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EQUIVALENCE PRINCIPLE

17/11/2020Rencontre du DEDIP 2

The Equivalence Principle (EP) is a fundamental law of physics that
states that gravitational mass is equal or proportional to inertial mass. 

Þ All the bodies subject to a same gravitational
field, fall with the same acceleration.
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WEAK EQUIVALENCE PRINCIPLE

Galileo (XVII Century): 

“In a vacuum with an 
uniform gravitational 

field, all the bodies fall with 
the same acceleration 
whatever their mass or 

composition” 

Rencontre du DEDIP 3
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Rencontre du DEDIP 4

STRONG EQUIVALENCE PRINCIPLE

Einstein (XX Century) :

“There is no experiment 
that can distinguish a 
uniform acceleration 

from a uniform 
gravitational field. 

On Earth In Space
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EQUIVALENCE PRINCIPLE AND DEFLECTION OF LIGHT

Rencontre du DEDIP 5

Inside view
Light travels along straight light.

Laser beam exits the elevator at the same height
as it enters the elevator. Outside view

The light ray cannot remain horizontally. It has to bent

Both observers have to agree that the light finally leave the elevator
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FUNDAMENTAL PILAR OF THE GENERAL RELATIVITY

The equivalence principle implies (at least, suggests) that the action of gravity 
should be attributed to the curvature of space-time.

Rencontre du DEDIP 6
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during a solar
eclipse

Einstein and Eddington

VERIFICATION OF THE SPACE-TIME CURVATURE

Rencontre du DEDIP 7
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TESTS OF EQUIVALENCE PRINCIPLE

Rencontre du DEDIP 8
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MOST RECENT EP TESTS

Experience Eöt-Wash: 10-13

In 2008, the Eöt-Wash group reached a 
precision of 10-13, using a torsion balance

Rencontre du DEDIP 9

The Lunar Laser Ranging
experiment: 10-13

Measurements of the 
distance between the Earth

and the Moon allows to 
reach a precision of 10-13, 

using laser ranging. This 
uses reflectors planted in 

the Moon during the Apollo 
program and Russian

missions.
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MICROSCOPE MISSION
MICROSATELLITE À TRAINÉE COMPENSÉE POUR L’OBSERVATION DU PRINCIPE D ’EQUIVALENCE

Builder CNES

Goal Vérification du prince 

d’équivalence faible

Launch Avril 25th, 2016

Launcher Soyouz

End of Mission 15 Octobre 2018

Orbit Sunsynchronous Polar 

Orbit

Principal instrument T-SAGE (accéléromèters)

Rencontre du DEDIP 10

Credit : CNES
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MICROSCOPE PRINCIPLE

Rencontre du DEDIP 11

120 orbits

4.
00

0.
00

0 
km

Equivalence Principle Microscope mission Microscope data analysis Microscope missing data

Credit : ONERA
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T-SAGE 
TWIN SPACE ACCELEROMETER FOR SPACE GRAVITY EXPERIMENT

Rencontre du DEDIP 12

The two Accelerometers (or Sensor Unit) each composed of two concentric test masses:
• SU-EP : Equivalence Principle in Titanim/Platinium (on left)
• SU-REF : REFerence in Platinim/Platinium (on right)

T-SAGE Flight model Concentric test masses

One Sensor Unit

Credit : ONERA
Credit : ONERA

Credit : CNES

Equivalence Principle Microscope mission Microscope data analysis Microscope missing data
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EOTVOS PARAMETER

Rencontre du DEDIP 13

The Eötvös parameter:

Acceleration signal : 

�(A,B) =

✓
mg

mi

◆

A

�
✓
mg

mi

◆

B
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� = G
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~�meas
di↵ ' ~K0,di↵

+ [Mc]
⇣
([T ]� [In]) ~�� 2[!] ~̇�� ~̈�+ �(A,B)~g(Osat)

⌘

+ 2[Md]~�app
c + ~�quad

d + [Coupld]
˙̃⌦+ �n

d
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THE MICROSCOPE MEASUREMENT

Rencontre du DEDIP 14

~�meas
di↵ ' ~�meas

A + ~�meas
B
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DESCRIPTION OF THE TERMS

Rencontre du DEDIP 15

Equivalence Principle Microscope mission Microscope data analysis Microscope missing data
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POSSIBLE EQUIVALENCE PRINCIPLE VIOLATION

§ Quasi-circular orbit

§ Two different modes:
§ Inertial mode (no satellite rotation)

§ Spin mode (satellite spinned about its
axis normal to the orbital plane)

Rencontre du DEDIP 16

Equivalence Principle Microscope mission Microscope data analysis Microscope missing data

Credit : ONERA
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MICROSCOPE DATA

Rencontre du DEDIP 17

120 orbits = 8.25 days

Equivalence Principle Microscope mission Microscope data analysis Microscope missing data

Credit : ONERA
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DIFFERENTIAL ACCELERATION POWER SPECTRUM

Rencontre du DEDIP 18

Equivalence Principle Microscope mission Microscope data analysis Microscope missing data

Square root of the measured Power Spectral Density of the differential acceleration along X of SUEP 

Touboul et al, 2019
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MISSING DATA IN MICROSCOPE 

Rencontre du DEDIP 19

Equivalence Principle Microscope mission Microscope data analysis Microscope missing data

EPV Peak

Square root of the measured Power Spectral Density of the differential 
acceleration along X of SUEP (Inertial mode) 
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THE MISSING DATA PROBLEM

Rencontre du DEDIP 20

§ The effect of missing data depends on : 
§ The percentage of missing data

§ The power spectrum of the noise

§ Methods 
§ Autoregressive fit of the noise to build a Generalized Least Square 

estimator (KARMA)

§ Interpolation of the missing data (Sparse Inpainting method)

Y (t) = M(t)X(t)

Equivalence Principle Microscope mission Microscope data analysis Microscope missing data
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SPARSE INPAINTING

21Rencontre du DEDIP

Equivalence Principle Microscope mission Microscope data analysis Microscope missing data

Elad et al., JACHA, 2005

min ||↵||0 s.t. ||�meas
di↵ �M�↵||  �2
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�di↵ = �↵
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Sparse constraint Fidelity term
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SPARSE INPAINTING AND COMPRESSIBLE SIGNALS

Rencontre du DEDIP 22

The top 1% of the coefficients 
concentrate only 8.66% of the energy: 

not sparse in the direct space

Equivalence Principle Microscope mission Microscope data analysis Microscope missing data
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COMPRESSIBLE SIGNALS

Rencontre du DEDIP
23

Wavelet transform

1% of the largest coefficients in 
the Wavelet space

(the others are set to zero)

Equivalence Principle Microscope mission Microscope data analysis Microscope missing data
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COMPRESSIBLE SIGNALS

Rencontre du DEDIP 24

The top 1% of the coefficients 
concentrate 99.96% of the energy: 

Sparse in the wavelet space

Equivalence Principle Microscope mission Microscope data analysis Microscope missing data
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WHAT IS A GOOD REPRESENTATION?

Rencontre du DEDIP 25

W (a, b) = K

Z +1

�1
 ⇤

✓
x� b

a

◆
f(x)dx

Many small coefficients

Few large coefficients 

Index k’ sorted by decreasing order

|αk’|

Equivalence Principle Microscope mission Microscope data analysis Microscope missing data
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SPARSE INPAINTING ALGORITHM

Complete Signal

Fourier Transform
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SPARSE INPAINTING ALGORITHM

Fourier Transform

Max 
thresholdIncomplete Signal

Original Signal
Masked Signal
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SPARSE INPAINTING ALGORITHM

Reconstructed signal at iteration 1
Max 

threshold

Fourier Transform

Original Signal
Masked Signal
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SPARSE INPAINTING ALGORITHM

Fourier Transform

Original Signal
Masked Signal

Reconstructed signal at iteration 2
Max 

threshold
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SPARSE INPAINTING ALGORITHM

Fourier Transform

Original Signal
Masked Signal

Reconstructed signal at iteration N
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SPARSE INPAINTING
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SPARSE INPAINTING
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Inertial mode (fEP = forb = 1.8 x 10-4 Hz) Spin mode (fEP = 1. x 10-3 Hz)

Equivalence Principle Microscope mission Microscope data analysis Microscope missing data

Bergé & Pires et al. 2015

min ||�T�̃di↵ ||0 s.t. ||�meas
di↵ �M�̃di↵ ||  �2
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INCLUDING NOISE CONSTRAINT
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Equivalence Principle Microscope mission Microscope data analysis Microscope missing data

min ||�T�̃di↵ ||0 s.t. ||�meas
di↵ �MWTQW�̃di↵ ||  �2

<latexit sha1_base64="rgpbRX/lLRpiXCQRcWc/9krA2Aw="></latexit><latexit sha1_base64="rgpbRX/lLRpiXCQRcWc/9krA2Aw="></latexit><latexit sha1_base64="rgpbRX/lLRpiXCQRcWc/9krA2Aw="></latexit><latexit sha1_base64="DX28zeJ0m4TXDW6yqKAOjl9Cv6U="></latexit>

min ||�T�̃di↵ ||0 s.t. ||�meas
di↵ �M�̃di↵ ||  �2

<latexit sha1_base64="cxVkr4i7hIEIuOm6Xh/C1UsjbyM="></latexit><latexit sha1_base64="GldaoaP58WK9GO7I4VK2vfGpaXA="></latexit><latexit sha1_base64="GldaoaP58WK9GO7I4VK2vfGpaXA="></latexit><latexit sha1_base64="GgEnT9f3ckaM19gpk9hbekygQqQ="></latexit>

Where W is the forward wavelet transform and WT its inverse
transform and Q =

�wl,int

�wl,out
is the linear operator used to impose the

power spectrum constraint
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SPARSE INPAINTING FOR COLORED-NOISE 
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Inertial mode (fEP = forb = 1.8 x 10-4 Hz) Spin mode (fEP = 1. x 10-3 Hz)

Equivalence Principle Microscope mission Microscope data analysis Microscope missing data

Pires & Bergé et al. 2016

min ||�T�̃di↵ ||0 s.t. ||�meas
di↵ �MWTQW�̃di↵ ||  �2
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CONCLUSIONS

§ Inpainting allows to correct for missing and masked data and to 
reach the expected Microscope precision
§ Inertial mode
§ Spin mode

§ Inpainting is very useful in processing the data in the calibration 
phase.

§ One tenth of the data have been analysed
§ No violation of the Equivalence Principle
§ Current limit is 1.3 x 10-14  [a factor 10 of improvement]

§ The remaining data are currently being processed
§ The goal is to reach a precision of 1x10-15
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