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Planetary ephemerides

Theory of planetary (and usually Moon) motions

What for ? )

celestial mechanics and reference frames
tests of fundamental physics
planetology: physics of asteroids, Moon

solar physics

preparation of space missions

paleoclimatology and geological time scales

other topics: preparation of stellar occultations, public
outreach
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Evolution and dynamical modelling
early ages

recent |AU resolutions

JPL DE

INPOP

Observational datasets

Scientific usage

more pratically...
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Evolution and dynamical modelling

m early ages

m recent |AU resolutions
= JPL DE

= INPOP

The Numerical planetary ephemerides

4 /62



2
=

Sun Transit
Optical Astrometry
Transit circle, photos

Good time resolution

—> Good measurments of angles and orbital periods J
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Solar system exploration J

B 1958, First antenna for Pionner 8
B 1960, First radar tracking on

and 9 tracking

planetary surfaces (Mars, Venus)
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3 generations of planetary ephemerides

Gaillot INPOP10a
1913 2011

angle distance | angle distance | angle distance
Earth- Earth- Earth-
" km " km " km
Mercury 1 450 | 0.050 5 | 0.050 0.002
Venus 0.5 100 | 0.050 2 | 0.001 0.004
Mars 0.5 150 | 0.050 0.050 | 0.001 0.002
Jupiter 0.5 1400 0.1 10 | 0.010 2
Saturn 0.5 3000 0.1 600 | 0.010 0.015
Uranus 1 12700 0.2 2540 | 0.100 1270
Neptune 1 22000 0.2 4400 | 0.100 2200
Pluto 1 24000 0.2 4800 | 0.100 2400
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DE102, DE200, DE405, DE414

From 1983 to 1993: DE102, DE200

= DE102 (Newhall et al. 1983), DE200 (Standish et al.)

m Mean equator and dynamical equinox of J2000

s T, (between TCB and TDB, Standish 1998)

From 1993 to 1998: DE403, DE405

DE403: (Standish et al. 1993), DE405: (Standish et al. 1998)
m ICRF with the first VLBI Galileo data
= Asteroid modelling : 5 Bigs + 3 taxonomic densities (C,S,M)

m 1978-1982: Viking, 1986: Pioneer, Voyager, 1999: Pathfinder

From 2003 to 2008: DE410, DE414

= DE410: (Standish), DE414: (Konopliv et al. 2006)

= Mars rover and orbiters (MGS, Odyssey)
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Reconnaissant

La XX VIeme Assemblée générale de I'Union astroncmigue intemationale,

Notant

1. que la Recommandation 5 (1976) des Commissians <, & et 31 de I'UAI  introduit, en
remplacement du temps des éphémérides (TE), une famille &'échelles de temps
dynamique pou les éphémérides barycentrigues et une unique ehelle de temps pour les
éphémérides apparentes péocentsiques,

2. que la Résolution § (1979) des Commissions 4, 19 et 31 de IUAT 4 désigné ves échelles
de temps par Temps dynemique baryeentrique (TDB) et Temps dynamique teestre
(TDT) respectivement, cette dernitze échelle de temps ayant &€ par la suite renommée
Temps terrestre (TT) par la Résolution Ad, 1991,

3. que Ja différence entre TDB et TDT a éé spéeifide comme ne comprenant que des
termes périodigues. o

4. que les Recommandations Tl e ¥ de la Résolution A2 (1991) de I'UAT i) ont introduit
Téchelie de wmps-coordonnée burycentrigue (TCB) pour semplacer TDB, (i) ont
reconnu que TDB était une fonction lindaine de TCB, et (ii) onl aduis que, lorsqu's
dicontioslé aves s lravaux anliricurs it jugks indéeiabie, TDB pouvail St
uilisé, et

que TCB est Péchelle de temps-coordonnée 2 utliser dans le Sysiéme de référence
dleste harycentrique,

- lu possibilieé de réalisations mulliples de TDB el qu'il et délfini setuellement,

Gl pratique d'une Echelle de temps définic de fagon non wmbigué per une

avec TCB, choisie de fagon & ce que, au géocentre, la diffécence entre cette
helle de emps-covrdonnée ot le Temps terrestre () reste fuible pendant un long
intervalle de termps

Tempe Teph uilisdes

5. les recommundations 2006 du Groupe de truvail de I'UAL sur I “Nomenclature pour
Tastronomic fondamentale” (IAU Transactions XXVIB, 2006),

Recommande

que, dans des situations qui demandent ' utlisation d'une échelle de e coundonnde q..i

it xide tnfcewst 1 Teowps oordoenie
proche du Temps Lo
transfe o

Notes

i

-

TDB = TCB Ly & ( JDscs —
T, = 24431 44.5003725 et
it Ly = 1.550519768x10°* ¢t TDBy = - 6.55x10°°

cenirigue (TCB) et o
intun long interale e traps, TOD it par s
e susvants 6 TCB

)% 86400 + TDE,.

s sont des congtantes de définition.

Dy est 1a date Tulienne TCB. Sa valeur est T,= 2443144 5003725 pour 'évinement
1977 Janvier 1 00 00m. 005 TAL au géosentre, et il augmente de | par 86400 s de TCB.

La valeur fixe que cette définition assigne & Ly est une estimation sctuelle de L+ Lo~
Le % L. 0 Lo est donné dans la Résclution B1.9 de I'UAT2000) et Le a &6 délerming
(Irwin & Fukushima, 1995, . 642) en utilisant les Ephémérides DE40S du JPL
Quend on utilise les éphéméndes planétaires DEAOS du IPL. La valeur de définition Ls
élimine trés efficacement une dérive lindaire entre TDB et TT. évaluée au géocentre.
me..g P'on réalise TCB en wilisant &' autres éphémérides, la diffécence entre TDB et

aluée au géocentre, peut inclure une dérive induire, qui ne deveuil pas dépasser
L s par an

La différence entre TDB et TT, évaluée 2 la surface de la Terre, reste en dessous de
2 ms durant plusieurs millénaires autour de |'épogue sctuelle.

Targument temporel ulilisé pour les éphéméridos DEAOS, qui st appelé Tep
(Standish, AdA, 336, 381, 1998). ext, pour des applications pratiques, le méme que TDB
(il ext défini dans cette Résalution.

Le terme constant TDBy est choisi de fagon & assurer une cohérence satisfaisante avee la
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DE421, DE430 : (Folkner et al. 2009, 2014)

2008: DE421 (Folkner et al. 2009)

= Densification of Mars orbiter data (range, VLBI), VEX, Cassini
m fit of AU, Tepn — |AU TDB, fixed Sun J2
m 5 Bigs orbit integrated, 276 asteroid orbit integrated separalely,

m 548 fitted masses, 56 fixed, 3 taxonomic densities (C,S,M)

2014: DE430 (Folkner et al. 2014)

m AU — Fit of Sun GM (after INPOP10a)

m TT-TDB integration (after INPOP10a)

m 343 asteroid orbit integrated and mass fitted (based on (Kunchyka 2011))
m MESSENGER (independently /simultaneoulsy from INPOP)

m 10 years of reprocessed Cassini data

DE432, ...

. The Numerical planetary ephemerides
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The INPOP project: www.imcce.fr/inpop

2003-2007: IN POP06 (Fienga et al. 2008) J

m Numerical integration with extended precision 80b

m Integration of Earth and Sun spin axis

m 300 asteroids + 3 densities + ring

m Fitted to planetary data

= INPOP(TCB) for GAIA and INPOP(TDB) from IAU 2006
[

Start of the use of MEX/VEX ESA tracking data (T. Morley,
F. Budnik)

m 5 GMA, 3 past, GM,jpg, sun J2

The Numerical planetary ephemerides
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2007-2009: INPOPO8 (Fienga et al. 20009): " 4-D planetary ephemerides” )

= Integration of TT-TDB (and TCB-TCG) as defined by IAU 2006

= INPOP and TT-TDB (and TCB-TCG) are consistent

m TCB INPOP (‘with TCB IC) required for GAIA

m TT-TDB but also TCB-TCG released for users (chebychev polynomials)

drcG 1 1 1
Fivel:ln +7Q(TCB)+F_B(TUB)+U(§) (1)
¢ being the speed of light in a vacuum and where

aToB) = -t -y S, )
AZE

TEA
. g = (te+30) 0+ Le—La) -
BTCE) = —-"z"'—[z GMA] iy I [ I(lﬂ)
C‘

TEA

GM 4 3, 2
+ Z TEA {4‘UA.WE — EUE —2v3
1 1 fva. ?
+-aaTps+ o LaTEA
2 2\ TEA

AEE
GMp } ) @

i A
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2007-2009: IN PO P08 (Fienga et al. 2009)

m "4-D planetary ephemerides”

m Resolution at each step of TT-TDB defined by IAU 2006
m Planetary ephemerides and TT-TDB are consistent
m TT-TDB released for users (chebychev polynomials)

m New method of fit for asteroid masses (a priori sigma)
m but with the same modeling (3 mean densities and limited
number of fitted objects)

m New data sets

m First release of Cassini normal points
m ESOC MEX/VEX observations

m Orbit and libration of the Moon fitted to LLR
m ~ 30 GMA, sun J2, 3 p,st, AU, EMRAT, Moon

The Numerical planetary ephemerides
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2010—2011 IN POPlOa (Fienga et al. 2011, Kuchnyka et al. 2010, Somenzi et al. 2010) J

m Improvement of outer planet orbits

m New asteroid modeling: no mean density, ring, 298 objects
m fit of asteroid perturbations with BVLS
[

New data sets

m Cassini VLBI points

m ESOC MEX/VEX observations

m Mercury flybys from Mariner and Messenger
m Outer planet flybys

GMg, fitted instead of AU

Orbit and libration of the Moon fitted to LLR
Long term solution: (Laskar et al. 2011)

~ 145 GMA, sun J2, GM, EMRAT, Moon

The Numerical planetary ephemerides
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2013: INPOP10e (Fienga et al. 2013, Verma et al. 2013) )

m GAIA last release with TCB and TDB versions
Direct fit with constraints + a priori sigma
Solar corona studies and corrections

Link to ICRF by pulsar surveys

Use of raw MGS tracking data (GINS) — First direct analysis
of s/c tracking data by the INPOP team (Verma et al. 2013)

Orbit and libration of the Moon fitted to LLR
~ 152 GMA, GM ring, sun J2, GMg, EMRAT, Moon

The Numerical planetary ephemerides
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2014: IN POP13C (Fienga et al. 2014, Verma et al. 2014) J

m Use of raw MESSENGER tracking data (GINS) —
MESSENGER tracking data analysis for constraining the
Earth-Mercury distances

m ~ 150 GMA, GM ring, JS, GM, EMRAT, Moon
m First global estimation of 3,7, J5, G/G

Name # Perturbers # fitted masses Ring GMg
TNO  Main belt  TNO Main belt TNO  Main belt
INPOP13c 0 150 0 150 0 F F
DEA430 0 343 0 343 0 0 F
EPM2011 21 301 0 21 + 3 density classes F F

The Numerical planetary ephemerides
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INPOP15b (Fienga et al. 2016), |NPOP17a (Viswanathan et al. 2017)

Numerical integration of the (Einstein-Imfeld-Hoffmann, c~* PPN approximation) equations
of motion.

Rplanet = Y BT ol 3+ X6r(B, 7, ¢ *) + XasT 300 + % -
A7B

Adams-Cowell in extended precision

8 planets + Pluto + Moon + asteroids (point-mass, ring), GR, J5, Earth
rotation (Euler angles, specific INPOP)

Moon: orbit and librations

Simultaneous numerical integration TT-TDB, TCG-TCB
New Cassini re-analysis by JPL

Fit to observations in ICRF over 1 cy (1914-2014)

IERS 2003 convention

The Numerical planetary ephemerides
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IN POP15b (Fienga et al. 2016), IN POPl?a (Viswanathan et al. 2017)

Numerical integration of the (Einstein-Imfeld-Hoffmann, c~* PPN approximation) equations
of motion.

Rplanet = 3 ne 5+ X6r(B8,7, ¢ %) + Kast 300 + ¥ -
A~B

Adams-Cowell in extended precision

8 planets + Pluto + Moon + asteroids (point-mass, ring), GR, J5, Earth
rotation (Euler angles, specific INPOP)

Moon: orbit and librations

Simultaneous numerical integration TT-TDB, TCG-TCB
New Cassini re-analysis by JPL

Fit to observations in ICRF over 1 cy (1914-2014)

IERS 2003 convention

Space mission dependent with 65 % from s/c navigation

The Numerical planetary ephemerides
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INPOP17a : the earth-moon system

(Viswanathan et al. 2017)

Ecliptic
spin  Normal Orbital
AXxis Normal

Earth-Moon torques with:
m Orbital coupling
m Rotational coupling (Libration Euler angles)

Mantle m moon surface deformation, degree2-degree3
(700-1200km) . . . .
. figure-figure interactions

m Solid tides, atmospheric and ocean loadings
m Moon = mantle + fluid core in interaction

m Graal = detect the effect of the solid inner
core

Tidal
, Deformation
*Fluid core

\“(m'm"’“’ s‘;"c‘iir:“‘" m GRAIL + 40 years of LLR + new IR LLR

3 i (240km) T

The Numerical planetary ephemerides
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Observational datasets
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S/C navigation or radio-science data: range tracking

Range tracking: two-way light time — distance

s/c v Earth

Doppler /= differences between 2 range at about

60s interval

Doppler ~ 98% s/c navigation or radio-science

data — S/C orbit versus the planet

S/C orbit model = Gravity field, Atmosphere,
S/C specifications (shape, reflectivity, NG-A)

Range &~ 2 % — s/c orbit versus Earth

S/C Range + S/C orbit — Planet versus Earth

distances

c: Solar plasma, Shapiro delay, Time scale,

troposphere, ITRF to ICRF
p: Shapiro delay, Time scale

Ve

Ma

MSGSS/¢ 1113 300

VEX” 06-12 25000
MEX”

MGS-MO“

00-15 50000

Cassini® 04-14 200

10 m

10 m

2m

100 m

(i)

(@

2.way range
b6 on s

23-way Doppler

o mean =6 34z

——ms=48mHz

115 018 BN

an =3 6mm

0115 0118 0121 20124

2012, 2027
Time inyears

2-way Doppler
Differences between
estimated velocities of sic
orbiting the planet and
the observed Doppler shift

2-way range

Differences between
estimated distances of s/c
orbiting the planet and
the Earth observed time delay

l

Orbit of the s/c about
the planet very well
known

l

Constraints on
distances between
the planet
and the Earth

—

The Numerical planetary ephemerides
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MESSENGER : (2011-2013) NASA mission to Mercury J

m 1.5 yr of Doppler + range data (level 2) @ PDS

m Original orbit analysis with GINS/CNES
software

® with hypothesis on Macro-model, manouvers

b. Spacecraft coordinate axcs

Results J

6347

® accurate orbit determination /

: (Smith et al. 2013)

T m Full fit of all planets: INPOP13a
m New constraints over 3, 7, JZGD,%
= Verma et al. 2014

Bl EITE 0121 W24 0127

The Numerical planetary ephemerides
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S/C navigation or radio-science data: VLBI

Very Long Base Interferometry 8GHz
Relative positionning S/C versus ICRF QSO
with S/C Orbit — angle Earth/planet/ICRF

mas-level accuracy but very few points

VEX 10-13 100 2 mas
MEX-MGS-MO 00-15 200 2 mas

Galileo 96-97 12 11 mas «

Cassini 04-14 30 1 mas

s -
Hydrogen maser clock -
et e RN
1 million years) -

etic Tape.

The Numerical planetary ephemerides
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S/C navigation or radio-science data: Flybys

m Very short arc analysis

m Combination of Doppler, Range, VLBI

m with S/C Orbit — angle and distances

Earth/planet/ICRF
m Very very few points
[ ]
a, 0 P
Mer 2 mas 1m MSG 3 (08-09)
Jup 5 mas 1.5 km Pioneer, Cassini 5 (75-01)
Voyager, Ulysses

Ura 10 mas 1000 km Voyager 1 (86)
Nep 10 mas 2000 km Voyager 1(89)

Jupiter F.bey Trajectory

Distance from Sun (AU): 5.35
Heliocentric Velocity (km/s): 22.88 ~

Distance from Jupiter (KM): 2304945
Distance from Earth (AU!

Distance from Jupiter (Al

Distance from Pluto(AU): 26.32
28 Feb 2007 07:20:00 UTC

The Numerical planetary ephemerides




’@n‘m‘w e

o)
AZUC

‘. (D ol %

Annual RMS post-it residuals [cm]

Lunar laser ranging

Pulsed laser with light time measurements after
reflection on lunar reflectors

7 LLR stations but 2 main stations: OCA(1.5m)
and APOLLO (3.6m)

Since 2015, 2 detection paths @ OCA: 532 nm
(G) + 1064nm (IR)

IR = 10 x more points with a better space and
time coverage

Grasse: 53.3% MLRS2: 14.9% McD 2.7: 14.6 % APOLLO: 11%
Haleakala: 3.13 % MLRS1: 2.56 % Matera: 0.459 %

1500
At5 - 1400
30 = Al - 1300
w | = AN b 1200,
26 - f [ 1100E
24 o -
22 |- WRMS 10002
ol [~ %00 £
fe00 8
| Yoo o A F700 5
boesty My Feo 2
b of [ s 8
» ka0 §
] Il LI mil [=°
+] ! rﬂﬂﬂ =
] LTTIR ) [P FTrd o
: n 0 Lo

1969 1972 1975 1978 1981 1984 1987 1990 1993 1996 1999 2002 2005 2008 2011 2014 2017

Year
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Distribution of G normal paints versus moon phase

Frequency of normal points

New

100

150

200

Full

Grasse Distribution @ 532 nm

200

150

100

2015

2016

=

2017

Frequency of normal points

Grasse Distribution @ 1064 nm

500

400

200

250

2015

2016

2017

LLR

of IR normal points versus moon phase

RadoD 250 © 300 35

Lunakhod 1

Qost and rtrieved by
LROLK in 2010)
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More than 1 century of data for planets and 40
years for the monn T

m Mercury: independent analysis of

MESSENGER data (Verma et al. 2014)
m Saturn: Cassini VLBI and radio tracking

m Jupiter: Galileo VLBI and 5 s/c flybys
m Venus, Mars: VEX, MEX, MGS, MRO,

u s/c flyby
s/c VLBI
™ optical
W Direct range

MO, ...
@ 1) P
S/C Flybys 1976-2014 Me, J, S, U, N 0.1/5mas 0.1/5 mas 1m/2000km
S/C Range 1976-2016 Me, V, Ma, Sat 10,10,2,100 m
Direct range 1965-1997 Me,V 1 km
Optical 1914-2014 J,S, UN,P 300 mas 300 mas
LLR 1969-2017 Moon lcm

The Numerical planetary ephemerides
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Scientific usage

About the new solution: INPOP17a

m INPOP and the asteroids

m Fundamental physics

m other applications such as P9, solar activity...and pulsar timing

The Numerical planetary ephemerides
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About the new solution INPOP17a

Name # Perturbers # fitted masses Ring GMg
TNO  Main belt  TNO Main belt TNO  Main belt
INPOP17a 0 157 0 157 0 F F
DE430 0 343 0 343 0 0 F
EPM2011 21 301 0 21 + 3 density classes F F

B EPM2011 older data sets without MESSENGER data and recently published
Cassini VLBI
B INPOP17a data sets &~ DE430 data sets
B with 10 years of newly JPL reduced Cassini range but:
B 2 specific data analysis for MESSENGER
m new IR LLR @ Calern from 2015 to now
B Improved solar conjunction adjustement
|

Weighting schema, a priori sigma

Differences in dynamical modeling and adjustments

The Numerical planetary ephemerides
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Maximum differences between INPOP17a, INPOP13c, INPOP10e and DE430 from 1960

t0 2020 in in a,§ and geocentric distances.

Geocentric DE430 - INPOP13c INPOP17a - INPOP13c
Differences 1980-2020 1980-2020
@ 5 P @ o P @
mas  mas km mas  mas km mas
Mercury 11 06 0.242 024 05 0.02 0.9
Venus 05 017 0.025 023 05 0.03 0.4
Mars 0.5 0.4 03 0.6 0.115 0.4
Jupiter 6.8 102 53 45 2.784 38
Saturn 10 05 08 04 1.468 03
Uranus 36.7 334 522751 | 953 473 318.6 80.7
Neptune | 367 53.1 950567 | 1482 812 8571.2 185
Pluton 119.0 753 2412760 | 236.8 42.0 26349 | 126.4

b
mas
0.6
0.4
0.4
6.6
0.6

DE430 - INPOP17a
1980-2020

Cassini addition in
INPOP17a

67.5 340.320
55.7  9530.70
98.6 1503.011

Maximum differences between INPOP17a, INPOP13c and DE430 from 1980 to 2020 in

cartesian coordinates of the earth in the BCRS.

Earth Barycentric
Differences

km

XYZ  VxVyVz

mm.s~!

INPOP13c - DE430
INPOP17a - DE430
INPOP10e - DE423

0.3763  0.0467
04741 0.0513
0.84 0.113

——

Constant accuracy for earth-SSB
positions (~500m over 40 yrs)
and velocities (0.05 mm/s™ over
40 yrs)
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100 200 300 400

-100 0

0.04

0.02

0.00

-0.04 -0.02

Earth-SSB INPOP17a / DE430
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2020
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1980

1990

2000

Time

2010

2020

M
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[] 100 200

-100

-0.01 0.01 0.03

-0.03

EMB-SSB Y INPOP17a-DE430

1980

1990

2000

Time

2010

2020

EMB-SSB VY INPOP17a-DE430

1980

1990

2000

Time

2010

2020

EMB-SSB Z INPOP17a-DE430

100 200 300

Z[m)
0

-200

1980 1990 2000 2010 2020
Time

EMB-SSB VZ INPOP17a-DE430

Z [mm.s-1]
002 000 0.02

-0.04

1980 1990 2000 2010 2020

Time
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X [m]

X [mm.s-1]

150 200 250 300

100

0.0000 0.0010

-0.0010

Sun-SSB INPOP17a / DE430

Sun-SSB X INPOP17a-DE430

-

1980 1990 2000 2010 2020

Time

Sun-SSB VX INPOP17a-DE430

1980 1990 2000 2010 2020

Time

M

Y [mm.s-1]

100

50

-50

-0.0005 0.0005

-0.0015

Sun-SSB Y INPOP17a-DE430

L —
1980 1990 2000 2010 2020

Time

Sun-SSB VY INPOP17a-DE430

—_—
1980 1990 2000 2010 2020

Time

Sun-SSB Z INPOP17a-DE430

Z[m]
40 60 80 100

20

-20

T T T T
1980 1990 2000 2010 2020

Time

Sun-SSB VZ INPOP17a-DE430

5e-04 1e-03

Z [mm.s-1]

-5e-04 0Oe+00

1980 1990 2000 2010 2020

Time
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‘ Cassini Earth-Saturn one-way (m) ‘ INPOP17a Earth-Mars one-way (m)

g4 T l
b o » o .
§ T T O T
200 2005 2008 2010 2012 2014 2005 2010
CASSINI DE430 DE430 DE430
s . I
] . S 7 .
R - S -
g 7]
5 g . . 2
200 2008 2010 2012 201 2005 2010
CASSINI INPOP13c and INPOP15a INPOP13c INPOP13c
. > J I
2 &1
° .
g | o P
2 INPOP15a o

2004 2006 2008 2010 2012 2014 2000 2005 2010
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1-way LT (O-C) [cm]

LLR Residuals

Residuals comparison of INPOP versions (13C vs 17A)

1990

1995

2000 2005 2010 2015

Years
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LLR residuals: why this improvement ?

m GRAIL = 6 month lunar geodesy mission with 30km resolution for a 1200
degree gravity field

m Use of GRAIL gravity field coefficients (but only up to degree 6 in INPOP)

X-band Radlo Sclence Beacon

S-band link Telecom/Mev.

S-band Timing Code
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LLR residuals: why this improvement ?

m Better modeling of the fluid core rotation and interaction with the mantle

m Use of GRAIL gravity field coefficients (up to 1200 degree but only up to degree

6 in INPOP
WRMS: 2.68 cm WRMS: 1.52 cm
015 4 T T T T T T 015 5 T T T T T T
015 015
zoi0] Zoio]
£005- o = 005 o
5 0% 1 50T,
2] g v“&#ﬂ (0] eueifuses)
. . 2355 ] 2% ]
Detection of an unexplained 6 yr oL
. S 015 1 015
signature due to the dissipation o1 v 010 i
Sois] 0 U Edos ]
. . 505 mER . IM“ W“"ﬂ‘
Detection of the solid inner core Fomq 8 AR I 5 .
contribution 7 e e ——— —
zoi0] 3 goio]

Viswanathan et al. 2017 Somd o BPed . BeCg| 051 L eon & epo

( ) 208 ] Tt ¥ 8 Tond - el ety mhd
5% ] 0% ]
015 - T T T T T T 015 T T T T T T
015 1 015 1
o010 zoio]
e A RN & Rfidccalody
EX © afede| iox] P
%] %]
Solwengmoeen] 0 Jeey

o6 z0s 20 20 2o oot s a8 20 e 20 201
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INPOP and the asteroids

m How to model all these
perturbations ... with
unknown masses?

m Observed impact: mainly
Earth-Mars distances

m Projected accelerations
of asteroids over the
Earth-Mars distances
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INPOP and the asteroids

From the INPOP point-of-view: J

Mars is crucial for INPOP
big amount of perturbers with unknown masses !

limiting factor for PE extrapolation ...

... but also for other applications !

From the planetology point-of-view: J

m very few asteroids with determinated masses and densities

m constraints on asteroid formation

The Numerical planetary ephemerides

36 / 62



SO

— 4

2006 2008 2010

m How to distangle these
accelerations ?

m How to identify the
perturbers ?
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INPOP10a (Fienga et al. 2011)

wwm%’%

very uncertain masses

(Kuchynka et al. 2010)

m 24635 asteroid orbits (astorb database) integrated in INPOP with

m By MCS, list of the most probable 287 perturbers of inner

planets + ring for the interval of observations (kuchynka et al. 2010)
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INPOP10a (Fienga et al. 2011) + (Kuchynka et al. 2010) )

| 24635 aSterOId OrbItS (astorb database) |ntegrated |n INPOP W|th
very uncertain masses

m By MCS, list of the most probable 287 perturbers of inner
planets + ring for the interval of observations (kuchynka et al. 2010)

Mass estimations with constraints BvLs (Lawson and Hanson) J

Constraints on densities between 0 to 20 g.cm™3
Automatic selection of fitted masses

More realistic estimations of masses and errors
~ 145 GMA
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RMS (MASS) [%]

200 250 300

150

5
INPOPO08 INPOP10a INPOP10e INPOP13c INPOP17a
a priori o BVLS BVLS + a priori o idem idem
30 GM + p 145 GM 152 GM 150 GM 157 GM
- o0 B ey © B3m o Tm o INPOP

* Carry (2016)

o o b m Uncertainty is directly related
7 e fo el with the impact on Mars-Earth
o b orbits
s % E
o o 1 ° m =~ 40 Biggest perturbers (I
° ol Lo >7m) have consistent masses
PURSFSE I with o < 25%
o o, i @ -
‘ooo :9 (*) Carry (2016) : Estimations of masses
R : o, B o0 .$.° 'o,.: mainly by close encounters, binaries and flybys.
o
° 8 PFPFLEIC
* 3‘95 'g. ':2.50;. -
@ o GeT0s Y * .
. 20 O e 25%
T K 4 %N @ T = »
LBl S B
o :o ; 80 geo - .
T T T T T
1801 18400 Te+01 18402 18403
log(Impact [m])
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Density [g.cm-3]

50 100 200 50.0

0.2 05 1.0 20

01

DE421  DE430 INPOP13c INPOP17a
343 GM 150 GM + ring 157 GM + ring

3m;  7m INPOR .
H N Carry (2016) m = 40 Biggest perturbers (I

- DE430 >7m) have consistent masses
with o < 25%

7 o/em3 m problems with low perturbers

with too high density

® highest measured density ~ 8
g.cm™3 (pure iron meteorite)
m limit to 7 g.cm~—3 for INPOP

(40%) but no limit for DE430
(38%).

(*) Carry (2016) : Estimations of masses
mainly by close encounters, binaries and flybys.

1e-02

1e+00 1e+02

Impact [m]
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Fundamental physics
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Fundamental physics

With such accuracy, the solar system is still the
gravity

ideal lab for testing

LLR WRMS based on INPOP10a

25

20 [

T T T T T T T

! 1 ! | | ! 1

1975 1980 1985 1990 1995 2000 2005
Year

2010

Normalized unit of distance 1 Unit =150 m @ 1AU

1e+03 1e+05 1e+07

1e+01

1e-01

Mariner 4 - Mars
Mariner 6,7 Mars
| mariner 9 Mars
Viking Mars Voyager Uranus
Voyager Neptune
MGS Mars
X, MRO)
Mars
Messenger - Mercur
T T T _'__9_ P
1960 1970 1980 1990 2000 2010
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In Planetary and Lunar ephemerides (like INPOP), GR plays a role in J

o+h+t

At = (149)GMy(t)In-——

SHAP (1+7) Q()nlo+/1_t

, 2y — B+ 2)GMy(t . . .
AwPLA = ( il a(]_ — eg)czo( ) -+ AWJEC(JO,32) =+ A’WAST

. 2y — B+ 2)GM(t _ _ .
Awpoon = Cal 21— eZ)CQO( ) + Awgeo + Awser + Aws pra
GR tests are then limited by J

= Contributions by JS, Asteroids, 2y — 5 + 2
m Lunar and Earth physics

BUT
m Decorrelation with all the planets
m Benefit of PE global fit versus single space mission
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Specific INPOP developments for testing gravity

1- Variations/Estimations of PPN 3, 7, Sun J2® (Fienga et al. 2011), (Fienga et al. 2015)J

2- Simulation of a Pioneer anomaly type of acceleration — Xcopstant (Fienga et al. 2011) J

3- Supplementary advance of perihelia ©o and nodes Q — INPOP15a

(Fienga et al. 2015, MG)

4- Equivalgnce Principle @© astronomical scale
_>XJ F(XHXH )= @A +n)F(xi, %, m G:)

With puo = GMc¢ = GM; for planet j,
M
5- Estimation of M and Wlth ,u@ = g —|— and MJ = g

(Fienga et al. 2015)
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1- Estimations PPN 3, v, Sun J2® including full MSG navigation data analysis J

(Verma et al. 2014)

INPOP13a variations of postfit

residuals 1 9
- 0
y-1 Yoa
4e-05
2e-04
2e-05
1e-04
0e+00 0e+00
~1e-04
-2e-05
-2e-04
~4e-05
-3e-04 0
—de-05  —2e-05  0e+00 2e-05 4e-05 —4e-04 -2¢-04 0e+00 2e-04 4e-04

B-1 B -1
(B—1)x10°=02+25, (y—1) x 10° = 0.3+ 25, JQ x 107 = 2.40 + 0.20
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2- Simulation of a Pioneer anomaly type of acceleration — same idea for P9 J

. . . _4 . .
XPlanet = XNewton 1 XGR(B» v, € ) + XasT 300 + + Xconstant

3- Supplementary advance of perihelia ©o and nodes Q J

At each step of integration t;,
@(ti) = w(to) + = (ti — to)

Q(t;) = Q(to) + Q(ti — to)

XPlanet = R(w(t,-), Q(tl)) XPlanet

The Numerical planetary ephemerides
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3- Supplementary advance of perihelia ©o and nodes Q J

With INPOP10a

Qqup INPOPO8 INPOP10a Wsup INPOP08 INPOP10a P09 P10
mas.cy™! mas.cy™!
Mercury 14+18 Mercury -10 + 30 12+16 -36+5 -4+5
Venus 200 + 100 02+15 Venus 4+6 02415 -0.4 £05
EMB 0.0 £ 10.0 00+09 EMB 0.0+ 0.2 -02+09 -02x+04
Mars 00+2 -0.05 +0.13 Mars 04+06 -0.04+015 01+05
Jupiter -200 + 100 -40 + 42 Jupiter 142 + 156 -41 + 42
Saturn -200 + 100 -0.1 +0.4 Saturn -10 £ 8 0.15+ 0.65 6+2 -10+15
With INPOP15a
comparisons with Wsup A0 =€) <5% A(0 =€) < 35%
INPOP15a — A(O — () mas.yr‘l Internal accuracy External accuracy

Mercury Messenger data
from 2011 to 2014

Saturn Cassini data from
2004 to 2014

M -
= ey V] masyr b and @

Mercury (0.0 £1.05) (0.0 £3.1)
Saturn (0.05 £0.20) (1.2 +5.0)

Saturn 1

5 .
“up +3, mas.yr

—>Limits to MOND in the solar system
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€
4- Equivalence Principle @ Earth-Moon scale — X; = %F(x,-,ii, miG7 .r) J
J

If rpy = SSB-Moon, rg = SSB-Moon and r = Earth-Moon then

F—FN,T+,,5{({";5}E1);§ : ({;f}ml)rgn}

M

If g is the ration between the mass of the Moon and the mass of the earth, then,

m¢ m€ feEmB m€ m€
G = me N R —1 R
r rN’T+rEMBX({m’}E [m’hﬂ)Jr(lJrq)>< <{m’}5 >+q<{m’

= [27] —[27],, — the Universality of Free Fall (UFF)

[E—

)

n If ’:’TG] =1+, 2 with U, the self-gravity energy — Strong Equivalence
Principle (SEP)
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4- Equivalence Principle @ Earth-Moon scale — X; = %F(x,-,)&,-, m,.G7 ) J
J

Results with INPOP17a (viswanathan et al. 2017b)

EI N

Williams et al. 2012 (-8 +13) x 10~
Hoffmann et al. 2016 (-3+£66)x 10714
Restricted data until mid-2011 (3+6)x 10714

Data without IR until 2017 (-5£29) x 10714

Full data (Green + IR) until 2017 (-8 + 2.5 ) x 10~

The Numerical planetary ephemerides
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With , tj = GM, for planet j
5- Estimation of % and % with ﬁ—v = % + % and Z—j = % J

Mo(t) = Mo(to) + (ti — to) X Mg
G(t,') = G(tg) + (t,' — to) x G
po(t) = G(ti) x Mo(t;)
mi(ti) = G(t) x M;

m by fixing M@ or G — %

] Vtiy M@(ti) and G(ti) —> XPlanet XAst» XMoon

m What values of % (and then %—g or g) are acceptable / data

accuracy ?

The Numerical planetary ephemerides
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Planet ClI, 290 GMast,GMipe, GM®, EMRAT + GR

Full data samples including Messenger and Cassini data

Correlations between parameters and correlated datasets

2 - Monte Carlo + Least squares

m Exploration of other possible minima
= for one set of GRP (%, B,y J9) — one new fitted INPOP
m selection with 2 criteria : A(O-C) < 25,50% and Ax? < 1,2,3% (H3)
m about 36000 runs
= optimized by a genetic algorithm (2 crossovers + 1/10 mutation)
m convergence @ 30th generation
With 372 = (~0.92 4 0.46) x 1072 y17" = & (Pinto et ol 2013)
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PPN 3, 7, 1/, J5 after 30 generations (s e ai. 2015,

Method PPNB—1 PPN~y-—1 G/G J9
x 10° x 10° x 1013 yr—1 x 107

LS -44+55 -0.81 £45 0424075 227 +03
MC + SGAM C150 %  -0.5 + 6.3 -124+44 0364122 226+0.11
MC + SGAM C1 25 % -1.6 + 45 -0.75 + 3.2 0.41 + 1.00 2.28 + 0.08
MC + SGAM C2 (H3) -0.01 £7.10 -1.7+52 0554122 2224014
MC + SGAM C2 (H2) 0.05 + 7.12 -1.62 + 5.17 0.53 + 1.20 2.221 + 0.137
MC + SGAM C2 (H1) 0.11 + 7.07 -1.62 + 5.10 0.52 + 1.18 2.220 + 0.135
MC + SGAM C2 (Hiter) 0.34 £+ 6.91 -1.62 + 5.12 0.51 + 1.18 2.218 + 0.135
MC + SGAM C1,C2 -025 + 6.7 -15+48 049+ 120 2.24+0.125

(B —1) x10° = 0.254,
J§ = (2.24+0.15) x 1077

G/G 41 x10713 yr 1

(y—1) x10° =-15 +

EPnp=48—~—3+2x10"%

The Numerical planetary ephemerides
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INPOP and the solar physics (Verma et al. 2013)

Prodw

c= spsd of light,
ers = critical plasma density,
F = radio carrier frequency,

N, = clectron density, and given by (Bird 1 al. 1996):

K
Ar= fL Ne(D)dL )
Sur [ 2"'"“(-” arthy Nell, @) = u] em?
g r Re = solar radius,
g 1= radial distance.
\ ) — Slow-wind — Fast-wind 5 N
T ’
[ I :
L] . : j:
LI . =
Farth antemna : L]
— v
e L= o= =] I |1 f=F C
g . i i ! ) % ‘]
z i -
BN o u-ni.,u..m-
g i | e H
ety el Bets MERd EGEs MBS meA) meie Ml ooka BSR4 ENEs M Sl W BT B BN B B N7 NN e more war)
Corpaton e Gy T
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About the hypothetical P9...

o Directarien

®| Press releases

.. 23 Fob 1
S«ﬂ:r:hmg for Planst

theguardian

=an

Using sbservationsfrom the Cassinl spacecra. » team of

culture business llestyle evironmsent tech trvel

Espace

ey T Ascmamy
’ " o Arroncmy & )
. i, s Agpla va P Fubert Rewves Duns Vi Zh i Search narrows for Planet Nine along
IR+ suoormn ost setvans iyt ot (roscon sprawling orbit of thousands of years

“Neuviéme planéte™: la traque est
lancée

- A A

Des astronomes francals ont néuss & priciser Les droctions vers
besquelies crienior o ilescopes pour essayer de L dinicher L
farnenssa planile X
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1992-2014 : 22 years of KBO monitoring

Dynamical Confinement (?)
m Confinement for object a > 150 UA and q > 30 UA

m Far from Neptune zone of influence(TNO)

m (de la Fuente Marcos and de la Fuente Marcos 2014, Brown 2017) : no
observational biais...yes but not clear (Shankman et al. 2017)

60 =
E gala plane 3
@ zoF E
g WF e s i 4
£ PR, . d-e . " o]
= Eofe t " e apd & 2 7
-’g D:- - _: ’:‘ .o!"°.'_; .o. Pt s
k= oF . ., % -
@ o ]
- d celestial equator b
6o L - = p
360 270 180 20 o

ecliptic longitude
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(Batygin and Brown 2016), (Brown and Batygin 2016)

KBO mass is not sufficient for inducing this dynamical confinement
hypothesis of a supplementary perturbing body

N-body simulation over 4 Gyr

integration of a disk with planetary perturbation

ot
Runs for different values of a,e et a ,e ,i
P9 = at least 10 x Mg, i = 30°, w = 138° +21° , a = 700 UA, e ~ 0.6, 2 ~ 113°

a' = WAL
S ldl w100
Faidy il

450 UA
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(Fienga et al. 2016)

= addition of an acceleration induced by P9 in INPOP with
m P9 =10 x l\/la, i =30° w = 138° £+21° , a = 700 UA, e = 0.6, ~ 113°
= BUT (Batygin and Brown 2016) propose only a mean orbit for P9

for different positions of P9 on its mean (B&B16) orbit

= INPOP integration of planetary orbits + 300 . p . .
fier bedies Jupiter 1.5 km Pioneer, Cassini,
i i X Voyager, Ulysses
= Comparaison to observations and adjustement Saturne 0.1 km Cassini
= most sensible data = Saturn/Cassini Uranus 1000 km Voyager
Neptune 2000 km Voyager
Pluton 1500 km HST, NH
100 T T T
50 -
£
< 0 - < =
< “
5ol
~100 1 I 1
2004.0 2006.0 2008.0 2010.0 2012.0 2014.0

Year
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(Fienga et al. 2016)

200 2401

j:.‘r".' R el
Lt

T T T 2 @ 150 900
2
[m] 2006 2008 2010 2012 2014 g
3
o % E 100} 120
5 &y :
. e
%1 s ey Byt c%)
H oo &
T T T T £ osop «.,t 300
(m] 2006 2008 2010 2012 2014 5 .
N V=130 e g

f
uncertainty 450 100 -50 0 50 100 | 150
true anomaly (deg)

oot
-
by

T r 0

y S vl kgt Ephemeris 1
8 WYy

T T T T

2006 2008 2010 2012 2014

g
£ ,F
2 o
v=-30 E
. 2F
R s
4 oo g 4
g T 8
" @
T i~ T uE: S E L L L L L L
2010 2012 2014 = 20 100 110 120 130 140 150 16C

true anomaly (deg)
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Exclusion zones for a mean P9 orbit as proposed by (B&B16)

Uncertainty

av OF zone

-200
-400
-600

800 1 I 1
-1200 -1000 -800 -600 -400 -200 O 200 400
(AU)
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to be continued.

P9 as a fixed body (&~ 15000 yrs OP
/ 10yrs Cassini data)

map of perturbations through the
whole sky — Subaru, CFHT, VST
etc...

Improvement of INPOP with JUNO
mission

Inclusion of GAIA asteroid : GAIA
frame to ICRF/INPOP

Use of VLBA observations of

millisecond pulsars (Fienga et al.
2011)
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to be continued...

P9 as a fixed body (&~ 15000 yrs OP
/ 10yrs Cassini data)

map of perturbations through the
whole sky — Subaru, CFHT, VST
etc...

Improvement of INPOP with JUNO
mission

Inclusion of GAIA asteroid : GAIA
frame to ICRF/INPOP

Use of VLBA observations of

millisecond pulsars (Fienga et al.
2011)

@ 7 3
mas mas mas

18 MSP with radio timing only
DE405 — DE200 -0.4403 113 404 S13+ 03
DE405 — DE200 [41] 12 1443 S10+3
DE414 — DE405 15403  -L0O+04 -0.9+03
DE421 — DE405 15403  -09+04 08403
INPOP08 — DE405 13403  -03+04 11403
INPOP10A — DE405 1603  -0.7 404 0.7+ 03

J0737-30, J1713+07, B1937+21, J2145-07 with radio timing only

DE405 — DE200 -0.5+ 02 -12 4+ 03 -13 + 0.18
INPOP08 — DE405 1.4 4£0.03 -0.03 +0.05 -1.4 4+ 0.03
INPOP10a — DE405 1.7 £0.01 -0.03 £ 0.02 -1.0 £ 0.01

J0737-30, J1713407, B1937+21, J2145-07 with radio timing + VLBI

DE200 — ICRF 6+4 26+ 9 9+5
DE200 — ICRF [15] 242 1243 6+3
DE405 — ICRF 6+4 14+9 4+5
INPOPO8 — ICRF 444 1449 245
INPOP10a — ICRF 4+4 14+9 25+5
DE421 — ICRF 44 14+9 30+5
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more pratically...
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http://www.imcce.fr/inpop
Chebychev polynomials

TT-TDB and TCG-TCB

& oo % E‘ s
barycentric positions, velocities of planets + sun + moon

calceph / spice / ascii / old JPL format

presentation/equipes/ASD/inpop/calceph/index.html
TCG ephemeris with the JPL format

m 2 binary formats : little-endian and big-endian
documentation on arXiv

calceph = native C library http://www.imcce.fr/fr/
m 2 periods: [1900:2100] , [1000:3000]

specific developpement on demand
planetary database
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http://www.imcce.fr/fr/presentation/equipes/ASD/inpop/calceph/index.html
http://www.imcce.fr/fr/presentation/equipes/ASD/inpop/calceph/index.html
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INPOP17A WILL BE ONLINE IN AUGUST 2017
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