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Review Article

MICROSCOPE’s view at gravitation
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September 2022

Abstract. The weak equivalence principle (WEP) is the cornerstone of
General Relativity (GR). Testing it is thus a natural way to confront GR
to experiments, which has been pursued for four centuries with increasing
precision. MICROSCOPE is a space mission designed to test the WEP
with a precision of 1 in 1015 parts, two orders of magnitude better than
previous experimental constraints. After completing its two-year mission,
from 2016 to 2018, MICROSCOPE delivered unprecedented precise constraints
ηpTi,Ptq “ r´1.5˘2.3 pstatq˘1.5 psystqs ˆ10´15 (at 1σ in statistical errors) on
the Eötvös parameter between one proof mass made of titanium and another made
of platinum. This bound allowed for improved constraints on alternative theories
of gravitation. This review discusses the science beyond MICROSCOPE – GR
and its alternatives, with an emphasis on scalar-tensor theories – before presenting
the experimental concept and apparatus. The mission’s science returns are then
discussed before future tests of the WEP are introduced.
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1. Introduction

What is gravity? To the layman, it is the simple fact
that everything falls with a well-known and predictable
way. To the space engineer, it is written in the simple
yet powerful Newton’s laws that undoubtedly allow
us to safely send probes to distant planets. To the
physicist, it is the least understood of the four known
interactions, the black sheep that does not want to
unite with the others. And yet, the theory that
describes it (General Relativity) is so well tested that
it leaves us with very few freedom to improve our
understanding.

Just over one century ago, Einstein closed the
debate about the Mercury perihelion puzzle when he
published his theory of General Relativity (GR) [1, 2].
The well-known Newtonian gravity, which culminated
with the prediction of the existence of Neptune, was
surpassed and embedded in a new paradigm. Einstein’s
gravity was quickly accepted after the measurement
of the gravitational deflection of stars’ light passing
near the Sun by Eddington. It allowed for the quick
development of physical cosmology, with the prediction
of the expansion of the Universe and of the Big Bang.
Other predictions of the theory seemed more far-
fetched: the fabric of spacetime can vibrate and even
be torn apart. And yet, up to now, GR has passed all
experimental tests, from gravitational lensing [3, 4] to
gravitational redshift [5, 6] to, perhaps more striking,
the direct detection of gravitational waves [7] and the
subsequent confirmation of the existence of black holes
(spacetime is indeed pricked with singularities and
can thus be torn apart) and the eventual imaging of
a black hole [8]. In particular, the detection of an
electromagnetic counterpart to the gravitational-wave
signal emitted by a binary neutron star merger [9] put
severe constraints on a whole class of alternatives to
GR [10–16].

GR seems unassailable [17]. Yet, breaches in
the theory may have appeared as early as the 1930s,
when Zwicky noticed missing mass in the Coma cluster
[18]. Decades later, Rubin found the same problem
at galactic scales [19]. Finally, 28 years later, the
entire Big Bang model, constructed on GR, might
have swayed with the discovery of the acceleration of
the expansion of the Universe [20, 21]. Nevertheless,
those problems can be efficiently circumvented by the
introduction of dark matter and dark energy (however
mysterious they remain), leaving GR unchanged.

Alas, the story is not complete, as all attempts
to unite gravity with the other interactions have still
remained unsuccessful. And yet, the standard model
looks as a construction at least as solid as GR itself,
with the later discovery of the long-awaited Brout-
Englert-Higgs boson, with a mass of 125 GeV [22, 23].
The question is then: what theoretical building should

we modify? Gravitation or/and the standard model?
Theories beyond the standard model [24, 25]

propose the existence of new particles. For instance,
string-inspired theories introduce a spin-0 dilaton-
like particle (e.g. Refs. [26, 27]), and scalar-tensor
models modify GR’s equations via the introduction
of a new scalar field (see e.g. Refs. [28–31]), the
existence of which can be made compatible with
current solar system tests with the inclusion of a
screening mechanism that makes the field’s mass
environment-dependent [32]. Although they mimic GR
because of their screening mechanism, those models
can nevertheless have measurable effects, such as an
apparent violation of the equivalence principle (e.g.
Refs. [33–35]) and a variation of the fundamental
constants [36–38]. Then there is still hope. GR may
not be unassailable after all.

Several tests of gravitation have been proposed
and put forward in the last few years, from
laboratory [39–62] to Solar System [5, 6, 34, 63–87]
to astrophysical [88–103] to cosmological [30, 104–130]
scales. They mostly aim to better understand the
“dark sector” (dark matter and dark energy) from the
two complementary points of view: should we add
dark components or modify GR [131]? All those tests,
spanning orders of magnitude in scale, share the same
concept, while probing complementary regimes [132]:
infer (or at least constrain) the laws of gravity from
the dynamics of “test” masses, which are as diverse as
atoms, torsion pendulums, artificial satellites orbiting
the Earth, Solar System planets, binary stars, galaxies,
or the Universe itself. This diversity of experiments
come with a diversity of environments, which must be
taken into account in order not to “blur” constraints
on gravity. For instance, cosmological and galactic
searches for dark matter and dark energy are hampered
by baryonic physics [103,133–138], outer solar systems
tests by the Kuiper belt [81, 139], and tests in Earth
orbit can be affected by the shape of the Earth [140].

Dedicated laboratory tests are better focused on
one special aspect and may offer a clearer glimpse on
the roots of gravity. Examples are provided by tests
of the gravitational redshift with Global Navigation
Satellite System (GNSS) satellites [5,6] and the Cassini
spacecraft [67], of the Lense-Thirring effect [79, 141,
142], of the pericentre anomaly [143–147], and of
course, of GR’s cornerstone and main focus of this
review, the universality of free fall (UFF [50,54,58,85,
148]) recently tested with an unprecedented precision
by the MICROSCOPE mission [148–160].

The UFF was first noticed by Galileo while rolling
objects made of different compositions down a ramp.
Newton tested it more thoroughly with a pendulum.
With the introduction of the inertial and gravitational
masses (see below) by Newton, it was realised that
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the UFF entails the equivalence of those two masses:
their ratio is a fundamental constant (that can be set
to 1 through the definition of Newton’s constant G).
Einstein raised it to the level of a principle, on which
its general theory of Relativity is built. When simply
stating the equality of the inertial and gravitational
masses, or similarly the UFF, this principle is refered
to as the Weak Equivalence Principle (WEP). As we
discuss below, stronger formulations of the Equivalence
Principle exist.

Ref. [161] gives a recent and comprehensive review
of the background theory and of experimental tests
of the Equivalence Principle. Therefore, we content
ourselves with a didactic introduction of the subject in
Sect. 2, with as few equations as possible. Sect. 3 gives
an enlarged introduction of theoretical modifications
to GR that can be investigated experimentally by
testing the WEP; though it gives an as much detailed
view as possible of those few specific models actually
investigated and/or constrained by MICROSCOPE,
it is far from exhaustive and does not provide a
comprehensive view of modern gravitation theories.
We then outline the main milestones in experimental
tests of the WEP in Sect. 4. We refer the reader to
Refs. [17, 161] for more details. The MICROSCOPE
experiment is presented in Sect. 5 and its main results
discussed in Sect. 6. The future of space tests of the
WEP is then discussed in Sect. 7, before closing this
review in Sect. 8.

Note that although this review is limited to gravity
models that have been central to MICROSCOPE
investigations and data analysis (a fifth force behaving
as a Yukawa interaction, a dilaton-like field that can
act as an ultra-light bosonic dark matter candidate,
a chameleon field and a U(1) boson), the enlarged
scientific community has already benefited from
MICROSCOPE, e.g. in the search for vector dark
matter [162, 163], including a dark photon [164–166],
for relic neutrinos [167], and in constraining dark
energy models (such as Bekenstein models [168],
dynamical dark energy [169, 170] or dark forces [171],
for which local tests are complementary to cosmology
and astrophysics observations), string theory [172–
174], topological defects [175, 176], and the possibility
that the muon g´ 2 anomaly arises from the existence
of a new field [177]. The wealth of those analyses shows
the powerful versatility of testing the WEP with ever
increasing precision.

2. The equivalence principle and General
Relativity

2.1. The weak equivalence principle

The central role of the universality of free-fall (UFF)
has been recognised since Galileo rolled objects down

inclined planes four centuries ago, paving the way for
modern physics. He measured that the total traveled
distance by rolling bodies is proportional to the square
of the time of fall, independently of their mass and
composition. This means that they all undergo the
same acceleration provided that they are in a small
enough region of space (e.g. in the same room on
Earth). In other words, all objects within the same
gravitational field fall at the same rate, independently
of their mass and composition.

Newton’s second law applied to a freely-falling test
mass on Earth reads mI

#»a “ mG
#»g , where #»a is the

body’s acceleration and #»g the Earth’s gravitational
acceleration, and where the masses mI and mG play
two different roles and should have no reason to be
identical. The former is the inertial mass, which
opposes motion and plays in all kinds of interaction;
the latter is the gravitational mass, which defines how
a body responds to gravity, and plays a role only in the
gravitational interaction. Considering two test bodies
A and B freely-falling in the same gravity field #»g , it
is easy to show that the ratio of their inertial mass
to their gravitational mass are equal as soon as they
undergo the same acceleration and vice-versa:

#»aA “
#»aB ðñ

mI,A

mG,A
“
mI,B

mG,B
. (1)

Together with the observed UFF ( #»aA “ #»aB), this
allows us to state the Weak Equivalence Principle
(WEP) as the equality between the inertial mass and
the gravitational mass.

Incidentally, the WEP suggests the existence of
inertial reference frames, in which free objects move
in a rectilinear way at a constant speed and of a
preferred class of trajectories (called inertial, or freely-
falling) through spacetime, on which unaccelerated
particles travel. Here, “unaccelerated” means “subject
to gravity only”. In other words, all particles have the
same gravitational charge, which can be defined as the
ratio between the gravitational mass and the inertial
mass. Therefore, if the WEP holds, then gravitation is
universal, felt in the same way by every kind of particle.

Before turning to how the WEP is the starting
point for GR, let us consider an observer in a small
sealed capsule at rest, unable to see the outside world,
doing experiments on planet A. For example, she aims
to measure the gravity field of the planet through the
observation of freely-falling bodies. She will obviously
find different results on a different planet B, but also
if the capsule is accelerating at a constant rate, even
in the interstellar space, far from any gravitational
source. The WEP can therefore be stated as follows: in
small enough regions of spacetime, the motion of freely-
falling bodies are the same in a gravitational field and
a uniformly accelerated frame.
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2.2. The Equivalence Principle and General Relativity

At the turn of the 20th century, with the theory of
special relativity, Einstein showed that mass is just
a form of energy. He therefore generalised the WEP
to include other interactions, stating that in small
enough regions of spacetime, the non-gravitational laws
of physics reduce to those of special relativity. In
particular, it is impossible to detect the existence of
a gravitational field by means of local experiments.
This is known as the Einstein Equivalence Principle
(EEP). A subsequent version, the Strong Equivalence
Principle, generalises the EEP to gravitation.

A direct consequence of the EEP is that gravity is
inescapable: it is impossible to define the acceleration
due to gravity. Instead, we can only define
“unaccelerated” as “freely-falling”. In other words,
gravity cannot be seen as a force, i.e. as something
leading to an acceleration. An object feeling zero
acceleration is moving freely in the presence of
whatever surrounding gravitational field.

This has a very profound implication, that leads
to the basis of General Relativity (for more details,
see classical textbooks, e.g. Refs. [178–181]): it is
not possible to define universal inertial frames, but
only locally-inertial frames. Let us describe an inertial
frame as made of rigid rods (Fig. 1). Freely-falling
objects have a rectilinear motion, for instance parallel
to one set of rods. Let us try to set up such a frame
around the Earth, such as a freely-falling object in
Paris follows a preferred direction. In this frame, all
freely-falling objects must follow the same direction.
But this is clearly not possible, since the direction
of the Earth’s gravitational field varies from place to
place. An object attracted by the Earth in New York
will obviously move in a direction different from the
one falling in Paris: therefore, it is not freely falling in
the inertial frame that we have just constructed. If we
want to abide by the Equivalence Principle, the frame
that we defined must be inertial only in Paris, and we
must define another inertial frame in New York. In
fact, we must define a locally inertial frame at every
point of the spacetime, and the entire frame is therefore
constructed by sewing locally inertial frames. This
realisation is the bounding rock of General Relativity,
and directly implies that spacetime must be curved,
and that gravity is not a force but a manifestation of
curvature, curvature itself being defined by the local
matter and energy distribution.

Through the definition of an appropriate metric
gµν tensor, Einstein’s field equations

Gµν “ 8πGTµν (2)

tell nothing more than that. In this equation, the
Einstein tensor Gµν “ Rµν ´ Rgµν{2 describes the
spacetime’s geometry (the Ricci tensor Rµν and its

Figure 1. Locally-inertial frames. An inertial frame in Paris
(black) is not inertial in New York. Instead, locally-inertial
frames (red) must be defined at each location.

trace R characterising curvature) and the stress-energy
tensor Tµν describes matter and energy, G being the
gravitational constant. For completeness, we note that
Eq. (2) is obtained by varying the Einstein-Hilbert
action

S “
M2

Pl

2

ż

d4x
?
´gR`

ż

d4x
?
´gLm

´

gµν , ψ
piq
m

¯

(3)

with respect to the metric, where M2
Pl is Planck mass,

g is the metric’s determinant and Lm

´

gµν , ψ
piq
m

¯

is the

Lagrangian density of the ith matter field.
The Equivalence Principle has other direct

implications, that do not require the full General
Relativity: gravitational redshift (the wavelength of an
electromagnetic wave emitted in a gravitational field
is not the same in a different gravitational field) and
time dilation (if we place clocks at the vertices of our
locally inertial frame, time passes more or less quickly
depending on the value of the gravitational field). They
provide fancy tests of the Equivalence Principle, that
we will not discuss here [5, 6, 67].

As GR’s founding idea, the equivalence principle
is a key concept to test gravity, all the more that many
alternative theories of gravitation predict that it should
be violated.

3. Beyond GR

Einstein’s field equations (2) are the starting point
to calculate the rate of expansion of the Universe.
Faced with its unexplained acceleration, we can thus
go back to these equations, modify them and see if
the modifications account for the observations. Two
possibilities are available: either we modify their l.h.s,
or their r.h.s. In the former case (“modified gravity”),
this is akin to modifying the geometry of the Universe
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(or gravitation itself), whereas in the latter case (“dark
energy”), it comes down to modifying the content of
the Universe [131]. In this section, we start with a
short presentation of dark energy, before digging more
deeply in modified gravity. Countless modified gravity
theories exist, which will not be reviewed here (see
e.g. [24, 25, 30, 31] for reviews). Instead, we review a
limited number models that have actually benefited
from MICROSCOPE results.

3.1. Cosmological constant and dark energy

Einstein himself might have explained the accelerated
expansion of the Universe when he introduced his
famous cosmological constant Λ, modifying Eq. (2)
as

Gµν ` Λgµν “ 8πGTµν , (4)

noting that Λ could as well be set on the r.h.s of the
equation. The cosmological constant is usually related
to the vacuum energy. Its effect on the evolution
of the Universe and its large scale structures have
been intensively studied. However, the cosmological
constant hypothesis poses insurmontable problems and
other explanations must be looked for [182–187].

Adding an invisible “dark” component to the
Universe content (thereby changing its stress-energy
tensor Tµν –the r.h.s of Eq. 2) allows for the
preservation of GR and of the cosmological model built
upon it. This dark energy hypothesis states that a
repulsive fluid with a possibly evolving equation of
state w pervades the Universe and opposes gravity.
The goal of upcoming ambitious surveys [109] is to
measure w with a sub-percent precision. For models
and reviews about dark energy, see e.g. Refs. [184,
187–193].

3.2. Phenomenological modifications to gravity

In the 1980s, the reanalysis of the Eötvös experiment
[194] revived interests on the existence of a putative
fifth force with gravitational characteristics [44].
Phenomenologically, a fifth force can emerge from a
parametric deviation from Newton’s inverse square
law, with specific details depending on the underlying
theory (see e.g. Ref. [48] for a review).

The most common parameterisation for a devi-
ation from Newtonian gravity is the Yukawa poten-
tial, which is simply added to the Newtonian potential.
Thence, the total gravitational potential created by a
point-mass of mass M at distance r is

Uprq “ ´
GM

r

”

1` α exp
´

´
r

λ

¯ı

, (5)

where α is the strength of the deviation compared
to Newtonian gravity (which may depend on the
composition of the interacting masses) and λ is the

range of the corresponding fifth force. As mentioned
below in the case of MICROSCOPE, Eq. (5) is
modified by a shape factor for extended bodies.

For instance, a simple analysis consists in
assuming a composition-dependent coupling αij that
depends on a scalar dimensionless “Yukawa charge” q,
characteristic of each material as [54,58]

αij “ α

ˆ

q

µ

˙

i

ˆ

q

µ

˙

j

, (6)

where α is a universal dimensionless coupling constant
which quantifies the strength of the interaction with
respect to gravity and µ is the atomic mass in atomic
units (e.g. µ “ 12 for carbon-12, or µ “ 47.948
for titanium). Different definitions of the charge q
are possible depending on the detailed microscopic
coupling of the scalar field to the standard model
fields. At the atomic levels, taking into account
the electromagnetic and nuclear binding energies, the
charge are usually reduced to the materials’s baryon
and/or lepton numbers (B and L) (see e.g. Refs. [195,
196]).

Note that α is a phenomenological parameter and
is not by itself a constant of nature but depends on the
coupling constant of the underlying fifth force theory.
See Ref. [44] for a detailed account and Eq. (58) for an
example with a spin-1 induced force.

Many constraints on the range and the amplitude
of a Yukawa potential have been obtained so far, from
sub-millimeter to solar system scales (e.g. Refs. [44,48]
and references therein, and Refs. [52,56,57,59,197] for
more recent works).

Finally, despite its simplicity, the Yukawa parame-
terisation is useful as it describes the fifth force created
by a massive scalar field (discussed below) in the New-
tonian regime (see also e.g. the Supplemental material
of Ref. [197] and references therein).

3.3. Scalar-tensor theories

Scalar-tensor theories add a new scalar field φ of
potential V to GR’s metric tensor. In this subsection,
we provide a brief summary of their main formalism,
with an emphasis on the particular chameleon model
in the next subsection, which was considered as the
archetypical scalar-tensor model in MICROSCOPE
works so far. For more details about scalar-tensor
theories, see Ref. [28].

3.3.1. Field equations In their simplest form, scalar
tensor theories are obtained by modifying the Einstein-
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Hilbert action (3) as (with a (-+++) signature)

Sφ,E “

ż

d4x
?
´g

„

M2
Pl

2
R´

1

2
gµνBµφBνφ´ V pφq



`

ż

d4x
a

´g̃Lm

´

g̃µν , ψ
piq
m

¯

, (7)

where R, gµν and g are the Einstein frame’s Ricci
scalar, metric tensor and its determinant, and g̃µν
is the Jordan frame metric, related to gµν via the
conformal transformation

g̃µνpφq “ Ω2pφqgµν , (8)

with Ωpφq the conformal factor function. Note that
a large class of scalar-tensor theories exists [198], and
that the conformal rescaling is not the only possible
choice, as one can choose a disformal one. Also
note that in general, in the model (7), unless the
conformal factor depends on the matter field, the weak
equivalence principle holds.

In the Jordan frame, the action reads

Sφ,J “

ż

d4x
a

´g̃

„

M2
Pl

2
F pφ̃qR̃´

1

2
Zpφ̃qg̃µνBµφ̃Bν φ̃´ Upφq



`

ż

d4x
a

´g̃Lm

´

g̃µν , ψ
piq
m

¯

, (9)

where the functions F and Z and the potential U are
defined via a scalar field rescaling φÑ φ̃

F pφ̃q “ Ω´2pφq (10)
ˆ

Bφ

Bφ̃

˙2

“
Zpφ̃q

F pφ̃q
` 3

M2
Pl

2

˜

B lnF pφ̃q

Bφ̃

¸2

(11)

Upφ̃q “ V pφqF 2pφ̃q. (12)

The modified Einstein’s field equation is obtained
by varying the action in the Einstein frame with respect
to the metric:

Gµν “
1

M2
Pl

”

Ω2pφqT̃µν ´ 2gµνB
ρφBρφ

`BµφBνφ´ V pφqgµνs , (13)

where

T̃µν “
2

?
´g̃

Bp
?
´g̃Lmq

Bg̃µν
(14)

is the Jordan frame stress-energy tensor, which
corresponds to that of the observable matter of the
standard model [29]. Comparing Eq. (13) with Eq.
(2), it is clear that the scalar field introduces an extra
term of curvature and modifies the way matter curves
spacetime via the conformal factor in front of the
stress-energy tensor.

The Klein-Gordon equation describing the dynam-
ics of the scalar field is obtained by variation of the
action with respect to φ:

∇µφ “
dV

dφ
´

d ln Ω

dφ
Tµνgµν , (15)

where the Einstein frame stress-energy tensor is related
to that of the Jordan frame by Tµνgµν “ Ω4pφqT̃µν g̃µν .
As the scalar field couples to the Einstein frame stress-
energy tensor, it feels ordinary matter affected by the
factor Ω4. It should be noted that the field is not
sourced by traceless stress-energy tensor fields (like the
electromagnetic field).

A note is in order about the differences between
the Einstein and the Jordan frames. Although they
are physically equivalent, it is usually said that the
Jordan frame is the one that is observable, in the sense
that it is in this frame that matter respects energy
conservation. On the contrary, in the Einstein frame,
matter fields are affected by the scalar field, leading to
a modification of the energy conservation with an extra
term accounting for the coupling with the scalar field.
This coupling leads to an apparent modification of the
matter fields’ masses. In the Jordan frame, masses
are constant, but the gravitational constant is modified
as an effective gravitational constant Geff “ Ω2pφqG.
However, gravitational experiments give access only to
products of the gravitational constant and masses (e.g.
Gm1m2 when considering the gravitational interaction
between two bodies of mass m1 and m2), thereby
making both frames experimentally equivalent (either
we modify masses, or we modify the gravitational
constant).

As long as no additional coupling terms are added,
matter fields are minimally coupled to the metric in the
Jordan frame. Consequently, matter particles follow
geodesics in that frame. Note however that this does
not mean that they follow geodesics predicted by GR:
the non-minimal coupling between the scalar field and
the tensor field affects the gravity field such that the
trajectory of matter particles is modified compared
to pure GR. On the contrary, matter particles do
not follow geodesics in the Einstein frame, but are
affected an extra term depending on the gradient of the
scalar field. Transforming the Jordan frame geodesics
equation into the Einstein frame, we can show that this
“fifth force” is [62]

F ρφ “ ´
B ln Ω

Bφ
Kµρ Bµφ, (16)

where Kµν” uµuν´gµν is the projector on the 3-space
normal to the 4-velocity uµ. This force leads to a WEP
violation if the scalar field does not couple universally
with all matter fields.
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3.3.2. Newtonian limit Linearising the modified
Einstein’s field equation (13) in the weak-field and
non-relativistic limit (gµν “ ηµν ` hµν , with hµν a
perturbation from Minkowski metric ηµν), it becomes

BρBρΦ “
1

2

1

M2
Pl

“

Ω2pφqρ̃` BtφBtφ` 2BρφBρφ` V pφq
‰

,

(17)
where, noting h “ hµµ, Φ “ ´ph00 ´

1
2hη00q is the

equivalent of the Newtonian potential and ρ̃ is the
local density matter distribution function. For static
configurations, we obtain a modified Poisson equation

∆Φ “ 4πG
“

Ω2pφqρ̃` 2p∇φq2 ` V pφq
‰

, (18)

where ∆ is the spatial Laplacian. It is clear that
the energy density of the scalar field affects the
gravitational potential, which is not any more the
classic Newtonian potential ΦN “ ´GM{r.

Similarly, the scalar field’s Klein-Gordon equation
becomes

lφ “
dV

dφ
`

d ln Ω

dφ
Ω4pφqρ̃, (19)

where l is the d’Alembertian.
Finally, the equation of motion of a test mass m

can be shown to be

d2xi

dt2
“ ´BxiΦ´

B ln Ω

Bφ
Bxiφ, (20)

where xi are the three spatial components of the 4-
position vector. Thus, the fifth force created by the
scalar field on this test mass reduces to

Fφ “ ´m
B ln Ω

Bφ
∇φ. (21)

If the scalar field couples non-universally to
matter (i.e. to each matter field i corresponds the
conformal factor Ωipφq), it is clear that the force

F
piq
φ “ ´mBφ ln Ωi∇φ created on (pure, point-like)

test masses will depend on their composition, thereby
inducing a WEP violating. In real experiments, test
masses are usually made of compounds and spatially
extended – in the remainder of this article, we talk
about “proof” masses –, so that Eq. (21) must be
integrated on all matter fields. Note also that for a
non-universally coupled scalar field, the Jordan frame
metric (8) explicitely depends on the matter field,
so that different matter particles follow their own
(different) geodesics.

3.3.3. Light scalar field: dilaton-like field and ultra-
light dark matter To see the effect of a universally
coupled massless (V pφq “ 0) scalar field, it is
convenient to Taylor-expand the coupling function Ω

around the background finite value φ0 of the field far
from any massive source [29]:

ln Ωpφq “ ln Ωpφ0q`k1pφ´φ0q`k2pφ´φ0q
2`orpφ´φ0q

3s,
(22)

where k1 and k2 are constants parametrising the
exchange of one, resp. two, scalar field particles.
Constraints have been provided from various pulsar
observations and solar system experiments, with k1

and k2 consistent with 0 [67]. In particular, the
prototypical Brans-Dicke theory [199, 200] is based on
this expansion (with k2 “ 0).

It is convenient to consider the coupling functions

Ωipφq “ exp

ˆ

βi
MPl

φ

˙

, (23)

where βi is the coupling constant between the scalar
field and the ith matter field. It can then be shown
that the gravitational force created by a source of
mass M and coupling constant βi on a test mass m
of coupling constant βj , at the distance r, derives from
the potential

Uprq “ ´
GM

r
p1` 2βiβjq. (24)

Given their resemblance with string theory’s
dilaton (the scalar partner of the graviton, see e.g.
Refs. [26,201,202]), such fields are generically referred
to “dilaton-like” fields. In the remainder of this paper,
we call them simply dilaton fields and follow the
conventions of Refs. [26, 203,204].

Following Refs. [203,204], dilatons φ interact with
the Standard Model fields following the Lagrangian
L “ LSM ` Lint. The interaction Lagrangian is

Lint “
φ

M2
Pl

„

de
4e2

FµνF
µν ´

dgβ3

2g3
FAµνF

Aµν

´
ÿ

i“e,u,d

pdmi ` γmidgqmiψ̄iψi

ff

, (25)

where Fµν and FAµν are the electromagnetic and gluonic
tensors, e is the electron’s charge, g3 is the QCD gauge
coupling, β3 is the β-function for g3 (it should not be
confused with the coupling defined in Eq. 23), γmi is
the anomalous dimension due to the renormalisation-
group running of the quark masses, and ψi are the
fermion spinors. The constants de and dg parametrise
the dilaton coupling with the electromagnetic and
gluonic fields, while dme , dmu and dmd are its coupling
to the electron, u and d quarks mass terms. The latter
two can be replaced by the couplings dδm and dm̃ to
the symmetric and antisymmetric linear combination
of u and d,

m̂ “
1

2
pmd `muq (26)
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δm “ md ´mu. (27)

Refs. [203, 204] show that in the presence of the
dilaton, the fine structure constant α and masses mi

of the Standard Model’s fields are modified such as

αpφq “ p1` deM
´1
Pl φqα (28)

and

mipφq “ p1` dmiM
´1
Pl φqmi, i “ u, d, e. (29)

Noting that the mass of an atom A of atomic
number Z and mass number A can be decomposed as

mApA,Zq “ Zmp`pA´Zqmn`Zme`E1`E3, (30)

where mn,p is the mass of the neutron or proton,
me is the electron mass and E1 and E3 are
the electromagnetic and strong interaction binding
energies, it follows that the dilaton does not couple
universally to atoms. Rather, the coupling of the
dilaton with the atom A,

βA “
MPl

mA

BmApφq

Bφ
, (31)

is given by a combination of the dilaton coupling
constants and of “dilaton charges”,

βA “ dg ` rpdm̂ ´ dgqQm̂ ` pdδm ´ dgqQδm

`pdme ´ dgqQme ` deQesA , (32)

with

Qm̂ “ FA

„

0.093´
0.036

A1{3
´ 0.020

pA´ 2Zq2

A2

´1.4ˆ 10´4ZpZ ´ 1q

A4{3



, (33)

Qδm “ FA

„

0.0017
A´ 2Z

A



, (34)

Qme “ FA

„

5.5ˆ 10´4Z

A



(35)

and

Qe “ FA

„

´1.4` 8.2
Z

A
` 7.7

ZpZ ´ 1q

A4{3



ˆ 10´4, (36)

where

FA “
Amamu

mA
, (37)

with mamu “ 931 MeV the nucleon mass with the
average binding energy, 8 MeV, substracted.

A direct consequence of this non-universal cou-
pling is an apparent violation of the equivalence prin-
ciple, as discussed with MICROSCOPE data in Sect.
6.3.

Furthermore, the above formalism is prototypical
of several ultra-light dark matter scenarios, which can
be constrained from tests of the WEP and are routinely
tested via atomic spectroscopy to search for variations
in the fundamental constants. Sensitive atomic
observables arise primarily due to possible changes in
the fine-structure constant or the electron mass. See
e.g. Refs. [205–209] for recent works. Their results are
discussed and compared with MICROSCOPE in Sect.
6.3.

3.3.4. Massive scalar field Let us assume that the
potential of the scalar field has a minimum at which
the field reaches the value φmin. The mass of the field
is defined as the curvature of the potential at φmin,

m2
φ “

d2V

dφ2
pφminq . (38)

The Klein-Gordon equation of a massive scalar
field coupled non-universally to matter with coupling
functions given by Eq. (23) and characterised by
a quadratic potential V pφq “ m2

φφ
2{2 is, in the

Newtonian limit,

∆φ “ m2
φφ`

1

MPl

ÿ

i

βiρ̃i, (39)

where, as before, ρi is the density distribution function
of the ith matter field and βi its coupling constant with
the scalar field.

The profile of the field is thus given as an integral
over the volume Vs of the source

φprq “
1

MPl

ż

Vs

d3r1
e´mφ|r´r1|

4π|r´ r1|

ÿ

i

βiρ̃ipr
1q, (40)

which reduces, for a point source of mass M and
homogeneous composition, to

φprq “
βiM

4πMPl

e´mφr

r
. (41)

The total gravitational force F “ mBrUprq
undergone by a test mass m and coupling constant
βj in the field of the source M thus derives from the
potential

Uprq “ ´
GM

r
p1` 2βiβje

´mφrq, (42)

which is shown by substituting Eq. (41) in Eq. (20).
Introducing the field’s Compton wavelength

λφ “
~
cmφ

, (43)

where ~ is the reduced Planck constant and c the speed
of light, it is clear that the total gravitational potential
(42) is formally identical to the sum of the Newtonian
and Yukawa potentials (5), the range of which is thus
inversally proportional to the mass of the scalar field.
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3.3.5. Screening mechanisms Solar system tests of
gravity tightly constraint the existence of the putative
long-range fifth force associated to light scalar fields.
However, scalar fields can evade detection from local
experiments through screening mechanisms. A handful
of them have been proposed:

‚ the chameleon mechanism [32–34, 68, 210–212]
operates when the effective mass of a scalar field
depends on the local matter density. In deep
space, where the density is low, the field is light
enough to mediate a fifth force; on the contrary,
it is massive on Earth where the density is high,
and its associated fifth force is exponentially
suppressed.

‚ the symmetron mechanism [32, 213, 214] operates
when the vacuum expectation value (vev) of a
scalar field depends on the local mass density,
becoming large in low-density regions and small
in high-density regions. Since the coupling of the
scalar to matter is proportional to the vev, the
scalar couples with gravitational strength in low-
density regions, but is screened in high-density
regions.

‚ in the Vainshtein mechanism [215–219], also
known as k-mouflage, non linear effects –typically
for source distances smaller than a so-called
Vainshtein radius which depends on the source
and on the theory considered– allow for the
suppression of degrees of freedom whose effects are
then only left important at large distances.

‚ in the least coupling principle [26], string-loop
modifications of the low-energy matter couplings
of the dilaton may provide a mechanism for fixing
the vev of a massless dilaton in a way which is
naturally compatible with existing experimental
data, the dilaton’s cosmological evolution driving
it to values where it decouples from matter.

‚ in the runaway-dilaton scenario [27, 220], the
dilaton dependence of the low-energy effective
action is extremised for infinitely large values of
the bare string coupling (instead of finite values in
the least coupling principle, of which the runaway-
dilaton is a generalisation); the dilaton runs away
to its fixed point during the Universe’s inflationary
epoch, with the current dilaton couplings to
matter related to the amplitude of the density
fluctuations during inflation.

In the remainder of this review, we focus on the
chameleon as the prototypical screening mechanism
for scalar-tensor models used in MICROSCOPE data
analysis.

3.4. Chameleon mechanism

The chameleon mechanism relies on the scalar field
acquiring a density-dependent mass that controls the
range of the associated fifth force (from small-range
in high-density regions to long-range in low-density
regions). This behaviour made the chameleon not
only a promising candidate to explain the accelerated
expansion of the universe, but also a potentially easily
testable model. Indeed, as shown by Refs. [34, 68],
space tests of the WEP were expected to measure
violations stronger than allowed by experiments on the
ground. Alas, as we show in Sect. 6.4, this conclusion
was too optimistic. In this section, we summarise the
main characteristics of the chameleon field.

The chameleon mechanism is given by the action
(7) in the Einstein frame and (9) in the Jordan frame,
with a coupling constant associated to the ith matter
field

βi “ MPl
dlnΩipφq

dφ
, (44)

defined from the coupling function (23). Although the
chameleon can couple differently to each component
of matter, in which case it causes an apparent WEP
violation, we assume below that it couples universally
to matter and drop the i subscript. In this case, the
WEP is respected for point-like particles, but it may
be violated for macroscopic objects (see below).

For static configurations of non relativistic matter,
the field dynamics derive from the Klein-Gordon
equation

∇2φ “ Veff,φ, (45)

where the effective potential

Veffpφq “ V pφq
βρ̃

MPl
φ (46)

depends on the mass density function ρ̃. For the
chameleon mechanism to occur, the potential V pφq of
the field must be monotonically decreasing, tending
to 0 at infinity with a null derivative. A prototypical
potential is given by the Ratra-Peebles inverse power-
law potential of energy scale Λ and exponent n [212,
221]

V pφq “ Λ4

ˆ

1`
Λn

φn

˙

. (47)

The minimum of the effective potential Veff

explicitly depends on the density environment density:

φminpρ̃q “

ˆ

MPl
nΛn`4

βρ̃

˙

1
n`1

. (48)

In a medium of constant density, the field is expected
to relax exponentially to the minimum of its potential.
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Figure 2. Chameleon effective potential (solid lines), in high
(red) and low (blue) density regions. The dashed line shows the
chameleon potential V pφq and the dotted lines the local-matter-
density-dependent term.

It varies on a typical scale of the order of its local
Compton wavelength

λcpρ̃q ” m´1pρ̃q “
1

a

V 2effpφminq
. (49)

As shown in Fig. 2, adding a local matter density
dependent term to this potential (Eq. 45) affects its
mass and the value φmin that minimises the potential:
the higher the local matter density, the lower φmin,
the higher the chameleon’s mass and the shorter its
Compton wavelength λc.

Two related effects follow from this environmental
dependence, allowing for the field to hide from local
experiments. To see them, we consider a spherically
symmetric object of density ρin, radius rc and mass
Mc. We assume that the density outside the body is
ρout, and we denote by φin and φout the minima of the
effective potential of the field inside and outside the
body, respectively. Inside the object, the value of field
will decrease from φsurf to φc from the surface to the
center of the object, with φc “ φin only if the object
is massive enough for the field’s Compton wavelength
to be much smaller than rc. Let us start by assuming
that this condition is met. In this case, the field reaches
φmin within a depth

∆rc “
φout ´ φin

6βΦc
rc, (50)

where Φc “ Mc{8πrc. The exterior profile of the
chameleon field is then

φprq “ ´
β

4π

3∆rc
rc

Mce
´pr´rcq{λout

r
` φout, (51)

where λout is the field’s Compton wavelength in the
external environment.

The Yukawa suppression in Eq. (51) causes the
chameleon’s environmental screening. If a test mass
is placed farther than λout from the body, then the
chameleon interaction is canceled. Given that the
Compton wavelength depends on the local density,
the interaction between two bodies may be Yukawa-
suppressed in a high-density environment (such as the
Earth atmosphere) but may still be significant in a low-
density region (such as deep space).

The second effect comes when the chameleon
reaches its minimum inside the source near the surface,
such that the thin-shell parameter

Qc ” 3
∆rc
rc

! 1. (52)

If this thin-shell condition is met, then only a thin
portion of the body contributes to the exterior profile.
The chameleon contribution to the gravity field is then
marginal compared to that of the Newtonian gravity,
so that it is effectively hidden to experiments and the
source is screened. This screening obviously also occurs
to a mass interacting with a source. This is why planets
orbits do not show deviations from Newtonian gravity:
even if the chameleon’s Compton wavelength in space
is greater than typical distances between planets, the
chameleon is hidden as soon as planets are screened
(i.e. meet the thin-shell condition).

On the opposite, the chameleon field does not
reach its minimum in objects that do not meet the
thin-shell condition (because they are not massive
enough); those objects just act as perturbations on
the chameleon field, and are subject to a chameleon-
induced force. The fifth force induced by the coupling
to the chameleon field on a point test mass is
proportional to the gradient of the scalar field and
given by

~F “ ´
β

MPl
mtest

~∇φ. (53)

It is clear that if the coupling is not universal,
this force depends on the composition (since two test
masses of different composition have their own coupling
constant β), and a violation of the WEP is expected.

On the opposite, if the coupling is universal, no
WEP violation is to be expected when considering
point-like test masses. Nevertheless an extended body
of mass m cannot, a priori, be considered as a test body
and is subject to the thin-shell condition (with thin-
shell parameter Qm). Substituting for ∇φ from Eq.
(51) in Eq. (53), the norm of the force at a distance r
of a symmetrical body on such an object is

F prq “ 2β2QcQm
Mcm

8πMPl
2r2

, (54)

such that two bodies of different thin-shell parameters
(e.g. because of different mass, even if the same
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composition) will then undergo different forces, thence
an apparent violation of the WEP when placed in
the right conditions of low-density region (so that the
chameleon’s Compton wavelength is large enough).
From this observation, Ref. [34] predicted a possibly
significant violation in space-based tests of the WEP.
This motivated the works presented in Sect. 6.4.

3.5. Standard model extensions and spin-1 particles

At the quantum level, the Standard Model describes
the strong, weak and electromagnetic interactions with
the SUp3q ˆ SUp2q ˆ Up1q gauge group, but still
excludes gravity. Approaches towards a consistent
theory of quantum gravity, and most notably string
theories, usually involve new symmetries, fields and
particles. One of the simplest possibilities is to add an
extra Up1q symmetry within a SUp3qˆSUp2qˆUp1qˆ
extra´Up1q gauge group. Although the resulting
boson may be very heavy (Á a few TeV), in some
unconventional instances it may be very light and have
a very small coupling g2, potentially leading to an
extremely weak new long-range force [195, 196, 222–
224]. Given the measured solar system dynamics, this
force should of course be much weaker than gravitation.

As an example, we follow Refs. [223, 224] and we
denote the corresponding new spin-1 particle as the U
boson. It can be viewed as a generalised dark photon
coupled to standard model particles through the linear
combination [195,225]

pεQQ` εBB ` εLLqe (55)

where εQ, εB and εL are coupling constants (with
the electric charges, baryon and lepton number
respectively) depending in particular on the mixing
between the new gauge boson, the Z and the photon,
which need to be determined experimentally.

The corresponding new force acts additively on
ordinary neutral matter, proportionally to a linear
combination of baryon and lepton numbers. This is
equivalent to considering a force acting effectively on
a linear combination of the numbers of protons and
neutrons, Z “ L and N “ B ´ L. Such a new force
is thus generally expected to be repulsive (except if
εBB ` εLL has different signs for the Earth and the
test mass considered). This is in contrast with a spin-
0 induced force, normally expected to be attractive,
and not expected to have such an additivity property,
making its couplings more difficult to evaluate (as
illustrated with the chameleon field above).

Its mass may vanish if its gauge symmetry is
conserved, or be naturally small, especially if the
corresponding gauge coupling is very small. If the
new symmetry associated with the U is spontaneously
broken, e.g. through the vev of an extra singlet

field, the U acquires a mass mU , vanishing with g2,
mediating a new force of range [223]

λU “
~

mUc
« 1973 km

ˆ

mU

10´13 eV{c2

˙´1

. (56)

When the U boson couples to the baryon number
only, this force derives from a composition-dependent
Yukawa-like potential with strength [224]

αij “ αgB

ˆ

B

Ar

˙

i

ˆ

B

Ar

˙

j

(57)

when the masses are expressed in atomic mass units as
m “ Arµ and

αgB “ ´α

ˆ

MPl

mp

˙2 ˆ
mp

µ

˙2

ε2B (58)

where mp is the mass of the proton and α is the
fine-structure constant (not to be confused with the
Yukawa amplitude of Eq. 5). As shown in Sect. 6.5,
this composition-dependent force can induce a WEP
violation and may be measurable with MICROSCOPE.

4. Experimental tests of the WEP

4.1. Historical overview

Experimental tests of the WEP rely on the comparison
between the acceleration undergone by two proof
masses A and B in the same gravitational field [17,161].
They are quantified in terms of the Eötvös parameter

η “ 2
aA ´ aB
aA ` aB

“ 2
mG,A{mI,A ´mG,B{mI,B

mG,A{mI,A `mG,B{mI,B
, (59)

named after Loránd Eötvös, who used a torsion balance
to perform the first modern test of the WEP in the late
19th century, reaching a precision of 5 ˆ 10´8 [226],
which he eventually improved it to 3 ˆ 10´9 [227].
In those experiments, two masses made of different
composition are positioned at the end of a suspended
rod. The centrifugal forces on the masses due to the
Earth rotation are balanced against a component of
the Earth’s gravity field. If the ratio of the inertial to
gravitational mass was different for both proof masses,
a torque would twist the torsion balance, highlighting
a WEP violation. Spinning torsion balances based on
an ever improving technology allowed for a continuous
increase in the experiment precision [228–233]. The
best constraints from a torsion balance experiment
currently come the Eöt-Wash group, with an upper
bound of the WEP at the level of 2 ˆ 10´13 [54,
58]. Although they can be mitigated with clever
experimental tricks [231,234], systematic errors such as
environmental gravity gradients, thermal fluctuations
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and magnetic fields are currently the main limitations
of torsion balance tests. See Refs. [48, 55] for reviews
of tests of gravity (including the WEP) with torsion
pendulums.

Free-fall tests consist in dropping proof masses
made of different compositions and monitoring their
fall in the same gravitational field. Precise experiments
emerged in the 1980s. Since the driving force in free-
fall experiments (the Earth gravity, g « 9.8ms´2 on the
ground) is much higher that that of rotating balances
(of order 10´2ms´2), the former were expected to
easily outperform the latter. Several experiments were
designed, to eventually reached a precision of order
10´10 [235–240]. Free-fall experiments are limited by
errors in initial conditions at release coupling to the
gravity gradient of the Earth, which entail a differential
acceleration mimicking a WEP violation. High drop
towers may allow for an increased time of free-fall,
thereby increasing the precision of the test (since the
effect of a violation increases quadratically with time).
For instance, the ZARM tower of the University of
Bremen allows for free-fall times up to 9.3 seconds.
Experiments on balloons [241] and sounding rockets
[242] have been proposed, with free-fall times that
could reach tens of seconds.

The natural next step is then to perform free-fall
experiments in space, where the free fall can a priori be
unlimited in time as proof masses follow their geodesics
in the Earth orbit [243]. The proposed Satellite Test
of the Equivalence Principle (STEP [244–246]) and
Galileo Galilei (GG [247, 248]) missions, as well as
the completed MICROSCOPE mission, exploit this
principle. Given that MICROSCOPE is the focus of
this review, we discuss the pros and cons for free-fall
experiments in space below, after closing the general
panorama on experimental tests of the WEP.

Using microscopic bodies (e.g. atoms, neutrons,
charged particles) as proof masses is now possible
thanks to the advent of atom interferometry [249], and
should allow for a much better control of systematic
effects in free-fall experiments: atoms have well-known
and reproducible properties, it is possible to make a
very small atomic probe, the position of which is very
precisely controlled, and the possibility to use different
atomic states and isotopes allow for the rejection of
systematic errors. Recent atom interferometry tests
of the WEP reach a precision of the order of 10´12

[250–256]. This precision is expected to improve in
the near future, especially thanks to proposed space
experiments [257–259]. Additionally, proposals and
proof-of-concept have been made to test the WEP with
anti-matter [260–268].

Beside laboratory-scale proof masses and atoms,
celestial bodies can be used as free-falling probes. For
instance, the Earth and the Moon both fall in the

Sun gravitational field. If the WEP is violated, their
accelerations towards the Sun are different, leading
to a modulation of the Earth-Moon distance along
the Earth-Sun direction at the synodic period (29.53
days) [269]. This distance can be routinely measured
at high precision by shooting lasers at the Moon, which
is possible thanks to reflectors positioned on the Moon
during the Apollo missions. This Lunar Laser Ranging
(LLR) has been on since the 1970s, providing exquisite
measurements and allowing for an ever-increasing test
of the WEP down to 5ˆ10´14 [50,270]. See [271] for a
review of the LLR; note that since the bodies of interest
are massive, LLR tests not only the WEP, but a
combination of the WEP and of the Strong Equivalence
Principle. A similar effect can be looked for in Satellite
Laser Ranging (SLR), whereby the distance of satellites
to the Earth is measured, e.g. LAGEOS and LARES
[272]. However, artificial satellites are much more
subject to tidal effects and non-gravitational forces
(such as solar radiation pressure) than the Moon, and
tests based on SLR are not competitive with LLR [273].

4.2. Free-fall experiments in space

Space allows for much longer free falls than allowed by
on-ground experiments, but with a similar driving ac-
celeration (in low-earth orbit, g « 8 ms´2), giving such
experiments the potential to surpass torsion balance
experiments (which can have long integration times
but are driven by small accelerations). As importantly,
weightlessness, coupled to the now well-established
drag-free technology (which allows for the cancellation
of non-gravitational external accelerations) provides a
quiet gravitational environment, ideal for minute ac-
celeration and forces measurement: LISA Pathfinder
showed that residual differential accelerations can be
reduced down to 10´15 ms´2Hz´1{2 [274, 275]. MI-
CROSCOPE is not as precise, for reasons that will be
made clear below, but still achieves residual accelera-
tions below 10´11 ms´2Hz´1{2.

Free-fall experiments in space can be performed
in small boxes (they do not require 100 meter high
drop towers), which allows for a better control over
external perturbations. Proof masses in STEP, GG
and MICROSCOPE are concentric, allowing for a
fine control of their differential accelerations, requiring
small forces. Another advantage is the possibility to
spin the entire experiment to modulate the frequency
of a potential WEP violation. For instance, the
MICROSCOPE satellite spun to look for a WEP
violation at the frequency where the noise is minimum.
Finally, the orbit followed by the experiment can be
defined to allow for very stable thermal conditions,
thereby reducing related systematic errors.

Nonetheless, space tests are not exempt from
systematic errors. Gravity gradients due to test-
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masses not being perfectly concentric, nor having
exactly the same multipole moments, are significant
systematics. However, since they couple with the
well-known Earth gravity field, it is easy to correct
for gravity gradients due to proof-masses offcentering;
furthermore, their couplings with the proof masses
shape can be reduced by designing them to be as close
as possible to monopoles. Moreover, those tests are so
sensitive that tiny effects such as the radiometer effect
and the radiation pressure must be taken into account
(see below for MICROSCOPE).

A final significant systematic error (and MICRO-
SCOPE’s main limitation) is linked to test-masses be-
ing hit by cosmic radiation, thereby accumulating elec-
tric charges that eventually introduce noise in the mea-
surement. Controlling the test-masses’ electric poten-
tial is thus essential. MICROSCOPE uses a gold wire
to physically link the proof masses with the satellite
and control their charge. LISA Pathfinder demon-
strated that illuminating the proof masses with an
ultra-violet lamp allows for an efficient charge control
[276]. Being contactless, LISA Pathfinder’s charge con-
trol management introduces significantly less noise into
the measurement than MICROSCOPE’s wire. This
explains the different residual differential acceleration
levels mentioned above.

Selected for a phase A study in 1990, STEP was
expected to test the WEP down to the 10´18 level,
with a drag-free satellite. The payload consisted in
four pairs of accelerometers, each consisting of a pair
of proof masses made of either Be, Pt:Ir or Nb, set in a
cryogenic environment allowing for exquisite control of
thermal systematics and for a high-precision SQUID-
technology-based measurement of the proof masses
motion.

GG is a proposed mission based on the principle
of a beam balance. The experimental design is
expected to significantly reduce the requirement on
the satellite’s drag control compared to STEP and
MICROSCOPE, and to reduce gas damping and the
radiometer effect, allowing for a test of the WEP down
to 10´17. A laboratory demonstrator has been built
and is currently under tests [277].

Proposed by ONERA and the Observatoire de
la Côte d’Azur (OCA), the MICROSCOPE mission
was selected by CNES in 1998, to test the WEP
with a 10´15 precision. Its payload, developed by
ONERA, was based on ONERA’s long experience on
ultra-sensitive space accelerometers [278], generations
of which had already flown on the CASTOR D5B
satellite [279], on the International Space Station [280]
and on the CHAMP mission [281,282], then eventually
flew on GRACE [283] and GOCE [284, 285], and are
currently flying on GRACE-Follow On [286]. The
mission underwent several external (modification of

the satellite’s micro-thrusters, development of the Vega
launcher) and internal (weakness of the wire used to
control the proof masses’ charge) delays, postponing
the launch initially planned in 2004. MICROSCOPE
was eventually launched on April 25, 2016.

5. The MICROSCOPE experiment

5.1. Experimental concept

In essence, MICROSCOPE is a test of the UFF with
an easy recipe: drop two test bodies and compare
their fall. Performing the experiment in space allows
for a very long fall (MICROSCOPE’s longest falls
lasted one week), since test bodies freely-fall as they
orbit the Earth, which helps to outperform on-ground
experiments (in which free fall is limited to a few
seconds). Actually, instead of letting two test bodies
freely orbit the Earth and monitoring the differences in
their orbits, MICROSCOPE forced two test masses to
stay centered with respect to each other by means of
electrostatic forces. This was done with a differential
ultrasensitive electrostatic accelerometer, consisting of
two coaxial and concentric cylinders made of different
materials. The difference of electric potentials applied
to keep the cylinders in equilibrium is a direct measure
of the difference in their motion. Hence, a non-zero
difference of applied potentials is a measure of a non-
zero difference of the accelerations felt by the two
masses: in other words, it is a measure of a violation
of the WEP.

The gravity that pulls MICROSCOPE’s proof
masses is sourced by the Earth. Therefore, a
possible violation of the WEP can be expected to be
proportional to the Earth gravity acceleration. More
precisely, when measured along the main axis of the
cylindrical masses (as done by MICROSCOPE), the
signal we are looking for is the projection of the
Earth’s gravity acceleration on this axis. It is therefore
proportional to the modulation of the Earth’s gravity
field, depending on the motion of the satellite around
the Earth and of its attitude, resulting in a periodic
signal with a well predictable frequency. This is
illustrated by Fig. 3 .

The frequency of the potential WEP violation
signal can be tuned by spinning the satellite about its
axis orthogonal to the orbital plane at frequency fspin:

fEP “ forb ` fspin, (60)

where forb is the satellite’s orbital frequency. Several
spinning configurations (corresponding to different
fspin) were envisioned to confirm a possible WEP
violation at different frequencies.



CONTENTS 15

Figure 3. MICROSCOPE’s measurement principle. A WEP
violation is detected if the two cylindrical test-masses experience
different accelerations (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. On the upper panel, black arrows show the
sensitive axis along which a WEP violation is looked for. At
point (A), the Earth gravitational field is orthogonal to the test
axis, resulting in a null signal; at point (B), the axis is aligned
with, and in the same direction as, the test axis, resulting in a
maximal signal; point (A) is similar to point (B), resulting in a
null signal; point (D) is similar to point (B), but the signal is the
opposite direction. The resulting signal for a possible violation
of the WEP is thus periodic.

5.2. Experimental apparatus

The electrostatic control of the proof masses relies
on two nested control loops (Fig. 4). The first
one is inside the payload (lower right box of the
figure): each proof mass is placed between pairs of
electrodes and its motion with respect to its cage fixed
to the satellite is monitored by capacitive sensors. It
can be kept motionless by applying the electrostatic
force required to compensate all other forces. In
that way, the knowledge of the applied electrostatic
potential provides a measurement of the acceleration
which would affect the test-mass with respect to the
satellite without the electrostatic force. The second

control loop in the MICROSCOPE experiment is
included in the satellite’s Drag Free and Attitude
Control System (DFACS). This system cancels (or
at least considerably reduces) the level of external
disturbances with very performant cold gas thrusters.
External disturbing forces and torques are sensed by
the instrument’s accelerometers and the satellite’s star
trackers. Those measurements are combined to control
the cold gas thrusters and counteract disturbing forces.
This system also ensures a very accurate control of
the pointing and of the attitude of the satellite from
the measurements of angular position delivered by the
stellar sensors and of the angular acceleration delivered
by T-SAGE.

The next subsections provide details about the
satellite, the payload and the measurement technique.

5.2.1. Satellite MICROSCOPE’s spacecraft is de-
rived from the CNES’s Myriad series of microsatellites.
With a mass of 325 kg and dimensions of about one
cubic-meter, it has been designed to be as symmetric
as possible, with the payload sitting near its center-of-
mass, embedded in a magnetic and thermal shield. No
moving mechanical parts can contaminate the Equiva-
lence Principle measurement.

The thermal and mechanical architecture design
was driven by the centering of the instrument as close
as possible to the satellite center of mass and by the
high thermal stability requirement around fEP (better
than 1 mK at the sensor unit interface and 10 mK
at the associated analog electronics interface). These
most thermally sensitive payload units were integrated
in a particular cocoon at the core of the satellite.

But the main driver of the satellite design was the
reduction of the mean level of accelerations applied on
the instrument through an efficient drag-free control
[287]. The drag-free control uses the payload as an
inertial sensor to measure the external forces and is
performed by the cold gas micro propulsion system
provided by ESA, which counteracts the perturbations
(atmospheric drag, radiation pressure, electromagnetic
forces) at a evel of tens of µN. Combining the six
degrees of freedom (angular and linear acceleration)
allows for the control of torques and forces in only one
subsystem, the DFACS, which was shown to exceed its
expected performances [154].

5.2.2. Payload The core of MICROSCOPE’s instru-
ment (T-SAGE – Twin Space Accelerometer for Grav-
itation Experiment [153]) consists of two differential
accelerometers (called Sensor Units – SU), the proof
masses of which are co-axial cylinders kept in equilib-
rium with electrostatic actuation.

Fig. 5 shows an exploded view of the mechanical
parts of one SU, with its:
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Figure 4. Nested loops to optimise the experiment’s environment: satellite’s DFACS and instrument’s control-loop. External
disturbing forces and torques are sensed by the instrument’s accelerometers and the satellite’s star trackers. Those measurements
are combined to counteract disturbing forces by acting cold gas thrusters. Figure from Ref. [154].

‚ two test-masses

‚ electrode-bearing gold-coated silica cylinders (two
surrounding each proof mass)

‚ gold coated silica mounting base plate for a precise
positioning of the electrode sets; electrodes are
used to probe the proof masses and to control
them test with electrostatic forces

‚ Invar sole plate for the positioning of the mounting
base plate; supports the titanium inner housing
and the vacuum tight housing

‚ mechanical stops to prevent any electric contact
between the test-mass and the electrodes

‚ 7 µm gold wires connecting each test-mass to
the satellite, allowing for a very stable voltage of
the test-masses; it is the only mechanical contact
between the proof masses and their cage

‚ test-mass blocking mechanism preventing any
damage from the heavy test-masses (0.4 kg to
1.4 kg) during the launch. The test-masses were
unlocked before the first in-orbit switch on.

‚ vacuum system used to maintain a sufficient low
vacuum and cleanliness of the electrode set

‚ vacuum Invar tight housing to hermetically close
the SU

‚ hermetic electrical connectors.

The electrostatic control of the proof masses is
performed via a detection/action electronic control
loop depicted by Fig. 6. The proof mass position in its
cage is performed by a capacitive sensor: its motion
induces a capacity difference between the electrodes

Figure 5. Exploded view of a MICROSCOPE sensor unit,
with its two proof masses, their surrounding electrodes bearing
cylinders, cylindrical invar shield, base plate, upper clamp and
vacuum system. The reference system is shown on the left of the
figure. Figure from Ref. [288].

1 converted into an output voltage by the capacitive

detector electronics 3 . A digital PID (Proportional
Integral Derivative) servo-control loop calculates the

control signal from the detector’s ouput 4 . This

signal is amplified 5 before being applied to the
electrodes in order to recentre the test-mass in its cage,
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Figure 6. T-SAGE control loop. See main text. Figure from
Ref. [288].

by asymmetrically applying an electrostatic potential

to it 1 . The same electrodes are used for both
detection and action, through the same electronic

interface 2 . Additionally, as aforementioned, the
same electronics’ output is used by the satellite’s drag-
free system.

Details about this control loop can be found
in Refs. [153, 288]. Nevertheless, to enlighten the
discussion of the proof masses’ dynamics below,
we provide some elements about the detection and

action processes (block 2 of Fig. 6). A proof
mass surrounded by two opposite electrodes can be
considered as a double capacitor, with capacitances
C1 and C2. The motion of the proof mass induces
a variation in the capacitances, sensed by the detector,
which outputs a voltage

Vdet “ GdetpC1 ´ C2q, (61)

where Gdet “ 2Vd{Ceq is the gain of the detector,
with Vd the potential of the proof mass and Ceq the
capacitance of the capacitor formed by the proof mass
and the electrodes when the proof mass is at the
centre of the cage. The capacitances Ci depend on
the geometry, and therefore their form differ along the
longitudinal and radial axes of T-SAGE; nevertheless,
it can be shown that along each axis, at first order in
the displacement δ of the proof mass about the center
of the cage Vdet9δ [153,288],

The control loop digitises the detector output
voltage Vdet and computes the actuation voltage to
apply to the electrodes in order to compensate for the
displacement of the proof mass, and recentre it in the
cage. The (restoring) electrostatic force applied by an
electrode i is then

#»

F el,i “
1

2
pVi ´ Vpq

2 #»∇C, (62)

where
#»∇C is the spatial gradient of the capacitance.

The (polarisation) potential of the test-mass Vp is
maintained constant and the potential Vi of the
electrode is tuned by the servo-control loop. This

Figure 7. T-SAGE payload: SUEP and SUREF sensor units
(SU), Front-End Electronics (FEEU) and Interface Control Unit
(ICU). Figure from Ref. [153].

“action” takes the general form

Fel,i « ´mI

#

GactVe ` ω
2
p

«

1`

ˆ

Ve
Vp

˙2
ff

δ

+

, (63)

where the sensitivity factor Gact and the stiffness
coefficient ω2

p depend on the geometry of the sensor, Ve
is the voltage output from the control loop and applied
to the electrodes, and mI is the inertial mass of the
proof mass.

If Gact is known well enough, the acceleration of
the test-mass can be measured through the voltage
Ve required to apply the restoring force. This
measurement is perturbed by the electrostatic stiffness,
which introduces a bias if the test-mass is not servo-
controlled to the equilibrium point. Nevertheless,
the asymmetry in the design of the electrostatic
configuration and the displacement are sufficiently
small to ignore it during nominal WEP test operations.

All in all, as shown in Fig. 7, T-SAGE is
made of two sensor units controlled by two Front
End Electronics Unit (FEEU) boxes (one per SU) and
an Interface Control Unit (ICU). The FEEU include
the capacitive sensing of masses, the reference voltage
sources and the analog electronics to generate the
electrical voltages applied to the electrodes and the
ICU includes the digital electronics associated with the
servo-loop digital control laws, as well as the interfaces
to the satellite’s data bus.

The two SU, side by side, share the same geometry.
However, they have different proof masses, to fulfil
complementary purposes. The primary SU is used to
measure the WEP (hence it is called SUEP), and the
second one (SUREF) is used as a reference instrument.
The materials of SUEP’s proof masses were chosen
carefully to maximise a potential violation of the WEP
from a light dilaton [26, 203, 204] and to optimise
their industrial machining: they are made of alloys
of Platinum-Rhodium (PtRh10 – 90% Pt, 10% Rh)
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and Titanium-Aluminium-Vanadium (TA6V – 90% Ti,
6% Al, 4% V). To act as a reference, with which
no violation of the WEP should be measured (at
least in models with no environmental screening), the
proof masses of SUREF share the same composition, a
PtRh10 alloy.

A final note about SUREF is necessary. In
order to maximise the performance of the SUEP
when testing the WEP, the acceleration measured
by one of its proof mass is used as the command
of the DFACS (we say that the drag-free point
is set on this proof mass). SUREF is then far
enough from the drag-free point to have competitive
performances. As a consequence, measurements
performed by SUREF (were they synchronous with
those performed by SUEP), which could be considered
as systematics, cannot be directly subtracted from
those made with SUEP. In that sense, SUREF really
is a “reference instrument”, but does not provide
“reference measurements”. As a SUEP’s twin (up to
its proof masses), it can hint towards systematic errors,
but cannot be used to simply correct for them.

5.3. Proof mass dynamics and measurement equation

5.3.1. Measured acceleration The electrostatic (con-
trol) force applied by the electronics servo-control to
maintain the jth proof mass motionless (j “ 1, 2 for
the internal and external proof masses of a given SU)
was introduced above (Eq. 63). It takes into account
all forces acting on the proof mass, and the correspond-
ing acceleration is thus [289]

~Γcont,j “
~Fel,j

mIj

“ ~ΓC,j´
~Floc,j

mIj

´
~Fpa,j

mIj

`
~Fext

MIsat

`
~Fth

MIsat

(64)

where ~Fext are non-gravitational forces affecting the
satellite (drag, solar radiation pressure), ~Fth are forces
applied by the thrusters (to compensate for external

forces) and ~Floc,j and ~Fpa,j are local forces (inside the
sensor) that we can consider explicitly (e.g. electro-
static stiffness, gold wire stiffness, self-gravity) or im-
plicitly (e.g. electrostatic parasitic), respectively. Fi-
nally, the Earth gravitational acceleration, modulated
by the rotation of the satellite (hence the contribution
of Coriolis acceleration),

#»

ΓC,j “
MGsat

MIsat

#»g pOsatq ´
mGj

mIj

#»g pOjq

` rIns
#             »

OsatOj ` 2rΩs
9#             »

OsatOj `
:#             »

OsatOj (65)

where #»g pOsatq (resp. #»g pOjq) is the Earth gravity
acceleration at the center of mass of the satellite (resp.

proof mass), rIns “
” .
Ω
ı

` rΩs rΩs is the gradient

of inertia matrix of the satellite and rΩs its angular

velocity. To derive Eq. (65), we assumed that the proof
masses are homogeneous and that the Earth’s gravity
field does not vary significantly within the satellite.

Eq. (64) is an idealised version of what really
happens [289]. First, the sensor is not perfectly aligned
with the satellite’s frame; this is described by the rθjs
matrix

~Γcont,j|instr “ rθjs

˜

~ΓC,j|sat `
~Fext|sat

MIsat

`
~Fth|sat

MIsat

¸

´
~Floc,j|instr

mIj

´
~Fpa,j|instr

mIj

, (66)

where the subscripts “|instr” and “|sat” mean
that forces and accelerations are expressed in the
instrument or satellite frame, respectively.

Moreover, the measured acceleration is given
by the control acceleration (66) affected by the
sensitivity matrix rAjs ;, by electrostatic parasitic
forces (since the applied electrostatic forces are the
sum of the measured and parasitic electrostatic forces
mIj

~Γcont,j|instr “
~Fel,j “ ~Fel,meas,j ` ~Felec,par,j), by the

measurement bias
#»

b 0,j due to the electronics read-out
circuit and by noise nj . It is therefore given by

#»

Γmeas,j|instr “
#»

b 0,j

` rAjs

˜

#»

Γcont,j|instr ´

#»

F elec,par,j|instr

mIj

¸

`K2,j

”

#»

Γcont,j|sat

ı2

` nj , (67)

where K2,j is the sensor’s quadratic factor.
We can then wrap up and write the acceleration

measured measured by the jth sensor explicitly in
terms of external and local forces:

#»

Γmeas,j|instr “
#»

B0,j

` rAjsrθjs

˜

#»

ΓC,j|sat `

#»

F ext|sat

MIsat

`

#»

F th|sat

MIsat

¸

´ rAjs
~Floc,j|instr

mIj

`K2,j

”

#»

Γcont,j|sat

ı2

` nj , (68)

where

#»

B0,j ”
#»

b 0,j ´ rAjs

˜

~Fpa,j|instr

mIj

`
~Felec,par,j|instr

mIj

¸

(69)

; The diagonal elements of the sensitivity matrix are the
instrument’s scale factors – one by degree of freedom, which
are constants converting between the measured voltage and
acceleration –; its off-diagonal elements characterize the roughly
constant couplings between degrees of freedom due to slight
geometrical defects of the proof mass and to electrostatic defects.
The sensitivy matrix can be measured in-flight, see Sect. 5.5.1.
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is the scale-factor dependent bias.
A WEP violation signal would hide in the

difference between the acceleration measured by the
internal sensor and that measured by the external
sensor, called the differential acceleration,

#»

Γ pdq ”
#»

Γmeas,1 ´
#»

Γmeas,2. (70)

Incidentally, we also define the common-mode
acceleration

#»

Γ pcq ”
1

2

´

#»

Γmeas,1 `
#»

Γmeas,2

¯

. (71)

The difference of gravitational accelerations (Eq.
65)

#»

Γ
pdq
C “ p1` δ2q

#»g pO2q ´ p1` δ1q
#»g pO1q

` rIns
#         »

O2O1 ` 2rΩs
9#         »

O2O1 `
:#         »

O2O1. (72)

where δj are defined such that

mGj

mIj

“ 1` δj (73)

Taylor expanding the gravitational acceleration
about the satellite’s center of mass as

#»g pOkq “
#»g pOsatq ` rTs

#             »

OsatOk ` . . . , (74)

where rTs is the Earth gravity gradient (GGT), and
assuming that δi ! 1, we get

p1` δ2q
#»g pO2q´ p1` δ1q

#»g pO1q “ δ #»g pOsatq` rT s
#         »

O1O2,
(75)

where δ ” δ1´ δ2 approximates the Eötvös parameter.
Finally, we define the proof masses offcentering as

#»

∆ ”
#         »

O1O2, and the gravity differential acceleration is

#»

Γ
pdq
C “ δ #»g pOsatq ` prTs ´ rInsq

#»

∆´ 2rΩs
9#»
∆´

:#»
∆. (76)

Injecting it in Eqs. (68)-(70), the measured
differential acceleration is [289]

#»

Γ pdqmeas “ rAcs
´

δ #»g ` prTs ´ rInsq
#»

∆´ 2rΩs
9#»

∆´
:#»
∆
¯

`
#»

B
pdq
0 ` rAds

#»

Γ
pcq
cont ` rCds

9#»
Ω ` npdq (77)

where rAds and rAcs are the differential-mode
and common-mode sensitivity matrices (defined as
combinations of the individual sensors’ rAjs and rθjs
matrices), rCds is the differential-mode sensitivity

matrix to the angular acceleration,
#»

B
pdq
0 is the

differential bias and we ignored the quadratic terms
since they are estimated to be negligible in the actual
MICROSCOPE data [289]. The common-mode control

acceleration
#»

Γ
pcq
cont contains all external accelerations

(atmospheric drag, thrusters) and is canceled by the

satellite’s DFACS. Note that if the sensors’ electronics
were perfectly identical, we would have rAds “ 0, and
no drag-free would be required.

Per Eq. (77), it is clear that a WEP violation
signal would multiply the Earth gravity acceleration;
since it is modulated by the motion and attitude of
the satellite, this signal would be at the fEP frequency
defined above. The fact that proof masses are not
perfectly concentric (

#»

∆ ‰
#»
0 ) implies a systematic error

related to the Earth gravity gradient. As shown below,
this signal can be efficiently estimated and subtracted,
and the main limitation of the experiment lies in the
instrumental noise.

5.3.2. Projected measurement equation MICRO-
SCOPE sensors are most sensitive along their longi-
tudinal (x-coordinate in the instrument’s frame, see
Fig. 5) axes. Consequently, the WEP is tested along
this axis, and the primary measurement equation is the
differential acceleration projected on it,

Γpdqx “ 2b̃pdqx ` ac11gxδ ` ac12gyδ ` ac13gzδ

`∆1xSxx `∆1ySxy `∆1zSxz

`
`

ac13∆1y ` ac12∆1z
˘

Syz

` ac12∆1ySyy ` ac13∆1zSzz

`
`

´ac13∆1y ` ac12∆1z ` 2cd11

˘ .
Ωx

´
`

∆1z ´ 2ac13∆1x ´ 2cd12

˘ .
Ωy

`
`

∆1y ´ 2ac12∆1x ` 2cd13

˘ .
Ωz

` 2
´

ad11Γ̃pcqx ` ad12Γ̃pcqy ` ad13Γ̃pcqz

¯

` 2
.
∆1xΩx ´ 2

.
∆1zΩy ` 2

.
∆1yΩz

´ ac11

..
∆x ´ ac12

..
∆y ´ ac13

..
∆z ` 2npdqx , (78)

where, as before, we neglected the quadratic factors,
and where rTs is the Earth gravity gradient tensor
(GGT) in the instrument’s frame, rSs the symmetric
part of the rTs ´ rIns matrix, and rΩs the angular

velocity tensor of the satellite. In Eq. (78),
#̃»

Γ
pcq
“

#»

Γ pcq ´ #»n pcq is the noise-free common-mode measured
acceleration, rad11, ad12, ad13s and rac11, ac12, ac13s are
the first row of the differential-mode rAds and common-
mode sensitivity rAcs matrices, rcd11, cd12, cd13s is
the first row of the differential-mode sensitivity

matrix to the angular acceleration, b̃
pdq
x “ bd0x `

ac11b
pdq
1x ` ac12b

pdq
1y ` ac13b

pdq
1z (with

#»

b0
pdq the differential

electrostatic bias and
#»

b1
pdq the difference of mechanical

perturbations acting on the two proof masses).
Finally, note that the measurement is not directly

sensitive to the actual offcenterings
#»

∆, but to the
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following combinations of instrumental parameters:

∆1x « ac11∆x ´ ac12∆y ´ ac13∆z (79)

∆1y « ac11∆y ` 2ac12∆x ´ ac23∆z (80)

∆1z « ac11∆z ` 2ac13∆x ` ac23∆y. (81)

Only those “derived” offcenterings ∆x,y,z can be
estimated.

Most terms in the measurement equation can be
controlled, either by design of the instrument, by
model or by in-flight measurement (see below and
Ref. [158]). Upon correcting for them, considering
that proof masses are kept motionless during WEP
measurements (so that the velocities

.
∆x,

.
∆y,

.
∆z and

the accelerations
..
∆x,

..
∆y,

..
∆z vanish), and considering

that the spin rate of the satellite is constant (
.
Ωi “ 0)

the measurement equation (78) simplifies to

Γpdqx,corr “ 2b̃
1
pdq
x `ac11gxδ`ac13gzδ`∆1xSxx`∆1zSxz`2npdqx ,

(82)
which is the core model fitted to the data after applying
the calibration parameters: in addition to the Eötvös
parameter, we also estimate the components ∆1x and
∆1z of the apparent offcentering.

5.3.3. Force budgets and systematic errors

Earth gravity The Earth gravity and its gradient
tensor projected on the instrument frame are computed
following Ref. [290], using the ITSG-Grace2014 gravity
potential model [291] expanded up to spherical
harmonic degree and order 50. This computation
requires the position of the satellite along its orbit
(in the J2000 frame) and its attitude; CNES provides
them as shown in [154]. The strong line at 2fEP

visible on Fig. 9 is due to the coupling of the
proof masses’ off-centering

#»

∆ with the Earth gravity
gradient. Measuring this line allows for an estimation
of

#»

∆, given the gravity field model [291].

Electrostatic force The electrostatic force is discussed
at length in Ref. [153] and given by Eq. (63) above.

The sensitivity and stiffness coefficients depend on
the geometry of the proof mass and of the electrodes,
and on the electric configuration (voltages applied to
the different parts of the sensor). In particular, the
electrostatic stiffness along the x-axis is expected to
be zero for all sensors.

Gold wire The electric charge on proof masses is
controlled via a gold wire linking them to the satellite.
The wire can be modelled as a spring acting on the
proof mass with the force

#  »

Fw “ ´kwr1` iφpfqs #»x ´ λw 9#»x , (83)

where kw is the wire’s stiffness and φpfq describes
the internal damping; note that φ can depend on the
frequency. The wire’s quality factor Q “ 1{φ.

Radiation pressure The electrode-bearing cylinders,
being at temperature T , emit thermal radiation
through photons that eventually hit the proof mass
and transfer their impulsion to it, thus creating a
pressure. A difference of temperature ∆T between the
electrodes surrounding the proof mass will therefore
cause a force directed from the hottest to the coldest
region [292,293]:

#»

F p “
16

3c
Sσ∆TT 3 #»e , (84)

where T is the average temperature, c the speed of
light, σ the Stefan-Boltzmann constant, S the surface
of the proof mass, and #»e is the vector directed from
the hottest to the coldest region.

Radiometer effect Taking its name from Crookes’
radiometer, originally thought to prove the photon
pressure, the radiometer effect is actually a residual gas
effect affecting proof masses in rarefied atmospheres
whose mean free path exceed the size of the container.
In this case, equilibrium conditions do not happen
when the pressure is uniform, but when the ratios
of pressure to square root of temperature equal one
another [292,293].

This entails a force on the proof mass proportional
to the temperature gradient about its faces ∆T ,

#»

F r “
1

2
PS

∆T

T
#»e , (85)

where P is the pressure in the container, S the surface
of the proof mass orthogonal to the temperature
gradient, T the average temperature in the container,
and #»e is still the vector directed from the hottest to
the coldest region.

Lorentz force and eddy currents Using numerical
models of the satellite structure (including its magnetic
shield) and of the Earth magnetic field, it was shown
that magnetic effects due to the interaction of the proof
masses with the Earth magnetic field were well below
the requirements [157].

Overall expected performance All the forces intro-
duced above can affect the test of the WEP. The slight
offcentering of the proof masses induces a non-zero
gravity gradient which, although dominant at 2fEP,
has a small contribution at fEP. However, it is easily
subtracted by measuring the 2fEP line as aforemen-
tioned.
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Of primary importance are those linked to thermal
fluctuations. For instance, from Eqs. (84)-(85),
in presence of stochastic temperature fluctuations,
the radiation pressure and radiometer effect impart
acceleration noises with spectral density

a

Sp “
16

3c

Sσ

m
T 3

a

S∆T (86)

a

Sr “
1

2

PS

mT

a

S∆T , (87)

where m is the mass of the proof mass and S∆T is
the power spectral density of temperature fluctuations.
Controlling those noises is made possible by protecting
the instrument in a thermal shield and by stabilising
the external temperature with a Sun-synchronous orbit
(see below).

The thermal dissipation of the gold wire is the
dominant source of noise at low frequency. According
to the dissipation-fluctuation theorem [294], because of
thermal fluctuation, the internal damping of the wire is
at the origin of the f´1 low-frequency noise that limits
MICROSCOPE’s test of the WEP [148], as shown in
Fig. 8. This acceleration noise reads [294,295]

Γn,wpfq “
1

m

d

4kBT

2π

kw
Qpfq

f´1{2 ms´2{
?

Hz, (88)

where kB is the Boltzmann constant.
Finally, the detector read-out electronics causes a

noise in position specified to Sdet “ 10´11 mHz´1{2.
By double integration, this noise corresponds to an
acceleration noise

a

Sro9p2πfq
2
a

Sdet. (89)

Although largely dominant at high frequency, this
noise marginally affects the fEP frequency.

Fig. 8 shows the performance of the four
MICROSCOPE sensors expected before launch [296].

5.4. Mission

This section briefly introduces the mission scenario
drivers and the typology of measurement sessions
(a session being defined by an uninterrupted period
focused on a well-defined task). A detailed discussion
of the mission scenario and its drivers can be found in
Ref. [155].

5.4.1. Mission scenario drivers The MICROSCOPE
mission was designed for a nominal year of operation,
with an optional second year, with the amount of gas
as the main driver of the mission’s duration (which
eventually lasted 2.5 years).

The 7090 km semi-major axis of MICROSCOPE’s
orbit was chosen as a trade-off to maximise the
Earth gravitation signal and minimise the atmospheric

Figure 8. Performance expected before launch, for the four
sensors. Also shown is the requirement for a 10´15 precision on
the test of the WEP. Figure from Ref. [296].

drag. Furthermore, the requirements on thermal
stability imposed a Sun-synchronous (nearly polar)
orbit, in which the satellite-Sun angle remains
constant. However, such an orbit inevitably entails
eclipse periods, when the satellite crosses the umbra
of the Earth when flying over the night pole.
MICROSCOPE’s eclipse periods lasted three months
about the summer solstice, making the satellite
unavailable for science measurements.

Out of eclipse periods, MICROSCOPE had to
stop science operations during 4 days at every lunar
cycle in order to avoid Moon flares in the star trackers
by depointing the satellite such that they look at
outer space. This operation induced thermal variations
impinging on the science performances.

The duration of each session was set according to
its goal: five orbits for calibration sessions and at least
20 orbits for WEP measurement sessions. However,
due to operational reasons, the duration of sessions was
limited to 120 orbits.

The scenario was managed by the ground segment
and was built on the basis of successive elementary
sessions. They were programmed on board for a 15-
day period and updated every week.

5.4.2. Measurement sessions WEP-measurement ses-
sions were designed to each allow for a 10´15 precision
on the Eötvös parameter. Spinning the satellite at dif-
ferent frequencies fspin allowed for the modulation of
the WEP signal frequency fEP “ forb`fspin. Given the
frequency-dependent PSD of the expected noise (Fig.
8), we could modulate the duration of measurement
sessions based on fspin: the higher fspin (up to fEP « 8
mHz), the lower the noise, so the shorter the required
session duration. From that point of view, inertial ses-



CONTENTS 22

Table 1. Spinning science sessions. The orbital frequency
forb “ 1.6818ˆ 10´4Hz.

Spinning rate WEP frequency Duration
fspin [mHz] fEP [mHz] [orbits]

EPRV1
7
2forb=0.58863 0.75681 20

EPRV2
9
2forb=0.75681 0.92499 20–120

EPRV3
35
2 forb=2.94315 3.11133 20–120

sions (fspin “ 0 Hz) needed to last 120 orbit, whereas
spinning sessions had to last at least 20 orbits. Table
1 defines the three spinning configurations used dur-
ing the mission. The first one (EPRV1) was used only
during the commissioning phase. The second one was
the nominal spinning frequency, but was replaced by
the faster spinning third one (EPRV3) after the mea-
surement noise was found higher than expected during
commissioning. Those spinning rates were chosen as
non-integer rational fractions of the orbital frequency
to minimise the projection of systematic effects on the
fEP frequency [297].

Short, 5-orbit calibration sessions were used to
estimate those parameters of Eq. (78) that could
be measured in-flight. Each of these sessions was
dedicated to estimating one (or two) parameters
and designed so that the signals sourced by those
parameters have a favourable signal-to-noise ratio
[298]. In particular, we could shake either the proof
masses or the satellite, as well as oscillate the satellite,
at specific frequencies to excite a signal at a given
frequency. Measuring the corresponding spectral line
allowed for an estimate of the concerned parameter.

5.4.3. Technical sessions Technical sessions were
performed mainly when the satellite could not be used
for science (i.e. in eclipse periods) and at the end
of the mission. They consisted in characterising the
instrument [156, 157] and the satellite [154], and to
maintenance operations. The last six months of the
mission were used for aeronomy experiments.

5.4.4. Mission history The MICROSCOPE satellite
was launched on April 25, 2016, just before an eclipse
period during which the commissioning of the satellite
and of the payload were performed [149,156,299].

A capacitance failure on SUREF impacted the
mission in May 2016. This failure was linked to a
voltage housekeeping and had no visible impact on
the measurement. Nevertheless, it increased the power
consumption by 2W in the FEEU, and thus also the
operating temperature. It quickly appeared that this
capacitance reference had a defect and that other
electronic components could be potentially affected.

Therefore, in order to minimise the risk of another
failure, the mission scenario was constrained (i) to
reduce the temperature of operation, by switching
on only one SU at a time, as the risk increases
with temperature, (ii) to switch off both SU when
acceleration measurement were not needed for science,
as the risk of new failures increased with time of
operation and (iii) to put a high-priority on SUEP’s
WEP measurement. Fortunately, SUEP was much
more robust than SUREF. Therefore, this failure had
no impact on the test of the WEP; nevertheless,
they prevented gradiometry measurements, which were
planed as a secondary goal of the mission [300].

The commissioning phase ended in November
2016, followed by a first phase of WEP measurement
until May 2017, when the next eclipse period started.
The payload was switched off from May 2017 to August
2017. Then a second phase of WEP tests lasted
from September 2017 to February 2018, when technical
sessions started. In particular, data was collected for
aeronomy studies [301].

The satellite was finally decommissioned on
October 16, 2018, after 13,193 orbits around the Earth,
21% of which were actually used to perform the science
experiment (others were occupied either by technical
and satellite maintenance sessions, or were not usable
because during eclipses and Moon flare periods). The
Innovative DEorbiting Aerobrake System (IDEAS) was
deployed, and MICROSCOPE’s altitude is now slowly
decreasing for its final plunge in the Earth atmosphere
expected within 25 years.

5.5. Data analysis

MICROSCOPE’s science data consist in proof masses’
accelerations and positions time series, accompanied
with house-keeping data (temperatures, voltages,
electronics flags). The primary data is the acceleration
measured along the x-axis of the proof masses (Eq.
78). The data analysis then consists in correcting it
from –calibrated– instrumental defects and from the
deterministic signals due to the imperfect shape of the
Earth, before seeking a signal (collinear with the Earth
gravity acceleration) amounting to a violation of the
WEP.

5.5.1. Iterative least-square estimation Each in-flight
calibration session is dedicated to estimating one (or
two) parameters and designed to maximising their
corresponding signals. Although it is theoretically
possible to estimate all parameters simultaneously
from all calibration sessions using Eq. (78) – as showed
by an unpublished study, based on Ref. [302], which
used a Markov Chain Monte Carlo (MCMC) technique
on nine sessions of the data of Ref. [148] –, we use
the fact that they are almost independent from each
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other to simplify and better control the estimation
process via an alternative method: we estimate
each parameter iteratively, refining and updating the
estimation of a given parameter using the estimation of
the other parameters until some convergence criterium
is reached.

The measurement equation (78) is of the form

Γ
pdq
x “ fppk, tq ` n

pdq
x , where pk are parameters and

the time dependence is linked to measured or modeled
signals siptq. For each session, the data provides us

with Γ
pdq
x and all siptq. It is then possible to perform a

least-square (or similar) fit to estimate the parameters
pk from a given model.

Moreover, for a given calibration session, we
have a priori values pk,0 for the parameters pk, as
some of them have been measured on ground, and
others have been estimated during previous in-flight
calibration sessions. It is then possible to subtract the
corresponding signals from the measurement, and use
an updated version of the measurement equation,

Γpdqx,corrptq “ Γpdqx ptq ´ fppk,0, tq. (90)

This equation can finally be used to refine the
estimation of some parameters pke, with a least-square
method using the model

Γpdqx,corrptq “ Σke
Bfppk, tq

Bpke
ppke ´ pke,0q . (91)

We use Adam, an iterative least-square technique,
to estimate parameters in the frequency domain [158].
Once this iterative process has converged (typically in
two to three iterations), we use Eq. (82) to measure
the Eötvös parameter δ on calibrated data.

This method has been shown to provide precise
and accurate on intensive numerical simulations [158].

5.5.2. Missing and invalid data Data gaps come
in two flavours: (i) telemetry losses, where data is
missing during some time intervals, and (ii) glitches,
where data is available but contaminated by physical
(e.g. impact with a micrometeorite or a satellite
crack) or measurement (e.g. an internal saturation
in the instrument’s servo-loop command) processes
uncorrelated with testing the WEP.

Glitches have been shown to be periodic and create
a spurious signal at the fEP frequency, potentially
biasing the WEP measurement [159]. To counteract
their effect, we can model and subtract them as
discussed in Ref. [303]; nevertheless, we choose to
remove them, hence giving them the same status as
telemetry losses (“missing” data). We use a standard
recursive σ-clipping technique to detect glitches [159].
We then mask a specific time interval (a dozen seconds)
after each detected outlier to make sure that the
transient regime is always removed.

Additional data points are flagged by the
instrument’s electronics, if an internal saturation has
been detected by the accelerometer digital electronics
(and eventually smoothed out, thereby invisible in the
acceleration data [153]): we reject those points.

Missing data break the even sampling of data in
time, thereby preventing us from using a standard
ordinary least-squares technique in the frequency
domain and, most critically, creating an important
spectral leakage due to noise colour, potentially
burrying the WEP signal in MICROSCOPE data
[304, 305]. We can nevertheless reach the required
accuracy on the measurement thanks to one of the
following methods: (i) the Kalman Auto-Regressive
Model Analysis (KARMA [304]) is a generalised least-
square technique based on an autoregressive model
of the (unknown) instrumental noise, whitened with
a Kalman filter; (ii) M-ECM (Modified-Expectation-
Conditional-Maximization [306]) allows us to maximise
the likelihood of available data through the estimation
of missing data by their conditional expectation, based
on the circulant approximation of the complete data
covariance; (iii) the inpainting [305, 307] technique,
originally developed for 2D observational cosmology
[308] and 1D asteroseismology [309], uses a sparsity
prior to estimate the most probable value of missing
data, therefore allowing us to use an ordinary least-
squares fit. Those techniques were successfully tested
on numerical simulations, either idealised [304–307] or
realistic [158], and used on real data [149,159].

Beside glitches, a handful of jumps can be spotted
in the differential acceleration, mostly on SUREF
[151]. They are not simple discontinuities, but appear
as unsteady transitions between two stable states.
Although hidden in the noise, they perturb the data
analysis and must be discarded. Since this amounts to
creating gaps of several hundred seconds, we decided,
in the presence of jumps, to extract “segments”
between them (or between them and any extremity
of the session). Segments are as long as possible and
consist of an even number of orbital periods to ensure
that potential contamination by signals at frequencies
mforb ` nfspin (m,n P N) are cancelled [151].

6. MICROSCOPE science results and return

6.1. A new upper bound on the WEP

Fig. 9 shows the spectral density of the differential
acceleration measured by SUEP during a 120-orbit
session. Arrows highlight the absence of line at the
fEP frequency and the strong line at 2fEP caused by
the coupling of the Earth gravity gradient with the
proof masses off-centering. The red line is a power law
fit to the spectral density, showing that the noise varies
as f2 at high frequency and as f´1{2 at low frequency,
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Figure 9. Square root of SUEP’s measured PSD of the
differential acceleration along the X axis during a 120-orbit
scientific session 218 with SUEP, where fEP “ 3.1113ˆ10´3 Hz.
The red line is a power law fit to the spectral density. Figure
from Ref. [148].

as expected.
Fig. 10 shows the estimates of the Eötvös

parameter for each segment, obtained with M-ECM
(blue circles) and Adam (gaps being filled beforehand
– orange diamonds ). The two methods are perfectly
consistent. Error bars vary in accordance with the
duration of segments and with the spin rate: the
higher the spin rate, the lower the error bars, since
the noise is minimal for the highest spin rate, see
Ref. [151]. The black lines and grey areas show the
combined constraints and their 68% confidence region
[151,158]. Those uncertainties contain statistical errors
only. Systematic errors are discussed below.

The overall systematics upper bound, of 2.3 ˆ
10´15 for SUREF and 1.5ˆ10´15 for SUEP (compared
to specifications of 0.2 ˆ 10´15 [157]), is dominated
by thermal effects. Indeed, we found that all other
contributors (except non-linearity [156]) have effects
lower than required. For instance, the contribution of
the Earth gravity gradient could be cancelled by the
precise estimation of the proof masses offcenterings,
while local gravity effects were mitigated by a careful
design of the satellite and of the instrument [157].
Similarly, thanks to magnetic shield around the
payload, magnetic effects due to the interaction of
the proof masses with the Earth magnetic field were
well below the requirements [157]. The DFACS
performance allowed for a residual linear accelerations
at fEP smaller than 2 ˆ 10´13 ms´2 (resp. 6 ˆ
10´14 ms´2) in (resp. out of) the orbital plane,
and for residual angular accelerations smaller than
2.5 ˆ 10´11 rad s´2, much better than expected, with
related systematic errors well below specifications.

Temperature variations are the main source
of systematic errors. They induce a differential
acceleration through a thermal sensitivity of the SU
and of the FEEU (Front End Electronics Unit).
Specific sessions were designed to characterize the
thermal sensitivity through a periodic stimulus by on-
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Figure 10. Eötvös parameter estimates for each segment and
overall estimate and its 68% confidence region (black line and
grey area). Blue circles show M-ECM’s estimates and orange
ones Adam’s. Upper panel: SUEP. Lower panel: SUREF. Panels
span the same time.

board heaters; a fine monitoring of temperature and
differential accelerations provided good estimates of
the thermal sensitivities at different frequencies [157,
310]. We noticed a linear frequency-dependence for
SUEP’s thermal sensitivities, but none for SUREF’s.

On the other hand, the temperature data during
EP sessions only allowed for a pessimistic upper bound
since the temperature variations were smaller than the
temperature probe’s noise at fEP. In response to this
limitation, additional sessions were devoted to confirm
the thermal design of the satellite. It was possible to
show that temperature variations are driven by the
Earth’s albedo coming through the FEEU radiator’s
baffle (Fig. 15 of Ref. [157]), inducing a modulation
of the temperature at fEP [157]. A first session, based
on heating the FEEU panel with local heaters, showed
that the impact of the Earth’s albedo on the satellite
walls is negligible. In a second session, the satellite
was tilted by 30o about its spin axis in inertial mode
during 465 orbits (32.3 days) in order to maximize the
albedo light entering the FEEU radiator. Temperature
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variations were found to be attenuated by a factor 500
between the FEEU and the SU. Based on the data
available (at frequencies lower than 10´3 Hz), this
factor 500 was taken as the lowest limit to compute an
upper bound of temperature fluctuations at frequencies
higher than 10´3 Hz, in particular at fEP, where
temperature probes allow for a measurement of the
FEEU temperature variations but not of the SU’s,
since it is below the probe’s noise [157].

All in all, MICROSCOPE’s new constraint on the
validity of the WEP is

ηpTi,Ptq “ r´1.5˘ 2.3 pstatq ˘ 1.5 psystqs ˆ 10´15,
(92)

where the statistical error is given at 1σ, and the
measured, approximated Eötvös ratio δ is identified
with the exact one η. This result is close to the 10´15

precision for which the mission was designed.
The reference instrument provided a null result,

ηpPt,Ptq “ r0.0 ˘ 1.1 pstatq ˘ 2.3 psystqs ˆ 10´15,
showing no sign of unaccounted systematic errors in
Eq. (92). As expected from its higher sensitivity,
SUREF’s result has a smaller statistical error than
SUEP’s. On the opposite, its systematic errors, as
dominated by thermal effects, are higher since they
were estimated with less optimal sessions than SUEP’s
ones [157].

6.2. Modified gravity: Yukawa potential

For two proof masses in the field of the Earth E, the
Eötvös parameter reduces to (Sect. 3.2)

η “
pαi ´ αjqαE

1` 1
2 pαi ` αjqαE

» pαi ´ αjqαE , (93)

where αi and αj are the proof masses’ coupling
constants, and αE is that of the Earth.

6.2.1. Light Yukawa field We first consider con-
straints on composition-dependent Yukawa interac-
tions available from MICROSCOPE’s test of the WEP.
As we show below, only light enough Yukawa poten-
tials can be probed via this test (their range must be
larger than the radius of the Earth). Here, we assume
that the Yukawa charge q “ B (the baryon number).
This section updates the constraints of Ref. [197] (a
similar improvement between the upper limits shown
here and in Ref. [197] exists when the charge is taken
to be the lepton number).

For MICROSCOPE, the Eötvös parameter due to
a Yukawa potential is

η “ α

„ˆ

q

µ

˙

Pt

´

ˆ

q

µ

˙

Ti

̂

q

µ

˙

E

´

1`
r

λ

¯

e´
r
λ (94)

where r “ RE ` h is the mean distance from the
satellite to the center of the Earth, with h « 710 km

Table 2. Baryonic and dilaton charges for MICROSCOPE’s
proof masses.

Material B{µ Q1m̃ Q1e

Pt/Rh 1.00026 0.0859 0.0038
Ti/Al/V 1.00105 0.0826 0.0019

its mean altitude and RE is the Earth mean radius.
The Earth charge takes into account the Earth
differentiation between core and mantle as well as the
spherical shape of the Earth through the function [48]

Φpxq ” 3px coshx´ sinhxq{x3 (95)

which describes the fact that all Earth elements do
not contribute similarly to the Yukawa interaction at
the satellite’s altitude. This function has the form
(95) only for perfect spheres: the Earth’s asphericity
is ignored in this analysis, but should be accounted
for (see Ref. [140] for more general shape functions).
Furthermore, since the size of the proof masses is much
smaller than the ranges λ that can be probed in orbit,
they are considered point-like, so that their Φ “ 1.
Finally, it is assumed that the core of the Earth is
composed of iron and that the mantle is composed
of silica (SiO2) [203]. The baryonic charge for the
MICROSCOPE experiment is summarised in Table 2.

By adding statistical and systematic errors, MI-
CROSCOPE’s 2σ level constraints on the Eötvös pa-
rameter derive trivially from Eq. (92), and can readily
be transformed into constraints on Yukawa’s (α, λ).
Fig 11 shows the corresponding exclusion regions for
q “ B. MICROSCOPE’s constraints are compared
to the bounds from Eöt-Wash’s torsion pendulum ex-
periments [54, 58, 311] and to the constraints from the
Lunar-Laser Ranging experiment [50,312]. This shows
that MICROSCOPE allows for almost a two-orders-of-
magnitude improvement compared to previous analy-
ses for λ ą a few 105m.

As MICROSCOPE orbits Earth at about 7000 km
from its center, one would naively expect that it can
only probe interactions with λ ą a few 106m; smaller
ranges could not be probed as they imply too much
of a damping at MICROSCOPE’s altitude. However,
would a fifth force with λ « a few 105m be strong
enough to affect MICROSCOPE, the contribution
from the nearest point to the Earth (as seen from
MICROSCOPE) would be higher than that of the
farthest point of the Earth, implying an asymmetric
behavior that can be probed by MICROSCOPE (as
captured by the function Φpxq above). Hence, by
testing the WEP with the Earth as the source of
the gravity field, MICROSCOPE is sensitive to scalar
interactions with ranges as low as a few hundreds of
kilometers.
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Figure 11. Constraints on the Yukawa potential parameters
(α, λ) with q “ B. The excluded region is shown in yellow and
compared to earlier constraints from Ref. [311] (dotted), Ref. [54]
(dashed) and Refs. [50, 312] (dot-dashed).

6.2.2. Centimetric Yukawa interaction During WEP-
measurement sessions, MICROSCOPE’s proof masses
are controlled to be motionless. They are therefore
insensitive to the local gravity from the instrument and
the satellite (up to a negligible level at fEP). This is
not true anymore during instrument’s characterisation
sessions. In particular, they are submitted to
a sinusoidal excitation in position to estimate the
sensors’ stiffness. The stiffness is expected to be
dominated by the electrostatic stiffness (2nd term of
the r.h.s of Eq. 63), but other contributors exist, such
as the gold wires and local gravity.

Ref. [160] used stiffness-measurement sessions
to infer constraints on short-range (centimetric)
composition-independent Yukawa interactions arising
from the interaction between the proof masses and the
electrode-carrying cylinders. They found unaccounted
for patch effects, while uncertainties are largely
dominated by gold wires.

Fig. 12 shows the corresponding 95% upper
bound on the Yukawa potential. The curves in
the lower part of the figure show the current best
upper bounds on a Yukawa potential, inferred from
dedicated torsion balance experiments [39, 52, 313,
314]. MICROSCOPE’s constraints are clearly poor
compared to the state of the art. It would have
been surprising otherwise, since MICROSCOPE was
not designed to look for short-range deviations from
Newtonian gravity. However, those results show that
thanks to its non-trivial geometry, an experiment
looking like MICROSCOPE, if highly optimised, may
allow for new constraints of gravity through the
measurement of the short-range interaction between
several bodies.

Figure 12. 95% confidence contour for a Yukawa potential. The
light grey area shows the excluded region by various experiments:
Irvine [39], Eöt-Wash 2007 [52], HUST 2012 [313], HUST
2020 [314], and the yellow area shows the region excluded by
MICROSCOPE [160]. Figure from Ref. [160].

Figure 13. Constraints on the couplings of a massless
dilaton pDm̃, De). The region allowed by the MICROSCOPE
measurement (black band) is compared to earlier constraints
by torsion pendulum experiments from Ref. [230] (green) and
Ref. [58] (yellow, cyan). The difference of slopes arises
from the difference of material used in these 3 experiments.
MICROSCOPE allows us to shrink the allowed region by one
order of magnitude.

6.3. Dilaton models

We now consider the characteristics of a generic dilaton
with couplings described in Sect. 3.3.3 and update the
results of Ref. [197].

6.3.1. Massless dilaton The coupling to matter of a
massless dilaton (mφ “ 0, whose range λφ is infinite)
and hence the related fifth force, is parametrised by the
five numbers (dg, de, dm̃, dδm, dme) and is rigourously
defined by Eq. (32). Nevertheless, given the current
experimental precision, it can be approximated as
(note that for consistency with the previous paragraph,
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we rename the coupling factor) [203,204]

αi « d˚g `
“

pdm̃ ´ dgqQ
1
m̃ ` deQ

1
e

‰

i
, (96)

with

d˚g “ dg ` 0.093pdm̂ ´ dgq ` 0.00027de, (97)

and where the “approximate” dilaton charges

Q1m̂ “ ´
0.036

A1{3
´ 1.4ˆ 10´4ZpZ ´ 1q

A4{3
(98)

and

Q1e “ 7.7ˆ 10´4ZpZ ´ 1q

A4{3
. (99)

As recalled in Sect. 3.3.3, they depend on the
chemical composition of the proof masses and on the
local value of the dilaton. In the limit where λφ is
much larger than any other spatial scales, the Eötvös
parameter reduces to Eq. (93) so that (at first order in
dilaton charges Q1j –given that |Q1j | ! 1)

η0 “ Dm̃

`

rQ1m̃sPt ´ rQ
1
m̃sTi

˘

`De

`

rQ1esPt ´ rQ
1
esTi

˘

,
(100)

where the coefficients Dm̃ “ d˚g pdm̃ ´ dgq and De “

d˚gde are to be estimated. The charges Q1m̃ and Q1e
corresponding to MICROSCOPE’s proof masses are
given in Table 2.

Fig. 13 summarises MICROSCOPE’s constraints
obtained from Eq. (92) and compares them to the
earlier ones from the Eöt-Wash [58] and the Moscow
groups [230]. The different slopes of the allowed regions
are due to the different pairs of materials used by each
experiment. MICROSCOPE’s significant improvement
is due to optimising the composition of its proof masses
for the dilaton search [203,204].

6.3.2. Massive dilaton Similarly to a Yukawa
potential, the mass of the dilaton modifies the range
of its interaction so that Eq. (100) is modified as

η “ η0Φ

ˆ

RE
λφ

˙ˆ

1`
r

λφ

˙

e´r{λφ . (101)

This equation is simpler than Eq. (94) because Eq.
(100) does not depend on the Earth dilaton charge, and
it is therefore independent of the exact Earth model
used.

To draw constraints on the dilaton’s mass, we
assumed in Ref. [197] that the dilaton field couples
only to the electromagnetic field, i.e. the only non-
vanishing coupling is de. The coupling to proton
and neutron is then induced from their binding
energy [315]. A number of groups set constraints on
the couplings of such a dilaton from the fine structure
constant oscillations in atomic and molecular frequency
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Figure 14. Constraints on the coupling constant de of a dilaton-
like ultra-light dark matter with photons, obtained from WEP
tests (Eöt-Wash [58], MICROSCOPE and the planned STE-
QUEST mission [324]) and from atomic sensors [317–319, 325–
328]. Figure adapted from Ref. [324] by A. Hees.

comparisons [206, 207, 316–323] based on the time
evolution of the scalar field that oscillates within its
self-potential. Fig. 14 shows a summary of the current
constraints on the coupling constant de of a dilaton-
like ultra-light dark matter with photons, as a function
of mass, obtained from WEP tests (Eöt-Wash [58],
MICROSCOPE and the planned STE-QUEST mission
[324]) and from atomic sensors [317–319,325–328]. The
complementarity between experiments is obvious to
probe a wide range of masses.

6.3.3. Runaway dilaton Ref. [173] combined the MI-
CROSCOPE bound on the WEP with type Ia su-
pernovae data [329], Hubble parameter measurements
[330] and astrophysical measurements of the fine struc-
ture constant [331–333] to constrain the evolution and
coupling constants of the runaway dilaton. They
showed that the MICROSCOPE constraint (with the
Eötv̈os parameter proportional to the coupling con-
stant of the runaway dilaton with baryons) helps to
break a critical degeneracy between model parameters,
thus leading to significantly improved constraints com-
pared to previous studies [334]. They concluded that
current data already exclude couplings between the
runaway dilaton and the dark sector of order unity,
which would be their natural value. Consequently, any
allowed runaway dilaton scenario should be, in terms
of background cosmology, very similar to the standard
ΛCDM model.
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6.4. Modified gravity: chameleon field

6.4.1. Chameleon, WEP and MICROSCOPE We
discussed in Sect. 3.4 how a chameleon field can,
through the thin-shell effect, cause a WEP violation
even between proof masses of the same composition.
Following Eq. (54), the Eötvös parameter for a pair of
spherical bodies in the field of the Earth is

η “ 6β2QCpQ1 ´Q2q, (102)

where QC is Earth’s thin-shell parameter.
Assuming first that Eq. (102) applies to

MICROSCOPE’s cylindrical proof masses, it is easy
to see that unless they are unscreened (in which
case Q1 “ Q2 “ 1), a WEP violation can be
triggered by the chameleon in the field of the Earth.
In particular, this is true for the reference sensor
(SUREF), the proof masses of which have same
composition but different mass, and thence different
thin-shell parameter. Therefore, measuring a non-zero
Eötvös parameter on SUREF would not necessarily
have been the sign of an instrumental systematics, but
might have been a putative chameleon-induced WEP
violation.

However, given the chameleon’s non-linear be-
haviour, it is necessary to thoroughly take into account
the geometry of the experiment before drawing conclu-
sions from the measured Eötvös parameters. Ref. [335]
set up to do that. Since no analytic thin-shell param-
eter exists for cylindric objects, Eq. (102) is not ap-
plicable to MICROSCOPE. Thus, a numerical method
was devised to compute the profile of the chameleon in-
side a cylindrical cavity (which can be taken to be made
of MICROSCOPE’s electrode-bearing cylinders), given
the value of the exterior chameleon field at infinity.
Computing this profile is the first step towards evalu-
ating the force imparted by the exterior chameleon on
the proof masses as it goes through the satellite. The
key point is indeed that the chameleon can go through
the satellite, i.e. that the satellite is not itself screened.
If the satellite is screened, it acts as a cavity and pro-
tects the proof masses from the exterior field, i.e. the
very field that the experiment aims to measure.

In Refs. [335], the Compton wavelength λc,shieldpβ, n,Λq
of the chameleon in the invar shield surrounding MI-
CROSCOPE sensors was used as a criterion to quan-
tify the instrument’s screening: if it is less than 1%
of the shield’s thickness eshield, the experiment is de-
clared screened, it is partially screened if λc ă eshield

and unscreened otherwise (which does not mean, how-
ever, that the value of the chameleon inside the proof
masses is equal to that of the exterior environment,
such that it varies, even slightly, from one proof mass to
another). Using this screening criterion, Fig. 15 shows
that the chameleon (Λ, β) parameter space (for n “ 1)
is divided into two regions: above the black line (which

Figure 15. Chameleon’s parameter space adapted from
Refs. [212, 336]. The black line corresponds to parameters
for which 100λc,shield “ 0.5eshield and delimits two regimes
whether the MICROSCOPE set-up is screened or not. Coloured
regions correspond to current constraints from other experiments
as atomic interferometry (purple, [337]), Eöt-Wash (green,
[52, 338]), Casimir effect measurements (yellow, [51, 339]),
astrophysics tests (blue, [93]) and lensing (pink, [212]), or
precision atomic tests (orange, [340,341]). Figure from Ref. [335].

shows where 100λc,shield ă 0.5eshield) MICROSCOPE
is not screened, but it is screened below the line. Thus,
no violation of the weak equivalence principle can be
expected below the line, while it could still be expected
above it. The coloured regions in Fig. 15 correspond
to regions that have already been experimentally ex-
cluded [212]. It is then clear that the constraining po-
tential of MICROSCOPE’s test of the WEP is much
less than originally anticipated in Ref. [34], where the
screening of the satellite was not taken into account,
but proof masses were assumed to be freely-floating in
space. MICROSCOPE is then expected to only im-
prove our current knowledge about the chameleon in a
small region. This is work in progress.

6.4.2. Chameleon’s stiffness In Ref. [342], it was
realised that MICROSCOPE’s proof masses might
be affected in a measurable way by a chameleon
field even if the satellite is screened. This is
because MICROSCOPE’s instrument is made of
diverse interacting parts. Indeed, as proof masses move
inside their cage, they move within a chameleon field.
The latter can be local, restricted to the instrument
if its shield is screened, or even to the proof mass’
cage if the electrode-bearing cylinders are screened. In
particular, the proof masses move significantly during
sessions aimed to measure the electrostatic stiffness
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Figure 16. Constraints on the chameleon model for n “ 1 from
the MICROSCOPE experiment using stiffness measurement
sessions: the region excluded at 2σ is above the four lines
described in the legend. They correspond to the different proof
masses: IS1 (resp. IS2) denotes the internal (resp. external)
proof masses of the SUREF and SUEP sensor units. Their
constraints are compared to the current constraints from other
experiments denoted with the colored regions as presented in
[212] and Fig. 15. The horizontal doted line denotes the energy
scale of dark energy. Figure from Ref. [343].

(Sect. 6.2.2).
Ref. [342, 343] showed that when a proof mass

moves radially inside its cage, the local chameleon
field creates a destabilising force linear with the
displacement. Therefore, the chameleon behaves like
a stiffness, that may be measurable. MICROSCOPE’s
constraints in the chameleon’s (β,Λ) plane (for n “
1) are summarized in Fig. 16. It shows the 2σ
constraints from each proof mass and compares
them to the current constrains summarized in Ref.
[212]. They overlap the constraints from atom
interferometry [337, 344], torsion balances [338] and
Casimir effect experiments [51]. Nevertheless, they
are not competitive with current constraints. As
for the Yukawa potential, this is not surprising since
MICROSCOPE was not designed for this test.

6.5. Spin-1 U boson

Noting that from Sect. 3.5, the Eötvös parameter
related to a spin-1 U boson is

η « ´1.2546ˆ 1036pεB ` 0.4866εLq

ˆ

„

εB∆

ˆ

B

Ar

˙

` εL∆

ˆ

Z

Ar

˙

, (103)

Fayet uses MICROSCOPE’s constraints on the Eötvös
parameter for the Titanium–Platinum pair of proof
masses to set new upper bounds of the coupling
constants εB , εL and εB´L [223, 224]. At 2σ, for a
force coupled to B

|εB | ă 2.5ˆ 10´24 (104)

and for a force coupled to either L or B ´ L

|εL,B´L| ă 0.4ˆ 10´24 (105)

after dividing the constraints of Refs. [223, 224] –
based on Ref. [148] – by a factor 2 to account for
the improved precision of MICROSCOPE’s test of the
WEP [150,151] (Fayet, private communication).

Those results confirm that a new long-range force
added to gravity must be extremely weak, typically
with a gauge coupling smaller than 10´24, and provide
increased constraints on its possible magnitude.

6.6. Local Lorentz invariance

We mentioned in Sect. 2 that the WEP generalises
to the Einstein Equivalence Principle (EEP) when
other interactions are included. Formally, the EEP
is obtained when adding the local position invariance
(LPI) and the local Lorentz invariance (LLI) to the
WEP [345]. Systematic searches for LLI violations can
be carried out within the standard model extension
(SME) framework, an effective field theory developed
to characterise low-energy signatures of Planck-scale
physics [346–350]. In that frame, the amplitude of a
possible LLI violation is quantified by tensor fields call
coefficients. As different combinations of coefficients
can be probed by different physical systems, the SME
has been used to explore LLI across a large range of
experiments (see Ref. [351] for an annually updated
review of experimental and observational progress and
a full list of references).

As shown in Ref. [352], MICROSCOPE offers
a valuable opportunity to constrain the matter-
gravity sector of the SME. Indeed, WEP tests
can distinguish the species-dependent coefficients
associated with matter-gravity couplings from the
universal gravity-sector coefficients. Moreover, relative
measurements on colocated test particles offer higher-
precision tests compared with other observables in
which Lorentz violation in matter-gravity couplings
has been sought [350, 353–356]. MICROSCOPE is
sensitive to composition-dependent pāweffqµ coefficients,
and Ref. [352] provided constraints on those coefficients
associated to fundamental atomic particles (w “

e, p, n). Five measurement sessions spread from
February 2017 to Septembre 2017 were used to search
for an orientation-dependent differential acceleration
of the Pt vs Ti proof masses while Earth was orbiting
around the Sun.

Differential SME coefficients which took into
account the alloys making MICROSCOPE’s proof
masses were estimated

αpādeffqµ “ Aαpā
pn´e´pq
eff qµ, (106)

where the α numerical factor depends on the specifics

of the theory [350] and where pā
pn´e´pq
eff qµ ” pā

n
effqµ ´
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pāeeffqµ ´ pā
p
effqµ and A « 0.06 GeV´1. This analysis

allowed for an improvement on the best previous
results by one order of magnitude on αpāweffqX,Y,Z and
two orders of magnitude of αpāweffqT when assuming
independence of the coefficients. In particular, the
results constrained Lorentz/WEP violation to well
below the mass-scale of the electron (10´3 GeV), thus
placing severe constraints on the scenario of “large”
Lorentz violation [357].

7. Testing the WEP after MICROSCOPE

MICROSCOPE not only improved the precision on
the WEP by two orders of magnitude, it was the
first space-based laboratory dedicated to testing the
WEP. Originally thought as a cheap competitor
and precursor to the more ambitious STEP satellite
mission [244], which aimed for a 10´18 precision but
was eventually cancelled, it reached all its goals:
setting a new reference measurement of the WEP,
but also demonstrating technological advances (e.g.
6-degrees-of-freedom drag-free and attitude control)
and investigating the limits of the experiment. We
can now use MICROSCOPE as a benchmark to
plan for improved space tests of the WEP. Several
of them can be thought of, from a mission using
the same rationale as MICROSCOPE but with
improved technology, to a mission using a radically
different technology. In this section, we first
introduce the “advanced” MICROSCOPE 2, before
briefly presenting experiments based on cold atoms
technology.

7.1. MICROSCOPE 2

Currently under preliminary investigation at CNES
and ONERA, MICROSCOPE 2 will aim to improve
MICROSCOPE’s measurement by two orders of
magnitude, to reach a 10´17 precision on the Eötvös
parameter. As discussed below, advanced technological
choices, based on the MICROSCOPE’s experience and
most of them readily available, will allow for this
significant jump in precision.

The goals of MICROSCOPE 2 could be aug-
mented by adding a cold atom interferometer [249],
which will allow for (i) a combined test of the WEP
using macroscopic and quantum masses, (ii) a mea-
surement of Newton’s constant G with atoms [358] and
(iii) an advanced Earth gradiometry experiment [359].
Moreover, adding an optical position sensor will allow
for a test of the Casimir effect by using the electro-
static device to move the proof mass accurately with a
particular pattern [360].

We now discuss the lessons learned with MICRO-
SCOPE and the way forward.

Figure 17. MICROSCOPE 2 instrument core made of three
concentric test-masses (grey) surrounded by their respective
electrode-bearing cylinders. Figure from Ref. [363].

Instrument core As mentioned in Sect. 5.2.2, because
SUEP and SUREF are placed side by side, the SUREF
instrument is a reference instrument but cannot be
used to readily subtract systematic errors from SUEP’s
measurements. This limitation can be surpassed by
gathering both instruments, and have only one triple
differential accelerometer.

The core of the instrument thus comprises three
concentric test-masses (Fig. 17). The choice of the
materials must be established according to theoretical
considerations. We could either use three different
materials (allowing for testing the WEP with more
than one pair of materials, as advocated in Refs.
[361, 362]), or only two (having two proof masses of
the same material makes up for an improved SUREF
instrument).

Charge management system MICROSCOPE’s main
stochastic noise is attributed to the thermal dissipation
of the gold wires required to control the proof masses’
charge. This noise’s spectral density has a f´1{2

frequency dependence at low-frequency (Eq. 88), the
amplitude of which depends on the wire’s stiffness to
quality factor ratio. Noting that the stiffness depends
on the diameter D and length L of the wire as D4{L3

[295], the corresponding noise can be reduced by either
shrinking the wire’s radius or using a longer wire.
For instance, to reduce the noise by a factor 1000,
the length should be increased by a factor 100 or
the diameter reduced by a factor 33. In both cases,
it appears far from what is technologically feasible
today. A LISA-like charge management system should
suppress this limitation [275].

Position sensor Ideally, proof masses should be
concentric to relieve gravity gradient systematics.
By biasing its capacitive sensor, an electrostatic
accelerometer like MICROSCOPE’s allows for a
cancellation of the offcentering between proof masses.
However, this means operating the capacitive sensor
out of its zero position, which induces larger sensitivity
to temperature. It is possible to cope with this
limitation with a LISA-like interferometer position
sensing [274]. This has several advantages: (i)
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improvement of the acceleration noise at frequency
higher than 0.01Hz, (ii) suppression of the coupling
in the loop between the electrostatic action and
detection, (iii) possibility to cancel the inertial motion
effects (thus relaxing the requirements on the proof
masses offcentring and on the attitude motion), and
(iv) possibility to perform a direct optical differential
measurement between two test-masses.

Low-frequency drift Electrostatic accelerometers are
known to drift in time. Added to slow thermal
variations, this drift induces low-frequency noise and
hampers long measurement sessions. It was corrected
for with a polynomial fit in MICROSCOPE data [158].

This can be improved with a hybridisation
of the electrostatic accelerometer with an atomic
interferometer, the latter being used as a reference
to calibrate the former. In spite of the increased
complexity, cold atoms may bring absolute scale factor
determination of the electrostatic accelerometer. This
technology is under study and tested within the
frame of an ESA gradiometer [359]. The atomic
interferometer can have the same laser source as the
optical readout.

In-flight calibration In MICROSCOPE, instrumental
parameters were estimated in inertial pointing whereas
the WEP test was performed in spinning mode. It
was verified that this procedure was robust enough
to reach a 10´15 precision in the Eötvös parameter,
but in an advanced mission, the calibration should be
more robust, i.e. performed in inertial pointing and in
rotating mode.

Glitches MICROSCOPE data are contaminated by
periodic transient events (glitches) most likely linked to
crackles of the satellite’s coating, which create a signal
at the frequency of the WEP test [159]. In the absence
of a clear understanding of their physics and of a robust
model to quantify their impact, they were discarded
from the data. An advanced mission should be
designed to prevent them from happening. Replacing
MICROSCOPE’s coating with a stiffer structure like
that of the GOCE satellite may be a solution [284].

Operations MICROSCOPE’s science sessions were
limited to 120 orbits because the flight parameters
of the satellite had to be adjusted every 15 days,
potentially impacting the experimental conditions,
such as temperature, which varies as electronics are
turned on and off. The operation of an advanced
mission should rely on longer sessions of e.g. 480
orbits instead of 120 to readily gain a factor 2
in precision, by simply increasing the integration
time, while easing data analysis thanks to more

stable experimental conditions. Another operational
limitation came from Moon glares on the star sensor
border once a month, forcing to depoint the satellite,
inducing thermal condition changes incompatible with
the science requirements. Additional star sensors (that
can be switched on and off as needed without acting
on the satellite pointing) should be considered.

Mitigation of other sources of errors Patch fields
and contact-potentials differences [364] should be
considered in an advanced MICROSCOPE mission.
In MICROSCOPE the corresponding error budget is
evaluated at 2 ˆ 10´13m s´2Hz´1{2. To reduce the
effect of the contact potential over 480 orbits by a
needed factor of 10, the gaps between the test-mass
and the environment should be increased by a factor
10´1{3 » 2, since the effect is inversely proportional
to the cube of the distance. This implies a reduction
of control range by a factor 4 and an increase of the
free-motion of the test-mass by a factor 2 as the stops
limiting the free-motion should be taken away from the
test-masses.

The star sensor noise or the drag-free control
outperformed their requirement on MICROSCOPE.
Their performance should still gain one order of
magnitude in MICROSCOPE 2.

Finally, MICROSCOPE showed that increasing
the spinning rate of the satellite (to perform the
measurement at a higher frequency), improves the
temperature stability, as was advocated by Refs. [247,
277]. A fast rotation then helps to reduce temperature-
induced systematics.

7.2. Cold atoms in space tests

The report of ESA’s Voyage 2050 Senior Science
Committee (SSC) § noted the scientific potential
of cold atoms technology, both for terrestrial and
fundamental physics experiments. The SSC outlined a
programme to increase technology readiness, starting
with qualifying atomic clocks in space, before atom
interferometry (which has the potential to test the
WEP) can be fully qualified. As mentioned above,
cold atom interferometers are highly accurate over the
entire frequency range and do not need any external
calibration, they thus have the capability to surpass
electrostatic accelerometers. Following this report, the
cold atom community set out a roadmap, where the
main milestones are presented with the objective to
test gravity with cold atoms in space in the middle of
the century [365].

An STE-QUEST-like mission [258, 259, 324, 363]
could allow for a test of the WEP with a 10´17

§ https://www.cosmos.esa.int/documents/1866264/1866292/
Voyage2050-Senior-Committee-report-public.pdf/e2b2631e-
5348-5d2d-60c1-437225981b6b?t= 1623427287109
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precision thanks to a double atom interferometer with
rubidium and potassium “test masses” in quantum
superposition. }

Note that additional tests of the WEP [366],
as well as other uses of quantum sensing in space
have been proposed, such as dark matter searches
[367,368], test of fundamental constants’ stability [369],
measurement of the gravitational redshift [370, 371],
gravitational waves detection [368, 372, 373] or inertial
sensing [374]. For reviews, see e.g. Refs. [375,376].

8. Conclusion

MICROSCOPE’s success allowed for an unprecedented
precision on the measurement of the WEP. In this
review, we summarised the main objective of the
mission and put it in perspective among the current
theoretical and experimental efforts to solve some of
the biggest problems in nowadays fundamental physics,
namely the difficulty to unify gravitation with the
other standard model’s interactions and the puzzles of
the dark sector. We then presented the experiment
and its results related to gravitational physics, before
providing hints for improvement in the next few
decades.

The central part of the WEP in modern
physics gives a broad range of applications to the
MICROSCOPE results. For instance (the list is
not exhaustive), they can be combined to laboratory,
astrophysical and cosmological data to look for
long range fifth forces [171], for variations of the
fine structure constant [176, 377], for dark matter
and new-physics particles [163, 164, 197, 206, 223, 224,
319, 320, 378–380], for relic neutrinos wind [167] or
for interactions of a domain-wall-model scalar field
with standard model particles [175], or to constrain
primordial black holes formation [381].

Of course, while MICROSCOPE holds the state-
of-the-art measurement of the WEP, its concept and
technology are by no means the only way to test it.
In particular, the WEP can be tested at cosmological
scales with redshift-space distortion, baryon accoustic
oscillations and gravitational lensing [129], but also
from the measurement of the galaxy cross-power
spectrum and bispectrum [382]. The WEP has also
been already tested with observations of radio pulsars
[383] and Ref. [384] proposes to test the WEP around
black holes. Moreover, observations of the galactic
center supermassive black hole can be complementary
to MICROSCOPE and test of the Local Lorentz
Invariance [385–388]. Finally, as mentioned in Sect.
7.2, atom interferometry-based WEP tests [389–391]
are fastly improving, reaching a precision of 10´12 on

} The proposed STE-QUEST mission was not selected by ESA
during the M7 mission opportunity call in November 2022

the Eötvös parameter [256].
As central as the WEP may be, tests of gravitation

and related searches for new physics are diverse and
several experiments, either on the ground or in space,
are developed. Among the latest ones, we can
cite (beside those appearing in the main text) the
measurement of the Lense-Thirring effect [79,141,142]
– which could potentially be performed with a better-
than-100% precision by MICROSCOPE via the fine
monitoring of its orbit, with the drag-free system
helping to cancel non-gravitational forces, as shown
by Baghi and collaborators in an unpublished study
–, the measurement of the gravitational constant by
LISA Pathfinder’s accelerometers [392], the search for
ultralight scalar and vector field with gravitational
wave detectors [393–395], measurements of the free
fall of anti-matter [263, 264, 266], or tests of gravity’s
quantum limit [396, 397]. In particular, Ref. [398]
states that the spreading of wave-packet and free-fall
are exclusive phenomena implying a violation of the
WEP of the order of 10´16. This potentially ultimate
quantum limit should be tested with atomic test
masses. It would then be interesting to compare the
results of future tests of the WEP made with atomic
(STE-QUEST) and macroscopic (MICROSCOPE 2)
proof masses.
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Alain Robert, Martin Pernot-Borràs, Jean-Philippe
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Ball D, Baloković M, Barrett J, Bintley D, Blackburn
L, Boland W, Bouman K L, Bower G C, Bremer M,
Brinkerink C D, Brissenden R, Britzen S, Broderick
A E, Broguiere D, Bronzwaer T, Byun D Y, Carlstrom
J E, Chael A, Chan C k, Chatterjee S, Chatterjee
K, Chen M T, Chen Y, Cho I, Christian P, Conway
J E, Cordes J M, Crew G B, Cui Y, Davelaar J, De
Laurentis M, Deane R, Dempsey J, Desvignes G, Dexter
J, Doeleman S S, Eatough R P, Falcke H, Fish V L,
Fomalont E, Fraga-Encinas R, Freeman W T, Friberg
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F, Palumbo D C M, Patel N, Pen U L, Pesce D W, Piétu
V, Plambeck R, PopStefanija A, Porth O, Prather B,
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D M, Gao F, Geertsema G, Graham D A, Greer C H,
Grosslein R, Gueth F, Haggard D, Halverson N W, Han
C C, Han K C, Hao J, Hasegawa Y, Henning J W,
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Seo H J, Shelden A, Sheldon E, Shen Y, Shu Y, Slosar
A, Smee S A, Snedden S A, Stauffer F, Steele O, Strauss
M A, Streblyanska A, Suzuki N, Swanson M E C, Tal T,
Tanaka M, Thomas D, Tinker J L, Tojeiro R, Tremonti
C A, Vargas Magaña M, Verde L, Viel M, Wake D A,
Watson M, Weaver B A, Weinberg D H, Weiner B J,
West A A, White M, Wood-Vasey W M, Yeche C,
Zehavi I, Zhao G B and Zheng Z 2013 Astronomical
Journal 145 10 (Preprint 1208.0022)

[118] Simpson F, Heymans C, Parkinson D, Blake C, Kilbinger
M, Benjamin J, Erben T, Hildebrandt H, Hoekstra
H, Kitching T D, Mellier Y, Miller L, Van Waerbeke
L, Coupon J, Fu L, Harnois-Déraps J, Hudson M J,
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Ferté A, Finley D A, Flaugher B, Fosalba P, Friedrich
O, Frieman J, Garćıa-Bellido J, Garcia-Fernandez M,
Gatti M, Gaztanaga E, Gerdes D W, Giannantonio
T, Gill M S S, Glazebrook K, Goldstein D A, Gruen
D, Gruendl R A, Gschwend J, Gutierrez G, Hamilton
S, Hartley W G, Hinton S R, Honscheid K, Hoyle B,
Huterer D, Jain B, James D J, Jarvis M, Jeltema T,
Johnson M D, Johnson M W G, Kacprzak T, Kent
S, Kim A G, King A, Kirk D, Kokron N, Kovacs A,
Krause E, Krawiec C, Kremin A, Kuehn K, Kuhlmann
S, Kuropatkin N, Lacasa F, Lahav O, Li T S, Liddle
A R, Lidman C, Lima M, Lin H, MacCrann N, Maia
M A G, Makler M, Manera M, March M, Marshall
J L, Martini P, McMahon R G, Melchior P, Menanteau
F, Miquel R, Miranda V, Mudd D, Muir J, Möller A,
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I, Brusa R S, Büchner M, Byakov V M, Cabaret L,
Canali C, Carraro C, Castelli F, Cialdi S, de Combarieu
M, Comparat D, Consolati G, Djourelov N, Doser
M, Drobychev G, Dupasquier A, Ferrari G, Forget P,
Formaro L, Gervasini A, Giammarchi M G, Gninenko
S N, Gribakin G, Hogan S D, Jacquey M, Lagomarsino
V, Manuzio G, Mariazzi S, Matveev V A, Meier J O,
Merkt F, Nedelec P, Oberthaler M K, Pari P, Prevedelli
M, Quasso F, Rotondi A, Sillou D, Stepanov S V, Stroke
H H, Testera G, Tino G M, Trénec G, Vairo A, Vigué
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CONTENTS 45

Mart́ın V, Müller G, Nofrarias M, Pereira Dos Santos
F, Rasel E M, Robert A, Saks N, Salter M, Schlippert
D, Schubert C, Schuldt T, Sopuerta C F, Struckmann
C, Tino G M, Valenzuela T, von Klitzing W, Wörner
L, Wolf P, Yu N and Zelan M 2022 arXiv e-prints
arXiv:2211.15412 (Preprint 2211.15412)

[325] Kennedy C J, Oelker E, Robinson J M, Bothwell T, Kedar
D, Milner W R, Marti G E, Derevianko A and Ye
J 2020 Physical Review Letters 125 201302 (Preprint
2008.08773)

[326] Boulder Atomic Clock Optical Network Bacon Collabora-
tion, Beloy K, Bodine M I, Bothwell T, Brewer S M,
Bromley S L, Chen J S, Deschênes J D, Diddams S A,
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I, Gasbarri G, Herr W, Li Y L, Rademacher M, Sidhu
J, Oi D K L, Seidel S T, Kaltenbaek R, Marquardt
C, Ulbricht H, Usenko V C, Wörner L, Xuereb A,
Paternostro M and Bassi A 2022 Physics Reports 951
1–70 (Preprint 2108.01435)

[377] da Fonseca V, Barreiro T, Nunes N J, Cristiani S, Cupani
G, D’Odorico V, Génova Santos R, Leite A C O,
Marques C M J, Martins C J A P, Milaković D, Molaro
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Y, Coudé Du Foresto V, de Zeeuw P T, Dexter J,
Duvert G, Ebert M, Eckart A, Eisenhauer F, Förster
Schreiber N M, Garcia P, Gao F, Gendron E, Genzel R,
Gillessen S, Habibi M, Haubois X, Henning T, Hippler
S, Horrobin M, Hubert Z, Jiménez Rosales A, Jocou
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