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Abstract. Given the extreme accuracy of modern space astrometry, a precise relativistic modeling of obser-
vations is required. Concerning light propagation, most approaches rely on the solution of the null-geodesic
equations. However, another approach based on the Time Transfer Functions (TTF) can be used to define
an astrometric observation using an integral-based method derived from the Synge World Function. The
availability of several models, formulated in different and independent ways, is indeed a security against the
presence of systematic errors in the analysis of future experimental results. It is the case of the forthcoming
Gaia mission. In this work, we review the modeling of a Gaia-like astrometric observation using the TTF
and two other approaches, namely the Gaia RElativistic Model (GREM) and the Relativistic Astrometric
MODel (RAMOD), and we provide explicit relations between their characteristic quantities.
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1 Introduction

The space astrometry mission Gaia (Bienayme & Turon 2002), planned to be launched by the European Space
Agency (ESA) at the end of this year, will observe about one billion objects in the magnitude range from 6 to
20. In particular, the astrometric core solution will determine the astrometric parameters (position, parallax,
and proper motion) for a subset of these sources with an accuracy of several pas. It is an extremely difficult
task but also a crucial one for the outcome of the mission. This solution will be performed by the Astrometric
Global Iterative Solution (AGIS) software (Lindegren et al. 2012). At the same time, an independent verification
unit for AGIS called Global Sphere Reconstruction (GSR) (Vecchiato et al. 2012) has been set within the Gaia
Data Processing and Analysis Consortium (DPAC). Both pipelines are intended to operate on the same real
data and the comparison of their results will validate the final astrometric catalog. In order to keep the two
software as separate as possible, two different relativistic modelings of light propagation have been implemented:
AGIS relies on GREM (Klioner 2003), while GSR implements RAMOD (de Felice et al. 2006). Moreover,
an independent approach to the modeling of the astrometric observables based on the TTF (Teyssandier &
Le Poncin-Lafitte 2008) has been recently put in place. We review these three approaches by translating them
into the same notation and providing explicit relations between their characteristic quantities used to describe
light propagation in a curved space-time.

2 Notations

In this paper c is the speed of light in a vacuum and G is the Newtonian gravitational constant. The Lorentzian
metric of space-time Vj is denoted by g. The signature adopted for g is (— + ++). We suppose that space-
time is covered by a global quasi-Galilean coordinate system (z*) = (2%, ), where 2° = ct, t being a time
coordinate, and & = (x). We assume that goo < 0 anywhere. We employ the vector notation a in order
to denote (a',a? a®) = (a'). Considering two such quantities @ and b we use a - b to denote a'b’ (Einstein
convention on repeated indices is used). The quantity a = |a| stands for the ordinary Euclidean norm of a.

For any quantity f(2), fa and d,f denote the partial derivative of f with respect to 2% The indices in
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parentheses characterize the order of perturbation. They are set up or down, depending on the convenience.
In the following, we will consider that space-time is perturbed by a system of gravitational mass monopoles
represented by a weak-field metric tensor g, = 7, + hy.. It has been showed in (Klioner 2003) that in order
to get the pas angular accuracy required by modern space astrometry, the gravitational perturbation shall be
expanded in the parametrized post-Newtonian (PPN) approximation of GR as

2G Mp
hoo = = XP: NOPS) , hoi =0 , hij = divhoo , (2.1)

with M p the mass of the perturbing body P and Rp(t,x) = x —xp(tc), where xp(tc) is the position of P at
the time of maximum approach with the photon and v is a PPN parameter (Will 1993).

3 Astrometric observables in the Time Transfer Functions formalism

The goal of astrometry is to determine the position of celestial bodies from angular measurements. One way to
get a covariant definition of the astrometric observable is to use the tetrad formalism (Weinberg 1972; Misner
et al. 1973; Brumberg 1991), thus giving the direction of observation of an incoming light ray in a particular
frame comoving with the observer.

Let us note )\f”a) the components of this tetrad, where (a) corresponds to the tetrad index and u is a

normal tensor index which can be lowered and raised by using the metric. It has been shown in (Bertone &
Le Poncin-Lafitte 2012) that we can express the direction of the light ray in the tetrad frame as
0 J L. 0 L.\J
S0 ek Aw TR (3.1)
Noy+ Noyks w0 (14 k;89)

where E = k;/ko is the so called light direction triple with k,, = g, k" the covariant components of the tangent
vectors to the light ray k* = da* /d\, u® represents the unit four-velocity of the satellite and 3* = v'/c, v being
the coordinate velocity of the observer.

Let us suppose the existence of a unique light ray connecting the emission event of the signal x4 = (cta,x4)
and its reception event zp = (ctp,xzp). In addition, we put Ry = x% — x%,. Under these hypothesis, in
the TTF formalism one defines the light direction triple within the post-Minkowskian (PM) approximation of
General Relativity (GR) as closed form integrals of the metric tensor and its derivatives along the Minkowskian
straight line 2%(\) = (¢tp — Rap,xp — Rap) as (Bertone et al. 2013; Hees et al. 2013)

~ k; . 1 /My -
(k) = () — N — 7/ [Rispdmo — Ran(l-Nmi— | d\+0@2), (3.2)
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where we define N%; = RY 5 /Rap and
Mo = hooa +2N%phora + NypNhghik.a , (3.3a)
hi = Nighoo — NigN’pNEphji + 2ho; + 2N% ghij . (3.3b)

Taking the metric (2.1), Eq. (3.2) can be written as

~ , GM 1 R R
B = Nig — 1 L ABNpp — (1+ 228 )N 4
(k") (xa,2p) ap— (v + )XP: PRpp 1+ Npa-Npg | Rpa 78 + Roa) NaB| (3.4)

where we use Rpx = x — xp(tc). Then, a generic tetrad comoving with the chosen observer and computed
at the same accuracy can be used in Eq. (3.1) along with Eq. (3.4) to compute the direction of light in the
observer reference frame.

4 The Gaia astrometric models

In the context of the Gaia mission two independent relativistic models have been developed to analyze and
interpret the observations: GREM (Klioner 2003) and RAMOD (de Felice et al. 2004). In this section, we shall
detail the definition of an astrometric observable in these two models.
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4.1 GREM

GREM is actually the most complete relativistic model for astrometry and the basis for the reduction of Gaia
observations. it sets several steps for the conversion of the observed quantities into the coordinate ones, from
the observed direction of light to the spatial position of the emitter in the BCRS (Klioner 2003).

Adopting the TAU resolution B1.3 (Soffel et al. 2003) for the BCRS and the Comoving Reference System
(ComRS), (Klioner 2003) gives the explicit coordinate transformation between the aberration-free direction n’
and the observed direction s’ at pas accuracy as

st = —niqget {n X (vs X n)}

+e? {(n-vs)[n X (nx US)T+ %[Us (mx vS)T}
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where vy is the coordinate velocity of the observing satellite and w(x) is the PPN gravitational potential.
Eq. (4.1) contains the aberrational effects up to 1/c=3. The "aberration free direction” is given by the unit
vector n = p/|p|, with

p=c it =o'+ AN, (4.2)
with @% the coordinate direction of the photon. To compute Eq. (4.2) at reception coordinates, we need then
the unperturbed direction of the light ray at past null infinity

i i 2G ./\/lp (NAB X RPB X NAB)i
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P
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and the gravitational deflection of the light ray Ai(tz) given by

AQZ% 2G 1 ; (NAB XRPAXNAB)i
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Finally, some classical transformations to subtract the parallax and proper motion effects allow to get the
barycentric direction of the source.

(4.4)

4.2 RAMOD

Developed by an italian group of relativists and astronomers, RAMOD (de Felice et al. 2004) is based on a
complete PM background and it always relies on measurable quantities with respect to a local barycentric
observer along the light ray. The unknown is then the local line-of-sight, representing the direction of the light
ray in the rest space of the observer u, and defined as

_ ke
¢ =— —u®. 4.5
e (4.5)
In this formalism, the null-geodesic equation transforms, according to the measurement protocol procedure,
into a set of coupled nonlinear differential equations, called ”"master equations” (de Felice et al. 2004) whose

solution at reception coordinates xp in the case of metric (2.1) gives (Crosta 2013; Bertone et al. 2013)

_ k _ gk 2@ Nk db Nap- R Rpp — Rpa
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where diy = Ry — N g (Rpg-Nap). Once solved for €%, the astrometric observable is defined by its projection
on a tetrad Ef comoving with the observer (Bini et al. 2003) as

(lp —v)sE|,

(@)
nen = L 4.7
@ (1 - Vag%) .7
where v, is the four-velocity of the satellite u, relatively to the local barycentric observer v and 4 = —u$u,.

An explicit expression of the tetrad Ef adapted to Gaia has been obtained in (Crosta & Vecchiato 2010) by
successive transformations of the local BCRS tetrad (Bini et al. 2003). Using this approach, RAMOD provides
a complete modeling of the astrometric observable.
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5 Setting explicit relations among the astrometric models

The comparison of GREM and RAMOD is considered as a priority for the Gaia mission (Crosta & Vecchiato
2010; Crosta 2011) since they will both concur to the creation of the mission catalog. Any inconsistency in the
relativistic models would then invalidate the quality and reliability of the estimates, hence all related scientific
output. Both models are internally consistent at the pas level required by Gaia but their different conception
makes an analytical cross-check a complex task.

In a recent work by (Crosta & Vecchiato 2010), the authors show that the PN expansion of Eq. (4.7) up to
the order needed at Gaia accuracy yields the equivalence with the observable defined in Eq. (4.1) for GREM.
However, a complete analytical cross-check of the modeling for gravitational light deflection has not been done
yet. Moreover, despite their differences, both models aim for the reconstruction of light trajectory from the star
to the observer in order to build the astrometric observable. This makes the TTF model presented in section 3 a
completely new and independent approach to the problem, particularly adapted to contribute to the verification
process of the relativistic solutions to be used for the Gaia mission.

In this section, we present the relations allowing to cross-check the relativistic description of light propagation
in GREM, RAMOD and our TTF model by computing the light direction triple k; in the three models, then
by comparing the resulting formulae in the gravitational field of point bodies.

5.1 GREM
The relation between the light direction triple and the photon velocity &% used in GREM is given by

~ zkjj + i]{,‘o i ; _
ki = % = —? — 2h000‘1 + O(C 4) 5 (51)

noting that x—z = M = ﬁ
& ¢ di0jdN KO

the reception event, it is then straightforward to check the equivalence with Eq. (3.4).

Using Eq. (4.3), Eq. (4.4) and the metric tensor (2.1) into Eq. (5.1) taken at

5.2 RAMOD

The relation between the light direction triple /151- and the local line-of-sight ¢! of RAMOD at reception point =g

h
is obtained by expanding Eq. (4.5) at the order ¢~ required for Gaia. Considering that v® = 1+ % +0(c™%),
we get

(E)B - 7 {1 + zhw’B] +O(c?). (5.2)

Substituting for £ from Eq. (4.6) and using the metric given in Eq. (2.1) into Eq. (5.2), the reader can easily
retrieve Eq. (3.4). Combining this result with Eq. (4.7), one also gets the equivalence with the TTF astrometric
observable (3.1).

6 Conclusions

In this communication we review three relativistic approaches to the modeling of an astrometric observation,
namely GREM, RAMOD and the one based on the TTF. We describe the steps allowing to get the unperturbed
direction of the source of a light signal from the direction measured by an observer in motion within a gravita-
tional field. To apply our analysis in the context of the Gaia mission, we work in the weak-field approximation
of GR, considering a metric tensor adapted to the pas accuracy. Finally, we give explicit relations between the
quantities defined in each approach to describe the direction of a light ray at its reception coordinates. Using
these relations (5.1)-(5.2) it is straightforward to show the equivalence of the three approaches at the pas level
of accuracy. We shall note that such a cross-checking procedure enters the same thread of model comparison
started in (Crosta & Vecchiato 2010), which is essential to fully understand the observational data coming from
Gaia in a common experimental context.
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