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The ICRS Product Center of the IERS is in charge of validating newly submitted astromeric catalogs. This task 
consists of assessing their accuracy, their consistency with respect to ICRF2, and their internal noise. Four VLBI 
radio source catalogs were sumbitted in 2012, for which we propose a compared analysis. 
 
Three of them (bkg2012a, gsf2012a, opa2012a) were computed with Calc/Solve and slightly different analysis 
configurations. The remaining catalog was built with OCCAM. It appears that (i) only opa2012a gives positions 
for the full set of defining sources, and (ii) none of them give positions for all the ICRF2 sources. We therefore 
encourage analysis centers to establish their session list so that all the ICRF2 source coordinates are reestimated. 

The catalog gsf2012a (Top) and its non-ICRF2 sources (Bottom). 
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Table 1. Characteristics of the catalogs.

No. Sources Di!erence to ICRF2
Right Ascension Declination

Total ICRF2 Defining Mean WRMS Mean WRMS

aus2012b 2895 2879 288 3.1 94.2 !7.2 83.6
bkg2012a 3253 3091 287 0.2 60.5 21.6 65.5
gsf2012a 3708 3407 294 3.5 55.6 !8.3 54.1
opa2012a 3526 3355 295 8.6 51.5 10.2 51.9

3.2. Error distribution

Figure 3 was obtained by averaging errors within declination
bands of 5". It appears that the error gets significantly worse
between 20"S and 50"S. This e!ect was already pointed out
in a number of works in the past (Ma et al. 1998; Gontier et
al. 2001; Feissel-Vernier et al. 2005, 2006; Lambert & Gontier
2009) and possibly results from a miscorrected troposphere de-
lay for Southern observations. The new VLBI2010 antennas in
Australia and New Zealand will problably help in solving this
problem in the future (Hase et al. 2012; Lovell et al. 2012). We
recall that this declination-dependent noise was critical during
the selection process of the ICRF2 defining sources: the selec-
tion criteria were loosen for low declinations in order to avoid
Southern sources be rejected because generally less stable than
the Northern ones (Fey et al. 2010).

Fig. 3.Mean formal error per band of declination.

3.3. Frame consistency

The radio source coordinate di!erence between two catalogs
can be modeled by a coordinate transformation that takes into
account the global rotation between the two catalogs as well as
the deformations. The coordinate transformation recommended
by the IERS and in use at the ICRS-PC reads (IERS 1996)

"! = A1 cos! sin " + A2 sin! sin " ! A3 + D!(" ! "0), (1)

"" = !A1 sin! + A2 cos! + D"(" ! "0) + B". (2)

wherein A1, A2, and A3 are rotation angles around the X, Y,
and Z axes, respectively, D! and D" drifts in right ascension
and declination as a function of the declination, and B" a bias
in declination. This transformation implies however that there
exists a privileged direction which is the Z-axis. A more gen-
eral coordinate transformation is made up of three rotations, of
angles noted Ri, plus another three parameters Di expressing
a dipolar deformation of the coordinate field. It corresponds
to the first degree magnetic (toroidal) and electric (spheroidal)
harmonics of the vector spherical harmonics development of a
vector field (see, e.g., Mignard &Morando 1990; Oviedo 1996;
Mignard & Klioner 2012):

"! = R1 cos! tan " + R2 sin! tan " ! R3
! (D1 sin! ! D2 cos!)/ cos ", (3)

"" = !R1 sin! + R2 cos!
! D1 cos! sin " ! D2 sin! sin " + D3 cos ". (4)

In each of these equations, the first line corresponds to the ro-
tation, and the second line expresses the dipolar deformation.

In both transformations, high correlations arise between D"
and B" (#0.5) for the former and between R1 and D2 or R2
and D1 (#0.4) for the latter. Parameters of these two transfor-
mations were fitted to the coordinate di!erences of the defin-
ing sources by weighted least squares and reported in Table 2.
Most of the catalogs are aligned to better than 20 µas except
aus2012b and bkg2012a. The choice of a tighter constraint dur-
ing the VLBI data analysis can explain the better alignement
for gsf2012a and opa2012a.

3.4. Internal noise
In addition to the systematics, a data set is characterized by its
internal noise. When doing the di!erences between two data
sets, the variances of the individual noises are added. The in-
dividual variances of the data sets can be retrieved using the
three-cornered hat method, if the data set errors can be consid-
ered as independent, or at least very slightly correlated (Gray
& Allan 1974; Vernotte et al. 2004). Considering two catalogs
i and j, one can write that #2i! j = #

2
i + #

2
j . If one has at least

three independent catalogs, the standard deviations #i of each
catalog can be obtained by means of, e.g., least squares.

Even though the di!erent analysts did not use exactly the
same data (e.g., di!erent session selection or cut-o! at vari-

Distance to ICRF2 counterparts for all common sources (Left) and common 
defining sources (Right). 

Global deformation 
 
The global deformation between the catalogs and the ICRF2 was modeled by 6 parameters, 
as recommended by the IERS: 

  
 Δα = A1 cos α sin δ + A2 sin α sin δ – A3 + Dα (δ – δ0) 
 Δδ = -A1 sin α + A2 cos α + Dδ (δ – δ0) + Bδ	


 
We also propose a modeling including a rotation plus a glide, which is more general than the 
IERS one: 
 

 Δα = R1 cos α tan δ + R2 sin α tan δ – R3 – (D1 sin α – D2 cos α) / cos δ	

 Δδ = -R1 sin α + R2 cos α – D1 cos α sin δ – D2 sin α sin δ + D3 cos δ	


 
All catalogs appear to be consistent with ICRF2 within 0.02 mas. The aus2012b solution 
shows the larger deformation at the level of 0.03 mas (rotation around the X-axis). The 
larger coefficient in Bδ (or D3) comes likely from the lack of southern sources. 
 

Internal noise 
 
The determination of the noise of each catalog necessitates inversion methods like the 
three-cornered hat. This method assumes however non correlated errors. This assumption 
looks not serious when considering catalogs made with (almost) the same session lists, 
similar analysis configurations, and the same software package. In writing the three-
cornered hat equations, we deselected relations between these catalogs. However, we 
considered a sixth catalog (iaa2009a) computed with a different code. It appears that most 
of Calc/Solve solutions are at the noise level of the gsf0008a catalog. However, other 
software packages produce noisier solutions. We currently investigate a more refined 
algorithm to take into account rigorously the fact that error are correlated. 

Individual noise level of each 
calalog (in µas). 
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Table 2. Transformation parameters to the ICRF2 for the two trans-
formations proposed in Section 3.3. Unit is µas.

A1 A2 A3 D! D" B"

aus2012b !23.4 3.6 2.8 0.6 0.4 !13.6
± 4.9 5.0 4.7 0.2 0.1 4.7
bkg2012a 6.7 15.2 0.6 0.1 0.3 17.6
± 4.6 4.7 4.3 0.2 0.1 4.4
gsf2012a !2.6 6.8 !2.9 0.0 0.3 !13.7
± 4.5 4.6 4.2 0.2 0.1 4.3
opa2012a !4.1 12.3 !6.7 0.2 0.1 9.7
± 4.6 4.7 4.2 0.2 0.1 4.3

R1 R2 R3 D1 D2 D3

aus2012b !27.2 0.1 !2.4 !3.0 5.5 !14.1
± 5.3 5.4 4.5 5.0 5.1 5.1
bkg2012a 9.4 12.6 0.5 !1.9 !6.8 27.5
± 5.0 5.1 4.1 4.6 4.7 4.8
gsf2012a !1.1 3.0 !2.7 !5.0 !5.2 !14.0
± 4.8 4.9 4.0 4.5 4.6 4.7
opa2012a !2.4 7.1 !7.6 !10.4 !5.2 11.9
± 4.9 5.0 4.1 4.5 4.6 4.7

ous stage of the analysis), the correlations between errors of
various catalogs are expected to be significant when the same
software package was used for generating the catalogs. In our
sample, all but one catalog (aus2012a) were generated with
SOLVE. To help solving the problem, we considered an ad-
ditional, older, catalog, submitted by the Institute of Applied
Astronomy at Saint-Petersburg, Russia (iaa2009a) generated
with the QUASAR software package.

The error is a random di!erence to a common reference.
It is computed as the di!erence between the catalog and the
ICRF2 for 2509 common sources, assuming that the ICRF2
is the truth. As expected, catalog errors generated with the
SOLVE software (including the ICRF2 solution) are highly
correlated. However, correlations between catalogs made with
di!erent software packages are much lower. To apply the three-
cornered hat method, we chose therefore to retain pairs of cat-
alogs for which correlations do not exceed 0.5.

The individual standard deviations derived by this method,
applied to the #i! j computed over the defining sources com-
mon to each pair of catalogs, are reported in Table 3. The in-
ternal noise of gsf0008a appears to be lower than the 40 µas
noise floor claimed for the ICRF2 derived by an other method.
Comparatively, the internal noises of aus2012b and bkg2012a
are abnormally high and should be investigated. The gsf2012a
and opa2012a catalogs show internal noises significantly lower
in right ascension than the gsf0008a catalog by a factor of 2 to
3. However, the noise in declination remains higher than for the
right ascension for all catalogs generated with SOLVE, except
the gsf0008a solution.

Table 3. Individual standard deviations of the catalogs. Unit is µas.

! cos " "

gsf0008a 29 33
iaa2009a 68 63
aus2012b 74 66
bkg2012a 39 56
gsf2012a 16 30
opa2012a 11 28

4. Concluding remarks

Four recent VLBI astrometric catalogs were analyzed. They
were found consistent with the ICRF2 at less than 15 µas for
two of them, and at the level of 20 to 30 µas for the others. The
application of the three-cornered hat method revealed that two
of the catalogs generated with the SOLVE software package
have an internal noise smaller than the ICRF2 by a factor of 2 to
3.We also noticed that only one catalog out of four re-estimated
all the ICRF2 sources’ coordinates. We therefore recommend
that a special care be taken by the IVS analysis centers in order
to make absolute astrometry of all ICRF2 sources, plus the new
sources observed since 2009.

According to the results of this study, we recommend the
IVS to (i) enforce the observation of a large number of sources
with a poor observational history (say currently observed in
less than 20 sessions) in order to improve their positional accu-
racy and have a better idea of the behavior of their centroid, and
(ii) undertake more observations in the Southern hemisphere
with the help of the new telescopes located in Australia and
New Zealand. The latter point aims at closing the gap beyond
40"S and decrease the dependence of the noise in declination.

Though the astronomical community waits for the release
of the GAIA optical catalog that should provide, for a num-
ber of quasars, a precision similar to the VLBI. The relevance
of the scientific results that will emerge from this mission will
be partly conditioned by the accuracy of the link to other wave-
lengths, including radio. To address these challenges, the VLBI
community aims at improving the noise floor and the axis sta-
bility of the VLBI reference frame.

The centroid at 8 GHz must be located with the best preci-
sion. In the next ICRF realization, this precision should reach
less than 10 µas. The realizations of the ICRS in other wave-
lengths, and especially in the optical by GAIA, with a similar
precision, will need to be aligned onto each others. This opera-
tion will be critical in the case of chromatic core shifts that can
reach several hundreds of µas between 8 GHz and the optical
(Lobanov 1998; Kovalev et al. 2008; Porcas 2009; Sokolovsky
et al. 2011), as well as for binary black hole systems for which
the radius of the binary systems is of a similar size (Roland &
Britzen 2012). But the success of this exercise will certainly
deliver information of great importance for our understanting
of the physics of quasars.

Deformation parameters of each catalog (in µas). 

Statistics of each catalog (in µas). 
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Table 2. Transformation parameters to the ICRF2 for the two trans-
formations proposed in Section 3.3. Unit is µas.

A1 A2 A3 D! D" B"

aus2012b !23.4 3.6 2.8 0.6 0.4 !13.6
± 4.9 5.0 4.7 0.2 0.1 4.7
bkg2012a 6.7 15.2 0.6 0.1 0.3 17.6
± 4.6 4.7 4.3 0.2 0.1 4.4
gsf2012a !2.6 6.8 !2.9 0.0 0.3 !13.7
± 4.5 4.6 4.2 0.2 0.1 4.3
opa2012a !4.1 12.3 !6.7 0.2 0.1 9.7
± 4.6 4.7 4.2 0.2 0.1 4.3

R1 R2 R3 D1 D2 D3

aus2012b !27.2 0.1 !2.4 !3.0 5.5 !14.1
± 5.3 5.4 4.5 5.0 5.1 5.1
bkg2012a 9.4 12.6 0.5 !1.9 !6.8 27.5
± 5.0 5.1 4.1 4.6 4.7 4.8
gsf2012a !1.1 3.0 !2.7 !5.0 !5.2 !14.0
± 4.8 4.9 4.0 4.5 4.6 4.7
opa2012a !2.4 7.1 !7.6 !10.4 !5.2 11.9
± 4.9 5.0 4.1 4.5 4.6 4.7

ous stage of the analysis), the correlations between errors of
various catalogs are expected to be significant when the same
software package was used for generating the catalogs. In our
sample, all but one catalog (aus2012a) were generated with
SOLVE. To help solving the problem, we considered an ad-
ditional, older, catalog, submitted by the Institute of Applied
Astronomy at Saint-Petersburg, Russia (iaa2009a) generated
with the QUASAR software package.

The error is a random di!erence to a common reference.
It is computed as the di!erence between the catalog and the
ICRF2 for 2509 common sources, assuming that the ICRF2
is the truth. As expected, catalog errors generated with the
SOLVE software (including the ICRF2 solution) are highly
correlated. However, correlations between catalogs made with
di!erent software packages are much lower. To apply the three-
cornered hat method, we chose therefore to retain pairs of cat-
alogs for which correlations do not exceed 0.5.

The individual standard deviations derived by this method,
applied to the #i! j computed over the defining sources com-
mon to each pair of catalogs, are reported in Table 3. The in-
ternal noise of gsf0008a appears to be lower than the 40 µas
noise floor claimed for the ICRF2 derived by an other method.
Comparatively, the internal noises of aus2012b and bkg2012a
are abnormally high and should be investigated. The gsf2012a
and opa2012a catalogs show internal noises significantly lower
in right ascension than the gsf0008a catalog by a factor of 2 to
3. However, the noise in declination remains higher than for the
right ascension for all catalogs generated with SOLVE, except
the gsf0008a solution.

Table 3. Individual standard deviations of the catalogs. Unit is µas.

! cos " "

gsf0008a 15 22
iaa2009a 26 45
aus2012b 39 45
bkg2012a 16 29
gsf2012a 16 22
opa2012a 14 24

4. Concluding remarks

Four recent VLBI astrometric catalogs were analyzed. They
were found consistent with the ICRF2 at less than 15 µas for
two of them, and at the level of 20 to 30 µas for the others. The
application of the three-cornered hat method revealed that two
of the catalogs generated with the SOLVE software package
have an internal noise smaller than the ICRF2 by a factor of 2 to
3.We also noticed that only one catalog out of four re-estimated
all the ICRF2 sources’ coordinates. We therefore recommend
that a special care be taken by the IVS analysis centers in order
to make absolute astrometry of all ICRF2 sources, plus the new
sources observed since 2009.

According to the results of this study, we recommend the
IVS to (i) enforce the observation of a large number of sources
with a poor observational history (say currently observed in
less than 20 sessions) in order to improve their positional accu-
racy and have a better idea of the behavior of their centroid, and
(ii) undertake more observations in the Southern hemisphere
with the help of the new telescopes located in Australia and
New Zealand. The latter point aims at closing the gap beyond
40"S and decrease the dependence of the noise in declination.

Though the astronomical community waits for the release
of the GAIA optical catalog that should provide, for a num-
ber of quasars, a precision similar to the VLBI. The relevance
of the scientific results that will emerge from this mission will
be partly conditioned by the accuracy of the link to other wave-
lengths, including radio. To address these challenges, the VLBI
community aims at improving the noise floor and the axis sta-
bility of the VLBI reference frame.

The centroid at 8 GHz must be located with the best preci-
sion. In the next ICRF realization, this precision should reach
less than 10 µas. The realizations of the ICRS in other wave-
lengths, and especially in the optical by GAIA, with a similar
precision, will need to be aligned onto each others. This opera-
tion will be critical in the case of chromatic core shifts that can
reach several hundreds of µas between 8 GHz and the optical
(Lobanov 1998; Kovalev et al. 2008; Porcas 2009; Sokolovsky
et al. 2011), as well as for binary black hole systems for which
the radius of the binary systems is of a similar size (Roland &
Britzen 2012). But the success of this exercise will certainly
deliver information of great importance for our understanting
of the physics of quasars.

Formal error averaged per band of declination. 


