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Abstract. Theories beyond the Standard Model and General Relativity predict a violation
of the Weak Equivalence Principle (WEP) just below the current best experimental upper
limits. MICROSCOPE (Micro-Satellite & trainée Compensée pour 1’Observation du Principe
d’Equivalence) will allow us to lower them by two orders of magnitude, and maybe to detect a
WEP violation. However, analyzing the MICROSCOPE data will be challenging, mostly because
of missing data and a colored noise burrying the signal of interest. In this communication, we
apply an inpainting technique to simulated MICROSCOPE data and show that inpainting will
help detect a WEP violation signal.
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1. Introduction

Theories beyond the Standard Model and General Relativity (GR) are under develop-
ment to solve the various challenges fundamental physics and cosmology are faced with.
Among them, we can cite string theory and loop quantum theory, which aim to unify GR
and quantum physics, or modified gravity theories such as scalar-tensor theories that aim
to explain the accelerated expansion of the Universe with a modification of gravity on
cosmological scales. Most of those theories predict a violation of the Weak Equivalence
Principle (WEP).

The WEP states the equivalence of the gravitational mass m, and of the inertial mass
m,;. It is a cornerstone of GR: any detection of a WEP violation will be a smoking gun for
new physics, with significant implications for cosmology. Various experiments have been
conducted over a century on the ground, bringing more and more stringent limits on
possible WEP violations, by comparing how two bodies “A” and “B” made of different
composition behave in the same gravitational field: the E6tvés ratio

_ (mg/mi)A - (mg/mi)B
n=2 (1.1)
(mg/mi)a + (mg/mi)p

quantifies a WEP violation. The best upper limit is currently n < 107'3. As new gravity
theories predict a WEP violation at the level 10718 n < 10714, it is important to better
test the WEP. Since on-ground experiments are now reaching their limits, it becomes
important to bring experiments to space. MICROSCOPE is a French Space Agency
funded mission which aims to test the WEP in space at the level n = 107'%, expected
for launch in 2016.
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Figure 1. Linear power spectrum of simplified, simulated MICROSCOPE data. In blue, the
original data; in green, the data with gaps; in red, the data with gaps filled in by inpainting. The
simulation includes instrumental noise and a pure sine signal representing the WEP violation
signal we are looking for, shown by the black arrow.

In this communication, we first present the MICROSCOPE mission, before emphasiz-
ing on its measurement challenge: detecting a very small signal burried in a colored noise
and plagued by missing data.

2. MICROSCOPE

MICROSCOPE (Touboul 2009, Touboul et al. 2012) is a drag-free microsatellite which
aims to test the WEP by comparing the acceleration experienced by two free-falling test
masses in the Earth gravity field. It embarks two ultrasensitive electrostatic differential
accelerometers. Each accelerometer is made up of two coaxial cylindrical proof masses
whose motion is electrostatically constrained. In one (reference) accelerometer, the proof
masses are made of the same material to demonstrate the experiment accuracy; they are
made of different materials in the second accelerometer, which is used to test the WEP.
The electric potential applied to keep the masses in equilibrium is a measure of the
difference in the proof masses motion; hence, a non-zero applied potential is a measure
of a WEP violation.

3. Data analysis

The MICROSCOPE data will consist of time series from which we will have to extract
the signal of interest at a well known frequency that depends on the satellite’s orbit and
attitude. However, this signal will be burried in a colored stochastic noise, contaminated
by various deterministic signals, and plagued by holes due to missing or invalid data.
Therefore, its precise extraction and estimation require sophisticated methods. The blue
curve in Fig. 1 shows the linear power spectrum of a simplified expected simulated signal:
the instrumental noise increases both at low and high frequency, where it largely exceeds
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the amplitude of the expected WEP violation signal, shown by the “EPV signal” arrow.
For the sake of simplicity, we did not simulate any contaminating deterministic signal.

Gaps in time series and invalid data are expected to occur because of several causes,
such as telemetry loss, micrometeorite impacts, saturation due to mechanical crackles,
and result in missing data (Hardy et al. 2013). They affect the measured power spectrum
by a leakage of the high frequency noise into lower frequencies, where a WEP violation
signal is looked for, as shown by the green curve in Fig. 1.

Here, we fill in gaps thanks to an inpainting technique, that has already been used
to deal with missing data in several astrophysics applications (e.g. Pires et al. 2009,
2014): the missing information is extrapolated from the available data using a sparsity
prior on the solution (Elad et al. 2005). Let X (¢) be the ideal complete time series,
Y (t) the measured incomplete time series and M (¢) the binary mask (1 where we have
data, 0 elsewhere), such that Y = M X. Inpainting consists of recovering X (t) knowing
Y (t) and M (t). Among all the possible solutions, we search for the sparsest solution
in a given representation ¢! (i.e. the time series X that can be represented with the
fewest coefficients o = ¢ X). The solution is obtained by solving min ||¢” X||o under the
constraint ||Y — M X||*> < 0? where the [y norm is the number of non-zero coefficients,
||2]|> = 3, 2 is the classical [y norm and o is the noise rms. If the time series X is sparse
enough in the representation ¢’ (i.e. few strong coefficients can represent the data), the
ly pseudo-norm can be replaced by the convex l; norm, i.e. |[z|i =Y, |2x| (Donoho &
Huo 2001), and threfore its global minimum can be reached by descent techniques.

The red curve in Fig. 1 shows the result of using inpainting on our simulated MICRO-
SCOPE data. The noise level (due to missing data) is clearly decreased, especially at low
frequency, where we search for the WEP violation signal. From the figure, we see that
after inpainting, it becomes possible to detect the peak due to the signal.

A weighted least square method can then be used to detect and characterize the WEP
violation signal.
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