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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

The Numerical planetary ephemerides

2 / 62



tugraz

1 Evolution and dynamical modelling

early ages
recent IAU resolutions
JPL DE
INPOP

2 Observational datasets

3 Scientific usage

4 more pratically...
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Untill the 60’s

Sun Transit

Optical Astrometry

Transit circle, photos

Good time resolution

→ Good measurments of angles and orbital periods
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Solar system exploration

1958, First antenna for Pionner 8

and 9 tracking

  

Goldstone 11 (1957)
35m diamètre 

1960, First radar tracking on

planetary surfaces (Mars, Venus)

  

Goldstone 13 (1962-> 1992)
26m de diamètre
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3 generations of planetary ephemerides

Gaillot DE200 INPOP10a

1913 1983 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.)

Mean equator and dynamical equinox of J2000

Teph (between TCB and TDB, Standish 1998)

From 1993 to 1998: DE403, DE405

DE403: (Standish et al. 1993), DE405: (Standish et al. 1998)

ICRF with the first VLBI Galileo data

Asteroid modelling : 5 Bigs + 3 taxonomic densities (C,S,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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DE421, DE430 : (Folkner et al. 2009, 2014)

2008: DE421 (Folkner et al. 2009)

Densification of Mars orbiter data (range, VLBI), VEX, Cassini

fit of AU, Teph → IAU TDB, fixed Sun J2

5 Bigs orbit integrated, 276 asteroid orbit integrated separalely,

5+8 fitted masses, 56 fixed, 3 taxonomic densities (C,S,M)

2014: DE430 (Folkner et al. 2014)

AU → Fit of Sun GM (after INPOP10a)

TT-TDB integration (after INPOP10a)

343 asteroid orbit integrated and mass fitted (based on (Kunchyka 2011))

MESSENGER (independently/simultaneoulsy from INPOP)

10 years of reprocessed Cassini data

DE432, ...
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The INPOP project: www.imcce.fr/inpop

2003-2007: INPOP06 (Fienga et al. 2008)

Numerical integration with extended precision 80b

Integration of Earth and Sun spin axis

300 asteroids + 3 densities + ring

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)

5 GMA, 3 ρast , GMring , sun J2
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2007-2009: INPOP08 (Fienga et al. 2009): ”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

TCB INPOP ( with TCB IC) required for GAIA

TT-TDB but also TCB-TCG released for users (chebychev polynomials)
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2007-2009: INPOP08 (Fienga et al. 2009)

”4-D planetary ephemerides”

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

New method of fit for asteroid masses (a priori sigma)

but with the same modeling (3 mean densities and limited
number of fitted objects)

New data sets

First release of Cassini normal points
ESOC MEX/VEX observations

Orbit and libration of the Moon fitted to LLR

≈ 30 GMA, sun J2, 3 ρast , AU, EMRAT, Moon
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2010-2011: INPOP10a (Fienga et al. 2011, Kuchnyka et al. 2010, Somenzi et al. 2010)

Improvement of outer planet orbits

New asteroid modeling: no mean density, ring, 298 objects

fit of asteroid perturbations with BVLS

New data sets

Cassini VLBI points
ESOC MEX/VEX observations
Mercury flybys from Mariner and Messenger
Outer planet flybys

GM� 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
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2013: INPOP10e (Fienga et al. 2013, Verma et al. 2013)

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, GM�, EMRAT, Moon
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2014: INPOP13c (Fienga et al. 2014, Verma et al. 2014)

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

≈ 150 GMA, GM ring, J�2 ,GM�, EMRAT, Moon

First global estimation of β, γ, J�2 , Ġ/G

Name # Perturbers # fitted masses Ring GM�

TNO Main belt TNO Main belt TNO Main belt

INPOP13c 0 150 0 150 0 F F

DE430 0 343 0 343 0 0 F

EPM2011 21 301 0 21 + 3 density classes F F
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INPOP15b (Fienga et al. 2016), INPOP17a (Viswanathan et al. 2017)

Numerical integration of the (Einstein-Imfeld-Hoffmann, c−4 PPN approximation) equations
of motion.

ẍPlanet =
∑
A 6=B

µB
rAB

‖rAB‖3
+ ẍGR(β, γ, c−4) + ẍAST ,300 + ẍ

J�2

Adams-Cowell in extended precision

8 planets + Pluto + Moon + asteroids (point-mass, ring), GR, J�2 , 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
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INPOP17a : the earth-moon system
(Viswanathan et al. 2017)

Earth-Moon torques with:

Orbital coupling

Rotational coupling (Libration Euler angles)

moon surface deformation, degree2-degree3
figure-figure interactions

Solid tides, atmospheric and ocean loadings

Moon = mantle + fluid core in interaction

Graal = detect the effect of the solid inner
core

GRAIL + 40 years of LLR + new IR LLR
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1 Evolution and dynamical modelling

early ages
recent IAU resolutions
JPL DE
INPOP

2 Observational datasets

3 Scientific usage

4 more pratically...
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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

Me MSGc,s/c 11-13 300 10 m

Ve VEXp 06-12 25000 10 m

Ma MEXp 00-15 50000 2 m
MGS-MOc

Sat Cassinic 04-14 200 100 m
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MESSENGER : (2011-2013) NASA mission to Mercury

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

Original orbit analysis with GINS/CNES
software

with hypothesis on Macro-model, manouvers

Results

accurate orbit determination /
(Smith et al. 2013)

Full fit of all planets: INPOP13a

New constraints over β, γ, J�2 , Ġ
G

Verma et al. 2014
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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

crucial for linking the planetary planes together

Ve VEX 10-13 100 2 mas

Ma MEX-MGS-MO 00-15 200 2 mas

Jup Galileo 96-97 12 11 mas

Sat Cassini 04-14 30 1 mas
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S/C navigation or radio-science data: Flybys

Very short arc analysis

Combination of Doppler, Range, VLBI

with S/C Orbit → angle and distances
Earth/planet/ICRF

Very very few points

crucial for outer planet orbits

α, δ ρ

Mer 2 mas 1 m 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)
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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
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LLR
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More than 1 century of data for planets and 40
years for the moon

Mercury: independent analysis of
MESSENGER data (Verma et al. 2014)

Saturn: Cassini VLBI and radio tracking

Jupiter: Galileo VLBI and 5 s/c flybys

Venus, Mars: VEX, MEX, MGS, MRO,
MO, ...

α δ ρ
S/C VLBI 1990-2010 V, Ma, J, S 1/10 mas 1/10 mas

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, U, N, P 300 mas 300 mas

LLR 1969-2017 Moon 1cm
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1 Evolution and dynamical modelling

early ages
recent IAU resolutions
JPL DE
INPOP

2 Observational datasets

3 Scientific usage

About the new solution: INPOP17a
INPOP and the asteroids
Fundamental physics
other applications such as P9, solar activity...and pulsar timing

4 more pratically...
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About the new solution INPOP17a

Name # Perturbers # fitted masses Ring GM�

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

EPM2011 older data sets without MESSENGER data and recently published

Cassini VLBI

INPOP17a data sets ≈ DE430 data sets

with 10 years of newly JPL reduced Cassini range but:

2 specific data analysis for MESSENGER

new IR LLR @ Calern from 2015 to now

Improved solar conjunction adjustement

Weighting schema, a priori sigma

Differences in dynamical modeling and adjustments
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Cassini	addition	in	
INPOP17a

Constant	accuracy for	earth-SSB	
positions	(~500m	over	40	yrs)	
and	velocities (0.05	mm/s-1	over	

40	yrs)
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Earth-SSB INPOP17a / DE430
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Sun-SSB INPOP17a / DE430
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MARS
Cassini	Earth-Saturn one-way (m) Earth-Mars	one-way (m)INPOP17a

DE430

INPOP13c

INPOP15a
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LLR Residuals
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LLR residuals: why this improvement ?

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

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

Use of GRAIL gravity field coefficients (but only up to degree 6 in INPOP)
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LLR residuals: why this improvement ?

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

Use of GRAIL gravity field coefficients (up to 1200 degree but only up to degree
6 in INPOP

Detection of an unexplained 6 yr
signature due to the dissipation

Detection of the solid inner core
contribution ?

(Viswanathan et al. 2017)
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INPOP and the asteroids

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

Observed impact: mainly
Earth-Mars distances

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

From the INPOP point-of-view:

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:

very few asteroids with determinated masses and densities

constraints on asteroid formation
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How to distangle these
accelerations ?

How to identify the
perturbers ?
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INPOP10a (Fienga et al. 2011) + (Kuchynka et al. 2010)

24635 asteroid orbits (astorb database) integrated in INPOP with
very uncertain masses

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)

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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INPOP08 INPOP10a INPOP10e INPOP13c INPOP17a

a priori σ BVLS BVLS + a priori σ idem idem

30 GM + ρ 145 GM 152 GM 150 GM 157 GM

Uncertainty is directly related
with the impact on Mars-Earth
orbits

≈ 40 Biggest perturbers (I
>7m) have consistent masses
with σ ≤ 25%

(*) Carry (2016) : Estimations of masses
mainly by close encounters, binaries and flybys.
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DE421 DE430 INPOP13c INPOP17a

343 GM 150 GM + ring 157 GM + ring

≈ 40 Biggest perturbers (I
>7m) have consistent masses
with σ ≤ 25%

problems with low perturbers
with too high density

highest measured density ≈ 8
g.cm−3 (pure iron meteorite)

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.
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Fundamental physics

With such accuracy, the solar system is still the ideal lab for testing
gravity

0
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LLR WRMS based on INPOP10a
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In Planetary and Lunar ephemerides (like INPOP), GR plays a role in

∆tSHAP = (1 + γ)GM�(t)ln
l0 + l1 + t

l0 + l1 − t

∆$̇PLA =
(2γ − β + 2)GM�(t)

a(1− e2)c2
+ ∆$̇J�2

(J�2 , a
2) + ∆$̇AST

∆$̇Moon =
(2γ − β + 2)GM�(t)

a(1− e2)c2
+ ∆$̇GEO + ∆$̇SEL + ∆$̇S ,PLA

GR tests are then limited by

Contributions by J�2 , Asteroids, 2γ − β + 2

Lunar and Earth physics

BUT
Decorrelation with all the planets

Benefit of PE global fit versus single space mission
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Specific INPOP developments for testing gravity

1- Variations/Estimations of PPN β, γ, Sun J�2 (Fienga et al. 2011), (Fienga et al. 2015)

2- Simulation of a Pioneer anomaly type of acceleration → ẍconstant (Fienga et al. 2011)

3- Supplementary advance of perihelia $̇ and nodes Ω̇ → INPOP15a

(Fienga et al. 2015, MG)

4- Equivalence Principle @ astronomical scale

→ ẍj =
mG

j

mI
j

F (xi , ẋi ,m
G
i , ...) = (1 + η)F (xi , ẋi ,m

G
i , ...)

With µ� = GM�, µj = GMj for planet j,

5- Estimation of
Ṁ�
M�

and Ġ
G with ˙µ�

µ�
= Ġ

G + Ṁ�
M�

and
µ̇j
µj

= Ġ
G

(Fienga et al. 2015)
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1- Estimations PPN β, γ, Sun J�2 including full MSG navigation data analysis

(Verma et al. 2014)

(β − 1)× 105 = 0.2± 2.5 , (γ − 1)× 105 = −0.3± 2.5 , J�2 × 107 = 2.40± 0.20
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2- Simulation of a Pioneer anomaly type of acceleration → same idea for P9

ẍPlanet = ẍNewton + ẍGR(β, γ, c−4) + ẍAST ,300 + ẍJ�2
+ ẍconstant

3- Supplementary advance of perihelia $̇ and nodes Ω̇

At each step of integration ti ,

$(ti ) = $(t0) + $̇(ti − t0)

Ω(ti ) = Ω(t0) + Ω̇(ti − t0)

ẍPlanet = R($(ti ),Ω(ti )) ẍPlanet
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3- Supplementary advance of perihelia $̇ and nodes Ω̇

With INPOP10a

With INPOP15a

comparisons with
INPOP15a→ ∆(O − C)

Mercury Messenger data
from 2011 to 2014

Saturn Cassini data from
2004 to 2014

$sup ∆(O − C) < 5% ∆(O − C) < 35%

mas.yr−1 Internal accuracy External accuracy

Mercury (0.0 ±1.05) (0.0 ±3.1)
Saturn (0.05 ±0.20) (1.2 ±5.0)

⇒ $Mercury
sup ±3

1 mas.yr−1 and $Saturn
sup ±5

0.2 mas.yr−1

⇒Limits to MOND in the solar system
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4- Equivalence Principle @ Earth-Moon scale → ẍj =
mG

j

mI
j

F (xi , ẋi ,m
G
i , ...)

If rM = SSB-Moon, rE = SSB-Moon and r = Earth-Moon then

r̈ = r̈N,T + µS

[([mG

mI

]
E
− 1

)
rE
r3
E

−
([mG

mI

]
M
− 1

)
rM
r3
M

]

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

r̈ = r̈N,T+r̈EMB ×
([mG

mI

]
E
−
[mG

mI

]
M

)
+

r̈EMB

(1 + q)
×
[([mG

mI

]
E
− 1

)
+ q

([mG

mI

]
M
− 1

)]

[
mG

mI

]
E
−
[
mG

mI

]
M
→ the Universality of Free Fall (UFF)

If
[
mG

mI

]
= 1 + η U

mc2 with U, the self-gravity energy → Strong Equivalence

Principle (SEP)
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4- Equivalence Principle @ Earth-Moon scale → ẍj =
mG

j

mI
j

F (xi , ẋi ,m
G
i , ...)

Results with INPOP17a (Viswanathan et al. 2017b)

[
mG

mI

]
E
−
[
mG

mI

]
M

Williams et al. 2012 ( -8 ± 13) × 10−14

Hoffmann et al. 2016 ( -3 ± 6.6 ) × 10−14

Restricted data until mid-2011 ( 3 ± 6 ) × 10−14

Data without IR until 2017 ( -5 ± 2.9 ) × 10−14

Full data (Green + IR) until 2017 (-8 ± 2.5 ) × 10−14
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With µ� = GM�, µj = GMj for planet j

5- Estimation of
˙M�

M�
and Ġ

G
with

˙µ�
µ�

= Ġ
G

+
˙M�

M�
and

µ̇j

µj
= Ġ

G

M�(ti ) = M�(t0) + (ti − t0)× Ṁ�
G(ti ) = G (t0) + (ti − t0)× Ġ

µ�(ti ) = G (ti )×M�(ti )
µj(ti ) = G (ti )×Mj

by fixing Ṁ� or Ġ → µ̇
µ

∀ti ,M�(ti ) andG (ti )→ ẍPlanet , ẍAst , ẍMoon

What values of µ̇
µ (and then Ṁ�

M�
or Ġ

G ) are acceptable / data

accuracy ?
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2 approaches based on INPOP13c (Fienga et al. 2015)

1 - Global fit including
˙µ�
µ�

, PPN β, γ and J�2

Planet CI, 290 GMast ,GMring , GM�, EMRAT + GR

Full data samples including Messenger and Cassini data

Correlations between parameters and correlated datasets

2 - Monte Carlo + Least squares

Exploration of other possible minima

for one set of GRP (
˙µ�
µ�

, β, γ J�2 ) → one new fitted INPOP

selection with 2 criteria : ∆(O-C) < 25,50% and ∆χ2 < 1, 2, 3% (H3)

about 36000 runs

optimized by a genetic algorithm (2 crossovers + 1/10 mutation)

convergence @ 30th generation

With Ṁ�
M�

= (−0.92± 0.46)× 10−13 yr−1 → Ġ
G (Pinto et al. 2013)
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PPN β, γ, µ̇/µ, J�2 after 30 generations (Fienga et al. 2015)

Method PPN β − 1 PPN γ − 1 Ġ/G J�2
× 105 × 105 × 1013 yr−1 × 107

LS -4.4 ± 5.5 -0.81 ± 4.5 0.42 ± 0.75 2.27 ± 0.3
MC + SGAM C1 50 % -0.5 ± 6.3 -1.2 ± 4.4 0.36 ± 1.22 2.26 ± 0.11
MC + SGAM C1 25 % -1.6 ± 4.5 -0.75 ± 3.2 0.41 ± 1.00 2.28 ± 0.08

MC + SGAM C2 (H3) -0.01 ± 7.10 -1.7 ± 5.2 0.55 ± 1.22 2.22 ± 0.14
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 -0.25 ± 6.7 -1.5 ± 4.8 0.49 ± 1.20 2.24 ± 0.125

(β − 1) ×105 = 0.25±7
4 (γ − 1) ×105 = -1.5 ±5

3

EP η = 4β − γ − 3± 2×10−4

J�2 = (2.24± 0.15)× 10−7

Ġ/G ± 1 ×10−13 yr−1
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INPOP and the solar physics (Verma et al. 2013)
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About the hypothetical P9...
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1992-2014 : 22 years of KBO monitoring

Dynamical Confinement (?)

Confinement for object a > 150 UA and q > 30 UA

Far from Neptune zone of influence(TNO)

(de la Fuente Marcos and de la Fuente Marcos 2014, Brown 2017) : no
observational biais...yes but not clear (Shankman et al. 2017)
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(Batygin and Brown 2016), (Brown and Batygin 2016)

Method:

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

Runs for different values of a,e et a
′

,e
′

,i
′

P9 = at least 10 x M♁, i = 30◦, w = 138◦ ±21◦ , a = 700 UA, e ≈ 0.6,Ω ≈ 113◦
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(Fienga et al. 2016)

Method:

addition of an acceleration induced by P9 in INPOP with

P9 = 10 x M♁, i = 30◦, w = 138◦ ±21◦ , a = 700 UA, e ≈ 0.6,Ω ≈ 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
minor bodies

Comparaison to observations and adjustement

most sensible data = Saturn/Cassini

ρ
Jupiter 1.5 km Pioneer, Cassini,

Voyager, Ulysses
Saturne 0.1 km Cassini
Uranus 1000 km Voyager
Neptune 2000 km Voyager
Pluton 1500 km HST, NH
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(Fienga et al. 2016)

Fienga et al.: Contraints on planet 9

Table 1. Orbital elements of P9, as given in (Batygin & Brown
2016), in ecliptic (IERS) orbital elements (a, e, i, !,⌦), respec-
tively semi-major axis, eccentricity, inclination, argument of per-
ihelion, longitude of the node.

a (AU) e i (deg) ! (deg) ⌦ (deg)

700 0.6 30 150 113

as a constraint for the distribution of the KBO, so the true
anomaly is left as an unknown. With a large eccentricity of
e = 0.6, the radius vector from the Sun, r, can vary from
280 to 1120 AU, depending of the true anomaly v of P9. We
will thus sample the possible values of v all over its orbit
(v 2 [�180� : 180�]).

4. Results
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Fig. 2. Relative change in the root mean square residuals of a
fitted INPOP solution including P9, with respect to those of the
nominal INPOP, with respect to the true anomaly of P9 (v in x
axis). Pre fit residuals are in blue with the right y-scale (in %).
Post fit residuals are in red with the left y-scale (in %).
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Fig. 3. Enlargement of Fig.2 around the minimum (green bar,
at v = 117.8�). In the green zone, �� < �6%.

In figure 1 we represented in red the post fit residuals of
the INPOP ephemerides after the addition of P9 for various
values of the true anomaly v = 60�, 80�, 85�, 90�, 95�. For
comparison, the INPOP residuals are plotted in blue in the
same figure. We have not plotted the residuals for values of
v smaller than 60�, as for v = 60�, it is already obvious that
P9 cannot exists. For v = 95� the di↵erence in the residuals
is too small to be significant, while these residuals already

increase for v = 85�. In figure 2, we have gathered the results
computed for all values of v by plotting, for the pre fit (�̃�,
in blue) and post fit (��, in red) residuals, the relative
change of root mean square residuals (�� = (� � �0)/�0),
where �0 = 74.9m is the standard deviation for the INPOP
nominal ephemerides over the Cassini data.

The pre fit residuals are di↵erences between the observa-
tions (here, ranging) and the computed values of observed
quantities, for INPOP ephemerides, with the addition of
P9 to the INPOP model, without fitting the parameters.
The variation of these residuals with the true anomaly re-
flects how much the perturbation of P9 on Saturn changes
with the geometry of the problem, and not only with the
distance of P9 from the Sun. The post fit � are the resid-
uals after the fit of 56 planetary parameters in the INPOP
ephemerides after the addition of P9 in the model. This
fit is performed over the whole set of more than 150000
planetary observations.

The shaded region corresponds to a relative increase of
the post fit residuals of more than 10% after the addition
of P9. This is about the level of precision of the INPOP �0,
estimated by comparison with DE430. We thus consider
that an increase of �� above 10% is significant and denotes
the impossibility to fit a P9 planet for this value of the true
anomaly v. The shaded regions ([�130� : �100�] [ [�65� :
85�]) are thus the forbidden regions for P9. The �� curve
presents two minima. We do not believe that the minimum
at v = �80� is really significant, as it also corresponds to a
minimum of the prefit residuals and amounts to only �� =
�2.5%.

The other minimum at v = 117.8� is more interesting. It
corresponds both to the observed minimum of the residuals
curve (Fig.3), with �� = �7.09%, and to the result of a di-
rect fit of the mean anomaly over the Saturn Cassini range
data sample that provided an uncertainty at 2-� of ±1.8�
on v. Owing to the relatively flat behaviour around the min-
imum in Fig.3, we prefer here a conservative approach, and
we defined an empirical uncertainty by the zone (in green
in Fig.3) for which �� < �6%, which gives v = 117.8�+11�

�10� .

5. Extrapolation of Cassini data

Although the INPOP ephemerides were fitted to all 150
000 planetary observations, we have shown here only the
residuals with the Cassini data as they are the most sen-
sitive to the presence of an additional perturber P9. We
have only used the data available up to 2014.4, but new
data will be available until the end of the mission which
is programmed for 2017, unless the mission is extended. In
order to evaluate the impact of an increase of the time span
of the Cassini mission, we have simulated additional data,
by adding to the INPOP prediction (without P9) a Gaus-
sian noise of 200m sigma, slightly pessimistic with respect
to the already analysed data set. As previously, P9 is then
added, and the ephemerides are fitted to all observations,
including the extrapolated Cassini data, through several it-
erations (Figs.4, 5). Extending Cassini mission until 2020
would thus allow to state for the non existence of P9 on the
interval v 2 [�132� : 106.5�] (Fig.5). The respective area of
exclusion of a possible P9 from the present data and from
the extrapolated Cassini data up to 2020 are displayed in
Fig.6, together with the most probable zone for finding P9.
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Table 1. Orbital elements of P9, as given in (Batygin & Brown
2016), in ecliptic (IERS) orbital elements (a, e, i, !,⌦), respec-
tively semi-major axis, eccentricity, inclination, argument of per-
ihelion, longitude of the node.

a (AU) e i (deg) ! (deg) ⌦ (deg)

700 0.6 30 150 113

as a constraint for the distribution of the KBO, so the true
anomaly is left as an unknown. With a large eccentricity of
e = 0.6, the radius vector from the Sun, r, can vary from
280 to 1120 AU, depending of the true anomaly v of P9. We
will thus sample the possible values of v all over its orbit
(v 2 [�180� : 180�]).

4. Results
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Fig. 2. Relative change in the root mean square residuals of a
fitted INPOP solution including P9, with respect to those of the
nominal INPOP, with respect to the true anomaly of P9 (v in x
axis). Pre fit residuals are in blue with the right y-scale (in %).
Post fit residuals are in red with the left y-scale (in %).
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Fig. 3. Enlargement of Fig.2 around the minimum (green bar,
at v = 117.8�). In the green zone, �� < �6%.

In figure 1 we represented in red the post fit residuals of
the INPOP ephemerides after the addition of P9 for various
values of the true anomaly v = 60�, 80�, 85�, 90�, 95�. For
comparison, the INPOP residuals are plotted in blue in the
same figure. We have not plotted the residuals for values of
v smaller than 60�, as for v = 60�, it is already obvious that
P9 cannot exists. For v = 95� the di↵erence in the residuals
is too small to be significant, while these residuals already

increase for v = 85�. In figure 2, we have gathered the results
computed for all values of v by plotting, for the pre fit (�̃�,
in blue) and post fit (��, in red) residuals, the relative
change of root mean square residuals (�� = (� � �0)/�0),
where �0 = 74.9m is the standard deviation for the INPOP
nominal ephemerides over the Cassini data.

The pre fit residuals are di↵erences between the observa-
tions (here, ranging) and the computed values of observed
quantities, for INPOP ephemerides, with the addition of
P9 to the INPOP model, without fitting the parameters.
The variation of these residuals with the true anomaly re-
flects how much the perturbation of P9 on Saturn changes
with the geometry of the problem, and not only with the
distance of P9 from the Sun. The post fit � are the resid-
uals after the fit of 56 planetary parameters in the INPOP
ephemerides after the addition of P9 in the model. This
fit is performed over the whole set of more than 150000
planetary observations.

The shaded region corresponds to a relative increase of
the post fit residuals of more than 10% after the addition
of P9. This is about the level of precision of the INPOP �0,
estimated by comparison with DE430. We thus consider
that an increase of �� above 10% is significant and denotes
the impossibility to fit a P9 planet for this value of the true
anomaly v. The shaded regions ([�130� : �100�] [ [�65� :
85�]) are thus the forbidden regions for P9. The �� curve
presents two minima. We do not believe that the minimum
at v = �80� is really significant, as it also corresponds to a
minimum of the prefit residuals and amounts to only �� =
�2.5%.

The other minimum at v = 117.8� is more interesting. It
corresponds both to the observed minimum of the residuals
curve (Fig.3), with �� = �7.09%, and to the result of a di-
rect fit of the mean anomaly over the Saturn Cassini range
data sample that provided an uncertainty at 2-� of ±1.8�
on v. Owing to the relatively flat behaviour around the min-
imum in Fig.3, we prefer here a conservative approach, and
we defined an empirical uncertainty by the zone (in green
in Fig.3) for which �� < �6%, which gives v = 117.8�+11�

�10� .

5. Extrapolation of Cassini data

Although the INPOP ephemerides were fitted to all 150
000 planetary observations, we have shown here only the
residuals with the Cassini data as they are the most sen-
sitive to the presence of an additional perturber P9. We
have only used the data available up to 2014.4, but new
data will be available until the end of the mission which
is programmed for 2017, unless the mission is extended. In
order to evaluate the impact of an increase of the time span
of the Cassini mission, we have simulated additional data,
by adding to the INPOP prediction (without P9) a Gaus-
sian noise of 200m sigma, slightly pessimistic with respect
to the already analysed data set. As previously, P9 is then
added, and the ephemerides are fitted to all observations,
including the extrapolated Cassini data, through several it-
erations (Figs.4, 5). Extending Cassini mission until 2020
would thus allow to state for the non existence of P9 on the
interval v 2 [�132� : 106.5�] (Fig.5). The respective area of
exclusion of a possible P9 from the present data and from
the extrapolated Cassini data up to 2020 are displayed in
Fig.6, together with the most probable zone for finding P9.
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Exclusion zones for a mean P9 orbit as proposed by (B&B16)

Les résultats
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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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1 Evolution and dynamical modelling

early ages
recent IAU resolutions
JPL DE
INPOP

2 Observational datasets

3 Scientific usage

About the new solution: INPOP17a
INPOP and the asteroids
Fundamental physics
other applications such as P9, solar activity...and pulsar timing

4 more pratically...
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http://www.imcce.fr/inpop

Chebychev polynomials

barycentric positions, velocities of planets + sun + moon

TT-TDB and TCG-TCB

calceph / spice / ascii / old JPL format

calceph = native C library http://www.imcce.fr/fr/

presentation/equipes/ASD/inpop/calceph/index.html

TCG ephemeris with the JPL format
2 binary formats : little-endian and big-endian
2 periods: [1900:2100] , [1000:3000]

documentation on arXiv

specific developpement on demand

planetary database
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INPOP17A WILL BE ONLINE IN AUGUST 2017
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