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La	
   principale	
   accéléra/on	
   subie	
   par	
   le	
   système	
   solaire	
   est	
   due	
   à	
   son	
  
mouvement	
   autour	
   du	
   centre	
   galac/que.	
   CeSe	
   accéléra/on	
   imprime	
  
aux	
   corps	
   distants	
   une	
   aberra/on	
   des	
   vitesses	
   de	
   5	
   à	
   6	
   µas/an	
  
(Kovalevsky	
   2003).	
   C’est	
   cet	
   effet,	
   prédit	
   mais	
   jamais	
   détecté	
  
jusqu’alors,	
  qui	
   a	
  été	
  mis	
  en	
  évidence	
  par	
   l’analyse	
  des	
  mouvements	
  
propres	
   de	
   centaines	
   de	
   quasars	
   observés	
   depuis	
   30	
   ans	
   par	
   VLBI	
  
astrogéodésique	
  (Titov	
  et	
  al.	
  2011).	
  

L’IVS	
   (Interna/onal	
   VLBI	
   Service	
   for	
   Geodesy	
   and	
   Astrometry)	
   est	
   un	
  
service	
   qui	
   coordonne	
   les	
   observa/ons	
   VLBI	
   à	
   but	
   astrométrique	
   et	
  
géodésique	
   (hSp://ivscc.gsfc.nasa.gov).	
   Une	
   quarantaine	
   de	
  
radiotélescopes	
   par/cipent	
   régulièrement	
   à	
   des	
   sessions	
  
d’observa/ons	
  de	
  24	
  heures	
  qui	
  ont	
  lieu	
  deux	
  à	
  trois	
  fois	
  par	
  semaine	
  
depuis	
   plus	
   de	
   30	
   ans.	
   Ci-­‐dessous,	
   les	
   antennes	
   VLBI	
   qui	
   ont	
   été	
  
u/lisées	
  depuis	
  les	
  origines.	
  

L’analyse	
  de	
  près	
  de	
  7	
  millions	
  d’observa/ons	
  
(1	
   observa/on	
   =	
   1	
   ligne	
   de	
   base	
   observant	
   1	
  
radiosource	
   pendant	
   environ	
   5	
   minutes)	
  
permet	
   d’obtenir	
   des	
   séries	
   temporelles	
   de	
  
coordonnées	
   de	
   quasars	
   avec	
   une	
   précision	
  
inférieure	
   à	
   0.1	
   mas,	
   dont	
   deux	
   exemples	
  
figurent	
   ci-­‐dessous.	
   Le	
  mouvement	
   propre	
   du	
  
quasar	
   est	
   calculé	
   comme	
   la	
   pente	
   de	
   ces	
  
séries.	
  
	
  
Lors	
   de	
   l’analyse,	
   une	
   condi/on	
   de	
   non-­‐
rota/on	
  globale	
  des	
  radiosources	
  par	
  rapport	
  à	
  
l’ICRF2,	
   excluant	
   certaines	
   sources	
   très	
  
chahutées	
   (par	
   exemple	
   2234+282	
   ci-­‐après).	
  
CeSe	
   contra inte	
   doit	
   toutefois	
   être	
  
suffisamment	
   lâche	
   pour	
   ne	
   pas	
   masquer	
  
l’effet	
   d’aberra/on	
   recherché.	
   C’est	
   ce	
   point	
  
qui	
   est	
   la	
   clef	
   de	
   l’étude,	
   les	
   travaux	
  
précédents	
  ne	
  l’ayant	
  pas	
  considéré	
  ont	
  abou/	
  
à	
  des	
  résultats	
  néga/fs.	
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Regardons	
   les	
  mouvements	
   propres	
   en	
   ascension	
  
droite	
  des	
  40	
  sources	
  observées	
  dans	
  plus	
  de	
  1000	
  
sessions	
   (figure	
   ci-­‐contre).	
   Il	
   apparaît	
   un	
  
systéma/sme	
  qui	
  est	
  la	
  signature	
  de	
  l’effet	
  étudié.	
  
	
  
En	
  dessous,	
  à	
  gauche,	
  les	
  mouvements	
  propres	
  de	
  
555	
   quasars	
   au	
   travers	
   desquels	
   on	
   ajuste	
   les	
  
coefficients	
  d’harmoniques	
  vectorielles	
  de	
  degré	
  2	
  
de	
  la	
  forme	
  
	
  
	
  
	
  
(voir	
   par	
   exemple	
   Mignard	
   &	
   Morando	
   1990)	
  
comprenant	
   une	
   par/e	
   sphéroïdale	
   (ou	
   dipolaire,	
  
image	
   ci-­‐dessous	
   à	
   droite),	
   une	
   par/e	
   toroïdale	
  
(rota/on	
   globale)	
   et	
   une	
   par/e	
   quadripolaire	
  
(image	
  du	
  bas).	
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their estimate of the Galactocentric acceleration is higher than
expected by a factor of two with comparable standard errors.
MacMillan (2005) processed another seven years of data but did
not detect this effect. Using the OCCAM geodetic VLBI analysis
software package, Titov (2009) reports a statistically significant
dipole harmonic, but its magnitude was far from the theoretical
value.

The approach used by MacMillan (2005) and Titov (2009)
consisted of a direct estimation of the Galactocentric accelera-
tion without intermediate estimation of the proper motions. Our
approach differs from these two. We used a three-step procedure
that includes (i) a production of source coordinate time series
from analysis of VLBI delays; (ii) a least-square fit of proper
motions to source coordinate time series, including editing large
anomalous proper motions; and (iii) the fit of the Galactocentric
acceleration to proper motions. This three-step analysis helped
to remove outliers that significantly biased the results of the pre-
vious analyses.

2. Aberration in proper motions

Consider the Solar System barycenter moving on a quasi circular
orbit at distance R of the Galactic center with an acceleration

a =
d2R
dt2 = −

kM(R)
R3 R, (1)

where k is the constant of gravitation, and M(R) the equivalent
mass entering the problem. Using kM = ω2R3 = V2R, one gets
the acceleration a = dV/dt = −ωVu, resulting in the aberration
effect on the proper motion µ of distant bodies as seen from the
Solar System barycenter (e.g., Kovalevsky 2003)

∆µ =
ωV
c

u, (2)

wherein c is the speed of light and u the unit vector pointing
towards the Galactic center.

Recent estimates of the Galactic parameters give a distance
to the Galactic center of 8.4 ± 0.6 kpc and a circular rotation
speed of 254 ± 16 km s−1 (Reid et al. 2009). The expected ac-
celeration a = V2/R equals (2.5 ± 0.5) × 10−13 km/s2. This cor-
responds to an aberration of a distant body proper motion up to
5.0 ± 1.0 µas/yr.

Further accelerated motion of the whole Milky Way would
produce an additional aberration. According to Doppler shift
measurements of the Cosmic Background Explorer (COBE)
satellite, which realizes a celestial reference frame based on
the cosmic microwave background (CMB) radiation, the Local
Group of galaxies moves at ∼630 km s−1 (Kogut et al. 1993).
Although considered as linear, this motion should correspond to
a slowly accelerated motion on longer time scales, of orbit ra-
dius of several Mpc. It would result in an aberration that is far
too small to be investigated here.

For a distant body of equatorial coordinates (α, δ), (2) also
reads as

∆µα cos δ = −d1 sinα + d2 cosα, (3)
∆µδ = −d1 cosα sin δ − d2 sinα sin δ + d3 cos δ, (4)

where the di are the components of the acceleration vector in
unit of the proper motion, and which corresponds to degree 1
spheroidal (or electric) development of (see, e.g., Mathews 1981;
Mignard & Morando 1990)

µ =
∑

l,m

(
aE

l,mYE
l,m + aM

l,mYM
l,m

)
, (5)

where d1 = aE
1,1, d2 = aE

1,−1, d3 = aE
1,0, and YE

l,m and Y M
l,m are

the vector spherical harmonics of electric and magnetic types of
degree l and order m.

In addition to the aberration distortion, there may also be a
small global rotation that can be described by the toroidal (or
magnetic) harmonics of degree 1:

∆µα cos δ = r1 cosα sin δ + r2 sinα sin δ − r3 cos δ, (6)
∆µδ = −r1 sinα + r2 cosα, (7)

where ri can be expressed in terms of vector spherical harmonics
coefficients as r1 = aM

1,1, r2 = aM
1,−1, and r3 = aM

1,0.
To investigate a possible quadrupolar anisotropy of the ve-

locity field, we give the development of the degree 2 vector
spherical harmonics (i.e., l = 2 in Eq. (5)):

∆µα cos δ = −(aE,Re
2,2 sin 2α − aE,Im

2,2 cos 2α) cos δ

+(aE,Re
2,1 sinα − aE,Im

2,1 cosα) sin δ

+(aM,Re
2,2 sin 2α − aM,Im

2,2 cos 2α) sin δ cos δ

+(aM,Re
2,1 sinα − aM,Im

2,1 cosα) cos 2δ

−aM
2,0 sin δ cos δ, (8)

∆µδ = −(aE,Re
2,2 cos 2α + aE,Im

2,2 sin 2α) sin δ cos δ

−(aE,Re
2,1 cosα + aE,Im

2,1 sinα) cos 2δ

+(aM,Re
2,2 cos 2α + aM,Im

2,2 sin 2α) cos δ

−(aM,Re
2,1 cosα + aM,Im

2,1 sinα) sin δ

+aE
2,0 sin δ cos δ. (9)

3. Results and discussion

3.1. Data processing

We processed 5,030 sessions of the permanent geodetic and as-
trometric VLBI program since 1979, totalling 7 285 312 group
delay measurements at 8.4 GHz. Radio source coordinates were
estimated once per session, together with Earth orientation pa-
rameters and station coordinates. The cut-off elevation angle was
set to 5◦. A priori zenith delays were determined from local
pressure values (Saastamoinen 1972), which were then mapped
to the elevation of the observation using the Vienna mapping
functions (Böhm et al. 2006). Zenith wet delays were estimated
as a continuous piecewise linear function at 30-min intervals.
Troposphere gradients were estimated as 8-h east and north
piecewise functions at all stations except a set of 110 stations
with short observational histories. Station heights were corrected
for atmospheric pressure and oceanic tidal loading. The rele-
vant loading quantities were deduced from surface pressure grids
from the US NCEP/NCAR reanalysis project atmospheric global
circulation model (Kalnay et al. 1996; Petrov & Boy 2004) and
from the FES 2004 ocean tide model (Lyard et al. 2004). No-
net rotation (NNR) and translation constraints per session were
applied to the positions of all stations, excluding Fort Davis
(Texas), Pie Town (New Mexico), Fairbanks (Alaska), and the
TIGO antenna at Concepción, Chile because of strong non linear
displacements (these two sites experienced post-seismic relax-
ation effects after large earthquakes on the Denali fault in 2003,
and between Talca and Concepción in early 2010). A priori pre-
cession and nutation comply with the IAU 2000/2006 resolu-
tions, which include the nutation model of Mathews et al. (2002),
the improved precession model of Capitaine et al. (2003b),
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Le	
  terme	
  dipolaire,	
  d'amplitude	
  6.4	
  ±	
  1.5	
  µas/an	
  
est	
   conforme	
   aux	
   prédic/ons	
   théoriques	
   et	
  
cons/tue	
   la	
   première	
   mesure	
   directe	
   de	
   cet	
  
effet	
   lié	
   au	
   GM	
   de	
   la	
   Voie	
   lactée.	
   Le	
   terme	
  
quadripolaire	
   est	
   certainement	
   affecté	
   par	
   les	
  
interac/ons	
   Soleil-­‐atmosphère	
   le	
   long	
   de	
  
l ' é c l i p/que	
   e t	
   n é ce s s i t e	
   d a van t a ge	
  
d 'observa/on	
   pour	
   ext ra i re	
   d 'aut res	
  
systéma/smes.	
   En	
   par/culier,	
   l'amplitude	
   du	
  
quadripôle	
   est	
   liée	
   à	
   la	
   densité	
   d'énergie	
   des	
  
ondes	
  gravita/onnelles	
  de	
  périodes	
  supérieures	
  
à	
   30	
   ans	
   (Gwinn	
   et	
   al.	
   1997).	
   Le	
   quadripôle	
  
marginal	
  que	
  nous	
  trouvons	
  ici,	
  d'amplitude	
  6.4	
  
±	
   3.6	
   µas/an,	
   permet	
   de	
   borner	
   ceSe	
   densité	
  
d'énergie	
  à	
  0.0042	
  (H0/100)-­‐2.	
  Gwinn,	
  C.	
  R.,	
  Eubanks,	
  T.	
  M.,	
  Pyne,	
  T.,	
  et	
  al.	
  1997,	
  ApJ,	
  485,	
  87	
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