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Context
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• Call for white paper for VOYAGE2050: one paper is currently being 
written about the next generation of tests of the Einstein 
Equivalence Principle in space (paper led by Peter Wolf, Observatoire 
de Paris with many contributors)

• Topic of that paper:

1) scientific motivation

2) Next generation of MICROSCOPE-like mission

3) STE-QUEST (Space-Time Explorer and QUantum 
Equivalence principle Space Test)



Content
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• The Einstein Equivalence Principle

• Current test

• Ultralight Dark Matter

• STE-QUEST

• M4 mission and payload

• Science objectives

• Evolution since 2014

• Conclusion



General Relativity

Einstein Equivalence Principle

Smat =

Z
d4x

p
�gLmat(gµ⌫ , )

Effects of 
gravitation

Space-time 
geometry

gµ⌫

- Governs the motion of test-
particles, light ray, gyroscope, 
etc… from a given metric

see K. Thorne et al, PRD, 1972

see C. Will, 1993
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dynamics, …
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The Einstein Equivalence Principle
Smat =

Z
d4x

p
�gLmat(gµ⌫ , )

• The basis of General Relativity

• All types of mass-energy are coupled universally to gravitation, i.e. 
the gravitational interaction is independent of composition, charge, 
flavor, etc… 

• It makes gravitation universal and allows it to be described as a 
geometrical phenomenon (space-time curvature)

• This is somehow “anomalous” as none of the other interactions are 
universal (they all depend on some charges)

• It does not rely on any “symmetry” or on a more fundamental 
theoretical argument. It is rather the expression of an experimental 
fact “bodies fall the same way in the same gravitational potential”

see the discussion in Damour, CQG, 2012
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Why searching for a breaking of the EEP?
• Since the “universal” character of gravitation seems “anomalous” the 

question should rather be:  why is the EEP satisfy?

• The SM of particle contains several arbitrary constants: this seems 
rather unsatisfactory ⇒ introduction of dynamical fields that replace 

the constants and explain their values 

• Several models of DM break the EEP

• Several models of Dark Energy also break the EEP

• Several unification scenarios and most attempts to develop a 
quantum theory of gravity breaks the EEP

see the discussion in Damour, CQG, 2012

see Damour and Polyakov, Gen. Rel. Grav., 1994

see the discussion in Damour, CQG, 2012

Searching for a breaking for the EEP seems promising and can 
shed light on new physics

see e.g. Hees et al, PRD, 2018

see e.g. refs in Altschul et al, 2015



Standard tests of EEP
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⌘ =
�a

a
WEP/UFF

LLI

LPI

If any uncharged test body is 
placed at an initial event in space-
time and given an initial velocity 

there, then its subsequent trajectory 
will be independent of its internal 

structure and composition

The outcome of any local non-
gravitational experiment is 

independent of where and when in 
the Universe it is performed

The outcome of any local non-gravitational experiment is 
independent of the velocity of the (free falling) apparatus

see C. Will, TEGP, 2019



- with MICROSCOPE @10-14  

 
- with LLR @10-14  
 

- with torsion balances @10-13  
 

- with atom interferometer @10-9  
 
- Anti Matter vs Matter: test 
coming @CERN

Standard tests of Equivalence Princ.
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⌘ =
�a

a
UFF

LLI
- Standard Model Extension (SME): violation of Lorentz symmetry in all 
sector of physics see e.g. A. Kostelecky, N. Russel, Rev. of Mod. Phys., 83/11, 2011

LPI
- redshift test: @10-5 with Galileo

�⌫

⌫
= (1 + ↵)

�U

c2

- Do the constants of Nature 
depend on space and time? 

for a review, see J.P. Uzan, LRR, 2011

↵̇EM

↵EM
< 10�17yr�1

Touboul et al, PRL, 2017

Viswanathan et al, MNRAS, 2018

Schlamminger et al, PRL, 2008

See e.g. Peters et al, Nature, 1999

see e.g. Delva et al, PRL, 2018

e.g. constraints on the SME       @10-8 from MICROSCOPE
Pihan-Le-Bars, to be submitted

āJ



Motivations: Dark Matter?
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• Required to explain several astro/cosmo observations: CMB, galactic 
rotation curves, lensing, structures formation, …

• So far: Not directly detected at high energy

Dark Matter can be made out of a bosonic scalar particles

Fig. from US cosmic vision: new idea for Dark Matter, 2017, arXiv:1707:04591



A scalar model of DM
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• Axions: pseudo scalar particle

• Dilatons: a scalar particle

see e.g. Arvanitaki et al PRD, 2015 or Stadnik and Flambaum, PRL 2015

Searching for an Oscillating Massive Scalar Field as a Dark Matter Candidate Using
Atomic Hyperfine Frequency Comparisons

A. Hees,1,2,* J. Guéna,1,† M. Abgrall,1,‡ S. Bize,1,§ and P. Wolf1,∥
1SYRTE, Observatoire de Paris, PSL Research University, CNRS, Sorbonne Universités, UPMC Univ. Paris 06,

LNE, 61 avenue de l’Observatoire, 75014 Paris, France
2Department of Physics and Astronomy, University of California, Los Angeles, California 90095, USA

(Received 26 April 2016; published 5 August 2016)

We use 6 yrs of accurate hyperfine frequency comparison data of the dual rubidium and caesium cold
atom fountain FO2 at LNE-SYRTE to search for a massive scalar dark matter candidate. Such a scalar field
can induce harmonic variations of the fine structure constant, of the mass of fermions, and of the quantum
chromodynamic mass scale, which will directly impact the rubidium/caesium hyperfine transition
frequency ratio. We find no signal consistent with a scalar dark matter candidate but provide improved
constraints on the coupling of the putative scalar field to standard matter. Our limits are complementary to
previous results that were only sensitive to the fine structure constant and improve them by more than an
order of magnitude when only a coupling to electromagnetism is assumed.

DOI: 10.1103/PhysRevLett.117.061301

While thoroughly tested [1], the theory of general
relativity (GR) is currently challenged by theoretical con-
siderations and by galactic and cosmological observations.
Indeed, the development of a quantum theory of gravitation
or of a theory that would unify gravitation with the other
fundamental interactions leads to deviations from GR.
These modifications are usually characterized by the
introduction of new fields in addition to the space-time
metric to model the gravitational interaction. For example,
string theory generically predicts the existence of new
scalar fields (dilaton, moduli, axions). In addition, in the
current cosmological paradigm, some galactic and cosmo-
logical observations are explained by the introduction of
cold dark matter (DM) and of dark energy. Little is
currently known about these two components that con-
stitute the major part of our Universe. They can be
interpreted as new types of matter (although they have
not been directly detected so far), as a modification of the
theory of gravitation, or even as a combination of the two.
The introduction of nonminimally coupled scalar fields

additionally to GR (tensor-scalar theories) generally leads
to a space-time dependence of fundamental constants,
which can then be searched for by experiments that test
the Einstein equivalence principle (EEP) like weak equiv-
alence principle (WEP) tests or tests of local position or
Lorentz invariance (LPI and LLI) [1]. In the past, spec-
troscopy of different atomic transitions has been widely
used to carry out such searches and has set the tightest
limits so far on a possible present-day space-time variation
of fundamental constants [2–14].
Such scalar fields could be a candidate for DM and/or

dark energy. Different cosmological evolutions of the scalar
fields are possible (see, e.g. [15,16]). In several scenarios
(in particular, in the one defined by the action below), a

massive scalar field will oscillate at a frequency related to
its mass, leading to a corresponding oscillation of funda-
mental constants (see, e.g. [17,18]). Recently, atomic
spectroscopy of Dy has been used to constrain such
oscillations [2] of the fine structure constant α. In this
Letter, we present limits on possible oscillations of a linear
combination of constants (α, quark mass, and Λ quantum
chromodynamics—QCD—mass scale) using ≈6 yrs of
highly accurate hyperfine frequency comparison of 87Rb
and 133Cs atoms. This provides complementary constraints
to those from Dy spectroscopy [2] which is sensitive to α
alone. When assuming a variation of α only, our results
improve the limits of [2] by over an order of magnitude.
Tensor-scalar theories of gravitation have been widely

studied as an extension of GR (see, for example [19–23]
and references therein) motivated by unification theories
[15,24–27] or by models of dark energy [28–31].
Moreover, models of a light scalar field coupled to DM
have been proposed [32–36] as well as bosonic models of
DM [37–39]. In this Letter, we focus on a massive scalar
field model of DM parametrized by the action (see, e.g.
[40])

S¼ 1

c

Z
d4x

ffiffiffiffiffiffi−gp

2κ
½R − 2gμν∂μφ∂νφ − VðφÞ%

þ 1

c

Z
d4x

ffiffiffiffiffiffi−gp ½LSMðgμν;ΨÞ þ Lintðgμν;φ;ΨÞ%; ð1Þ

with κ ¼ 8πG=c4 where G is Newton’s constant, R the
curvature scalar of the space-time metric gμν, φ a dimen-
sionless scalar field (the dimensionless scalar field φ is
related to the scalar field ϕ of [2,17] through
φ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4πG=cℏ

p
ϕ ¼

ffiffiffiffiffiffi
4π

p
ϕ=MPl, with MPl the Planck

PRL 117, 061301 (2016) P HY S I CA L R EV I EW LE T T ER S
week ending
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• will oscillate at the cosmological level

• similar to pressure less fluid with

• can produce structure formation if

' = '0 cos


mc2

~ t

�

⇢ / m2'2
0

m > 10�23eV
see e.g. Marsh, Phys. Reports, 2016

V (')

'



If couple to the SM, this DM candidate 
will induce a breaking of the EEP
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• An effective Lagrangian for the scalar-matter coupling 

• This leads to a space-time dependance of some constants of Nature to 
the scalar field

see Damour and Donoghue, PRD, 2010

• Most usual couplings: linear (cfr Damour-Donoghue) or quadratic (cfr 
Stadnik et al) in 𝜑

A signature of a violation of the Einstein Equivalence Principle !

Lmat [gµ⌫ , ,'] = LSM [gµ⌫ , ] + 'i

2

4d(i)e

4e2
Fµ⌫F

µ⌫ � d(i)g �3
2g3

FA
µ⌫F

µ⌫
A �

X

j=e,u,d

⇣
d(i)mj

+ �mjd
(i)
g

⌘
mj ̄j j

3

5

↵(') = ↵
⇣
1 + d(i)e 'i

⌘

⇤3(') = ⇤3

⇣
1 + d(i)g 'i

⌘
mj(') = mj

⇣
1 + d(i)mj

'i
⌘

for j = e, u, d



The linear and quadratic cases are 
slightly different
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• LINEAR

4

way to parametrize a possible variation of any atomic
frequency X to variations of the constants of Nature is
to use the following parametrization (see e.g. [41, 42])

d lnX = [k↵]X d ln↵+ [kµ]X d lnµ+ [kq]X d lnmq/⇤3 ,
(12)

where µ = me/mp is the ration of the electron mass over
the proton mass, mq is the mass of the light quarks (as-
sumed to be equals), and ki are the sensitivity coe�cients
of the specific transition X. The atomic and nuclear cal-
culations to derive these sensitivity coe�cients have been
achieved in [40, 41, 43, 44] and the obtained numerical
values can be found in Table I from [42].

While the parametrization (12) is widely used, another
equivalent parametrization is useful since closer to the
form of the interaction Lagrangian from Eq. (2)

d lnX = [k↵]X d ln↵+ [kµ]X d lnme/⇤3

+
⇥
k0q
⇤
X
d lnmq/⇤3 , (13)

with k0q = kq � 0.049(8)(3) [45]. These sensitivity coe�-
cients play a role equivalent to the ones of the dilatonic
charges introduced in the previous section.

The coupling of the scalar field to a clock working on
the transition X is then encoded in the coupling function
X which is defined by

d lnX = (i)
X d

�
'i
�
, (14)

and can be expressed as

(i)
X =

1

i
[k↵]X d(i)e +

1

i
[kµ]X

⇣
d(i)me

� d(i)g

⌘

+
1

i

⇥
k0q
⇤
X

⇣
d(i)m̂ � d(i)g

⌘
. (15)

IV. SOLUTIONS FOR THE SCALAR FIELD

The space-time evolution of the scalar field depends
on the distribution of matter. In this manuscript, we
will consider spherically symmetric extended bodies that
will be characterized by a radius RA and by a constant
matter density ⇢A. The reason for this simplification be-
comes obvious when considering the case of the quadratic
coupling: the non-linearity of this case complexifies the
derivations and the solutions (see Appendix B). Never-
theless, the case of a two-layers spherical body is also
considered in Appendix B.

At first order, we model usual matter as a pressureless
perfect fluid whose stress-energy tensor is given by Tµ⌫ =
c2⇢uµu⌫ , where ⇢ is the matter density and u⌫ the 4-
velocity of the fluid 4. For this matter modeling, the

4 Corrections due to the pressure will arise at the post-Newtonian
order and can safely be neglected here.

source term in the Klein-Gordon equation (5b)) writes
as

� = �↵(')⇢c2 , (16)

where ↵ is given by Eq. (7).
Having in mind that the scalar field’s perturbation

must be small if it depicts dark matter (see SEC. IVC),
equation (5b) can be written at leading order as

1

c2
'̈(t,x)��'(t,x) = �

4⇡G

c2
↵A(')⇢A(x)�

c2m2
'

~2 '(t,x) ,

(17)
where the dot denotes a derivative with respect to the
coordinate time t and � is the 3-dimensional flat Lapla-
cian. In this equation, we have neglected terms that are
of the order of O(|hµ⌫ |) (with hµ⌫ = gµ⌫ � ⌘µ⌫). Indeed,
a linearized version of the Einstein equation (5a) shows
that the metric will be generated by sources that will
contribute as ⇠ GMA

c2r ⌧ 1 and by terms that are propor-
tional to '2

0 ('0 being the typical amplitude of the scalar
field). If the scalar field is associated to DM, one can
show that '0 ⇠ 6 ⇥ 10�31 eV/m' [37, 38] which shows
that '2

0 ⌧ 1 for scalar field masses above 10�30 eV. Un-
der this assumption, the space-time behavior of the scalar
field will be governed by Eq. (17) whose solution will be
given in this section. Nevertheless, the explicit limit at
which this assumption breaks down has been carefully
taken into account when deriving the constraints on the
parameters di in Section VI.

A. Linear coupling

In the case of a linear coupling, the function ↵A(') =

↵̃(1)
A appearing in Eq. (17) is independent of the scalar

field and the general solution is a sum of free waves and a
Yukawa-type scalar field generated by the central body.
Details about the derivation of the results are given in
Appendix B. The general expression of the scalar field is
given by

'(1)(t,x) = '0 cos (k.x� !t+ �)� s(1)A

GMA

c2r
e�r/�' ,

(18)

where |k|2 + c2m2
'/~2 = !2/c2 and

�' =
~

cm'
. (19)

The constant s(1)A is the e↵ective scalar charge of the ex-
tended body and is given by

s(1)A = ↵̃(1)
A I

✓
RA

�'

◆
, (20)

with the function I(x) given by

I(x) = 3
x coshx� sinhx

x3
.

Oscillating DM

5

Note that this result, valid only for a homogeneous
sphere, is generalized to a two-layers sphere in Appendix
B. The only di↵erence is related to the expression of the
e↵ective scalar charge sA.

B. Quadratic coupling

In the case of a quadratic coupling, the function

↵A(') = ↵̃(2)
A ' that appears in the Klein-Gordon equa-

tion (17) is now linear in '. This linear dependency
changes drastically the form of the solution. In partic-
ular, it is easy to show that there exists no static solu-
tion beyond the trivial one. The time-dependent solution
contains several modes but only one is non-vanishing at
infinity and can be interpreted as DM. It’s expression is
given by

'(2)(t,x) = '0 cos

✓
m'c2

~ t+ �

◆
1� s(2)A

GMA

c2r

�
,

(21)
with the e↵ective scalar charge

s(2)A = ↵̃(2)
A J

sign[↵̃(2)
A ]

 r
3
���↵̃(2)

A

���
GMA

c2RA

!
, (22)

which depends on the sign of ↵̃(2)
A through

J+(x) = 3
x� tanhx

x3
, (23a)

J�(x) = 3
tanx� x

x3
. (23b)

J+ corresponds to the cases that are such that ↵̃(2)
A >

0 while J� corresponds to the cases that are such that

↵̃(2)
A < 0. In the limit of weak gravitational field and

small coupling constants (i.e. x ⌧ 1), J±(x) = 1 and

s(2)A = ↵̃(2)
A . In this case, note that the expression of

the scalar field is similar to the one derived in [32]. The
behavior of the scalar field around a body A — through

the e↵ective scalar charge s(2)A — depends only on the
dimensionless parameter

"A = ↵̃(2)
A

GMA

c2RA
, (24)

as illustrated in Fig. 1.

In particular, the sign of ↵̃(2)
A (or of "A) plays an im-

portant role and two di↵erent non-linear mechanisms can
arise: a deamplification mechanism for "A � 1 and
an amplification mechanism for "A ⌧ �1 (see Figs. 1
and 2). This behavior is similar to the one arising for
massless scalar fields, for which both amplification and
deamplification non-pertubative mechanisms have been
studied since the seminal work of Damour and Esposito-
Farèse [33] — although in the somewhat di↵erent context
of metric scalar-tensor theories. In particular, in metric

FIG. 1. Evolution of the e↵ective scalar charge s(2)A that ap-
pears in the solution of the scalar field from Eq. (21) as a
function of "A from Eq. (24). For large positive values of "A,
a deamplification mechanism occurs and the scalar field at
the surface of the body tends to vanish. On the other hand,
for negative values of "A, the scalar field is amplified, which
leads to non-perturbative e↵ects.

theories, the amplification mechanism for ↵̃(2)
A < 0 has

been known as the scalarization of compact objects.

For positive values of the coupling coe�cient ↵̃(2)
A > 0

and for very large couplings ("A � 1), one gets J+(x) ⇠

3/x2. In that case, s(2)A ⇠
RAc2

GMA
and the scalar field at the

surface of the body (r = RA in Eq. (21)) tends to vanish.
Indeed, the scalar field solution in that limit reduces to

'(2)(t,x) = '0 cos

✓
m'c2

~ t+ �

◆✓
1�

RA

r

◆
. (25)

Similarly, the interior solution tends towards 0 when the
coupling constant increases (see in Appendix B 2 a for its
expression and see the top of Fig. 2). This means that
the scalar field only penetrates a thin shell at the surface
of the body. A detailed analysis of the internal solution
given by Eq. (B24) shows that the typical length over
which the field is not constant inside the body is given

by ` ⇠ RA/
⇣
3↵̃(2)

A GMA/c2/RA

⌘1/2
. Fig. 2 illustrates

this behavior, which has similarities with the chameleon
mechanism [46–49]. Conceptually, the situation can be
compared to the case of an insulator located in an ex-
ternal electric field: the electric field inside and at the
surface will vanish. This property has an interesting con-
sequence: experiments located at the surface of the Earth
are not appropriate to detect or constrain such a scalar
field while space-experiments are better suited.

On the other hand, for the cases where ↵̃(2)
A < 0, the

scalar field diverges in the limit where
���↵̃(2)

A

��� GMA
c2RA

!
⇡2

12

as illustrated in the bottom of Fig. 2 and in Fig. 1. For
couplings approaching this limit and for couplings above
this limit, the approximation used in this paper (see be-
ginning of Sec. IV) does not hold anymore and one needs
to solve numerically the full field equations — which in-
clude the metric — in order to fully take into account
non-linear behaviors. On top of that, when di'2/2 < �1,

• QUADRATIC: no Yukawa interaction ! Very rich phenomenology

Fifth force

Non-linearities: scalarization 
and screening mechanism

6

� � �� �� ��
���

���

���

���

���

���

�/��

φ/
φ � α̃�

(�) ���

�� ��
= ��-�

α̃�
(�) ���

�� ��
= ��-�

α̃�
(�) ���

�� ��
= ���

� � �� �� ��
�

�
��

��
���

���

�/��

φ/
φ �

α̃�
(�) ���

�� ��
= -���

α̃�
(�) ���

�� ��
= -���

α̃�
(�) ���

�� ��
= -���

α̃�
(�) ���

�� ��
= -����

FIG. 2. Evolution of the scalar field around a homogeneous
spherically symmetric body. The di↵erent curves show the
impact of the values of ↵̃(2). In particular, in the limit of
large positive couplings, the scalar field tends to vanish inside
the body and the scalar field diverges for negative values of
↵̃(2).

the fundamental constants from Eq. (3) change their sign,
which is an unacceptable behavior.

The amplification mechanism for ↵̃(2)
A < 0 in metric

theories has been known as the scalarization of compact
objects [33]. It is a fully non-perturbative e↵ect that re-
quires to solve both the scalar and the metric fields equa-
tions numerically. Recently, several works extended the
work from [33] to the case of massive scalar fields [50–52].
However, those studies only focus on stationary solutions
of the field equations, preventing them to find oscillating
dark-matter candidate solutions to the problem. The so-
lutions presented in this section, although only valid for
weak gravitational field, indicates that a non-stationary
scalarization may also occur for light scalar DM. In other
words, dark matter as a light scalar-field may also lead to
a potential scalarization of compact objects. A detailed
investigation of such e↵ects — which would include the
non-pertubative resolution of the scalar and the metric
field equations without the stationarity assumption — is
beyond the scope of this paper.

C. Identification as Dark Matter

In order to identify the scalar field as dark matter,
one has to consider its asymptotical behavior. For both
solutions computed in the previous section, the scalar
field oscillates at spatial infinity. It can be shown that
this scalar field gives rise to cosmological energy density

⇢' and pressure p':

⇢' =
c2

8⇡G


'̇2 +

c2V (')

2

�
,

p' =
c2

8⇡G


'̇2

�
c2V (')

2

�
.

After averaging over one period, an oscillating scalar field
gives a vanishing pressure and a energy density [37, 38]

⇢' =
c6

4⇡G~2
m2

''
2
0

2
. (26)

Assuming that all DM is made of one light scalar-field,
this relationship fixes its amplitude for a given mass.

V. OBSERVABLES

A. Comparison of two atomic clocks

One way to search for a violation of the EEP is to
measure the frequency ratio between two clocks working
on di↵erent atomic transitions and located at the same
position. The observable is then Y = XA/XB where XA

and XB are the specific transition for each clocks. It
follows from Eq. (14) that variation in Y take the form
of

d lnY =
⇣
(i)
XA

� (i)
XB

⌘
d
�
'i
�
. (27)

If we assume that the variations are small (i.e. |Y � 1| ⌧
1) then, the evolution of the observable Y is given by

Y (t,x) = K +
⇣
(i)
XA

� (i)
XB

⌘
'i(t,x) , (28)

where K is a constant that is unobservable.

1. Linear coupling

Using the expression of the scalar field solution of the
Klein-Gordon equation with a linear coupling leads to

Y (t,x) = K +�(1)'0 cos (k.x� !t+ �) (29)

��(1)s(1)A

GMA

c2r
e�r/�' .

The first part corresponds to the coupling of the clocks
to the oscillating DM field. This signature has already
been searched for in several measurements [29, 37, 38].
The second part corresponds to the coupling of the clock
to the scalar field generated by the central body and has
been considered in data analyzis in [53].

Favorable to be in space!

see Hees et al, PRD, 2018



Constraints on the linear couplings
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and J. Bergé et al, PRL, 2018



Constraints on the quadratic couplings
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see A. Hees et al, PRD, 2018
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Being in space is favorable ! Scalar field 

tends to vanish at the Earth surface
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STE-QUEST (Space-Time Explorer and 
QUantum Equivalence principle Space Test)
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• The main scientific goal: to test the UFF with quantum objects @10-17

L. Catani, "Galileo performs the experiment of the motion of weights  
from the Tower of Pisa in the presence of the Grand Duke", 

Gallery of Modern Art of the Pitti Palace, Florence

g

41K

87Rb

“STE-QUEST performs the 
experiment of the motion of 
Rb and K in a quantum 
superposition”



M4 mission and payload
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• Proposed in different versions to M3 and M4

• Pre-selected in M3, not selected in M4

• Elliptic orbit, 2500x33600 km, 63° 
inclination

• 3.5 yr mission lifetime

• 41K - 87Rb double atom interferometer

• MWL for intercontinental ground 
clock comparison



Main science objective: test of the UFF
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• Test using quantum objects @10-17

• To be compared with

• Torsion balances:       2x10-13

• MICROSCOPE:         10-14

• Comparison macro vs micro 7x10-9

• Atom interferometry 3x10-8

Schlamminger, 2008

Touboul, 2017

Peters, 2001, Merlet, 2010

Zhou, 2015, Schlippert, 2014, Tarallo, 2014

Classic

Hybrid

Quantum

• Interpreted as a search for DM
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STE-QUEST @ 10-17 

and 700 km perigee



Evolution since 2014

•  TRL issues have been, and are being tackled, evolve towards a micro-
g demonstration ! 

• Microscope (2016-18) and LISA-Pathfinder (2015-17) missions have 
demonstrated “beyond expectation” drag-free performance, and 
determination of test-mass offsets at 0.1 𝜇m level.

• A seminal paper (PRL 2017) has suggested a method that cancels 
gravity gradient issues in quantum accelerometers (GGC). 
Demonstrated experimentally by two groups since.

• We (SYRTE+LUH) have started developing a full mission simulator 
that integrates these developments (and many other features) for the 
design of future quantum sensor UFF/WEP test missions and other 
applications.

see Roura, PRL, 2017 and Overstreet et al, PRL, 2018 ; D’amico et al, PRL, 2017

see C. Schubert's presentation 



Evolution since 2014

On-going work by Sina Loriani, with N. Gaaloul and P. Wolf

Preliminary results: statistical uncertainty of 10-18 reachable by using the 
GGC… 



Secondary science objectives
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• Test of the gravitational redshift: in the field of the Moon and of the Sun: 
universality of clock rate 

• Test of Lorentz/CPT symmetry:

2 orders of magnitude improvement 
compared to what is expected from ACES

2 orders of magnitude improvement on several 
SME coefficients (in particular on the      ) āJ

• Geodesy: unification of the reference frames
@ sub-cm level

• T/F metrology: distant clock comparisons @10-18 level after a few 
days of integration

Essential for synchronization of next generation 
of ground clocks



Conclusion
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• Several recent experimental and theoretical results have advanced the field 
significantly in recent years.

• A mission for a UFF/WEP test with a Rb-K dual atom interferometer at 
the 10-17 level has become realistic. 

• This would improve the expected final Microscope results (10-15) by 2-3 
orders of magnitude, entering a region no other experiments can reach.

Explore completely uncharted territory with potential for a major 
discovery !

More info in Altschul et al, Adv, in Space Res. 55, 501, 2015



Thank you for your attention

 23

Astronomy & cosmology
(gravitational waves, SNIa, CMB, 
structure formation, galactic dynamics, 
…)

Quantum 
Gravity

Unification
DM and DE

Local physics
(Solar System, lab tests, 
GNSS, … )

V
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n

Distance

sans matière noire
observations

High energy
(particle physics: CERN-
LHC, Fermilab, DESY, …)

Picture inspired by Altschul et al, Adv, in Space Res. 55, 501, 2015


