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We use data from the T-SAGE instrument on board the MICROSCOPE space mission to search for
Lorentz violation in matter-gravity couplings as described by the Lorentz violating standard model
extension (SME) coefficients (Zzeff)l‘f, where (u =T,X,Y,Z)and (w = e, p, n) for the electron, proton, and
neutron. One of the phenomenological consequences of a nonzero value of those coefficients is that test
bodies of different composition fall differently in an external gravitational field. This is similar to
“standard” tests of the universality of free fall, but with a specific signature that depends on the orbital
velocity and rotation of Earth. We analyze data from five measurement sessions of MICROSCOPE spread
over a year finding no evidence for such a signature, but setting constraints on linear combinations of the
SME coeftficients that improve on best previous results by 1 to 2 orders of magnitude. Additionally, our
independent linear combinations are different from previous ones, which increases the diversity of available
constraints, paving the way towards a full decorrelation of the individual coefficients.

DOI: 10.1103/PhysRevLett.123.231102

Introduction.—The Einstein equivalence principle is the
foundation of general relativity and all metric theories of
gravitation. It includes—among others—the weak equiv-
alence principle (WEP) and local Lorentz invariance
(LLI) [1]. The WEP, which states the universality of free
fall for bodies with negligible self-gravity, has been tested
recently by the MICROSCOPE space mission with a
sensitivity of <2 x 107'* to the E6tvos parameter [2].
MICROSCOPE compared the differential acceleration of
two test masses of different composition (Ti and Pt). No
composition-dependent deviation from geodesic motion
was found, but this first analysis has improved by about 1
order of magnitude the previous constraints obtained
from torsion balance experiments and lunar laser ranging
(LLR) [3-6].

The MICROSCOPE mission also offers a valuable
opportunity to constrain the matter-gravity sector of the
standard model extension (SME), an effective field theory
developed to characterize low-energy signatures of Planck-
scale physics [7-11], and particularly Lorentz invariance
violations [9]. The SME is a general framework allowing
for systematic searches for LLI violation. The latter is
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quantified by SME tensor fields (more precisely their
vacuum expectation values, called coefficients) that para-
metrize the amplitude of the LLI violation.

Different combinations of coefficients can be probed
effectively by different physical systems. Hence the SME
has been used to explore LLI across a large range of
phenomena. While we refer the reader to Ref. [12] for an
annually updated review of experimental and observational
progress and a full list of references, we briefly summarize
the breadth of these efforts. Nongravitational SME tests
have been performed with a wide range of systems
including atomic clocks [13—16], comagnetometers [17],
neutrino [18] and meson [19] oscillations, quark production
[20], muon g — 2 experiments [21], torsion pendula [22],
particle traps [23], resonant cavities [24], and astrophysical
photon propagation [25]. Complementary progress has
been made via many gravitational SME searches [26]
including tests with gravimeters [27,28], spin precession
[29], solar-system data [11,30], LLR [31,32], gravitational
waves [33], WEP experiments [11,34,35], pulsar timing
[36,37], short-range gravity [38], and very long baseline
interferometry [39].

© 2019 American Physical Society
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In this work we focus on matter-gravity couplings [11],
i.e., to what extent the behavior of a test body in a
gravitational field is affected by couplings to Lorentz-
violating background fields. The WEP tests are novel
among gravitational tests for their ability to distinguish
the species-dependent coefficients associated with matter-
gravity couplings from the universal gravity-sector coef-
ficients. 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 [11,27,29,30,32,36]. This com-
bination makes MICROSCOPE an ideal system in which to
search for these effects. We are sensitive to violations
arising from the composition dependent (&), coefficient,
which has been the primary target of searches in matter-
gravity couplings to date. Our sensitivity is independent of
the universal gravitational coefficient 5, [(a%), and s,,
are SME fields for which SME coefficients (a%), and 5,,
provide vacuum expectation values in spontaneous Lorentz
violation scenarios], with which it has been fully correlated
in many of the other high-sensitivity searches such as LLR
tests [32].

We present the first results of a LLI test with the
MICROSCOPE space mission, searching for a putative
nonzero value of (ayy), for the fundamental atomic
particles (w = e, p, n). We analyzed five measurement
sessions spread over 2017 to search for an orientation
dependent differential acceleration of the Pt vs Ti test
masses. As the (a.g) ,, vector is constant in a Sun centered
nonrotating frame [11], the dependence of the expected
acceleration on the position and orientation of the instru-
ment is more complex than for the “simple” WEP test;
hence a specific data analysis was necessary, which is
complementary to Ref. [2].

Theoretical model.—We developed a theoretical model
that allows us to extract the values of (&), from the
differential acceleration measurements and in-flight data
(orbit, attitude, gravity and gravity gradients, tempera-
tures,...). The MICROSCOPE satellite was in a heliosyn-
chronous circular orbit at 710 km altitude and spinning
around an axis (the y axis in the instrument frame) that is
perpendicular to the orbital plane. We use measurements of
the differential acceleration of the two test masses along the
x axis, which is the most sensitive axis of the instrument. For
all details on the mission and the T-SAGE instrument see
Ref. [2] and references therein.

The contributions to the SME action for a body B of mass
mP that are relevant here take the form (see Ref. [11] for
details)

SBz/dl[—ch\/—gﬂbu”u”—(afff)”u”/c], (1)

where c is the speed of light, g, is the metric tensor, u* =
dx* / dA is the four velocity of B, A parametrized the path of B,

and (af;), is a composition-dependent field that vanishes
when LLI is satisfied. The effective coefficient (), is a
combination of @, and e, coefficients (dc), = @, — mc’e,,
and is generally written with a numerical factor  that depends
on the specifics of the theory [11]. Conventionally, constraints
are given directly for a(acy),,-

We use the Lagrangian for a test mass in the field sourced
by Earth that is obtained from Eq. (1) (see Ref. [11]
Sec. VII A for details) to derive a model that relates the
MICROSCOPE differential acceleration measurements and

o _(d _ _
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+ SC%_@ [a(agfg)YRicic_a(ae(:ff))XRfcj)]wz' (2)

Three coordinate systems are used in this model: the
instrument frame %, the geocentric frame (GCRF) X, and
Sun centered frame X,. The latter two coordinate systems
are kinematically nonrotating [40]. The data provided by
the mission data center are the differential acceleration y;,
the satellite attitude given by R;; the rotation matrix from
the GCREF to the instrument frame, the orbital position of
the satellite ¥°®, the gradient of Earth’s gravitational
potential in the instrument frame g;, and the satellite
angular acceleration Qx We also use the gravity gradient
tensor T;;, and the satellite angular velocity matrix
Q:: [2], introduced in the model through the matrix
Sis =Tz + Q)% ;- The first four terms of the model depend
on the off centering of the test masses along the %, $, and 2
axes—respectively, A;, Ay, and A;—and on an overall bias
b, all of unknown amplitude [2]. The parameters Ay, Ay, b
need to be estimated together with the SME coefficients in
order to correctly take into account any correlations
between the SME parameters and these “technical” ones.
The of-centering A; is less critical as the satellite is
spinning around the y axis, which is perpendicular to
the orbital plane; thus the coefficient of the A; term is much
smaller. It is obtained from dedicated calibration sessions
and provided by the mission center. Finally, GM g, Rg,, @;
are the gravitational parameter, mean radius, and angular
velocity of Earth, r? = (¥°®)? + (5°°)2 + (2°®)2, and
pr=wv;/c is Earth’s orbital velocity obtained from
INPOP planetary ephemerides. The basic sampling interval
of all data files is 0.25 s except the orbit data (1 min) and
temperature data (1 s), which we interpolated to 0.25 s.
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FIG. 1. Temporal distribution over the year of the measure-

ments sessions used for our analysis. Numbers on top indicate the
number of complete satellite orbits in the session. The sine curves
indicate the form of the temporal evolution of Sy [o sin(QT)] and
Py, Pz [ cos(QT)] used in Eq. (2), where Q is the annual
frequency.

Note that Eq. (2) is expressed in terms of a differential
SME coefficient, which following the method described in
Ref. [11] Sec. VIB and taking into account the isotopic
composition of the Pt:Rh and Ti:AL:'V alloys used in
MICROSCOPE [2], is a(a eff) =Aa(a gfe p))ﬂ, where

(a e?f ) ) =(a eff)y (a eff)ﬂ (a eff)w and A~0.06GeV~".

The modulations of the Lorentz violation signal are mainly
due to the oscillation of g; at fep=Ffom+fopin (fEP
3.1mHz, f,,~0.17mHz [2]), where f., and fg, are,
respectively, the orbital and rotational frequency of the
satellite. Additionally, the model also has an annual modu-
lation mainly via the dependence on Earth’s orbital velocity
(Bx, Py, Pz). Finally, additional modulations at f.,, arise
from the small terms in the second line of Eq. (2). In
summary, the frequencies involved in the SME model are
{fspim fspin + forb’ fspin + 2forb}’ each of which are affected
by annual sidebands.

Data and statistical analysis.—Our data consist of 5
measurement sessions (No. 210, No. 218, No. 326, No.
358, No. 404) with durations ranging from 4 to 8 days,
spread over Feb. to Sept. 2017 (see Fig. 1). While this
obviously implies large dead times between sessions, the
proportion of missing or corrupted data within each session
was remarkably low (< 1073). One of the sessions (No.
218, Feb. 2017) was the same one as used in Ref. [2], which
allowed cross-checks (see below).

Considering the large dead times between sessions and
the complexity of the noise (see Fig. 2), we worked in the
time domain using a least-squares Monte Carlo (LSMC)
analysis. This method is an efficient and simple way to deal
with colored noise and gaps [41,42] by simulating a large

—— Acceleration noise
—— Fitted model
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FIG. 2. +/PSD ofthe acceleration measurement residuals in blue,
and the two-slopes model (see text) in orange with amplitudes
a_;=2.2x10"2*(ms?)? and a,=2.3x 10717 (ms~2)?Hz ™.

number (N ~ 10000) of synthetic datasets with the same
noise characteristics and gaps as the real one and least-
squares fitting the model to each of them. The values of the
fit parameters are obtained from the real dataset, their
statistical uncertainties and correlations from the N simu-
lated ones.

The raw differential acceleration (y;) data are first high-
pass filtered by removing a polynomial of order 5 to
account for slow drifts and variations. We do this in a first
step for simplicity, but we have verified that fitting the
polynomial together with our model (2) does not change
our results, nor does using a higher order polynomial. The
noise can be modeled by a sum of a low frequency pink
noise, with a ! slope, and a high frequency noise with a
f* slope. The first one is the thermal noise of the gold wire
connecting the test masses to the outer cage [2], the second
one is the second derivative of the position measurement
(white) noise. The corresponding power spectral density
(PSD) model S, (f) = a_1f~" + asf* is fitted to the PSD
of the data residuals after the fit of Eq. (2). The obtained
values of a_; and a4 for each session are then used to

generate the synthetic datasets. Figure 2 shows the +/PSD
of the residuals from one session (No. 404, July 2017)
together with the best fit model. The agreement is sat-
isfactory in the region of interest around 3.1 4= 0.2 mHz,
where our signal is located.

Systematic effects.—As discussed in detail in Ref. [2] the
by far dominant systematic effect in the frequency region of
interest is related to thermal fluctuations that give rise to
corresponding fluctuations of y;. The corresponding
coupling coefficient between the temperature of the instru-
ment and the differential acceleration was determined by
dedicated measurement sessions where the baseplate tem-
perature was varied intentionally [2], giving y; = CAT,
where AT 1is the baseplate temperature fluctuation and
C=43x%x10"" ms2K~!'. To determine the correspond-
ing effect on our parameter estimations we used the
baseplate temperature data, “converted” it to acceleration

231102-3
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FIG. 3. +/PSD of the temperature measurement residuals in
blue, and the two-slopes model in orange (see text) with
amplitudes d_, =1.3x10"""K?Hz and d,=3.3x 10 K>Hz"".

data using C, and analyzed it using the same LSMC method
as for the acceleration data. The resulting parameters and
their uncertainties (to be conservative we used the quadratic
sum of the two) are then our estimate of the systematic
uncertainties. The noise model used for the temperature
data Sxr(f) = d_»f~% + d, contains white measurement
noise of the thermistors and a f~> component that could be
a random walk temperature noise. Figure 3 presents
temperature data residuals (after removal of slow drifts
by a 3rd order polynomial) from one session (July 2017)
and the best fit model, showing good agreement in the
region of interest.

Results.—We first checked our analysis method by com-
paring it to previous work [2]. To do so, we analyzed the same
single session as Ref. [2] (no. 218) and simplified our model
(2) by setting all SME parameters to zero except a(c‘ze}if )r-
Then the model is identical to a standard WEP test, with the

simple correspondence 6 = 2a(a£‘fif) )7, where § is the E6tvos

parameter. The results are summarized in Table I. Our results
agree, within their uncertainties, with the ones of Ref. [2],
which are & = (=1 = 9y, + 9y5) x 107, Our slightly
larger uncertainties could be due to the LSMC estimator
being nonoptimal and/or slight discrepancies of our noise
models or evaluation of the systematics. Nonetheless, the
good agreement between two independent analyses is a
valuable and conclusive cross-check.

TABLE 1. Estimations of the Eotvos parameter 6 and the off
centerings for session No. 218. For the off centerings, only
statistical uncertainties are shown. All correlation coefficients are
< 0.08.

Parameter Value and uncertainties Units
o (4.0 £ 9.64 £ 13.04y5) X 101 :
A, (20.2 4 0.04) x 107° m
A, (=5.77 £0.04) x 107° m

TABLE II. SME coefficients obtained from the global analysis
of five sessions. The 2nd and 3rd brackets show statistical and
systematic uncertainties (68% confidence), respectively. Corre-
lation coefficients are ~0.9 between T and X components, ~1
between Y and Z, and < 0.02 otherwise.

Coefficient Value and uncertainties [GeV]
a(ai;-'f_e_p))T (6.3 +12)(10)(6.0) x 1071

(@, (0.81 £ 1.7)(1.4)(0.98) x 10~
a(&i?t_e_p))y (0.67 +3.1)(1.4)(2.7) x 1077

(—1.55 £ 7.1)(3.2)(6.3) x 1077

For the global SME analysis we weight the data of
each session by the inverse of the square of the
total uncertainty on ¢ obtained for each individual
session, which are (3.8,1.6,2.7,1.6,1.0) x 104 for sessions
No. (210,218,326,358,404). We carry out a global
LSMC fit of Eq. (2) using those weights, obtaining estimates,
uncertainties, and correlations for the four combinations

a(c"lgfjf) ),» 10 off centerings (2 per session), and 5 biases. The

results for the SME coefficients are given in Table II.

Given the large correlations between the SME coeffi-
cients we also perform a singular value decomposition
(SVD) of the covariance matrix to determine uncorrelated
linear combinations of coefficients (see Appendix C of
Ref. [14] for details). The resulting linear combinations a,
a,, as, a, are given in Table III, and their values and
uncertainties in Table IV.

We use the results of the SVD decomposition to provide
an order of magnitude estimate of the so called “maximal
sensitivity” constraints, i.e., assuming in turn that all
coefficients except one are zero, and logarithmically round-
ing the 26 uncertainty [12]. This leads to 1073 GeV for
a(@%)y, 107 GeV for a(a)y, and 1078 GeV for
a(al)x.z» an improvement by 1 order of magnitude on
best previous results for a(aly )y y , [27,32,36] and 2 orders
of magnitude on a(aly;), [3,11,12].

Finally, in order to test for the possibility of hidden
systematic effects we have repeated our analysis for
different subsets of the data, by excluding individual
measurement sessions, one at a time (so called “jackknife”

TABLE III. Composition of the independent linear combina-
tions of a(&i?f_e_p >) . coefficients obtained using a SVD of their

covariance matrix.

_(n—e=p) _(n—e=p) _(n—e=p)

a(agf_g_p))r (@ )x Ay )y (G )z
a 1.0 —-6.0x 107  48x10° 2.0x10™°
ay  59x107° 0.99 0.11 0.050
a; —-13x107 —0.12 0.91 0.39
a;,  12x107° —49x107 —0.40 0.92
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TABLE IV. Independent linear combinations of SME coeffi-
cients and their uncertainties (68% confidence).

SME linear combination Value and uncertainty [GeV]

a (1.74+5.5) x 1071
a, (0.85+1.7) x 107°
as (0.33+1.2) x 107°
ay (=1.74+7.7) x 1077

procedure, see, e.g., Ref. [32]). All results agree with each
other and the full analysis within the uncertainties, thus
providing no indication of any hidden systematics.

Conclusion.—We have carried out a test of LLI modeled
as anomalous matter-gravity couplings in the SME, and
found no indication of any LLI violation. Using 5 meas-
urement sessions of the MICROSCOPE space mission we
set constraints on linear combinations of the corresponding
SME coefficients a(ay;),, improving on best previous
results [3,11,12,27,32] by 1 order of magnitude on
a(ak)x .y, and 2 orders of magnitude on a(ay;);, when
assuming independence of the coefficients (the so-called
maximal sensitivity constraints [12]). Additionally, our
independent linear combinations are different from pre-
vious ones, which increases the diversity of available
constraints, paving the way towards a full decorrelation
of the individual coefficients. More specifically, the results
constrain Lorentz/WEP violation to well below the mass
scale of the electron (1073 GeV), thus placing severe
constraints on the scenario of “large” Lorentz viola-
tion [43].

In the near future we expect to improve these first results,
by analyzing more data and by improving the estimation of
the limiting systematic effect (thermal sensitivity). More
data will help decorrelating the 7 and X components of
a(ayy),. Indeed Fig. 1 shows that the sampling of the
evolution of fy with our present data is close to a constant,
hence the correlation with the 7 component. However, the
Y and Z components will always be strongly correlated, as
the evolution of fy and 3, is identical. Only the small terms
in the second and third lines of Eq. (2) will eventually allow
some decorrelation. Finally, accelerations along the other
two axes of the instrument were also measured and could
be included in future analysis.

The MICROSCOPE mission has already provided
ground-breaking results in fundamental gravitational phys-
ics in different theoretical models [2,44-47]. Our first
constraints in the SME presented here add to the ever-
growing literature on the results of what is one of the most
successful space missions in fundamental physics so far.
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