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More and more precision !

Ground & space geodesy accuracy is increasing:

LLR & SLR » From cm to mm
GALILEO
Gravity Probe A to ACES/Pharao » factor 80 on Grav. Redshift

Ground & space astrometry:

Gaia, Gravity » from milli to micro-arcsecond

Navigation of interplanetary probes :

Cassini Experiment, use of Ka Band
MORE Experiment on BepiColombo »  factor 10 on Doppler
JUNO Experiment 2016, JUICE towards 2030

Need to describe light propagation/dynamic more

precisely in relativistic framework : go to 2PN theory !
(see Kopeikin, Klioner, Soffel, CLPL, Teyssandier & Hees works)

® One can catch more relativistic effects
® But we can also study alternative theory => SME !




Lorentz symmetry violation : SME

* SME: consider violations of the Lorentz symmetry (coming from more

fundamental theory) in all sectors of physics

®* metric parametrizing a violation of Lorentz symmetry in the gravitational

sector depends on 5"” :does not enter PPN of fifth force formalisms

* currently a few analysis (Gravity probe B, binary pulsars, LLR postfit

analysis)

* matter sector leads to violations of the EEP (in terms of the so-called
a" coefficients). Go to gravity-matter coupling ?

Can Solar System observations constrain Lorentz symmetry violation ?

see Q. Bailey, V.A. Kostelecky, PRD, 2006
V.A. Kostelecky, J. Tasson, PRD, 2011



SME Post-fit analysis of experiments

Several papers on Lunar Laser Ranging, Gravity
Probe B and binary pulsars :

I5TT| < 1.6 x 1075 (95% C.L.),
Shao PRD 2014

But can we speak about Constraints ?

Not really, we are speaking about post-fit
analysis. Exception : Battat et al. 2007, but the
dynamical modeling is far from reality and
finally is not adequat. We are missing several
key points : data time span analysis, correlation
with others parameters, modeling & fit in GR
and then another fit in the residuals...

memsssssm) Over-estimation of SME coefficients !

TABLE IIl. The predicted sensitivity to each 5;;z parameter
(from [6]) and the values derived in this work including the
realistic (scaled) uncertainties (Fo) with F = 20. In this analy-
sis, the PPN parameters were fixed at their GR values. The SME
parameters are all within 1.5 standard deviations of zero. We see
no evidence for Lorentz violation under the SME framework.

Parameter Predicted sensitivity This work
sH_522 10710 (1.3+0.9) x 10710
512 101 (6.9 + 4.5) x 107
592 1077 (=5.2+48)x 1077
501 1077 (-0.8x1.1)x107°
S0,c 1077 (0.2x3.9) x 1077
50,5 1077 (-1.3+x41)x 1077

Battat et al. PRL 2007

TABLE 1. Pulsar constraints on the coefficients of the pure-
gravity sector of mSME [13]. The K factor reflects the improve-
ment over the combined limits from lunar laser ranging and atom
interferometry [24]. Notice the probabilistic assumption made in
the text.

SME coefficients 68% confidence level K factor
57X (=5.2,5.3) x 107 118
57 (-7.5.8.5) x 107° 163
572 (—5.9,5.8) x 107° 650
XY (-3.5,3.6) x 107! 42
5X2 (—2.0,2.0) x 10711 70
§Y2 (-3.3,3.3) x 107! 42
XX _5vY (=9.7,10.1) x 10! 16
§XX 4 §¥Y 2577 (—=12.3,12.2) x 107! 310

Shao PRL 2014
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McDonald / Saddle
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+ Apache Point

100 ———— T

Ap, cm

Up to now :

* but ONLY Upper Limit

« NO constraint on gravitational sector of SME

JPL DE430 Moon rms
Folkner et al. 2014

>

Pre-Process data, dynamical modeling
& fit in a complete SME framework
In 3 words : Our Ultimate Goal !



Today Menu

Appe&izers

Post-fit analysis with planetary ephemerides

Main dishes

Constraint with Very Long Baseline Interferometry
&
Constraint with Lunar Laser Ranging

Desserts
Simulations for Solar System Objects with Gaia data



Planetary ephemerides and Lorentz symmetry

* Use of observations to fit orbital dynamics: optical, radar, VLBI,
spacecraft tracking (~ 800 000 observations)

* influence of SME on orbital dynamics studied in a.Bsaikey, v.A. Kostelecky, PRD, 2006

d n e _ (e —¢)_ 2nae -,
= > Skpsinw + SkQ COSW — Se cosw

dt sini(1 —e2)1/2 |e e? ec
dw ./ dS) (2 —2¢) _ _ 2na(e* —e) g
<E> = —Cos1 <%> —n [ 5o (5pp — Sgq) + 31— 62)1/2S®]
* Post-fit Bayesian analysis with INPOP10a (room for improvement

by integrating directly the eq. of motion) nPop1oa: A. Fienga, et al, Cel. Mec. Dyn. Astr, 2011

 difficulty: strong correlations. Reason: similar orbital plane and

eccentricity



SME Upper limits from planetary ephemerides

see A. Hees, Q. Bailey, CLPL et al, PRD, 2015

SME coefficients Estimation

FXX — Y (0.8 £2.0) x 1071° o __UnitBox
5¢ = §XX 4577 — 2577 (-0.8 £2.7) x 10710 T e o0
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-X7 ' ' ~11 % ¢ 10710
S (—10 + 35) x 10 la 572 1o-11
57 (5.5 +5.2)x 10-12 %ﬁ 10::
SIX (—2.9+£8.3) x 107 5 . o 107
STY (0.3 +£1.4)x 1078

Stz (=0.24£5.0) x 1078 ()

* best Upper Limits on some linear

combinations (difficult to decorrelate)
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a(@",)” (4.8 +8.2) x 107+ GeV /(> _ o
o) (=11 £19) x 107 GeV/c? matter/gravity coefficients




Very Long Baseline Interferometry VLBI

Observations of quasars

1. Statistically not moving

2. With 2 radiotelescopes, we are able
to fix the Earth orientation withrespect.

to quasars

Very Long Baseline Inter
of

kinematical position of the Earth in | N

radio-
telescope
5

repeated for several \\'
different quasars

separation (accurate to 2 cm)

observable :

time delay between the
reception of signal at the
radiotelescopes




Internatlonal VLBI service (IVS)
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* monitoring the Earth's rotation
e determining reference frames

,/ - y ;
Canary /" — L S ) . Kashima 11
o = B 15 T f‘Koganei

Kokee Park

Mauna Kea

” b \;k} 5 data centers and 29 analysis centers

Hobart /j

o N | IVS-OPAR @ SYRTE/Obs. Paris
ol | 7 | lead : S. Lambert

ﬁ' Future IVS Site

oy S

f

“ | A ] T
PO N7 \g_ yS .
g /I" Syowa S
P NN 3 1 = )
T [ /
— L {/ /
e AN / [
e - \{
_ S
o5 g s o s 20 50

Use Mark-5 VLBI Analysis Software Calc/Solve. Observation time span : From August 1979 to mid-2016
109 programs, 3680 modules almost 6000 VLBI 24-hr sessions

1.02 million lines of source code (correspondingly 10 million delays)
written mainly in Fortran-95




Modeling SME-VLBI delay & fit

Elongation to the Sun [°]

Lambert & CLPL, 2009 and 2011 : determination of PPN Gamma at
the level of 104,
1 order of mag below Cassini but strong statistics & robustess

First, we derive the VLBI delay in SME from Bailey (2009) :

GM
c3

AT(grav) =2

with @1 /> positions of stations and 7, /5 = |1 /5|

7“1—|—k.:131 gé\]/W

2
(1 — §§TT) In

ro +k.xo 3 3

ni/ =

and k is the direction of the source.

1980 1985 1990

Time [years]

1995 2000 2005 2010 2015

* Modification of CALC with module
USERPART. Test with post-fit
analysis : 5'7 = (—0.64+2.1) x 10°°
« 2 & 8 Ghz for solar activity

P /

« 8 Ghz for SME analysis

-10
« Systematics on CONTO08 data / 1

but we kept them.
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International Laser Ranging Service (ILRS)

P
ILIRS

O Grasse 53.5%
B McDonald 38.5%
B APOLLO 5.5%
[ Haleakala 2.3%

« 20721 normal points 08/1969 to 12/2013

il POLAC @ SYRTE/ Obs.' de Paris * Prediction tool for LLR station
Lead : S. Bouquillon

Official ILRS LLR data center * Validation of LLR observations

* Analytical theory of Moon motion : ELP



LLR and SME

State of the art

week ending
PRL 99, 241103 (2007) PHYSICAL REVIEW LETTERS 14 DECEMBER 2007

Testing for Lorentz Violation: Constraints on Standard-Model-Extension Parameters
via Lunar Laser Ranging

James B.R. Battat, John F. Chandler, and Christopher W. Stubbs

Harvard-Smithsonian Center for Astrophysics, Cambridge, Massachusetts 02138, USA
(Received 6 September 2007; published 13 December 2007)

We present constraints on violations of Lorentz invariance based on archival lunar laser-ranging (LLR)
data. LLR measures the Earth-Moon separation by timing the round-trip travel of light between the two
bodies and is currently accurate to the equivalent of a few centimeters (parts in 10! of the total distance).
By analyzing this LLR data under the standard-model extension (SME) framework, we derived six
observational constraints on dimensionless SME parameters that describe potential Lorentz violation. We
found no evidence for Lorentz violation at the 107¢ to 107'! level in these parameters. This work
constitutes the first LLR constraints on SME parameters.

DOI: 10.1103/PhysRevLett.99.241103 PACS numbers: 04.80.—y, 06.30.Gv, 11.30.Cp

14401 normal points spanning over 09/1969 to 12/2003.

Post-fit LLR analysis:
» Looked for analytical signals derived in Bailey et.
al., 2000.
« Planetary Ephemeris Program (PEP) developed at
MIT to re-iterate => cross-correlation possible

Provide 6 SME coefficient estimates combinations at the
level 107% and 10~"1. Realistic error o, = Fo with F = 20,
from PPN analysis.

1z

a = cste and B = cste. From observation T=2n/a = 2n/Bf =18, 6 .

span.

others global parameters, only cross-correlation.

Lunar potential
2d degree !

Analytic solution only accounting for short periodic terms. Only available for few years time-

Least-square fit, estimating only SME coefficients. No correlations taken into account with

FIG. 2. Lunar orbital parameters: here the Earth is shown

SME oscillating signatures at the same frequencies than natural frequencies : translated to the center of the Sun-centered coordinate system.
. The lunar orbit is described by ry, the mean distance between the
5TSME (t) = ASME’ COS (2Wt—|_29) —+ BSME S111 (2Wt+29) Earth and Moon, e (not labclc(c)i) the eccentricity of the lunar

orbit, «, the longitude of the ascending node, (3, the angle

5r2w,29 (t) — [A20 _|_A22] CcoS (2wt+29) _|_ B22 Sin (2wt+29) between the normal to the lunar orbital plane and the normal

to the Earth’s equatorial plane, and @, the angle, along the Lunar
orbit, subtended by the ascending node line and the position of

the Moon at 7 = 0. Reprinted figure with permission from [6].
Copyright 2006 by the American Physical Society.



ELPN, SME lunar ephemeride

Dynamical modeling from scratch : ODEX, Everheart
» Integrate the motion of Solar System bodies | quadruple precision = 10-34
« Newtonian point-mass interactions. 6 CPU days of a solution !

°
v

Figure potential of bodies : <
« Orientation of bodies,
« J, of the Sun,

* Jo, J3, Jy and J; of the Earth, Pre-processing of LLR normal points :
* Degree 2, 3, 4 and 5 of the Moon. Update of the CAROLL software
Tidal and spin effects : « Tchebychev polynomials of the solution and partials.

« Dissipation inside anelastic bodies, . L . e
. Time-lag of degree 2 with RK4, LLR analysis in SME framework by chi-square fitting

Relativistic point-mass interactions : aM 3
* Solar system barycentre, afy = — [SZIKTK SKLAK LT | 3gTK /K 7
* Integrate the time scale correction (in pure GR). o 2 X X
« SME correction for Earth-Moon system only — gy ek gty kg ggtly Kpkphyd
Lunar librations :
« Momentums due to punctual (5% degree) and extended
(2t degree) bodies,
« (Geodetic precession effect,
* Fluid lunar core,
* Friction between solid mantle and fluid core.

 Integrate partials at the same time than forces and momentums.

v

)

2D (1 10k )]

ODE system of 6000 equations X



Po-pc [cm]

ELPN vs JPL-DE430

We compute difference pre (black curve)

and post-fit (red curve) between DE430 ‘

and ELPN over the orbit of the Moon.
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LLR Stations Years NP  wrms (cm)
Mc Donald 270cm  1969-1985 3480 29.3
Mc Donald MLRS1 1983-1988 584 43.6
Mc Donald MLRS2 1988-2014 3100 4.5

Grasse (Rubis) 1984-1986 1154 14.7

Grasse (Yag) 1987-2005 9294 3.4

Grasse (MeO) 2009-2014 966 1.2

Haleakala, 1984-1990 735 7.4
Matera 2003-2014 79 9.3
Apache Point 2006-2014 1787 3.9



O ur S M E anda Iys is Bourgoin et al. PRL 2016, arXiv:1607.00294

_ A _ gXX _ gyy B _ XX | gYY _ o ¢ZZ A _B
SME parameters considered :°, _TY P U s"and s
§7 = +0.43 5 s7 =387 —0.0458" “. Enforce the traceless condition
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| T Sigma over-estimated.
g \Variation of SME sigma with data-set > Need to find a realistic scale
0.5 -I- _I, -I- - _I_ . .I. - factor F (not from PPN |)
I { 3 P S Jackknife resampling method allows to estimate systematics uncertainties :
wory [ |’
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b 1L 12 XI XV xv * by a factor 30 to 800 results from Battat et al. 2007 ( different combinaison)
/I/O L1 L2 XI XIV XV
study of svst % tics | it data set | * by a factor 5 post-fit analysis of 1 coefficient from binary pulsars
udy of systematics, i.e. split data set !




LLR & GRAIL

Launched : 09 / 2011
Science : 03-05/2012

Improved knowledge of Moon’s
gravity field by a factor 100.

Our idea :
Combine LLR & GRAIL data together.

Why ?

Traceless  condition is  slighty
correlated with effects from lunar
potential (at same frequency)

Project ongoing @ SYRTE (CLPL) +
Univ. Bologne (Bourgoin) + UNI Bern
(Bertone)




8 Astrometrlo soannmg satelllte Iaunohed 12/2013

E observatlon of ~ 1 b|II|on stars 3D mapplng of our ‘
~galaxy ' -

- parallax to 25 pas éhd vp‘roper*motion to-15pas'/yr: ,_*f?
- coIours from Iow resolutlon spectro photometry

v radlal velooltles from spectrometer b

= rae—vo oy

~ Astrometric and phot'metrlo measurements for a
large number of Solar System Objects (SSO)
'.malnly aster0|ds “ ' \

ik SO
PRt




Gaia and SSO (asteroids)

* Use GAIA asteroid observations = advantage of a large

sample of different orbital parameters (300 000 objects)
- decorrelation of SME parameters \ i
- complementary to planetary ephemerides (different bodies, e \\ ™/ g
different type of observations, different method to analyze the data) : A\

Apaollos -

* accuracy ~ 0.2-0.5 mas

Perihelion precession Asteroid belt
(relativistic
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How simulate Gaia SSO observations ?

done by Gaia WP DU460

Initial condition
10 000 ast.

- sensitivity
- correlations
- bias

- local parameters (IC)

- global parameters (grav. theory, J,, ...)



Parameters considered

* |ocal parameters: 6 initial conditions / asteroids (60 000 par.)

* global parameters:
- Solar Quadrupole moment Jo.
- Post-Newtonian Parameter
- Sun Lense-Thirring effect: depends on the Sun spin S
- Violation of the Strong Equivalence Principle (Nordtvedt effect): n
- Fifth Force formalism: (1, a)
- Time variation of G: constant G/G
- Periodic variation of G

- Standard Model Extension formalism: s#**

* 10 000 asteroids with astrometric accuracy of 0.2 mas



What to expect with 5 years mission

SME Parameter | sensitivity (o)
st — 5"y 9 x 10712 : :
xx v 2| 5.0 Main advantage: decorrelation of the SME parameters
XY 4 x 10712
X% 2 x 10712
§¥7 4x 10712 1+ order of magnitude improvement wrt current upper limits for
st 1 x 1078 several SME coefficients
1Y 2 x 1078
sz 4% 1078
No Correlation at all ?
§XX . gYY EXX i gYY . §ZZ gXY §X Z EYZ ETX gTY gTZ
§XX . gYY 1
gXX 4 g¥Y _ 522 0.28 1
sXY -0.06 -0.01 1
X% -0.17 -0.06 0.46 1
s¥Z -0.16 0.71 0.01 0.01 1
gr'X 1073 -0.01 -0.01 1073 -0.01 1
sty 0.03 0.09 0.01 -0.01 0.02 -0.16 1
sh4 -0.02 0.1 -0.01 0.01 -0.02 0.13 -067 1




Preliminary results with 10000 Gaia SSO

* First possibility to decorrelate all SME parameters
* Analysis done including the Sun J2: similar results ; J2 decorrelates as well

* Improvement by ~ 1 order of magnitude wrt current upper limits, but based on
10000 SSO simulation, not 300 000 as expected with Gaia ©

* Results obtained on 5 years time-span and pessimistic astrometric accuracy

* We plan to extend the study to include gravity-matter coupling, but we have to
consider also Gaia photometric observations m————) Neced of light curve !

* Possible extension to 10 years mission. Simulations ongoing.

details in Hees, Hestroffer, CLPL & David, SF2A proceedings 2015, arXiv:1509.06868
Hees, CLPL et al. in preparation for PRD



What’s next ?
Satellite Laser Ranging (SLR)
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Wetzell Geodetic Obs., Germany

LAGEOS
1976 — today !
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But a lot of probes are
tracked every day...
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Modification of CNES/GINS software (similar to OD-ODP, Orbit14 & GeoDyn) to be able
to perform orbit determination of probe in SME framework :

« apply to LAGEQOS, LARES.

« Consider also the case of interplanetary probe as Cassini, JUNO or JUICE



Conclusions

Build a framework of systematic SME tests with Solar System usual experiments :
 VLBI and LLR complete
 New modeling of observation analysis developped
 New dynamical modeling developped
* New fitting procedures developped,

Possible to add new
« Versatile tools. Modifications are under control =— )

features on request.
PLEASE FEEL FREE TO

We do not work with post-fit residuals to find SME signal : CONTACT US !

« Complete process from the data analysis in SME
» Assess correlation between local & global parameters
* We derive realistic constraints not upper limit !

Soon, SLR and navigation experiments will be available...
Construction of ephemerides directly in SME (planetary and natural satellites) :
» Discussion with planetary ephemerides people ongoing

« Ongoing work on Martian Moon (Phobos and Deymos) as a test case

Gravity-matter coupling to be done soon.
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SME coefficients Estimation
T k - \A’ I l l XX — 1Y (9.6 £5.6) x 107!
a e a ay essage 5 = XX 4 5¥Y — 2577 (1.6 2 0.78) x 10710
§XY (6.5+3.2) x 107!
VLBI: 5T = (—5+8)x107° Gt 50 x 10
CLPL, Hees & Lambert, PRD 2016 S g:g-g * g-g <10
arXiv:1604.01663 577 (0.8 4+ 5.8) x 10~
a(ase)™ + a(aly)* (=7.6 £9.0) x 107% GeV/c?

& ) a(aty)? + a(a’y)? (=62 +9.5) x 105 GeV /2
SME Other works This work a(asy)? + a(aly)? (1.3 +£2.2) x 107* GeV/c?
57| (+5.2£5.3) x 1079 [(=0.9 £ 1.0) x 10~ agc}gff;;‘ (—é‘;;—; g-’é)) 1o gi‘\’léii
Y |(=35+£3.6) x 107 |(=5.7£7.7) x 1072 a<a§§)z (—1.1 + 1.9) x 103 GeV /¢
557 1(-2.0£2.0) x 107" [(=2.2£5.9) x 107" Planets: Hees, Bailey, CLPL et al. PRD 2015

54 |(-1.0£1.0) x 107'|(+0.6 £4.2) x 10" \ arXiv:1508.03478 )
5 |(~1.04£0.9) x 107® | (+6.2+7.9) x 107°
57 [(=1.24+1.2) x 1071°](4+2.3 4+ 4.5) x 107! / SME Parameter | sensitivity (O'N
LLR :Bourgoin, Hees, Bougquillon, CLPL et al. R oS 9x10m e
\ PRL 2016, arXiv:1607.00294 ) s +8 =5 2x 107
: XY 4 x 10712
SSO & Gaia Xz 5 v 10-12
A. Bourgoin A. Hees Hees, Hes_troffer, CLPL & David %M A % 10-12
CLpL arXiv:1509.06868 TX | % 10-8
s1Y 2 x 1078
\ Tz 4% 108 J

Review paper : Hees et al., Universe 2016, arXiv:1610.04682

Usual suspects in conference ! Special thanks to Quentin Bailey for discussions & contributions



