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MICROSCOPE mission: final results of the test of the Equivalence Principle
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The MICROSCOPE mission was designed to test the Weak Equivalence Principle (WEP), stating
the equality between the inertial and the gravitational masses, with a precision of 107!° in terms
of the EGtvos ratio 7. Its experimental test consisted of comparing the accelerations undergone
by two collocated test masses of different compositions as they orbited the Earth, by measuring
the electrostatic forces required to keep them in equilibrium. This was done with ultra-sensitive
differential electrostatic accelerometers onboard a drag-free satellite. The mission lasted two and
a half years, cumulating five-months-worth of science free-fall data, two thirds with a pair of test
masses of different compositions — Titanium and Platinum alloys — and the last third with a reference
pair of test masses of the same composition — Platinum. We summarize the data analysis, with an
emphasis on the characterization of the systematic uncertainties due to thermal instabilities and
on the correction of short-lived events which could mimic a WEP violation signal. We found no
violation of the WEP, with the E6tvios parameter of the Titanium and Platinum pair constrained
to n(Ti,Pt) = [~1.542.3 (stat) = 1.5 (syst)] x 107'° at 1o in statistical errors.

PACS numbers: 04.50.Kd, 07.87.+v, 04.80.Cc
Keywords: Experimental test of gravitational theories

General Relativity (GR) offers a remarkable descrip-
tion of gravitational interactions, successfully tested in
the anomalous precession of the perihelion of Mercury,
the bending of light in a gravitational field, the gravita-
tional redshift, the Shapiro time delay and the change in
the periods of binary pulsars from the emission of grav-
itational waves [IHI(0]. Gravitational waves from the co-
alescence of neutron stars and very massive black holes
have been observed recently, providing evidence for the
existence of black holes and ruling out many beyond-GR

models [TTHI9].

A building block of general relativity is the Equiva-
lence Principle (EP), according to which all bodies fall
in the same way in a gravitational field when no other
forces are acting on them, independently of their masses
and internal constitutions. First observed by Galileo and
Newton and tested by Eétvos et al. at the 5 x 1079 level
[20], the universality of free fall was elevated to a princi-
ple by Einstein, the weak equivalence principle (WEP),
taken as a cornerstone of general relativity [21].



Still the above tests of GR are classical, i.e. not in-
volving quantum physics. But one does not know how to
cast GR into a consistent quantum theory, even if sev-
eral approaches, including most notably string theories
[22], have been developed to tackle this problem. At the
conceptual level, also, physicists have been dreaming of
a unified theory including strong, electromagnetic and
weak interactions as well as gravity.

As GR cannot be considered as a complete theory, and
in view of other questions such as the nature of dark
energy [23, 24] and dark matter [25] [26], it is important
to test as precisely as possible the EP. Both the need
to complete GR if it is to be turned into a satisfactory
quantum theory, and the desire for a unified description
of interactions, lead to consider the possibility of new
long-ranged interactions and forces, that could lead to
very small apparent violations of the EP.

Thereby, a test of the EP appears as a test of one of
the basic principles of GR, and also serves as a search
for new interactions. While gravity is supposed to be
mediated by the (still hypothetical) spin-2 graviton, ex-
tremely weak new forces could be mediated by very light
or massless spin-0 or spin-1 bosons, that may be thought
of as part of a completion of GR. Such EP-violating spin-
0 bosons, like the dilaton or other dilaton-like particles,
tend to appear within string theories [27H37]. A spin-
1 boson U associated with an extension of the standard
model gauge group is expected to couple to a combination
of baryonic, leptonic (or B-L within grand-unification)
and electromagnetic currents (with possibly axial cou-
plings, of no effects here) [38] [39].

The WEP has been intensively tested throughout the
past four centuries [T} 20} [40H43], and verified to a preci-
sion of 2 x 107'3 in the first decade of the 21st century
[44H46]. This precision has been increased by one order
of magnitude (2 x 107'*) with the first results of the
MICROSCOPE mission in 2017 [47, [48], taking advan-
tage of space quietness [49] and of new instrument capa-
bilities [50]. At about the same time, over 48 years of
lunar laser ranging (LLR) data allowed for a 7.1 x 10714
precision [51]. We report here the final MICROSCOPE
mission results, setting the tightest bound on the valid-
ity of the WEP achieved to date, also providing improved
constraints on additional new forces [52H54].

The MICROSCOPE space mission was designed fol-
lowing developments of the Satellite Test of the Equiv-
alence Principle (STEP [55 [56]), built from Chapman’s
seminal proposal to test the WEP in the Earth orbit as
early as the 1970s [49]. Albeit less ambitious than STEP,
it was designed to test the WEP in space in terms of the
E6tvos ratio
a_on (1)
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TABLE I. Main test-mass physical properties measured in the
laboratory before integration in the instrument.

Measured SUREF SUREF SUEP SUEP
parameters Inner mass Outer mass Inner mass Outer mass
at 20°C Pt/Rh Pt/Rh Pt/Rh Ti/Al/V
Mass in kg 0.401533  1.359813  0.401706  0.300939
Density in 19.967 19.980 19.972 4.420
gcmf‘3

where ap and ap are the accelerations of two free-falling
test bodies A and B, and m, and m; their gravitational
and inertial masses, respectively. Eq. defines the
approximated Eotvos ratio to be estimated by MICRO-
SCOPE [57, 58]. The bodies are two concentric hol-
low cylindrical test masses controlled with electrostatic
forces in a differential accelerometer. Any difference in
the forces required to keep the two test masses in rela-
tive equilibrium would provide evidence for an apparent
violation of the WEP, originating from an intrinsic vio-
lation, or as an effect of extremely small new forces [59].
MICROSCOPE includes two such differential accelerom-
eters called sensor units: in the first one (SUREF), the
two test masses have the same composition (Pt:Rh al-
loy); in the second one (SUEP), they have different com-
positions (PtRh(90/10) and TiAlV(90/6/4) alloys). The
former serves as a reference instrument, while the latter
is used to test the WEP. The test masses’ characteristics
are summarized in Table[l] and details about the instru-
ment can be found in Refs. [47, 48] [60]. The payload was
integrated in a drag-free CNES microsatellite able to pro-
vide the experiment with a very quiet environment [61].
MICROSCOPE was launched from Kourou on April 25,
2016 and set into a sun-synchronous, dawn-dusk orbit to
optimize its thermal stability. The mission ended on Oc-
tober 18, 2018. Ref. [62] presents the mission scenario.
The experimental observable relevant to the test of
the WEP is the difference between the electrostatic ac-
celerations exerted on the inner (labeled 1) and the

outer (labeled 2) test-masses of a given sensor unit
— meas — meas — meas

Ty = I — Iy . It is directly related to
the Eotvos ratio n(2,1) =~ §(2,1) and to the various
forces acting on the satellite (see Ref. [59] for a detailed
derivation). In the instrument’s reference frame,

?&neas ~ ?O7d
+MAﬂm—mmX—ﬂmX—i+5@m?m}
oA TP £2[Ca] O + T, (3)

_>
where ?o,d is a differential bias, A connects the center of
the inner mass to that of the outer mass, [T is the gravity

T
gradient tensor in the satellite frame, [In] = [2]+[ 2] [ﬁ]
is the gradient of inertia, with [€1] the satellite’s angular



TABLE II. Frequencies of interest.

Frequency [x10% Hz] Comment

forb 0.16818 Mean orbital frequency
Soping 2 forb = 0.75681 Spin rate frequency 2 (V2 mode)
feping % forb = 2.94315  Spin rate frequency 3 (V3 mode)
fup, 0.92499 EP frequency in V2 mode
fEP, 3.11133 EP frequency in V3 mode
feal 1.22848 Calibration frequency

velocity matrix, 7sat is the Earth gravity acceleration
at the center of the satellite, I' 2PP is the mean accel-
eration applied on both masses, [Cq] is the differential-
mode linear-to-angular acceleration coupling matrix, T
is the noise and dots denote differentiation with respect
to time. Finally, the common- and differential-mode sen-
sitivity matrices [A.] and [A4] are defined from the in-
strument’s scale factors and test-mass reference frame
defects. Those parameters are more fully described in
Table II of Ref. [47] and in Refs. [48] 59| [63].

The test of the WEP is performed along the longitu-
dinal axis of the test masses, designed to be the most
sensitive. Data analysis thus deals with the differential
acceleration projected along the longitudinal, sensi-
tive = axis of the instrument. Ref. [59] provides the
measurement equation projected on this axis.

The satellite can be spun around the normal y-axis to
the orbital plane and oppositely to the orbital motion in
order to increase the frequency of the Earth gravity mod-
ulation. In this case, in the satellite frame, the Earth
gravity field rotates at the sum of the orbital and spin
frequencies. A WEP violation would give a signal mod-
ulated at this frequency, denoted fgp. The frequencies
used during the mission are listed in Table [II} Ref. [62]
introduces the concept of sessions: WEP test sessions
last several days and are defined by their spin frequen-
cies, while calibration sessions are short and allow us to
estimate instrumental parameters.

The analysis of first results in Refs. [47, 48] used
one 120-orbit session on SUEP to obtain 6(Ti,Pt) =
[—1 £ 9(stat) £ 9(syst)] x 1071 at 1o statistical uncer-
tainty. No calibration was used, and systematic errors
were dominated by thermal effects, for which an upper
bound was used. Improvements were then expected in
the pursuit of the mission and its data analysis.

We report here the final results of the MICROSCOPE
mission, based on eighteen sessions for SUEP and nine
sessions for SUREF, with all data calibrated and system-
atics now fully characterized [63, [64]. Ref. [65] presents
the methods used for data analysis, and Ref. [66] details
their results on the actual data. The main aspects of the
data and its analysis are summarized below.

A handful of sessions were discarded because of non-
linearities at the beginning of the mission, before the con-

trol loop’s electronics was upgraded. A few others were
discarded because of rare anomalies. The results pre-
sented in this paper were then obtained from eighteen
sessions on SUEP and nine on SUREF, including two
with both SUs switched on together [66]. Hereafter, we
first describe the data analysis methods before discussing
the actual in-flight estimation of instrumental parameters
and presenting the E6tvis parameter determination.

Each in-flight calibration session is dedicated to esti-
mating one or two parameters and designed so that the
signals sourced by those parameters have a favourable
signal-to-noise ratio. Using a Markov Chain Monte Carlo
(MCMC) technique on nine sessions, we showed that it is
possible to cumulate sessions and estimate all parameters
simultaneously from Eq. . This unpublished study,
based on Ref. [67], used the data of Ref. [47] and gave
results consistent with those of the technique described
below. Indeed, instead of using a CPU-expensive MCMC
method, we use the fact that parameters are almost in-
dependent to simplify and better control the estimation
process. This is done via the following iterative method
based on the ADAM (Accelerometric Data Analysis for
MICROSCOPE) code to estimate parameters in the fre-
quency domain. The method is presented and applied to
numerical simulations in Ref. [65].

When projected on the z-axis, the measurement equa-
tion is of the form I'y, = f(pk,t) + N4, where
pi are parameters and the time dependence is related to
measured or modeled signals s;(t). For each session, the
data provides us with I'y , and all s;(¢), allowing for the
estimation of the parameters pi. Moreover, a priori val-
ues pg,o (either measured on ground or estimated during
an earlier in-flight calibration session) are used to cor-
rect the measurement for the corresponding signals and
to refine the estimation of some parameters pg..

In practice, instrumental defects are parameterized by
the Koq and A vectors, as well as the [44], [A.] and
[Ca) matrices in Eq. (3). Note that only some of their
components impact the projected acceleration. Ref. [59)
details how they affect the measurement and Ref. [63]
shows how they were estimated in flight and evolve in
time. The estimation of A, and A, takes advantage of
their couplings with the Earth gravity gradient, whose
strong line at 2fgp allows for a direct determination
in science data from an accurate Earth gravity model
[68, [69]. Dedicated 5-orbit sessions were used to measure
A,, where the satellite was oscillated about the z-axis at
frequency fcal to create a measurable signal driven by A,
at feal. The elements of the first row of the [A,4] matrix
aq1; were measured by shaking the satellite at frequency
feal along each axis (z to measure ag11, y for agi2 and z
for aq13) in order to drive a measurable signal dependent
on those parameters. The ag11 sessions also allowed for
a measurement of the differential quadratic factor Kog
at 2fca. Although we found a slight correlation of A,
and A, with temperature, the other parameters remained



TABLE III. Mean estimated values of the off-centerings’ com-
ponents and of the first row of the [A4] matrix estimated in
flight [63]. The off-centerings components A, and A, corre-
spond to sessions within a limited temperature range.

SUEP SUREF

A, [um] 19.998 + 0.009 —35.884 £ 0.005
Ay [pm] —8.19 4+ 0.09 5.89 £ 0.05
A [pm] —5.605 £ 0.009 5.712 £ 0.005
a1 [x1073) 8.540.2 —14.6 £0.2
aqiz [x107° mrad] —25.6+0.5 -354+15
a1z [x107° mrad] 13.6 £ 0.9 -9.140.3
Kog oo —1037 4 4800 2409 + 1650

roughly constant during the mission [63]. Table lists
their mean values.

Once the above iterative process had converged (typi-
cally in two to three iterations), we estimated the Edtvos
parameter on calibrated data following the corrected
measurement equation

TS = By + 0000 + 0205 + AySpe + ALSps +nag, (4)

which is the core model fitted to the data, where Z;f” is
the bias. In addition to the E6tvos parameter §, we also
estimated the amplitude 4, of a signal proportional to g,
(varying also at fgp but in quadrature with g, ) and the
components A, and A, of the apparent offcentering.

Additionally, spurious events can be spotted in the
data. “Glitches” are short-lived events, most probably
due to crackles of the satellite’s multi-layer insulator [70].
Glitches occur quasi-periodically and can impart a signal
at fgp. Although numerical models do not allow for the
estimation of the level of this signal, we noticed that re-
moving glitches from sessions with a strong signal at fgp
— statistically inconsistent with other sessions — decreases
the signal, hinting at a significant effect from glitches on
the Eo6tvos parameter estimation. Therefore, to coun-
teract their direct effect on MICROSCOPE’s WEP mea-
surement, we masked them as follows. We used a stan-
dard recursive o-clipping technique — ¢ being the stan-
dard deviations of the data — to search for outliers, de-
fined as points that deviate by more than (i) 4.5 o from
the moving average of the data and (ii) more than 3 o
from the moving average of the high-frequency-filtered
data. We then mask one (15) second(s) before (after)
each outlier to make sure that the transient regime was
always removed [62][66]. Masked glitches thus behaved as
“missing” data, so that data became unevenly sampled
in time, thereby hampering ADAM’s fit in the frequency
domain [71], [72].

We tackled this difficulty with the M-ECM (Modified-
Expectation-Conditional-Maximization [73]) technique;
it maximizes the likelihood of available data through the
estimation of missing data by their conditional expecta-
tion, based on the circulant approximation of the com-
plete data covariance. We showed in Ref. [73] that it

faithfully reconstructs the noise power spectral density
and provides unbiased estimates of parameters. Finally,
we added and correctly measured mock WEP violation
signals in the data to make sure that this procedure does
not affect a possible real WEP violation signal.

M-ECM also fills gaps, and we can then use ADAM to
cross-check M-ECM’s estimates of the Eotvos parameter
for each session. We also use it to combine all sessions
and infer the overall constraint given below.

In addition to glitches, rare jumps in the differential ac-
celeration can be spotted, mostly on SUREF [66]. These
jumps are not simple discontinuities, but appear as un-
steady 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 to extract “seg-
ments” between jumps (or between jumps and any ex-
tremity of the session), when such jumps existed (oth-
erwise, we call “segment” the entire 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 mfor, + nfspin (M, n € N) are
cancelled [66].

Fig. shows the estimates of the E6tvos parame-
ter for each segment, obtained with M-ECM (blue cir-
cles) and ApaMm (orange diamonds). The two meth-
ods are perfectly consistent. Error bars vary in accor-
dance 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. [66]. The black lines and grey areas show the
combined constraints and their 68% confidence region
[65, 66], 6(Pt,Pt) = (0.04 1.1) x 107! for SUREF
and §(Ti,Pt) = (—1.542.3) x 107! for SUEP. Those
uncertainties contain statistical errors only. We discuss
systematic errors below.

We found that the overall systematics upper bound
is 2.3 x 107! for SUREF and 1.5 x 1075 for SUEP,
compared to specifications of 0.2 x 1071% [63]. Except
non-linearity (as discussed in Ref. [64]) and temperature
variations (see below), all contributors to the systemat-
ics error budget have effects lower than required. For
instance, the contribution of the Earth gravity gradient
could be cancelled by the precise estimation of the test
masses offcenterings. Local gravity effects were mitigated
by a careful design of the satellite and of the instrument
[63]. Similarly, we showed in Ref. [63] that magnetic
effects, due to the interaction of the test masses with
the Earth magnetic field, were well below the require-
ments, as expected from the integration of a magnetic
shield around the payload. The DFACS performance was
much better than expectations, allowing for a residual
linear accelerations at fgp smaller than 2 x 10713 ms™2
(resp. 6 x 107'* ms™2) in (resp. out of) the orbital
plane, and for residual angular accelerations smaller than
2.5x 10711 rad s™2; the related systematic errors are well
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FIG. 1. Eo6tvos 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.

below the specifications.

Temperature variations are the main source of sys-
tematic errors. They induce a differential acceleration
through a thermal sensitivity of the SU and of the FEEU
(Front End Electronics Unit). Specific sessions were de-
signed to characterize the thermal sensitivity through a
periodic stimulus by on-board heaters; the temperature
and differential accelerations were finely monitored and
compared to provide better estimates of the thermal sen-
sitivities at different frequencies [63], [74]. We found a
linear frequency-dependence for SUEP’s thermal sensi-
tivities, 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 temper-
ature probe’s noise at fgp. In response to this limitation,
additional sessions were devoted to confirm the thermal
design of the satellite, in order to show that tempera-
ture variations are driven by the Earth’s albedo coming
through the FEEU radiator’s baffle (Fig. 15 of Ref. [63]),

inducing a modulation of the temperature at fgp [63]. A
first session, based on heating the FEEU panel with lo-
cal heaters, allowed us to show that the impact of the
Earth’s albedo on the satellite walls is negligible. In a
second session, the satellite was tilted by 30° about its
spin axis in inertial mode during 465 orbits (32.3 days)
in order to maximize the albedo light entering the FEEU
radiator. We found that temperature variations are at-
tenuated by a factor 500 between the FEEU and the SU.
Based on the data available (at frequencies lower than
1073 Hz), we took this factor 500 as the lowest limit to
compute an upper bound of temperature fluctuations at
frequencies higher than 1073 Hz, in particular at fgp,
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 [63)].

Putting these results together, MICROSCOPE’s new
constraint on the validity of the WEP is

n(Ti,Pt) = [-1.5 £ 2.3 (stat) + 1.5 (syst)] x 107'%, (5)

where the statistical error is given at lo, and where
we identified the measured, approximated Eotvos ra-
tio  with the exact one 7. This result is close to
the 107!° precision for which the mission was designed,
and improves our previous constraints [47] by a factor
4.6. The reference instrument provided a null result,
n(Pt,Pt) = [0.0+£1.1 (stat) £2.3 (syst)] x 10715, show-
ing no sign of unaccounted systematic errors in Eq. .
As expected, SUREF’s statistical error is smaller than
SUEP’s because it is more sensitive.

Beside constraining the validity of the WEP to an
unprecedented level, MICROSCOPE also allows for un-
precedented constraints on topics as various as Lorentz
invariance [75], long-range interactions [52H54] [76, [77],
or dark matter searches [78]. It also paves the way to
new, more ambitious experiments to test GR in space
[79]. The analyses presented in this paper and in Refs.
[47, 48] provide essential feedback for future upgrades on
the payload and satellite sides that can lead to the next-
generation MICROSCOPE mission. In particular, the
gold wire allowing for the test masses charge manage-
ment should be replaced by a contactless device, such as
the one proven to work in space in LISA Pathfinder [80-
82]. Glitches should be reduced to a minimum, e.g. by
tightening the requirement on the crackles of the satel-
lite’s coating, or their effect should be better understood,
e.g. through a better understanding of the full transfer
function of the satellite-instrument system, so that it can
be efficiently corrected for. Furthermore, a better ther-
mal stability and thermal characterization of the system
will allow us to beat the thermal systematics. With these
upgrades, it should be possible to reach a 10717 precision
on the Eotvos ratio.
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