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MICROSCOPE LONG PATH TO THE FI

T ——

« Objective : EP test at 101> sensitivity,
» Project started in 2000,

STEP USA
1971 - 2006

1993-1997 2000 2002

E PRl

1998 1999 2000 2001 2002

« S/cintegration : 2014 — 2016,
« S/c launched in 2016,
* in orbit operations stopped in 2018.
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MICROSCOPE PRINCIPLE r@=r® _r®
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Potential EP signal at same
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inideal world : T, =[6g, frequency of g modulation
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Variation of signal

At orbital frequency

fep = forbvital
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MICROSCOPE : atest of the Equivalence Principle in space

2 Pairs of concentric accelerometers
SUREF : PtRh10/ PtRh10
SUEP : PtRh10/Ti (TAGV)

Micro-satellite at 710 km
Sun-synchronous —f 4 .
Circular orbit Jer = Jot Jspin
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Performance of the satellite and T-SAGE

Session 174, 120 orbites, FFT(XEXTICLI)

% Drag-Free and Attitude Control System
(DFACS)

» Linear acceleration controlled at 3x1013 m/s2

> Angular motion controlled by hybridizing the ¥
star sensor and the accelerometer : better B
than 3x 101%rad/s

"iSpec = 102ms2

<+ T-SAGE: reference accelerometer for the
DFACS & scientific instrument

» At the heart of the satellite and the data 10°
process

» Instantaneous resolution: 10-1ms—2Hz1/2

%

DIFf_X_REF SD[/Hz"*]
=
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» Integrated accuracy over the scientific
selected duration: 8.7x101°m/s2
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The measurement equation

But in reality: i ~ gt
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} Offsets, drifts and systematics
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First results in 2017 and 2019 based on 7% of available data

Num contrainte conso €onso capacite capacite
S U E P dateDebut ﬂ nomFiche ﬂ ﬂ e s ﬂ crit. ﬂ duree ﬂ etat u GazZp J— ﬂ S ﬂ ——— n
BT13:59:55.846867 4321 NO_ECLIPSE_NO_LUNE 2 1.01295 E . . 15
206  2017-02-13T15:40:18.833216 CAL_K1dxDFIS1_01_SUEP| 4322  NO_ECLIPSE_NO_LUNE 2 5.07000 E 4 - 1 9 9 ( )] 1 0 -
207  2017-02-14T00:02:44.983178 4327  NO_ECLIPSE_NO_LUNE 2 1.01295 E 0.5 [ i (S tat) i S y S X
208 2017-02-14T01:43:07.970959 CAL_K1dxDFIS2_01_SUEP| 4328 NO_ECLIPSE_NO_LUNE 2 5.07000 E 2.9 BoT
209  2017-02-14T10:05:34.128091 4333 NO_ECLIPSE_NO_LUNE 2 3.07939 E 10
210 2017-02-14T15:10:44.141758 EPR_V3DFIS2_01_SUEP| 4337 NO_ECLIPSE_NO_L .
211 2017-02-18T01:45:43.539435 4387 NO_ECUPSENO L FFrom | east sguare f|t 4. H
212 2017-02-18T04:15:53.554441 EPR_V3DFIS2_01_SUEP| 4388 NO_ECLIPSE_NO_L q 35 . . Over 120 orbits
213 2017-02-23T09:55:00.000000 4464 NO_ECLIPSE_NO_LUNE 0 0.00000 E 6123.1 6213.3 o Statistic a| noise in teg rated
214 2017-02-23T09:55:00.000000 TSNA| 4464 NO_ECLIPSE_NO_LUNE 0 61.80639 E ] 6122.9 6209.7 Rep .
215  2017-02-27T16:00:00.028541 4526 NO_ECLIPSE_NO_LUNE 2 1.01295 E 11 6121.7 6207.8 over 1 20 or b 1ts
216  2017-02-27T17:40:23.014532 CAL_K1dxDFIS2_01_SUEP| 4527 NO_ECLIPSE_NO_LUNE 2 5.07000 E 4.9 6116.9 6199.3 . _
=02 160909 4532 Nn_Fl‘IID(F_Nﬂ_IIINF 2 3.07939 E 104 £106 4 6187 8 ° System atICS - SU tem perature
218 2017-02-28T0; 9.169132 EPR_V3DFIS2_01_SUEP| 4535 NO_ECLIPSE_NO_LUNE 2 120.00000 E 384.8 5721 5781.7 ] H :
219  2017-03-08T13:19:57.511429 4655 NO_ECLIPSE_NO_LUNE 2 2.57703 E 3.7 5776.4 p robe noise inte g rated over
220 2017-03-08T17:35:20.494387 CAL_tetadZDFIS2_01_SUEP NO_ECLIPSE_NO_LUNE 2 5.07000 E 1 ( )
120 orbits (15pK @ fgp

* 90% of systematics come
from upper bound limit on
temperature variations

225 2017-03-09T22:20:01.933724
226  2017-03-10T00:17:19.958477 CAL_K21xx_02_SUEP

4675 ND ECLIPSE NO LUNE 1.18366
4676 |NO_ECLIPSE_NO_LUNE 5.07000

5728.3

8T14:22:59.978006 3944 NO_ECLIPSE_NO_LUNE 1 1.01295 E 09 |
BT16:03:22.968294 CAL_K1dxDFIS2_01_SUREF| 3945  NO_ECLIPSE_NO_LUNE 1 5.07000 E 4.7 [
| ars  cuis-ua-19T00:25:49.137973 3950 NO_ECLIPSE_NO_LUNE 1 3.07939 E 25 - :
—
3| 174 |2017-01-197T05:30:59.159261 EPR_V2DFIS2_01_SUREF| 3953 | NO_ECLIPSE_NO_LUNE 1| 120.00000 E 811 675 ; .
, -01-27T11:42: 5 4073 NO_ECLIPSE_NO_LUNE 1 151531 E 1 06 6719 67496 Over 62 orbits
176 2017-01-27T14:13:07.942964 EPR_V2DFIS2_01_SUREF| 4074 | NO_ECLIPSE_NO_LUNE 1 82.00000 £ 56 18.4 6662.9 6701 ] « Statistical noise in tegrate d
)T 177  2017-02-02105:39:19.100109 7156 NO_ECLIPSE_NO_LUNE 1 257703 E 18 2 5661 5699 ) .
)| 178 |2017-02-02T09:54:42.094912 CAL_tetadZDFIS2_01_SUREF| 4159  NO_ECLIPSE_NO_LUNE 1 5.07000 E 31 2.8 6657.8 6696.2 . System atics evaluated with
|| 179  2017-02-02T18:17:08.262799 4164 NO_ECLIPSE_NO_LUNE 1 1.01295 E 06 07 6657.2 6695.5
1| 180  2017-02-02T19:57:31.253445 CAL_tetadYDFIS2_01_SUREF| 4165 | NO_ECLIPSE_NO_LUNE 1 5.07000 E 26 3.1 6654.6 6692.4 tem per ature measurements
B 4170 NO_ECLIPSE_NO_LUNE 1 1.18063 E 39 36 6650.5 6688.3 . T
CQG VOl 36 N22 Oct 2019 2171 |NO_ECLIPSE_NO_LUNE 1 5.07000 E 132 135 6637.1 6674.5 and evaluation of sensitivity
2176  NO_ECLIPSE_NO_LUNE 1 118365 E 04 06 6636.6 6673.8
AB% [ ZULI-UZ-UST 103041 D704ZD CAL_RZIXX_UZ_: >um:F 4178 NO_ECLIPSE_NO_LUNE 1 10.00000 E 5.1 5.3 6631.4 6668.5
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Improvements performed since 2017

 More than 2500 orbits of science

d ata h ave bee N cumu Iated MICROSCOPE : 13 193 orbits (2016-2018)

« Analysis of systematics:

— Thermal analysis thanks to more than
dedicated 600 orbits

— Satellite cracking led to glitches in
data and to a necessary new

reprocessing of all the mission

— Test with fake signals to asses new
reprocessing procedure
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Systematic error analysis of thermal variation effects on the

bias at f

Dedicated sessions performed :

« To evaluate the measurement sensitivity to
temperature

+ To demonstrate that the main sensitivity is due to
Earth’s albedo arriving on FEEU radiator

* AND thus to evaluate the thermal filtering of this

process : 8Tsy 8TFEEU

and
S8TFEEU 6TRAD

Systematic errors due to thermal variations on
SUEP :

* SU Temperature variations at fzp < 0.1pK

«  Systematic acceleration < 9.3 x 10~1°ms2

* Reduction by a factor 7 with respect to PRL2017

MICROSCOPE systematic error analysis,
Rodrigues et al, CQG 2022 Vol.39 N. 20

Solar panel

d
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Glitches due to satellite cracking

Satellite cracking: 05|

« Transient << 1s seen as a damped pulse
because of accelerometer transfer functions

« Transients have a periodic pattern @fgp !'!'!
» Performance killer

Data Process:
+ Detection along X, Y, Z of glitches > 4.5 ¢

« Data masked with “0” in [T cn-5S€C; T gjicn+10seC]
* |terative method to estimate and to reconstruct the

o
o

Acceleration [m/s? ]

0 . ‘ ‘ . ‘ . ‘
0 100000 200000 300000 400000 500000 600000 700000

Time [s]
missing signal (M-ECM) in the masked data (with : :
the best estimation of noise) Fake signal estimated at 6% accuracy
https://doi.org/10.1103/PhysRevD.93.122007 with SUREF and 0.1% withSUEP
=> Process validated on a fake violation signal of s
3.4x10°15 and 34x10-15 added to the real data Worst case error = 0.06x10-
ﬁl;sauo_uz O N E R A
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Systematic error analysis

Temperature variations : the higher

sensitivity of the instrument than expected is

the major limitation

Non linearity:
- The differential quadratic parameter

(Kogxx) Is calibrated before each session
- The common quadratic parameter (K, ,,)

Is not calibrated and because of large
variations of K, => K, ,, fixed to the
max estimated ground value

S (042

Error in the final result:

F(d Z F(d)
Zl a7
> 15 Budget of systematic error analysis compared to specification analysis [5].
Systematic error SUEP SUREF Specification
sources ms 2 ms 2 ms 2
'Y Earth gravity gradients 00x 1071  0.0x10715  0.0x 10713
1YY Instrument gravity 0.0x 1071 00x10715  0.2x 1015
Iy Satellite gravity gradients 0.1 x 10715 0.1 1075 03 x 10715
r'”  Angular motions 0.1% 10715 0.1x1071%  1.1x 10718
I Instrument parameters 02x1071%  01x10"®  08x 10715
I Temperature variations 9.3 % 10715 17.9% 10715 0.9 % 10-15
It Drag-Free residuals 0.0x10715  00x 107  05x 1071
(" Magnetic sensitivity 0.0%10°15  0.0%10715 041015
Iy Non linearity 6.0x 10715 31x 1075 08x 1071
Total quadratic sum (ms~2)  11.5x 10715 18.3 x 10-15

Total systematic errors for the Eétvis ¢ estimation with g = 7.9 m/s?

Quadratic sum of errors

1.5x 10

15

2.3 x 10718

gl;:BLIQUE O N E R A

FRANCAISE

gbﬂ[x"
Agalivé HE F CH AERC CE LAB
Tratermié THE FRENCH AEROSPACE LAB

12



Einstein’s GR theory has resisted to the more accurate

experiment ever realised
No violation > 2.7x10-%°

SUEP .
8(Ti, Pt) = [-1.5 + 2.3(stat) + 1.5(sys)] x 10715~ 2.7 x 10715

SUREF :
5(Pt,Pt) = [0.0 + 1. 1(stat) + 2.3(sys)] x 10715~ 2,5 x 101>

Physical Review Letters (American Physics Society): Phys. Rev. Lett. 129, 121102

Classical Quantum Gravity (IOP Publishing): An special edition of 11 papers, CQG
Vol 39, N.20, 2022

DATA AVAILABLE ON : https://cmsm-ds.onera.fr/
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A jump in accuracy

1,00e+00 ~ ? € Philoponus (~500)
1,00E-01

Evolution of EP test accuracy along the time

1,00E-02 ~
1,00E-03
1,00E-04
1,00E-05
1,00E-06

1,00E-07

MICROSCOPE
breakthrough
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1,00E-15
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This outstanding accuracy resuits from a long and hard
collaborative work

/7

“ Experts in very different technology and scientific areas
» Performance Group (CNES, ONERA, OCA, ZARM)
» Science Working Group (IHES, Imp. Col., Delf Un., ZARM, DLR, ENS, LKB, IGN)
» Numerous of out of project experts in CNES, ONERA et sub-contractors
“ It is the first experiment in space dedicated to EP test: one shot success
Il And 100 better than any other ground experiement since 4 century
* There is a lot of reasons to violated the EP => testing with better accuracy
Is still a major topic in Physics

% The experience return of MICROSCOPE lets imagine even more accurate
experiment in space in the future.
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