Latest advances in an astrometric model based on the
Time Transfer Functions formalism

S. Bertone*®
M. Crosta’, C. Le Poncin-Lafitte*, A. Vecchiato!

* SYRTE - Paris Observatory t Astrophysical Observatory of Torino - INAF

Journées Systémes de Référence Spatio- Temporels
16 September 2013

/ UNIVERSITE UNIVERSITA
'S vatpowe FRANCO I1TALO
de Paris 1ITALIENNE FRANCESE

S. Bertone et al Latest advances in an astrometric model based on TTF



Light bending in astrometric observations
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Relativistic model for astrometry through Time Transfer Functions

Time Transfer Functions (TTF)

@ Information about light propagation between 2 points

o Alternative to reconstruction of null-geodesic path

t : coordinate time

dxP
kaz af T3\
Time of flight tp —ta=Ter(TA, B, ta/B)
. . . ~ k; aﬁ/r 87;/7' -1
Direction triple (ki)a/B = (kT;)A/B =—c oz, [1 = ip }

[Le Poncin-Lafitte, Linet and Teyssandier, 2004]
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Relativistic model for astrometry through Time Transfer Functions

Astrometric observables (1)

Angular distance of two sources

Receiver Source 1 @ ¢: angle between two incoming
WL light ray
° (E)B : light direction triple at
observation coordinates
q & @ 3 : observer's velocity in the
o > Source 9 chosen reference system (RS)
A o Pointing astrometry (used by
GAME)

Relativistic model for ¢
o6 1 [ (oo 2008 ) g4 — R0, — )
(14 Bk ) (1 + Bl7)

2 4
[Teyssandier and Le Poncin-Lafitte, 2006]
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Astrometric observables (2)

Director cosines of an observation

(4]

n : light direction in the observer's reference system (RS)

(E) : light direction triple at observation coordinates
B

° )\?H) : transformation matrix to the RS comoving with the observer

Scanning astrometry (used by Gaia)

Emitter
worldline Observer o
worldline 0 J .
Lo — o TAwk
iz 0 J 7
Tetrad )\(”> )\(0) + A(O)kJ

= 2@, Cp; za)

[Bertone and Le Poncin-Lafitte, 2012]
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Relativistic model for astrometry through Time Transfer Functions

General closed form 2PM equations

@ PM development : guu = nuw + ZGih‘(jB . T(xa,@p,tap) = ZGiT(i)

=1 i=0
@ Replace in the Hamilton-Jacobi like equation derived from isotropic condition:
00 0i T 2 ij oTr OTr
g (tp —Tr,TA) + 2¢cg (tB—ﬁ,wA) +C (tg = Try®a) 5 — =0
oz’ oz,
order + perturbation as integral along straight line z% (| 1IPM | /| 2PM | )
R 1
Tr= %Jr/ m [Z“(u); 9, XA,tB,XB] dp
0
2 1 1
[ a0 o o o, xastnxn] drda

1
™ i 1 1
(k) = —Nis+ [ masm [ 005 o o). xartnxs] di

+/ / nA/B 2% #)\) gc(xQB)’ g((12ﬁ)’7’ g.(llﬁ)7 g((llﬂ)ﬂn g‘(llﬁ)7,\/57 XA7tB’xB:| dXdp

Hees, Bertone and Le Poncin-Lafitte, 2013
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Relativistic model for astrometry through Time Transfer Functions

Application to Gaia
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@ No observations is Sun direction

o First fully-relativistic astrometric mission
@ No external verification possible at Gaia accuracy

o Data analysis by independent models
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Application to Gaia

Relativistic astrometric models for Gaia

observed
related to the light ray
\o defined in the BCRS coordinates
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Relating the relativistic models
o Aberration [Crosta and Vecchiato, 2010]

Additional analytical cross-check using the TTF

o Coordinate time of flight and light deflection

RAMOD3 (ki) = —0% [1 + 2(%0)3] +0(c™?)

£ = projection of k in the rest space of the observer

.
AV A

GREM (k) = =0 (1 + 2(hoo) B) + +0(c™?)
o = direction at past-null infinity
A& = gravitational deflection

1 Relations proven for a PPN metric adapted for Gaia
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Application to Gaia

RAMOD VS TTF
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@ GSR1+ : PPN-RAMOD + Gaia tetrad + corrections for planets

o Expected deviations (up to 500 pas) near Jupiter

@ Sub-pas difference far from planets

o Future GSR3 : will implement RAMOD3 + Gaia tetrad — pas accuracy
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Application to Gaia

TTF VS GREM frm
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o GREM (light deflection + tetrad [Klioner 2003/2004]) accurate at 1 pas
o Deviation under Gaia accuracy near massive planets (< 1° from Jupiter)
@ Unexpected shape with a periodic trend and sign changes
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Conclusions

@ General covariant description of an astrometric observation
o Sistematic development in the PM approximation of GR

@ Application in the Gaia context with analytical comparison of light
propagation equations and simulated observation angles

o Differences in the results of TTF and GREM based simulations. This points
out the necessity of independent relativistic models

Perspectives

o Further analysis of implemented models

@ Sphere reconstruction from TTF model and 5 years of simulated
observations
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Simulation of a GAME-like observation

@ Observation of two sources at 100 AU from Earth
o Earth orbiting around the Sun, one of the sources on the galactic plane
@ Maximum bending at conjunction (one source aligned with Sun)
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1 Comparison to [Klioner and Zschocke, 2010], [Teyssandier, 2012]
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Implementation of the GSR-TTF software

Simulation of astrometric observations
(at Turin Astrophysical Observatory)
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