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Summary

» Gravitation and general relativity

« MICROSCOPE : A Physics Lab in space for the test of Equivalence Principle
« MICROSCOPE results

 And now what’s beyond ?
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Gravitation before Einstein — XVIlI Century

 (Galileo:
Gravitation = force that leads all bodies to fall to the Earth
tZ
h(t) = =<~ + ho
« Newton:

Gravitation is the same force that rules the free-fall and
the motion of planets around the Sun

— Universal Gravitation :
F=G

mim;
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All seems to be solved

Solar system better understood.

New planets discovered.

BUT Mercury does not fit the model

* Perihelia of Mercury is in advance by 43

arc-sec per century 0 =5599,7 £ 0.04 arcsec

- Einstein General Relativity explained it all : Onewton = 8/ — 43 arcsec

Sun Mass modifies space and time nearby and
affects Mercury

5599 arcsec = 1,5553 degré
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The Einstein’s Eureka : the fall of bodies

Force of inertia
F =m;a 3

a=g

Force of gravity
__ GM7

F,

g 2

mg=mgg




EQUIVALENCE PRINCIPLE= FONDATION PRINCIPLE

 Force of gravitation : F;, = myg “ “
2" law of Newton for free-falling bodies : m;a = F; = myg lg

mg, = mass grave m; = mass inert

General relativity: a=g = —=1

T _mg2
Universality of free-fall 2 (it *niz)

Eotvos Parameter
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Why to test EP

V2

1‘S>+1‘ ) Quantum Physics General relativy

1900: 2 Theories made Physics jumping in a new era !

atomic scale

vz | 7

Both theories have led to outstanding predictions
Both theories seem nevertheless incompatibles

The Graal of Physicist : the theory of everything (quantum gravity, string
theory, ...) => could violate the EP at 10-'* (Damour 2002)
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MICROSCOPE - test of Weak Equivalence Principle

Objective : to test n with 10-1> accuracy

To measure an acceleration of : 107 1°g = 7.9x10715m/s2

2 materials : PtRh10 vs Ti (TAG6V)

Cylindrical test-masses controlled by electrostatic forces Aqd = 0

To measure the difference of acceleration and to detect a_

potential signal at “g” frequency modulation along X Signal at

fEP = forbital

Différence d'accélération

Micro-satellite: & V- g .

08

Launch at 710 km, circular orbit, sun synchronous
320kg-14mx1mx1,5m
Cold gas propulsion for a drag-free and attitude control 3

.,  malmg e _
e ONERA E6tvos Parameter n = —— T
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MICROSCOPE - test of Weak Equivalence Principle

Objective : to test n with 10-'5 accuracy fop = f, + fopin P,

To measure an acceleration of : 107 1°g = 7.9x10715m/s2

2 materials : PtRh10 vs Ti (TAG6V)

Cylindrical test-masses controlled by electrostatic forces

To measure the difference of acceleration and to detect a_ ;
potential signal at “g” frequency modulation along X

Micro-satellite: &

Launch at 710 km, circular orbit, sun synchronous
320kg-14mx1mx1,5m

mgl mg?2

Cold gas propulsion for a drag-free and attitude control Eotvos Parameter ) = al-az _ 1(111)111';1 111)111'52
_(a1+a2) =S|l

2 2\mil mi2
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Instrument : 2 double accelerometers for the test

2 Sensor Units on board which comprise each 2 concentric test-masses
SUEP : Sensor Unit with Ti / PtRh

SUREF : Sensor Unit with PtRh / PtRh, helps to get confidence on the
overall performance and data process

Vgsin(agt), Capacitive Detection
.
(e [l ! I s
S e P
I | € PtRh or Ti
il I ! I N
' i PtRh
I I I I [24pits ADC]| | -
N | Bridge | H.F  [Synchronous i . }
Capacitance bridge RY; M"l‘;‘"l'l"‘;ﬂ .umplll'lcr demodulator —t
Y - . . ‘
[sic oBc [(EEIPID controller]
Voltage amplifiers _ 16bits DAC
eC eC, 2&S
F=F-F=x|Z2(V,-V,-V, t V, +V, +V, t - s AVRY,
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DRAG-FREE SATELLITE LABORATORY OF PHYSICS

With capabilities of stimuli production:

55 linearor angular sine accelerations,
E » Test-masses displacements,

-@- > controlled thermal heaters (Off in science
\

mode).

Bandwidths: 12 SU control loops (1Hz) + 6 DFACS loop (0.1Hz)
+ 8 thruster loop (10Hz)

MCA software : 4Hz measure sampling rat

I Drag-free @fep better than 10-'° m/s? |

Disturbing
; 50| Forces &
Torques

Dragfree | E.,

Secondary
Inputs
For
CALIBRATION

AR
! f‘F control
laws Thrust

iR
% d-Gas

Satellite
dynamics

. 4 YW //gé c
//%//%

Repartitor
o) |- Attitude
oo control

Q)
[ Teom

4 laws

Esfimates Hybridization | | Attitude measurement m Star tracker

< - filter :
Q.o :
E Angular .
i Acceleration @, [
Measurement 7
- - Linear acceleration Y m
Angular stability @fep better than 0.4urad | measurement
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Performance of drag-free
['(fep) < 3 %X 1013 m/s?
Q(fep) < 4 X 10-12 rad/s?
N(fep) < 3% 100 rad/s

[ 02 <1prad
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Déroulé de la mission : 25 avril 2016 = 16 octobre 2018

. . _ = i
N @ i @ C « | Eciese
\
Science | L
Fine
Coarse
P Instrument
Safe characterisation
Commissioning
OFF N E— — .
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MICROSCOPE : 13 193 orbits (2016-2018) . Session Test EP__ Drag Free  SUREF SUEP
Thermaltest Distance parcourue SpinV3 52 214 1266.08
5% 11:
560 milliards de km Is1 0 23.16
" t T M 1S1+1S2 0 112.78
aller retour lerre — iars Spin V2 152 561.19 101.70
1S1 2.25 138.15
1S1+1S2 0.00 0.00
. Spin V1 1S2 0.00 0.00
Science : 110 Mds km 1S1 20.00 0.00
e 240 aller retour Terre-Lune IS1+1S2 0.00 0.00
calibration EPI 1S1 7.55 0.00
] 2% 1S1+1S2 16.50 0.00
SUREF calibration
1%
Total 821 1642
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Systematic error analysis

Temperature variations :
Higher sensitivity of the instrument than
expected : the major limitation

Non linearity:

The common quadratic parameter is not
calibrated and thus established to worse case
values

Error in the final result: \/Zk(rgfd))Q

Actual budget in the final result
(same result for

1
Systematics 2
1 o2 k,l
Zl_z l L k
0

1 1
MY = 1> =
k Zlg%? 0.2 k.l

Table 15: Budget of systematic error analysis compared to specification analysis [5].

I l

(d) k= errorsource
l = session number

Systematic error SUEP SUREF Specification

sources ms 2 ms 2 ms 2
" Earth gravity gradients 0.0 x 1071 0.0 x 107* 0.0 x 10-1°
T\ Instrument gravity 0.0x 1071  0.0x1071° 0.2x 101
Iy Satellite gravity gradients 0.1 x 107 0.1 x 107 0.3 % 10717
r'”Y  Angular motions 0.1x107%  01x107®  1.1x10°1°
" Instrument parameters 0.2 10715 0.1 x 1015 0.8 x 1015
T',-;f' Temperature variations 9.3 x 1071 179 x 101 0.9 x 10715
F(Td] Drag-Free residuals 0.0x 10715  00x 10715 0.5 % 1012
Iy’ Magnetic sensitivity 0.0x10°%  00x10"%  04x 101
Iy’ Non linearity 6.0x1071%  31x10°15  08x 1013

Total quadratic sum (ms~?) 11.5 x 1071 183 x 10715

Total systematic errors for the Edtvés § estimation with g = 7.9 m/s?

Quadratic sum of errors

1.5 x 10

15

2.3 x 1071°
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Einstein’s GR theory has resisted to the more accurate

experiment ever realised
I'! No violation @ 10-1° level !!!

 SUEP:
n(Ti,Pt) = [-1.5 + 2.3(stat) + 1.5(sys)|x1071>

« SUREF:
n(Pt,Pt) = [0.0 + 1. 1(stat) + 2.3(sys)]x10~1>

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

Classical Quantum Gravity (IOP Publishing): A special edition of 11 papers
(in open access) CQG Vol 39, N.20, 2022
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Ultra-Light Dark Matter a particular case of massive Dilaton

R -
() ()

log4o fp [HZ]
-10 -8 -6 -4 -2 0 2 4 6 8 10 12

95% C.L. excluded area

26.8% Dark
Matter

68.3% Dark Yo
4.9% Ordinary
Energy Matter,

—— Lab - atomic experiments
E6t—Wash

—— MICROSCOPE Ti/Pt 10-15

— STE-QUEST Or ST-GRAAL : 107

54 222 —00 18 —16 —14 —12 —10 —8 —6 -4 -2
l0g,5mg [eV/c7] Dilaton mass modifies the range of Yukawa potential
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Philoponus (,..500) DATA available on

https://cmsm-ds.onera.fr

A breakthrough in accuracy........
1.00E-01 - 1.00E-01
1.00E-02 Galllée - 1.00E-02
1.00E-03 - 1.00E-03
1.00E-04 - 1.00E-04
1.00E-05 Newton Pendulum - 1.00E-05
1.00E-06 " - 1.00E-06
|
1.00E-07 - 1.00E-07
1.00E-08 Balance - 1.00E-08
1.00E-09 Adelberger - 1.00E-09
1.00E-10 Univ. Wash. - 1.00E-10
1.00E-11 - - 1.00E-11
K,O> Observatoire
1.00E-12 ‘\ i BT SOZUB - 1.00E-12
1.00E-13 - - 1.00E-13
1.00E-14 g 2017 [—>e - 1.00E-14
Touboul - e
1.00E-15 Onera — 2022 \ 1.00E-15
1.00E-16 - 1.00E-16
MICROSCOPE \
1.00E-17 e | 1.00E-17
1.00E-18 ST-GRAAL? | 4 00E-18
1600 1650 1700 1750 1800 1850 1900 1950 2000 2050
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CONCLUSION

« MICROSCOPE:
— EINSTEIN is still right at 10-1°
— 1stfundamental physics experiment in space in Europe
— 1st satellite with control of the 6 degrees of freedom in Earth’s orbit
— 1sttest in space of the EP

— The best test of GR ever and very hard to compete in the coming decade

- FUTURE:

— Space can be used for very accurate experiment in Physics

— YES we have to continue the tests on EP as most of Physicist are
convinced that GR is not completed and that EP has no reason to be
maintained in this frame

— The quest of the GRAAL goes on ...with the follow-on mission Space Test
of General Relativity and ALternative theories" (ST-GRAAL)
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Demi-grand axe moyen de Microscope

Where is MICROSCOPE ?7??
Source : TLE/SP_EPHEM Space-Track
Altitude de 717 km =] e

—— -1.16 m/jour (avec IDEAS)

—— -2.19 m/jour (avec IDEAS)

—— -5.17 m/jour (avec IDEAS)
-3.19 m/jour (avec IDEAS)

—— -6.49 m/jour (avec IDEAS)
-14.37 m/jour (avec IDEAS)
Compensation de trainée
Compensation de trainée
IDEAS deployé

7087.0000 -

en

5 ans
7086.0000 1 © ONERA: Adaptative optics — OCA telescope

A [km]

7085.0000 -

Altitude de 713 km o=

THE FRENCH
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