporting the two masses was lined up 
facing east and west. Any small differ
ence in the proportionality between 
gravitational and inertial forces would 
produce a torque on the beam, making 
it rotate. Since Eotvos could detect no 
rotation that could be clearly attributed 
to a lack of proportionality, regardles.s 
of the substance he tested, he reported a 
null result within the limits of accuracy 
of his experiment. (In a few of his ex-

EARLY GRAVITY EXPERIMENTS were performed by dropping 
weights (Galileo's famous experiment was not tbe first of its 
kind) or by observing the period of pendulums. Two pendulums of 
the same length should swing in synchrony regardless of the na
ture of the suspended masses. Isaac Newton observed the pe-

riods of pendulums supporting many different substances to show 
that all reacted in the same fashion to the force of gravitation. 
In the diagrams the broken lines inside the colored circles indio 
cate that a dense substance, such as lead, has been hollowed out 
to make it equal in mass to a lighter substance (gray circles). 

EOTVOS EXPERIMENT, performed in two series, first in 1889 
and again in 1908, demonstrated the constancy of gravitational 
acceleration with great accuracy. Eotvos observed the effect on 
a torsion balance when two weights affixed to a beam were acted 

on simultaneously by two forces: the gravitational force of the 
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© 1961 SCIENTIFIC AMERICAN, INC
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INERTIAL AND GRAVITATIOiYAL MASS 447 
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FIG. 1. Reproduction of a drawing of a single torsion balance used by Eijtviis for some of 
his measurements (11). The scale below the drawing is one meter in length. 

While EMvGs made use of acceleration toward the sun for some of his measure- 
ments, these results were of inferior accuracy and his experiment depended 
primarily upon the centrifugal force field (5). His principal apparatus is shown 
in Fig. 1, reproduced from an old article (11). It may be noted that one weight 
was suspended lower than the other. The resulting elimination of the twofold 
symmetry axis of the apparatus increased the number of basic types of gravita- 
tional field gradients (tidal effects) to which the apparatus was sensitive, and 
had no worthwhile purpose. It is difficult to see why this was done, as it only 
made the experiment more difficult, requiring twice as many observations 
(observations 90” apart) as would have been required by an apparatus with a 
twofold symmetry axis (180” rotations). The only reason that we can see for 
this is that the apparatus was designed for making geophysical measurements 
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The Dicke experiment
stars in a galaxy, and the curvature in the 
neighborhood of a galaxy is again a local 
fluctuation in the over-all curvature of 
the universe. 

Einstein assumed that meter bars and 
clocks had such properties that they 
could be used to establish the same 
geodesic curves as those produced by the 
trajectories of freely falling bodies. It is 
implicit in this assumption that a plati
num meter bar would hold the "same" 
length and an accurate clock would keep 
the "same" time no matter where they 
were placed in the universe. In modern 
examinations of distant objects the meter 
bar and clock are replaced by atomic 
measuring sticks and atomic clocks. If 
we· follow Einstein, we assume that 
atoms in the remotest galaxy are of the 
same size and radiate light at the same 
frequencies as atoms on the earth or in 
the sun. This assumption of Einstein's 
is in effect a definition of the units of 
length and time everywhere in the uni
verse, and so long as the definition is 
unambiguous there is much to be said 
for its adoption. 

Unfortunately there is always room 
for ambiguity to creep in. For example, 
the unit of length could be taken as the 
diameter of the hydrogen atom, radius 
of the helium nucleus, wavelength of 
the electron or perhaps as the "gravita
tional radius" of an elementary particle, 
This last value can be defined as the radi
us of an electrically charged elementary 
particle considered to be gravitationally 
held together against the electrical 
forces tending to disrupt it. It is a very 
small number, about 10-33 centimeter. 
If the ratios of these various lengths to 
one another should vary at different 
space-time points in the universe, we 
would be perplexed as to which should 
be a standard measure. Each of the pos
sible choices would lead to a different 
geometrical picture of space. 

The consequences of ambiguity in 
selection of standards of length and time 
can be illustrated by a simple example. 
Let us imagine a surface inhabited by 
two races of men, the Flatlanders and 
the Roundlanders. The Roundlanders 
note that they and the Flatlanders are 
the same size only when they are at one 
particular point on the surface. As the 
Flatlanders move away from that point 
in any direction they are affected (so the 
Roundlanders think) by some mysterious 
field of force that makes them grow 
smaller and smaller. To the Flatlanders, 
who of course sense no change in their 
own size, the Loundlanders seem to 
grow steadily taller as they move away 
from the same point. The matter is made 
the more puzzling because each race can 

88 

show that its own size remains constant 
as measured by its own yardsticks. 

What happens, then, when each sur
veys the surface and plots geodesic lines? 
When the Roundlanders connect three 
points by geodesic lines, they find that 
the angles of the resultant triangle add 

up to more than 180 degrees; they 
conclude from this that they are living on 
a spherical surface [see top illustration on 
page 92] . The departure from 180 de
grees enables them to compute the diam
eter of the spherical surface on which 
they live. 

NEW TEST OF GRAVITATION, being conducted at Princeton University, attempts to 
learn whether or not there is any discrepancy in the rate at which masses of different com
position fall toward the sun. In the idealized form of the experiment diagramed, two weights 
are suspended at the North Pole and revolve with the earth as it turns on its axis. At 

> 

6 AM. 12 NOON +3r---------------------------���-----------

+�--��----------------------+-------------

+1 �----------------���--------+_--------------

O �----------------------------���-------------

-1 �--------------------------------4_--------��� 

-2 r------------------------------------+----------------

-3� ___________ ______________ ___ _ __ 

HYPOTHETICAL POSITIVE RESULT of the author's experiment would lead to the 
asymmetry diagramed. The suspended weights, as viewed from above, are carried around 
in a full circle every 24 hours by the earth's rotation. If both weights experience the same 

© 1961 SCIENTIFIC AMERICAN, INC
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When the Flatlanders connect the 
same three points with geodesic lines, 
using their own yardsti-::ks, they obtain 
a very different sort of triangle [see bot
tom illustmtion on page 92]. Observing 
that the angles of this triangle do add up 
to 180 degrees, the Flatlanders conclude 

they are living on a Bat surface. The les
son to be learned from this story is that 
there is no absolute way to determine 
which of several possible measuring 
sticks is fixed and unchanging, that any 
of the sets may be regarded as the stand
ards of length and that the geometry of 

the measured surface depends on the 
selection that has been made. 

T he Eiitviis experiment can tell us 
nothing directly about the suitability 

of our measuring sticks or clocks for con
firming the geodesics traced out by fall-

"6 a.m." (left) , when the beam is perpendicular to a line drawn 
to the sun, the colored weight is being carried toward the sun 
by the earth's rotation. Twelve hours later (right) the same weight 
is being carried away from the sun. As a consequence, if the 

colored weight should tend to fall toward the sun faster than 
the other, it will alternately make the beam rotate slightly faster 
than the earth for 12 hours and then slightly slower for the next 
12 hours. This hypothetical positive result is illustrated below. 

6 P M 12 MIDNIGHT 6 AM. 
• 

� 
� 

I � 
----I � 

gravitational acceleration toward the sun, their rate of rotation 
will be absolutely uniform. If, however, one weight (color) should 
tend to fall slightly faster, it would speed up the rotation rate while 

it was being carried toward the sun (e.g., at "6 a.m.") and slow it 
down while being carried away from the sun (e.g., at "6 p.m."). 
In actual fact, no asymmetry has been observed in the rotation. 

89 
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ing bodies in their movement through 
space. Indirect arguments based on the 
experiment, however, can be used to 
show that at least some of the units of 
length and time derived from the atom 
are suitable for this purpose. The argu
ments used are general and powerful, 
but, like all powerful medicines, there is 
some small danger that although they are 
strong they are also wrong. 

One argument is based on the follow
ing hypothetical situation. Suppose we 
carefully fabricate two objects from 
different materials to serve as standards 
of mass. In order to ascertain that they 
have the same mass we do not weigh 
them (since we want to avoid, for the 
present, a measurement dependent on 
gravitation) but we determine their iner
tial mass by accelerating them with a 
force of standard strength. We add or 
remove material until both masses reach 
the same velocity when accelerated by 
the same force. We can then say that 
both have the same inertial mass. Let us 
then raise the two bodies to a new posi
tion-say to the top of a building-and 
again compare their masses by accelera
tion. Now, to continue the hypothesis, 
let us imagine that the inertial masses 
are no longer equal; one has increased. 

COPPER WEIGHT 

OSCIllATOR 

Inasmuch as mass and energy are 
equivalent, we conclude that for one 
body to have gained mass it must have 
gained internal energy. Indeed, we know 
that even a small change in mass repre
sents an enormous amount of energy. 
This implies in turn that a certain amount 
of work had to be done on the body, ei
ther by the person who carried it to a 
higher position or by some external field 
of force (other than gravitational) , which 
put energy into the body while it was be
ing raised. If the work were provided 
by the person, he would sense that the 
body felt anomalously heavy. As a direct 
result of this extra gravitational pull the 
body would fall anomalously fast if al
lowed to drop. If, on the other hand, the 
work were provided by some mysterious 
new field of force capable of putting en
ergy into the body as it was being raised, 
the person carrying it might not be able 
to sense a gain in weight. Moreover, in 
this case there need not be an anomalous 
increase in gravitational acceleration 
when the body is allowed to fall freely. 
The force field that had put energy into 
the body when it was being raised would 
remove it just as surreptitiously when 
it was falling. 

The best evidence that the first of 

PHASE DETECTOR � AMPLIfiER 

these strange events cannot take place 
is just the sort of experiment performed 
by Eotvos. At least within the regions of 
space occupied by the earth in circling 
the sun, the null result of the Eotvos ex
periment assures us that gravitational ac
celerations are very nearly constant, re
gardless of the composition of the ob
ject, and that only extremely tiny changes 
in inertial mass with height are possible. 
As for the possibility of a mysterious 
new force field, that has its own troubles. 
For such a field to act without being de
tected by an Eotvos experiment it would 
have to have precisely the right strength 
for particles bound in all sorts of con
figurations. 

Thus from the Eotvos experiment it 
seems reasonable to infer that any 
ordinary measuring stick or clock, in
cluding atomic ones, is a suitable unit 
for determining the geometry of space. 
This is what was meant by saying that 
the arguments based on the Eotvos ex
periment are powerful. 

On the other hand, one can suggest 
perfectly good clocks that are not neces
sarily suitable for checking the geometry 
of space. One example of such a clock 
would be the orbital period of a satellite 
moving about an astronomical body. If 

• 

PHOTOCEll 

THE PRINCETON APPARATUS uses an electrooptical system 

to monitor and record any slight rotation in the suspended triangle, 
whether due to gravitation or some other disturbing force. One leg 

of the triangle is silvered so that it serves as a mirror in the optical 
system. A slit placed in the beam of a flashlight bulb is reflected 

by the mirror and is brought to a focus on a wire oscillating at 

3,000 cycles per second. Because of this oscillation the inten
sity of the light striking the photocell varies with time. If the 
mirror turns slightly, the signal from the photocell changes and 
gives rise to a direct-current voltage, which, applied to the elec
trodes, exerts a restoring force on one of the copper weights. The 
magnitude of this force is logged continuously on a strip recorder. 

90 
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INERTIAL AND GRAVITATIONAL MASS 

IRON POLE 

OSCILLATING 

OSCILLPTING 
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FIG. 7. Details of the oscillating wire light modulator. (a) Top view of the oscillating 
wire device, showing the magnet and pole piece assembly, prism, and light pipe. (b) Hide 
view, showing the method of mounting the oscillating wire between the pole pieces. (c) 
Block diagram of the balanced bridge oscillator which drives the oscillating wire. (d) Sketch 
of the diffraction image of the slit focused and centered on the equilibrium position of the 
oscillating wire. As the wire oscillates about the position illustrated, the light received by 
the photomultiplier is modulated at the second harmonic of the wire frequency. Only when 
the diffraction image shifts off-center from the equilibrium position of the wire is the funda- 
mental wire frequency detected by the photomultiplier. (e) Calculated fractional light 
intensity received by the photomultiplier as a function of displacement of the diffraction 
image of the slit from the center of the wire. 

3000 cps fundamental frequency. As the torsion balance rotates slightly and 
shifts the diffraction pattern off center, the fundamental frequency will begin to 
appear in the photomultiplier output. The phase of the fundamental (0“ or 180” 
relative to the oscillator signal driving the wire) indicates the direction of rota- 
tion of the pendulum, and its amplitude is proportional to the magnitude of the 
rotation for sufficiently small angular displacements. 

The calculated fractional light intensity received by the photomultiplier is 
sketched in Fig. 7(e) as a function of displacement of the center of the diffraction 
pattern from the center of the wire. The full width at half maximum of this 
curve (the “line width” which must be split by the detection apparatus) is 
about 30~ or 3 X 1O-5 rad. 

Next, the photomultiplier output is increased by a preamplifier and an ampli- 
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The MICROSCOPE space mission 
At the core of the satellite there are two pairs of nested cylinders. In one pair, 
both cylinders are made of the same material, an alloy of the heavy metals 
platinum and rhodium. In the other pair, the inner cylinder is again platinum–
rhodium, while the outer one is an alloy of light metals: titanium, aluminum 
and vanadium. 

Microscope is orbiting in Earth’s gravitational pull. According to the equivalence 
principle, all four cylinders should feel the same force regardless of the density 
of the metals, and therefore they should move along the same orbit. 

If, however, the experiment were to measure tiny differences in the way that 
the two pairs of cylinders move, this could point to a breakdown of the 
principle and call for a revision of our current theory of gravity. 

As they orbit Earth inside the satellite, the relative positions of the cylinders is 
measured by electrostatic sensors. 

To make such precise measurements in space, the satellite must be extremely 
still with respect to the cylinders floating freely within it. To achieve this, 
Microscope will fire micro thrusters to compensate for tiny disturbances to its 
trajectory caused by the pressure of sunlight or impacts of micrometeoroids, 
for example.

(adapted from https://www.esa.int/Science_Exploration/Space_Science/Space_Microscope_to_test_universality_of_freefall )

19/10/22, 16:35ESA - Space Microscope to test universality of freefall

Page 3 of 4https://www.esa.int/Science_Exploration/Space_Science/Space_Microscope_to_test_universality_of_freefall

Other experiments aimed at verifying the principle included some by Isaac Newton, and those of Loránd Eötvös around

the turn of the 20th century, using a pendulum to demonstrate that two objects made of different materials experience the

same pull from Earth’s gravity.

Eötvös’ experiment confirmed that the equivalence principle held to one part in 100 million. Later tests have improved it to

one part in 10 trillion but it is not possible to make much more stringent tests in standard laboratory experiments because

of seismic activity and other perturbations.

Space offers the solution, improving the accuracy by placing the two objects in freefall around our planet. The Microscope

satellite aims to improve accuracy by another factor of 100, enabling scientists to test general relativity and its possible

extensions at a much higher level.

At the core of the satellite there are two pairs of nested cylinders. In

one pair, both cylinders are made of the same material, an alloy of the

heavy metals platinum and rhodium. In the other pair, the inner

cylinder is again platinum–rhodium, while the outer one is an alloy of

light metals: titanium, aluminium and vanadium.

Microscope is orbiting in Earth’s gravitational pull. According to the

equivalence principle, all four cylinders should feel the same force

regardless of the density of the metals, and therefore they should

move along the same orbit.

If, however, the experiment were to measure tiny differences in the way that the two pairs of cylinders move, this could

point to a breakdown of the principle and call for an revision of our current theory of gravity.

As they orbit Earth inside the satellite, the relative positions of the cylinders is measured by electrostatic sensors.

To make such precise measurements in space, the satellite must be extremely still with respect to the cylinders floating

freely within it. To achieve this, Microscope will fire microthrusters to compensate for tiny disturbances to its trajectory

caused by the pressure of sunlight or impacts of micrometeoroids, for example.

ESA has contributed this key micropropulsion system. Sixteen nitrogen thrusters, carefully controlled by dedicated

electronics, will move the satellite by applying minute forces at the level of a thousandth to a millionth of a newton – 49 of

these thrusters working at full power would be needed to lift a single A4 sheet of paper.

The technology used by these thrusters was originally developed for ESA’s Milky Way surveyor, Gaia, launched in 2013

and currently scanning the sky to measure the distance and motions of a billion stars.

Microscope

https://www.esa.int/Science_Exploration/Space_Science/Space_Microscope_to_test_universality_of_freefall
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The MicroSCOPE (Micro-Satellite à traînée Compensée pour l'Observation du Principe d'Equivalence) mission, a test 
of the perfect proportionality between the inertial mass and the gravitational mass of a body
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precisionof10−15. TheT-SAGE(TwinSpaceAccelerometers
for Gravitation Experiment) scientific payload, provided by
ONERA, is integrated within a CNES microsatellite. It was
launched and injected into a 710 kmaltitude, circular orbit, by
a Soyouz launcher fromKourou on April 25, 2016. The orbit
is sun-synchronous, dawn-dusk (i.e., the ascending node
stays at 18 h mean solar time) in order to have long eclipse-
free periods (eclipses are defined as periods within Earth’s
shadow and happen only between May and July).
T-SAGE is composed of two parallel similar differential

accelerometer instruments, each one with two concentric
hollow cylindrical test masses. They are exactly the same,
except for the use of different materials for the test masses. In
one instrument (SUREF) the two test masses have the same
composition, and are made from a platinum∶rhodium alloy
(90∶10). In theother instrument (SUEP), the testmasses have
different compositions: Pt∶Rh (90∶10) for the inner testmass
and titanium∶aluminum∶vanadium (90∶6∶4) (TA6V) for the
outer test mass (see Table I). The test-mass shape has been
designed to reduce the local self-gravity gradients due to
multipole moment residues [15,16].
The test masses experience almost the same Earth gravity

field and are constrained by electrostatic forces to follow the
same quasicircular orbit. A WEP violation [δðA; BÞ ≠ 0]

would result in a difference −δðA; BÞg⃗ in the electrostatic
feedback forces providing the accelerations needed to main-
tain the testmasses in the same orbit. The satellite can be spun
around the normal to the orbital plane and oppositely to the
orbital motion in order to increase the frequency of the Earth
gravity modulation. In this case, in the satellite frame, the
Earth gravity field rotates at the sum of the orbital and spin
frequencies (see Fig. 1). AWEP violation would give a signal
modulated at this frequency, denoted fEP. The Earth gravity
field has a mean amplitude of 7.9 ms−2 at 710 km altitude,
and testing the WEP with an accuracy of 10−15 necessitates
measuring the differential constraining force per unit of mass
(henceforth called acceleration) between test mass pairs with
an 1σ accuracy of 7.9 × 10−15 ms−2 at fEP.
SUEP and SUREF use servo loops to keep each test mass

motionless with respect to its surrounding silica electrodes,
with a relative position resolution of 3 × 10−11 mHz−1=2

measured within the bandwidth [2 × 10−4 Hz, 1 Hz]. The
position measurement noise leads to an acceleration noise
contribution lower than 2×10−14ms−2Hz−1=2 at frequencies
fEP¼3.1113×10−3Hz (for SUEP) and fEP¼0.9250×
10−3Hz (for SUREF). This is well below the requirement
specification of 2 × 10−12 ms−2 Hz−1=2 at fEP for each
instrument. The electrode sets are engraved on silica parts
whosepositions arevery stablewith respect to a commonsilica
hat part mounted on a common INVAR sole plate.
Electrostatic forces are exerted capacitively on the test masses
without any mechanical contact. Thin gold wires of 7 μm
diameter are used to control the charge on each test mass.
Both high-frequency (100 kHz [17]) capacitive sensing

and low-frequency (<1 Hz) control of each test-mass
position and attitude about its 6 degrees of freedom
(DOF) are performed by the same set of electrodes. The

TABLE I. Main test-mass physical properties measured in the
laboratory before integration in the instrument.

Measured
parameters
at 20 °C

SUREF
Inner mass
Pt∶Rh

SUREF
Outer mass

Pt∶Rh

SUEP Inner
mass
Pt∶Rh

SUEP
Outer mass

Ti∶Al
Mass in kg 0.401 533 1.359 813 0.401 706 0.300 939
Density in
g cm−3

19.967 19.980 19.972 4.420

FIG. 1. Left: The four test mass orbiting around Earth (credit CNES, Virtual-IT 2017). Right: Test masses and satellite frames; the
(Xsat, Ysat, Zsat) triad defines the satellite frame; the reference frames (Xk, Yk, Zk, k ¼ 1, 2) are attached to the test masses (black for the
inner mass k ¼ 1, red for the outer mass k ¼ 2); the Xk axes are the test-mass cylinders’ longitudinal axis and define the direction of
WEP test measurement; the Yk axes are normal to the orbital plane, and define the rotation axis when the satellite spins; the Zk axes
complete the triads. The 7 μm gold wires connecting the test masses to the common Invar sole plate are shown as yellow lines. Δ⃗
represents the test-mass off-centering. The centers of mass correspond to the origins of the sensor-cage-attached reference frames.
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Figure 1. Tests of WEP
throughout the 20th cen-
tury. The arrow on the
lower right corner shows the
expectation for MICRO-
SCOPE. Figure adapted
from [14].

Figure 2 shows the measurement principle for the EP accelerometer: its two test masses,
since they have the same center-of-mass, experience the same gravitational field (red arrows).
If the WEP is violated and if, for example, the internal test mass falls faster than the external
test mass, then the difference in accelerations along the EP test axis (horizontal black arrows,
along which the test is performed) will be modulated by the instrument’s motion around the
Earth. We then expect to detect a sine wave corresponding to the modulation of the difference
of the voltages applied in the two test-mass electrostatic configuration to keep them centered.
Depending on the spacecraft’s spin (either null for an inertial session as depicted by the figure,
or non-null for a session where the satellite is forced to spin around the axis perpendicular to
the orbital plane), the WEP violation signal will have a typical, expected frequency.

Figure 2. MICRO-
SCOPE’s measurement
principle. A WEP vio-
lation is detected if the
two cylindrical test-masses
experience different accel-
erations (red arrows) as the
satellite orbits the Earth;
the difference in those
accelerations is measured
by the difference in the
voltages applied to the
test-masses to keep them
in equilibrium. Black
arrows show the sensitive
axis along which a WEP
violation is looked for.

3



23

MICROSCOPE Mission: Final Results of the Test of the Equivalence Principle
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5ONERA, Université de Toulouse, F-31055 Toulouse, France
6ZARM, Center of Applied Space Technology and Microgravity, University of Bremen,

Am Fallturm, D-28359 Bremen, Germany
7IHES, Institut des Hautes Etudes Scientifiques, 35 Route de Chartres, 91440 Bures-sur-Yvette, France

8DLR, Köln headquarters, Linder Höhe, 51147 Köln, Germany
9Laboratoire de physique de l’Ecole normale supérieure, ENS, Université PSL, CNRS, Sorbonne Université,
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The MICROSCOPE mission was designed to test the weak equivalence principle (WEP), stating the
equality between the inertial and the gravitational masses, with a precision of 10−15 in terms of the Eötvös
ratio η. Its experimental test consisted of comparing the accelerations undergone by two collocated test
masses of different compositions as they orbited the Earth, by measuring the electrostatic forces required to
keep them in equilibrium. This was done with ultrasensitive differential electrostatic accelerometers
onboard a drag-free satellite. The mission lasted two and a half years, cumulating five months worth of
science free-fall data, two-thirds with a pair of test masses of different compositions—titanium and
platinum alloys—and the last third with a reference pair of test masses of the same composition—platinum.
We summarize the data analysis, with an emphasis on the characterization of the systematic uncertainties
due to thermal instabilities and on the correction of short-lived events which could mimic a WEP violation
signal. We found no violation of the WEP, with the Eötvös parameter of the titanium and platinum pair
constrained to ηðTi; PtÞ ¼ ½−1.5% 2.3ðstatÞ % 1.5ðsystÞ& × 10−15 at 1σ in statistical errors.

DOI: 10.1103/PhysRevLett.129.121102

General relativity (GR) offers a remarkable description of
gravitational interactions, successfully tested in the anoma-
lous precession of the perihelion of Mercury, the bending of
light in a gravitational field, the gravitational redshift, the
Shapiro time delay and the change in the periods of binary
pulsars from the emission of gravitational waves [1–10].
Gravitational waves from the coalescence of neutron stars
and very massive black holes have been observed recently,

providing evidence for the existence of black holes and
ruling out many beyond-GR models [11–19].
A building block of general relativity is the equivalence

principle (EP), according to which all bodies fall in the
same way in a gravitational field when no other forces are
acting on them, independently of their masses and internal
constitutions. First observed by Galileo and Newton and
tested by Eötvös et al. at the 5 × 10−9 level [20], the
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2Université Côte d’Azur, Observatoire de la Côte d’Azur, CNRS, IRD, Géoazur,
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Université de Paris, F-75005 Paris, France, and CPhT, Ecole polytechnique, IPP, F-91128 Palaiseau, France
10PTB, Physikalisch-Technische Bundesanstalt, Bundesallee 100, 38116 Braunschweig, Germany

11IPGP, 35 rue Hélène Brion, 75013 Paris, France
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due to thermal instabilities and on the correction of short-lived events which could mimic a WEP violation
signal. We found no violation of the WEP, with the Eötvös parameter of the titanium and platinum pair
constrained to ηðTi;PtÞ ¼ ½−1.5% 2.3ðstatÞ % 1.5ðsystÞ& × 10−15 at 1σ in statistical errors.
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General relativity (GR) offers a remarkable description of
gravitational interactions, successfully tested in the anoma-
lous precession of the perihelion of Mercury, the bending of
light in a gravitational field, the gravitational redshift, the
Shapiro time delay and the change in the periods of binary
pulsars from the emission of gravitational waves [1–10].
Gravitational waves from the coalescence of neutron stars
and very massive black holes have been observed recently,

providing evidence for the existence of black holes and
ruling out many beyond-GR models [11–19].
A building block of general relativity is the equivalence

principle (EP), according to which all bodies fall in the
same way in a gravitational field when no other forces are
acting on them, independently of their masses and internal
constitutions. First observed by Galileo and Newton and
tested by Eötvös et al. at the 5 × 10−9 level [20], the
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Figure 1. Tests of WEP
throughout the 20th cen-
tury. The arrow on the
lower right corner shows the
expectation for MICRO-
SCOPE. Figure adapted
from [14].

Figure 2 shows the measurement principle for the EP accelerometer: its two test masses,
since they have the same center-of-mass, experience the same gravitational field (red arrows).
If the WEP is violated and if, for example, the internal test mass falls faster than the external
test mass, then the difference in accelerations along the EP test axis (horizontal black arrows,
along which the test is performed) will be modulated by the instrument’s motion around the
Earth. We then expect to detect a sine wave corresponding to the modulation of the difference
of the voltages applied in the two test-mass electrostatic configuration to keep them centered.
Depending on the spacecraft’s spin (either null for an inertial session as depicted by the figure,
or non-null for a session where the satellite is forced to spin around the axis perpendicular to
the orbital plane), the WEP violation signal will have a typical, expected frequency.

Figure 2. MICRO-
SCOPE’s measurement
principle. A WEP vio-
lation is detected if the
two cylindrical test-masses
experience different accel-
erations (red arrows) as the
satellite orbits the Earth;
the difference in those
accelerations is measured
by the difference in the
voltages applied to the
test-masses to keep them
in equilibrium. Black
arrows show the sensitive
axis along which a WEP
violation is looked for.

3

Eötvös parameter

Class. Quantum Grav. 39 (2022) 200401 Editorial

1. Introduction. The long road to a space test of the WEP

A century after its publication [1, 2], Einstein’s theory of general relativity (GR) has success-
fully passed all experimental tests, up to the existence of non-intuitive phenomena such as
black holes and gravitational waves [3]. Additionally, the standard model showed outstand-
ing results, especially with the detection of the Brout–Englert–Higgs boson [4]. Despite these
successes, GR and quantum mechanics cannot be easily uni!ed and fundamental physics still
fails to explain conundrums such as the acceleration of the expansion of the Universe [5, 6],
the missing mass at cosmological scale [7, 8], or the preponderance of matter over antimatter.
Possible solutions may come from the introduction of new scalar or vector !elds such as a spin-
0 dilaton-like particle [9, 10] or a very light spin-1 U-boson mediating a new force [11, 12].
Scalar–tensor theories equipped with a screening mechanism allowing the extra scalar !eld to
hide from local gravity experiments are among the best candidates to shed light on these ques-
tions [9, 13–23]. Interestingly, these proposals for new physics can be tested experimentally
through their prediction of a violation of the equivalence principle.

The weak equivalence principle (WEP) states that bodies of different compositions and/or
masses fall identically in the same gravitational !eld (universality of free fall). Einstein formu-
lated it in 1907 as a foundation of GR making the ‘inertial’ and ‘gravitational’ masses equiv-
alent, as sensed by Galileo Galilei and Newton. Precision tests of the WEP started at the end
of the nineteenth century when Eötvös et al [24] signi!cantly improved Bessel’s experiment
[25]. They parameterised their measurement as the relative ratio of difference of gravitational-
to-inertial masses mg j/mi j between two materials j; the so-called Eötvös parameter for two
materials reads

η(2, 1) = 2
a2 − a1

a2 + a1
= 2

mg2/mi2 − mg1/mi1

mg2/mi2 + mg1/mi1
, (1)

where aj are the acceleration undergone by the two bodies. They showed that |η| < 5 × 10−9.
In the mid-20th century, during the golden age of the gravitation, as described by Will [26],
Dicke et al [27] and Braginskii and Panov [28] groups’ breakthroughs allowed for precisions
close to 10−12. Ground experiments culminated in the early 2000s with the Eöt-Wash torsion
pendulum experiments [29, 30], setting an upper limit |η| < a few 10−13.

Astronomical bodies were also used to test the WEP. For instance, Lunar laser ranging
measured accurately the motion of the Moon and the Earth around the Sun to reach a slightly
better precision on a combination of the WEP and the strong equivalence principle [31, 32]
in 2012 and 2018; however, these improvements needed huge efforts with several decades of
developments and data taking.

In the early 1970s, Chapman and Hanson [33] proposed to test the WEP in a space labora-
tory, where it should be possible to take advantage of a quiet environment. He was followed
by Everitt’s team, who presented the !rst concept of the satellite test of the equivalence prin-
ciple (STEP) experiment [34]. The STEP development was carried out for 17 years, before
the experiment was proposed to ESA in the context of the Horizon 2000 programme in 1989.
The concept was eventually reproposed as QuickSTEP and MiniSTEP in attempts to be more
affordable, while allowing for a 10−18 precision test.

At the same epoch, CNES created the PROTEUS low-cost versatile platform for small
(500 kg/500 W), low-Earth orbit (400–1500 km) satellites. In particular, it was designed
for the French-US JASON (Topex Poseidon follow-on) ocean altimetry mission. In 1996,
ONERA (Of!ce National d’Etudes et de Recherches Aérospatiales), OCA (Observatoire de
la Côte d’Azur) and CNES studied the GEOSTEP (gravity experiment in orbit satellite test of
the equivalence principle) mission [35, 36]. With a slightly less ambitious goal than STEP’s
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