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Summary of IAU Joint Discussion 16, “The International
Celestial Reference System, Maintenance and Future
Realizations

Ralph A. Gaume, Dennis D. McCarthy

U.S. Naval Observatory, Washington, DC 20392, USA

Jean Souchay

Observatoire de Paris, DANOF, 61, avenue de l’observatoire, 75014
Paris, France

1. Introduction

The International Astronomical Union (IAU) Joint Discussion 16 (JD16) was
held in connection with the XXVth General Assembly of the IAU in Sydney,
Australia in July 2003. The title of the meeting was “The International Celestial
Reference System, Maintenance and Future Realizations.” The International
Celestial Reference System (ICRS) has recently been redefined with the adoption
of an International Celestial Reference Frame (ICRF) and revised concepts and
models to access the system. The ICRF is a radio reference frame and the current
realization in optical wavelengths is the Hipparcos Catalogue. Maintenance and
improvement of the ICRF requires continuing, coordinated observations.

Extension and densification of the system to other wavelengths remains
as a work to be accomplished. It is also necessary at this time to anticipate
the maintenance and extension of the ICRF to meet future needs. The models
currently used in the definition of the system also require maintenance to ensure
that they are able to meet improving observational accuracy in all wavelengths.
The potential significant improvement of reference frames from the results of
future space astrometry missions requires planning for the long-term realization
of the ICRS. These topics were addressed by a series of invited and contributed
presentations

2. Oral Presentations

JD 16 oral contributions were presented in four sessions, followed by a general
discussion led by K. Seidelmann.

Session 1: The International Celestial Reference Frame

A. Fey, “Status of the International Celestial Reference Frame.”
C. Ma, “Potential Refinement of the ICRF.”
O. Titov, “ICRF Solution by the Geoscience Australian IVS Analysis Center.”
A.M Gontier, “Contribution of Stable Radio Sources to ICRF Improvements.”

1
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M. Hosokowa, “Astrometric Microlensing and Degradation of Reference Frames.”

Session 2: Extension of the International Celestial Reference Frame

C. Jacobs, “Extending the ICRF to Higher Radio Frequencies: 24 & 43 GHz.”
S. Urban, “Densification of the ICRF/HCRF in Visible Wavelengths.”
N. Zacharias, “Extending the ICRF into the Infrared: 2MASS-UCAC Astrom-
etry.”
C. Pinigin, “About Progress of the Link Between Optical and Radio Systems.”
P. Charlot,“Source Structure.”

Session 3: Models

V. Dehant, “Geophysical Nutation Model.”
P. Wallace, “Practical Consequences of the Improved Precession-Nutation Model.”
D. McCarthy, “IERS Conventions.”
T. Fukushima, “New Determination of Precession Formulas.”
M. Soffel, “ICRS, ITRS and the IAU Resolutions Concerning Relativity.’
J. Vondrak, “Earth Orientation Catalog- An Improved Reference Frame.”

Session 4: Space-Based Astrometry and Dynamical Reference Frames

I. Platais, “Astrometry with Large Un-Astrometric Telescopes.”
R. Gaume, “Status of Space-Based Astrometric Missions.”
F. Mignard, “Future Space-Based Celestial Reference Frames.”
W. Zharov, “Astrometric Goals of the Radioastron Mission.”
J. Kovalevsky, “Misleading Proper Motions of Galactic Objects at the Microarc-
second Level.”
M. Standish, “Relating the Dynamical Frame and the Ephemerides to the ICRF.”

3. Posters

The work of JD16 was enhanced by a large number of poster contributions.
These are listed below.

Wang Wen-Jun, “Celestial three-pole rotations of the Earth.”
Hu Hui, “Optical positions of 55 radio stars.”
W. Dick, “The ICRS and the IERS information system.”
V. Martin, “Ground-based astrometry: optical-radio connection.”
P.C. Rocha Poppe, “Relativistic reference systems transformations.”
E. Khrutskaya, “Pul-3 catalog of 58483 stars on the Tycho-2 system.”
I. Kumkova, “ICRS-ITRS connection consistent with IAU(2000) resolutions.”
E. Pitjeva, “The planetary ephemerides EPM and their orientation to ICRF.”
M. Stavinschi, “Report of the WG: Future development of ground-based astrom-
etry.”
B. Bucciarelli,“Astrometric measurements of radio-stars optical counterparts.”
M. Stavinschi, “Reference frames and ground-based astrometry.”
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S. Lambert, “Coupling between the Earth’s rotation rate and nutation.”
G. Bourda, “Temporal gravity field and modelisation of Earth rotation.”
G. Damljanovic, “ICRF densification via Hipparcos-2MASS cross identifica-
tion.”
F. Mitsumi, “On the construction of radio reference frame using VERA.”
A. Fey, “Extending the ICRF to higher frequencies: imaging results.”
P. Fedorov, “The star positions and proper motions of stars around ERS.”
T. Yano, “Japanese astrometry satellite mission - JASMINE project.”
M. Zacharias, “The USNO extragalactic reference frame link program.”
A. Kahrin, “An-all wave classification and principle astrometry problem.”
D. Boboltz, “Testing the Hipparcos/ICRF link using radio-stars.”
J. Souchay, “Numerical approach to the free rotation of celestial bodies.”
G. Kaplan, “Another look at non-rotating origins.”
O. Roopesh, “IDV sources as ICRF sources: viability and benefits.”
O. Roopesh, “USNO/ATNF astrometry and imaging of southern ICRF sources.”
F. Bustos, “CDD-based astrometric measurements of photographic plates.”
M. Crosta, “Relativistic satellite attitude in the realization of space-borne as-
trometric catalogues.”
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Status of the International Celestial Reference Frame

Alan L. Fey
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DC, 20392-5420, USA

Jean Souchay

Observatoire de Paris, DANOF, 61, avenue de l’observatoire, 75014
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Abstract.

We present a brief report on the status of the International Celestial Ref-
erence Frame. There have been two extensions (updates) of the ICRF since its
initial definition in 1998. The primary objectives of extending the ICRF were
to provide positions for the 109 extragalactic radio sources observed since the
definition of the ICRF and to refine the positions of candidate and other sources
using additional observations. A secondary objective was to monitor sources to
ascertain whether they continue to be suitable for use in the ICRF. Positions of
the ICRF defining sources have remained unchanged. Improved positions and
errors for the candidate and other sources were estimated and reflect the changes
in the data set and the analysis. The 109 new sources were added with ICRF
coordinates. We also discuss current efforts toward ICRF maintenance and the
International Celestial Reference System Product Center.

1. Introduction

At the XXIII General Assembly of the International Astronomical Union (IAU)
held on 20 August 1997 in Kyoto, Japan, the International Celestial Reference
Frame (ICRF) (Ma et al. 1998) was adopted as the fundamental celestial refer-
ence frame. As a consequence, the definitions of the axes of the celestial reference
system are no longer related to the equator or the ecliptic but have been super-
seded by the defining coordinates of the ICRF. The ICRF is currently defined
by the radio positions of 212 extragalactic objects obtained using the technique
of Very Long Baseline Interferometry (VLBI) at frequencies of 2.3 and 8.4 GHz
over the past 20+ years. The ICRF has now replaced the FK5 optical catalog
as the fundamental frame and is the realization of the International Celestial
Reference System (ICRS) (Arias et al. 1995) at radio wavelengths. The HIP-
PARCOS catalog (Perryman et al. 1997) is the realization of the ICRS at optical
wavelengths (Kovalevsky et al. 1997).

In this paper, we discuss the current status of the ICRF. There have been
two extensions/updates (Fey et al. 2004) of the ICRF since its initial definition
in 1998 (Ma et al. 1998).

We also briefly discuss current observing programs and plans for mainte-
nance of the ICRF. Finally, we describe the tasks of the ICRS Product Center,
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Figure 1. Distribution of the 608 ICRF sources on an Aitoff equal-area
projection of the celestial sphere. The dotted line represents the Galactic
equator.

which was established specifically for the purpose of overseeing ICRF mainte-
nance.

2. A Brief ICRF Timeline

• 1988: The IAU sets up working groups to establish a new reference frame.

• 1991: The IAU establishes the theoretical basis for a new reference frame.

• 1994: The IAU defines the ensemble of fiducial points for a new reference
frame as extragalactic objects.

• 1995: A sub-group of the IAU Working Group on Reference Frames is
tasked to construct a new reference frame based on VLBI observations of
quasars.

• 1997: The IAU establishes the ICRS and adopts the ICRF.

• 1998: On January 1st, the ICRF replaces the FK5 optical catalog as the
fundamental celestial reference frame.

• 1999: The first extension of the ICRF, ICRF Ext.1, is completed adding
59 new radio sources with ICRF coordinates.

• 2001: The ICRS Product Center is formed and tasked with overseeing the
maintenance of the ICRF.

• 2002: The second extension of the ICRF, ICRF Ext.2, is completed adding
50 new radio sources with ICRF coordinates.
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Figure 2. Distribution of the 212 ICRF Defining sources on an Aitoff equal-
area projection of the celestial sphere. The dotted line represents the Galactic
equator.

3. The ICRF

The ICRF is currently defined by the radio positions of 212 extragalactic objects.
The radio positions are based upon a general solution for all applicable dual
frequency 2.3 GHz and 8.4 GHz Mark III VLBI data available through the
middle of 1995 consisting of 1.6 million pairs of group delay and phase delay rate
observations. The positional accuracy of the ICRF sources is better than about
1 mas in both coordinates. The ICRF “defining” sources set the direction of the
ICRS axes and were chosen based on their observing histories and the stability
and accuracy of their position estimates. In addition to the 212 defining sources,
positions for 294 less observed “candidate” sources along with 102 less suitable
“other” sources were also given by Ma et al. (1998) to densify the frame. The
final orientation of the frame axes was obtained by a rotation of the positions into
the system of the International Celestial Reference System (ICRS) (Arias et al.
1995) and is consistent with the FK5 J2000.0 optical system, within the limits
of the latter system accuracy. The sky distribution of the 608 ICRF sources is
shown in Figure 1. The sky distribution of the ICRF Defining sources is shown
in Figure 2.

4. ICRF Ext.1

The primary objectives of extending the ICRF were to provide positions for
extragalactic radio sources observed since the definition of the ICRF and to
refine the positions of candidate and other sources using additional observations.
A secondary objective was to monitor sources to ascertain whether they continue
to be suitable for use in the ICRF.

The data added to the ICRF in ICRF Ext.1 (Fey et al. 2004) spanned
December 1994 through April 1999 and were obtained from both geodetic and
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Figure 3. Distribution of 59 new sources in ICRF Ext.1 on an Aitoff equal-
area projection of the celestial sphere. The dotted line represents the Galactic
equator.

astrometric observing programs. Approximately 0.6 million new observations
from 461 sessions were added. There were 59 new sources. The positions and
errors for the defining sources were unchanged from the ICRF. Improved posi-
tions and errors for the candidate and other sources were estimated and reflect
the changes in the data set and the analysis. (While the coordinates of indi-
vidual sources may change to better match the available observations, the IAU
recommendation adopting the ICRF states that any updates of the ICRF will
keep the same coordinate axes by means of a statistical no-net-rotation condi-
tion.) The 59 new sources were added with ICRF coordinates. The distribution
on the sky of the new sources is shown in Figure 3.

5. ICRF Ext.2

The data added to the ICRF in ICRF Ext.2 (Fey et al. 2004) spanned May
1999 through May 2002 and were obtained from both geodetic and astrometric
observing programs. Approximately 1.2 million new observations from approxi-
mately 400 sessions were added. There were 50 new sources. The positions and
errors for the defining sources were unchanged from the ICRF. Improved posi-
tions and errors for the candidate and other sources were estimated and reflect
the changes in the data set and the analysis. The 50 new sources were added
with ICRF coordinates. The distribution on the sky of the new sources is shown
in Figure 4.

ICRF Ext.2 marks a milestone in that it utilizes all available Very Long
Baseline Array (VLBA) RDV data. The VLBA RDV data is obtained through
a collaborative program of geodetic and astrometric research between the U.S.
Naval Observatory (USNO), the Goddard Space Flight Center (GSFC) and the
National Radio Astronomy Observatory (NRAO). A total of over 652 000 de-
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Figure 4. Distribution of 50 new sources in ICRF Ext.2 on an Aitoff equal-
area projection of the celestial sphere. The dotted line represents the Galactic
equator.

lay observations (almost 20% of all available observations!) from 30 VLBA
geodesy/astrometry sessions were included in the ICRF Ext.2 solution.

6. ICRF Maintenance

The IAU has charged the International Earth Rotation and Reference Systems
Service (IERS) with the maintenance of the ICRF. Maintenance activities are
run jointly by the IERS ICRS Product Center and the International VLBI Ser-
vice (IVS).

The IERS ICRS Product Center is directly responsible for the maintenance
of the ICRS and ICRF. The Center is run jointly by the Observatoire de Paris
and the USNO and is discussed in more detail in the next section. More in-
formation can also be obtained from the ICRS Product Center Web page at
http://www.iers.org/iers/pc/icrs/.

The IVS is an international collaboration of organizations which operate
or support VLBI. The IVS provides a service which supports geodetic and as-
trometric work on reference systems, Earth science research, and operational
activities. Many of the observing programs for maintenance of the ICRF are
coordinated by the IVS. More information about the IVS can be obtained from
the IVS Web page at http://ivscc.gsfc.nasa.gov/.

6.1. Observing Programs for ICRF Maintenance

The following observing programs are among those that contribute astrometric
data for maintenance of the ICRF.

• IVS CRF Experiments: These 24hr duration VLBI experiments, co-
ordinated by the IVS, concentrate primarily on observation of southern
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hemisphere ICRF sources for monitoring and to increase the sky density
of ICRF defining sources.

• VLBA RDV Experiments: These 24hr duration VLBI experiments are
part of a collaborative program of geodetic and astrometric research be-
tween the USNO, GSFC and NRAO. VLBA RDV experiments concentrate
primarily on observation of northern hemisphere ICRF sources (δ > −30◦).
Intrinsic source structure information is also obtained from these experi-
ments.

• IVS Geodetic/Astrometric Experiments: These 24hr duration VLBI
experiments, coordinated by the IVS, concentrate primarily on observa-
tion of sources for geodetic purposes and for Earth Orientation Parameter
estimation but are also useful for astrometric purposes.

• VLBA Calibrator Surveys: These 24hr duration VLBI experiments are
part of a joint NRAO/GSFC program to expand both the list of high qual-
ity geodetic sources and the list of phase reference calibrators for imaging.

• EVN Experiments: These 24hr duration VLBI experiments are part
of a Bordeaux Observatory program to expand the list of ICRF defining
sources in the northern hemisphere using the European VLBI Network
(EVN).

• LBA: These 24hr duration VLBI experiments are part of a joint USNO/
ATNF program to expand the list of ICRF defining sources in the south-
ern hemisphere using the Australia Telescope National Facility (ATNF)
Long Baseline Array (LBA). Intrinsic source structure information is also
obtained from these experiments.

7. The ICRS Product Center

The IERS ICRS Product Center is responsible for the maintenance of the ICRS
and ICRF. The Center is run jointly by the Observatoire de Paris and the USNO.
Product Center tasks are as follows:

• Maintenance and extension of the ICRF.

• Investigation of future realizations of the ICRS.

• Monitor intrinsic source structure to assess astrometric quality.

• Maintenance of the time stability of the ICRF.

• Maintenance of the link to the Hipparcos Catalog.

• Linking the ICRF to frames at other wavelengths.

• Linking the ICRF to the dynamical reference frame.
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In order to get details concerning the objectives of these various tasks and
their realizations, we can refer to the Reports of the IERS published annually
(cf. IERS Annual Report 2001). Among them, specific comparisons are done
on a yearly basis between the ICRF and celestial catalogs produced as results of
all the observations obtained during one year. Rotation angles (A1,A2,A3) and
rates are obtained by means of least-squares analysis.

Moreover, effects of the selection of defining sources on the realization of the
ICRF axes are investigated (Arias & Bouquillon 2003) as well as improvements
of the quality of the ICRF by a suitable selection of positionally stable sources
(Feissel-Vernier 2003). A Technical Note produced by the IERS Product Cen-
ter is scheduled in the near future in order to describe exhaustively the recent
investigations concerning the tasks above.

More information can also be obtained from the ICRS Product Center Web
page at http://www.iers.org/iers/pc/icrs/.
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Abstract. The ICRF analysis and data represented the state of the art in
global, extragalactic, X/S band microwave astrometry in 1995. Similar analy-
sis has been used to extend the ICRF with subsequent data consistent with the
original catalog. Since 1995 there have been considerable advances in the geode-
tic/astrometric VLBI data set and analysis that would significantly improve the
systematic errors, stability, and density of the next realization of the ICRS when
the decision is made to take this step. In particular, data acquired since 1990,
including extensive use of the VLBA, are of higher quality and astrometric utility
because of changes in instrumentation, schedule design, and networks as well as
specifically astrometric intent. The IVS (International VLBI Service for Geodesy
and Astrometry) continues a systematic extension of the astrometric data set.
Sufficient data distribution exists to select a better set of defining sources. Im-
provements in troposphere modeling will minimize known systematic astrometric
errors while accurate modeling and estimation of station effects from loading
and nonlinear motions should permit the reintegration of the celestial and terres-
trial reference frames with Earth orientation parameters though a single VLBI
solution.

1. Introduction

The ICRF (International Celestial Reference Frame) is the first realization of
the ICRS (International Celestial Reference System) at radio frequencies and
consists of 212 defining sources whose positions are independent of the equator,
equinox, ecliptic and epoch but consistent with the previous stellar and dynamical
realizations within their respective errors. The accuracy of individual positions
has a floor of 0.25 milliarcseconds based on an extensive error analysis while
the orientation stability of the axes is ∼20 microarcseconds. Initially the ICRF
positions of 608 sources were estimated (Ma et al. 1998). While the ICRF did not
come into official use until 1 January 1998, the catalog positions were used before
that date to orient and stabilize the HIPPARCOS catalog, the ICRS realization
at optical frequencies. Since then the radio positions have been improved for
non-defining sources and the catalog of objects with ICRF positions has been
extended by 109 sources in ICRF-Ext.1 and ICRF-Ext.2 (Fey et al. 2004) using
newer data from conventional geodetic/astrometric sessions along with ∼1200
sources from a series of VLBA sessions devoted to the VLBA Calibrator Survey
(Beaseley et al. 2002).

11
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2. Considerations for generating the next ICRF

The process for introducing and adopting the ICRF was detailed and lengthy. A
firm theoretical framework, sufficient observational data, established VLBI anal-
ysis, an expectation of order of magnitude improvement over the stellar celestial
reference frame, and preparation of the astronomical community were all impor-
tant in a smooth transition from FK5 to ICRF. The rationales for the next radio
realization are rather different and the process may be less formally structured.

One rationale and a prerequisite is useful improvement in the intrinsic qual-
ity of a new realization. The limitations of the ICRF are the error floor (related to
modeling, estimation, and data imperfections), the defining sources (too sparse,
unevenly distributed spatially, insufficiently stable in retrospect), and data dis-
tribution (overall sparseness of sources and particular deficiency in the southern
hemisphere). Each of these weaknesses can be significantly ameliorated by de-
velopments since 1995 and expected changes in analysis and CRF observing in
the next few years.

There are two areas that would directly benefit by a more accurate and sta-
ble realization. Spacecraft navigation using differential VLBI relative to a nearby
ICRF object is now a standard technique in the NASA solar system exploration
program and is also planned for the Japanese and Chinese lunar probes. This
measurement type is dependent on the accuracy of ICRF positions as well as
ICRF objects in the relevant parts of the sky. The second area is VLBI moni-
toring of Earth orientation parameters (EOP), particularly precession/nutation
and UT1. These measurements will continue to be the unique domain of VLBI.
Enhanced stability and accuracy are needed to detect the small, variable effects
of deep structures of the Earth.

A prospective development in optical astrometry, the GAIA mission, may
prove to be the most stringent requirement for the radio realization. Expected
to be launched within a decade, GAIA is projected to achieve 10 microarcsecond
precision for brighter quasars. To achieve the best optical-radio registration and
to ensure the highest accuracy for the transfer from radio to optical realizations,
the radio CRF must be pushed to the limit. A particular VLBI observing ef-
fort may be needed for the common sources since the current ICRF sources are
generally weaker than desirable in the optical band.

The process for adopting the ICRF was quite formal, including a succession
of IAU working groups to establish the theoretical framework for an extragalactic
frame, to identify potential fiducial objects and to derive the final ICRF catalog
and culminated in an IAU resolution at the IAU General Assembly at Kyoto
in 1997. Since then the responsibility for the maintenance of the ICRS has
been given to the IERS (International Earth Rotation and Reference Systems
Service) while the IVS has operational responsibility for the VLBI realization.
The IAG (International Association of Geodesy) is forming a working group in
Subcommission 1.4 Interaction of Celestial and Terrestrial Reference Frames to
investigate the systematic errors in the ICRF because of the impact on EOP
and indirectly on the satellite celestial reference frames. While the work for the
ICRF was accomplished within an IAU working group, the work for the next
VLBI realization may be more loosely coordinated or placed under a different
organization. The process for preparing the astronomical community and for
formal adoption remains to be decided.
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3. Areas of refinement

There are four main areas in which the VLBI realization of the ICRS can be
improved: analysis, data, defining sources, and observing programs.

Since 1995 considerable progress has occurred in VLBI modeling and esti-
mation. New analysis software has been developed (Titov et al. 2004; Tesmer et
al. 2004). The largest source of errors is probably the troposphere, so that im-
proved troposphere mapping functions that use weather model information such
as the IMF (Isobaric Mapping Function) (Niell 2002) and the VMF (Vienna Map-
ping Function) (Boehm and Schuh 2004) and better gradient estimation should
reduce systematic errors and temporal noise. Refined loading models for ocean,
atmosphere and hydrology effects should permit the unified solution for CRF,
TRF and EOP to exploit the unique capability of VLBI. In constrast, the ICRF
analysis estimated station positions for each session to reduce contamination from
the TRF. However, analysis methods to model nonlinear station motions as well
as apparent sources motions and other instabilities need to be tested and com-
pared. Treating unstable sources as arc parameters as was done for the ICRF
may unnecessarily weaken the results. It should be noted that the ICRF-Ext.1
and ICRF-Ext.2 analysis were consistent with the analysis for the ICRF.

The ICRF used all available geodetic/astrometric VLBI data from 1979 to
1995.6. The sources observed, the number of sources and observations in each
session, the network sizes and geometries, and the sensitivity of the VLBI equip-
ment evolved over the period and have continued to improve since then. Instead
of ∼15 sources with a network of 3-4 stations producing several hundred obser-
vations in the earliest years, the most extensive modern sessions use 20 stations
and up to 80 sources resulting in several tens of thousands of observations. In
addition, Gontier et al. (2001) showed that the stability of the CRF improved
noticeably around 1990. Consequently the next realization probably will discard
early sessions as well as those unsuitable for astrometry. It will remain true, how-
ever, that the bulk of the data will come from geodetic sessions, ∼200 “geodetic”
sources most frequently observed, and the northern hemisphere. Sessions using
the VLBA together with up to ten other stations will contribute a significant
fraction of the total observations.

The positions of the 212 defining sources are the formal realization of the
ICRS called the ICRF. These sources were chosen with the best information
available in 1995 based largely on number of observations and position stability.
However, the distribution of the data over sources and over the sky was extremely
nonuniform with most of the observations from fewer than 100 “geodetic” sources
in the northern hemisphere used in the regularly schedule geodetic sessions. In
order to have over two hundred defining sources with somewhat more extensive
and uniform sky distribution, the selection criteria could not be too severe. Even
so, less than 30% of the defining sources are in the south. On the other hand,
some frequently observed sources were not selected as defining sources because
they had sufficient data to detect anomalous behavior. Recent analysis by Feissel-
Vernier (2003) looking at annual VLBI source position time series from 1990 to
2002 and using very different criteria from the ICRF identified a different set of
sufficiently observed sources with stable positions. A number of ICRF defining
sources failed to meet these stability criteria. It is clear that the next realization
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should reexamine the defining sources and that the data set is robust enough to
make a new selection.

While the analysis done by Feissel-Vernier (2003) showed that better defining
sources can now be found, the number and distribution of such sources still leaves
something to be desired. In the planned IVS observing program the vast majority
of the sessions are primarily geodetic in nature. The VLBA sessions contribute
to both geodesy and astrometry by design. Recognizing the data deficiencies,
the IVS astrometric sessions will concentrate on the southern hemisphere, par-
ticularly to provide sufficient temporal coverage to identify stable sources. In
addition, a small fraction of each geodetic session will be allocated to observ-
ing stable and potentially stable sources to accumulate data more rapidly for
time series analysis and estimation of apparent proper motion. Potentially sta-
ble sources are those whose current time series have insufficient data to establish
stability but do not show disqualifying motions or scatter. Over the next few
years these observing efforts should significantly augment the potential defining
sources for the next realization.

4. Summary

The next VLBI realization of the ICRS, perhaps to be designated ICRF-200x, will
differ significantly from the ICRF. It will utilize the state of the art VLBI analysis
available at the end epoch 200x, correcting known systematic errors in the ICRF
and reunifying the CRF, TRF and EOP. The data set will most likely include
only astrometrically relevant data from 1990 to 200x. The defining sources will
be more extensive and uniformly distributed than those of the ICRF, relying
on the geodetic data augmented by recent directed astrometric observations for
stable sources and the southern hemisphere.
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Abstract.
The Geoscience Australia IVS Analysis Center is working for improvement

of the ICRF. The catalogue of 659 radiosource positions estimated from the 23-
year set of VLBI data (1980-2003) in one global solution (TRF, CRF, EOP) has
been obtained using the OCCAM software. Statistical analysis of the results
shows that the median accuracy of the source positions is about 0.2 mas in
both coordinates. A limitation on the accuracy improvement can be caused by
different factors, for example, instability of the quasar positions on different time
scales. The long-term apparent motions of 0923+392 (4C39.25) and 2145+067
are analysed to evaluate the instability effects for the two frequently observed
objects.

1. Introduction

The current ICRF realization adopted by the IAU (1998) was made from the
VLBI solution by the Goddard Space Flight Center group in 1996 and was
extended a few years later. About 2.2 million group delays in S/X bands have
been used in the extended solution. The full list of sources contains 608 objects.
Due to the varying quality of the estimated positions, all sources were originally
separated into three categories: 212 defining sources, mainly from the northern
hemisphere; 294 candidate sources and 102 “other” sources with large position
variation (Ma et al. 1998). Later 59 new sources were added to the list as an
extension if the ICRF (Ma 2001).

Many of the sources are known to have jets that change their position rela-
tive to other parts of the quasar structure as well as total radio flux. That causes
an apparent motion in estimated quasar coordinates. For example, scientists re-
ported a linear trend (Shaffer et al. 1987) and, a few years later, a quadratic
trend in the time series for the right ascension of the quasar 0923+392 (Alberdi
et al., 1993). Fey et al. (1997) estimated an apparent motion of 59.8 µas/year
as well as a rate of 13.6 µas/year−2 since 1986. On the map the quasar im-
age consists of four components, one of them being a superluminal component.
The observed effect is explained by deceleration of the superluminal motion,
as calculated, being rejected from the core at an epoch close to 1980 (Fey et
al., 1997). Additional astrophysical discussion is presented by Alberdi et al.,
(2000). The facts encourage scientists to fix a list of the sources appropriate for
the CRF determination and, from on the other hand, to learn more about the
quasar apparent motions. Recently, Feissel-Vernier (2003) has proposed a list
of 199 ‘stable’ radiosources from analysis of the time series of 707 radiosource
coordinates by Fey (USNO). Alternatively, a systematic pattern in the observed
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proper motion vector field of quasar global set has been detected at GSFC by
McMillan (2003). He found significant harmonics using the expansion of spher-
ical harmonics for the proper motion vector field on the celestial sphere.

2. Geoscience Australia CRF Solution and Discussion of Results

The Geoscience Australia IVS Analysis Center is working to improve and den-
sify the International Celestial Reference Frame (ICRF). The OCCAM software
(Titov, et al., 2001) has been updated to produce a global solution from VLBI
data by the least squares collocation method. The coordinates of all radiosources
were treated as global parameters, i.e. constant for the whole period of the ob-
servations. Five EOPs, station coordinates and clock rates as daily parameters,
clock offsets, wet delays and wet troposphere gradients - as stochastic param-
eters were also determined. Indeed, the strategy is not optimal because many
sources are not stable, so it causes a loss of accuracy in global positions of the
sources. Nonetheless, the approach provides a first step to the more optimal
strategy.

An individual CRF catalogue can be constructed as described above. The
aus2003a.crf solution was obtained from a 23-year set of the VLBI data (April,
1980 - May, 2003) using 2925 daily sessions (more than 2.6 million time delays)
by 55 VLBI stations. The catalogue of 659 radiosource coordinates is available
currently through the IVS Website. The weigthed rms of the solution is about
0.67 cm (22 ps). Median accuracy of the source positions is 0.2 mas in both
coordinates (Fig.1).

Figure 1. The histogram of the formal error distribution in right ascenssion
(left) and declination (right)

Additional research has been done to analyze the individual motions of the
selected quasars (0923+392 and 2145+067). Coordinates of each quasar have
been treated as daily parameters keeping coordinates of all other quasars fixed.
Fig. 2a shows the right ascension variations of 0923+392 from 1986 till 2003
after elimination of the quadratic trend, estimated as -2.5+/-0.4 µas/year−2.
The time series consists of 792 individual daily estimates. The power spectral
density (PSD) is shown in Fig. 2b. The wide peak detects a quasi-periodic signal
with a period 5.6 years and an amplitude of 65+/-11 µas. The estimated signal
is also shown in Fig. 2a. The trend parameters for the quasar is about 64+/-2
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µas/year for the linear component, and that is in good agreement with that
obtained by Fey et al., (1997). The deceleration rate estimate is significantly
less.

Figure 2. Variations of the 0923+392 quasar right ascension daily positions
after trend removal during 1986-2003 and approximation by signal with period
5.6 years (left). PSD of the values (right)

Figure 3. Variations of the 0923+392 flux density at 8.4 GHz after trend
removal during 1980-2003 and approximation by two signals with periods 6
and 9 years (left). PSD of the values (right)

Total flux density can provide independent information about physical pro-
cesses inside the quasar. The University of Michigan database contains im-
portant information about the radio flux density in the same bands. Fig. 3a
demonstrates the variations of the flux density for the quasar 0923+392 in X-
band in 1980-2003 after removal of a trend, and Fig. 3b, the PSD of the residual
time series. Two components (periods 6 and 9 years) appear in the signal. The
model reaches maxima in 1986-1987, 1993-1994 and 1998-1999. The presense
of a signal with a period of about 6 years in the astrophysical data confirms
that the quasi-periodic variarions in right ascension are caused by some physical
processes rather than shortcomings of the adjustment procedure.

Another radiosource 2145+067 also demonstrates quasi-periodic variations
in its right ascension time series from 428 daily estimates between 1993 and 2003
(Fig. 4a). Fig. 4b shows the PSD of the time series. The signal is so strong that
it appears without removing the trend as shown on the plot. The linear trend
estimate is -59+/-5 µas/year, whereas the amplitude of the signal with period
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about 4.8 years is extremely high (207+/-18 µas). The alternative estimate of
the linear trend only without the signal is about -5+/-14 µas/year, i.e. one
order less (Feissel, 2003). That underlines the importance of the quasi-periodic
variations of the quasar apparent motion study. Fig. 5a,b show the variations
of the flux density at the X and S bands, correspondingly, from the Michigan
database. The variations in both bands are essentially irregular but do not show
periodical character. Nonetheless, the time range between the maxima for the
X-band curve (1994 and 2000) is about 6 years. That is comparable to the
period of signal in the astrometrical time series.

Figure 4. Variations of the 2145+067 quasar right ascension daily positions
during 1993-2003 and the linear model and signal with a period of 4.8 years
(left) and the PSD of the values (right)

Figure 5. Variations of the 2145+067 quasar flux density at the 8.4 GHz
band during 1990-2003 (left) and 14GHz band during 1997-2003 (right)

3. Conclusion

The Geoscience Australia celestial reference frame solution has good accuracy
and can be used for compilation of the next ICRF as an independent catalogue.
However, some problems concerning optimization of the analysis strategy have
to be solved. The selection procedure of a set of truly stable quasars is becoming
a task as crucial as the estimation of their positions. Some radio sources show so
significant apparent linear motions and quasi-periodic variations (on the level 50-
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200 µas) that are comparable to the current accuracy of the individual solutions
(200-300 µas) and, consequently, can limit the accuracy of a future realization of
the ICRF. Maintenance of the ICRF requires the measure and the elimination
of the significant trends and signals from the observed time series of quasar
positions to improve the astrometric solutions. The analysis of all observed
quasars is essential to improve the ICRF accuracy in a global sense.

Acknowledgments. The astrophysical data kindly presented by Prof Hugh
Aller from the University of Michigan.

References

Alberdi, A., Marcaide, J. M., Marscher, A. P., Zhang, Y. F., Elosegui, P., Gomez, J.
L., Shaffer, D., 1993, ApJ, 402, 160

Alberdi, A., Gomez, J. L., Marcaide, J. M., Marscher, A. P., Prez-Torres, M. A., 2000,
A&A, 361, 529

Feissel-Vernier, M., 2003, A&A, 403, 105

Fey, A., Eubanks, T., Kingham, K., 1997, AJ, 114, 2284

Ma, C., Arias, E. F., Eubanks, T. M., Fey, A. L., Gontier, A.-M., Jacobs, C. S., Sovers,
O. J., Archinal, B. A., Charlot, P., 1998, AJ, 116, 516

Ma, C., 2001, in Proc. of the 15th Working Meeting on European VLBI for Geodesy
and Astrometry, ed. by D.Behrend and A.Rius, 187.

McMillan, D. 2003, astro-ph/0309826.

Shaffer, D.B., Marscher, A.P., Marcaide, J., & Romney, J.D., 1997, ApJ, 314, L1

Titov, O., Tesmer, V., Boehm, J., 2001, OCCAM Users Guide, AUSLIG Technical
Notes, 7



IAU XXV, Joint Discussion 16: The International Celestial Reference System,
Maintenance and Future Realizations
22 July 2003,
eds. Gaume, McCarthy, Souchay

Contribution of stable sources to ICRF improvements

A.-M. Gontier & Martine Feissel-Vernier

Observatoire de Paris, SYRTE, 61, avenue de l’observatoire, 75 014
Paris France

Abstract. A set of stable compact radio sources is proposed for the future
maintenance of the ICRF axes, based on time series analysis of VLBI-derived
coordinates of extragalactic radio sources. The selection scheme makes use of
combined statistical and deterministic tests. It identifies 199 stable sources, to
be compared to the current 212 defining sources. Their consideration for the
maintenance of the frame axes is expected to improve the frame stability by a
factor of five, reaching the level of less than 10 microarcseconds in the medium
term. The improved stability and internal consistency of the frame also enhances
the quality of the Earth orientation determinations.

1. Introduction

At its XXIIIrd General Assembly, in 1997, the IAU adopted the ICRF (Inter-
national Celestial Reference Frame), based on extragalactic radio sources as the
conventional reference frame realizing the International Celestial Reference Sys-
tem (ICRS). It also decided that a new realization be introduced only when
justified by the availability of improved models or improved observations. The
adopted positions of the defining sources may then be re-estimated, but the di-
rection of the coordinate axes will be maintained by implementing the statistical
condition that the new set of coordinates of selected sources show no global ro-
tation with respect to the old set. It was also foreseen that some sources may
be deleted or new ones could be added in the future. This would be done by
adhering strictly to the above procedure.

The study of long time series of radio sources coordinates makes it possi-
ble to detect unstable sources that are not suitable for the maintenance of the
frame. We present hereafter such a selection and its impact on various appli-
cations of the celestial reference frame, including comparison and validation of
celestial reference frames, and use in the determination of the Earth Orientation
Parameters: polar motion, universal time, and precession and nutation angles.

2. The Set of Stable Sources

Gontier et al. (2001) studied several statistical tests to select stable defining
sources. They showed that starting around 1990, the noise in individual time
series of source coordinates becomes much lower, explained by improvements in
VLBI technology, observing networks and scheduling of observations.
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Figure 1. Sky distribution of the 199 stable sources (stars) and the 212
ICRF defining sources (circles).

Analysing 3.4 millions observations in 3338 VLBI observing sessions from
1980 to May 2002, Fey (2002) derived the source coordinates by session for 721
sources, resulting in time series of 110, 111 individual positions. Using these time
series over 1989.5-2002.3, Feissel-Vernier (2003) defined source stability indices
and proposed a list of 199 stable sources that could replace the current set of
defining sources in a future improved ICRF. After selecting the 362 best observed
sources, i.e. those for which quasi-continuous series of yearly average coordinates
could be derived, a selection scheme based on the detection of drifts and stability
evaluation by the Allan variance test (Allan 1966) detects 199 stable sources and
163 unstable sources. The other 359 sources were too sparsely observed to allow
the implementation of the selection scheme. They constitute a small proportion
(less than 10%) of the total observational data.

3. Stable Sources vs ICRF Qualifiers

In 1998, the ICRF authors (Ma et al. 1998) set up three categories of sources
using qualitative and quantitative criteria such as apparent drift, formal uncer-
tainty of the global coordinates over 1980-1995, and source structure indices,
which were available at that time only for a small number of sources. For the
definition of the ICRF axes only the 212 sources considered as the most reliable
ones were used and named “defining sources”. A second set of 396 apparently
reliable sources that had not been observed enough in 1995 were considered as
“candidates”. The last category of sources called “other” was for the 102 sources
considered not suitable for the maintenance of the frame axes. In addition, a
source structure index (Fey & Charlot 2000) qualifies the level of position distur-
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bance expected as a result of the the source structure (1 for the least disturbed,
4 for the most disturbed).

The sky distribution of the ICRF defining sources and that of the stable
sources are shown in Figure 1. Note the deficiency of stable sources south of
declination -30◦with respect to the defining sources. This is an effect of the
relatively sparse observation history of these sources due to a weaker observing
network. In the initial ICRF the criteria to select defining sources were relaxed
in the southern hemisphere in order to compensate for this observational bias.

Table 1 shows the relationship of the Feissel-Vernier stability index with
two ICRF qualifiers: the source status and the structure index. The unstable
sources are mostly those having a linear drift ≥ 50 µas/year over 1989.5-2002.3
in one of the two coordinates. For completeness, the correspondence is also
shown for the sources that could not be submitted to the statistical stability
screening because of an observation history that was too sparse.

Table 1. Relationship between ICRF source qualification and the stability
index.

Defining Candidate Other index: 1-2 3-4
Stable 81 68 49 73 26
Unstable 60 62 38 34 19
Sparse 71 164 15 15 26

We notice that there is no clear relationship between the two selections.
While the proposed scheme rescues a number of sources that may be useful
for the maintenance of the axes, a number of defining sources are found to be
unstable or drifting. Similarly, there is no particular correlation of the instanta-
neous structure indices with the time stability ones. More investigations, such
as studying the time evolution of the structure index for each source, are needed
to explained this poor correlation.

4. Comparison and Validation of Celestial Reference Frames

To compare the respective efficiency of the defining sources and of the stable
sources for maintaining the direction axes of the celestial reference frame that
they realize, we consider 19 yearly differential reference frames (at epochs 1984.0
through 2002.0) that are formed by the coordinates of the defining (stable)
sources observed in each year. The frames are differential in the sense that each
series of sources coordinates is brought to zero in the average over its observation
span. The yearly differential rotation angles A1(y), A2(y), A3(y) around the axes
of the equatorial coordinate system for year y are then computed for each of the
19 years. Figure 2 shows the time variation of these angles using either the
defining sources or the stable sources. The already-mentioned stabilization of
the frame axes starting at 1990.0 is obvious, in particular when using the stable
sources. Note that although the starting sets of sources are comparable in size
(212 defining sources and 199 stable ones), the numbers of sources effectively
observed each year are higher for the stable sources, reflecting the fact that the
first selection criterion was a dense observational history. Gontier et al. (2001)
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Figure 2. Yearly differential rotation angles using the defining sources or
the stable sources A1 is shown in blue (dark), A2 in green (dashed), and A3

in red (light). The numbers of sources with observed coordinates are shown
above the respective graphs.

showed that the much lower noise for the stable sources solution is not only an
effect of the number of sources but that it also results from better statistical
properties. Table 2 gives two types of statistics on the time variations of the
differential rotation angles: the usual standard deviation that characterizes the
scattering of the sets of rotation angles, and their Allan standard deviation for
one-year and four-year sampling times, that characterize their stability in time.
Note that if the time series of the rotation angles have white noise, the four-
year Allan standard deviation will be equal to half (square root of one fourth in
sampling times) the one-year one. In the case of flicker noise, both values will be
equal. The set of 199 selected stable sources lowers the medium-term instability
of the celestial reference frame from 28 to 6 µas. In addition, the original flicker
noise error spectrum of the axes directions is replaced by white noise.

As a check of external consistency, Arias and Bouquillon (2004) compared
two independant celestial reference frames, RSC(BKGI) 02 R 01 and RSC(IAA)
02 R 03, that were submitted to the IERS/ICRS Product Center for the 2002
IERS Annual Report (IERS 2003). They evaluate the rotation and deformation
parameters using either the ICRF defining sources or the set of stable sources.
They conclude that the set of stable sources defines the axes of ICRF better than
the defining ones (± 0.11 mas vs ± 0.23 mas). For both frames the directions of
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Table 2. Stability of yearly celestial reference frames
Source Nb of Std Allan Std dev.

selection sources dev. 1 year 4 years
scheme kept µas µas µas

ICRF Defining 212 25.6 26.0 27.6

Stable 199 10.8 9.4 5.9

the axes are found to be closer to those of ICRF when using the stable sources.
The weighted post-fit mean residuals for both comparisons indicate that the
quality of the fit is better by a factor of two for the stable sources (0.13 mas vs
0.22 in α cosδ, 0.14 vs 0.30 in δ).

5. Improved EOP Determination

The Earth Orientation Parameters (EOP) are the five angles traditionally used
for describing the Earth’s rotation irregularities. They include the coordinates
of the moving rotation pole in an Earth-fixed reference system, two parameters
linked to the orientation of the axis of figure in space (precession and nutation
angles), and universal time, directly dependent on the sidereal rotation of the
planet. The EOP are determined from every 24-hour VLBI session taking into
consideration all sources observed.

The stability of time series of EOP of various origins can be compared
using the Allan variance. The Allan variance of a time series xi with N items
and sampling time τ is defined as:

σ2
A
(τ) = 1

2N

∑
i(xi+1 − xi)

2.

The Allan variance analysis allows one to characterize the power spectrum
of the variability in time series, for sampling times ranging from the initial
interval of the series to about 1/3 of the data span, in our case one year through
four years. This method allows one to identify white noise (spectral density S
independent of frequency f), flicker noise (S proportional to f−1), and random
walk (S proportional to f−2). Note that one can simulate flicker noise in a time
series by introducing steps of random amplitudes at random dates. When several
series of measurements of the same phenomenon are available, it is possible not
only to derive the level of measurement noise, but also its spectrum by the three-
corner-hat method (Barnes 1967), assuming that their measurement errors are
independent. The slope of the graph giving the Allan variance as a function
of sampling time, both in logarithmic scale, points to white noise (slope = -1),
flicker noise (slope = 0), or random walk noise (slope = +1).

Figure 3 shows stability graphs for polar motion and Universal Time de-
terminations over 1990-2002 based on either all sources or on the stable sources
only. The results shown here involve both GPS and VLBI for polar motion,
and only VLBI solutions for Universal Time. The set of VLBI solutions con-
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Figure 3. Stability of pole coordinates and Universal Time measurements
over 1990-2002 according to source selection. All sources: light; stable sources
only: dark.

sidered is based on seven different source selections, considering various sources
characteristics, e.g. defining, stable, unstable, etc. (Ma 2003).

In addition to the fact that the Allan variance is always lower when using
the stable sources only, a striking feature for x-pole is that the use of the stable
sources cancels the random walk signature appearing beyond one-year sampling
time when using all sources. The reference to the stable sources ensures or
strengthens white noise in the long term for the measurement of polar motion.
The measurement of Universal Time involves the stability of both the terrestrial
and the celestial reference frames. The possible influence of the terrestrial frame
on the remaining random walk signature beyond one year should be investigated.

Nutation is the motion of the Earth’s figure axis in space in response to
the torque exerted by the Moon, Sun and planets. The state of the art model
recommended by the IAU in 2000 (Mathews, et al. 2002), is based on i) the
modelling of the astronomical external torque at the 0.1 µas accuracy level
(Souchay and Kinoshita 1996, 1997), ii) the modelling of the response of the
non rigid Earth to this external torque, and iii) the VLBI observations relative
to extragalactic directions realized by the quasars. When observed at the current
level of precision (a fraction of a milliarcsecond), no object is really pointlike.
Apparent motions, if existing, may be related to the existence of jets originating
in the sources. Such motions may give rise to time varying inhomogeneities in
the celestial reference frame that, in turn, could mimic nutation signals.

Studying the influence on nutation of the variable torque exerted by the
atmosphere and the ocean, Dehant et al. (2003) showed that apparent variability
in the celestial frame can lead to changes in estimates of precession or long-
period nutations coefficients at a level comparable to that of the variable nutation
excited by the Earth’s fluid layers (a few tens of µas). Figure 4 shows the celestial
frame effect on precession and obliquity rate and on the 18.6 year nutation
term. Depending on the selection osf sources in the analysis, the precession and
obliquity rates may change by 20 µas/year and the 18.6 year prograde component
by 30 µas.
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Figure 4. Precession and obliquity rate corrections (left graph) and pro-
grade and retrograde corrections to the 18.6 year nutation term in µas (right
graph) for various source selections.

6. Conclusion

Feissel-Vernier (2003) proposed a source selection scheme based on time series
analysis of source coordinates that makes it possible to detect unstable sources.
The consideration of the stable sources strengthens the no-net-rotation condi-
tion of the celestial reference frame axes. It improves the internal consistency of
the frame, as shown by the improvements of yearly differential rotation angles,
but also the external consistency showed by the convergence of independent
realizations of celestial reference frame. It impacts positively the determina-
tion of Earth orientation parameters. The poor correlation between the sources
structure indices and the new selection needs further investigation.

We recommend that this new source classification be considered by the
International VLBI Service (IVS) in the future scheduling of VLBI observing
sessions. For the next generation of ICRF, this type of selection scheme could
be applied on extended time series in order to find the set of the most stable
sources to be used for the maintenance of ICRS axes.
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Abstract. In a previous paper we have already pointed out that the positions
of extragalactic radio sources fluctuate on the order of micro arcseconds (µas)
because of the astrometric microlensing by stars and MACHOs in our galaxy
(Hosokawa et al. 1997). This means that the kinematical reference frames
based on the positions of extragalactic radio sources are degraded by these kind
of fluctuations. Recently, we have shown that in the case of the extragalactic
sources in the direction close to the Galactic Center, the optical depth for a
lensing event of 10 µas fluctuation is about 0.25 when we adopt the standard
model of our galaxy (Hosokawa et al. 2002). Further, macro scale astrometric
gravitational lensing by the collective mass of the Galactic Center appears in
a different manner. In this paper we discuss the type, the magnitude and the
time scale of the degradation of reference frames due to astrometric gravitational
lensing. For an astrometric gravitational lensing event of a few µas caused by
each star, the event duration is expected to be several years. On the other
hand, the induced motion due to macro scale astrometric gravitational lensing
is practically regarded as secular.

1. Introduction

When we observe the positions of compact sources with accuracies of 10 µas or
better, we have to be careful of the gravitational deflection of the sources due to
the foreground stars. It has been pointed out that in the case where the lens star
is within 100 pc of an appropriate background source within a separation of 1
arcsecond, the mass of the lens star can be measured by observing the variation
of the gravitational deflection with an accuracy on the order of 10 µas (Hosokawa
et al. 1993). After the discovery of photometric microlensing (Alcock et al. 1993;
Aubourg et al. 1993), the complementariness of the astrometric observation to
the photometric observation for solving the degeneracy of the lensing parameters
was already pointed out (Hosokawa et al. 1995; Høg et al. 1995).

Now the celestial reference frame ICRF is determined by the position of
extragalactic objects (Arias et al. 1995; Ma et al. 1998). When we measure the
position of extragalactic objects to construct the celestial reference frame with

28
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Figure 1. Configuration of gravitational lensing

the accuracy better than 10 µas, we have to be careful of the positional shift of
the extragalactic objects due to gravitational lensing by stars in our galaxy. Such
a shift would be a very serious problem when we aim to construct the celestial
reference frame with an accuracy of the order of µas (Hosokawa et al. 1997a,
1997b; Sazhin et al. 1998). Recently, it is also pointed out that for the QSOs
close to the direction of the Galactic Center, this fluctuation can be larger than
10 µas (Hosokawa et al. 2002). In these discussions, the compact objects such as
disk stars, bulge stars or MACHOs themselves are considered as the deflectors.
The total mass in the Galactic Center, however, is the order of 1010M⊙ and we
have to consider the macro lens effect, the collective gravitational deflection by
the core and the bulge of the Galaxy (Ohnishi et al. 2003).

Astrometric gravitational lensing by each kind of source will cause the degra-
dation of reference frames with different magnitudes and timescales. In this
paper, we will review the astrometric gravitational lensing by all sources in our
galaxy and discuss the degradation of reference frames due to them. Since most
of the formulae needed for the discussion have been derived in (Hosokawa et al.
1997b) and (Hosokawa et al. 2002), hereafter we will cite them as Paper I and
Paper II, respectively.

2. Description of Weak Gravitational Deflection

2.1. The Case of Point Lens Source

Let us begin by reviewing the gravitational deflection by a point mass. The
typical configuration is shown in Fig.1.

Here O is the observer, P is the deflector, and S is the source. The distances
from the observer to the deflector and the source are denoted by D and DS ,
respectively. The apparent angular shift of the source is denoted by θ. The
distance between P and the straight line OS is denoted by L. The impact
parameter, i.e. the distance between P and the lensed ray, is denoted by I.

Here I is obtained by solving the equation

I = L +
2rgD

I
, (1)

where rg = 2GM/c2 is the Schwarzschild radius of the deflector, and M is the
mass of the deflector.
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Figure 2. Induced proper motion due to gravitational lensing

Assume that S is an extragalactic source and P is a star in the Galaxy near
the line of sight to S. Hence DS ≫ D. Since we consider the case of weak lensing,
here we take I ∼ L and L/D ≫ θ.

When we discuss the statistical nature of weak lensing, the physical key
quantities are the optical depth τ(θ) and the event rate Γ(θ). The optical depth
is the probability that the positional shift is larger than the given observational
threshold θ, and the event rate is the number of events of the positional shift
greater than the observational threshold θ per year. Their mathematical formu-
lae are

τ(θ) ≡

(
L(θ)

L1

)2

,Γ(θ) ≡
2L(θ)v

πL2
1

, (2)

respectively, where L(θ) is the distance between the deflector and the line of
sight when the positional shift is θ, L1 is the mean radius of what we called
the active cylinder in Paper I and v is the speed of the lens star relative to the
Sun. The former is derived in Paper I and the latter in Paper II. The following
expressions for τ(θ) and Γ(θ) are also shown in Paper II.

τ(θ) = 9.8 × 10−3

(
M

0.2 M⊙

)(
Σ

103 M⊙/pc2

)(
θ

10 µas

)
−2

, (3)

Γ(θ) = 8.1 × 10−4

(
Σ

103 M⊙/pc2

)(
θ

10 µas

)
−1 (

v

100 km/s

)

[yr−1], (4)

where Σ is the column density along the line of sight, Σ ≡

∫
ρdD .

The average values of time between events ∆t and the duration of an event
te are directly related to the optical depth and the event rate by the following
formulae.

〈∆t〉 ≡ Γ(θ)−1
, 〈te〉 ≡

τ(θ)

Γ(θ)
. (5)

By using these formulae, we evaluate the average event duration as

〈te〉 = 12.1

(
M

0.2 M⊙

)(
θ

10 µas

)
−1 (

v

100 km/s

)
−1

[yr]. (6)
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Figure 3. Effect of core motion (left) and bulge motion (right)

2.2. The Case of Collective Gravitational Lensing

In the case of the collective gravitational lensing, we have to consider the mass
distribution of the lens stars. We assumed that the mass distribution near the
Galactic Center is almost spherically symmetric with respect to the Galactic
Center. Thus the column density Σ(L) is axisymmetric with respect to the di-
rection to the Galactic Center, where L is the distance between the Galactic
Center and the line of sight to the QSO. In this case, the total deflection due to
the distributed mass is obtained by considering that the total mass is concen-
trated in the central axis. The total column mass of the stars in a cylinder of
the radius L from the Galactic Center, m(L) is expressed as

m(L) =

∫
L

0

Σ(L′)2πL
′dL

′
. (7)

Then, the total gravitational deflection of the images of the referenced QSOs by
the stars in the Galaxy is approximated as θ = m(L)/L. Though it amounts to
the order of an arcsecond if L < 100pc, this deflection itself is not observable.
Rather the time variation due to the galactic rotation is measurable:

dθ =

(

2πΣ(L) −
1

L2

∫
L

0

Σ(L′)2πL
′dL

′

)

dL . (8)

For instance, let us evaluate the gravitational deflection caused by approximately
a constant column density sheet, Σ = Σ0 around a center. In this case, the
column mass within the centered cylinder m(L) = πL2Σ0 leads to the deflection
angle θ = πLΣ0. Thus an apparent proper motion µ = dθ/dt is constant when
its amplitude is of the order of sub-µas/yr. Therefore we should note that the
lensing by constant mass distribution is quite different from the case caused by
a point mass.

3. Model of the Mass Distribution and Estimates

3.1. 4-components Model

Since the formulae of the astrometric lensing quantities are obtained as functions
of the distribution of mass and velocity of the deflectors, we should consider
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the model of those in our galaxy. Here we adopt the 3-components model of
Alexander & Sternberg (Kent 1992; Genzel et al. 1996; Alexander & Sternberg
1999); the core, the bulge, and the disk. Their mass density distribution are
given as

ρcore(r) =
ρc

1 + 3
(

r

rc

)2
, ρbulge(r) = ρbK0

(
r

rb

)

, ρdisk(r) = ρd exp

(

−

r

rd

)

, (9)

where K0(x) is a modified Bessel function. The numerical values of the pa-
rameters are ρc = 4 × 106 M⊙pc−3, rc = 0.38 pc (Genzel et al. 1996), ρb =
3.53 M⊙pc−3, rb = 667 pc, ρd = 3 M⊙pc−3, and rd = 3001 pc (Kent 1992). In
the actual calculation, we took into account the contribution of the disk only
for r > 1 kpc. As for the velocity distribution, the main source is the uniform
galactic rotation. Since the gravitational lensing depends on the relative velocity
to the observer, we must split the disk into two components: the near side and
the far side ones. So here we consider the 4-components model that consists of
the core, the bulge and the two disk components. As for the relative speed to the
Sun, we adopt the following values; vcore = vbulge=220 km/s, vdisk(farside)=440
km/s, vdisk(nearside)=30 km/s. Here we considere the effect of a random velocity
field for the near side disk component.

For simplicity, we assume that the mass of the deflectors are the same and
equal to 0.2 M⊙ (Salpeter 1955). Recent observations (Ghez et al. 1998) suggest
that the ratio of the heavier stars in the core might be larger than expected from
the Salpeter function. In such a case, the optical depth of the lensing becomes
larger. The case of 1 M⊙ deflectors is also shown in Paper I and II.

3.2. Estimates

By using the above formulae and parameters, we can estimate the column density
Σ, optical depth τ , and the event rate Γ for each component as a function of
the direction from the Galactic Center, as well as the apparent motion caused
by the collective lensing of the Galactic Center.

On the collective lensing, the effects of the core and the bulge are calculated
separately. Before going further, we remark that the impact parameter L is much
smaller than the scale length of the bulge rb. Then we treat the bulge as a thick
sheet of constant column density, while the size of the core rc is much smaller
than L. Therefore we have to consider the radial density distribution carefully.

The details of the results caused by the compact objects are shown in Paper I
and Paper II. The outlines of the two main components together with the result
caused by the collective lensing are shown in Table 1. Here we evaluate the
magnitude of the positional shift in the case the optical depth is 0.1. As for the
direction, the quantities in Table 1 are estimated for the case each component is
most dense. The terms on the nearside disk component and the core component
are omitted since the contribution of the former is negligible and that of the latter
is effective for only a very narrow area near the Galactic Center, say, within one
degree. In Paper I, it is also shown that the contribution of MACHOs, if they
exist, is also negligible.

It should be noted that the positional shift by individual star should be
analyzed statistically since it is very hard to identify any lens star. The lensing
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Table 1. Summary of lensing

Mass Proper Motion θ(τ = 0.1) ∆t te Induced Motion

M/M⊙ mas/y µas y y µas/y
Disk (far) 0.2 12 8 40 4 2
Bulge star 0.2 ∼6 8 80 8 1
Bulge 1010 6 2 × 106 2 × 108 107 0.2

due to the collective mass of the bulge is, however, definite, same as is the case
of solar gravitational lensing. On this collective lensing, we evaluate the effects
of the core and the bulge separately. The disk contribution is negligible due to
the symmetrical distribution with respect to the axis of galactic rotation.

Using the adopted model, the apparent proper motion by the core is,

(µℓ, µb) = (µcore(1 − cos 2ϕ) ,−µcore sin 2ϕ) , (10)

where µℓ and µb are respectively the proper motion in galactic longitude and in
galactic latitude, and

µcore = 0.2µas/yr

(
L

100pc

)(
ρc

4 × 106m
⊙

/pc3

)(
rc

0.38pc

)2 ( v

220km/s

)

. (11)

The angle ϕ is the latitude measured from the galactic plane. Note that the
direction of apparent shift is opposite to the direction of the motion of the
core relative to the observer. The shift reduces to zero when the QSO is on
the galactic plane. The maximum is around 0.4 µas/yr and is reached on the
galactic meridian.

On the other hand, the effect of the bulge is almost constant everywhere
within a few degrees from Galactic Center;

(µℓ, µb) = (µbulge, 0) ; µbulge = 0.2µas/yr

(
Σ(100pc)

6 × 106m
⊙

/pc2

)(
v

220km/s

)

.

(12)
This time, the direction of apparent shift is opposite to the direction of the
motion of the bulge. Note that µbulge and µcore are almost the same. The
total motion, depending on the direction with respect to the Galactic Center, is
expected to be of the order of 0.2 µas/yr, as is also shown in Table 1.

4. Discussion

When we evaluate the degradation of the position of a source, we have to con-
sider θ together with te in Table 1. For example, if we care about a 8 µas or
less uncertainty in the position of a reference source in the Galactic Disk, the
astrometric gravitational lensing might cause the same order positional fluctu-
ation. Continuous checking of its position in the period much longer than te,
however, should enable us to eliminate the lensing event. Apparent motion of
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Figure 4. Internal motion (left) and Collective Motion (right) of QSOs

the lensing event caused by the individual star has a trend shown in Fig. 2, and
when the event is finished, the apparent position of the star returns to the orig-
inal position. So the positional fluctuation can be corrected by the continuous
observations, or smoothed out by the averaging in terms much longer than te.

The power-law dependencies of the optical depth and other lensing quan-
tities on M , Σ and θ are shown in Eqs.(3), (4), (6), (11) and (12). They are
useful to estimate the various cases concerning the parameters of lensing stars.
For example, the power-law for θ shows that, even in the case of the positional
shift of 25 µas, a 4% probability of such a deflection still remains with an event
duration of about 2.2 years (Paper II).

The case of collective lensing can be compared to the lensing induced by
solar gravity. The difference, however, concerns the periods. The sun goes
around the celestial sphere in one year. On the contrary, the Galactic Center
accomplishes its apparent revolution in about two hundred million years and the
event duration is of the order of ten million years. This duration is practically
considered as secular. It is interesting to notice that the maximum deflections
are of the order of 1 arcsecond in both cases. In the case of solar gravitational
deflection, we have already taken it into account and corrected the effect when we
construct the celestial reference frame with an accuracy of the order of 1 mas.
Similarly, we should correct the gravitational lensing by the Galactic Center
when constructing it with an accuracy of the order of 1 µas. It is well known that
there are three QSOs within 1 degree of the Galactic Center, named W56, W109
and GC441. Their position relative to the Galactic Center are measured precisely
to investigate the galactic rotation and the motion of the Galactic Center (Backer
& Sramek 1999; Reid et al. 1999). When the positioning accuracy reaches a
few µas with several years of continuous observations, relative expansion or
contraction of the distances among the three objects above should be taken into
account. These secular motions are illustrated in Fig.4 (Ohnishi et al. 2003).

To summarize, there are several kinds of deflectors in our galaxy that cause
the positional shift of the extragalactic sources of the order of µas in a few years.
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Therefore, we have to take them into account and make corrections when we
construct the extragalactic reference frame with accuracy of µas order.
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Abstract. We have constructed an initial set of celestial reference frames
at K-band (24 GHz) and Q-band (43 GHz) based on VLBI astrometric survey
observations of active galactic nuclei. Three VLBA observing sessions covered
the full 24 hours of right ascension and declinations down to −30◦. Our catalog
of 108 sources has K-band median formal position uncertainties of ≈ 250 µas;
Q-band uncertainties are ≈ 1.5 times larger. Weighted RMS (WRMS) residuals
were 32 ps and 70 fs/s in delay and rate, respectively. Comparison of the K-band
frame to the S/X-band ICRF shows agreement at the sub-milliarcsecond level.

The motivations for extending the ICRF to higher frequencies are to use
more compact sources to construct a more stable frame, to provide calibrators
for phase referencing, and to support spacecraft navigation at higher frequencies.

1. Introduction

Early in the development of the Very Long Baseline Interferometry (VLBI) tech-
nique, it was appreciated that VLBI observations of distant active galactic nuclei
(AGNs) had the potential to form the basis of a quasi-inertial celestial reference
frame with milli-arcsecond (mas) or better accuracy. In the 1990s the IAU work-
ing group on reference frames brought together workers from astrometric groups
from around the world to produce a standard celestial reference frame that be-
came known as the International Celestial Reference Frame (ICRF,cf. Ma et al.
(1998)). This foundational work was done at S/X-band (2.3/8.4 GHz) with a
parallel realization of the frame at optical frequencies based on HIPPARCOS
satellite data. It was appreciated by many specialists that the extension of the
ICRF to additional frequencies would further enhance the value of the work
already done.

A number of developments have now converged to make the first decade
of the new millenium an opportune time to pursue the extension of the ICRF
to radio frequencies in the 24–43 GHz range. First, the S-band environment is
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increasingly cluttered by radio frequency interference making continued obser-
vations at S/X ever more difficult. Second, high frequency radio amplifiers at K
(24 GHz), Ka (32 GHz), and Q-band(43 GHz) are now available for use by the
VLBI technique. Evidence, based on the same data used for this paper, suggests
that sources are more compact—and therefore more astrometrically stable—at
these frequencies than at X-band (see Fey et al, this volume). Thus there is
potential for constructing a new frame that is superior to the current S/X-based
ICRF. Such a new frame would provide calibrators permitting narrow field phase
referencing work at these higher frequencies. Third, radio systems for planetary
probes are moving to Ka-band and are expected to require sub-mas tracking
accuracy. Interpolating the K and Q-band results will provide initial constraints
on astrometric suitability of sources at Ka-band thereby allowing one to build a
roadmap for high accuracy spacecraft navigation at 32 GHz.

Our long term goal is to move from simultaneous dual frequency S/X-band
to X/Ka-band. Ka-band will allow for higher telemetry rates to deep space
probes and will reduce plasma related errors by roughly a factor of 16 compared
to X-band. Ka-band (32 GHz) is preferred because it is not as close to the 22
GHz H2O line as is K-band (24 GHz); similarly, Ka-band is preferred because
it is not as close to the 60 GHz O2 line as is Q-band (43 GHz). Thus the choice
of the 32 GHz frequency is an attempt to optimize atmospheric transparency.
Over the next year or two, X/Ka long baseline systems are scheduled to come
on line.1 We envision gradually moving our focus away from single band K or
Q-band work to simultaneous X/Ka-band work. In the meantime, we must rely
on the K and Q-band results.

Thus this paper will describe the initial results of our efforts to extend re-
alizations of the ICRF to those bands. The presentation is organized as follows:
Section 2 will review the observations that have been collected at the present
time. Section 3 will present the results obtained from our first three observ-
ing sessions. Section 4 will present frame comparisons which will provide both
internal (K vs. Q-band) and external (K vs. S/X-band) tests of our frame’s
accuracy. Section 5 will show evidence for systematic zonal errors at the level
of 100s of µas. Section 6 will present the conclusions of this paper.

2. Observations

The results presented here show the progress made based on the first three
VLBA sessions: 15 May 2002, 25 August 2002, and 26 December 2002. The
first two sessions observed the same set of 65 sources which was selected for
expected compactness and strong flux (typically > 0.7 Jy). The third session
extended observations to weaker sources. Each source was observed with 3–5
snapshots, each of which used the entire array for 2 minutes at K-band and then
2 minutes at Q-band. This strategy was chosen to allow adequate uv coverage
for simultaneous imaging while still permitting sub-mas global astrometry based
on group delays over a 400 MHz spanned bandwidth. Recorded bandwidth was

1Goldstone CA in 2001, Madrid Spain in late 2003, and Canberra, Australia in 2005
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128 Mbps. There were 22,215 usable pairs of delays and rates which were fit
with 728 degrees of freedom.

The VLBA is limited to U.S. territory by design. The longer baselines
contribute proportionally more to the astrometric solution. The longest baseline
is from Mauna Kea, Hawaii to St. Croix, U.S. Virgin Islands. These two stations
also represent the extremes of one of the leading systematic errors in VLBI: the
troposphere. The Mauna Kea station is at such a high altitude that it is above
a considerable portion of the atmosphere. St. Croix on the other hand is nearly
at sea level. Its proximity to the ocean makes it susceptible to unmodelled
fluctuations in water vapor refractivity. The array has a greater East-West
extent compared to its North-South extent. As a result, the VLBA produces
better precision in right ascensions than declinations by a factor of ≈ 1.5.

3. Results

Data from the first three sessions yield a global reference frame of right ascen-
sions and declinations for 108 sources. The distribution of sources is illustrated
in Fig. 1. Note that:

1) Observations covered only down to δ ≈ −30◦.
2) Declination uncertainty systematically increases as one moves south.

This may be seen from the symbol coding which indicates σδ.
3) The dashed line indicates the galactic plane.
4) The dotted line indicates the ecliptic plane.
Q-band results are similar but with σδ ≈ 1.5 times larger than at K-band

due to fewer measurements and lower SNR.
When the minimal 3 coordinates are held fixed in order to set the frame

orientation, the solution for the right ascensions and declinations yields median
formal K-band position uncertainties of 212 and 273 µas in α cos(δ) and δ,
respectively. For Q-band the corresponding results were 309 and 427 µas in
α cos(δ) and δ, respectively. The solution used 3 hour troposphere breaks and
yielded WRMS residuals of 32 ps and 70 fs/s, respectively.

Because these sources are at extreme extra-galactic distances (median red-
shift z ≈ 1), we have assumed that proper motions and parallaxes are negligi-
ble. Exploratory S/X fits estimate apparent proper motions that are well below
100 µas/yr thus supporting our decision to neglect proper motion parameters.

4. Internal and External Catalog Comparisons

Our past experience with analysis of S/X data suggests that formal uncertainties
often underestimate the true errors (e.g. Jacobs et al. (1998), Ma et al. (1998)).
In order to gain a more realistic estimate of the true accuracy of our reference
frame, we made two comparisons. First, we compared the K frame to an external
standard, the S/X frame. Next, we examined the internal consistency of our data
and analysis by comparing K and Q-band results against each other.

The external standard of comparison was a recent JPL S/X solution labelled
DDOR 2002 which included nearly 3 million group delay measurements acquired
from 1978 to 2002. This S/X frame is an unpublished extension of the ICRF
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extension-1 frame and was verified to be consistent with that frame at the 100 µas
(WRMS) level. The MODEST software (Sovers, et al. (1998)) was used both
for the physical modelling and parameter estimation used to build this frame.

Figs. 2a. and 2b. show the K minus S/X differences for α cos δ and δ, re-
spectively (3 coordinates fixed in each frame). The histogram of ∆α cos(δ) shows
a median difference of −42 µas and a WRMS about the mean of 294 µas. Both
these values are too large to be explained by the modelled formal uncertainties
and thus indicate the presence of unmodelled systematic errors. Declinations are
somewhat worse. The histogram of ∆δ shows a median difference of 242 µas and
a WRMS about the mean of 574 µas thus indicating the presence of systematic
errors in the declinations.

While these comparisons do not determine to what extent the systematic
errors are in the K vs. the S/X frame, the latter’s vastly larger data set and more
carefully scrutinized analyses lends more weight to the S/X results. Thus, our
working hypothesis is that K-band systematic errors dominate the comparison.

Having compared to an external standard, let us now check the internal
consistency of our two high frequency frames. Figs. 3a. and b. show histograms
of K minus Q-band differences, ∆α cos δ and ∆δ, respectively. These differences
are consistent with the formal uncertainties as shown by the median normal-
ized differences ∆α and ∆δ being 0.8 and 1.0, respectively. Note that since K
and Q-band data formal uncertainties are statistically independent, the formal
uncertainty of each difference is the root sum square of the individual K and
Q uncertainties. Given that the plasma-induced delays of solar plasma and the
Earth’s ionosphere are the most obvious frequency dependent effects, we take
the K-Q normalized differences to be an indication that plasma effects are not
yet dominating our error budget. Thermal noise is still an issue. As further data
are added, formal uncertainties will be reduced thereby increasing sensitivity to
K vs. Q-band systematic errors. Thus we are considering various strategies
for quantifying plasma systematic effects which are expected to arise in future
analyses. While the WRMS scatter about the mean is roughly consistent with
the formal errors, the same cannot be said of the mean differences which, re-
spectively, are < ∆α cos δ > = 159±32 µas and < ∆δ >= 142±52 µas. Thus
we are detecting systematic errors.

5. Zonal Errors

Given evidence from both external and internal comparisons for the presence of
unmodelled systematic errors, we will now take a closer look at the distribution
of the differences. A plot of α cos δ differences vs. δ shows evidence of zonal
errors.

Figs. 4a. and b. plot ∆α cos(δ) vs. δ for two cases. On the left, Fig. 4a.
reflects a K-band solution with the minimal 3 coordinate parameters fixed. On
the right, Fig. 4b. reflects a solution with 8 coordinates (from 4 well spread
sources) constrained to the S/X solution. The formal 1σ (diagonal) uncertainties
are indicated as error bars. Note that while inter-source correlations are not
graphically indicated, they are significant especially in the first case—a point
that we will return to in a moment. In Fig. 4a. the ∆α cos δ vs. δ trend is
significant (−7.5±0.9 µas/deg). Removing this trend reduces the WRMS scatter
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from 296 to 225 µas. In Fig 4b. the additional source constraints have effectively
constrained the ∆α cos δ vs. δ zonal error. In this second case, removing a trend
results in almost no improvement in WRMS scatter—which remained very close
to 210 µas. Note that the geometric strength introduced by the extra source
position constraints is reflected in the smaller errors bars in Fig. 4b.

Examining declination differences (not plotted) shows a similar story. With
1.5 sources fixed, the WRMS scatter of ∆δ is 511 µas. Removing a ∆δ vs. δ

trend reduces the scatter to 466 µas. With 4 sources fixed the WRMS scatter of
∆δ is 408 µas and removing a trend vs. δ reduces that only slightly to 393 µas.

While some small residual zonal trends are still present, the basic picture
is that there are large zonal errors in both α and δ vs. δ that are effectively
constrained by fixing a small number (4) of well spread sources. It is clear that
a stronger declination measuring geometry (i.e. North-South baselines) will be
needed to solidify our frame. We hope to add a Tidbinbilla, Australia station
to future sessions to do just that.

5.1. Right ascension inter-source correlations

In searching for the underlying cause of the right ascension systematic differ-
ences, we discovered that the right ascension parameters themselves are not yet
well separated by the data in hand.

Figs. 5a. and b. show the right ascension inter-source correlations vs.
the arclength between a given pair of sources. On the left, Fig. 5a. reflects
the solution with 3 coordinates fixed whereas Fig. 5b., on the right, reflects 8
coordinates held fixed. The most obvious and important change between the
two figures is that the addition of 5 more constraints to the solution leads to
large reductions in inter-source correlations. From this we conclude that, with
our current data set, a minimally constrained solution is not able to separate
adequately the right ascension parameters.

This deficiency appears to worsen as one moves further south in declination,
presumably because the northern based VLBA’s observing geometry is system-
atically weakened as one observes further south. Also note in Fig. 5a. the
“knee” at about 25◦ arclength. For arclengths shorter than this, right ascen-
sions are almost all positively correlated and thus may tend towards systematic
offsets also known as zonal errors. Thus both low declinations and short arcs
especially reveal the geometric weakness of our current database of observations.

6. Conclusions

We have presented the motivation for and initial results from our program to
develop global celestial reference frames at K and Q-bands. A total of 108 sources
have been observed with K-band formal position uncertainties of ≈ 250 µas and
Q-band uncertainties which were ≈ 1.5 times larger. The true accuracy of our
results has been estimated from both internal and external comparisons. K
and Q-band solutions showed internal agreement at ≈ 300 and ≈ 500 µas in
α cos δ and δ, respectively. Comparison with the independent and more strongly
established S/X frame gave agreement at approximately the same level.

Examination of zonal errors vs. declination and inter-source correlations
shows that after 3 sessions we have not yet separated well the estimated position
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parameters. Perhaps this should not be a surprise given that the S/X work
took two decades to get to its present level. However, we will likely need more
than just repetition of our current observing strategy; we will need a stronger
North-South geometry in order to create a more rigid frame that can stand
independently of the S/X frame. Thus our work must be continued and refined
before any high frequency frame can surpass the S/X frame.

Having acknowledged these issues, we would like to end on a positive note.
Before we undertook the work described in this paper, there was very little
global astrometric data available at frequencies above X-band (8.4 GHz). There
were uncertainties as to whether reference frames at K, Q, and Ka-bands were
even feasible. In particular, we did not know if there were sufficient well-spaced
sources to track spacecraft with differential VLBI at Ka-band. We were un-
certain as to how well K, Q, and Ka-band positions would agree with the S/X
frame.

The results presented in this paper have answered these questions well
enough that we are now optimistic about the future of high frequency radio
frames both for general astrometry and for spacecraft tracking. We have a rea-
sonably large catalog of reasonably strong sources detected at both K-band (24
GHz) and Q-band (43 GHz) and assuming that we may interpolate to Ka-band
(32 GHz), we now have a sufficiently large and sufficiently accurate catalog to
begin supporting demonstrations of spacecraft measurements in 2005. In con-
clusion, this work is a major step forward for both the astrometry and spacecraft
navigation communities.
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Figure 1. Distribution of 108 K-band sources. Symbols indicate σδ.

Figure 2. K − S/X: α cos δ differences are shown on the left. δ differences
are shown on the right.

Figure 3. K − Q-band differences. Median differences in α cos δ and δ are
252 and 265 µas wrms, respectively. WRMS differences are 323 and 518 µas,
respectively. The labels K123 and Q123 indicate catalogs combining data
from sessions 1,2 and 3.
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Figure 4. K minus S/X-band differences: ∆α cos δ vs. δ. Fig. 4a. (left)
reflects the minimal 3 coordinate constraint whereas fig. 4b (right) reflects
fixing 8 coordinates to their S/X catalog values. Note how the additional
constraints control the zonal error vs. δ.

Figure 5. K-band right ascension inter-source correlations: Fig 5a. (left)
reflects a minimally constrained solution; Fig 5b. (right) reflects 8 total coor-
dinates fixed to the S/X solution.
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Abstract. With the release of the Hipparcos Catalogue and the IAU reso-
lution designating its ≈100,000 star subset as the HCRF, the optical reference
frame increased 20-fold in the number of stars over the FK5. For many appli-
cations, even these 100,000 stars are inadequate in spatial density and limiting
magnitude. However, Hipparcos is dense enough and deep enough to reduce
many astrometric catalogs directly; the resulting data can be used to densify
the HCRF and extend its magnitude limit. The initial major densification ef-
forts of the HCRF utilized the Tycho data, culminating in the Tycho-2 Catalogue
of 2.5 million stars. Over the last few years, several groups have been working
toward even greater densification. Some resulting catalogs, such as the CMC
13, M2000, and SPM 2.0 are zonal, covering selected areas of the sky. Others,
such as UCAC, USNO-B, and GSC 2.3 aim at global coverage but with vary-
ing degrees of accuracy and magnitude regimes. Others, namely DENIS and
2MASS, are extending the HCRF into the near-IR realm. The current state of
many of these projects, and what is expected in the next few years in terms of
densification of the optical frame, is presented.

1. Introduction

With the exception of determining Earth orientation parameters and observa-
tions made in the radio frequencies, the 608 objects that make up the Inter-
national Celestial Reference Frame (ICRF; Ma et al. 1998) are useless to most
astronomers’ applications. In order for a reference frame to be useful, its fiducials
need to be observable, their spatial density needs to be high, and the astrometry
needs to be systematically consistent. As for observability, the optical counter-
parts to the ICRF objects are difficult (at best) to observe because of their faint
visual magnitudes (typically 17-21). As for frame density, 608 objects translates
into one every 67 square degrees. This is seven times less dense than the FK5
and its extension (Fricke et al. 1988, 1991), and the FK5’s ability to be used for
direct reduction of observational data was often lacking due to its relatively low
spatial density. As for systematic consistency, the ICRF is the standard which
other frames try to attain.

Most professional astronomers know and use the International Celestial
Reference System (ICRS) not by the 608 frame objects, but by the optical star
catalogs that are adjusted to the ICRS. These catalogs can contain millions
of stars including the brightest, and hence are much more useful to many as-
tronomers than the ICRF objects themselves. In general, these are densifications
of the Hipparcos Catalogue (ESA 1997), which contains 118,000 objects. The
Hipparcos Catalogue includes all stars to V≈7.2, contains roughly three stars
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per square degree, and is systematically consistent to 0.25 mas/yr (Kovalevsky
et al. 1997). Its accuracies for individual stars of ≈ 1 mas in position and par-
allax and ≈ 1 mas/yr for proper motions provide such a good reference frame
that at the beginning of 1998, the IAU adopted the Hipparcos Catalogue as “the
primary realisation of the ICRS at optical wavelengths” (IAU 1997). In 2000
this was modified slightly to exclude the ≈20,000 stars marked with a Double or
Multiplicity Code flag. The remaining ≈100,000 stars were officially designated
the Hipparcos Celestial Reference Frame (HCRF; IAU 2000).

Although a tremendous data source in its own right, the Hipparcos data
can be utilized to reduce other deeper, denser positional catalogs to the HCRF.
Staff at the United States Naval Observatory (USNO) in 1998 and 1999 reduced
a series of 150 ground-based catalogs to minimize systematic errors by position,
magnitude, and color. At the same time, staff at the Copenhagen University
Observatory were re-reducing the Tycho observations extracting 2.5 million po-
sitions from the star mapper experiment that flew on the Hipparcos satellite.
The two data sets were combined and released as the Tycho-2 Catalogue in
2000 (Høg et al. 2000). Being nearly complete down to V=11.0, Tycho-2 has
been used to put deeper observations on the HCRF. The density of Tycho-2 has
been especially important as telescopes transition from very wide field detectors
(photographic plates) to smaller ones (CCDs).

There are a few observatories around the world that continue to reach fainter
and denser astrometric catalogs; many of these projects will reach conclusion in
this triennium. There are also plans for new telescopes and detectors that will
be able to observe the ICRF objects simultaneously with the bright stars, there-
fore removing the rather cumbersome “linking” processes that must currently
be employed due the the finite dynamic range of the detectors and the faint
magnitudes of the ICRF objects themselves. This paper will discuss some of the
current work being done in densifying the optical reference frame, briefly discuss
some future projects, and plead that the IAU continues to be the organizational
outlet for these programs.

2. IAU Organization

The optical realization of the ICRS is currently the Hipparcos Celestial Refer-
ence Frame (HCRF), and although more than 150 times the density of the ICRF
it still is not useful for many applications. The IAU has recognized this and since
1997 has had a group of astronomers working toward greater densification. This
group is organized under the ICRS Working Group sponsored directly by Divi-
sion I. Table 1 shows a list of the current members. A web page devoted to densi-
fication in the optical (and infrared, to some extent), is maintained by the chair-
man, currently S. Urban, at “http://ad.usno.navy.mil/dens wg/dens.html”.

Since the 2000 IAU General Assembly, much work has taken part in this
area. At that time, Hipparcos was the primary source for bright star astrometry;
the Tycho-2 Catalogue was the first de-facto standard when the Hipparcos Cat-
alogue was either not dense or deep enough for applications; and the USNO-A
catalog with 526 million stars, although without proper motions, was typically
used when neither Hipparcos nor Tycho-2 were appropriate. Over the past three
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Table 1. Members of the IAU Densification sub-group
Member Country Member Country
W. van Altena USA I. Kumkova Russia
B. Bucciarelli Italy B. Mason USA
N. Capitaine France F. Mignard France
T. Corbin USA D. Monet USA
D. Evans UK I. Platais USA
G. Gontcharov Russia T. Rafferty USA
C. Jacobs USA J. Souchay France
K. Johnston USA S. Urban (chair) USA
V. Kislyuk Ukraine N. Zacharias USA

years, several projects have matured to the point where large areas of the sky
are covered by precise astrometry, going fainter and denser than Tycho-2.

3. Deep Zonal Catalogs

3.1. Meridien 2000

Between 1996 and 2000, the Bordeaux Observatory has been engaged in ob-
serving the zone from +11◦ to +16◦ using a 20-cm transit circle fitted with a
CCD; see Fig. 1. The coverage is complete from V=9.5 to V=15.4, and includes
stars as faint as V=16.3. The first version of the catalog, called Meridien 2000
(M2000; Rapaport et al. 2001), was released in 2001. On average, each star has
been observed seven times and the positional errors at mean epoch are believed
to be about 35 mas for the better stars and degrade to near 80 mas at the faint
end. Although currently without proper motions, the Bordeaux Observatory
has a unique data set to exploit. The area observed was chosen to be coincident
with the area that Bordeaux photographed as part of the Carte du Ciel (CdC)
program. The 511 plates covering this region that were observed in the early
20th century have been digitized on the Automatic Plate Measuring machine run
by the Institute of Astronomy at Cambridge, England. The plan is to utilize
these data down to the CdC limiting magnitude of about 14.5, and use measures
of Northern and Southern Proper Motions plates (Klemola et al. 1987; Platais
et al. 1998) – measured on the Precision Measuring Machine (PMM; Monet
and Levine 2001) – for the fainter stars. A new catalog complete with proper
motions is expected near the end of 2003.

3.2. Carlsberg Meridian Circle Program

The Carlsberg Meridian Circle program – a joint project between the Institute of
Astronomy (Cambridge), the Copenhagen University Observatory, and the Real
Instituto y Observatorio de la Armada en San Fernando – has recently released
its thirteenth catalog aptly named CMC 13 (ftp://ftp.ast.cam.ac.uk/pub/cmc13/).
The telescope, robotically operated since 1984, is a 17.8-cm transit circle fitted
in 1997 with a CCD and operating in drift-scanning mode (Evans 2001). The
catalog contains 36 million stars from declinations −3◦ to +30◦ with a mag-
nitude range of 9 to 17 in the Sloan r′ band; see Fig. 1. Positional errors are
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Figure 1. Sky coverage of M2000 (left) and CMC 13 (right)

magnitude dependent; they are estimated to be 40 mas at r′ = 14 and ≈ 100 for
the faint end. There are no proper motions and no plans to provide them for
this data set as funding for this program runs out in mid-2004. It is expected
that observations from declinations −15◦ to +50◦ will be completed, reduced,
and published in 2004.

3.3. Southern Proper Motions Program

The Southern Proper Motions Program (SPM) is an ongoing observational pro-
gram run by Yale University and the National Observatory of San Juan, Ar-
gentina. The telescope, a 50-cm double astrograph, is located at Cesco Obser-
vatory, El Leoncito, Argentina. For the latest two catalogs, the SPM 2.0 and
SPM 3.1 (Platais et al. 1998), photographic plates were used but currently the
telescope is being fitted with a CCD camera. The SPM 2.0 and 3.1 cover the
same area of sky, that is non-galactic plane regions between declinations −40◦

and −25◦ as shown in Fig. 2. However the SPM 2.0 has higher precision but
fewer stars than SPM 3.1. The SPM 2.0 contains 320,000 stars measured on
a high precision PDS machine. The SPM 3.1, utilizing the same photographic
plates, contains about 11 million stars measured on the PMM. Both contain
proper motions through use of two sets of plates taken with the same instru-
ment. Accuracies for SPM 2.0 are believed to be about 20 mas at mean epoch
with proper motions about 2 mas/yr. For SPM 3.1, the accuracies are estimated
to be roughly twice as high as SPM 2.0.

4. Deep Full-sky Catalogs

4.1. USNO CCD Astrograph Catalog Program

The US Naval Observatory CCD Astrograph Catalog program (UCAC) is an
ongoing project designed to give full sky astrometry in the magnitude range
from about R=8.0 to R=16.0. As its name implies, it is run by the USNO and
uses an 8-inch twin astrograph with a 4k x 4k CCD behind a five-element lens;
the system yields about a one square degree field of view. All observations are
guided in a stare mode using feedback from the second tube which is fitted with
an autoguider. Observations are made in semi-automatic mode. The observing
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Figure 2. Sky coverage of SPM 2.0 and 3.1 (left) and UCAC2 (right)

program began in 1998 at Cerro Tololo Inter-American Observatory. Following
three years of observations, the telescope was moved to the U.S. Naval Obser-
vatory Flagstaff Station where it continues observing today. It is anticipated
that all observations will be finished by mid-2004 with a final catalog released
in 2005. There have been two interim data releases, UCAC1 (Zacharias et al.
2000) and UCAC2. The UCAC2 was recently completed and distributed at this
IAU GA; it is available on a three CD set (Zacharias et al. 2004) and completely
supersedes UCAC1. UCAC2 contains 48 million stars covering over 86% of the
sky; its coverage is shown in Fig. 2. Positional accuracies are from about 20 mas
for the well-exposed stars and deteriorate to 70 mas for the faintest and brightest
ones. All stars contain proper motions that range in accuracy from about 1 to 3
mas/yr for well-observed stars up to about V=12, to 6 mas/yr for stars fainter.
The proper motions were derived using the same data set and software as for
the Tycho-2 motions, but also include data from the NPM and SPM programs
for the faint stars and new measures of the AGK2 plates for brighter stars in
the north. Additional information can be found in N. Zacharias’s paper in these
Proceedings.

4.2. Guide Star Catalogue Program

The Guide Star Catalogue program, a joint venture between Space Telescope Sci-
ence Institute (USA) and Torino Observatory (Italy), uses plates taken with the
Palomar and UK Schmidt telescopes measured on a PDS microdensitometer as
data for its all-sky catalogs (http://www-gsss.stsci.edu/gsc/gsc2/GSC2home.htm).
The latest release, GSC2.2 contains 455 million objects and is believed complete
down to photographic J magnitude 19.5. Positional accuracies are around 300
mas and have much lower systematic errors than previous GSC releases due to
refined reduction algorithms (Morrison et al. 2001). There are no proper mo-
tions at this time, but plans are made to release GSC 2.3 that would contain
about 1 billion stars with proper motions. No schedule for the release of GSC 2.3
has been given.

4.3. USNO-B Program

The USNO-B catalog has been released by the U.S. Naval Observatory and
supersedes the USNO-A series (Monet et al. 2003). Like the USNO-A, USNO-
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B’s data are taken from Palomar, UK, and ESO Schmidt plates measured on the
Precision Measuring Machine (Monet and Levine 2001). The catalog contains
slightly over 1 billion objects and is believed complete down to V=21. The
catalog contains proper motions; accuracies of the objects are estimated to be
≈200 mas in position at mean epoch and 8 to 10 mas/yr for the motions. The
catalog is 80 Gbytes, so is not widely distributed; however, segments of it can
be downloaded at http://www.nofs.navy.mil/projects/pmm/. A future release
is planned near the beginning of 2004 that will include UCAC and 2MASS data
to improve the astrometric accuracy and extend the photometry to the near IR.

5. Future work

5.1. Catalog consolidation

As shown in the above summaries, many of the projects under way are not yet
complete but will be within the next three years. As these projects come to
fruition, the astrometric community faces the prospect of having several prod-
ucts that the wider astronomical community can use. Choices can be good but
confusing if one does not have intimate knowledge of the particular data sets;
it is likely that users will not “choose” the best catalog for the job but instead
select one that comes up first on a web search. The IAU has recognized this and
has set up a web site for survey information; see http://www.skysurveys.org.
It is the author’s opinion that several of these catalogs should be combined,
producing fewer but better catalogs.

This type of situation took place a few years ago following the release of the
Tycho Catalogue (ESA 1997). At that time, Tycho’s proper motion accuracies
were a poor 25 mas/yr due to the short observational span of the program.
Within 2 months of the Tycho release, the USNO released the ACT Reference
Catalog (ACT; Urban et al. 1998) with improved proper motions of about 3
mas/yr. The following year, the Tycho group released the Tycho Reference
Catalogue (TRC; Høg et al. 1998) with similar characteristics as the ACT. For
a few years, many astronomers were unsure if they should use Tycho, ACT,
or TRC. This situation improved when Høg and Urban agreed to pool their
resources and jointly produce Tycho-2 (Urban and Høg 1998). The astronomical
community benefitted from this consolidation by having the best product that
could be produced and by having a clear identification of what data set should
be used.

5.2. Direct links to the ICRF

The densification projects mentioned above (with the exception of SPM 2.0) all
utilize the Tycho-2 Catalogue as representative of the HCRF. The HCRF, in
turn, is representative of the ICRF. This multi-step approach to link the optical
catalogs to the ICRS is unfortunate because systematic errors, mostly in the
Tycho-2 data set (Urban et al. 2000), can propagate into the final catalogs.
However, it has been necessary due to the inherent dynamic range limitations
of photographic plates and CCDs; this makes it almost impossible to observe
both the brighter stars and the optical counterparts of the ICRF sources on the
same program. This may be changing with the advent of large dynamic range
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technologies such as CMOS detectors. Telescopes and detector systems can be
designed to observe both the Hipparcos stars and the faint ICRF objects simulta-
neously and with the same instrument. USNO has plans for such an instrument,
called “URAT” (for USNO Robotic Astrometric Telescope) that will eliminate
the need for multi-step HCRF/ICRF linking (de Vegt et al. 2003). With obser-
vations of both HCRF and ICRF objects, traditional reduction methods on indi-
vidual frames (requiring a dense reference frame) and block-adjustment methods
on the entire sky (requiring only a handful of objects) can both be employed.
At that time, a direct densification of the ICRF can be made.

Within a decade, it is very likely that a new astrometric satellite mission
will be in operation, as described by Gaume in these Proceedings. Depending
on which of the instruments are launched, the ICRF in its present state may be
superseded by optical data. At that point, the astrometric community will need
to reconsider what is the “standard” reference frame. If GAIA is successful,
then the densification of that frame will require large, sophisticated instruments
to attain high accuracies at magnitudes in the V=20 to 25 range.

6. Summary

There are several astrometric projects that have progressed over the last few
years and will shortly come to conclusion. This paper gives the current state
of some of the projects that aim to densify and extend the optical reference
frame beyond the Tycho-2 limits for large areas of the sky. Much of this work
has taken place between members of the IAU sub-group on Densification of the
Optical Reference Frame. During the XXV IAU General Assembly, there was
much consideration given to the reorganization of Division I and the breakup of
the ICRS Working Group; it is the author’s hope that this group remains intact
to move the densification issues forward.
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Abstract.

An external comparison between the infrared 2MASS and the optical UCAC
positions was performed, both being on the same system, the ICRS. About 48
million sources in common were identified. Random errors of the 2MASS catalog
positions are about 60 to 70 mas per coordinate for the KS = 4 to 14 range,
increasing to about 100 to 150 mas for saturated and very faint stars. Systematic
position differences between the 2 catalogs are very small, about 5 to 10 mas as
a function of magnitude and color, with somewhat larger errors as a function
of right ascension and declination. The extension of the ICRF into the infrared
has become a reality.

1. Introduction

The International Celestial Reference Frame (ICRF) is defined by a few hundred
radio sources (Ma & Feissel 1997). The optical representation of the ICRF is
the Hipparcos Celestial Reference Frame (HCRF) of about 100 thousand stars.
The optical system has been densified by the Tycho-2 Catalogue, and recently by
the USNO CCD Astrograph Catalog (UCAC) (Zacharias et al. 2000, 2004). The
Two-Micron All Sky Survey (2MASS) (Skrutskie et al. 1997; Cutri et al. 2003)
is primarily a highly accurate short-wave infrared (IR) photometric catalog. It
also provides accurate positions at its observational epoch (1997 to 2001) for
over 470 million sources, most of them stellar. The 2MASS represents the best
extension of the ICRF into the IR currently available. Here we investigate the
astrometric performance of the 2MASS catalog by comparing it with UCAC2
(Zacharias et al. 2004).

Contrary to the defining, extragalactic sources, stars move significantly. No
proper motions are available from 2MASS, so this astrometric coordinate system
at IR wavelengths is currently limited to positions only. However, it is closely
tied to the optical system, thus “inheriting” proper motions from optical data,
as far as they are available. As with the current optical system, the 2MASS
IR system is not directly linked to the defining sources. It depends on a link
via moving stars, affected by the same potential problems of possible deviations
from an inertial system. However, these deviations are expected to be well below
1 mas/yr in rotation, with the zero point of the coordinate systems coinciding to
within about 3 mas at current epochs. This is smaller than the systematic errors
seen in the 2MASS to UCAC comparison as a function of various parameters.
We must assume the optical and IR centroids of the matched sources coincide.
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There is no reason to believe otherwise on the mas level, since most sources are
stars. A random scatter is introduced by unresolved double stars, where the
centroid location can be a function of the bandpass.

Table 1. 2MASS observational details.
2 telescopes Mt. Hopkins, Cerro Tololo
observing epochs 1997 Jun − 2000 Dec (North)

1998 Mar − 2001 Feb (South)
aperture 1.3 meter

J (1.24 µm), H (1.66 µm), KS (2.16 µm) simultaneously
survey tiles 8.5’ by 6 degree (RA by Dec)
6 x 1.3 sec samples each point on the sky
raw data volume 24.5 TB
all-sky release data volume 50 GB compressed
all-sky release date March 2003
number of point sources 470,992,970
other data atlas images, extended sources

Table 2. UCAC2 observational details.
1 telescope USNO Twin astrograph
observing epochs 1998 Feb − 2001 Sep (CTIO)

2001 Nov − 2004 May (NOFS)
aperture 0.2 meter
detector 4k x 4k CCD (0.9”/px, 9 µm, 61’ FOV)
2 exposures / field 2–fold overlap of fields
single bandpass 579−642 nm
positional errors 30 mas for r = 8 .. 10

20 mas for r = 10 .. 14.5
70 mas for r = 16

2. Observations

Both 2MASS and UCAC2 positions are on the same system, the ICRS, due to
the use of Tycho-2 (Høg et al. 2000) reference stars. This also means that 2MASS
and UCAC2 positions are highly correlated for stars in the r ≈ 8 to 12 mag range
(= Tycho2 stars). Some observational details of the 2 surveys are summarized
in Table 1 and 2. 2MASS covers the entire sky, while UCAC2 covers 86% of the
sky (90◦ ≤ δ ≤ ≈ +45◦). More details are given at the respective home pages
ad.usno.navy.mil/ucac and www.ipac.caltech.edu/2mass/releases/allsky/.

UCAC2 and 2MASS positions were cross-correlated using a match radius
of 0.5 arcsec. There are 47,958,962 common sources found, which represent
99.23% of all UCAC2 sources. The UCAC2 proper motions were applied to
bring the UCAC2 positions to the observational epoch of individual 2MASS
sources. Errors from proper motions are negligible here because of the small
epoch difference between UCAC2 and 2MASS (≈ 1 to 2 years). The positional
errors of UCAC2 are negligible in this comparison for stars in the R= 10 to 14.5
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Figure 1. RMS 2MASS−UCAC2 position differences as a function of mag-
nitude for declination zone −40◦ to −30◦, right ascension on the left, decli-
nation on the right. Other areas in the sky look very similar.

Figure 2. 2MASS−UCAC2 position differences as a function of magnitude
for declination zones −40◦ to −30◦, and +30◦ to +40◦, on the left and right,
respectively, Right Ascension on top, Declination below.
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magnitude range (see Table 2). From internal estimates and comparisons with
other catalogs, the expected positional errors in the 2MASS data is about 70
mas for KS = 4 to 14.5, with larger errors for saturated and faint stars.

3. Results

3.1. Random Errors

Figure 1 shows the root-mean-square (RMS) differences between the 2MASS
and UCAC2 positions. This and all following similar figures show binned data
with one plotted point representing the mean over 5000 stars. This confirms
the 2MASS average random position errors to be about 60 to 70 mas for the
mid-magnitude range, independent of location in the sky. The increased scatter
beyond R=15 is due to the decreasing signal-to-noise ratio of the UCAC2 data,
conforming to 70 mas external errors per coordinate at R=16. The increased
scatter at the bright end is caused by larger errors in both catalogs as compared
to the mid-magnitude range. For these bright stars the error contributions from
each catalog individually can not be separated without additional external data
or assumptions.

3.2. Systematic Errors

Figure 2 shows the 2MASS−UCAC2 position differences as a function of UCAC
magnitude (between V and R) for the same declination zones as Fig. 1. The
results are similar for other areas in the sky, showing different patterns. System-
atic differences are only on the 5 to 10 mas level and shows the high astrometric
quality of both data sets. In particular, there is no significant (linear) magnitude
equation between the 2 catalogs.

Figure 3 shows the position differences as a function of 2MASS J magni-
tude. The transition between the patterns for bright and faint stars (∆α) is
more pronounced for the J magnitude than the UCAC magnitude. The slight
discontinuity is related to the 2MASS observations (see section 3.3).

Figure 4 shows the systematic differences as a function of color (UCAC2 r
− 2MASS J), which are also in the 5 to 10 mas range. The slope (linear color
equation) is generally less than 2.5 mas/mag, almost insignificant. The average
offset of the ∆α plot for the −40◦ to −30◦ zone (left hand side) is caused by the
magnitude equation (see Fig. 3); it is not an effect of color.

Figure 5 shows the systematic position differences as a function of right
ascension for the same declination zones as before. Using the same binning
(5000) as before the larger scatter is obvious here. Similarly, Figure 6 shows
the position differences as a function of declination, here for 2 slices along right
ascension, 3 to 4 hours and 15 to 16 hours, respectively. The increased scatter
near 8h and 16h in the −30◦ to −40◦ plots and near 6h and 20h in the +30◦

to +40◦ deg plots in Figure 5 is likely the result of increasing confusion in the
Galactic Plane.

3.3. Read1 Errors

The 2MASS measurements of bright stars were derived from short 51 ms ex-
posures (Read1), while those of fainter stars were derived from longer 1.3 sec
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Figure 3. 2MASS−UCAC2 position differences as a function of 2MASS J
magnitude for the same declination zones as before.

Figure 4. 2MASS−UCAC2 position differences as a function of color
(UCAC r - 2MASS J) for the same declination zones as before.
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Figure 5. 2MASS−UCAC2 position differences as a function of right ascen-
sion for the same declination zones as before.

Figure 6. 2MASS−UCAC2 position differences as a function of declination
for the Right Ascension = 3 to 4 h (left) and 15 to 16 h (right) slice.
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Figure 7. Systematic errors of 2MASS positions as a function of cross-scan
coordinate (RA) for “Read1” of bright stars. The ”Read2” (long exposures)
for most of the stars show small errors.

exposures (Read2). A field distortion effect was inadvertantly left uncorrected
in the position reconstruction of the Read1 detections, resulting in a systematic
error of about ± 50 mas for the x-coordinate (RA) as a function of cross-scan
(RA) position, with a repeatable pattern for about every 500 arcsec. This is the
single, largest systematic error contribution found in the 2MASS data.

4. ICRF−2MASS Comparison

Out of the 708 ICRF plus extension 1 sources, 391 could be identified with
2MASS sources. These counterparts are generally very faint and the mean ex-
pected random error of the 2MASS positions is over 100 mas. Nevertheless this
test provides a valuable system check at the faint end of 2MASS with a direct
comparison to the ICRF. Table 3 gives the results. The mean offsets in the
(ICRF−2MASS) position differences are small. For a 400 mas cut (of outliers),
the standard error of the mean is 6.4 mas. Thus even the offset in RA (−9.1
mas) is only at the 1.5 sigma level, and not significant. A plot of these differ-
ences as a function of declination or magnitude does not reveal any systematic
trends.

Table 3. ICRF−2MASS position differences (mas)a.

limit(mas) ns meanx sigx meany sigy
200 302 -3.7 86 -0.7 87
300 350 -5.5 104 0.1 109
400 375 -9.1 124 0.2 124
500 391 -15.4 145 -2.5 139

a Results vary slightly as a function of the cut-off limit for outliers. ns gives the number
of sources, mean and sig give the average position offset and scatter over all sources in the
sample, for the x and y coordinate (RA, Dec), respectively. Unit is mas.
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5. Conclusions and Summary

The 2MASS positions (at current epoch) are as precise as the UCAC2 positions
at its faint end (r ≈ 16), which is about 70 mas per coordinate. For saturated
and very faint 2MASS images the positional errors are about 100 to 150 mas.
The 2MASS positions are more precise than the USNO A or B positions, which
were derived from Schmidt plate scans, thus even benefiting optical astrometry,
providing a dense (470 million stars), all sky net of reference stars. For stars in
the r = 10 to 15 mag range, the UCAC is more accurate than the 2MASS by a
factor of about 3.

Compared to UCAC2 the 2MASS positions show small systematic differ-
ences (5 to 10 mas) as a function of magnitude and color, with larger scatter as
a function of RA and Dec. Either one of the catalogs might have true systematic
errors on this level. The largest systematic error of about 50 mas is a function of
cross-scan (RA) for bright images, which were observed with the “Read1” short
exposures.

The 2MASS catalog is on the ICRF, with no significant offsets in its coor-
dinates. It is also on the Tycho-2 system, consistent with the HCRF for bright
stars. Systematic errors of 2MASS positions with respect to Hipparcos stars
have not been investigated here. The strength of 2MASS astrometry (applica-
tions) will be at fainter than Hipparcos magnitudes. The extension of the ICRF
into the infrared has become a reality!
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Abstract.
Results of the Joint Project between observatories from China, Russia,

Turkey and Ukraine on improvement of linking optical and radio reference frames
are discussed. The 300 extragalactic radio sources (ERS) observation program
is extended to −40◦ declination. At present observations of more than 150 ERS
were used. The intermediate internal estimation of the link between optical and
radio reference frames showed rotation angles near zero within an accuracy of
about 6 mas by using secondary reference stars from UCAC2. A comparison of
results with other investigations was made.

1. Introduction

The link between optical (Hipparcos) and radio (ICRF) reference frames was
realised in position within ±0.6 mas at the mean epoch 1991.25 and in rotation
within 0.25 mas per year (Kovalevsky 1997). However, the accuracy of the
Hipparcos-ICRF link degrades over time owing to the error in the Hipparcos
proper motions. This is a reason for verification and refinement of the frame’s
link using different methods and telescopes (Zacharias et al. 1999; Stavinschi
2003).

The task of the Joint Project (JP) between astronomical observatories from
China, Turkey, Russia and Ukraine is the refinement of optical / radio links with
collaborating CCD telescopes (Tang et al. 2000, Pinigin et al. 2000). This pa-
per describes briefly observation and reduction procedures, intermediate results
and discusses linking parameters obtained by using of UCAC2 and USNO-B1.0
catalogs.
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Figure 1. Distribution of the ERS fields in right ascension and declination.

2. Program and Instrumentation

The final co-operative program list includes about 300 ERS in the selected fields
of the celestial sphere in the declination zone from −40◦ to +80◦ (Figure 1).
There are about 200 ERS optical counterparts in the northern sky and 100
ERS in the southern sky. Several CCD telescopes of collaborating observatories
taking part in the Joint Project are shown in Table l.

3. Observation and Reduction

3.1. Observation

Observations in China of 22 ERS in the Southern Hemisphere and optical po-
sitions determination relative to the UCAC1 were carried out. (Tang et al.
2000) Additionally, coordinates of 24 ERS observed in Yunnan observatory were
obtained with internal accuracy of about 30 mas in both coordinates (Table 1).

Observations of 70 ERS with the RTT150 in Antalia and optical position
determinations relative to the USNO-B1.0 were carried out with internal accu-
racy of 30 mas in right ascension and declination. Also, reductions of 14 ERS
observed with a 2K×2K CCD were made using UCAC2 (Table 1).
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3.2. Reduction Methods and Results

Processing of the CCD images including dark, flat, and defect fields correc-
tions, digital image filtration, identification of objects, and determination of
coordinates for star-like objects (see Protsyuk 2000). To reduce measured CCD
coordinates (X,Y) to tangential coordinates a process involving 6 constants was
adopted.

Positions of about 150 ERS optical counterparts were obtained by CCD
direct imaging mainly using the 1.0m Yunnan and RTT150 telescopes, with
secondary reference stars of mainly magnitudes 14-18. More than 2000 CCD
frames during 2000-2003 were treated. Every ERS field was observed an average
of 6 times.

Table 1. Collaborated CCD telescopes.

Telescope ZA AZT-8 1.0m Yunnan RTT150
(Nikolaev, (Kharkov, (Shanghai, (Antalia,
Ukraine) Ukraine) China) Turkey)

φ +47◦ +50◦ +31◦ +36◦

Type refractor reflector reflector reflector
D(mm) 160 700 1000 1500
f(mm) 2044 2819 13000 11700
CCD : ISD017A ST-6 TI ST-8a Andor DW436
— size, pixels 1040×1160 375×241 1024×1024 1530×1020 2K×2K
— pixel, µm 16×16 23×27 24×24 9×9 13.5×13.5
— FOV/pix 1.′′6 1.′′8×2.′′1 0.′′37 0.′′16 0.′′24
— FOV 28′x 31′ 8′x 10′ 6.′5 x 6.′5 4′x 3′ 8′x 8′

Mode b 1,2 1 1 1 1,2
Magnitude 12m - 15m 15m - 17m 17m-19m 19m-21m 19m-22m

n1
c 10 65 100 150 17

n2
d 46 21 14

n3
e - 70 -

aObserved with two CCD readout
bMode 1 - stare, Mode 2 - drift scan
cNumber of observed ERS
dNumber of ERS used in rotation angle calculation with respect to UCAC2
eNumber of ERS used in rotation angle calculation with respect to USNO-B1.0

Differences ∆αO−R cos δ = (αO −αR) cos δ and ∆δO−R = δO − δR are made
from ERS optical and radio coordinates, respectively and their distributions are
shown in Figure 2.
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Figure 2. Distribution of differences between ERS coordinates in optical
and radio (∆αO−R cos δ (light) and ∆δO−R (dark)) using USNO-B1.0 cata-
logue (left) and UCAC2 catalogue (right).

4. Determination of Preliminary Angles between Optical and Radio
References Frames

Values of the angles between optical and radio reference frames corresponding
with available observation were calculated by the formulas:

∆αO−R cos δ = ωx sin δ cos α + ωy sin δ sinα − ωz cos δ, (1)

∆δO−R = −ωx sin α + ωy cos α,

where: ∆αO−R = αO − αR and ∆δO−R = δO − δR are differences in the
coordinates of ERS in optical and radio reference frames; ωx, ωy, ωz - rotation
angles about the x, y, z axes, respectively.

Taking into account the small field size of the CCD frames of collaborating
telescopes (Table 1) the first processing approach was made using the most nu-
merous catalogue USNO-B1.0 (Monet et al. 2003). Some differences in positions
between USNO-B1.0 and ICRF are possibly due to systematic errors including:
position errors depending on star brightness, declination and regional differences
in positions between ICRF and USNO-B1.0. Some other errors may be due to
individual CCD frame reduction and possible structure problems of some ERS.

On the other hand, we used secondary reference stars of similar magnitudes
(16 m-18 m) in comparison with selected ERS optical counterparts (Figure 3).
So, corrections for brightness equation in ∆αO−R and ∆δO−R are expected to
be negligible.

For the first analysis the free term in declination was determined in two
equations (1) for consideration of differences between USNO-B1.0 and ICRF.
However the results of analysis show that the free term has obtained unreliable
values and still remain unclear, as discussed also in Assafin et al. 2001 and Dario
et al. 2000 for USNO-A2.0.

After taking into account all remarks, the values of the rotation angles were
determined with accuracies of about 29 mas by using secondary reference stars
from USNO-B1.0.
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Figure 3. Distribution of secondary reference stars from USNO-B1.0 (dark),
UCAC2 (grey) and selected ERS (light) with magnitude.

Very promising results, which were determined recently with the new cat-
alog UCAC2, are shown in Table 2. UCAC2 has the best accuracy in position
nearly 20 mas for 10m to 14m and nearly 70 mas at 16m; in proper motion 1−3
mas/yr to 12 m and 4 − 7 mas/yr to 16m; it consists of about 48 millions stars
in declination range from −90◦ to +52◦ (Zacharias 2003).

Very interesting results were determined by using UCAC2 and USNO-B1.0
for combined reduction of CCD frames with large (8′×8′) and small (4′×3′) size
fields (see Table 2). For comparison in Table 2 the angles determined by different
authors are given (Stone 1997; Stone 1998; Kumkova et al. 1995; Zacharias et
al. 1999) It is to be noted on the basis of Table 2 that results obtained with
UCAC2 are similar to the best. They have better than about 6 mas accuracy
due to good secondary reference star positions of the UCAC2.

USNO-B1.0 is convenient and suitable for the reduction of CCD frames
with small fields. By processing of available observations using of USNO-B1.0
complete investigations should be necessary. First estimation of rotational pa-
rameters by combined reduction showed accuracy of about 12 mas.

5. Conclusions

1. At present observations of about 200 ERS made by collaborating Joint Project
telescopes are available for reduction.
2. The best rotational parameters have been obtained in the system of more
precise catalogs like the UCAC2 with an accuracy level of 6 mas.
3. Using small size CCD frames to determine precise linking parameters is
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Table 2. Optical-radio rotational parameters.

Source Cata ωx
b ωy

b ωz
b N c σ1

d

Kumkova et al. (1995) FK5 38±18 22±16 -17±16 78 -
Stone (1997) FK5 3±5 25±5 16±4 689e 104
Stone (1998) HC -2.2±3.3 -2.2±3.4 3.3±2.9 689e -
Zacharias et al. (1999) ERL -0.2±3.9 -5.4±3.9 -2.5±3.9 318 58
JP 2003 UCAC2 -13.1±6.1 2.7±6.2 6.7±4.9 81 39
JP 2003 UCAC2 + -24±12 13±13 27±11 151 116

USNO-B1.0

aCatalogue used as reference
bRotation angles with their standard errors (in mas)
cNumber of ERS sources in the solution
dError of unit weight (in mas)
eNumber of FK5 or HC stars, determined in the ICRF from CCD observations with the FASTT

possible by combining CCD observations with secondary reference stars from
UCAC2 and USNO-B1.0 catalogs.

Acknowledgments. Authors thanks are expressed to N. Zacharias for pro-
viding the new catalog UCAC2. This research has been partly supported by the
Russian Foundation of Basic Research (Grant No. 02-02-17076a).
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Abstract. The compact extragalactic radio-emitting objects used to define
the International Celestial Reference Frame (ICRF) are only imperfect fiducial
points in the sky on milliarcsecond scales. Many sources show frequency- and
time-dependent extended emission structures with varied morphologies that are
understood in the framework of unified theories of active galactic nuclei. Such
theories are useful to make predictions about the expected source morphology at
optical and infrared wavelengths. In the radio band, large imaging surveys con-
ducted with Very Long Baseline Interferometry (VLBI) arrays are now available
to evaluate the astrometric suitability of the sources on a statistical basis. Addi-
tionally, exploratory work is being carried out to correct for the effect of source
structure in actual VLBI astrometric analyses by using hundreds of source maps
obtained from VLBI structure monitoring. Recent progress in these areas are
reviewed in the framework of future possible ICRF realizations.

1. Standard theories of active galactic nuclei

The International Celestial Reference Frame (ICRF) is defined based on posi-
tions of active galactic nuclei (AGN), a class of extragalactic objects located at
the center of active galaxies and characterized by extremely compact and bright
emission on milliarcsecond (mas) scales. These objects show various observa-
tional properties over the whole electromagnetic spectrum, ranging from radio
to γ-ray energies, most of which are explained by unified theories of active galac-
tic nuclei. According to the standard representation (Urry and Padovani 1995),
illustrated in Fig. 1, the key elements of an active galactic nucleus are: a cen-
tral supermassive black hole, an accretion disk, a broad-line region (fast-moving
gas clouds) surrounded by a dusty torus region, an extended narrow-line region
(slow-moving gas clouds), and, at least for radio-loud AGN, a pair of relativis-
tically out-flowing jets which originate within a few tens of Schwarzschild radii
from the black hole and eventually decelerate on larger scales. About 10% of
AGN, the “radio-loud” objects, show strong radio emission, while the other 90%
of AGN, the “radio-quiet” objects, show only weak or no radio emission.

Powerful relativistic jets emitting synchrotron radiation are a distinguish-
ing feature of radio-loud objects although weaker or perhaps sub-relativistic jets
may also exist in radio-quiet objects. The inner compact radio structure (usu-
ally defined as the source core) detected by Very Long Baseline Interferometry
(VLBI) arrays, originates at the base of the jet where the optical depth is ap-
proximately unity. Depending on the jet power, outer radio emission may be
observed at very large distances from the core (up to several megaparsecs for the
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Figure 1. Schematic drawing of the key elements of an active galactic nu-
cleus with indication of AGN types according to viewing angle.

largest objects), although generally with a more diffuse appearance. Orientation
has a major influence on observed properties of radio-loud AGN since relativistic
beaming strongly amplifies kinematics and brightness for jets that are pointed
towards us while it attenuates these for jets that are pointed away from us.
As a result, most sources show a one-sided morphology with a dominant core
component on VLBI scales due to sensitivity limitations and selection effects.
AGN with jets viewed end-on are classified as blazars (either BL Lac objects
or Optically Violently Variable quasars), while ordinary quasars are viewed at
larger angles from the jet axis, and radio galaxies have jets more nearly in the
plane of the sky (see Fig. 1). Blazars are characterized by strong variability,
superluminal motions (observed apparent angular velocities up to ∼ 1 mas/yr)
and a one-sided morphology, whereas objects nearly in the plane of the sky have
stable flux, subluminal motions, and a double or triple morphology. VLBI im-
ages of two such typical objects are shown in Fig. 2. Further VLBI images for
other ICRF sources reveal a wealth of morphologies (Fey et al. 1996; Fey and
Charlot 1997, 2000).

Thermal emission from the hot material in the accretion disk is observed at
optical, ultraviolet and X-ray wavelengths. This radiation heats the dusty torus
region which then re-radiates the absorbed energy in the infrared band. Orien-
tation also largely affects source properties at these wavelengths. For transverse
lines of sight, the absorbing material from the torus may obscure the inner parts
of the system (accretion disk, broad-line region), thus leading to objects with
extinguished nuclear continuum and only narrow lines (case of Seyfert Type 2
galaxies). Conversely, the full AGN system, including broad lines and bright nu-
clear continuum, may be observed at intermediate lines of sight (case of Seyfert
Type 1 galaxies). Simulations are being carried out to predict the source ap-
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Figure 2. VLBI maps at 8 GHz of two typical active galactic nuclei with
different morphology. Left: a one-sided core-jet structure oriented close to the
line of sight in the BL Lac object 0851+202 (Fey and Charlot 1997). Right:
a triple structure nearly in the plane of the sky in the compact symmetric
object 0001+478 (Charlot et al. 2003).

pearance at these wavelengths depending on various parameters like the viewing
angle of the disk/torus system or the relative disk-jet luminosity (Woillez and
Sol 2003). Actual source structures, not yet detected because of insufficient
resolution and sensitivity of existing telescopes, should be revealed in the near
future by optical interferometers like the Very Large Telescope Interferometer
(VLTI) and the Optical Hawäıan Array for Nanoradian Astronomy (OHANA).
Just recently, initial mid-infrared VLTI measurements have succeeded for the
first time in resolving the dusty torus of the AGN prototype NGC 1068 (ESO
2003). These indicate the existence of structures of approximately 30 mas in
size, in agreement with the standard AGN model described above.

2. Astrometric suitability of ICRF sources

As stated previously, active galactic nuclei show various morphologies on VLBI
scales. For astrometry, the most suitable sources are those that are most com-
pact on such scales, since extended emission introduces structural contributions
in the measured VLBI group-delay quantities which degrade the position accu-
racy (Charlot 1990). By using 8 GHz and 2 GHz VLBI maps from the Radio
Reference Frame Image Data Base (RRFID), Fey and Charlot (1997, 2000) in-
vestigated the astrometric suitability of a sample of 388 ICRF sources. They
derived the average structural VLBI group-delay effect on Earth-bound base-
lines for each source and introduced a “Structure Index” as an indicator of the
source quality. Values of the structure index range from 1 to 4 with increasing
values indicating increasing average structural VLBI group-delay corrections on
an approximately logarithmic scale. Structure index values of 1 and 2 point to
excellent and good astrometric suitability, respectively, while values of 3 and 4
point to poor suitability (a given source may have differing structure index at
8 GHz and 2 GHz depending on the source structure at each frequency band).
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Figure 3. The structure index distribution at 8 GHz (X band) and 2 GHz
(S band) for 450 ICRF sources.

Based on this indicator, correlations between the observed radio structure and
the astrometric position accuracy and stability of the sources were found. These
correlations indicate that the more extended sources have larger position uncer-
tainties and are less positionally stable than the more compact sources (Fey and
Charlot 2000).

The current structure index distribution at 8 GHz and 2 GHz, now covering
450 ICRF sources (about 75% of the total number of ICRF sources), is shown in
Fig. 3. Overall, 57% of the sources for which a structure index is available, have
a value of either 1 or 2 at 8 GHz, indicating compact or very compact structure
for these sources. At 2 GHz, intrinsic structural effects are found to be less
significant (89% of the sources have a value of either 1 or 2), a consequence of
the fact that the 2 GHz structure corrections are scaled down as a result of the
dual-frequency group-delay calibration applied to eliminate propagation effects
introduced by the ionosphere. As already pointed out by Fey and Charlot (2000),
this analysis also reveals that, despite the stringency of the initial selection
criteria, about one-third of the ICRF defining sources have a structure index
of either 3 or 4, indicating that they are somewhat spatially-extended and thus
may not be appropriate for defining the celestial frame with the highest level of
accuracy. This suggests that revision of source categories would be mandatory
for realization of a new ICRF.

The astrometric suitability of the sources may also be investigated for higher
VLBI observing frequencies. On average, active galactic nuclei are expected to
be more compact at higher radio frequencies since extended jet emission has a
steep spectrum and thus usually weakens (with regard to the core brightness)
as observing frequency increases. Regular VLBI astrometric and imaging obser-
vations at K band (24 GHz) and Q band (43 GHz) have been conducted since
May 2002 by the VLBA K/Q Survey collaboration (Jacobs et al. 2003). These
are dedicated to extend the ICRF in the 24–43 GHz range – a requirement
for future deep space navigation – and to enlarge the list of VLBI calibrators
available for phase-referencing at high-frequency. Based on the data acquired so
far, a total of 108 sources have been successfully imaged at both 24 GHz and
43 GHz (Fey et al. 2003). This provides a reasonable source sample to evaluate
astrometric suitability at these frequencies and to compare with corresponding
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Figure 4. The structure index distribution at 8 GHz (X band), 24 GHz
(K band) and 43 GHz (Q band) for 108 ICRF sources.

source quality at 8 GHz. As shown in Fig. 4, the comparison of the structure
index distribution for the three frequencies is striking, indicating a larger pro-
portion of structure index values of 1 as observing frequency increases (32% at
8 GHz, 56% at 24 GHz, and 71% at 43 GHz). Hence, these initial results already
suggest that the astrometric suitability of the sources is significantly better at
24 GHz and 43 GHz than at the standard 8 GHz geodetic observing frequency.

3. Modeling source structure in VLBI analysis

While evaluation of source quality via the structure index indicator is useful
for planning experiments and estimating the extra noise caused by extended
emission structure in existing data, another approach is to model structural de-
lays directly in actual VLBI observations. This requires identification of a truly
kinematically-stable morphological feature for each source and calculation of cor-
rections derived from structure maps for the measured VLBI group-delay quan-
tities (Charlot 1990). Initial exploratory studies in this area showed that such
modeling significantly improves the source positional stability and reduces the
rms delay residuals for specifically-selected extended sources (see Charlot [2002]
for a review of these results).

More recently, such exploratory studies have been extended to a much larger
scale with a data set including 155 sources observed over up to 10 epochs span-
ning 1.5 year and a total of 800 RRFID maps to correct for source structure
(Sovers et al. 2003). Table 1 shows the delay residual improvement as a func-
tion of structure index, indicating larger improvements for increased values of
the structure index. These range from a few picoseconds (ps) for structure in-
dex 1 values to about 20 ps for structure index 4 values. For some sources
with extended or fast-varying structures, improvements were as large as 40 ps.
Overall, the weighted rms delay residuals were found to decrease by 8 ps in
quadrature upon introducing source maps to model the structure delays. The
angular equivalent of this improvement is approximately 0.1 mas for typical
VLBI baselines and amounts to a significant fraction of the 0.25 mas system-
atic error of the ICRF, thus confirming that source structure does affect VLBI
analysis even though it is not currently the dominant error.
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Table 1. Delay residual improvement ∆D (root-squared difference) versus
X- and S-band structure index (XSI and SSI) from the analysis of Sovers et
al. (2003).

XSI Nsrc
† Nobs

‡ ∆D (ps) SSI Nsrc
† Nobs

‡ ∆D (ps)

1 35 72512 1.8 1 110 166509 3.8
2 66 92984 3.0 2 36 37281 7.0
3 35 31103 11.1 3 6 2564 18.5
4 16 9755 18.2 4 0 0 –
– 3 383 2.6 – 3 383 2.6

All 155 206737 4.5 All 155 206737 4.5

†Number of sources in each structure index category.
‡Number of observations for each structure index category.

The most notable success in application of structure modeling in the anal-
ysis of Sovers et al. (2003) was for the source 2200+420. This source was
undergoing substantial changes at the time of the observations, which were cap-
tured in the ten successive maps (Fig. 5). The changes are mostly apparent at
8 GHz where the emission structure consists of two major components, whose
relative position and strength varied significantly over the 1.5 yr span of the
observations. Application of structure modeling based on these maps was found
to dramatically improve the source positional stability, especially in declination
where the RMS scatter was reduced by a factor of almost 3 (see Fig. 6). The
source 2200+420 was also used as a test case to illustrate the crucial importance
of the choice of the reference point in such studies (Charlot 2002). Most notably,
it was found that the improvement in positional stability for 2200+420 can vary
significantly depending on whether the position of the peak flux, centroid of
emission, or northern structural component is used as reference point.

4. Conclusion

Active galactic nuclei show complex radio morphologies which vary according
to the jet power and the viewing angle of the emission structure. Although
only a small portion is truly unresolved on milliarcsecond scales, about half of
the ICRF sources that have been mapped so far are found to have relatively
compact structure with good or excellent astrometric suitability. Imaging of the
most southern ICRF sources is in progress (Ojha et al. 2003), so that individual
source quality should be available for the entire ICRF in the near future.

Although it is not predominant for most of the sources, the effect of source
structure is detectable from the data and may be modeled based on dual-
frequency VLBI maps. The results of the first massive analysis incorporating
such modeling show a slight improvement in the delay residuals as well as in
source position stability. Detailed studies of time sequence of maps are im-
portant to locate invariant fiducial points within individual sources and further
improve modeling. Future work should be targeted at lengthening the time base,
which was limited to 1.5 yr in the analysis of Sovers et al. (2003), in order to
investigate source structure errors on longer time scales.
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Figure 5. RRFID VLBI images of 2200+420 at 8 GHz (upper panel) and
2 GHz (lower panel) for 10 successive epochs spanning the period 1997.1–
1998.6. The maps are aligned horizontally according to the northern struc-
tural component (scale in milliarcseconds) and are spaced linearly according
to their observing epochs.

In the coming years, the advent of large optical interferometers should reveal
the morphology of extragalactic objects at optical wavelengths with similar res-
olution as that currently obtained in the radio band with VLBI measurements.
Evaluation of the astrometric suitability of the sources in this range will be es-
pecially important in the framework of future space missions like GAIA which
plan to measure the positions of extragalactic objects ultra-accurately, but will
not be able to image the sources. Comparison of source structure at the two
wavelengths will also be useful to determine whether the radio or optical band
is best to define the most-stable fiducial reference directions for astrometry.

Acknowledgments. I am grateful to Julien Woillez and Hélène Sol for
providing synthetic AGN optical-intensity maps prior to publication and for
interesting discussions about AGN theories. The drawing in Fig. 1 was adapted
from a sketch by N. Strobel available at http://www.astronomynotes.com.
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Figure 6. Estimated right ascension and declination coordinates of
2200+420 for 10 successive epochs spanning the period 1997.1–1998.6: a) no
source structure modeling; b) with source structure modeled. See Charlot
(2002) for further details.
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Abstract. The nutation model that has been adopted by the IAU in 2000
is the semi-analytical model MHB2000 of Mathews et al. (2002, JGR 107(B4),
DOI: 10.1028/ 2001JB000390). We show how robust this model is and examine
the information about the interior of the Earth that has been derived. The ob-
servations used to derived the parameters of MHB2000 as well as the amplitude
of the Earth Free Core Nutation (FCN) are examined in terms of their stabil-
ity and precision. Additional contributions from the external geophysical fluids
(atmosphere, ocean) are also studied and shown to be non-negligible.

Introduction

The nutation modeling has been improved during the last two decades. In
particular, a new model based on a very precise rigid Earth nutation theory and
a very efficient transfer function for the Earth has replaced the model that had
been adopted by the IAU in 1980. The new model is explained in Section 1; in
this section, we show that this model is very robust concerning the values of the
geophysical parameters used. The robustness of the interpretation of the Very
Long Baseline Interferometry (VLBI) data in terms of physics of the Earth’s
interior is studied in Section 2. The residuals between the recently adopted
model and the new data have been analyzed and discussed in Section 3. Note
that the present precision of nutation observation by VLBI is at the level of ten
microarcsecond (µas) in the frequency domain and the milliarcsecond (mas) in
the time domain (Herring et al., 2002).

1. New adopted nutation model: IAU2000

The new model that has been adopted by the IAU, the IAU2000 model, is the
model MHB2000 of Mathews et al. (2002). In order to reach the observed
VLBI precision, as shown in Dehant et al. (1999), the rigid Earth nutation
model must be very precise and the non-rigid Earth transfer function needs to
include an accurate evaluation of very complex effects from the Earth’s interior;
in addition, the atmosphere and ocean effects should be considered. The rigid
Earth nutation model considered for MHB2000 is based on the REN2000 model
published by Souchay and Kinoshita (1996, 1997) and Souchay et al. (1999).
But the other recent rigid Earth nutation models (Bretagnon et al., 1997, 1998,
Roosbeek and Dehant, 1998) also have a precision consistent with the obser-
vational precision; REN2000 has been considered for historical reasons. The
transfer function for MHB2000 is computed from a semi-analytical approach in
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which several geophysical parameters are fitted to the observations. It considers
the resonances at four normal modes: (1) the Chandler Wobble (CW), (2) the
Free Core Nutation (FCN), and the two additional modes due to the inner core:
(3) the Free Inner Core Nutation (FICN) and (4) the Inner Core Wobble (see
Mathews et al., 1991, de Vries and Wahr, 1991, Dehant et al., 1993, Legros et
al., 1993). The theory accounts also for the non-hydrostatic contributions to
the global Earth dynamical flattening and to the core-mantle boundary flatten-
ing as done in Dehant and Defraigne (1997). Dissipation mechanisms are also
considered in MHB2000, such as mantle inelasticity, and electromagnetic cou-
pling at the core-mantle boundary and at the inner core boundary. Getino and
Ferrandiz (1996) have used a generalized Hamiltonian approach to express the
non-rigid Earth nutations. Their parameters are different with respect to those
of MHB2000, but the idea of solving the problem globally is very valuable. The
ocean tide effects on nutation are considered in MHB2000 as computed by Chao
et al. (1996) at different retrograde diurnal frequencies. A scaling factor with
respect to Chao et al. (1996) has been determined to be 0.97 by a least-squares
fit. A seasonal effect, attributed to the combined effect of atmosphere and ocean,
has also been determined by least squares fit. The obtained value is consistent
with the value obtained from the atmospheric model (see Bizouard et al., 1998).

The MHB2000 model has been constructed from fitting VLBI observations.
However, as shown in Feissel-Vernier (2003), the radio-sources may not be as
stable as was believed. These authors have found a better choice for the radio-
sources considered to compute nutation and have shown that the amplitudes of
the nutation may change at the level of a couple of tens of µas. As shown in de
Viron et al. (1999), in de Viron and Dehant (2000, 2003), and in Yseboodt et
al. (2002), the atmosphere may also play a role at frequencies other than the
prograde annual frequency at the level of a few tens of µas. Even the effect of the
atmosphere on the ocean might be important at retrograde diurnal frequencies
(see de Viron et al., 2001).

As shown in Dehant et al. (2002), even if there are uncertainties in the
data (and we have taken 40 µas in agreement with the values given in the above
paragraph), the parameters are rather well constrained within the limitations of
the model. In particular, the FCN period can only change within half a day, and
the FICN is in a range from 830 days to 1300 days. The Q factors are rather
well constrained as well: between 19000 and 21500 for the FCN Q and between
520 and 1020 for the FICN Q.

2. Analysis of the residuals

It is well known that the FCN free mode is excited at an observable level.
There exist also contributions from the atmosphere at the prograde semi-annual
(induced by the annual modulation of the S1 wave), and at the retrograde semi-
annual (induced by the semi-annual modulation of the S1 wave and the resonance
due to the proximity of the FCN).

Considering the strategy for taking the best sources into account in the
computation of nutation, we have performed a comparison between the IAU2000
model and the new observations. The residuals have been analyzed using wavelet
transformations and the results will be published (Dehant et al., 2003). The
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role of the atmosphere has particularly been emphasized in the frequency band
corresponding to periods between the FCN period and very long periods, in both
the retrograde and prograde parts of the spectrum. A 500-day peak has been
observed in the VLBI residuals and has been related to the atmosphere. Energy
found around 850 days has been particularly analyzed. The spectrum of the
atmosphere is particularly flat in that frequency band. So, it is believed that
this residual peak in VLBI data could be due to the excitation of the FICN as
a free mode.

3. Conclusion and discussion

MHB2000 as adopted by the IAU in 2000 is very robust, in the sense that even
if there are uncertainties in the observations or in the model considered, the
physical parameters cannot be changed without introducing large deviations
between the model and the observation.

Considering the above analysis, it is easy to derive some perspectives for
research in nutation: (1) the atmospheric excitation should be considered not
only at the prograde annual nutation but at all the frequencies relevant for
atmospheric excitation; (2) the non-tidal oceanic excitation should be considered
(the response of the ocean to the atmosphere), and (3) additional new coupling
mechanisms (viscosity and topography) at CMB and ICB should be considered.

Residuals at the level of 20 µas have been interpreted (and may be in-
terpreted) when the radio-sources are chosen according to a well-defined and
well-studied strategy; in particular, we think that we have observed, in addition
to the FCN free excitation, atmospheric contributions, and possibly the FICN
free excitation.
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Abstract. The International Astronomical Union (IAU) and the Internati-
nal Union of Geodesy and Geophysics (IUGG) created the IAU-IUGG Working
Group on Non-rigid Earth Nutation Theory. This group recommended a re-
placement model for the IAU 1980 Nutation Model that is consistenet with
observations and geophysical theory. Its contributions are discussed, and areas
for future research are outlined.

1. Introduction

The model adopted by the IAU in 2000 for nutation concerns the long-period
motion (longer than two days) of a conventional pole in space. This model
provides part of the set of Earth orientation parameters (EOP) used to relate a
terrestrial reference frame to a celestial reference frame (and conversely). These
EOPs include polar motion (PM), precession-nutation (PN), and the rotation
angle related to the the Earth’s rotation (see IERS Conventions 2003, McCarthy
and Petit 2003). As recommended by the IAU 2000 resolutions, PM is the motion
of the Celestial Intermediate Pole in a terrestrial frame, at all frequencies except
the retrograde diurnal (which corresponds to the long-period nutations in space).
Precession and nutation are long-periodic motions of the Celestial Intermediate
Pole in space, restricted to periods above two days. The Celestial Intermediate
Pole (CIP) defines the direction of a conceptual axis describing the same motion
as the Earth’s z-axis in space for long periods (more than two days), and the
same motion as the space-fixed Z-axis inside the Earth except for the retrograde
motion of quasi-diurnal periods. The adopted nutation model is very accurate
and close to Very Long Baseline Interferometry (VLBI) observations. Although
we know that there are uncertainties at the level of a few tens of microarcseconds,
the geophysical parameters on which this model is based are very robust within
the frame of the model considered (see Dehant et al., 2002). For more details
see the paper of Dehant (2003) in this volume.
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2. Background

The IAU-IUGG Working Group on Non-rigid Earth Nutation Theory (WG) was
in charge of transforming the classical expressions of precession and nutation in
longitude and in obliquity into the motion (theX- and Y -coordinates) of the CIP
in space, as well as of considering the concept of Non-Rotating Origin and the
associated corrections (the s-term) in agreement with the IAU 2000 resolutions.
This has been done by Capitaine et al. (2003a, 2003b, and 2003c).

The WG also evaluated the contributions to polar motion forced by the
gravitational attraction of the Moon and the Sun on the Earth. The classical
nutation computation is related to the gravitational coupling between the Earth
and the Moon or the Sun; this involves the degree 2-order 0 Earth mass distri-
bution (the J2 term) and the degree 2-order 1 luni-solar gravitational potential
(tidal potential). If this gravitational coupling is generalized, all the coupling
between all the coefficients of the Earth mass distribution, expressed in terms
of the Earth gravitational potential (the Stokes coefficients Cnm, Snm), and all
the degrees and orders of the luni-solar tidal potential (degree ℓ, order k) should
be included. In Table 1, we have summarized the coupling considered (col-
umn 1 is for the geopotential coefficients, and column 2, for the tidal potential
coefficients), and the related periods in space (column 3, entitled “precession
nutation”) and in a terrestrial frame (column 4, entitled “polar motion”), as
well as the maximum amplitudes of polar motion (column 5). Note that in the
conventional representation each component shown in Table 1 can be equiva-
lently treated either as nutation or as polar motion. We marked by the asterisks
the choice demanded by the recently adopted definition of the CIP.

Table 1. Perturbations in the equatorial component of Earth rotation due
to gravitational coupling on the Earth.

geo- tidal precession nutation polar motion amplitude

potential potential (µas)

Cℓ0 ℓ ≥ 2 Vℓ1 long period∗ retrograde diurnal > 107

C31, S31 V30 prograde diurnal long period∗ 91

C41, S41 V40 prograde diurnal trend∗ 6 µas/yr

C22, S22 V21 prograde semidiurnal prograde diurnal∗ 52

C32, S32 V31 prograde semidiurnal prograde diurnal∗ 0.2

C33, S33 V32 prograde terdiurnal prograde semidiurnal∗ 0.1

C31, S31 V32 retrograde diurnal retrograde semidiurnal∗ 0.8

C32, S32 V33 retrograde semidiurnal retrograde terdiurnal∗ 0.1

∗From this table, it can be seen that there are additional terms to be con-
sidered in the long period polar motion (second and third lines of the table, after
the classical long-period nutation), and that the triaxiality of the Earth should
be considered (fourth line of the table). Both effects are at the level of a few
tens of µas (microarcseconds). The other contributions are below one µas.
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A few works have already considered triaxiality. Kinoshita (1977) has es-
tablished that the triaxiality of the Earth gives rise to a semi-diurnal nutation,
but he decided that it was too small at the level of precision considered at that
time. Chao et al. (1991) considered triaxiality of the Earth as well, and have
added the non-rigidity of the Earth. They called this effect the “prograde diur-
nal libration” contributing to polar motion. But, they did not consider terms
in lunisolar forcing with ℓ > 2 because this forcing is proportional to (1/60)ℓ

for the Moon and (1/2500)ℓ for the Sun, which was then too small. However,
it appears that when computing the corresponding effect in polar motion this
decrease of the forcing is compensated by the CW resonance.

In the rigid Earth nutation theory SMART97 (Bretagnon et al., 1997,
1998), REN2000 (Souchay and Kinoshita, 1996, 1997, Souchay et al., 1999),
and RDAN97 (Roosbeek and Dehant, 1998), the complete spectrum of subdi-
urnal nutations was estimated. Brzeziński (2001) and Brzeziński and Capitaine
(2002) have then considered the Liouville equation with the assumption that the
liquid core is not coupled to the mantle, while accounting for the observed CW
period and quality factor. Mathews and Bretagnon (2003) have considered the
Liouville equation for an ellipsoidal Earth with a liquid core (the approach of
Sasao et al., 1981) and with a frequency dependent mantle rheology. Previously,
Getino et al. (2001), Escapa et al. (2002a) and Escapa et al. (2002b) had
considered the effect of the triaxiality in the Hamiltonian approach, both for
rigid and non–rigid models. Van Hoolst and Dehant (2002) have considered all
second order effects in the small quantities and have included triaxiality in the
Liouville equations for computing the effects of triaxiality on the normal modes
and the transfer function for PM and nutation in the case of an ellipsoidal Earth
with a liquid outer. Finally, Brzeziński and Mathews (2002) have published the
model that was adopted in the IERS Conventions 2003 (McCarthy and Petit
2003).

3. Future

The perspectives for future research in this frame have been identified:

1. The atmosphere and related ocean effects should be better taken into ac-
count; they should be considered either as time varying contributions to
some of the nutation periods or in the time domain;

2. The strategy foreseen by Feissel-Vernier (2003) for VLBI data based on
more stable radio-sources should be considered;

3. New coupling mechanisms at the core boundaries should be considered,
such as viscous coupling;

4. The coupling between the three components of the Earth rotation should
be considered (effect of the LOD variations on the nutations, see Souchay
and Folgueira 1999);

5. The free mode excitations by the atmosphere, the ocean or any other
phenomena should be considered (this is particularly the case for the FCN
and the FICN, which are important for nutation).
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The excitation of the free modes by the atmosphere (or any other geophys-
ical cause) is important for nutation. The adopted model considers the FCN
free mode amplitude and phase (see Herring et al., 2002). Recent developments
(Dehant et al., 2003) have shown that the FICN free mode could be a possible
explanation for the residuals between the observation and the adopted model.
These free modes cannot yet be predicted.

The WG considered that the influence of core triaxiality on the forced solu-
tion could be important and consequently wanted to compute the effects on the
prograde diurnal polar motion. However, there is no commonly accepted value
for the equatorial flattening of the core, nor for its effects on the nutations (2.5
µas according to Escapa et al. (2002) versus 1 µas according to Mathews and
Bretagnon (2003)). The WG decided to disregard these core-flattening correc-
tions (already small) for the IERS Conventions, leaving it for further research.
Rotational symmetry of the core is thus assumed for the nutation and polar
motion contributions considered because the models of topography at the CMB
derived from seismology or from mantle dynamics are not precise enough, and
because the contribution of the core triaxiality is very small.

The relative amplitudes of the atmosphere, ocean, and these coupling terms
for the prograde diurnal components are compared in Table 2, where the largest
contributions (greater than 10 µas) are shown in bold. For simplicity we give
in this table only the coefficients of sin(arg) and cos(arg) of the x-component of
polar motion, designated xs, xc, respectively. For the prograde harmonic terms
shown in Table 2, the corresponding coefficients for the y-component can be
computed as ys = −xc, yc = xs.

Table 2. Amplitudes of the different effects on prograde diurnal polar motion.
Tides Ocean tide contribution Atmospheric contribution Tidal gravitation

in µas in µas in µas
xs xc xs xc xs xc

Q1 6.2 26.3 −2.3 1.3
O1 48.8 132.9 −11.4 6.5
P1 26.1 51.2 −0.6 1.2 −4.8 2.7
S1 −0.6 −1.2 5.2 −4.9
K1 −77.5 −151.7 −1.4 −0.7 14.3 −8.2
ψ1 −0.6 −1.2 0.5 −0.5

4. Conclusion

In conclusion, we can summarize the work, the conclusions, and the results of
the WG with the following:
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• The IAU2000 (MHB2000, Mathews et al., 2002) is very robust within the
frame of the model considered;

• The conversion of the ∆ψ and ∆ǫ (using the non-rotating origin formalism)
in terms of (X,Y ) has been computed;

• Improvements are still necessary in the computation of the atmosphere
and (non-tidal) ocean effects on nutation;

• In the future, it will be necessary to account for the differential rotation of
the inner core, liquid core and mantle, and to account for other coupling
at the core-mantle boundary and at the inner core boundary, such as the
viscous coupling;

• The FCN and FICN free modes cannot be predicted, and therefore need
to be observed;

• The model of polar motion equivalent to diurnal and subdiurnal nutations
has been computed;

• Long period polar motion (due to the coupling between C31, S31 and V30

and to the coupling between C41, S41 and V40) and prograde diurnal polar
motion (due to triaxiality) are important and should be considered when
the precision is below 10 µas.
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Abstract. The IAU 2000 precession-nutation models are classical in form,
unlike the associated Earth rotation model. The counterpart of GST in the
new system is “Earth Rotation Angle”, which is directly proportional to UT1
and is reckoned with respect to a kinematically-defined “non-rotating origin”,
the CEO. Though essential for interpreting Earth-rotation at VLBI accuracies
and simplifying the computation of (h, δ), the introduction of the CEO has
aroused considerable controversy. The new models came into use for VLBI
analysis at 2003 January 1, and subsequent IERS Bulletins provide (δX, δY )
relative to the IAU 2000 celestial pole in addition to the existing (δ∆ψ, δ∆ǫ)
corrections to IAU1976/80. The almanac offices face interesting choices of how
to present the new quantities and which, if any, of the existing tabulations can
be omitted. Most astronomers will, however, be little affected. In parallel with
developing the new canonical models, considerable efforts have been made also
to provide classical equivalents of similar accuracy, to give users a choice of when
(or whether) to adopt the new methods. The models, both new and classical,
have been implemented as Fortran subroutines and published through the IERS
website. An extended set of routines has been released through the IAU SOFA
initiative.

1. The IAU 2000 Precession-Nutation Models

1.1. The Celestial Pole

New precession-nutation models were adopted by the IAU in 2000 (Resolution
B1.6). The models are classical in form, comprising a (∆ψ,∆ǫ) nutation series
and corrections to the precession rates in longitude and obliquity with respect to
the IAU 1976 precession. The pole to which they refer is the Celestial Interme-
diate Pole (CIP), defined such that the models contain no terms of period less
than two days. In addition to the precession rate adjustments and the classical
nutation series, the models include a fixed offset of about 18 mas with respect
to the ICRS pole, the “frame bias”. The IAU 1980 obliquity is retained.

The full precession-nutation model, designated IAU 2000A, contains a nu-
tation series of almost 1400 terms. An abridged version, designated IAU 2000B,
has fewer than 80 nutation terms (McCarthy and Luzum 2003). The accuracy
of the models is limited by free core nutation (FCN) effects: these cannot be
predicted long in advance and set a natural “noise floor”. FCN apart, 2000A
delivers accuracy below the VLBI uncertainties, currently about 200 µas; the
much shorter 2000B model delivers 1 mas accuracy.
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The definitive form of the IAU 2000A precession-nutation model is the For-
tran code MHB2000 (Mathews et al. 2002). The International Earth Rotation
and Reference Systems Service (IERS) also provides, as a derived product, se-
ries that generate the (X,Y ) coordinates of the CIP directly, with frame bias,
precession and nutation all taken into account (Capitaine et al. 2003a).

1.2. Earth Rotation and the Origin of Right Ascension

Though classical in form, the IAU 2000 precession-nutation model does not
include a corresponding expression for Greenwich Sidereal Time. Earth rotation
is instead provided for by the adoption of a linear formula that links Universal
Time (UT1) to the “Earth Rotation Angle” (ERA). This is complemented by
a new zero-point for stellar longitudes called the Celestial Ephemeris Origin
(CEO). The CEO is kinematically defined, and in the “new paradigm” there is
no ecliptic or equinox.

To many astronomers, the introduction of the CEO, a “non-rotating origin”
(Guinot 1979), is the most controversial aspect of the new paradigm. Because
the equinox is geometrically defined, how it is located on the sky is easy to
grasp. It seems perfectly natural to draw the equator and ecliptic on a diagram
of the celestial sphere and to use their intersection to define the zero point of
right ascension.1 The CEO, on the other hand, is defined kinematically, and a
diagram of the celestial sphere shows only the equator and a point on it: the
CEO is defined in terms of how it moves from moment to moment, and its initial
placement is essentially arbitrary. Most astronomers find this concept difficult
at first.

A related difficulty is that agreement on nomenclature for CEO-based stellar
longitudes has yet to be reached. Some authors insist that the term “right
ascension” be reserved for cases where the zero-point is an equinox, which is not
the case for the new paradigm, while others feel that as the longitude zero point
in ICRS coordinates is not an equinox and yet the term “ICRS right ascension”
is well-established, it is natural to call CEO-based longitudes “right ascensions”.

2. Implementing the IAU 2000 Models

The definitions adopted by the IAU in 2000 were only a starting point, and
a number of choices and ambiguities had to be resolved before astronomers
could be provided with a suite of practical implementations. For full details see
Capitaine et al. (2003a, 2003b, 2003c).

2.1. Pole

The MHB 2000 algorithm implements the frame bias and precession-rate adjust-
ments as nutation terms, fixed and linearly growing respectively, with respect

1However, defining precisely what is meant by the equator and equinox is not so easy. In
particular, there are two slightly different definitions of the ecliptic. One is based on the slowly
changing direction of the orbital angular momentum vector of the Earth-Moon barycenter
(EMB) in inertial space, while the other is based on the slowly tilting plane of the EMB orbit
around the Sun. See Standish (1981).
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to the Lieske et al. (1977) precession. This is a straightforward and practical
approach, allowing the new models to be applied easily to existing procedures.
However, it is not rigorously correct, because the frame bias and precession
are applied in mean coordinates of date when they should be applied in J2000
coordinates.2 Furthermore, the IAU resolutions do not stipulate which of the
Lieske et al. precession angles to use. The familiar ζ, z, θ formulation is not the
only choice, and the limited resolutions of the polynomial coefficients means that
the different choices lead to significantly different answers. Finally, the IAU 2000
definitions do not specify the third frame bias angle, namely the ICRS longi-
tude of the J2000 mean equinox. In order to define IERS implementations,
Capitaine et al. (2003a) made the following choices:

• The frame bias and precession-rate adjustments are not implemented as
nutation terms. Instead, the classical form of the transformation from
celestial coordinates to mean coordinates of date is written as the product
of the three individual rotation matrices for frame bias, precession and
nutation respectively.

• Using lunar laser ranging results, an estimate was made of the third frame
bias angle, and a conventional value of δα0 = −14.6 mas was adopted.
(This equinox offset has only a second-order effect on the final transfor-
mation between celestial and terrestrial coordinates, and is canceled by a
corresponding fixed term in the new Greenwich Sidereal Time expression.)

• In order that the MHB 2000 precession-rate adjustments could be applied
directly to specific Lieske et al. (1977) angles, a four-rotation precession
formulation, using the angles ǫ0, ψA, ωA and χA, was adopted.

Note that the introduction of a frame bias stage, the appearance of a constant
term in the GMST expression and the use of the 4-angle precession formula are
all new.

2.2. Rotation

The IAU resolutions adopted a conventional formula linking Earth Rotation
Angle and Universal Time and stipulated that there be no jump in UT1 at the
beginning of 2003, when the new paradigm was to come into operation. These
constraints had the unexpected result of fixing the CEO at J2000, removing any
need to debate the relative merits of different starting-points. Similar considera-
tions allowed a new expression linking UT1 and Greenwich Mean Sidereal Time
to be developed unambiguously. The new formula for GMST uses the ERA as a
basis, a function of UT1 alone, with additional terms that come from precession
and hence are functions of TDB (or TT, near enough).

2.3. The CEO

The most obvious departure in the new paradigm is the elimination of the ecliptic
and hence the equinox, and the introduction of a new zero-point for “right

2The rate adjustment is itself a compromise, since it leads to a precession theory which is not
dynamically consistent (see Capitaine et al. 2003c).
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ascension”. This was necessary in order to decouple precession-nutation of the
pole from Earth rotation, facilitating studies of each phenomenon by simplifying
the theory and by eliminating (or at least greatly reducing) crosstalk effects. The
purity of the ERA formula in comparison with the GST expression is perhaps
the most conspicuous sign that the new paradigm does represent a simplification.

3. Practical Consequences

The advantanges of the new paradigm are not compelling for the majority of
existing astronomers, who would like access to the improved accuracy but with-
out the need to change their existing practices. It should also be borne in mind
that all existing text-books use the classical approach, and a considerable re-
education program would be needed to effect a complete changeover.

It was consequently essential to provide parallel support for both the clas-
sical paradigm and the new paradigm, with equivalent accuracy in both cases.
Given that these tools now exist, whether the classical system eventually dies
out becomes a matter of secondary importance, and the transition, if it occurs,
will take many years.

Of course, having two systems in operation brings its own dangers. For
example, ERA and Sidereal Time may be confused, so that a classical right
ascension is inadvertently used in conjunction with ERA, or a CEO-based right
ascension is used in conjunction with a Sidereal Time. A partial solution to
this is to limit the use of CEO-based celestial coordinates, keeping them out of
sight as an intermediate stage in transforming between terrestrial and celestial
coordinates. Just as mean places are already in decline, with stellar positions
now given exclusively as ICRS coordinates, perhaps we will see apparent places
(e.g. for planets) replaced by astrometric places.

3.1. IERS Products

The new models came into official use for VLBI analysis at 0h TT on 2003 Jan-
uary 1. Careful preparations (see Capitaine et al. 2003b) meant that at this
instant the old and new determinations of UT1 agreed precisely.

A new variant of IERS Bulletin B provides CIP offsets (δX, δY ) with respect
to the IAU 2000A pole. The old Bulletin B, which provides offsets in (∆ψ,∆ǫ)
with respect to the IAU 1976/80 pole, will continue until at least the end of
2004, and for a subsequent period that depends on demand.

3.2. The Astronomical Almanac

The groups producing astronomical almanacs are faced with a number of tasks
in order to introduce the IAU 2000 changes:

• The new classical models have to be implemented and their effects propa-
gated throughout the publications.

• The precision improvements that are a benefit of the new models call for
increased numbers of digits in some of the tabulations, affecting layout.
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• Numerical examples and explanatory material have to be modified or
rewritten. This is made more difficult by the uncertainties and contro-
versies surround nomenclature for the new concepts.

• There are new quantities to be tabulated (such as ERA) and choices to be
made (Should s be tabulated? Would ICRS right ascension of the CEO
be useful?).

The costs of the exercise are considerable, consuming a significant fraction of
the available effort over several years.

3.3. Consequences for Astronomers

Many astronomers will see the changes simply in the form of slight differences in
almanac numbers. Others will require new tools, especially software, so that they
can adopt the IAU 2000 changes in their own applications. This has happened
in the past as models were improved; what sets the IAU 2000 resolutions apart
is that some of them amount to a change of paradigm, as we have already
seen. Can astronomers be persuaded that the changes are beneficial, or at least
harmless?

The first requirement was to provide software (and algorithms) to support
the old and new approaches in parallel. The new, CEO-based, algorithms are
definitive, but classical equivalents of equal accuracy for all practical purposes
have been developed from them.

The second requirement has been to make the improved classical software
compatible with previous software, ideally so that the user simply has to change
the name of the subroutine being called. There are unfortunately a number of
unavoidable exceptions to this:

• The frame bias is a new step in the precession-nutation transformation. It
can of course be neglected if ∼ 20 mas accuracy is good enough, much as
zonal distortions in star catalogs were often neglected in the past.3

• The s′ component at the “polar motion” stage is new. However, this can
be neglected for all but the most demanding applications.

• The need to supply TT as well as UT1 to the GMST expression changes the
subroutine call (though UT1 can simply be supplied twice if the resulting
100 µas errors can be tolerated).

Perhaps the key element in bringing the improved algorithms to classical users
painlessly is to remove any need to understand the new paradigm in order to
benefit from the improved accuracy. To a large extent this is a matter of con-
siderate subroutine interface design.

3It might be thought that the extra step could be absorbed into the usual ζ, z, θ precession
algorithm, but this turns out not to be so. For previous precession models, those angles
tended to zero close to epoch, but in the new model they undergo rapid changes; this makes a
polynomial representation impractical.
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4. Software Implementations

The algorithms that realize the IAU 2000 resolutions are set out in the IERS
Conventions 2000. Associated software implementations are provided through
the IERS website, derived from products developed for the IAU SOFA initiative.
Additionally the NOVAS software (Kaplan 1989) now uses IAU 2000 models.

SOFA (Standards Of Fundamental Astronomy), is an IAU initiative to pro-
vide authoritative implementations of standard algorithms for fundamental as-
tronomy (Wallace, 2002). Under the supervision of an international panel called
the SOFA Review Board, the initiative has developed a library of Fortran sub-
routines. The SOFA library at present comprises 69 astronomy routines sup-
ported by 52 vector/matrix routines. IAU 2000 precession-nutation and Earth
rotation accounts for nearly a third of the 121 routines. The classical (equinox-
based) and new (CEO-based) approaches are both supported, and the design of
the library offers great flexibility, from single-call end-to-end transformations to
low-level building-blocks.

The IERS Conventions 2000 website provides 15 Fortran subroutines sup-
porting the IAU 2000 resolutions. Two of these are the canonical IAU 2000A
and 2000B precession-nutation codes, while the remaining 13 routines provide
the definitive models for X, Y , s, s′, ERA, GST (GMST and the Equation of
the Equinoxes), the 2000A and 2000B nutation models and a selection of useful
rotation matrices. As for SOFA, the routines cater for users of both both the
classical paradigm and the new paradigm.

The IERS routines are self-contained as far as their fundamental-astronomy
algorithms are concerned, but call vector/matrix utility functions from the SOFA
library. The IERS routines were released at a time when the SOFA routines were
awaiting formal ratification by the Review Board, but are in essence identical;
users are recommended to migrate to the equivalent SOFA routines in due course.

5. The Old and New Paradigms Compared

One way to compare the old and new paradigms is to consider the transformation
from a star’s ICRS catalog coordinates to Greenwich hour angle and declination
using both methods. This is shown schematically in Figure 1.

For both the old and the new methods, the first steps are the same, namely
taking the catalog data for the star—the ICRS position (α, δ) and proper motion
(µα, µδ), the parallax and the radial velocity—and, knowing the barycentric
position and velocity of the observer, predicting the line of sight to star in
the Geocentric Celestial Reference System (GCRS). At this stage, either the
classical, equinox-based, transformation (left-hand stream) or the new, CEO-
based, transformation (right-hand stream) can be used to rotate the coordinate
axes into (GHA, δ).

The classical method involves more steps, which to anyone implementing
the transformation from scratch means more opportunity for errors of order and
omission. Frame bias, precession and nutation must be applied in that order to
obtain true (α, δ); the final z-rotation to (h, δ) requires GST, the sum of GMST
(strictly a function of both UT1 and TDB) and the Equation of the Equinoxes
(a function of TDB).
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Figure 1. The transformation from star catalog coordinates to (Greenwich)
hour angle and declination. The left and right streams are the alternative
ways of performing the transformation, the classical paradigm on the left and
the new paradigm on the right. The four dotted boxes identify four of the
Fortran subroutines available on the IERS website.
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The new paradigm involves only two steps. First the GCRS-to-intermediate
rotation matrix is applied; its elements are simple functions of the X(t), Y (t)
coordinates of the CIP and the quantity s(t), for which direct series expansions
are available. Then a z-rotation is applied, using the Earth Rotation Angle θ,
which is a linear function of UT1.

However, if the user is prepared to use “black box” routines, for example
the four IERS subroutines marked on Figure 1, the complications can be hidden.
Moreover, the total amount of computation turns out to be very similar for the
two streams. (In fact using current models for s, the classical method requires
fractionally fewer terms to be computed than the new paradigm, though in both
cases the computation is dominated by the nutation series. For applications
such as telescope pointing where 0.1 arcsecond accuracy is good enough, the
convenient approximation s = 0 can be used, so that the new paradigm is both
simpler and faster than traditional methods.)

Using either the SOFA or IERS Fortran routines, the two streams deliver
the same (h, δ) to microarcsecond accuracy. This is a reflection of the great care
that went into providing classical equivalents of the new IAU methods.

References

Capitaine, N., Chapront J., Lambert, S. & Wallace, P.T., 2003a, A&A, 400, 1145

Capitaine, N., Wallace P.T. & McCarthy, D.D., 2003b, A&A, 406, 1135

Capitaine, N., Wallace, P.T. & Chapront J., 2003c, A&A, submitted

Guinot, B., 1979, in “Time and the Earth’s Rotation”, McCarthy, D.D. and Pilkington,
J.D. (eds), D. Reidel Publishing Company, 7

IAU, 2000, Transactions of the International Astronomical Union, Vol. XXIVB; Pro-
ceedings of the Twenty-Fourth General Assembly; Manchester, UK

IERS Conventions 2000, http://www.usno.navy.mil/conv2000.html, draft

Kaplan, G.H., Hughes, J.A., Seidelmann, P.K., Smith, C.A. & Yallop, B.D., 1989, AJ,
97, 1197.

Lieske, J.H., Lederle, T., Fricke, W. & Morando, B., 1977, A&A, 58, 1

McCarthy, D.D. and Luzum, B.J., 2003, An Abridged Model of the Motion of the
Celestial Pole, Celes. Mech. & Dyn. Astron., 85, 37

Mathews, P.M., Herring, T.A. & Buffett B.A., 2002, J. Geophys. R., 107, B4, 10.1029/2001JB000165

Standish, E.M., 1981, A&A, 101, L17

Wallace, P.T, 2002, in: Highlights of Astronomy, Vol. 12, as presented at the XXIVth
General Assembly of the IAU – 2000. Edited by H. Rickman. San Francisco, CA:
Astronomical Society of the Pacific, ISBN 1-58381-086-2, 128



IAU XXV, Joint Discussion 16: The International Celestial Reference System,
Maintenance and Future Realizations
22 July 2003,
eds. Gaume, McCarthy, Souchay

IERS CONVENTIONS

Dennis D. McCarthy

U.S. Naval Observatory, 3450 Massachusetts Ave. NW, Washington
DC, 20392-5420

Gerard Petit

Bureau International des Poids et Mesures, Paris, France

Abstract.

The International Celestial Reference Frame (ICRF) is currently a radio
reference frame accessed through Very long Baseline Interferometry (VLBI) and
refined with technique-dependent improvements described in this Joint Discus-
sion. An important component of the International Celestial Reference System
(ICRS) that is the basis for this frame is the set of conventional models and
procedures that are used to define the system. The International Earth Rota-
tion and Reference System Service (IERS) Conventions Center, provided jointly
by the U.S. Naval Observatory (USNO) and the Bureau International des Poids
et Mesures (BIPM), produces the IERS Conventions that contain the models
and procedures needed to realize and access the ICRS. The key elements of
the Conventions related to the ICRS are outlined, and recent improvements are
highlighted. Improvements in the IERS Conventions (models and procedures)
should play a role by globally improving IERS products.

1. Introduction

The realization of the International Celestial Reference System (ICRS) requires
a set of conventional models and procedures to be used in the analyses of the
observational data. The International Earth Rotation and Reference System
Service (IERS) provides these in the IERS Conventions, which contain the rec-
ommended procedures not only to define the ICRS but also to derive and in-
terpret the other products of the IERS, such as the International Terrestrial
Reference Frame, and the Earth Orientation Parameters.

The IERS Conventions is a publication that is produced by the IERS Con-
ventions Product Center provided jointly by the U.S. Naval Observatory (USNO)
and the Bureau International des Poids et Mesures (BIPM). The Product Center
provides a web site
http://maia.usno.navy.mil/conv2003.html containing the IERS Conventions (2003).
This site is to be updated as warranted at approximately annual intervals. In
addition the Center produces the material for the IERS Technical Notes that
document major changes, and it is expected that this document might be pro-
vided at approximately 5-year intervals.

The IERS Conventions (2003) is a continuation of the series of documents
begun with the Project MERIT Standards (Melbourne et al, 1983) and con-
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tinued with the IERS Standards (McCarthy, 1989; McCarthy, 1992) and IERS
Conventions (McCarthy, 1996). The current issue of the IERS Conventions is
called the IERS Conventions (2003). When referenced in recommendations and
articles published in past years, this document may have been referred to as the
IERS Conventions (2000).

The celestial system described in the IERS Conventions (2003) is based
on IAU (International Astronomical Union) Resolution A4 (1991). It was fur-
ther refined by IAU Resolution B1 (2000). The definition of time coordinates
and time transformations, the models for light propagation and the motion of
massive bodies are based on IAU Resolution A4 (1991), further defined by IAU
Resolution B1 (2000). In some cases, the procedures used by the IERS, and the
resulting conventional frames produced by the IERS, do not completely follow
these resolutions. These cases are identified in the document, and procedures to
obtain results consistent with the resolutions are shown.

2. Components

The IERS Conventions contain descriptions of units, models, software and pro-
cedures to be used in deriving and understanding the IERS products. These
products assume the use of SI units (Le Système International d’Unitès (SI),
1998) and are generally consistent with the use of Geocentric Coordinate Time
TCG as the time coordinate for the geocentric system, and Barycentric Coordi-
nate Time TCB for the barycentric system.

The Conventions describe the conventional concepts that underlie the def-
inition of modern high-precision Celestial and Terrestrial Reference Systems.
These have little relationship to the precision of the products but they are likely
to affect the accuracy as well as the users interpretation.

Models are provided to describe various physical effects. These are of-
ten developed to provide a conventional representation of a phenomenon that
reduces the size of the internal error as measured by internal residuals. Conse-
quently they generally affect precision but might have only a minimal affect on
the accuracy. Included also are constants, the numerical values of parameters
of common interest. Perhaps the most important is the software that provides
practical numerical implementation of the concepts and models.

Finally, the Conventions publication outlines procedures to implement all of
the above. The IERS Conventions (2003) does not go so far as to describe stan-
dard procedures for data analyses, such as details regarding solution constraints
and appropriate spans of data, but future versions may get to that point. These
choices affect precision but have little effect on accuracy.

3. Concepts

The IERS utilizes data provided by a variety of observational techniques. The
analysis centers for each technique would normally establish the technique-
specific conventions that are required for the analyses of their observations. The
IERS Conventions concern those phenomena that affect more than one tech-
nique. The Product Center seeks to determine the effect of conventional mod-
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els, software, and procedures on the data contributed to the IERS. The Center
expects to work closely with the IERS Analysis Coordinator in this process.

4. Contents

The Contents of the Conventions publication are outlined by the Table of Con-
tents:

1. GENERAL DEFINITIONS AND NUMERICAL STANDARDS
Permanent Tide
Numerical Standards

2. CONVENTIONAL CELESTIAL REFERENCE SYSTEM AND FRAME
The ICRS
Equator
Origin of Right Ascension
The ICRF
HIPPARCOS Catalogue
Availability of the Frame

3. CONVENTIONAL DYNAMICAL REALIZATION OF THE ICRS

4. CONVENTIONAL TERRESTRIAL REFERENCE SYSTEM AND FRAME
Concepts and Terminology

Basic Concepts
TRF in Space Geodesy
Crust-based TRF
The International Terrestrial Reference System
Realizations of the ITRS

ITRF Products
The IERS Network
History of ITRF Products
ITRF2000, the Current Reference Realization of the ITRS
Expression in ITRS using ITRF
Transformation Parameters Between ITRF Solutions
Access to the ITRS

5. TRANSFORMATION BETWEEN THE CELESTIAL AND TERRES-
TRIAL SYSTEMS

The Framework of IAU 2000 Resolutions
Implementation of IAU 2000 Resolutions
Coordinate Transformation consistent with the IAU 2000 Resolutions
Parameters to be used in the transformation

Schematic representation of the motion of the CIP
Motion of the CIP in the ITRS
Position of the TEO in the ITRS
Earth Rotation Angle
Motion of the CIP in the GCRS
Position of the CEO in the GCRS

IAU 2000A and IAU 2000B Precession-Nutation Model
Description of the model
Precession developments compatible with the IAU2000 model



98 McCarthy & Petit

Procedure to be used for the transformation consistent with IAU 2000
Resolutions

Expression of Greenwich Sidereal Time using the CEO
The Fundamental Arguments of Nutation Theory

The multipliers of the fundamental arguments of nutation theory
Development of the arguments of lunisolar nutation
Development of the arguments for the planetary nutation

Prograde and Retrograde Nutation Amplitudes
Procedures and IERS Routines for Transformations from ITRS to GCRS
Notes on the new procedure to transform from ICRS to ITRS

6. GEOPOTENTIAL
Effect of Solid Earth Tides
Solid Earth Pole Tide
Treatment of the Permanent Tide
Effect of the Ocean Tides
Conversion of tidal amplitudes defined according to different conven-

tions

7. DISPLACEMENT OF REFERENCE POINTS
Displacement of Reference Markers on the Crust

Local Site Displacement due to Ocean Loading
Effects of the Solid Earth Tides
Rotational Deformation due to Polar Motion
Atmospheric Loading

Displacement of Reference Points of Instruments
VLBI Antenna Thermal Deformation

8. TIDAL VARIATIONS IN THE EARTH’S ROTATION

9. TROPOSPHERIC MODEL
Optical Techniques
Radio Techniques

10. GENERAL RELATIVISTIC MODELS FOR SPACE-TIME COORDI-
NATES AND EQUATIONS OF MOTION

Time Coordinates

11. GENERAL RELATIVISTIC MODELS FOR PROPAGATION
VLBI Time Delay

Background
The VLBI delay model

Laser Ranging

Appendix — IAU Resolutions Adopted at the XXIVth General Assembly

Glossary

The contents of the IERS Conventions (2003) available at
http://maia.usno.navy.mil/conv2003.html are presented below in outline form.

Introduction

Chapter 1 - Numerical Standards

Chapter 2 - Conventional Celestial Reference System and Frame

Chapter 3 - Conventional Dynamical Realization of the ICRS
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Read me file for DE405 - Provides information concerning the retrieval
and use of the DE405.

Chapter 4 - Conventional Terrestrial Reference System and Frame
ITRF2000 - Information on ITRF2000
GCONV subroutine - Transforms geocentric coordinates to geodetic
coordinates. Provided by T. Fukushima
ABSMO Nuvel subroutine - Computes the new site position at time
t from the old site position at time t0 using the recommended plate
motion model. Originally provided by J. B. Minster.

Chapter 5 - Transformation Between the Celestial and Terrestrial Systems
Chapter 5 Tables - Electronic versions of the tables for Chapter 5
Chapter 5 Subroutines - Electronic versions of the subroutines for Chap-

ter 5

Chapter 6 - Geopotential

Chapter 7 - Site Displacement
Angular Argument subroutine - A FORTRAN subroutine to return the
proper angular argument to be used with the Schwiderski phases
Mean Pole Positions - mean pole positions provided by the IERS Earth
Orientation Centre (D. Gambis).
Atmospheric Regresssion Coefficients - site displacements due to atom-
spheric loading at specific sites; provided by T. vanDam.

Chapter 8 - Tidal Variations in the Earth’s Rotation
ortho eop subroutine - Subdiurnal/Diurnal Subroutine

Chapter 9 - Tropospheric Model

Chapter 10 - General Relativistic Models for Time, Coordinates and Equa-
tions of Motion

Fairhead-Bretagnon Model - Computes the periodic terms of TT. Pro-
vided by A. Irwin.
Xhf2002.f routine - Computes TCB-TCG as a function of TT. Provided
by W. Harada and T. Fukushima.
HF2002.dat - Parameter file read by Xhf2002.f. Provided by W. Harada
and T. Fukushima.
xhf2002.out - Output file of the test driver. Provided by W. Harada
and T. Fukushima.

Chapter 11 - General Relativistic Models for Propagation

Appendix - Resolutions from the 24th IAU General Assembly

Glossary - List of acronyms used in the Conventions

In comparison with previous versions the latest version has undergone signif-
icant changes. These are outlined below by chapter. The principal contributors
are also listed for each chapter.

Chapter 1-General Definitions and Numerical Standards

The chapter has been updated for consistency of notation and concepts with
other sections according to IAG (International Association of Geodesy) and IAU
working groups. It provides general definitions for topics in other chapters and
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also the values of numerical standards that are used in the document. It in-
corporates the previous Chapter 4, which was updated to provide consistent
notation and to comply with the recommendations of the most recent reports
of the appropriate working groups of the International Association of Geodesy
(IAG) and the IAU. It was prepared principally by D. McCarthy and G. Pe-
tit with major contributions from M. Burra, N. Capitaine, T. Fukushima, E.
Groten, P. M. Mathews, P. K. Seidelmann, E. M. Standish, and P. Wolf.

Chapter 2-Conventional Celestial Reference System and Frame

The chapter, which appeared as Chapter 1 in previous editions has been up-
dated to incorporate the effects of the IAU 2000 24th General Assembly by E. F.
Arias with contributions from J. Kovalevsky, C. Ma, F. Mignard, and A. Steppe.

Chapter 3-Conventional Dynamical Reference Frame

Chapter 3 (previously Chapter 2), has been updated to be consistent with
notation and concepts of other sections. The conventional solar system ephemeris
has been changed to the Jet Propulsion Laboratory (JPL) DE405. It was pre-
pared by E. M. Standish with contributions from F. Mignard and P. Willis.

Chapter 4-Conventional Terrestrial Reference System

Chapter 4 (previously Chapter 3) was rewritten by Z. Altamimi,, C. Boucher,
and P. Sillard with contributions from J. Kouba, G. Petit, and J. Ray. It in-
corporates the new Terrestrial Reference Frame of the IERS (ITRF2000), which
was introduced in 2001.

Chapter 5-Transformation Between the Celestial and Terrestrial Systems

The chapter was modified to be consistent with resolutions adopted at the
24th IAU General Assembly and the 2002 IERS Workshop. It was updated
principally by N. Capitaine, with major contributions from P. M. Mathews and
P. Wallace to comply with the recommendations of the IAU 2000 24th General
Assembly. Significant contributions from P. Bretagnon, R. Gross, T. Herring, G.
Kaplan, D. McCarthy, Burghard Richter and P. Simon were also incorporated.

Chapter 6-Geopotential

Chapter 6 was updated to include the EGM96 conventional geopotential
model and the treatment of tides. V. Dehant, P. M. Mathews, and E. Pavlis
were responsible for the revision. Major contributions were also made by P. De-
fraigne, S. Desai, F. Lemoine, R. Noomen, R. Ray, F. Roosbeek, and H. Schuh.

Chapter 7-Site Displacement

This chapter was updated to be consistent with the geopotential model
recommended in Chapter 6. It was prepared principally by V. Dehant, P. M.
Mathews, and H.-G. Scherneck. Major contributions were also made by Z. Al-
tamimi, S. Desai, S. Dickman, R. Haas, R. Langley, R. Ray, M. Rothacher, H.
Schuh, and T. VanDam. A model for post-glacial rebound is no longer rec-
ommended and a new ocean-loading model is suggested. The VLBI antenna
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deformation has been enhanced.

Chapter 8-Tidal Variations in the Earths Rotation

Changes were made to be consistent with the nutation model adopted at the
24th IAU General Assembly. The model of the diurnal/semidiurnal variations
has been enhanced to include more tidal constituents. The principal authors of
Chapter 8 were Ch. Bizouard, R. Eanes, and R. Ray. P. Brosche, P. Defraigne,
S. Dickman, D. Gambis, and R. Gross also made significant contributions.

Chapter 9-Tropospheric Model

This chapter has been changed to recommend an updated model. It is based
on the work of C. Ma, E. Pavlis, M. Rothacher, and O. Sovers, with contribu-
tions from C. Jacobs, R. Langley, V. Mendes, A. Niell, T. Otsubo, and A. Steppe.

Chapter 10-General Relativistic Models for Time, Coordinates and Equations of
Motion

The chapter has been updated for consistency of notation and concepts with
other sections. New software for the TCB-TCG transformation, developed by
Harada and Fukushima, has been checked against existing programs and added
to the list of such standards. Previously appearing as Chapter 11, it has been
updated to be in compliance with the IAU resolutions and the notation they
imply. It was prepared principally by T. Fukushima and G. Petit with major
contributions from P. Bretagnon, A. Irwin, G. Kaplan, S. Klioner, T. Otsubo,
J. Ries, M. Soffel, and P. Wolf.

Chapter 11-General Relativistic Models for Propagation

This chapter (previously Chapter 12), has been updated for consistency of
notation and concepts with other sections. It was updated to comply with the
IAU resolutions and the notation they imply. It is based on the work of T. M.
Eubanks and J. Ries. Significant contributions from S. Kopeikin, G. Petit, L.
Petrov, A. Steppe, O. Sovers, and P. Wolf were incorporated.

5. Future

The IERS Conventions Center intends to provide updated versions of the Con-
ventions on the web site. These editions will be clearly marked regarding the
date of their electronic publication. In addition, the Center will provide printed
versions of the Conventions at less frequent intervals when major changes are
introduced.

The BIPM has provided for a visiting scientist to investigate the effects of
selected models on the products of the IERS Analysis Centers. This is being
done in collaboration with the IERS Analysis Coordinator and different Product
and Analysis centers. The Product Center will continue to determine the most
important directions to improve the consistency of IERS combined solutions and
how to implement new conventional models and procedures. Important topics
for the future include geocenter motion, impact of using global as opposed to
local loading models, and network effects in the solutions of different techniques.
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6. Conclusion

The IERS Conventions are the product of the IERS Conventions Product Center.
However, this work would not be possible without the contributions acknowl-
edged above. In addition, we would also like to acknowledge the comments and
contributions of S. Allen, Y. Bar-Sever, A. Brzeziński, M. S. Carter, P. Cook, H.
Fliegel, M. Folgueira, J. Gipson, S. Howard, T. Johnson, M. King, S. Kudryavt-
sev, Z. Malkin, S. Pagiatakis, S. Pogorelc, J. Ray, S. Riepl, C. Ron, and T.
Springer in the compilation of the work.
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New Precession Formula

Toshio Fukushima

NAO Japan, 2-21-1, Ohsawa, Mitaka, Tokyo, 181-8588, Japan

Abstract. We adapted J.G. Williams’ expression of the precession and nu-
tation using the 3-1-3-1 rotation (Williams 1994) to an arbitrary inertial frame
of reference. The modified formulation avoids a singularity caused by finite pole
offsets near the epoch. By adopting the planetary precession formula numer-
ically determined from DE405 (Harada and Fukushima 2003) and by using a
recent theory of the forced nutation of the non-rigid Earth, SF2001 (Shirai and
Fukushima 2001), we analyzed the celestial pole offsets observed by VLBI for
1979-2000 (McCarthy 2000, private communication) and determined the best-fit
polynomials of the luni-solar precession angles. Then we translated the results
into the classic precession quantities and evaluated the difference in them due to
the difference in the ecliptic definition. The combination of these formulas and
the periodic part of SF2001 serves as a good approximation of the precession-
nutation matrix in the ICRF.

1. Introduction

It is well known that the combination of the IAU 1976 precession formulas
(Lieske et al. 1977) and the IAU 1980 nutation theory (Seidelmann 1982) is
incorrect at the level of 10 mas when referred to the International Celestial
Reference Frame (ICRF). See Figure 1. There are secular departures partly due
to the difference between the ICRF and the reference frame referred to the mean
equator and equinox of the epoch, J2000.0, and partly due to the error of the
adopted polynomial coefficients of the IAU precession formula.

Although there have been many studies on the revision of nutation theories
treating the revision of precession in the form of linear correction terms such
as IAU2000A (Mathews et al. 2002), such a remedy is unsatisfactory and the
replacement of the IAU 1976 precession formulas as a whole is required. To do
this, we presented a lengthy article recently (Fukushima 2003). This report is
its concise summary.

The task to be done is split into three different parts. The first part involves
an update of the theory on the motion of the ecliptic pole, namely the formula
of planetary precession. The second part is an improvement in the theory on
the secular motion of the equatorial pole, i.e. the luni-solar precession formula.
And the last part is a re-consideration of the general relativistic effects named
the geodesic precession.

As for the first part, Harada and Fukushima (2003) numerically extracted
the secular motion of the instantaneous orbital plane of the Earth-Moon barycen-
ter around the Sun in the latest planetary/lunar ephemerides DE405. On the
other hand, all the recent estimates of the third effect is summarized and a best
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Figure 1. Celestial Pole Offsets observed by VLBI

estimate is obtained so as to cover all of them within a one-sigma range. The
estimate obtained is

pg = (1.9196 ± 0.0003)′′/cy. (1)

¿From an observational point of view, it is difficult to discriminate the luni-
solar and geodesic precessions. Then we will call the summed effect loosely the
luni-solar precession and determine suitable formulas specifying the luni-solar
precession in this report. In actuality, we corrected the quadratic polynomials
of the formulas of Williams (1994). This is because his estimate of the rate of
variation in the obliquity was so accurate that it was confirmed by the recent
determinations using VLBI and LLR observations and partly because the arti-
cle provided a concise formulation to realize the precession and the precession-
nutation matrices based on the 3-1-3-1 rotation.

In performing the adjustment, we used the VLBI pole offset observations
mentioned above after reducing their short periodic variations with the aid of
the SF2001 nutation theory (Shirai and Fukushima 2001). We adopted the
latest determination of planetary precession (Harada and Fukushima 2003), and
we considered the difference between the inertial and rotational meanings. We
note that the main improvements concern the contributions of the frame biases
between the ICRF and the frame referred to the mean equator and equinox at
J2000.0 and the corrections to the IAU precession rates in both longitude and
obliquity.
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2. Modification of Williams’ Formulation

In 1994, J.G. Williams presented an important paper on precession (Williams
1994). The main purpose of this paper was to demonstrate some effects due
to a tilt of the Moon’s orbital plane from the ecliptic, which had not been
considered in the theories of precession and nutation. The correction in the
obliquity rate, −0.024′′/century, is so precise and sufficient that it has been
confirmed by VLBI/LLR observations.

At the same time, he introduced a new formulation to express the precession
and the nutation in a unified manner by using the 3-1-3-1 rotation operation.
See Section 9 and Eq.(37) of Williams (1994). Since two angles are necessary
to specify the direction of a pole in the given reference frame, this approach
needs four rotational operations in total. Since Williams’ original formula are
referred to the mean equator and equinox at the epoch, we modified it so as to be
based on the ICRF. Thus we express the precession and the precession-nutation
matrices as

P ≡ R1 (−ǭ)R3

(
−ψ̄

)
R1(ϕ̄)R3(γ̄), (2)

(NP) ≡ R1(−ǫ)R3(−ψ)R1(ϕ̄)R3(γ̄), (3)

where
ψ ≡ ψ̄ + ∆ψ, ǫ ≡ ǭ+ ∆ǫ

and ∆ψ and ∆ǫ are the usual nutation. See the new polar and equinox diagrams,
Figures 2 and 3.

3. Determination

As for the planetary precession, Harada and Fukushima (2003) obtained the
latest formula based on DE405 as

γ̄DE405 = −(0.021 09 ± 0.000 14) + (10.542 27 ± 0.000 11) t

+(0.486 09 ± 0.000 04) t2, (4)

ϕ̄DE405 = (84 381.405 78 ± 0.00006) − (46.819 71 ± 0.00004) t

+(0.048 17 ± 0.000 02) t2, (5)

where the units are arcseconds. The comparison of Fourier terms detected by
the analysis of DE405 with the similar harmonic decomposition of DE102 by
Standish (1982) revealed that the former lacks a Very Long Periodic (VLP)
term with a period of around 883 years. By correcting its effect, we obtained
the final results as

γ̄ = −(0.052 40 ± 0.000 14) + (10.553 18 ± 0.000 11) t

+(0.493 18 ± 0.000 02) t2, (6)

ϕ̄ = (84 381.411 27 ± 0.000 06) − (46.812 65 ± 0.000 04) t

+(0.048 43 ± 0.000 02) t2. (7)
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New Precession Angles and Nutation Angles
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Figure 2. Polar diagram of new precession angles: Illustrated are the ge-
ometrical definitions of the new precession angles in the polar region; γ̄, ϕ̄,
ψ̄, and ǭ. Their definitions are γ̄ ≡ 180◦ − 6 YZC, ϕ̄ ≡ ZC, ψ̄ ≡ 6 P̄CZ, and

ǭ ≡ CP̄. Also shown are their relations with the nutation angles ∆ψ and
∆ǫ. Here Z and −Y denote the positive z-axis and the negative y-axis of the
ICRF, respectively C is the ecliptic pole of date, and P and P̄ are the true
and mean equator of date, respectively.
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Figure 3. Equinox diagram of new precession angles: Same as Figure 2 but
shown in the equinox region. Here X is the x-axis of the ICRF, N is the node
of the ecliptic of date with respect to the ICRF equator, Q and Q̄ are the true
and mean equinox of date, and S is the CEO.
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Now let us determine the luni-solar precession; ψ̄ and ǭ. We adopt Williams’
precession angles ηA and εA as the approximation of ψ̄ and ǭ, respectively.
Then, we obtain their corrections as linear functions of time. In determining the
corrections, we remove the short periodic variations in the celestial pole offsets
in the VLBI observation by choosing a recent nutation theory SF2001 (Shirai
and Fukushima 2001). The final results are

ψ̄ = −(0.043 04 ± 0.000 03) + (5 038.478 12 ± 0.000 20) t

+1.558 35 t2, (8)

ǭ = +(84 381.406 21 ± 0.000 01) − (46.834 60 ± 0.000 08) t

−0.000 17 t2 + 0.002 00 t3, (9)

where we did not attach uncertainties for the parts we assumed. By using the
formula thus determined, the residuals in Figure 1 are reduced significantly as
shown in Figure 4, where the result for the longitude is omitted because it
is similar. Note that all these determinations are in the inertial sense argued
in Standish (1981). As natural by-products of these new formulae, the classic
precession quantities referred to the mean equator and equinox at J2000.0 are
listed in Table 1. As another by-product, we derived the mean celestial pole
offset at J2000.0 as X̄0 = −(17.12 ± 0.01) mas and Ȳ0 = −(5.06 ± 0.02) mas.
Also we estimated the speed of general precession in longitude at J2000.0 as
p = (5028.7955 ± 0.0003)′′/Julian century, and the dynamical flattening of the
Earth as Hd = (3.2737804 ± 0.0000003) × 10−3.
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Figure 4. Residual in Celestial Pole Offsets in Obliquity. The result for
longitude is similar.

Table 1. Classic Precession Quantities

1 t t2 t3 t4

sA 0.000000 +4.197822 +0.193978 −0.000101 0.000000
cA 0.000000 −46.812649 +0.048332 −0.000009 0.000000
πA 0.000000 +47.000488 −0.030813 +0.000415 0.000000
ΠA +629552.994279 −866.828322 −0.125443 +0.004678 +0.000013
pA 0.000000 +5028.795766 +1.105390 −0.000022 0.000000
ψA 0.000000 +5038.478143 −1.079165 −0.001107 +0.000129
ωA +84381.406210 −0.021951 +0.053941 −0.007196 +0.000002
χA 0.000000 +10.553205 −2.381552 −0.001064 +0.000141
ǫA + 84381.406210 −46.834600 −0.000170 +0.002000 0.000000
ζA +2.259114 +2305.805899 +0.244304 +0.017785 +0.000009
zA −2.259114 +2306.354618 +1.147240 +0.018372 −0.000019
θA 0.000000 +2004.190570 −0.429514 −0.041779 −0.000003

Listed are the polynomial coefficients of the classic precession quantities derived from our
determination of new precession angles. Here sA ≡ sin πA sin ΠA and cA ≡ sin πA cosΠA.
Units are arc seconds and t is the time since J2000.0 measured in Julian centuries. All these
quantities are referred not to the ICRF but to the mean equator and equinox at J2000.0. Some
higher order terms are omitted, and the number of digits is trimmed so that the table is fitted
to the page length. For complete expressions and comparison with the existing determinations,
the reader may refer to the original paper (Fukushima 2003).
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ICRS, ITRS, and the IAU Resolutions Concerning
Relativity

Mike Soffel & Sergei Klioner

Lohrmann-Observatorium, Institut fur Planetare Geodasie, Technische
Universitat Dresden, Mommsenstrasse 13, D-01062 Dresden, Germany

Abstract.
The IAU2000 Resolutions concerning relativity introduce two celestial ref-

erence systems, a barycentric one, BCRS with coordinates (t,x), and a geocentric
one, GCRS with coordinates (T,X). The two sets of coordinates are related by
4-dimensional space-time transformations. So far the relations of the BCRS and
GCRS with the ICRS and ITRS have NOT been discussed. This will be done
here. It is argued that the ICRS is a special representation of the BCRS, and the
ITRS-coordinates differ from the GCRS ones by a time dependent rotation of
spatial coordinates plus possible scale factors. This implies that also the ICRS-
and the ITRS- coordinates are related by a generalized Lorentz-transformation.
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Earth Orientation Catalogue - An Improved Reference
Frame

Jan Vondrák & Cyril Ron

Astronomical Institute, Academy of Sciences of the Czech Republic,
Bočńı II, 14131 Prague 4, Czech Republic

Abstract. Optical observations of latitude/universal time variations of nearly
five thousand stars (made during the twentieth century at 33 observatories in
Earth orientation programmes) are used, in combination with the Hipparcos and
Tycho catalogues and their combination with ground-based observations (AR-
IHIP), to derive a new improved star catalogue called the Earth Orientation
Catalogue (EOC). The first version of the catalogue, EOC-1, based on the ob-
servations with instruments observing in local meridian, is now finished. The
improved proper motions and/or positions are more convenient for long-term
extrapolation of apparent places than those of the original Hipparcos and Ty-
cho Catalogues. The EOC is planned to be used for another new re-analysis of
Earth Orientation Parameters based on optical astrometry observations in the
20th century.

1. Introduction

Solutions of Earth Orientation Parameters (EOP), based on optical observations
of latitude and universal time variations were made at the Astronomical Insti-
tute, Academy of Sciences of the Czech Republic and Department of Geodesy,
Czech Technical University in Prague (Vondrák et al. 1998; Vondrák, Ron, &
Pešek 2000). All observations made with 47 instruments at 33 observatories
in the interval 1899.7-1992.0 were re-calculated to be referred to the Hipparcos
Catalogue HIP (ESA 1997; Perryman et al. 1997) and a unique system of astro-
nomical constants and algorithms. Namely, the IAU 1976 model of precession
(Lieske et al. 1977) and IAU 1980 model of nutation (Wahr 1981; Seidelmann
1982) were used. These almost 5 million observations were then used in three dif-
ferent solutions, based on more and more data collected, and also using slightly
different approaches:

1. Solution OA97 (Vondrák et al. 1998), based on observations made with
45 different instruments (48 series) located at 31 observatories. 4.3 million
individual observations of latitude/universal time variations were used.

2. Solution OA99 (Vondrák et al. 2000), based on observations with 47 in-
struments (merged into 39 series, with the steps caused by different coor-
dinates of the instruments located at the same observatory removed) at 33
observatories. 4.4 million observations were used.

3. Solution OA00, based on 47 different instruments (merged into 41 series,
with slightly different steps in data removed) at 33 observatories. 4.4
million observations were used.
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Figure 1. Path of one of the double star components versus its mean and
Hipparcos proper motion

The main differences among these solutions consisted in different approaches
to merging the data acquired at the same observatory, and how to treat evident
systematic deviations of some Hipparcos stars. As demonstrated in Fig. 1, the
main problem is caused by double or multiple stars, with non-linear proper
motions. Due to the relatively short Hipparcos mission (less than 4 years),
proper motion measured by Hipparcos reflects the instantaneous velocity rather
than its mean value needed for long-term extrapolation, even if the amplitude
of the periodic component is small.

That is why we were forced to correct from 11% to 20% of the proper
motions (and sometimes their mean positions, too, in case that components other
than the ones given in Hipparcos Catalogue were observed), before a solution
was made, whenever we came upon statistically significant residuals.

Recently new star catalogues (combinations of Hipparcos/Tycho Catalogues
with ground-based catalogues) given in the International Celestial Reference
System (Ma et al. 1998) have appeared, with substantially improved proper
motions:

• TYCHO-2 (Høg et al. 2000) containing 2.5 million stars, the combination
of Tycho with 144 ground-based catalogues;

• FK6 I & III (Wielen et al. 1999; Wielen et al. 2000) containing 878 basic
and 3272 additional fundamental stars, the combination of Hipparcos and
FK5 catalogues;

• GC+HIP (Wielen et al. 2001a) containing 20 thousand stars, the com-
bination of Hipparcos with Boss’ General Catalogue;

• TYC2+HIP (Wielen et al. 2001b) containing 90 thousand stars, the
combination of Hipparcos with proper motions from TYCHO-2;

• ARIHIP (Wielen et al, 2001c) containing 91 thousand stars, the selection
of the “best” stars from the catalogues FK6, GC+HIP, TYC2+HIP,
and HIP.

Wielen et al. (1999) introduced the classification of the stars according to their
“astrometrical excellence” by assigning a number of asterisks to each star, and
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utilized it in their above mentioned catalogues. It goes from *** (highest rank)
to no asterisk (lowest rank).

The existence of these catalogues led to the decision of creating a new
Earth Orientation Catalogue (EOC), containing only the stars observed in Earth
orientation programmes (Vondrák & Ron 2003). The main goal is to set up a
new improved reference frame for long-term Earth rotation studies, by using the
best catalogues available in combination with the rich observational material
obtained from existing Earth orientation programs in the 20th century.

2. The List of Stars in EOC

First we made an inventory of all optical data of Earth orientation programmes
available, and found 4422 different objects (stars, photocenters of double stars)
observed during 1899.7–1992.0 at 33 observatories. These stars were identified
in the catalogues described in the preceding Section, and their catalogue entries
(i.e., magnitudes, positions, proper motions, parallaxes and radial velocities,
mean epochs and standard errors) were taken over from them, in the following
order of importance:

1. ARIHIP, from which comes the majority, i.e. 2994 stars;

2. TYCHO 2, from which come 1250 stars;

3. HIP, from which come only 145 stars;

4. local catalogues (i.e., those used by the observatories and often improved
from their own observations), from which we took over the remaining 33
stars that could be identified in none of the preceding catalogues.
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Figure 2. Magnitude distribution of EOC stars

Fig. 2 displays the magnitude distribution, Fig. 3 the statistics of the cata-
logues from which the stars come. Out of these stars, less than 2000 are classified
by Wielen et al. as “astrometrically excellent” (i.e., marked with at least one
asterisk). Evidently, more than 50% of EOC stars require a thorough inspection
and most probably an improvement.

The entries from the above mentioned catalogues form the zero version of
the catalogue (EOC-0). Star numbers in EOC-0 are assigned as follows:
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Figure 3. Statistics of where the EOC stars come from, and their ‘astro-
metrical excellency’

• Hipparcos number is used if the star is contained in HIP and is either single
or the same entry as given in the original catalogue that was observed.

• Numbers 200001, 200002, ... for the stars that are not contained in Hip-
parcos Catalogue; there are only 87 such stars (54 being taken over from
TYCHO 2 and 33 from local catalogues).

• HIP number + 300000 for the stars that are contained in HIP but are
components other than those given as entries in the original input cata-
logue that was observed. In this case, the displacement of the observed
component from the catalogue entry is estimated from the observations;
55 such stars have been found.

It is necessary to add that sometimes different components of a catalogue
entry were observed by different instruments. In general, visual instruments are
less liable to observe the photocenter instead of a component than photographic
or photoelectric instruments; the human eye seems to be still a better detector
of light, able to distinguish close objects (about 1 − 2′′ seems to be a limit). In
these cases, we keep two different entries in the catalogue, with two different
numbers (differing by 300000); the two entries in EOC-0 differ only in position,
their proper motions are identical.

3. Further Improvement of EOC

On average, each star was observed in Earth orientation programmes about a
thousand times, with the precision of one observation being about 200 mas, usu-
ally over a relatively long time interval (decades). It means that the proper
motions (and sometimes even positions) can be determined with a precision
competing with that of ARIHIP and other similar catalogues. Thus the combi-
nation with these input catalogues will surely bring an important improvement.
Generally speaking, latitude observations are used to improve declinations, ob-
servations of universal time are used to improve right ascensions.

The strategy is to determine the positions of the observed stars with respect
to astrometrically excellent stars observed by the same instrument. To this end,
we
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Figure 4. Example of linear regression: observations with Ondřejov PZT
(open circles) of double star 83885; position in Tycho-2 is referred to compo-
nent A (gray circle), photocenter was observed

• re-compute all available data with the positions and proper motions of
EOC-0 (i.e., ARIHIP etc...) and the new IAU2000A model of precession-
nutation (Mathews, Herring, & Buffet 2002);

• compute the differences of latitude and/or universal time from the mean
values of the same night based only on astrometrically excellent stars;

• subject the differences for the same star at different epochs to linear re-
gression;

• check the stars with significant deviations for multiplicity, and estimate
the displacement of the reference point (very often photocenter) from the
catalogue entry. The corresponding position in EOC-0 is corrected, and
the number of the star is increased by 300000.

An illustrative example of linear regression through observed positions is
displayed in Fig. 4. The star with HIP number 83885 is a double star, with its
two components 3.45′′ apart. Linear regression is depicted as a black line, 95%
confidence interval as gray lines. The observations with Ondřejov PZT (open
circles) obviously refer to its photocenter, not to the component A (larger gray
circle) whose entry is taken from Tycho-2. Consequently, the position in EOC-0
was corrected and the number of the star changed to 383885.

3.1. Version EOC-1

We have collected the data from 47 instruments of different types, determining
latitude and/or universal time, or a mixture of both. They can be divided into
four following groups, according to the method of observation that they use:
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1. 10 PZTs that observe near local zenith and determine both latitude and
universal time:
2 at Mizusawa, Japan, covering 1959.0-1993.1; 1 at Mount Stromlo, Aus-
tralia, covering 1957.8-1985.7; 1 at Punta Indio, Argentina, covering 1971.6-
1984.5; 1 at Ondřejov, Czech Republic, covering 1973.1-2002.6; 2 at Rich-
mond, Florida, USA, covering 1949.8-1989.4; 3 at Washington DC, USA,
covering the interval 1915.8-1992.0;

2. 7 photoelectric transit instruments, observing the transits of stars over the
local meridian and determining only universal time:
1 at Irkutsk, Russia, covering 1979.1-1992.0; 1 at Nikolaev, Ukraine, cov-
ering 1974.4-1992.4; 1 at Kharkov, Ukraine, covering 1973.0-1992.0; 3 at
Pulkovo, Russia, covering 1959.7-1994.0; 1 at Wuhang, China, covering
1981.9-1987.2;

3. 16 visual zenith telescopes (ZT) and similar instruments (visual zenith
tube - VZT, floating zenith telescope - FZT), measuring only latitude:
7 ZTs at ILS stations (Carloforte, Cincinnati, Gaithersburg, Kitab, Mizu-
sawa, Tschardjui, Ukiah), covering 1899.7-1979.0; 1 ZT at Belgrade, Yu-
goslavia, covering 1949.0-1986.0; 1 ZT at Blagovestschensk, Russia, cover-
ing 1959.0-1992.0; 1 ZT at Irkutsk, Russia, covering 1958.2-1991.0; 1 ZT
at Józefoslaw, Poland, covering 1961.8-1996.0; 1 FZT at Mizusawa, Japan,
covering 1967.0-1984.8; 2 ZT’s at Poltava, Ukraine, covering 1949.7-1990.4;
1 ZT at Pulkovo, Russia, covering 1904.7-1995.0; 1 VZT at Tuorla-Turku,
Finland, covering 1963.7-1989.1;

4. 14 equal altitude instruments (Danjon astrolabes - AST, photoelectric as-
trolabes - PAST, and circumzenithals - CZ) that observe a combination of
latitude/universal time:
1 PAST at Beijing, China, covering 1979.0-1987.8; 1 CZ at Bratislava,
Slovakia, covering 1987.0-1991.9; 1 PAST at Grasse, France, covering
1983.2-1992.0; 1 AST at Paris, France, covering 1956.5-1983.0; 1 AST
at Pecný, Czech Republic, covering 1970.0-1992.0; 1 CZ at Prague, Czech
Republic, covering 1980.2-1992.0; 1 AST at Santiago de Chile, covering
1965.9-1990.9; 2 PAST’s at Shaanxi, China, covering 1974.0-1992.0; 1
AST + 1 PAST at Shanghai, China, covering 1962.0-1985.0; 1 AST at
Simeiz, Ukraine, covering 1977.0-1991.0; 1 AST at Wuhang, China, cover-
ing 1964.0-1986.2; 1 PAST at Yunnan, China, covering 1980.7-1991.3.

The first step in developing the new catalogue, leading to version EOC-1,
is to use only the instruments observing in local meridians, i.e. the first three
groups shown above.

We have obtained the time series of differences (in right ascensions, declina-
tions, or both) between the observed and catalogue position in EOC-0, for each
instrument separately. If the same star was observed by several instruments, the
corresponding series are merged. In principle, it poses no problem for groups 1
and 2, but the instruments of group 3 observe typically (with only several excep-
tions, when one or three stars are observed) pairs of stars. For these instruments
we thus obtain a mean difference of two declinations, and we face a problem of
how to separate these two. We chose to create, from each such series, two new
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series (one for each of the two stars) by using the weighting proportional to their
squared rms error taken from the input catalogue and calculated for the center
of the interval covered by observations. In other words, the more precise the
original catalogue entry, the smaller the differences in corresponding series and
vice versa.

Now the question arises of how to combine a catalogue entry with these
series of observations. We create three virtual observations (for the epochs t1,
t2, t3) of the same star from the information given in EOC-0: the mean epoch
t◦, rms error of the position at this epoch σ◦, and rms error of proper motion
σµ. We chose the solution in which a weighted linear regression made through
these three points returns exactly the same values t◦, σ◦ and σµ as given in the
input catalogue. Generally, if the central epoch is identified with the one of the
input catalogue (t2 = t◦) and t2 − t1 = ∆1, t3 − t2 = ∆2, this is achieved by

σ
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2
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2
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2
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2
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Choosing an asymmetric distribution of the epochs covering one century, ∆1 =
90 years, ∆2 = 10 years, we arrive at

t1 = t◦ − 90, σ1 = 94.87σµ

t2 = t◦, σ2 = σ◦/

√
1 − (σ◦/σµ)2/900 (2)

t2 = t◦ + 10, σ3 = 31.62σµ.

The values of σi (in mas) are used to compute the weights of the three virtual
observations (each of these “observed” values being set to zero) as pi = (200/σi)

2.
They are combined with real observations of the same star whose weights are
all equal to 1, under the assumption that their accuracy is 200 mas. The linear
regression then yields the corrections to EOC-0 positions and proper motions,
to form EOC-1. The comparison of some characteristics of these two catalogues
is given in Tab. 1, where median values are displayed. The values of σ are given

Table 1. Comparison of the catalogues EOC-0 and EOC-1 (σ in mas).

Catalogue n Epα σ∗

α σ∗

µα Epδ σδ σµδ

EOC-0 4422 91.25 0.69 0.60 91.26 0.55 0.57
EOC-1 3784 91.18 0.68 0.52 91.10 0.50 0.32

in mas, σ∗

α,µα = 15σα,µα cos δ. The comparison of EOC-0 and EOC-1 shows the
improvement brought about by the combination.

4. Conclusions

At present, only the observations with the instruments observing in local merid-
ians (i.e., PZTs, ZTs and PTIs) are used to form the EOC-1 version of the
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new catalogue. It is demonstrated in Tab. 1 that even this preliminary version
proves to be more accurate than the input catalogues (ARIHIP, etc...). This is
true especially for proper motions in declination where the improvement is really
substantial, due to very long series of latitude observations. The next step will
be to use also the observations with the instruments measuring latitude and uni-
versal time by the method of equal altitudes. This problem will be much more
complex since the observables (differences in altitude) represent combinations of
right ascension and declination differences. We plan to use the EOC catalogue
in a new solution of Earth Orientation Parameters in the near future.
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Abstract.

Over the last few decades the number of large telescopes has grown dra-
matically. These new telescopes were designed to produce sharp images of stars
and galaxies and are not necessarily optimized for astrometric measurements.
Despite this and some other limitations cutting-edge astrometry can be done
with such instruments. Space-based CCD imagers can easily break the 1-mas
precision limit, while ground-based telescopes are currently limited to accuracies
of 3-5 mas. It is expected that the Large Synoptic Survey Telescope will produce
a 15 petabyte imaging database down to V = 28 and over 30,000 square degrees
of the sky, which opens new horizons for astrometry.

1. Introduction

More than a century ago the invention of the photographic process ushered in a
new era in astrometry. The whole sky could be photographed and saved on plates
for posterity, which made possible follow-up determinations of positions, proper
motions and parallaxes on a massive scale. Most of the existing large star cata-
logs have their roots in this technology. Besides new wide-field detectors, a new
trend in telescope making also started to make headway. While the Yerkes 40-in
refractor from 1897 until 1909 was the world’s largest functioning telescope, the
race for ever-larger apertures was clearly won by reflectors. This trend, however,
did not impress astrometrists who continued to cling to the proven refractors
and their offshoots – multiple-lens astrographs. At the time, the advantages
of refractors were fairly obvious. Only astrographs could deliver an essentially
distortion-free field of view over many square degrees on the sky. This had
an important practical aspect since the measured cartesian coordinates could
be easily translated into the celestial coordinates using a simple linear model
tractable by the then-available means of calculation. Although the moderate
aperture astrographs have a fairly shallow magnitude floor at about mpg = 15,
back then that was more than enough for the pressing needs in astrometry.

This order of matters lasted for many decades when in the 1990s astrometrists
were caught up with developments in the other fields of astronomy – some wel-
come and some not so. A considerable challenge was raised by the Hubble Space
Telescope (HST) operational needs and capabilities. It was the HST which re-
quired a relatively deep and dense all-sky catalog of positions – the Guide Star
Catalog (Lasker et al. 1990). This catalog was constructed from the measure-
ments of Schmidt telescope plates, considered by astrometrists to be a rather
poor choice albeit having no alternative at the time. If one wanted to do astrom-
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etry with the HST, the tiny field of view (FOV) and strong distortions in the
focal plane made this task quite daunting. However, astrometrists were really
caught unprepared when the major companies stopped manufacturing the astro-
nomical photographic plates. As opposed to a photographic plate a single-chip
CCD device covers only a tiny fraction of the useful FOV. Unfortunately, the
CCD mosaic imagers are too expensive to afford, particularly on small astro-
metric telescopes. Today’s reality is such that astrometry is already an integral
part of large imaging projects like the Two Micron All Sky Survey (2MASS)
and the Sloan Digital Sky Survey (SDSS) and we should ready ourselves to use
the available telescopes to carry out astrometric projects despite the possible
limitations that such “un-astrometric” instruments may have. The shift of sci-
entific interests towards the low mass and faint objects in our Galaxy (e.g., cool
main sequence dwarfs, brown dwarfs, extrasolar planets, remnants of stars) re-
quires access to large telescopes with apertures over 100 inches. It is therefore
instructive to look into the recent progress and difficulties of astrometric work
with such telescopes.

2. Telescopes and Imaging Hardware

World-wide to date there are 38 operational imaging telescopes,1 and several
more are under construction, with apertures equal to or exceeding 100 inches.
For imaging purposes, most of them have single-CCD-chip devices yielding a
typical FOV from ∼5′×5′ to ∼10′×10′. Only CCD mosaic imagers can deliver
a substantially larger FOV without a loss of resolving power (Groom 2000).
The entire useful FOV of the 3.6-m Canada-France-Hawaii Telescope, equal
to a full square degree, is covered by the MegaPrime camera – the world’s
largest operational CCD mosaic device of its kind (a 20K×18K array). Of
great potential interest to astrometry is also the WIYN 3.5-m telescope One
Degree Imager employing 4096 so-called orthogonal transfer CCDs, currently
under development (Jacoby et al. 2002). This kind of imager offers a low-order
adaptive optics capability, which is crucial for short exposures and in high spatial
resolution work.

Smaller size CCD mosaic imagers (8K×8K covering 36′ on a side) are avail-
able at the KPNO and CTIO 4-m telescopes. The NOAO CCD Mosaic Imager,
has served as “proving ground” to explore the astrometric potential of these
devices (Platais et al. 2002).

3. Calibrating the CCD Mosaic

A fundamental difference between a photographic plate and a CCD mosaic is
that the latter does not have a contiguous light-sensitive area and each CCD
chip has its own unique characteristics. Routine flat-fielding takes care of the
flux calibration over the entire CCD mosaic but is incapable of characterizing
its geometry. In a typical CCD mosaic the buttable CCD chips are attached
to a mounting plate in close-packed configuration (gaps smaller than one mm).

1see WWW at http://www.seds.org/billa/bigeyes.html
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Figure 1. Deviation of the mean chip-to-chip separation in the NOAO CCD
Mosaic Imager as a function of time. The shaded bars indicate a ±1σ interval
around the mean gap location. (Adapted from Platais et al. 2002).

Normally the packing fraction i.e., the percentage of a useful CCD mosaic’s area,
is 90-98%. In order to use the entire CCD mosaic as a single “plate”, one has
to find the so-called chip constants – position of the chip center and a rotation
angle – with respect to a global coordinate system. The most convenient way to
obtain these constants is to use an astrometric standard (Platais et al. 2002). An
extensive monitoring of chip constants over a span of three years indicated that
the metric of NOAO CCD Mosaic Imager has experienced a one-time change
(Fig. 1) resulting in the gap enlargement. Apparently, astrometric calibrations
of CCD mosaics should be performed on a regular basis, particularly if the dewar
has been thermally cycled.

Observing relatively bright astrometric standards (V <18) with large-aper-
ture telescopes implies short exposure times to avoid saturated images. This
creates a specific problem related to atmospheric noise. During short exposures
(less than ∼15 s) the correlated motions of stars in atmospheric cells do not
entirely randomize and thus leave a semiregular pattern (Fig. 2a). Neglecting
that will result in systematic errors in the positions. Without adaptive optics
the consequences of this effect can be reduced only by taking multiple exposures
and then averaging the positions.

4. Astrometry with Ground-based Reflectors

In proper-motion work it is assumed that the focal plane of the telescope is
geometrically correct, i.e. the plate reductions can be limited to a linear model
plus tilt terms. By the virtue of optical design the focal planes of long-focus
reflectors and multi-lens astrographs normally are flat and geometrically undis-
torted. However, the focal planes of nearly all large reflectors are distorted, with
radial pincushion distortion dominating. To make matters more complicated,
the field corrector today could be different from what it is was in the early days
– as for the KPNO 4-m telescope. An incomplete third-order polynomial sup-
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Figure 2. Coordinate differences from two consecutive slightly dithered ex-
posures. If a short exposure time is used, correlated motions due to atmo-
spheric noise persist. (Adapted from Platais et al. 2002).

plemented with a fifth-order term is sufficient to fully represent the distorted
coordinates in large-telescope focal planes (Platais et al. 2002). Another way to
tackle the problem of distortions is to pre-correct for it. However, that requires
a good knowledge of the optical field angle distortions (OFAD). If the OFAD
center is not known, it is necessary to obtain such using the all-sky USNO-B
catalog (Monet et al. 2003). The high-precision distortion coefficients usually
are available in the literature.

With all necessary precautions, the astrometric precision delivered by a
large-aperture reflector is impressive. Thus the first-epoch plate material in
combination with numerous CCD images, all from the KPNO 4-m telescope,
yields a positional precision of 2 mas and the proper motion accuracy as good
as 0.15 mas yr−1 over a large range of magnitudes (Platais et al. 2003). If faint
magnitudes (V >20) are considered, then there is no alternative to large reflec-
tors, which should be carefully calibrated to reach the precision these telescopes
can deliver.

5. Small-field space astrometry with HST

A major impediment in ground-based astrometry is the presence of atmospheric
noise in observations. With adaptive optics it can be contained over the range of
a few arc-seconds, however, for larger scales we must go outside the atmosphere.
The Hubble Space Telescope (HST) is the only imaging telescope currently avail-
able for astrometric work in the sub-milli-arc-second regime at faint magnitudes.
While the HST interferometric instrumentation is used by astrometrists on a
regular basis (cf. Benedict et al. 2002), direct imaging surprisingly is almost
untapped. One may speculate that a small field-of-view, only ∼2.′5 × 2.′5, of
the Wide Field Planetary Camera 2 (WFPC2) could be a reason for such igno-
rance. It is well-known that each of the four WFPC2 cameras yields a significant
geometric distortion in the focal plane (Holtzman et al. 1995). Only recently
the distortion has been documented at the 1-2 mas precision level (Anderson &
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Figure 3. The scale factors from Gilliland’s GO-8267 observations of 47 Tuc
as a function of date, HST orbital phase, and diurnal phase. (Adapted from
Anderson & King 2003a).

King 2003a) which now allows a 0.5 mas yr−1 precision of proper motions to be
obtained over just a five-year span (cf. Anderson & King 2003b) – equivalent
to a ∼30 yr time span with a ground-based refractor. Unfortunately, it appears
that the WFPC2 chip constants cannot be determined to better than ∼0.2 pix
due to the intrinsic and unpredictable scatter from frame to frame (Anderson &
King 2003a). This confines precision astrometry to each individual chip rather
than the whole useful FOV of WFPC2. Thus with small numbers of reference
stars, say, a few dozens per CCD chip, the modelling error may be too large
to yield precise positions and proper motions. As shown by Anderson & King
(2003b), the astrometric performance of the WFPC2 chips is close to ideal in
dense stellar environments, such as the cores of globular clusters, having plenty
of reference stars.

5.1. Distortion in WFPC2 and ACS

The studies of distortion by Anderson & King (2003a) and Anderson (2002)
highlighted some aspects relevant not only to the HST but also to the future
space astrometry missions such as GAIA and AMEX. A very extensive set of
observations of the cores of the globular clusters ω Cen and 47 Tuc, analyzed
by Anderson & King, is the key element leading us to the present knowledge
of the distortion and its characteristics. For example, a contiguous 8-day stare
at the core of 47 Tuc reveals a distinct pattern in the changes of the observed
plate scales (Fig. 3). Since the scale is variable on the order of up to one part in
10,000, it also causes discernable 1-2% changes in the amount of distortion, which
corresponds to ∼5 mas at the corner of the Wide Field Camera. The HST is not
optimized in terms of insulation pattern and related thermal cycling but it is
likely that such an effect in the future space astrometry missions probably will be
smaller by 2-3 orders of magnitude. Nonetheless, if we assume a similar amount
of distortion to WFPC2, produced by the optics of an astrometric mission, even
after much better thermal stabilization it may result in a hefty 50 µas of changes
in the distortion. To minimize this effect would require designing such optical
systems in which the distortion itself is also minimized.
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Figure 4. Graphical presentation of the WFC1 table of corrections. Such
corrections usually are not exceeding 0.05 pix and cannot be modelled ade-
quately by a polynomial. (Adapted from Anderson 2002).

A third generation imaging instrument, the Advanced Camera for Surveys
(ACS), has the potential to routinely obtain positions with sub-mas precision
per exposure (Anderson 2002) as shown for its Wide Field Camera (WFC) hav-
ing a 50 mas pixel size. This involves two key ingredients: i) a precise Point-
Spread Function for the undersampled HST images, ii) accurate modelling of
the geometric distortion. Both requirements are, of course, equally valid for the
WFPC2 as well. The precision of positions with ACS is so high that a very
tiny manufacturing defect on the order of 0.008 pix in each 68th column can be
easily detected. Among the various characteristics of the WFC, perhaps one of
the most interesting is the high-frequency part of the distortion, as illustrated
by Fig. 4. A typical amplitude of such unmodelled distortion is ∼0.05 pix or
2.5 mas, which can be corrected for using a look-up table. The high-frequency
part of the distortion is also filter-dependent. The origin of such dependency is
not understood but it is clear that at a very high level of precision new effects
are appearing, which were earlier hidden in the noise. This is definitely another
area where designers of space-grade optics for astrometry should take notice.

6. Pushing to Fainter Magnitudes – the Case of LSST

Astrometrists have a keen interest in expanding the International Celestial Ref-
erence Frame (ICRF) to much fainter magnitudes. One reason for that is a desire
to observe objects which are intrinsically faint in optical wavelengths but could
be much brighter in other wavelengths, e.g. in the radio, which today provide
the crucial benchmarks for the ICRF. Although there is no current or planned
astrometric survey at magnitudes V > 20, one future ground-based project is
very appealing from the standpoint of astrometry. The Large Synoptic Survey
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Telescope 2 facility offers enormous throughput at a very fast speed of surveying.
Capable of reaching 24th magnitude in ten seconds and covering seven square
degrees at once, each month the LSST will survey up to 14,000 sq. degrees in
several filters. This effort will ultimately lead to a 30,000 sq. degree survey in
multiple bandpasses allowing a 10σ limiting magnitude of V = 28 to be reached
(Tyson 2002). It is not surprising that such an extraordinary survey needs inno-
vative technology – like the chosen Paul 3-mirror optical design and a huge 2.3
Gpix CMOS (or CCD) mosaic. An opto-mechanical system of that complexity
and unprecedented configuration has not been tested astrometrically. It may
require new approaches similar to the self-calibration implemented by Anderson
& King for the HST. Obviously, the short exposures will be adding another layer
of complexity as indicated by the KPNO 4-m telescope observations (see Sect.
4). In the context of LSST it is instructive to examine how much the 2MASS
positions differ from the now-available high-precision coordinates (Platais et al.
2003) in the direction of the open cluster NGC 188 (Fig. 5). Evidently, the
2MASS coordinates are not free from some step-wise looking systematics origi-
nating from inadequatedly “pasted” sky tiles. That kind of pattern should and
can be eliminated by the appropriate adjustment and thus allow it to reach the
intrinsic precision floor provided by the telescope and its detectors.

Figure 5. Differences between the astrometric standard around NGC 188
and the 2MASS catalog as a function of tangential coordinates (right ascen-
sion).

7. Conclusions and Outlook

The few examples presented here show that the future undoubtly belongs to “un-
astrometric” telescopes having a segmented detector plane with various degrees
of packing fraction. There are two key issues to resolve: 1) to put a mosaic of
single detectors onto the global coordinate system; 2) to correct this coordinate

2see WWW at http://www.lssto.org
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system for the focal plane distortion. Both may contain some time-dependent
component, hence a strategy must be developed to calibrate it. If after that we
wish to put our cartesian coordinates into the International Celestial Reference
System, we need appropriate reference stars, which currently is problematic for
small fields such as generated by the HST imaging instruments. However, very
deep surveys like the one proposed with the LSST consortium can in principle
be self-calibrated over a large area of the sky and then anchored to the reference
objects of ICRS. That would provide an efficient link between the small-field
space-based and the whole sky ground-based astrometry in advance of the up-
coming astrometric space missions.
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Abstract. Since the highly successful Hipparcos space-based astrometry mission
(1989-1993), a number of follow-up programs have been proposed to accomplish a wide
variety of scientific goals. Due in part to funding pressure and technical challenges, the
status of these missions has changed on a near continuous basis (proposal, selection, de-
scope, cancellation, rescope, reproposal). The status, capabilities, operational concepts,
and other salient features of the current set of space-based astrometric missions (DIVA,
AMEX (SMEX), AMEX (MIDEX), FAME, JASMINE, SIM-PlanetQuest, Gaia, and
OBSS) are discussed.

1. Introduction

Compared to ground-based telescopes, astronomical space-based observatories offer
distinct advantages while simultaneously presenting numerous additional challenges,
including expense; space-based observatories are always more expensive than ground-
based telescopes of comparable aperture. In the specific case of astrometry, one major
advantage of space is that the accuracy of a space-based observatory is not limited by
atmospheric distortion. Also, systematic errors can be reduced compared to ground
based observatories owing to the comparatively benign environment of space allowing
extremely stable mechanical designs, with residual mechanical changes determined from
the utilization of precision metrology systems.

Hipparcos is the world’s first, and up to this point only, dedicated space astrometry
mission. Owing in part to the great success of the Hipparcos mission, a number of
follow-up space astrometry missions have been discussed, planned, proposed, funded,
scheduled for launch, rescoped, descoped, and in some cases, cancelled. It is often
difficult to keep track of the current status of the various space astrometry missions
due in part to the quickly changing nature of the organizational priorities and funding
resources of the major national and international space astronomy agencies. This
manuscript provides a brief synopsis, Concept of Operation (ConOps), and status of a
number of space astrometry missions, beginning with Hipparcos.

2. Hipparcos

• Synopsis: First and only dedicated astrometric space mission. Hipparcos was highly
successful, despite failure to achieve planned orbit. The great success of Hipparcos has
spawned the new generation of space astrometry missions described in this manuscript.
• Acronym: High Precision Parallax Collecting Satellite.
• Funding Agency: European Space Agency (ESA).
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• Launch: Aug 08, 1989. Operations terminated Aug 15, 1993.
• ConOps: Continuous scanning. Two optically combined fields of view.
• Number of Objects: 120,000 (Hipparcos), 2.5 × 106 (Tycho-2).

• Magnitude Range: 0-12.5 mv (Hipparcos), 0-12th mv (Tycho-2).

• Astrometric Accuracy: 1 mas @ 9th (Hipparcos), 7 mas @ 9th.
• Additional Information: http://astro.estec.esa.nl/Hipparcos

3. FAME

• Synopsis: A NASA Medium Explorer (MIDEX) mission. NASA support was with-
drawn in January 2002 after completing a preliminary design review, due to uncertainty
surrounding detector development, and significant mission cost growth. FAME would
have provided a bridge between Hipparcos and higher accuracy missions like Gaia, SIM,
and OBSS.
• Acronym: Full-sky Astrometric Mapping Explorer.
• Funding Agency: National Aeronautics and Space Administration (NASA).
• Launch: November 2004 (Planned). Five year mission.
• ConOps: Continuous scanning. Two optically combined fields of view.
• Number of Objects: 40 × 106 stars.
• Magnitude Range: 5-15th mv.
• Astrometric Accuracy: 50 microarcseconds @ 9th magnitude.
• Additional Information: http://www.usno.navy.mil/FAME

4. DIVA

• Synopsis: A relatively low cost bridge between Hipparcos and higher accuracy
missions like Gaia, SIM, and OBSS, DIVA was cancelled in January 2003, due to
a moderate funding shortfall. DIVA had progressed through the preliminary design
review stage.
• Acronym: Deutsche Interferometer für Vielkanalphotometrie und Astrometrie.
• Funding Agency: Deutsches Zentrum für Luft- und Raumfahrt (DLR).
• Launch: 2006 (Planned). Two year mission.
• ConOps: Continuous scanning. Two optically combined fields of view.
• Number of Objects: 40 × 106 stars.
• Magnitude Range: 5-15th mv.
• Astrometric Accuracy: 200 microarcseconds @ 9th magnitude.
• Additional Information: In addition to the sky mapper (astrometric) survey,
DIVA was to produce a spectroscopic survey of the brightest 12 million stars and a
UV survey of 15 million and 30 million stars at short and longer UV wavelengths,
respectively. See: http://www.ari.uni-heidelberg.de/diva/diva.html
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Figure 1. Artists conceptions of the various space astrometry missions. From top
left, Hipparcos, DIVA, FAME, second row, AMEX, JASMINE, SIM PlanetQuest,
third row, Gaia, OBSS.
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5. AMEX (SMEX)

• Synopsis: AMEX was a mission proposed to the NASA Small Explorer (SMEX)
program. The proposed AMEX program involved an international collaboration, jointly
funded by the DLR and NASA. AMEX was primarily based on the DIVA design. A
proposal to perform an AMEX concept study was rejected by NASA administrators.
• Acronym: Astrometric Mapping Explorer.
• Funding Agency: NASA & DLR.
• Launch: 2007 (proposed). Three year mission.
• ConOps: Continuous scanning. Two optically combined fields of view.
• Number of Objects: 40 × 106 stars.
• Magnitude Range: 7-15th mv.
• Astrometric Accuracy: 200 microarcseconds @ 9th magnitude.

6. AMEX (MIDEX)

• Synopsis: The U.S. Naval Observatory, in collaboration with NASA-JPL, has con-
tinued to develop a more capable version of the DIVA and AMEX (SMEX) mission
concept, intended to be proposed to the NASA MIDEX program. Due to changing
institutional priorities, in Feb 2004 NASA announced that the next MIDEX proposal
opportunity would be significantly delayed. Instrument design, development, and cost-
ing activities, along with detector and reduction software development continue.
• Acronym: Astrometric Mapping Explorer.
• Funding Agency: NASA (potential).
• Launch: 2009 (potential), 5 year mission.
• ConOps: Continuous scanning. Two optically combined fields of view.
• Number of Objects: more than 40 × 106 stars.
• Magnitude Range: 7 to fainter than 15th mv.
• Astrometric Accuracy: approximately 100 microarcseconds @ 9th mag.

7. JASMINE

• Synopsis: JASMINE is a Japanese infrared space astrometry satellite, operating at
near-IR wavelengths.
• Acronym: Japanese Astrometry Satellite Mission for Infrared Exploration.
• Launch: 2013-2015 (potential). Five year mission lifetime.
• ConOps: Continuous scanning, galactic plane. Two optically combined fields of
view.
• Number of Objects: a few 100 × 106.
• Astrometric Accuracy: 10 microarcseconds at mz = 15.5 or K=12th.
• Additional Information: http://www.jasmine-galaxy.org/

8. SIM PlanetQuest

• Synopsis: SIM PlanetQuest is a space-based optical interferometer operating in an
earth-trailing orbit. Currently, SIM and Gaia are the only funded space astrometry
missions.
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• Acronym: Space Interferometer Mission.
• Funding Agency: NASA.
• Launch: 2010 (planned). Five year baseline mission, potential ten year extended
mission.
• ConOps: SIM PlanetQuest is a pointed mission with predefined targets.
• Number of Objects: about 10,000 stars (1,300 grid stars).

• Magnitude Range: brighter than (a limiting magnitude of) about 20th.
• Astrometric Accuracy: 4 microarcseconds wide angle, 1 microarcsecond narrow
angle.
• Additional Information: SIM Planetquest is currently in mission development
Phase B (Preliminary Design phase). See: http://planetquest.jpl.nasa.gov/SIM

9. Gaia

• Synopsis: Gaia is a funded space astrometry mission intended to launch in 2010-
2012. Operating at L2, Gaia consists of three instruments which provide astrometric,
photometric, and spectroscopic data.
• Funding Agency: ESA.
• Launch: before 2012 (planned). Five year operation phase.
• ConOps: Continuous scanning. Two optically combined fields of view.
• Number of Objects: 109.
• Magnitude Range: 7-20th magnitude.
• Astrometric Accuracy: 10 microarcseconds @ 15th mv.
• Additional Information: In addition to astrometry, Gaia will provide 12 band
millimagnitide photometry, radial velocity data for brighter stars to an accuracy of
a few km/s and spectrophotometry in the visible and near-IR to mv 17.5. See:
http://www.rssd.esa.int/gaia/

10. OBSS

• Synopsis: The U.S. Naval Observatory, in collaboration with NASA-JPL, were
funded to investigate, study, and develop the OBSS mission as a possible future mission
concept within the NASA Astronomical Search for Origins Program. Future funding
for OBSS is uncertain, at present.
• Acronym: Origins Billions Star Survey.
• Funding Agency: NASA.
• Launch: next decade (potential).
• ConOps: Pointed mission, flexible ConOps.
• Number of Objects: 109.
• Magnitude Range: ≈ 5.5 – 21th magnitude, depending on adopted ConOps.
• Astrometric Accuracy: Depends on ConOps, but OBSS is capable of obtaining
≈ 8 microarcseconds single epoch astrometric accuracy on a 15th magnitude star in a
few hours.
• Additional Information: http://www.usno.navy.mil/OBSS
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Abstract. The esa astrometry mission gaia scheduled for launch in mid-
2010 will observe thousands of extragalactic sources together with nearly one
billion stars. With a target accuracy of 10 µas at V = 15 and 50 µas at V = 18,
this will open a new era in the realization of the primary reference frame. The
very principles of this direct realization in the visible are outlined in this paper
together with a discussion of modelling problems or intrinsic limitations due to
the galactic rotation, source instability or the occurrence of gravitational lensing.

1. Introduction

The adoption of the icrs on 1 January 1998 was a landmark in the long history
of astronomically defined reference frames (Ma et al., 1998) and a noticeable
historical break in this field. Starting from Bessel in the last century, the fixed
celestial directions were associated with fundamental catalogues of positions
and proper motions of stars, resulting from observations attached in various
ways to the apparent motion of the Sun. The short-lived FK5 published in 1988
(Fricke et al.) was the ultimate representative of this chain of primary reference
catalogues, a species now extinct.

The main novelty in the icrs lies in the adoption of a kinematical system
which assumes that the visible Universe does not rotate as a whole, so that the
most distant sources have no individual motion relative to each other. As a whole
these sources define and materialize a kinematical non-rotating reference system.
The extragalactic reference frame is assumed to approximate an inertial frame,
defined within the context of General Relativity, through Mach’s Principle. In
addition to the constraint of lack of transverse motion, the relevant sources
should possess minimal intrinsic source structure at the mas level in the region of
energy production. Their positional stability has been continuously investigated
since, and so far the situation is rather satisfactory (Gontier et al., 2001). There
is no best a priori method of observation to build the catalogue and the final
choice of using radio observations was dictated by the practical possibilities of
the 80s. Another choice could be made in the future should the technology
permit it.

Today Very Long Baseline Interferometry ( vlbi ) allows us to have a con-
sistent solution for the positions of extragalactic radiosources to better than
0.5 mas. No major improvement (say by a factor two or three) is expected
within the next decade. The primary reference frame (icrf) consists of a cat-
alogue with the coordinates of the 667 extragalactic radiosources (212 defining
sources) derived from several million observations collected over more than fif-
teen years by a worldwide network. In the visible the subset of best solutions of
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the Hipparcos Catalogue (esa, 1997) was linked to the icrf to build the optical
counterpart (Kovalevsky et al., 1997). It then gives astronomers a nearly direct
access to the icrs and meets most of their needs in this wavelength range. How-
ever the quality of the link will deteriorate with time as a result of the limited
accuracy of the hipparcos proper motions.

A mission like gaia will permit a realization of the icrs more accurate by
two or three orders of magnitude from direct observations of the defining sources
brighter than magnitude 20 and also by adding in the visible thousands of qso’s
recognized from ordinary stars or white dwarfs with the broad- and narrow-
band photometry. The sky coverage will be fairly uniform outside a zone of ±25
degrees centered on the galactic plane. As gaia will survey the quasars down
to an apparent magnitude of 20, there will be plenty of material (about 500 000
from current estimates based on local surveys) to select a small sample, maybe
less than 10 000 very clean sources, to construct the primary reference frame
directly in the visible, allowing easy access to astronomers.

2. Introduction: gaia

GAIA is the European Space Agency mission selected as a Cornerstone 6 within
the agency science program. gaia is a survey satellite designed to provide
astrometry, multi-color and multi-epoch photometry and spectroscopy on all
objects brighter than V ≈ 20. (ESA 2000, Perryman et al. 2001). gaia observing
principles are similar to those employed so successfully by hipparcos with a
scanning satellite observing simultaneously in two widely separated (106 degrees)
directions. It will gather detailed positional, kinematical and physical properties
of the brightest 1 billion celestial objects in the sky, sampling virtually all kind of
stars, moving objects of the solar system and very distant extragalactic sources.
Astrometric accuracies of 10 µas at 15th mag. should lead to 20 million stars
measured with distance accuracies better than 1%.

In 2002, a new design of the satellite was proposed following a system re-
assessment phase, reducing its cost, without changing the scientific performance,
at the expense of a slightly longer mission. The selection was confirmed by esa

in June 2002, with a target launch date of mid-2010. The scientific preparation
for the mission involves the participation of some 15 working groups sharing
responsibility for the simulation, the data processing, the science modelling and
the instrument optimization. Extensive simulation programs have been devel-
oped feeding all the groups with input data required to test the processing.

Regarding the extragalactic sources, gaia will contribute significantly to
the knowledge of quasars in providing for the first time an all sky flux limited
survey to V = 20, very difficult to carry out from the ground. The internal au-
tonomous multi-color detection will be very efficient to get rid of the traditional
contaminants like the white dwarves, and will permit the selection of a 99.9%
star-free sample of qso’s. Simultaneously photometric redshift measurements
will be feasible without additional effort for most of the detected sources. At
the end one may reasonably expect a census of several hundred thousand quasars
at galactic latitudes |b| > 20◦ − 25◦. Finally the extensive zero-proper motion
survey will provide a direct realization of the quasi-inertial celestial reference
frame with a residual rotation less than 0.5 µas yr−1 and a space density at
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least hundred time larger than that achieved by the radio version of the icrf.
Many more secondary sources (stellar or extragalactic) will also contribute to
the access to this frame.

3. An ICRF with GAIA

As mentioned earlier the choice of the radio technique to materialize the celestial
reference system was dictated by practical reasons : there was no other means of
observation with the required accuracy to perform the task. gaia will provide a
consistent, nearly all-sky (no observation of extragalactic sources in the galactic
plane and its immediate vicinity) rigid sphere of purposely selected qso’s with
positional accuracy on each source between 10µas to 150µas at the faint end.
Without an additional constraint this quasi-inertial sphere is free to rotate with
respect to an idealized inertial frame and its initial orientation has no particular
tie with the existing frames. So one must devise a procedure to eliminate the
global rotation, discarding during this process the sources showing transverse
motions of non-rotational origin. This step will be a very severe test of the
underlying principles on which the icrf concept rests. Obviously the discovery
of sources with undisputable and unaccounted for transverse motion will be a
result of major cosmological significance.

3.1. The residual Spin

The spin vector of the gaia frame with respect to the ICRS will be constrained
by imposing that the selected sample of ∼ 10 000 extragalactic sources exhibits
no overall rotation. One assumes that the intermediate astrometric sphere is
rotating relative to the extragalactic sources with the spin vector ωx, ωy, ωz and
that the extragalactic sources have no peculiar transverse motion. In this case
the observed components of the proper motion are only due to the global spin
motion and to random errors.

The observation equations for the components of the spin are then given by

µl cos b = ωx sin b cos l + ωy sin b sin l − ωz cos b (1)

µb = −ωx sin l + ωy cos l (2)

where the left hand side contains the observed proper motion components. The
information contained in a particular source is given by the weighted square of
the coefficients of the ωi, neglecting the off-diagonal terms, always small because
the distribution is evenly sampled in longitude. The inverse of the information
is proportional to the variance of the spin components. The total available
information (Fisher information in statistics) on ωx, ωy, ωz is then given by the
diagonal terms of the normal matrix as,

Iωx
=

n∑

1

Wi (sin
2
bi cos2

li + sin2
li), (3)

Iωy
=

n∑

1

Wi (sin
2
bi sin2

li + cos2
li), (4)
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Figure 1. Left : Precision of the spin rate of the inertial frame determined
with gaia from the observations of the quasars. The precision for a B mag-
nitude is determined when only sources brighter than B are selected. Here
galactic coordinates have been used and the random instability has been taken
equal to 20 µas yr−1. Though there are many more faint objects than bright
ones, the frame is primarily determined with the brightest sources, because
of the better astrometric precision. Right : cumulative number of objects
brighter than B in the solution .

Iωz
=

n∑

1

Wi cos2 bi, (5)

where Wi = 1/σ(Vi)
2 is the weight of the pair of equations for the ith source,

computed from the expected performances of gaia. The information parameter
has the advantage over the standard error of being an additive quantity and
allows us to assess the relative importance of the observations of bright and
faint objects. For a uniform distribution on the celestial sphere one should have
< sin2 b >= 1/3, < cos2 b >= 2/3, < cos2 l >=< sin2 l >= 1/2. The absence of
detected sources in the galactic plane favors the higher latitudes, thus decreasing
< cos2 b > and leading to a loss of information on ωz.

3.2. Results of a simulation

By collecting all Eqs. 1-2 over the extragalactic sources it is possible to determine
the ωi with a weighted least-squares solutions. The sources positions and their
magnitude distribution come from the compilation catalogue of Véron-Cetty
and the weights have been computed from the expected astrometric accuracy of
gaia. The results plotted in Fig. 1 show that one can end up with a non-rotating
frame at the level of 0.5 µas yr−1, provided the source random instability is less
than 20 µas. The difference between ωx, ωy and ωz is due to the peculiar space
distribution of the sources not observed in the galactic plane (the same will hold
with gaia). It appears that using only the brightest quasars (∼ B < 18) will
be perfectly sufficient to reach an almost perfect solution.

The random instability of the sources puts a very serious limitation in the
ultimate precision of the inertial frame. Extragalactic radiosources display struc-
ture on spatial scales from hundreds to one mas with a variety of shape. The
variability at radio wavelengths is also correlated to structure change due to
relativistic jets. The effect of source structure on position has been studied in
radio wavelengths and found to be as large as tens of mas yielding apparent



Inertial frame with gaia 137

motion in right ascension. Values of 10 to 30 µas yr−1 have been reported. Vir-
tually nothing is known in the visible regarding the ∼ mas structure and its
time change. However the photometric variability in the optical bands might
be an indication that photocentric random motions should not be excluded, in
addition to the random microlensing. If relativistic jets seen in radio originated
from synchrotron radiation of accelerated charges particles, the same mechanism
should be seen in the optical band. Selection of a clean sample will be a diffi-
cult, but stringent requirement for the primary realization of the inertial frame.
Dirty sources should not be simply dumped in the wastebasket but carefully
scrutinized individually or collectively for jet motion (only for nearby agn’s) or
structured transverse displacements.

3.3. Orientation at epoch

While the very notion of a non rotating sphere is defined on physical ground in
relation with the concept of inertia, the locations of the pole and of the origin of
longitude in the fundamental plane are totally free. The only constraint to apply,
as usual in metrology, is the principle of continuity. If the realization of the new
standard is better than the previous version, the new system must lie within
the uncertainty boxes of the old system. This has been constantly applied in
classical metrology for the standard of length and time, and in astronomy during
the transition from the fk5 to the icrf.

Most of the defining sources of the icrf are bright enough to be observed
with gaia and will be analyzed in the same way as the other extragalactic
sources. The three parameters defining this rotation will be obtained by mini-
mizing some merit function, that could be a global least-squares, minimum norm
or even by using a very small number of objects regarded as reference beacons.
The magnitude distribution of the icrf defining sources outside the galactic
plane in Fig. 2 gives a median magnitude of B ∼ 18, meaning that the random
noise in ∆α cos δ and ∆δ will come primarily from the uncertainty in the icrf

positions, typically ∼ 0.5 mas. ¿From a simulation using only the defining source
brighter than V = 20 and with |b| > 20 deg, one finds that the zero-point of
the vlbi-icrf and the gaia-icrf could differ by no more than ∼ 40 µas. Thus
there is neither conceptual nor practical difficulty to fix the origin of the gaia

derived icrf that meets the continuity requirement with the existing frames.

4. Limitations in the modelling : random microlensing

The basic assumption takes for granted that very distant extragalactic sources
have no measurable transverse displacement. This assumption rests on the best
vlbi observations on one hand and on a general physical principle tied to the
cosmological expansion with qso’s having fixed co-moving coordinates. Nothing
valuable can be said today below ∼ 50 µas/yr corresponding to 20 years of vlbi

positional measurements at ∼ 1 mas accuracy. So far no unaccounted break to
the principle has been found. If we admit as the most extreme situation that
the transverse velocity is comparable in magnitude to the expansion velocity
we have Vt ∼ H0D leading to µt ∼ 10 µas yr−1 thus giving an upper limit
for motion of cosmic origin. But other sources are possible and gaia has an
enormous potential to check for transverse displacement on individual sources
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Figure 2. Distribution over the B magnitude of the icrf sources outside
the the galactic plane (|b| > 20 deg) for the three categories of sources. Much
of the defining sources are easy targets for gaia and will be well observed.

and, above all, statistically for systematic motion at the µas yr−1 level. A source,
well understood, although not yet detected is the so-called variable galactic
aberration discussed in the gaia proposal, in Mignard (2002) or in detail by
Kovalevsky (2003).

Lensing by stars and galaxies could be one source of transverse motion due
to the variable curvature of the lightrays as the lens moves before the observed
source. It is a well known fact that the typical magnitude of the deflection by a
lens is scaled by the Einstein radius of the lens given by,

θE = 1mas

(
M

M⊙

)1/2 (
10kpc

d

)1/2

for stars (6)

θE = 1′′
(

M

1011M⊙

)1/2 (
1Gpc

d

)1/2

for galaxies (7)

So the deflection is in the mas range for microlensing but as large as 1′′ for
lensing of extragalactic sources by intervening galaxies. Equations 6-7 referred
to a lens with concentrated mass distribution. In the case of a Galaxy the
distribution of matter can be much more extended, so that the light ray crosses
the galaxy. A better model used the so-called Singular Isothermal Sphere with
a constant velocity dispersion and a surface density decreasing as 1/r2. This
yields a flat rotation curve for the galaxies and a convenient approximate model
for a galactic extended halo. In this model it is easy to show that the deflection
angle is constant for any ray going through the galaxy and has a value,

α =
4πσ2

v

c2
≈ 1.′′4

(
σv

220km/s

)2

. (8)

Therefore, the effect of lensing on the observed direction of qso’s is quite sig-
nificant and could be the source of spurious transverse motion over a timescale
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determined by the motion of the lens. Thus it is important to assess the chance
that an extragalactic source is subject to gravitational lensing (we are not con-
cerned here with the problem of multiple images). The probability that a distant
qso comes in near alignment with a closer galaxy is the same as the probability
that the light ray goes within θE of the center of the galaxy. If n is the number
of galaxies per unit volume the fraction of the sky in a layer between distances
r and r + dr covered by Einstein disks of angular area πθ2

E
is given by

dτ = nr
2
πθ

2

E dr (9)

leading for point mass lenses to the optical depth,

τ =
2π

3

GM

c2
nd

2

s, (10)

where ds is the (angular) distance of the source and M the mass of the deflector.
To derive(10) one has integrated (9) from the observer to the distant extragalac-
tic source. The expression for the isothermal sphere is different but numerically
of the same order of magnitude.

The luminosity function of galaxies is still debated, but redshift surveys
indicate that a description with the Schechter function,

Φ(M)dM = Φ⋆

(
L

L⋆

)1+α

exp(−L/L⋆) dM (11)

is a fairly good one. From the Las Campanas Survey (Lin et al., 1996) one has
Φ⋆ ≈ 0.019h2 Mpc−3 and L⋆ ≈ 8×10−9h−2 L⊙. Integrating over the magnitude
this gives a typical density of galaxies n ∼ 0.05 Mpc−3. We can insert this
number in Eq.10 and with M = 1011M⊙, h = 0.75 one finds τ = 0.01 at 5 Gpc
and 0.04 at 10 Gpc. This means that on the average one quasar out of ten will
be lensed by an intervening galaxy.

It is interesting to apply the same formula for microlensing, that is to say
the lensing by stars belonging to the Milky Way. By limiting the integration of
(9) to the outer boundary of the Galaxy one finds,

τ = 2π
GM⋆

c2
n⋆∆

2

G, (12)

where n⋆ is the stellar density and ∆G the radius of the Galaxy. With n⋆ ∼

0.05 pc−3 and ∆G ∼ 10 kpc one gets τ ≈ 10−6, in agreement with a more refined
estimate of Belokurov & Evans (2002). In their paper they also demonstrate
from a Monte-Carlo simulation that microlensing is a negligible and unbiased
random error in the positional measurements, including that of qso’s.

Therefore microlensing will be a rare event for the qso’s. Nonetheless be-
tween 103 to 104 qso’s positioned by gaia will be misplaced by ∼ 1′′. As long
as the images remain unresolved, the shift from the true position is not a major
problem if it remains constant. There might be no variation during the ∼ 5
years of the mission, but significant variations over 20 or 50 years, which would
make these sources poor candidates to become defining sources.

One can estimate the induced transverse motion due to lensing by assuming
some kinematical properties for the lenses. A motion of the lens in front of a
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qso of dθ will cause a motion of the bright image of comparable amplitude
(comparable means here within a factor two ; this is easy to show from the lens
equation and from the positions of the images). So the spurious proper motion
of a lensed qso is similar to the proper motion of the lens, which ‘propagates’
its motion to the images. In addition to the cosmic expansion, galaxies have
peculiar motions resulting from the gravitational pull exerted by other members
of the clusters. The best measured peculiar velocity is that of the Local Group
at about 600 km s−1. Taking for the maximum peculiar transverse velocity
Vt ∼ 1000 km s−1, this gives a proper motion of 20 µas yr−1 at 10 Mpc and
0.2 µas yr−1 at 1 Gpc.

Although the probability of lensing by a galaxy as close as 10 Mpc is tiny, the
above figures are just in the range of significance for the realization of the inertial
system with gaia and above all its integrity over several decades. Therefore the
perspective of lensed qso’s should not be brushed away although it is not a
major concern in the astrometric modelling. The detection during the mission
of residual transverse motions, after the system has been brought to rest, will
be an indication of possible lensing. Given the large number of sources available
for the materialization of the system, it would be no problem to reject these
sources from the defining set, but it would be worthwhile to have a ground
based follow-up to search for a lens or multiple images.
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Abstract.
The high-apogee elliptical orbit of the RadioAastron international mission

will impact precision astrometry at the level of about a microsecond of arc (µas).
Its launch could be on March 2006. The RadioAstron program is the next gen-
eration of radioastrometry programs. According to the RadioAstron program,
initiated by the Astro Space Center of Lebedev Physical Institute of the Russian
Academy of Science (supervisor N.S.Kardashev) in collaboration with other in-
stitutes of Russia and abroad, the satellite SPECTR carrying a 10-meter radio
telescope will be launched in an orbit with eccentricity e = 0.853. The apogee
distance will be 350 000 km. It is planned that the VLBI observations will be
conducted with the largest ground based radio telescopes. The period of revo-
lution of the satellite will be about 9.5 days, and observation time during one
revolution can be about 9 days. Observations can be made at P, L, C and K
bands with bandwidth 32 MHz. For the shortest wavelength, 1.35 cm, and base-
line of about 350 000 km, resolving power of the order of 8 µas can be achieved.
It is planned to solve both astrophysical and astrometry problems during a total
expected lifetime of the satellite of three years. The main astrometric goal of the
mission is the realization of a new International Celestial Reference Frame based
on measurements of the coordinates of ∼ 100 defining sources with microarcsec-
ond accuracy. Observations of some pulsars using space-ground interferometers
and by the timing technique will allow us to connect kinematical and dynamical
systems with unprecedented accuracy. Coordinates of ground radio telescopes
will be determined with respect to the geocenter.

1. Introduction

The IERS Celestial and Terrestrial Reference Systems (ICRS and ITRS) are the
bases for solution of different tasks in different fields of science. The ICRS is
realized by the IERS Celestial Reference Frame (ICRF) defined by the J2000.0
equatorial coordinates of 212 defining extragalactic radio sources determined
from VLBI observations and distributed all over the sky (Ma et al. 1998).
Approximately 400 other sources were added to densify the celestial sphere.
The precent accuracy of the positions of these sources is 250 µas.

Realizations of the ITRS are called the IERS Terrestrial Reference Frame
(ITRF) and consist of lists of coordinates and velocities for selected IERS sites
(McCarthy and Petit 2003). Regular VLBI observations are used to maintain
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the ICRF and to tie the ICRF to the major reference frames such as the ITRF,
the HIPPARCOS optical reference frame, and the dynamical frames realized by
the JPL ephemerides of the solar system bodies.

Ground-based observation precision will remain limited because of the at-
mosphere. In order to solve many astrophysical problems such as the cosmic
distance scale, motions of radio sources, and search for dark matter, 10-µas pre-
cision or better is required. This goal cannot be reached from the Earth and
only space astrometry missions can help to solve these astrophysical problems.

The success of Hipparcos (ESA 1997) has triggered several projects (FAME,
DIVA, SIM, GAIA) of astrometric satellites to observe more stars with better ac-
curacies. Hipparcos improved the accuracy of global astrometric measurements
from 50 to 1 milliarcsecond (mas). Global astrometric accuracy of 50 to 4 µas
is the aim of future FAME, DIVA, SIM, GAIA missions.

In order to increase accuracy of the radio astrometry observations it is
necessary to place one radio telescope in space and use it in conjunction with
ground based antennas. VLBI baselines are limited to about 10 000 km and this
limits the accuracy and the resolving power. There is only one way to increase
the baseline: to fly the radio telescope to space. The first program called VSOP
(VLBI Space Observatory program) was begun in February 1997 when the first
satellite with a telescope, called HALCA, was launched (Kobayashi et al. 1998).
The instrument on board is an 8-meter dish radio telescope on a highly elliptical
6-hour orbit with an apogee height of 21 000 km. The baselines of ground-space
VLBI can reach 25 000 km. It can observe at 1.6, 5, and 23 GHz with a resolving
power of the order of 500 to 80 µas.

2. RadioAstron mission

The RadioAstron project is an international collaborative mission to launch a
free flying satellite carrying a 10-meter radio telescope in elliptical orbit around
the Earth. The aim of the mission is to use the space telescope to conduct VLBI
observations in conjunction with the global ground VLBI network in order to
obtain images, coordinates and evolution of angular structure of different radio
emitting objects in the Universe with extraordinarily high angular resolution.
The orbit of the RadioAstron satellite will have an apogee in the range up to
350 000 km. Space ground VLBI measurements with this orbit will provide
morphological and coordinate information on galactic and extragalactic radio
sources with fringe size up to 8 µas at the shortest wavelength, 1.35 cm.

The RadioAstron mission uses the satellite SPECTR, which is under devel-
opment by Lavochkin Association Aviation and Space Agency. It is a standard
module to be used in several other scientific missions. The total mass of the
scientific payload is about 2500 kg, of which the unfolding parabolic 10-m radio
astronomy antenna’s mass is about 1500 kg, and the scientific package holding
the receivers, power supply, synthesizers, control units, frequency standards and
data transmission radio system is near 900 kg. The mass of the whole sys-
tem (satellite and scientific payload)to be carried into orbit by the “PROTON”
launcher is about 5000 kg. The expected lifetime of the satellite is three years.

The space radio telescope antenna consists of a deployable parabolic reflec-
tor (10-m diameter) which is made of 27 carbon fiber petals and central solid
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portion (3-m in diameter). The radio telescope has a focus to diameter ratio
F/D = 0.43 and overall RMS surface accuracy of 0.7 mm.

Observations can be made at P(0.327 GHz), L(1.665 GHz), C(4.830 GHz)
and K(22.220 GHz) frequencies with a bandwidth of 32 MHz in each. The fringe
spacings for the largest baseline for all RadioAstron bands are equal to 540, 106,
37 and 8 µas, respectively. Because of the low sensitivity of the 10-m antenna,
only large ground telescopes will be useful for obtaining scientific data for most
observations with RadioAstron.

There are many constraints for observations with RadioAstron. They are
concerned with the attitude control system of the spacecraft, satellite visibility
from tracking stations, and limits on the satellite autonomous operations during
the orbit. Among the operational constraints, the most important is the number
of programmed slews per orbit and the need to observe no less than three defining
quasars before each observational session for precise reconstruction of the orbit.

It is planned to investigate both astrophysical and astrometry problems
such as:

1. study of radio galaxies, quasars, black holes, neutron stars with very high
angular resolution;

2. structure and dynamics of megamaser regions in other galaxies; structure
and dynamics of maser radio sources in regions of star formation;

3. turbulent structure of interstellar medium through the scintillations of
compact radio sources;

4. cosmological evolution of compact extragalactic radio sources; determina-
tion of fundamental cosmological parameters and study of gravitational
lenses and the nature of hidden mass;

5. precise astrometry on the level of several microarcseconds, determinations
of the distances to pulsars as well as evaluations of their velocities by the
measurements of parallax and proper motion;

6. link of kinematical and dynamical celestial reference frames;

7. measurements of secular aberration (motion of the solar system in the
galaxy);

8. direct measurements of distances using spherical wave fronts;

9. direct measurements of coordinates of the ground-based telescopes in the
ITRS.

3. Prospects for astrometry

Sensitivity of the ground-space interferometer for unresolved sources is of the
order of 30 mJy if the signal-noise ratio (S/N) is equal to 10. This estimate was
calculated for the Kalyazin (Russia) – RadioAstron baseline. These telescopes
have respectively diameters equal to 64 and 10 m, system temperatures equal
to 40 K and 60 K, and effective areas of 1700 m2 and 40 m2.
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It is planned to observe ∼ 100 defining sources with fluxes greater then 1
Jy. Then the S/N will be 30 or more and the uncertainty of the time delay of
one observation of the quasar will be ∼ 300 ps. It will be necessary to observe
no less than three defining quasars before each observational session for precise
reconstruction of the orbit. Later these observations of quasars will be used to
improve their coordinates. If each of the quasars will be observed more than 100
times we can expect that the uncertainty of the coordinates will be of the order
of 10 µas. The list of the defining sources that will be used for reconstruction
of orbits and for improvement of the ICRF is shown in Table 1.

Table 1. Physical characteristics of radio sources

IERS Designation Typea Redshift Flux (Jy)b Spectral index V

6 cm 15 cm
0014+813 Q 3.387 0.55 1.00 -0.2 16.5
0133+476 Q 0.859 3.26 2.10 0.5 19.0
0235+164 L 0.940 2.79 2.00 0.6 15.5
0440-003 Q 0.844 2.39 3.53* -0.2 19.2
0537-286 Q 3.104 1.23 1.00 0.5 20.0
0637-752 G 0.654 6.19 4.51* -0.1 15.8
0804+499 Q 1.433 2.07 1.30 0.5 18.9
0821+394 Q 1.216 0.99 1.90 -0.2 18.5
0834-201 Q 2.752 3.42 3.30 -0.3 19.4
0955+476 Q 1.873 0.74 1.10 0.1 18.7
1143-245 Q 1.950 1.49 1.10 -0.2 18.0
1308+326 Q 0.997 1.59 1.57* 15.2
1442+101 Q 3.535 1.15 2.01 -0.6 17.8
1538+149 L 0.605 1.95 1.50 17.3
1619-680 Q 1.354 1.81 1.79* 18.0
1725+044 G 0.293 1.21 0.84 0.8 17.0
1743+173 Q 1.702 0.94 0.90 0.1 19.5
1830+285 Q 0.594 1.07 1.30 17.2
1842+681 Q 0.475 0.81 1.20 -0.4 17.9
1954-388 Q 0.630 2.02 1.00 17.1
2029+121 L 1.215 1.29 1.10 0.7 20.3
2037+511 Q 1.687 3.79 5.00 21.0
2113+293 Q 1.514 1.45 1.12 19.5
2145+067 Q 0.999 4.41 3.10 0.5 16.5
2319+272 Q 1.253 1.07 1.10 19.0
2326-477 Q 1.306 2.06 2.40* 16.8

aType of Object: Q = quasar,G = galaxy, L = BL Lac
bAsterisk indicates that the reported value is the flux at 11 cm.

An important part of the astrometry program is the observation of pulsars.
Sensitivity of the ground-space interferometer is enough to observe ∼ 10 pulsars
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such as B0329+54, B0833-45, B1641-45 and other with fluxes > 30 mJy (in
L-band).

If distances of pulsars or other galactic sources are less then 5 kpc, then
straight distance measurements will be possible; the interferometer will be sen-
sitive to the phase difference between plane and spherical wavefronts. It easy to
show that correction for the time delay for the spherical wavefront is equal to

∆τ =
1

2c|RS|

(
|r2|

2
− |r1|

2
)
,

where |RS | is distance from the geocenter to pulsar, |r1|, |r2| are the geocentric
dictances of the ground and space telescopes, and c is the velocity of light.

If the uncertainty of the time delay measurement is 1 pc then this correction
has to be taken into account for

∆τ > 10−12
,

or if RS < 5000 pc for baselines of order 300 000 km.
Unfortunately for high frequencies the fluxes of pulsars are weak. The list of

pulsars that can be observed during the RadioAstron mission is shown in Table
2. The flux is calculated for 1.6 GHz. Pulsar B1937+21 was added to study the
giant pulses. It is expected that coordinates of pulsars will be measured with
an uncertainty of ∼ 0.1 mas (Table 3).

Table 2. Pulsars, observed with S/N≥ 10.

Designation Flux (mJy) S/N Period (sec)
B0329+54 140 118 0.714518663
J0437-4715 64 52 0.005757451
B0736-40 57 46 0.374918710
B0833-45 790 640 0.089308556
B0950+08 60 49 0.253065068
B1451-68 57 46 0.263376778
B1556-44 34 23 0.257055723
B1641-45 220 180 0.455059775
B1749-28 26 21 0.562557857
B1929+10 34 23 0.226517821
B1933+16 35 24 0.358736248
B1937+21 11 8 0.001557806
B2020+28 32 22 0.343401720

We expect to tie the ICRF to the dynamical frame DE405 with the same
uncertainty. At present, the rotation angles between these systems are known
with milliarcsecond accuracy (Table 4). The rotation angles A1, A2, A3 are cal-
culated from analyses of Satellite Laser Ranging (SLR) and VLBI data and from
pulsar VLBI and pulsar timing.
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Table 3. Uncertainty δ of position of the pulsars calculated on the the basis
of S/N ratio, and the possibility of the measurement of the parallax

Designation S/N δ (mas), Distance (kpc) Parallax
B0329+54 118 0.015 1.43 +
J0437-4715 52 0.034 0.14 +
B0736-40 46 0.038 11.03 -
B0833-45 640 0.003 0.5 +
B0950+08 49 0.036 0.12 +
B1451-68 46 0.038 0.45 +
B1556-44 23 0.076 1.63 +
B1641-45 180 0.010 5.3 +
B1749-28 21 0.085 1.53 +
B1929+10 23 0.075 0.17 +
B1933+16 24 0.073 7.94 -
B1937+21 8 0.225 3.6 -
B2020+28 22 0.080 1.3 +

Table 4. Relative orientation between DE200 and ICRF

Angles Finger & Folkner 1992 Folkner et al. 1994 Rodin & Sekido 2001
A1 1 ± 3 −2 ± 2 −4 ± 2
A2 −10 ± 3 −12 ± 3 −13 ± 2
A3 −4 ± 5 −6 ± 3 −17 ± 6
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Another astrometric goal of the RadioAstron mission is the measurement of
the variable part of secular aberration due to the solar system motion around the
center of mass of the galaxy. The total effect is equal to V/c ≈ 2.5′, where V ≈

220 km/s is the velocity of the Sun. In galactic coordinates b, l the aberration
effect can be written as (Zharov 2002)

∆l cos b = k cos b0 sin(l − l0), (1)

∆b = k[sin b cos b0 cos(l − l0) − cos b sin b0], (2)

where k = −V/c, and b0, l0 are the apex coordinates. If b0 = 0◦, l0 = 90◦ then
the constant part of secular aberration is

∆l cos b = −k cos l, (3)

∆b = k sin b sin l, (4)

but this effect cannot be observable and corresponds to the constant displace-
ment of the coordinates of the quasars. If we assume that motion of the Sun
around the center of the galaxy is circular, then a yearly variation of direction
of the apex is dl0/dt = n, where n = 2π/T ≈ 2.6 · 10−8 y−1 is the mean motion
of the solar system, T = 240 · 106 years being the period of revolution. The
variable yearly part of secular aberration is

δ(∆l cos b) = −kn sin l, (5)

δ(∆b) = +kn sin b cos l. (6)

The coefficient kn is ∼ 4 µas. Maximum variation of galactic longitude l will
be for the quasars with coordinates b ≈ 0◦, l ≈ ±90◦. Maximum variation
of galactic latitude b will be for the quasars with coordinates b ≈ ±90◦ and
l ≈ 0◦ or 180◦. Measurements of arcs between quasars that are in these regions
are planned during the RadioAstron mission.

4. Conclusion

The capabilities of future space astrometry missions are very promising. Extend-
ing the accuracy of VLBI measurements gives us the possibility to investigate
both astrophysical and astrometric problems such as the generation of precise
fundamental celestial reference frames, links of kinematical and dynamical ce-
lestial reference frames, measurement of the position of ground radio telescopes
in the terrestrial reference frame, pulsar parallax and proper motion measure-
ments, tests of General Relativity, and measurement of secular aberration of the
defining sources.
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Misleading Proper Motions of Galactic Objects at the
Microarcsecond Level

Jean Kovalevsky
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Abstract.

At the microarcsecond (µas) observational level of accuracy foreseen by the
GAIA program, the effects of the curvature of stellar orbits around the center of
the galaxy cannot be neglected. The curvature of the solar system barycentric
motion induces a time dependent component of the aberration, which reaches, in
some regions of the sky, 4 µas per year. In the case of stars, it is combined with
a similar effect due to the curvature of the galactocentric orbit of the star, which
may reach 600 µas per year for a star situated at 50 parsecs from the center of
the galaxy, and much larger closer to it. The formulae permitting us to compute
these apparent proper motions are given together with the maps describing this
effect within the galaxy. They disappear if one uses a galactocentric rather than
a barycentric reference frame. The advantages and difficulties of this frame are
discussed.
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Abstract. In the past, the motions of solar system bodies were used to
establish a non-rotating “inertial” reference system, often referred to as “the
dynamical reference frame”. With the establishment of the ICRF, the use of a
dynamical reference frame has become obsolete in this context.

Planetary ephemerides, on the other hand, continue to play vital roles in
a number of other applications, such as spacecraft navigation, mission design,
etc. For present-day ephemerides, the accuracies of the inner planet positions
are 1 km or less in all coordinates, including the orientation of the system onto
the ICRF. Certain quantities are much better known over specific time intervals
(e.g., Earth-Mars distance over the past few decades, throughout which it has
been accurately measured). The outer planet positions are significantly less well-
known, being established during the present era by CCD observations to about
0."05 or so, but quickly deteriorating for decades away from the present.

1. Introduction

In the past, the dynamical nature of the solar system ephemerides was used to
establish an inertial reference frame. Now, however, since the ICRF is assumed
to be inertially founded (at least to presently observable accuracy), and thereby
automatically provides an inertial reference system for astronomy, the use of
a dynamical reference frame, per se, has become obsolete. The ephemerides
themselves, however, still provide a major element in the navigation of space-
craft, mission design, scientific studies, observation prediction and reduction,
determination of specific astronomical constants, etc.

This paper briefly discusses the former use of the “dynamical reference
frame”, the recent orientation of the ephemerides onto the ICRF and the advan-
tages therein, the various uses made of the ephemerides, and finally gives some
estimates to the accuracies of the ephemerides themselves.

2. Former Use of a Dynamical Reference System

Formerly, the fundamental reference system of positional astronomy was pro-
vided by the series of “FK” (“Fundamentalkatalog”) stellar catalogues, where
the motions of the stars are subject to a number of systematic errors such as
precession, star-streaming, galactic rotation, cluster proper motions, etc. Each
of these effects is correlated to some extent with a general rotation of the refer-
ence system, and as such, it used to be necessary to anchor the system to inertial
space using the motions of the Moon and planets.
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In order to visualize how a dynamical system can determine an inertial
frame, one may perhaps think of a single unaccelerated body. If, as measured
from an observing platform, the body does not appear to move in a straight line
with constant velocity, then the platform is not inertial; it is rotating or being
accelerated somehow. Similarly, if the body is moving in an approximately
elliptical orbit, in an inertial frame the ellipse cannot show rotation that is
unaccounted for. In both cases, as well as in the actual general case, accurate
measurements do not allow an unmodeled rotation of the reference system.

Now, with the advent of the ICRF, the planetary ephemeris is no longer
needed to remove any rotation from the reference system. For the reference
frame of the ephemerides, the whole inner planetary system is automatically
adjusted onto the ICRF by fitting to VLBI observations of spacecraft in the
vicinity of a planet. With an accurate planetocentric spacecraft ephemeris, the
measurement relates the planet’s position to the catalogue sources.

3. Orientations of the Ephemerides

In the past, the 1950-based ephemerides of JPL have been aligned onto the FK4
reference frame by means of the series of meridian circle (transit) observations of
the planets. Starting with DE200, the ephemerides were aligned onto their own
mean equator and dynamical equinox of J2000 (see Standish, 1982). Starting
with DE400, the ephemerides have been oriented onto the ICRF (formerly, the
“IERS reference frame”) by means of the VLBI observations included in the
adjustments. In this context, the choice of the ICRF is advantageous for a
number of reasons:

• The ICRF is now the standard reference frame in astronomy.

• The timing and polar motion information used for the orientation of the
Earth are now referred to the ICRF.

• The ICRF is accessible. In fact, the ephemerides are now fit to a number
of VLBI observations which were referenced to the ICRF (formerly, the
IERS reference frame). Among all of the ephemeris observations which
are explicitly given in a celestial reference system, these ICRF-based ones
are the most accurate.

• The ICRF is stable; future improvements to the coordinates are to be done
so that no net rotational displacement is introduced. Measurements over
extended periods of time, used for the ephemerides, will therefore remain
consistent with each other.

• The ICRF may be considered inertial to a high degree of accuracy. It is
true that the sources do show some time-varying structure; however, these
will be even further diminished in the future with extended modeling and
with observations at smaller wavelengths where the structures are less
pronounced.
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4. Uses of the Ephemeris

Though the concept of a dynamical reference frame is now obsolete, the justifi-
cation for continued ephemeris refinement and production continues.

• Spacecraft navigation: a) the saving of fuel with fewer and smaller mid-
course maneuvers, and b) the mere possibility of aero-braking upon imme-
diate arrival at Mars - without first going into orbit.

• Mission planning: “Feasibility of particular mission concepts”.

• Predictions and reductions of astronomical measurements: observational
accuracy is often increased with improved a priori knowledge; in fact, some
observations are not even possible without an accurate ephemeris.

• Background force model for the computation of small body orbits: aster-
oids, comets., etc.

• Determination of astronomical constants: the length of the AU, planetary
masses, gravity fields, etc.

• Testing of relativity, alternative gravitational theories, gravity waves, Ġ,
etc.

• Analyses of historical records.

5. Accuracies of Present-Day Ephemerides

While modern observations (radar ranging, spacecraft ranging, and VLBI) are
able to accurately pinpoint certain ephemeris quantities at the times of the
observations, uncertainties in the ephemerides arise when the ephemerides are
propagated over time, due to the impossibility of being able to model exactly all
the forces relevant to the ephemerides. Foremost among these are the pertur-
bations from many asteroids whose masses are not well-known, but which are
large enough to significantly influence the motions of Earth and Mars.

A recently-submitted paper (Standish, 2003) presents estimates of the ac-
curacies of modern-day ephemerides. Comparisons of older ephemerides with
the more recent ones give good indications of the errors in the older versions.
Present errors still exist, due mainly to the asteroids, as discussed by Williams
(1984) and by Standish and Fienga (2002).

For a quick rule-of-thumb, the following is a guideline: during the present
decade or so, relative distances and angles between the inner solar system bodies
are accurate to a few hundred meters; even better for certain quantities, such
as geocentric ranges and heliocentric Earth-planet angles. The orientation of
this system onto the outside reference frame, the ICRF, is accomplished by
the inclusion of VLBI observations of a number of spacecraft in orbit around
Venus and Mars. The residuals show a scatter of less than 0."001; assuming
no systematic error, the orientation of the whole inner system must then be
accurate to the sub-milliarcsecond level.

For the outer planets, modern CCD measurements now show single (pre-
sumably random) errors of about 0."1, so that present-day plane-of-sky positions
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(directions) are determined to a few hundredths of an arcsecond during the
present epoch. The mean motions, or, equivalently, the heliocentric distances,
depend upon the less accurate observations extending backward over the past
century. Errors for these amount to a sizable fraction of an arcsecond per cen-
tury. Assuming a mean motion uncertainty of 0."5/cty the derived distance un-
certainties would be 25km, 100km, and 650km for Jupiter, Saturn, and Uranus,
respectively; uncertainties in the eccentricities can double these numbers. For
Neptune and Pluto, which haven’t been observed over a full period (with the
impersonal micrometer, introduced in 1911), the uncertainties away from the
present few decades can be several thousand kilometers.

6. Future JPL Ephemerides

JPL will continue to provide planetary and lunar ephemerides to the astronom-
ical community, as it has over the past 30 years. The JPL ephemerides will con-
tinue to be based upon our best knowledge of physics, using the PPN formalism
of relativity, with the equations of motion correct and complete through order
1/c**2. The independent variable of the equations will continue to be “Teph”,
a relativistic coordinate time, rigorously equivalent to the IAU’s newly-defined
quantity, TCB, but having the added benefit that |Teph − TT | < 2 milliseconds
of time.
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Abstract. This paper discusses the role of the International Earth Rotation
and Reference Systems Service (IERS) for the International Celestial Reference
System (ICRS) with emphasis on the IERS Information System, consisting of
data, publications, documentation, and other information in printed and online
form. Plans for a new database-driven information system are outlined.

1. Introduction

The IERS was established as the International Earth Rotation Service in 1987 by
the International Astronomical Union and the International Union of Geodesy
and Geophysics, and it began operation on 1 January 1988. As of 1 January
2001 the IERS has a new structure, and in 2003 it was renamed the International
Earth Rotation and Reference Systems Service. The primary objective of the
IERS is to serve the astronomical, geodetic and geophysical communities by
providing the following:

• The International Celestial Reference System (ICRS) and its realization, the
International Celestial Reference Frame (ICRF).

• The International Terrestrial Reference System (ITRS) and its realization, the
International Terrestrial Reference Frame (ITRF).

• Earth orientation parameters required to study Earth orientation variations
and to transform between the ICRF and the ITRF.

• Geophysical data to interpret time/space variations in the ICRF, ITRF or
Earth orientation parameters, and model such variations.

• Standards, constants and models (i.e., conventions) encouraging international
adherence.

As one of the Product Centers of the IERS, the ICRS Center is responsible
for the maintenance of the ICRS and the ICRF, in close cooperation with the
International VLBI Service for Geodesy and Astrometry (IVS) which serves as
one of the IERS Technique Centers. The Convention Center releases the IERS
conventional models, constants and standards. The IERS Central Bureau is
responsible for the management of the IERS, including the edition of publica-
tions and reports and the maintenance of documentation. Also the Analysis
Coordinator and some of the Combination Centers are involved in ICRS issues.
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2. The ICRS and the IERS Information System

The IERS Information System comprises

• publications (IERS Annual Reports, IERS Technical Notes, IERS Messages),
available online and in printed form,

• IERS Bulletins and other products (data files) available by e-mail and from
different ftp and Web servers,

• documentation and meta information published on the Web servers of the
IERS components and at the central server <www.iers.org> maintained by the
Central Bureau.

The ICRS is well represented in this IERS Information System:

• The ICRS and the ICRF, their documentation as well as auxiliary informa-
tion are available online at the Web pages of the ICRS Center (for links see
<www.iers.org/iers/products>).

• The ICRS/ICRF is documented in an IERS Technical Note (Ma & Feissel
1997). A new Technical Note on the ICRS is in preparation. Additional papers
on the ICRS/ICRF by members of the ICRS Center and the IVS have been
published in journals and conference proceedings.

• The models, constants and other standards to be used for the ICRS are given
in the IERS Conventions. The latest version (McCarthy 1996) will soon be
replaced by a new one, which is already available in its nearly final state (see
<www.iers.org/iers/products/conv>). The IERS Conventions contain also a
short documentation of the ICRS/ICRF itself.

• The IAU 2000 Resolutions, which are to a large extent related to the ICRS, and
their implementation were discussed in an IERS Workshop, the Proceedings of
which were published as an IERS Technical Note (Capitaine et al. 2002), online
version at <www.iers.org/iers/publications/tn/tn29>.

• The ICRS Center and the IVS report on their activities in the IERS Annual
Reports. For the latest report see Dick & Richter (2003), the last three reports
are also available online at <www.iers.org/iers/publications/reports>.

• The IVS as one of IERS Technique Centers (see <www.iers.org/iers/tc/ivs/>)
maintains its own information system including Web sites and publications. It
provides also updates to the ICRF produced by individual IVS Analysis Centers
(see <ivscc.gsfc.nasa.gov/service/cddis-products-crf.html>).

• Rapid and short information from the IERS is distributed through IERS Mes-
sages (see <www.iers.org/iers/publications/messages>), some of which concern
also the ICRS.

• The central IERS Web site <www.iers.org> provides general information on
the IVS and the ICRS Center, as well as meta information on IERS products
including the ICRS and the ICRF. In the future, this meta information will
be organized in the form of a database, giving also direct access to the IERS
products.
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3. The new IERS Information and Database System

The goal of the planned IERS Information and Database System is to coordinate
the data and information flow between the IERS components (mainly Technique
Centers, Product Centers, and Combination Centers) and to give users an easier
access to IERS products and publications. For this, all relevant data and prod-
ucts of the IERS will be archived at a central place to guarantee their long-term
availability. At the same time the consistency and timeliness of the contents of
the information system as well as easy access will be guaranteed by managing
the information in a database. Also the metadata of all products and publica-
tions will be modeled in the database to allow the users to search for specific
data or topics with respect to space, time and content.

Presently, the user of IERS products (including the ICRS/ICRF) has to
navigate through various Web pages on different servers where he is able to
download the data in the provided (fixed) format that is not unique for all
the data. To link related data to each other the user has to take care about
the various formats. In addition to the product information, the central IERS
Web site <www.iers.org> contains information about IERS publications, IERS
structure and components as well as news and general information on Earth
rotation and reference frames. Currently, all this product information is stored
in static Web pages, and the same information can be found in different places.
Thus, it is tedious to keep the information consistent and up to date without
redundancy.

The new system will manage its contents dynamically, i.e. all time depen-
dent information as well as information that appears within multiple pages will
be retrieved from a database. Additionally, the new system will allow more
flexible navigation through the metadata related to the IERS products. The
metadata will be kept in a database while the products are going to be stored
in a file archive system.

In order to be able to link related data the heterogeneous formats of the
products have to be transformed into a common format. The eXtensible Markup
Language (XML) is going to be used for this (Bray et al. 2000). The usage of
XML not only allows us to link related data but also to easily exchange data
and to present them in different ways like Web pages, pdf, etc. For presen-
tations, only server-side technologies will be used, so that the user needs no
special programs or browser plug-ins. All components of the new system will
be based on open source software. The information system will be run on an
Apache Web Server, while the open source relational database management sys-
tem PostgreSQL or MySQL is going to be used to store the metadata. The Web
interface to access and browse this information can be realized by using scripting
languages like PHP or JavaScript. The proposed concept has been proven by
test applications.

The first step when building a database-driven Web site is to build the
database tables to model the information to be represented. This is currently in
progress for the metadata of the IERS products. These are based on a list com-
piled by the working group of the IERS Analysis Coordinator. It describes all
IERS products by the same keywords. This list with metadata on the products
has been translated into new product information Web pages by the Central
Bureau (see <www.iers.org/iers/products>, example in Fig. 1).
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Figure 1. Web page with metadata on the ICRF.

For more details on the new system, see Richter et al. (2003).
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Abstract. Algorithms for direct and reverse relativistic four-dimensional
transformation of barycentric and geocentric celestial reference coordinate sys-
tems (BCRS and GCRS) according to IAU Resolution B1(2000) are developed.
Transformation between BCRS and GCRS is considered as a part of a general
process of linking the International Celestial Reference System to the Interna-
tional Terrestrial Reference System, provided by the International Earth Rota-
tion Service.

1. Introduction

VLBI development resulted in the significant improvement of observational po-
sitional accuracy. Since the early 1980s the precision of the observations has
reached 1-2 milliarcseconds and later sub-milliarcseconds. The sub-milliarcsecond-
level and the microarcsecond-level of precision anticipated for future observa-
tional systems demands improved models at all levels of analysis. These im-
proved models require us to take into account corrections for the General Theory
of Relativity in data processing. That is why in 1990 at IAU Colloquium 127
(IAU, 1991), IAU recommendations for reference frames and time scales were
formulated in the framework of General Relativity for the first time. It is neces-
sary to mention that, in practice, relativistic corrections in celestial mechanics
and in astrometry were investigated and applied earlier. The main technique
of such an investigation has been Post-Newtonian barycentric (refering to the
Solar System) equations of motion of celestial bodies and light propagation.
However in 1991 affirmation of IAU recommendations as Resolution A4 (1991)
at the 21st General Assembly (GA) of the IAU and later as Resolution 2 of the
IUGG (1991) provided the foundation for the qualitative change of the role of
General Relativity for ephemerides. At present according to IAU Resolutions
two main coordinate systems exist for practical use. These are ICRS, Interna-
tional Celestial Reference System and ITRS, International Terrestrial Reference
System. (Siedelmann and Kovalevsky, 2002). The time scales of the ICRS and
ITRS should be respectively TCB (Barycentric Coordinate Time) and TCG
(Geocentric Coordinate Time). These scales should be considered as part of a
four-dimensional relativistic coordinate system, connected by four-dimensional
relativistic transformations with an additional three-dimensional rotation of the
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space axes of coordinates. It is necessary to mention that IAU Resolution A4
(1991) has not been realized to its full extent because ICRS and ITRS were used
as Newtonian three-dimensional space coordinate systems. Moreover TDB, Bar-
centric Dynamical Time and Terrestrial Time are used instead of TCB and TCG
correspondingly.

To solve the majority of astronomical tasks it is sufficient to have only the
ICRS, ITRS and their practical realizations ICRF and ITRF. However to connect
ICRF and ITRF it is necessary to introduce one more local geocentric system
with the same time scale, TCG, that ITRS has, and with the same direction of
space axes, that ICRS has. Such a system is introduced by IAU Resolution 1.3
(2000), and it is an intermediate system between BCRS, Barycentric Celestial
Reference System, identified with ICRS, and ITRS and has the title of GCRS,
Geocentric Celestial Reference System.

Astronomical practice requires transformations between the BCRS and ITRS
in both directions. The direct transformation BCRS− > ITRS is necessary in
the case of observations in the ITRS. At present it is used implicitly in the anal-
ysis of radio interferometric observations. The time delay in TCB is transferred
to TCG with further reduction to the scale of proper time of one of the observa-
tional stations, while the barycentric baseline vector, in the sense of a difference
between space BCRS coordinates of two stations, is transferred to a geocentric
baseline vector, in the sense of a difference between space ITRS coordinates of
observational stations. Such transformations should become routine procedures
in processing high precision astrometric observations in the future development
of space astrometry for space projects such as SIM, GAIA and AMEX

The reverse transformation ITRS− > BCRS, is necessary to describe the
observational procedures in the BCRS, such as in the present Lunar Laser Rang-
ing (LLR) data processing. The transformation between BCRS and ITRS goes
in two stages. In the first stage the BCRS is connected by relativistic four-
dimensionl space-time transformations to the GCRS — a geocentric system,
kinematically non-rotating with respect to BCRS. In the second stage the GCRS
is connected to the ITRS by a Newtonian three-dimensional transformation. The
latter is specified by the IERS documents following IAU Resolutions B1.3, B1.6,
B1.7, B1.8.

The present work aims to develop techniques for the practical use of BCRS →

GCRS and GCRS → BCRS transformations (Brumberg and Groten, 2001) in
astrometry. We will follow IAU specified realizations of BCRS and GCRS with
TCB and TCG, correspondingly. Problems resulting from the need to introduce
scale factors due to the use of TDB and TT instead of TCB and TCG, are consid-
ered in Brumberg and Groten (2001). We did not consider the GCRS− > ITRS

transformation in the paper.

2. Computation Technique

To carry out calculations to transform from BCRS to GCRS and reverse it is
necessary to know the Earth’s velocity vector, Solar System bodies’potential
etc. These have been obtained by means of the software ERA (Krasinsky and
Vasiliev, 1996).
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Note that in IAU Resolution B1 (2000), equation (2.1) is given with an
accuracy of the order of c−4 for the transformation of time scales, although the
accuracy for coordinate transformations is determined by values of order c−2,
(IAU, 2001; see also comments in Brumberg and Groten, 2001).

Calculations have been carried out for two objects: a hypothetical one
located at a distance of 1 a.u. from the barycenter of the Solar System, and
for a source in a geostationary satellite orbit. It is known that the orbit of a
geostationary satellite is located in the plane of the Earth’s equator, and its
radius is equal to 42164 m. That’s why for calculations we took a point in
a geostationary orbit with coordinates (42164,0,0) at an epoch in TCG in the
GCRS.

2.1. Algorithm to transform from BCRS to GCRS (direct transfor-
mation)

Except for functions of time, mentioned above, for direct transformation it is
necessary to know the function A = A(t) — the relativistic time equation,
calculated by integration in numerical as well as analytical form. It is necessary
to mention that A(t) is determined by its derivation to the accuracy of an
additive arbitrary constant, to be determined from supplementary conditions.
The constant for the function A(t) has been considered in detail in (Guinot,
2000), and has been calculated following Fairhead and Bretagnon (1990).

2.2. Algorithm to transform from GCRS to BCRS (reverse trans-
formation)

The reverse transformation is constructed by means of similar tables of values as
mentioned above dependending on the argument in TCG (In the limit of Post-
Newtonian accuracy it does not require any additional calculations). Additional
calculations (compared to the direct transformation) will be needed only in the
case of the determination the Earth’s motion as a function of TCG. After the
table values have been calculated, source coordinates at that epoch in the BCRS
are determined by reverse transformation (Brumberg and Groten, 2001)

3. Results

As was mentioned above, to check the proposed technique we carried out cal-
culations following the suggested schemes of direct and reverse transformations
in two ways (numerical and analytical) for an object, located in a geostation-
ary orbit and a hypothetical object, located at the distance of 1 a.u. from the
barycenter of the Solar System. To control the accuracy of the transformations,
four-dimensional coordinates were used as initial data for the reverse transfor-
mation. The reverse transformation resulted in four-dimensional coordinates
of the source in the BCRS. The comparison of the obtained values and initial
numbers characterizes the accuracy of the calculations. The analysis of the cal-
culations shows that the accuracy that was initially fixed has been obtained. For
both sources the time transformation is less than 10−9, and for the coordinate
transformation, the relative error is less then 2.5 · 10−8 .
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4. Conclusions

The results show that calculated coordinates using the suggested techniques do
not differ from set values at the level of the required precision (Post-Newtonian
approach taking into account terms of order c−2). Thus, the precision level of the
task is reached. Consequently the proposed numerical realization to transform
from BCRS to GCRS and from GCRS to BCRS can be applied to the analysis of
radio interferometric observations of high precision and to process Laser Lunar
Ranging (LLR) data. However it is necessary to take into account the fact that,
despite IAU recommendations, TDB (but not TCB) and TT (but not TCG) can
be scales of coordinate time in the BCRS and in the GCRS, respectively. It will
require introduction of special scale factors (Brumberg and Groten, 2001), but
the principal algorithm will be the same one. The algorithm illustrates the prac-
tical application of new IAU Resolutions to the problem of connections between
Celestial and Terrestrial coordinate systems based on General Relativity.
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Abstract. The Working Group (WG) on The Future Development of Ground-
based Astrometry was created following the decision of Division 1 at its XXIVth
IAU General Assembly of the International Astronomical Union (IAU) at Manch-
ester. During the three years it was chaired by M. Stavinschi (Romania) and
Jean Kovalevsky (France). The members are Daffydd Wyn Evans (UK), Car-
los Lopez (Argentina), Dan Pascu (USA), Antonio Pugliano (Italy), Manuel
Sanchez (Spain), Ramakhrisna Teixeira (Brazil), and Arthur Upgren (USA).

1. Activities of the Working Group

The first action taken by the Working Group was to identify the existing small
astrometric instruments. A questionnaire was distributed among observatories,
and we received 30 descriptions of instruments in 12 different countries. Many of
them are working in some programs, but others are now closed. The conclusion
was that there are many instruments that could be used efficiently, if adequate
programs were to be proposed. They are described in the Working Group web
site: http://www.astro.ro/wg.html

The next step was to gather interested people to discuss possible programs
to be undertaken with those or similar instruments. The first meeting took place
in 2001 in Munich during JENAM, as a joint discussion on European Astronomy
with Small Telescopes. A report was published in the EAS Newsletter, issue 22,
December, 2001.

Then, during the “Journées 2002: Systèmes de référence spatio-temporels”
in Bucharest, a second half-day meeting was organized. The report will be
published in the proceedings of the meeting by Observatoire de Paris.

In 2002, a call was made to the community to contact us to propose cooper-
ative programs using small or medium-sized telescopes for some defined scientific
objective. The proposals received are presented below.
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2. Instrumentation

Clearly, the traditional astrometric instruments, such as meridian circles, astro-
labes or astrographs, performing as they did twenty years ago cannot compete
with results obtained with space astrometry for the position of celestial objects,
or with VLBI or GPS for the rotation of the Earth. They must be upgraded
so they can still play a role in astronomy. The Working Group has identified
several possibilities.

1) CCD mosaics. Systems with 4096 x 4096 pixels are now available and
the read-out capabilities have improved considerably. In addition, the scan mode
allows increasing the field of view, at least in one direction. Cheap and easy to
install, with a very high sensitivity, they are the closest to the perfect detector
in astronomy.

2) It is now possible, with small and medium size telescopes to reach the
diffraction limit in resolution. Speckle interferometry is currently being in-
stalled at the focus of some telescopes. It involves recording speckle patterns on
a CCD and combining several hundred images and to reconstruct a perfect im-
age by a computer. One needs a fast computer to compute the autocorrelation
function. Speckle interferometry is particularly suited to observe close binary
stars.

3) Photometers are easy to install at the focus of a telescope and can
be used for many programs. Small telescopes are sufficient and it would be a
good to dedicate it to single or, better, multichannel photometry. In addition
to astrometric applications (eclipses, occultations, eclipsing binaries), there are
plenty of possible programs of monitoring variable stars.

4) One can also mention the solar astrolabe used to observe the variations
of the solar diameter, but it is rather expensive and difficult to build.

3. Conditions for Earth-based programs

The principal condition is that, whenever space astrometry can potentially
achieve results where ground-based astrometry cannot compete, such programs
should not be undertaken. But, space astrometry missions have their own limi-
tations.

- They are not flexible: observations are either constrained by a scanning
law (GAIA) or by overall programming (SIM or HST);

- They are not designed for monitoring: it is not possible to get long
sequences of observations of a single body;

- They have a limited lifetime: many astronomical features must be
observed either indefinitely, or at least a longer time;

- They often need preliminary data: for instance, ephemerides of minor
planets or predictions of magnitudes of irregular variables.

4. Cooperative projects sponsored by the Working Group

In response to the call for cooperative astrometric programs using ground-based
small or medium-size instruments, the Working Group received five proposals.
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Some of them are new, and some were already operational, but sought support
in order to enlarge participation.

1- Mutual phenomena of Jupiter and Saturn satellites (PHEMU
- PHESAT)

Jean-Eudes Arlot, IMCCE, Paris Observatory
Using the opportunity of the transit of the Sun and the Earth through

the equatorial plane of Jupiter and Saturn, observations of mutual occultations
or eclipses with CCDs provide relative positions of these satellites with a high
astrometric accuracy. They are used to improve the models describing their
motion.

2- Ground-based monitoring of astrometric binaries (GMAB)

George Gontcharov, Pulkovo Observatory
About a hundred astrometric binary candidates have been discovered by

Hipparcos. They should have periods of 10-50 years. Additional observation
from the ground must be made in order to determine their periods and other
orbital elements and reveal photocentric orbits that will allow us to determine
the masses of the components.

3- Dedicated astrometric network for the follow-up of GAIA

William Thuillot, IMCCE, Paris Observatory
The objective of the network is to observe on alerts to get CCD images

of targets in order to confirm their detection and follow their evolution. The
network should be planned now with tests of acquisition of images of test targets
and the development of the processing of the images. Preliminary programs of
observations may be organized, for instance on minor planets or comets.

4- Optical counterparts of radio sources

Gennady Pinigin, Nikolaev Observatory, Ukraine
The link between the International Celestial Reference Frame (ICRF) and

the optical realizations like the Hipparcos catalogue is a major problem to which
ground-based astrometry can bring valuable contributions using CCD observa-
tions.

5- Variation of the solar diameter

Alexandre Humberto Andrei, National Observatory, Rio de Janeiro
The solar diameter has periodic and irregular variations that are not well

understood. In particular, they may be partly caused by atmospheric effects de-
pending on the geographical position of the observatory. It is therefore necessary
to have several well distributed solar astrolabes. A close technical cooperation
among stations has proven to be highly desirable.

5. Other possible objectives for ground-based astrometry

There are many other scientifically sound objectives that could be assigned to
ground-based instruments. Some need coordinated observations, some may be
made as a single observatory program. Examples:

Solar system:

- Observation of minor planet positions for the determination of the masses
of perturbing bodies
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- Observations of Earth-cruisers, for which one needs to update frequently
the orbits frequently

- Bulk observations of newly discovered objects in order to get good orbits
for recognition purposes

- Observation of small planetary satellites using a mask technique to dim
the luminosity of the planet

Stars and stellar systems:

- Observation of close binaries by speckle interferometry. The large number
of these objects and the potential for determining stellar masses call for more
instruments devoted to speckle interferometry.

- Determination of stellar diameters by speckle interferometry or using oc-
cultations by the Moon.

- Photometry of variable stars, in particular eclipsing binaries, which per-
mits stellar mass determination.

- Recognition of stars and determination of their proper motions in highly
crowded fields badly conditioned for space astrometry.

The WG was approved for another three years.
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Abstract. We present photographically determined positions of a sub-set
of 20 radio sources from a larger sample collected by OATo during a dedicated
campaign, as described in this paper. Targets are from the list of extra-galactic
objects adopted by the IAU for the realization and maintenance of the ICRF.
The results obtained so far are in agreement with the VLBI-determined radio
positions at an accuracy level of better than 100 microarcseconds.

1. Introduction

A campaign for the determination of precise optical positions of some 87 ICRF
radio sources by photographic observations was carried out by the Astronomical
Observatory of Torino (OATo) during approximately 7 years, starting in 1987.
The complete data archive, consisting of about 400 plates, has been digitized
using the Torino-Cagliari Measuring Machine (TO.CA.M.M.), whose stability
has shown to be better than 1µm. Some preliminary results on the astrometric
quality of these data can be found in Chiumiento et al. (1990), Del Bo’ et
al. (2000), Lattanzi et al. (2001). During the last year, the data reduction
procedures have been revised to take full advantage of the high-quality reference
catalogues recently made available, and all the digitized images are consistently
being re-calibrated. In this paper we briefly outline the program and present
the positions of a sample of 20 targets.

2. The program

Our QSO targets were originally chosen among the list proposed by the Working
Group formed at IAU Coll. 48 “Modern Astrometry”, under the auspices of for-
mer IAU Commission 24, as compact sources displaying both radio and optical

1Visiting Scientist at OATo, Oct 2002-May 2003
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counterparts, and therefore suitable for establishing a radio/optical extragalactic
reference frame (Argue et al. 1984). Since the beginning of the OATo campaign
the properties of the WGRF catalogue have been extensively studied, and the
characterization of each radio source entirely derived from VLBI data analysis
(Ma and Feissel 1997). Owing to the faintness of most optical counterparts of
extragalactic radio sources and to the stellar density of the suitable reference
catalogues available at the time this program was begun - mainly the Carlsberg
Meridian Catalogues 4, 5 and 6 (CAMC 1989, 1991, 1992) -, a multi-step ap-
proach was adopted to derive the QSOs’ positions in a consistent reference frame.
In particular, 10- to 20-minute exposures taken at the 38-cm MORAIS Photo-
graphic Refractor of Torino Observatory, with a useful field of 1.5 x 1.5 degrees,
to determine the position of anonymous stars, which were then used to reduce
the smaller (∼ 30-arcminute field), deeper plates (30- to 90-min exposures) of
the OATo’s 105-cm REOSC Astrometric Reflector. Additional plates were taken
at the ESO La Silla GPO 39-cm Astrograph, the long-focus Ritchey-Chretien
152-cm reflector of Loiano Observatory, University of Bologna, and, at a later
stage, the ING JKT 0.9-meter Cassegrain telescope at La Palma. Blue plate
emulsions, type 103a-O and IIa-O and IIIa-J were always used. This choice was
justified by the chromatic aberration of the MORAIS optics being a minimum
in the blue spectral region.

3. Plate Digitization

All plates have been digitized with the Torino-Cagliari measuring machine
TO.CA.M.M., an original Ascorecord which has been fully automated, its basic
mechanical and optical structure being maintained (Del Bo’ et al. 2000). The
scans are carried out in “pointed mode”, i.e., a list of stellar coordinates taken
from the GSC-I (Lasker et al. 1990) is used to drive the plate holder to the chosen
x, y position by two synchronous motors and the stellar image is centered in the
CCD field. At this point the optical rulers are read and a CCD exposure is taken
and stored as a FITS file. Extensive tests performed on some of these plates
have demontrated a scanning stability of 1 microarcsecond or even better.

4. Plate Reductions

The reference catalogues used for the present work are the CAMC-11 (Carlsberg
Meridan Catalogues 1999) and Tycho-2 (Høg et al. 2000); Special purpose
equatorial catalogues like CAMC-12 (Carlsberg Meridian Catalogues 2002) and
the ACRS (Stone et al. 1999), to check for the presence of undetected small scale
systematics and/or magnitude effects were also used. We plan to incorporate the
new Carlsberg Meridian Circle Catalogue and UCAC releases (CAMC-13 and
UCAC-2) in our reductions before publishing the complete set of QSO positions.

For each telescope we tested the significance of non-linear terms up to a
full 3rd order polynomial - also including a pure and coma-like magnitude term
- which could originate from sky modelling, optical field distortion, plate mis-
alignment, guiding errors and residual aberrations. The solution was carried out
using un-weighted ordinary least squares and all the formal errors were obtained
from the computation of the covariance matrix and the application of rigorous
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error propagation formulae. Moreover, the procedure was iterated after elimi-
nation of reference stars with residuals larger than 2.6 times the sigma of unit
weight of the ξ and η fits, independently.

5. Results and Conclusions

The following results for 20 radio sources are representative of the quality of
our entire sample. Table 1 contains the derived optical positions and relative
errors, having performed a direct link to the Tycho-2 and CAMC-11 catalogues,
independently. The VLBI coordinates of each object as given by IERS are also
listed for comparison. From a preliminary analysis of this small sample, our
coordinates are in good agreement with the VLBI ones within the stated errors.
We plan to attempt a statistical analysis of the differences between the optical
and radio positions when we will have reduced the complete dataset.
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Table 1. Results for 20 radio sources. For each target the ICRS designation
and J2000 equatorial coordinates are listed, followed by the CAMC-11 and
Tycho-2 derived positions and formal errors.

QSO-ID RA IERS CAMC11/ DEC IERS CAMC11/
TYCHO2 TYCHO2

0112-017 1h 15m 17.0999s 17.1043 (0.103) -1d 27’ 4.577” 4.567 (0.106)
17.1095 (0.107) 4.557 (0.107)

0333+321 3h 36m 30.1076s 30.1058 (0.068) 32d 18’ 29.342” 29.431 (0.068)
30.1084 (0.070) 29.409 (0.070)

0716+714 7h 21m 53.4484s 53.4341 (0.064) 71d 20’ 36.363” 36.306 (0.064)
53.4340 (0.064) 36.250 (0.064)

0735+178 7h 38m 7.3937s 7.4037 (0.070) 17d 42’ 18.998” 18.890 (0.073)
7.4049 (0.068) 18.851 (0.068)

0736+017 7h 39m 18.0338s 18.0377 (0.096) 1d 37’ 4.618” 4.721 (0.104)
18.0369 (0.100) 4.719 (0.100)

0836+710 8h 41m 24.3652s 24.3882 (0.056) 70d 53’ 42.173” 42.268 (0.060)
24.3956 (0.069) 42.159 ( 0.056)

0839+187 8h 42m 5.0941s 5.1096 (0.080) 18d 35’ 40.990” 41.030 (0.079)
5.1064 (0.074) 40.963 (0.073)

0851+202 8h 54m 48.8749s 48.8839 ( 0.056) 20d 6’ 30.640” 30.567 (0.056)
48.8832 (0.054) 30.579 (0.054)

0954+658 9h 58m 47.2451s 47.2758 (0.082) 65d 33’ 54.818” 54.828 (0.081)
47.2754 (0.072) 54.881 (0.072)

1039+811 10h 44m 23.0625s 23.0839 (0.133) 80d 54’ 39.443” 39.317 (0.131)
23.0480 (0.135) 39.347 (0.135)

1252+119 12h 54m 38.2556s 38.2591 (0.128) 11d 41’ 5.895” 5.838 (0.128)
38.2546 (0.132) 5.863 (0.125)

1253-055 12h 56m 11.1665s 11.1736 (0.062) -5d 47’ 21.524” 21.576 (0.062)
11.1747 (0.065) 21.560 (0.056)

1328+307 13h 31m 8.2881s 8.3169 (0.155) 30d 30’ 32.959” 33.027 (0.143)
8.3082 (0.054) 32.996 (0.051)

1611+343 16h 13m 41.0642s 41.0608 (0.284) 32d 12’ 47.909” 47.905 (0.214)
41.0714 (0.216) 47.938 (0.180)

1633+382 16h 35m 15.4929s 15.5459 (0.105) 38d 8’ 4.500” 4.647 (0.098)
15.5179 ( 0.168) 4.968 (0.161)

1652+398 16h 53m 52.2166s 52.2186 (0.078) 39d 45’ 36.608” 36.613 (0.078)
52.2214 (0.078) 36.573 (0.079)

1749+096 17h 51m 32.8185s 32.8038 (0.723) 9d 39’ 0.728” 0.723 (0.161)
32.8111 (0.164) 0.676 (0.163)

1803+784 18h 0m 45.6839s 45.6933 (0.117) 78d 28’ 4.018” 4.055 (0.117)
45.6855 (0.117) 4.067 (0.118)

1928+738 19h 27m 48.4952s 48.5256 (0.083) 73d 58’ 1.570” 1.476 (0.086)
48.4981 (0.076) 1.445 (0.075)

2200+420 22h 2m 43.2913s 43.3089 (0.085) 42d 16’ 39.980” 39.892 (0.087)
43.2946 (0.083) 39.892 (0.083)
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Abstract. We analyze the contributions of ground-based astrometry to the
extension of the optical reference frame to faint stars in crowded fields, pro-
duction of input catalogues for future space projects, re-observing existing cat-
alogues for proper motion determination, linking optical and radio reference
frames, positions of radiosource optical counterparts, stellar catalogues, etc. It
is one of the tasks of the Working Group (WG) for The Future Development of
Ground-Based Astrometry.

1. HIPPARCOS Catalogue

The link between the ICRF and the Hipparcos catalogue was not straightfor-
ward. It could be achieved only through a variety of techniques. Some practical
applications of the Hipparcos catalogue as an ICRF optical counterpart are lim-
ited by its low density of stars, about 118 000 objects distributed all over the sky
and typically brighter than V = 10.0. It provides the best reference available to
test objects with 8.0 ≤ V ≤ 13.0. The IAU noted in 2000 that the Hipparcos
frame will depart from ICRF due to the uncertainties in proper motion (pm).
The observations and the study of the positions of optical counterparts of ICRF
radio sources provide a powerful tool for the detection and removal of systematic
errors in a stellar catalog as well the estimation of its external accuracy. This
method is limited by the precision of the optical counterpart observations and by
the density of available ICRF sources in the sky. Maintenance and extension of
the extragalactic reference frame and Hipparcos reference frame are clearly mis-
sions of ground-based astrometry, as well as the links between various reference
frames.

2. Why ground-based astrometry?

As space astrometry missions are optimized for the determination of positions,
pm, and parallaxes of stars, there is no sense to have ground-based programs to
obtain these parameters. Only specialized telescopes which could observe very
faint stars could still be used, and even in this case the Hipparcos accuracy is
very difficult to reach. There is however an exception: in very densely crowded
fields, the GAIA images will overlap, and will not be separated properly. It
is necessary to carry out ground-based observations for objects such as low-
luminosity stars (M dwarfs, white dwarfs and brown dwarf candidates), and
the optical counterparts of extragalactic radio sources as both are too faint to
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observe by satellite, as well as multiple stars with periods longer than the limited
life of satellite. An improved double star catalogue is required.

3. Optical and radio regions

A useful contribution of ground-based astrometry could be the establishment of
the link between the optical stars and the radioastronomical coordinate system.
A good network for observing the extragalactic/optical sources and intermediate
reference stars could still improve the reference frame.

Such a program was CONFOR - Connection of Frames in Optical and Radio
regions. It was undertaken for the determination of relative orientation and
errors of radioastronomical and optical coordinate systems. The extension of
the inertial frame ICRF to the optical domain is a worldwide astrometric task.
The optical reference frame, which will continue to be widely used for optical
observations, navigation and guidance will require subsequent observations at
the accuracy level of HIPPARCOS, or better. The IAU Commission 8 WG “The
Future Development of the Ground-Based Astrometry” could help with a large
densification project.

4. Densification

Densification is the area where the most significant advances took place during
the last three years. The observational programs with CCDs involve small-field
observations of faint stars, so generally there will not be measurable bright stars
in the field, and fainter stars must be used as reference stars. Thus, there is an
urgent need to accurately densify the optical reference frame to fainter stars. A
CCD survey of the sky to magnitude 15 or 16 could densify the HIPPARCOS
catalog at about the 30 mas accuracy level.

Tycho 2 has about 2 500 000 stars, with an uncertainty of 10 mas for
magnitudes less than 9 and 100 mas for M = 12. In spite of the quality of
Tycho-2 catalogue, we need more. For all sky catalogues, the Tycho-2 Catalogue,
utilizing re-reduced Tycho star mapped data from the Hipparcos satellite and
over 140 ground-based observational catalogues for the computation of pm, was
released by Copenhagen University Observatory and the U.S. Naval Observatory
in February, 2000. So, the accessibility to the ICRS has to be improved in the
optical domain by enlarging the number of good positions and proper motions
based on the Tycho-2 catalogue, for regions of the sky around extragalactic radio
sources.

5. New astrometric compilations

Regions containing pre-main sequence (PMS) stars in Chamaeleon, Lupus and
Upper Scorpius-Ophiuchus are also helpful. For instance, the Valinhos Meridian
Circle Catalogue VMCC, as well as other new astrometric compilations can be
important steps towards a quality enhancement of the Tycho-2 catalogue, mainly
for those new objects with V ≥ 10.0. This catalog contains 41 721 stars brighter
than V ∼ 16.0 observed at least 3 times with the Valinhos Meridian Circle.
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For magnitudes ranging from V = 8.0 to 14.0 the internal average positional
precision is 40 mas (Camargo et al. 2000).

6. Photographic plates

A straightforward method to determine the ICRF-Hipparcos link is to observe
the optical counterparts of compact radio-sources, using plates from Schmidt
telescopes or from the prime focus of large telescopes. The catalogues com-
bining the old photographic plates or the earlier catalogues with the current
observations have been released to improve proper motions.

Maintenance and extension of the Hipparcos catalogue with plates taken
with different refractors is required. Jin reported on such a program with the
3435 plates taken with the 40-cm refractor at Shanghai, beginning with observa-
tions taken in 1901. These plates belong to 764 different sky areas and contain
10,000 Hipparcos stars. The position and proper motions for 54 stars, including
16 Hipparcos stars, whose mean standard errors in RA and Dec are 0.70 and
0.59 mas/yr in pm and 10.5 and 7.5 mas in position, were obtained with respect
to ACT reference catalogue by using 15 plates in two areas (Wang et al. 2000).
The plate archive could be a very good help for this.

7. Differences between catalogues

The systematic difference of the FK5 pm system compared with that of Hippar-
cos, analyzed via the PPM and ACRS catalogues was determined at Shannxi.
The global rotation of pm between the PPM and Hipparcos and between the
ACRS and Hipparcos shows a large offset compared with the correction of the
precession constant. It could be the internal nonrigid feature of the FK5 pm
system and the low accuracy of the alignment of PPM to the system of the FK5
(Zhu 1999, 2000.)

8. ICRF extension

The most serious difficulty to achieve the ICRF extension is the availability of
first epoch positions, when proper motion measurements are involved. There is
also the need for accurate relationships among the reference frames in different
wavelengths.
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Abstract. For different Earth models, we computed the effects of variations
in the Earth’s rotation rate on precession-nutation. In the case of a refined model
with elastic mantle and decoupled liquid core, we found a major contribution
of -136.56 µas and 6.18 µas on the 18.6-year nutation respectively in longitude
and in obliquity, and a decrease of -3222.80 µas/century in the precession rate
in longitude.

1. Introduction

In the framework of the implementation of the IAU2000A precession-nutation
model, it is necessary to compute all the effects with amplitudes of the order
of tenths of microarcseconds. Variations in the Earth’s rotation rate due to
zonal tides are well known. They have been detected in observations (Hefty
& Capitaine 1990) and models are provided (Yoder et al. 1980; McCarthy
1996; Defraigne & Smits 1999). However, in the dynamical equations of Earth
rotation, the coupling between the axial component of the instantaneous vector
of rotation and its equatorial component, giving rise to nutations, is generally
neglected and therefore the effects of this coupling are not considered. In this
study, we compute the coupling between the effects of zonal tides in the Earth’s
rotation rate and precession-nutation for different Earth models.

2. Dynamical equations of the Earth rotation

We consider the Earth as an ellipsoidal body with small irregularities in its
figure. In a rotating frame in which the axes are oriented towards the Earth’s
mean axes of inertia, the angular momentum conservation law is

d ~H

dt
+ ~ω ×

~H = ~Γ, (1)

where ~H is given by the product of the inertia tensor with the instantaneous

vector of rotation of the Earth ~ω = Ω(m1,m2, 1 +m3). ~Γ is the tidal torque ex-
pressed in the terrestrial frame. The equatorial part is derived from the sectoral
part of the lunisolar potential φ (Sasao et al. 1980):

Γ = −iΩ2(C −A)φe−iΦ
, (2)
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where C and A are the axial and equatorial moments of inertia of the Earth, Φ
is the Earth rotation angle. φ depends on the right ascension α and declination
δ of the perturbing body:

φ =
3K2µ

Ω2r3
sin δ cos δ(cosα+ i sinα), (3)

where K2 is the geocentric gravitational constant, µ is the ratio between the
mass of the disturbing body and the mass of the Earth and r is its geocentric
distance. This leads to the Euler-Liouville equation:

ṁ− iσr(1 +m3)m+
ċ+ iΩc

A
=

Γ

AΩ
= −iσrφe

−iΦ
, (4)

in which c = c13 + ic33 is the non-diagonal element of the inertia tensor. σr =
Ω(C−A)/A is the Euler frequency depending on the dynamical ellipticity Hd =
(C −A)/C. For a rigid Earth with an ellipsoidal shape, Equation (4) becomes

ṁ− iσr(1 +m3)m =
Γ

AΩ
= −iσrφe

−iΦ
. (5)

If we consider a more refined Earth model, the increment of inertia c is
related to the rotation vector, to the potential and to the inertia moments (Sasao
et al. 1980). Therefore, for an elastic Earth, the Euler frequency σr is modified
by the factor 1−κΩ/σr ≃ 0.68 where κ is the secular Love number. The addition
of a decoupled liquid core brings the factor to (A/Am)(1−κΩ/σr) ≃ 0.77 where
Am is the equatorial mean moment of inertia of the mantle. These factors act
as scale factors for the resonance frequency and, following Equation (4), as scale
factors for the excitation amplitudes in the right member.

3. Variations of the dynamical ellipticity and rotation rate

Considering that the trace of the inertia tensor is constant (Melchior 1978), and
letting δ(2A + C) = 0, we have

δHd = δ

(
C −A

C

)

=
3

2

δC

C
, (6)

Variations in Hd induce variations in the length of day (LOD) and in the axial
component of the instantaneous vector of rotation of the whole Earth:

δC

C
=
δLODz

LOD
= −m3,z (7)

where the subscript z denotes that these variations come from zonal tides. We
adopt the model from Defraigne & Smits (1999) established for an Earth model
with a decoupled core and an inelastic mantle, and ocean effects included using
a transfer function computed by Mathews et al. (2002).
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4. Coupling effects

In the dynamical equations of Earth rotation (4), bothHd andm3 appear. Three
kinds of coupling are noted:

(A) the torque is proportional to Hd (see Equation (4). It can be shown
that this is the major effect.

(B) the left hand side of Equation (4) contains the product m×m3. It can
be shown that this coupling gives corrections below the microarcsecond level.

(C) the quantity m3 is present in the sidereal rotation angle Φ to transform
the torque expressions from the fixed reference frame to the rotating reference
frame (rotation of −Φ, Equation (2)) and to transform the rotation vector coor-
dinatesm into the nutation angles, according to Euler’s kinematical relationships
(rotation of +Φ). These two rotations in opposite sense compensate themselves.

We have computed the effects of the variations in the Earth rotation rate on
the nutation angles by introducing variations as listed in (A), (B) and (C) above
and solving the dynamical Equation (4) for different Earth models. One can see
that the addition of an elastic mantle and a decoupled core should modify the
amplitudes from the same factors which affect the resonance frequency. The
factor is 0.68 for an elastic mantle and 0.77 for an Earth with an elastic mantle
and a liquid core.

Table 1. Effects of zonal tides on nutation angles (µas). RE: rigid Earth;
EM: elastic mantle; EM+FC: elastic mantle and liquid core.

∆ψ ∆ǫ
l l′ F D Ω sin cos sin cos
0 0 0 0 1 RE -179.27 -2.05 -0.17 8.42

EM -125.42 -1.42 -0.12 7.72
EM+FC -136.56 -1.59 -0.12 6.18

0 0 2 -2 2 RE -3.65 0.03 0.00 0.00
EM -2.52 0.02 0.00 0.00

EM+FC -2.88 0.03 0.00 0.00
0 0 0 0 2 RE -3.00 -0.06 -0.03 1.94

EM -2.01 -0.04 -0.02 1.30
EM+FC -2.33 -0.04 -0.02 1.48

l l′ F D Ω t× cos
0 0 0 0 0 RE -4197.73

EM -2823.61
EM+FC -3222.80

5. Discussion and conclusion

Several recent studies have evaluated the effects of variations on the Earth’s
rotation rate on precession and nutations. Souchay & Folgueira (1999) used
the Hamiltonian formulation to compute the nutations, for a basic Earth model
(elastic homogeneous body). It involves the total potential energy which is
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proportional to Hd. They found a contribution of -168 µas to the 18.6-year
term in longitude and 9 µas to the 18.6-year term in obliquity and other smaller
contributions. However, the contribution to the precession rate is not discussed.

Bretagnon (2000) made non-rigid nutation series by applying the transfer
function MHB2000 (Mathews et al. 2002) to the SMART97 rigid nutation series.
Given that MHB2000 does not take into account the variations in the Earth’s
rotation rate, these effects were added to the third component of the Earth’s
rotation vector and the Euler’s angles were recomputed from Euler’s kinematical
relationships. This method gave rise to an 18.6-year term in obliquity whose
amplitude is 712 µas. Actually, according to the explanation (C), this term is
compensated by taking into account the variations of the rotation rate in the
dynamical equations and should not be considered. Moreover, this term does
not contain the effects of (A).

Mathews et al. (2002) investigated a refined Earth model (elastic mantle
and decoupled liquid core) to evaluate the influence of the second order terms
due to tidal variations in the dynamical equations. Contributions of -98 µas and
-29 µas are found to the 18.6-year term respectively in longitude and in obliquity
and a correction of about -21 mas/c on the precession in longitude.

In our study, we recomputed the zonal tides effects on nutation using the
Hamiltonian theory. We found the same values as Souchay & Folgueira (1999)
and an additional correction of -4278.5 µas/c to the precession rate in longitude.
To validate these results, we solved Equation (4) for different Earth models with
the variations in the rotation rate taking into account the effects listed in (A),
(B) and (C). (See Table 1.) For an elastic Earth with a decoupled liquid core,
we concluded that the coupling changed the 18.6-year nutation term by -136.56
µas in longitude and 6.18 µas in obliquity. Other contributions are about a few
µas. The correction to the precession rate in longitude is -3222.80 µas/c.
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Abstract. We developed a cross-identification programme of stars of any two
catalogues, and applied it to the HIPPARCOS-2MASS catalogues. We found
37 940 common stars, after selecting a rejection criterion, that we set to a 3σ

value. The procedure was more than 68.5% successful. There were 117 955
HIPPARCOS stars, and 162 195 232 2MASS Second Incremental Data Release
(∼ 47% of the sky) in our basic selection. Then, we calculated a preliminary
systematic error (∼ 0.′′10) of differences ∆α and ∆δ of common stars, included
it in the programme, and the cross-identification was nearly 80% successful.

1. Introduction

The mean density of stars of the HIgh Precision PARallax COllecting Satellite
(HIPPARCOS) Catalogue (ESA 1997) is <3 stars/sq.deg. The magnitude is
mostly 7 < V < 9. The density is not sufficient to ensure a suitable astrometric
reduction for observations carried out in small fields with CCD detectors (for
the reductions of observations of fainter stars), and the magnitude is far too re-
stricting nowadays when searching for reference stars for astrometric calibration.
It is necessary to produce large stellar catalogues with fainter visible/infrared
sources and linked to the ICRF (International Celestial Reference Frame). There
are various recent catalogues which should help the densification of the ICRF,
at optical wavelengths and at other ones including the Tycho-2 Catalogue, the
USNO CCD Astrograph Catalogue (UCAC), the Two Micron All Sky Survey
(2MASS), the Deep Near Infrared Survey of the Southern Sky (DENIS), etc.

Since 1997, HIPPARCOS is considered the primary optical counterpart of
the ICRF. After a decision of the IAU General Assembly in Kyoto, 1997, the
ICRF was adopted as the realization of the ICRS (International Celestial Ref-
erence System) from the beginning of 1998. It is based on a catalogue of 608
compact radio sources (Ma et al. 1998) which are determined with an internal
precision of 0.3 to 0.5 marcsec. It has been updated recently by the ICRF-Ext.1,
which includes 59 new sources (IERS Annual Report 1999).
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2. HIPPARCOS and 2MASS Catalogues

HIPPARCOS is the optical frame with roughly 110 000 stars brighter than mag-
nitude 12, and gives for each object, among a very large number of parameters,
the position with an accuracy of the order of 1 marcsec at 1991.25 (the epoch of
the catalogue), and the proper motions in µα cos δ and µδ with a standard error
of about 1 marcsec/yr. The positions and proper motions of stars are the bases
of the optical frame HCRF (Hipparcos Celestial Reference Frame).

2MASS is based on two highly automated 1.3-m telescopes (with observing
facilities at Mt. Hopkins, Arizona and Cerro Tololo, Chile), equipped with a
three channel camera to observe the sky simultaneously at J (1.25 µm), H

(1.65 µm) and KS (2.17 µm). The 2MASS Second Incremental Data Release
(Cutri et al. 2001) includes a Point Source Catalogue (PSC), with positions
and photometry for 162 213 354 sources, an Extended Source Catalogue (XSC)
with positions and photometry for 585 056 objects and an Atlas of Images (1
897 017 FITS images). The 2MASS telescopes map the sky with overlapping
strips (tiles) by using a freeze-frame scanning technique. They are operated
by the Smithsonian Astrophysical Observatory (SAO) and the National Optical
Astronomy Observatories (NOAO). The PSC of 2MASS has been divided onto
49 right ascension segments, 0h

≤ α < 24h, ordered by increasing δ within each
segment. The data cover 19 681 square degrees, or about 47% of the sky. The
PSC consists of brightness data in three survey bands and positions, without
proper motions. The magnitude limits are: 15.8 for J band, 15.1 for H, and
14.3 for KS . The positions are accurate to < 0.′′2, and α and δ are given in
the J2000 system. (Each star has its epoch of observation). The positions
of the 2MASS sources are correlated with the ACT (Urban et al. 1998) or
USNO-A optical catalogues. Note that positional associations do not mean
identifications between the infrared and optical sources. The positions of 2MASS
objects are tied to the ICRS via the ACT Reference Catalogue. Some positional
solutions may have random walks as much as 1.′′0 from the ICRS frame. The ACT
catalogue has 988 758 stars to about V = 11 and with positional error < 0.′′03.
The tiles with few or poorly distributed reference stars have poor astrometric
solutions and bigger discrepancies from the reference frame. About 77% of the
PSC objects have |b| < 20◦. (The majority of point sources are concentrated
towards the galactic plane.) Concerning the possible sources of 2MASS positions
errors, we mention the relative sparsity of ACT reference stars near the galactic
poles, and problems of observations/reductions near the galactic center and near
tile ends.

2.1. The Cross-Identification of HIPPARCOS and 2MASS

The cross-identification programme is based on the rejection criterion, that we
set to a 3σ value. We make the 2MASS PSC positions comparison with re-
spect to the positions given by the HIPPARCOS. We did separately the cross-
identification in each of 49 segments adopted for 2MASS. The identification was
considered as effective when the HIPPARCOS star could be coupled to only one
2MASS star within a 3σ vicinity in both coordinates (α and δ). We tested our
method inside a very small part of the sky including a few HIPPARCOS stars,
just to check the quality of our results. We ran our detection algorithm within
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the 49 above mentioned 2MASS segments. Some stars were without enough data
and we removed them before beginning the final cross-identification procedure.
Therefore 18 122 stars, which represent about 0.01% of the 2MASS PSC were
removed from the catalogue. In a similar way, 263 stars were removed from HIP-
PARCOS (about 0.22%), because of the absence of proper motion data. Finally,
we had 117 955 HIPPARCOS stars.

For each star, we calculated the standard deviation σ in α and in δ re-
spectively σα and σδ, by using HIPPARCOS and 2MASS data. The calcu-
lated value of σα (and σδ) depends on itsparts, σ2

α = σ2
α1 + σ2

α2 + σ2
α3 (and

σ2
δ

= σ2
δ1

+ σ2
δ2

+ σ2
δ3

). The values σα1 and σδ1 are based on the standard er-
rors of the HIPPARCOS positions, and calculated by using the HIPPARCOS
data. The values σα2 and σδ2 are based on the differences in the observational
epochs between HIPPARCOS and 2MASS (both catalogues data) and the er-
rors of proper motions µα cos δ and µδ (from the HIPPARCOS data). The values
σα3 and σδ3 are based on the position error ellipse, and calculated by using the
2MASS data. The position error ellipse 2MASS data have: major axis (2a),
minor axis (2b), and position angle (β). It was necessary that σα1 and σα3 (σδ1

and σδ3) are consistent with each other, and because of it, we calculated the
values of the standard error ellipse in the α direction and in the δ one.

The epoch of HIPPARCOS observations is 1991.25, but each star of the
2MASS PSC has its own epoch of observation, and it is necessary to take
into account the standard error for the proper motions by using the values of
µα cos δ = µα∗, µδ and the epoch differences t (in years). Therefore, the posi-
tions in both catalogues are consistent with the J2000.0 epoch. Before carrying
out the cross-identification procedure we took into account the changes of the
HIPPARCOS coordinates αH and δH due to the epoch differences t (in years) by
using the HIPPARCOS proper motions µα∗ and µδ, αHipp = αH+µα∗t/ cos δ and
δHipp = δH + µδt, where αHipp and δHipp are at the epoch of the 2MASS obser-
vations. Then, we did the cross-identification of HIPPARCOS-2MASS, and our
procedure identified the common star if its position satisfies αHipp − α2MASS =
∆α < 3σα and δHipp − δ2MASS = ∆δ < 3σδ.

Following this principle we found 37 940 common stars, which represents
about 32.2% of the 117 955 HIPPARCOS stars in our basic selection. Because
of the fact that the 2MASS Second Incremental Data Release covers about 47%
of the sky, this means that our cross-identification procedure is more than 68.5%
successful. At present, one of the reasons for 100% − 68.5% = 31.5% cases is
the systematic part of σα (and σδ) which we did not know at the beginning
of our cross-identification procedure. If we suppose that the the systematic
error between HIPPARCOS and 2MASS coordinates is less than 0.′′1 (in agree-
ment with our preliminary investigations about the systematic discrepancies of
HIPPARCOS-2MASS coordinates), and put it into our cross-identification pro-
gramme, we can reach near 80 % of thecommon stars. Another reason is that
the 2MASS Second Incremental Data Release covers 47% of the sky. Some of the
stars are not present in both catalogues, but only in one of them. We removed
18122 stars from the 2MASS PSC and 263 stars from the HIPPARCOS because
these stars were without enough data for our programme.

Only two unsuccessful cross-identifications (of 37 940 common stars) have
been found. Each of the HIPPARCOS stars H16658 and H85045 can be asso-
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ciated with two 2MASS ones. In the HIPPARCOS Catalogue, the star H16658 is
noted as a single star, but the star H85045 is noted as a double star (WDS17229+1628,
J1248 AB). From our results, both H16658 and H85045 are close double stars,
or maybe the star H16658 is not double, but there is another one with close
coordinates.

3. Conclusions

The results of the cross-identification of HIPPARCOS-2MASS stars are pre-
sented using our programme based on the 3σ criterion. Only two unsuccessful
cases of 37 940 detected common stars have been found. We conclude that these
two cases are close double stars or just near each other on the sphere. Our
investigation is in agreement with similar actions relating to efforts to link big
stellar catalogues (the visible and infrared ones) to the ICRF.
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Abstract.
We present first imaging results and preliminary source structure analysis of

108 extragalactic objects observed using the Very Long Baseline Array (VLBA)
at 24 GHz and 43 GHz as part of a joint NASA, USNO, NRAO and Bordeaux
Observatory program to extend the ICRF to higher radio frequencies.

1. Introduction

At the XXIII General Assembly of the International Astronomical Union (IAU)
held on 20 August 1997 in Kyoto, Japan, the International Celestial Reference
Frame (ICRF) (Ma et al. 1998) was adopted as the fundamental celestial refer-
ence frame. As a consequence, the definitions of the axes of the celestial reference
system are no longer related to the equator or the ecliptic but have been super-
seded by the defining coordinates of the ICRF. The ICRF is currently defined
by the radio positions of 212 extragalactic objects obtained using the technique
of Very Long Baseline Interferometry (VLBI) at frequencies of 2.3 and 8.4 GHz
over the past 20+ years.

Because the positions in the ICRF now form the underlying basis for all
astrometry, subsequent IAU resolutions have encouraged the astrometric com-
munity to extend the ICRF to other wavelengths.

We present first imaging results and preliminary source structure analysis of
108 extragalactic objects observed using the Very Long Baseline Array (VLBA)
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at 24 GHz and 43 GHz as part of a joint NASA, USNO, NRAO and Bordeaux
Observatory program to extend the ICRF to higher radio frequencies. The long
term goals of this program are:

• to develop higher frequency reference frames for improved deep space nav-
igation,

• to extend the VLBA calibrator catalog at 24 and 43 GHz,

• to provide the benefit of the ICRF catalog to new applications at these
higher frequencies, and

• to study intrinsic source structure at 24 and 43 GHz with the goal of
improving the astrometric accuracy.

In this paper, we concentrate on the latter goal of evaluating the intrinsic
structure of the observed ICRF sources. A description of the astrometric analysis
can be found in Jacobs et al. (2003).

2. Source Selection and Observations

Extragalactic sources were selected for observation with the VLBA at 24 and
43 GHz based on the following criteria:

• ICRF source

• “Structure Index1” of 1 or 2 at both 2.3 and 8.4 GHz

• High quality in VLA Calibrator list

• Estimated Sν=32GHz ≥ 1 Jy

– extrapolated from 8.4 GHz flux density

– spectral index from VLA Calibrator list

The same set of 65 sources was observed on both 2002 May 15 and 2002
Aug 25. Forty-three additional sources, together with 24 overlap sources from
the first two epochs, were observed on 2002 Dec 26.

All selected sources were successfully observed at both 24 GHz and 43 GHz
and images were produced.

3. Imaging Results

Contour plots of the final self–calibrated images at 24 and 43 GHz for 108
extragalactic sources can be obtained from the USNO Radio Reference Frame
Image Database:

• http://www.usno.navy.mil/RRFID/

1Structure Index is defined by Fey & Charlot (1997) as an estimate of the contribution of intrinsic
source structure to the measured group delay used for astrometric VLBI. The “Structure Index”
ranges from a value of 1 for the least contribution (best astrometric sources) to a value of 4 for
the most contribution (worst astrometric sources).
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4. Analysis Results

• Gaussian component models fitted to the images show that the sources are
generally more compact as one goes from the ICRF frequency of 8.4 GHz to
24 GHz. This result suggests that reference frames defined at these higher
frequencies will be less susceptible to the effects of intrinsic structure than
the ICRF.

• The sources appear to be no more compact at 43 GHz than at 24 GHz.
This result suggests that we may be partially resolving the core for some
sources at 43 GHz.

• The “Structure Index” (see Fey & Charlot 1997) was calculated for all
65 sources observed on 2002 May 15 at both 24 GHz and 43 GHz. The
calculated “Structure Index” suggests that the observed sources may be
better astrometrically at the higher frequencies.
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Abstract.

JASMINE is the name of a Japanese infrared (z-band: 0.9µm, or K-band:
2.2µm) scanning astrometric satellite, planned to be launched between 2013 and
2015. The main objective of JASMINE is to study the fundamental structure
and evolution of the disk and the bulge components of the Milky Way Galaxy.
A further important objective is to investigate stellar physics. In order to ac-
complish the objective, JASMINE will measure parallaxes, positions and proper
motions with a precision of 10 microarcsec (µas) at z = 15.5mag or K = 12mag.

1. Overview of JASMINE

The primary goal of JASMINE (Japan Astrometry Satellite Mission for INfrared
Exploration) is the measurement of the trigonometric parallaxes, positions, and
proper motions of about a few hundred million stars in order to study the fun-
damental structure and evolution of the disk and the bulge components of the
Milky Way Galaxy. Overall design of JASMINE is shown in Figure 1 (the left
side).

The accuracy of the measurement is 10 microarcsec at z = 15.5 mag or K
= 12 mag. JASMINE is planned to be launched in around 2013. The spacecraft
will be placed in a L2 point of the Sun-Earth system using the H-II A rocket
JAXA (Japan Aerospace Exploration Agency) in Japan. The rotational axis is
3.5◦ away from the galactic pole, rotating with a 3.7-hour period which precesses
around the galactic pole direction every 28.6 days. Accordingly, JASMINE will
scan the restricted regions around the galactic plane and sweep repeatedly. The
mission life time is 5 years. The above parameters are summarized in Table 1.
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Figure 1. Overview of JASMINE and its optics

Mission Time 5yr
Rotation Period 3.7h

Precession Period 28.6days
Rotation Axis around the Galactic Pole

Launcher H-II A
Orbit L2 point of the Earth-Sun system

Table 1. Summary of the mission.

1.1. Optics

In order to accomplish measurements of astrometric parameters with high ac-
curacy, optics with a long focal length and a wide focal plane are required. In
1977, Korsch proposed a three-mirror system with a long focal length and a
wide focal plane. However, the center of the field is totally vignetted because of
the folding mirror. Therefore we consider the improved Korsch system in which
the center of the field is not vignetted. The schematic of the optics is shown in
Figure 1 (the right side). Finally we obtain the diffraction limited optical design
with small distortion.

Optics design Korsch System (3mirrors)
Aperture size 2.0m
Focal length 66.7m

pixel size 15µm
pixel on sky 46.4mas
Array size 6cm×3cm

Pixels per detector 4096×2048
Number of detectors 162 (9×18)

Table 2. Summary of the instrument parameters

The aperture size of the optics is 2.0m, and its focal length, f ,is 66.7m in
order to accomplish fλ/Dw = 2, where λ, D, and w are the wavelength, the
aperture size, and pixel size, respectively. The size of the detector for z-band is
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6 cm×3 cm with 4096×2048 pixels. The pixel size is 15 µm which corresponds
to 46.4 milliarcsec (mas) on sky. These parameters are summarized in Table 2.

2. Centroiding Experiment

Measuring the centroiding of stars is one of the most important problems for
astrometry. We examined the accuracy of the centroid of stars. We obtain the
relative distance of stars with an accuracy of 1/300 pixel, which is almost ideal.
Our experimental method is shown below.

2.1. Algorithm

Here, we show the algorithm used in this experiment. First, we pick up two
stars in a star field image to measure the distance. Second, we seek the pixel
in which the number of photons is a maximum in each star. Then we pick up
5×5 pixels around the two pixels. Only this information is used to measure the
distance between the two stars. Third, we calculate the photon-weighted mean
of each star by the following equation.

(
xc

yc

)

=
1

∑
i

∑
j Nij

( ∑
i

∑
j Niji∑

i

∑
j Nijj

)

where, Nij is the number of photons at the position (i,j).
The photon-weighted means (xc, yc) derived by the above equation are

different from the real positions (xa, ya). Here, we assume that the difference
between the photon-weighted mean and the real position is proportional to the
deviation of the photon-weighted mean from the center of the pixel.

xa − xc = kxc (1)

where, k is a coefficient. This assumption is originally from FAME. However, we
note that the coefficients k have different values for two stars in general. Then
we treat k as different values in this paper although the FAME team treats k as
one parameter. We calculate parameters k by using the least-squares method.
Then we obtain the real position xa.

We define the positions of star1 and star2 as xa1 and xa2, respectively.

xai = xci + kixci (i = 1, 2), (2)

where, xc is the photon-weighting mean of a star. Here we define a function I as

I = 0(xc2 > xc1),

I = 1(xc2 < xc1). (3)

The relative distance of two stars |δxa| is

|δxa| = xa2 − xa1 + I,

≡ α∆ + βxc1 + I, (4)

where, α = (1 + k2), β = (k2 − k1), γ = −|δxa|, and ∆ = (xc2 − xc1).
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We would like to obtain values of parameters, k1 and k2, in which the
following equation is satisfied with smallest error. In other words, we use a
least-squares method. So, we define S as S =

∑
(α∆ + βxc1 + γ + I)2. The

derivative of S by each parameter is set equal to zero, that is, ∂S

∂α
= 0, ∂S

∂β
= 0,

and ∂S

∂γ
= 0 are satisfied. Then we obtain the equations of parameters, α, β,

and γ.
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Accordingly, we obtain the positions of stars.

2.2. Experimental Results

We have taken twenty image frames by sliding the CCD array. The results are
shown in Figure 2. The horizontal axis indicates the photon-weighted mean of
star1. The vertical axis indicates the distance between two stars. Here, we note
that the integer part of the distance is eliminated. Accordingly, the distance
has a value between 0 and 1. The squares show only the separations between
photon-weighted means of two stars, (that is, no correction is performed). On
the other hand, the diamonds are the estimated distances between two stars
determined by by using the algorithm. The estimated distances (the diamonds)
are shown again in the right side of Figure 2. The distance can be estimated
with a variance of about 1/300 pixel.

Figure 2. Relative distance between two stars against the position of star 1.
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Abstract. The objective of this project is to improve the link between the ra-
dio and optical reference frames over the initial Hipparcos effort. The alignment
of the radio-optical systems is important for absolute proper motions and source
identification across the wavelength spectrum. There are 717 ICRF+extensions
radio sources. The U.S. Naval Observatory (USNO) extragalactic reference
frame link program includes all applicable (≈ 600) sources with optical coun-
terparts. Furthermore, USNO is involved in the extragalactic link of the Space
Interferometry Mission (SIM) and plans for a new astrometric, ground-based,
1-meter class telescope.

1. Current Program

USNO is involved in an extragalactic link program since the 1980’s (Zacharias
et al. 1999). In 1998 a new program started for an all-sky astrometric survey
that links Hipparcos and Tycho stars to the defining, optically faint sources in
a two-step approach, the deep observing and the wide-field observing.

Table 1 summarizes our deep CCD observing. Many International Celestial
Reference Frame (ICRF) source counterparts are observed more than once.

Contemporaneous with the NOAO observing runs, wide-field images of
ICRF source fields (Table 2) with the USNO Twin Astrograph (Table 3) are
taken as part of the USNO CCD Astrograph Catalog (UCAC) project. This
allows us to link the optical positions of ICRF sources to the Hipparcos System,
utilizing anonymous secondary reference stars in the 12 to 16 mag range, similar
to the previous photographic program (de Vegt et al. 2001).

The coordinate system of a CCD frame is linked to the available reference
stars in that field to within a finite precision. The standard error of this zero-
point uncertainty, σz, per coordinate is:

σz ≥

√
σ2

ref
+ σ2

xyr + σ2
atm

nr − p
,

with σref being the average error of a reference star catalog position, σxyr the
error of the CCD x,y position of a reference star, σatm the contribution from
the turbulence in the atmosphere, nr the number of reference stars used in the
CCD frame, and p the number of model parameters in the “plate adjustment.”
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Table 1. Deep optical imaging observing runs.

ID telescope date nights sources
n CTIO 0.9m Oct 1997 4 15
o CTIO 0.9m Dec 1997 5 37
p CTIO 0.9m Feb 1998 5 29
q CTIO 0.9m Jul 1998 6 46
r CTIO 0.9m Aug 1998 6 44
s CTIO 0.9m Jan 1999 5 56
t CTIO 0.9m Mar 1999 5 56
u CTIO 0.9m Jun 1999 4 61
v CTIO 0.9m Sep 1999 6 52
w CTIO 0.9m Dec 1999 5 57
x CTIO 0.9m Mar 2000 4 77
y CTIO 0.9m Jun 2000 5 51
z CTIO 0.9m Sep 2000 5 77
a CTIO 0.9m Jan 2001 5 39
b KPNO 2.1m Jun 2001 5 42
A KPNO 0.9m Nov 2001 3 1
B KPN0 0.9m Jan 2002 4 18
C KPNO 0.9m May 2002 7 42
D KPNO 0.9m Jun 2002 4 28
E KPNO 0.9m Sep 2002 5 40
F KPNO 0.9m Dec 2002 3 18
G KPNO 0.9m May 2003 8 53

Table 2. Observing of ICRF source fields at the USNO astrograph.

observing dates Jan 1998 to June 2003
number of detected sources ≈ 600
number of frames for ICRF 14,653
number of frames rejected about 20 %
exposure times 30 and 150 sec
average number of frames

per run and source 8 - 16
control of systematic errors observe on both sides of pier

plus observe calibration fields frequently
wide-field imaging within 2 weeks of NOAO runs
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Table 3. The USNO Twin Astrograph and camera.

clear aperture 206 mm
focal length 2057 mm
number of lens elements 5
corrected for bandpass 550–710 nm
usable flat field of view ≈ 9 degree
active guiding with ST4 at visual lens
number of pixels 4095 x 4095
field of view 61 x 61 arcmin
pixel size 9.0 µm

pixel scale 0.9 ”/pixel
spectral bandpass used 579–642 nm
limiting magnitude ≈ 16.0 2 min.

The above is the minimal error, neglecting linear and higher order terms from
the error propagation in the “plate adjustment” model. There are 2 steps:

1. from Tycho2 stars to astrograph CCD frames,

2. from secondary reference stars (astrograph) to deep CCD frames.

The errors σxyr and σatm can be reduced by taking multiple exposures. Sys-
tematic errors usually limit the averaged σxyr values for many frames. Error
estimates are given in Table 4. Units are milliarcseconds (mas).

Table 4. The USNO Twin Astrograph and camera.

step 1 step 2
single avr. 9 single avr. 4
frame frames frame frames

σref 40 40 10 10
σxyr 15 10 10 5
σatm 45 15 20 10
nr − p 40 40 60 60
σz 10 7 3 2

The total error per optical position of an ICRF counterpart is:

σtot ≥

√
σ2

z1
+ σ2

z2
+ σ2

xyS

with σz1, σz2 being the average σz for step 1 and 2, respectively, and σxyS =
3 to 30 mas for a centroiding error of ICRF source images averaged over all
deep CCD frames. The expected total error of an optical position will be in the
range of 8 to 30 mas. Using 400 “good” ICRF optical counterparts, an error
of the (optical−radio) frame tie of less than 1 mas is expected, a significant
improvement over the current Hipparcos Celestial Reference Frame (HCRF) to
ICRF formal alignment error of about 2.5 mas at a mean epoch near 2001.



Extragalactic Reference Frame Link 191

This is an ongoing project. As of August 2003, 94% of the sky has been ob-
served by the astrograph and all sky coverage is expected by May 2004. Observ-
ing of ICRF optical counterparts is continuing in parallel (Assafin et al. 2003).

2. SIM activity

The NASA Space Interferometry Mission (SIM) is scheduled for launch around
2010. For the SIM key science project Astrophysics of reference frame tie objects
(K. Johnston as PI), USNO has started on the preparatory science work. Targets
include extragalactic sources as well as compact radio stars. The goal is the
selection of the most suitable candidates as well as the investigation of the
optical, astrometric stability of a selected number of sources. For these purposes
a pilot monitoring project began in Fall 2002 at the 1.55-m Strand telescope at
the Naval Observatory Flagstaff Station for about a dozen representative sources
(Zacharias 2003).

3. URAT

A design study has been performed for the USNO Robotic Astrometric Telescope
(URAT) of about 0.9-meter aperture with a 3◦ field of view, enabling a global
sky survey to be observed in two years. The goal is an extension of the reference
frame at the 10 mas level to 15 to 18 mag stars, with about 30 mas accuracy at
a limiting magnitude of about 20. URAT also could observe directly the ICRF
counterparts and tie to the ICRF. There will be an option to observe selected
bright stars, giving direct access to the HCRF. More details can be found at de
Vegt et al. (2003), and Zacharias (2002).
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Abstract. We have undertaken an effort to verify and improve the ra-
dio/optical frame link through connected element interferometer astrometry of
radio stars. In our first epoch, we observed 19 radio stars using the Very Large
Array in A-configuration plus the Pie Town Very Long Baseline Array antenna
(VLA+PT). Differences in right ascension and declination were computed be-
tween our VLA+PT data and the Hipparcos positions updated to our epoch
(2000.94). A weighted least-squares fit to the position differences was performed
and the three rotation angles between the radio and optical frames were deter-
mined. We found that the two frames are aligned to within the formal errors of
approximately 3 milliarcseconds per axis. Presented here are the results of this
work and the plans for future work.

1. Introduction

The current version of the International Celestial Reference Frame (ICRF) is
defined by the positions of 212 extragalactic objects derived from Very Long
Baseline Interferometry (VLBI) observations (Ma et al. 1998). This is currently
the International Astronomical Union (IAU) sanctioned fundamental astronomi-
cal reference frame. At optical wavelengths, the Hipparcos catalog (Perryman et
al. 1997) now serves as the primary realization of the extragalactic frame. The
link between the Hipparcos catalog and the ICRF was accomplished through a
variety of ground-based and space-based efforts (Kovalevsky et al. 1997) with
the highest weight given to VLBI observations of 12 radio stars by Lestrade et
al. (1999). The standard error of the alignment was estimated to be 0.6 mas at
epoch 1991.25, with an estimated error in the system rotation of 0.25 mas yr−1

per axis. Thus at the epoch of our observations (2000.94) the alignment of the
Hipparcos frame and the ICRF had a formal error of approximately 2.5 mas.
Due to errors in the proper motions, the random position errors of individual
Hipparcos stars increased from ∼1 mas in 1991 to ∼10 mas at the time of our
observations.

2. Observational Results

We used the VLA+PT configuration to determine astrometric positions of 19
radio stars in the International Celestial Reference Frame (ICRF) (Boboltz et al.
2003). The 3.6-cm radio wavelength positions of these stars were directly linked
to the positions of distant quasars through phase-referencing observations. The
positions of the ICRF quasars are known to 0.25 mas, thus providing an absolute
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Figure 1. Differences between the Hipparcos positions updated to the epoch
of our observations, and our VLA+PT measured positions as a function of
source right ascension α (left panel) and source declination δ (right panel)
for the 19 radio stars observed. Differences in α cos δ are plotted in (a) and
differences in declination are plotted in (b) for both the left and right panels.
Error bars are from our VLA+PT measurements.

reference at the angular resolution of our VLA+PT observations (∼150 mas).
Average values for the errors in our derived positions for all sources were 13 mas
and 16 mas in α cos δ and δ respectively, with accuracies approaching 1–2 mas
for some of the stars observed. Differences between the ICRF positions of the
38 quasars, and those measured from our observations showed no systematic
offsets, with mean values of −0.3 mas in α cos δ and −1.0 mas in δ. Standard
deviations of the quasar position differences of 17 mas and 11 mas in α cos δ and
δ respectively, are consistent with the mean position errors determined for the
stars.

We also compared the positions of the 19 stars as derived from our VLA+PT
observations with the corresponding Hipparcos positions updated to the epoch
of our observations, Julian Day 2451889. Figure 1 plots the position differences
for the radio stars as a function of source right ascension (left panel) and as a
function of source declination (right panel). Error bars are those derived from
our VLA+PT observations. In Figure 1, it is apparent that roughly half of
the positions derived from our VLA+PT data do not agree with the Hipparcos
positions to within the uncertainties in our measurements.

3. Testing the Radio/Optical Frame Link

Position differences (∆α cos δ,∆δ) in the optical (Hipparcos) minus radio (our
VLA+PT observations) were calculated for 18 of the 19 stars observed at our
2000.94 epoch. The star UX Ari was excluded because of its nature as a triple
system as verified by our VLA data (see Boboltz et al. 2003). In a weighted
least-squares adjustment, the 3 rotation angles between the optical and radio
frames were determined (see Table 1) from these data. For the radio positions,
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we used the errors reported in Table 2 of Boboltz et al. (2003). For the optical
positions we used the Hipparcos errors at epoch (1991.25) updated to our epoch
using the Hipparcos proper motion errors. Our analysis indicates insignificant
alignment rotations of less than 1 mas with a formal error of ∼3 mas per axis.
The reduced χ2 for the alignment is ≈1.0, confirming the error estimates for the
input data.

Table 1. Radio/Optical Frame Alignment.

Rotation Formal Error
Axis (mas) (mas)

x −0.23 2.89
y −1.87 3.19
z 2.26 2.82

Our radio-star results provide a critical check on the Hipparcos-to-ICRF
alignment and confirm that the Hipparcos frame is indeed inertial at the ex-
pected level. Similarly, in a pilot investigation, 172 extragalactic sources were
used to compare the ICRF/optical frames (Assafin et al. 2003). This program
yielded similar results with no significant system rotations found and formal er-
rors on the 3 mas level. However, systematic errors in the preliminary, wide-field,
optical data of ∼10 mas were reported. For determining possible radio/optical
frame differences, the use of radio stars is currently more competitive because
the accurate Hipparcos data can be utilized directly.

4. Future Work

The program to verify and update the link between the Hipparcos frame and
the ICRF via radio stars is a continuing effort. Observations using the Multi-
Element Radio Linked Interferometer Network (MERLIN) of 15 radio stars were
taken in October, 2001. The data from the 11 stars detected have been ana-
lyzed, and the 6-cm positions have been determined to an accuracy of ∼5 mas.
This data will be combined with observations reported in Boboltz et al. (2003)
and Johnston, de Vegt & Gaume (2003) to update the proper motions and the
radio/optical frame link (Fey et al. in preparation). In addition, second epoch
VLA+PT observations were recorded in June 2003. A total of 50 radio stars
were observed over 48 hours, and reduction of the data is ongoing. Finally, an
additional epoch, consisting of 48 hours of MERLIN time, will be observed in
the fourth quarter of 2003. These additional VLA+PT and MERLIN observa-
tions will also be combined with all previous observations to determine accurate
positions and proper motions for ∼50 radio stars which can then be used for
linking the ICRF to the Hipparcos and future optical reference frames.
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Abstract. Two “non-rotating origins” were defined by the IAU in 2000 for
the measurement of Earth rotation: the Celestial Ephemeris Origin (CEO) in
the ICRS and the Terrestrial Ephemeris Origin (TEO) in the ITRS. Universal
Time (UT1) is now defined by an expression based on the angle θ between the
CEO and TEO. Many previous papers, e.g., Capitaine, Guinot, & McCarthy
(2000), developed the position of the CEO in terms of a quantity s, the difference
between two arcs on the celestial sphere. A similar quantity s′ was defined for
the TEO.

As an alternative, a simple vector differential equation for the position of
a non-rotating origin on its reference sphere is presented here. The equation
can be easily numerically integrated to high precision. This scheme directly
yields the unit vector of the CEO in the ICRS, or that of the TEO in the ITRS,
as a function of time. This simplifies the derivation of the main transformation
matrix between the ITRF and the ICRS. The directness of the development may
have pedagogical and practical advantages for the vast majority of astronomers
who are unfamiliar with the history of this topic.

IAU resolution B1.8 from the 2000 General Assembly, which establishes the
Celestial Ephemeris Origin (CEO) and the Terrestrial Ephemeris Origin (TEO),
and redefines UT1 in terms of the angle θ between them, has not received wide
publicity within the general astronomical community. Among those who are
aware of it, probably few appreciate its basis or implications. The CEO and
TEO are specific examples of the concept of a “non-rotating origin” (NRO),
first described by Guinot (1979). The concept itself is quite simple, but the
mathematical details of its practical implementation, as usually presented (e.g.,
Capitaine et al. 2000), may discourage non-specialists. This paper describes
an alternative mathematical development, which is precise enough for practical
computations, but avoids some of the untidy aspects of an analytical approach
based on spherical trigonometry. In the space allotted here, only an outline of
the scheme can be presented.

A non-rotating origin can be most simply described as a point on the moving
equator whose instantaneous motion is always orthogonal to the equator. If n(t)
is a unit vector toward the instantaneous pole and x(t) is a unit vector toward
an instantaneous non-rotating origin, a simple geometric construction based on
this definition yields the following differential equation:

ẋ(t) = −

(
x(t) · ṅ(t)

)
n(t). (1)

That is, if we have a model for the motion of the pole, n(t), the path of the
non-rotating origin is described by x(t), once an initial point on the equator,
x(t0), is chosen. Conceptually and practically, it is simple to integrate this

196



Another Look at Non-Rotating Origins 197

equation, using, for example, a standard 4th-order Runge-Kutta integrator. For
the motions of the real Earth, fixed step sizes of order 0.5 day work quite well,
and the integration is quite robust. Since this is really a one-dimensional problem
carried out in three dimensions, two constraints can be applied at each step:
|x| = 1 and x · n = 0.

By numerically integrating this equation, we obtain a time series of unit
vectors, x(t). Depending on our model of the motion of the pole, n(t), these
vectors point toward either the celestial or terrestrial non-rotating origin. That
is, the vectors define the directions of either the CEO in the ICRS or the TEO
in the ITRS. If we are working in the celestial frame and the CEO is the non-
rotating origin of interest, the model of the pole’s motion is:

n(t) = F PT(t) NT(t)




0
0
1



 (2)

where F, P, and N are the standard matrices for frame bias, precession, and
nutation, respectively. The transpose symbols on the precession and nutation
matrices indicate that they transform vectors from time t to J2000.0. The frame
bias matrix transforms vectors from the dynamical system to the ICRS.

Once the integration is completed, the main part of the ITRS-to-ICRS
transformation (which converts a terrestrial vector to the equivalent celestial
vector) can be simply expressed, for any epoch ti, in terms of the components
of three unit vectors: x(ti), n(ti), and y(ti) = n(ti) × x(ti). These three vec-
tors have components expressed with respect to the ICRS axes and define the
orthonormal basis for what has been called the “intermediate” coordinate sys-
tem. This system has the celestial pole in the z-direction and the CEO in the
x-direction, with the instantaneous equator as the xy-plane. The transformation
matrix that takes a vector from the intermediate system to the ICRS is simply:

C =
(

x y n
)

=




x1 y1 n1

x2 y2 n2

x3 y3 n3



 (3)

But to apply this matrix, we must first get the terrestrial vector into the in-
termediate system. A vector in the ITRS, after correction for polar motion, is
transformed to the intermediate system by a simple rotation through the angle
θ, which is a linear function of UT1 (the expression is specified in IAU resolution
B1.8 of 2000). So the complete transformation from the ITRS to the ICRS is

rc = C R3(−θ) W′ rt, (4)

where rt is a vector in the ITRS, rc is the corresponding vector in the ICRS,
W′ is the polar motion matrix, and R3 represents a simple rotation about the
z-axis. (See Chapter 5 of the IERS Conventions (2003) for the expression for θ

and the form of W′, there referred to as W(t).)
This approach also provides a very simple equation for apparent sidereal

time. Greenwich apparent sidereal time (GAST) is simply the Greenwich hour
angle (GHA) of the true equinox of date. Using the form of eq. (2), the direction
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Figure 1. Differences in results of ITRS-to-ICRS transformation methods:
CEO-based minus equinox-based. A numerical integration of the CEO posi-
tion in the ICRS was used for the CEO-based method.

of the true equinox in the ICRS is given by

Υ(t) = F PT(t) NT(t)




1
0
0



 (5)

and its direction in the intermediate system must be (Υ · x,Υ · y, 0 ). If we
define the Greenwich meridian to be the plane that passes through the TEO and
the poles, then Greenwich apparent sidereal time is just

GAST = GHA Υ = θ − arctan

(
Υ · y

Υ · x

)

(6)

since θ is the angle between the TEO and the CEO, and the latter defines the
direction x.

Does this whole approach work in practice? If so, its results must match
those given by a conventional equinox-based development. Figure 1 shows the
differences in the results of CEO-based and equinox-based methods of perform-
ing the ITRS-to-ICRS transformation on a vector in the equatorial plane. For
these computations, the numerical integration of the CEO position was based
on the motion of the pole defined by the IAU 2000A precession-nutation model,
as given in the IERS Conventions (2003). The new IERS formula for sidereal
time (including all the “complementary terms”) was used in the equinox-based
(conventional) transformation. The initial CEO position used in the integration
was adjusted so that the difference between the two methods was zero at 2003.0.
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Figure 2. Same as Fig. 1, except that IERS algorithms based on analytic
series were used for the CEO-based method.

(The ICRS right ascension of the CEO at J2000.0 turned out to be 0 ′′.002012.)
Polar motion and ∆T were assumed zero throughout. The figure shows that
the two transformation schemes match to within a few microarcseconds from
1800–2200, with some divergence outside of that time frame. A similar com-
parison of the two kinds of sidereal time formulas yields differences that are
identical by eye to the top plot of Fig. 1. The same systematic pattern (with
some additional numerical noise) is seen in Fig. 2, which shows the same kind
of ITRS-to-ICRS transformation comparison, but using only IERS algorithms
throughout. Therefore, the CEO integration approach described here seems to
be at least as precise as that provided by the IERS.

The CEO integration development and results will be described in more
detail in Kaplan (2004).
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Abstract. Radio sources that exhibit rapid variability in their light curves,
as a result of radio wave propagation through turbulent electron density fluc-
tuations in the interstellar medium, appear to be the most compact sources
in the sky. In particular, the most variable weak sources, might be the most
point-like and, thus, some of the best candidates for densification of the Inter-
national Celestial Reference Frame (ICRF) and consequent improvement in its
accuracy. Further, the advent of the Mk IV/V VLBI system will make use of
weaker sources easier. We will discuss the viability of this idea and state the
benefits that might flow from this approach.

1. Introduction: The International Celestial Reference Frame

Very Long Baseline Interferometry (VLBI) observations of selected strong com-
pact extragalactic radio sources have been used to define and maintain a radio
reference frame with sub-mas precision. This ICRF was adopted as the funda-
mental celestial reference frame at the XXIII General Assembly of the Interna-
tional Astronomical Union (IAU) held on 20th August 1997 in Kyoto, Japan
(Ma et al. 1998). The ICRF is currently defined by the radio positions of 212
extragalactic objects obtained using the technique of VLBI at radio frequencies
of 2.3 and 8.4 GHz over the past 20+ years.

200



IDV Sources as ICRF Sources: Viability and Benefits 201

2. ICRF: Current Limitations & Future Improvement

The ICRF is currently limited by (a) Deficit of defining sources, particularly in
the Southern Hemisphere, (b) Sources having variable core-jet structure which
causes position variations (can in principle be corrected) and (c) The fact that
the ICRF is composed mostly of brighter (> 0.2 Jy at 8.4 GHz) sources many
of which suffer from structure problems.

Thus, future improvement will involve: (a) Increasing the number of defin-
ing sources and (b) Incorporating sources that have little or no structure (pre-
sumably leading to increased position stability). IDV/ISS sources may be the
answer!

3. What are IDV/ISS Sources ?

Intra Day Variable (IDV) sources are flat-spectrum extragalactic sources which
show amplitude variations at centimeter wavelengths. Variation timescales are
typically less than a day. Interstellar Scintillation (ISS) is the principal cause of
this IDV.

4. VLBA Observations of IDV Sources

We used the VLBA to make 8.4 GHz snapshot images of a sample of Low
Flux Density Scintillating (LFDS) sources (flux ≈ 0.1 Jy) from the MASIV
5 GHz VLA survey for scintillating extragalactic sources (Lovell et al. 2003).
VLBA images at 8.4 GHz of 18 High Flux Density Scintillating (HFDS) sources
(flux ≈ 1 Jy) and 40 High Flux Density Non-scintillating (HFDN) sources were
obtained from the USNO Radio Reference Frame Image Database (RRFID).
First results from imaging 38 sources are presented here and two typical images
are shown in Figure 1.

5. What is the Milliarcsecond Scale Structure of Scintillating Sources ?

The Lovell et al. (2003) VLA survey results showed an increase in both the
fraction of scintillators and in their amplitude of variability, with decreasing
flux. This raised the possibility that the milliarcsecond structures of scintillators
may differ from non-scintillators. Our VLBI observations address the following
questions: (1) Are there any morphological differences, at mas scales, between
scintillating and non-scintillating sources? and (2) Are there any morphological
differences, at mas scales, between high flux density, ≈ 1 Jy, and low flux density,
≈ 0.1 Jy, scintillating sources?

6. Results of Analysis

In order to obtain a quantitative classification of the sources based on their
milliarcsecond scale structure, we calculated a “Core Fraction” which we define
as the ratio of correlated flux density on the longest VLBA baseline (≈ 250 Mλ)
to the correlated flux density on the shortest baseline.
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Figure 1. Two typical VLBA images of LFDS sources. Contours are in
√

2
steps starting at 3σ.

Calculation of the mean and standard deviations of the Core Fractions for
the three samples yields: (1) No significant difference between LFDS and HFDS
sources (difference = 1.5σ) and (2) Significant difference between HFDN sources
and both LFDS and HFDS sources (difference = 6.4σ and 3.3σ respectively).
A limitation at the moment is the small number (18) of known HFDS sources.
These results are summarized in Fig 2.

7. Summary of VLBA results

Scintillating sources have different mas scale morphologies from non-scintillating
sources. They have a higher fraction of their total flux in an unresolved (< 1
mas) core. Amongst the HFDS sources, it would appear that only the core
components scintillate. Low and high flux density scintillating sources do not,
on average, have different morphologies (Note: The HFDS sample is small, 18
sources at present).

8. Implications for Improvement of the ICRF

Results of our analysis show that scintillating sources have proved to be some
of the most compact sources. This may make the LFDS sample ideal reference
sources for the next generation (Mk IV/V) astrometry and geodesy reference
frames. The increased sensitivity of Mk IV/V VLBI will probably be required
to observe the generally weaker IDV sources. While the compact morphology of
IDV sources suggests their use as ICRF sources, their position stability will need
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Figure 2. Histogram illustrating distribution of core fraction for the three
samples. Grey, black and white columns represent LFDS, HFDS and HFDN
sources respectively.

to be established. The 18 HFDS sources are ICRF sources and may provide a
good test of the positional stability of IDV sources in general. This is the subject
of future work. As VLBI assumes that sources do not change over the period
of observation, the amplitude variability of IDV sources may introduce spurious
structure into the images.
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Abstract. The USNO and the ATNF are collaborating in a continuing VLBI
research program in Southern Hemisphere source imaging and astrometry. The
goals of this program are twofold: to image all southern hemisphere ICRF sources
at least twice for structure monitoring and to search for new astrometric sources
for densification of the ICRF. All 184 existing ICRF sources south of -20 de-
grees, have been observed for imaging at least once. Imaging and a second
epoch of observations are underway. In order to identify new extragalactic radio
sources to be added to the ICRF, survey observations of selected ATCA cali-
brator sources have been interspersed among the imaging observations. These
survey observations have, to date, identified a total of 29 possible astromet-
ric targets. Dedicated astrometric VLBI experiments have been scheduled to
determine accurate positions for these sources.

1. Project Goals

We wish to image ICRF sources at 8.4 GHz in order to obtain source structure
information at least at two epochs for variability monitoring. We also wish to
estimate the effect of structure on astrometric positions.

We wish to increase ICRF source density in order to better define the refer-
ence frame, provide more sources for phase referencing and to provide a strong
tie between the hemispheres through overlap of common sources
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Figure 1. Example Images: The Good

2. Observing Parameters

For our imaging observations the telescopes used are those of the Australian
Long Baseline Array (which comprises six antennas at Narrabri and one each
at Parkes, Mopra, Hobart and Ceduna) augmented by the telescopes at Har-
tebeesthoek, Kashima and Kokee. We observe at a frequency of 8.4 GHz only
and the recording mode is S2. The data are correlated at the ATNF Correlator,
Marsfield, NSW.

For our astrometry observations the telescopes used are those at Harte-
beesthoek, Hobart, Kashima, Kokee and Parkes. The observations are made
at simultaneous 8.4 and 2.3 GHz frequencies and the recording mode used is
Mk IIIA. The data are correlated at the Washington correlator, USNO, Wash-
ington DC.

3. Observational Status: Imaging

The first epoch of observations is complete with all 184 ICRF sources south of
−20 degrees declination observed. The data has all been correlated and cali-
brated and about a third of it has been imaged. Approximately half the sources
show extended structure with about 10% showing double structure (unsuitable
for ICRF). The second epoch of observations is in progress. Figures 1, 2 and 3
show examples of different morphologies seen in this survey.

4. Observational Status: Astrometry

To date survey observations of 108 sources have been completed. 29 new can-
didate sources have been identified and positions for 15 of these sources were
obtained (10 with sub-mas precision). An additional 12 far south sources were
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Figure 2. Example Images: The Bad

Figure 3. Example Images: The Ugly
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Figure 4. Distribution of 29 new Southern Astrometric Sources

observed and are awaiting correlation. A second survey of 50 sources is under-
way. Note that these sources are all south of declination −30 degrees. Fig 4
shows the distribution of the 29 new southern astrometry sources.

5. Science from the Imaging Survey

Apart from improving the astrometic accuracy of the ICRF, the imaging survey
will enable study of a flux limited complete sample and of the properties of well-
defined sub-samples e.g. EGRET sources, GPS/CSS sources and comparisons
between well defined sub-samples e.g. BL Lac objects and quasars. Further
it will allow investigation of misalignment between mas and arcsec jets, proper
motion, as well as both static and variable, polarization properties.
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Abstract. The definition of the satellite rest frame plays a fundamental role in the
relativistic treatment of space observations. We find a mathematical representation
of this frame which is an analytical solution accurate to (v/c)3 and corresponds to
the expected attitude of the astrometric satellite Gaia. We named this frame attitude
frame since it takes into account the satellite’s actual orbital motion and attitude law,
both computed in global BCRS coordinates. Moreover, we show that the running time
on-board of Gaia is compatible with IAU resolution B1.5 (2000).

1. Introduction

New space technologies allow for astrometric accuracies of ∼ 1 microarcsecond (µas)
in the determination of stellar positions (de Boer et al. 2000). As a consequence of
this high accuracy, the analysis of the space astrometric data requires methods fully
developed in a general relativistic context. This means that future stellar catalogues
need to be based on a new relativistic rendition of the astrometric parameters, the
latter derived from the solution of the observation equations linking the astrometric
observables to the astrometric unknowns (i.e. parallax and proper motion). In order
to exploit these equations as boundary data essential for the reconstruction of the light
trajectory connecting the satellite to an emitting star (de Felice et al. 2003a; Kopeikin
& Mashhoon 2002; Kopeikin & Gwinn 2000; Klioner 2003; Bini & de Felice 2003),
the expression of any physical observation made within the satellite also requires a
determination of its rest frame consistently with the precepts of general relativity. We
call this attitude frame, i.e. a comoving frame consisting of a clock and a spatial triad
of orthonormal axes that provides a local Cartesian reference system, adapted to the
satellite composite motion. Here, we specify the attitude frame for Gaia (de Boer et al.
2000), the new global astrometry mission of ESA, approved for launch not later than
2012, with a possible window in 2010. In what follows Latin indices run from 1 to 3,
Greek indices run from 0 to 3.

2. Mathematical preliminaries for the astrometric set-up

The mathematical quantity which defines a rest-frame of a given observer (the satellite
in our case) is a tetrad adapted to that observer, namely a set of four unitary mutually
orthogonal four-vectors λα̂ one of which, namely λ

0̂
, is the observer’s four-velocity and

describes the space-time history of the observer in a given space-time. The other λâ

form a spatial triad of space-like vectors, defined up to a spatial rotation. Since there
are infinitely many possible spaces to be fixed within a satellite, our task is to identify
unambiguously those which correspond to the actual satellite attitude. In the case of
Gaia, the background space-time geometry felt is that of the Solar System which can be
assumed as the only source of gravity; moreover it generates a weak gravitational field so
we shall retain only terms of first order in the gravitational constantG and consider these
terms only up to the order of (v/c)3 ∼ 0.1 µas, where v is the average velocity within
the Solar System for which we have gravitational balance. The space-time geometry is
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then given by gαβ = ηαβ +hαβ +O(h2), where O(h2) denotes non linear terms in h, the
coordinates are x0 = t, x1 = x, x2 = y, x3 = z, the origin being fixed at the barycenter of
the Solar System, ηαβ is the Minkowskian metric. The choice of the metric is compatible
with IAU resolution B1.3 (2000), which identifies a global Barycentric Celestial Reference
System (BCRS) by three mutually orthogonal axes centered at the barycenter of the
Solar System (B) and pointing to distant cosmic sources chosen so to assure that the
system is kinematically non rotating. The coordinate axes then define a Cartesian-
like coordinate system (x, y, z) and we assume that a space-like hypersurface exists
everywhere with equation t(x, y, z) =constant. The function t is chosen as coordinate
time. In de Felice et al. (2003b) we illustrate how one can make the choice of the
coordinate time not arbitrary. Hence, together with the set (x, y, z), it provides a
coordinate representation of the space-time and fixes the space-time metric. At any
space-time point there exists an observer u which is at rest with respect to the BCRS
and whose world line is parallel to the local coordinate time axis. Actually, it belongs
to a congruence of curves everywhere proportional to a time-like Killing vector field (de
Felice et al. 2003a). Assume first that this observer is located at the origin of the BCRS,
then this system can be locally identified by a spatial triad of unitary and orthonormal
vectors (Bini & de Felice 2003). In this case the proper time of u is the barycentric
proper time. This frame will be termed local BCRS and its proper time varies as a
function of the position (de Felice et al. 2003b).

3. The attitude frame

Gaia is expected to orbit the Sun-Earth System in the outer Lagrangian point L2 (de
Boer et al. 2000). Moreover, the satellite rotates about its x axis which forms a fixed
angle α with the Sun direction; the spin axis then precesses about the Sun direction
(Lindegren 2001; Mignard 2001). Therefore, we need to fix the direction to the Sun
as seen from within the satellite rest frame. Let us fix the satellite’s trajectory as the
time-like, unitary four-vector u′ (u′αu′α = −1). With respect to the local BCRS defined
at each point of the satellite’s trajectory, the Sun direction is fixed by rotating the triad
{λâ} by an angle φs around λ

3̂
and then by an angle θs around the vector image of

λ
2̂

under the φs rotation (see Figure 1). Thus we have the new triad adapted to the
observer u:

λ
(s)

â = R2(θs)R3(φs)λâ, (1)

where Ri (i = 1, 2, 3) are rotation matrices. From (??), it is easy to deduce the explicit
expressions of the new triad components relative to the BCRS (Bini, Crosta, & de Felice
2003).

In order to identify a tetrad frame which is adapted to the satellite world-line and
whose spatial triad is consistent with the satellite attitude, we boost the vectors of the

triad {λ
(s)

â
} to the satellite rest frame and obtain the following boosted triad (Jantzen,

Carini, & Bini 1992):

λ
(bs)α

â
= P (u′)α

σ

[

λ
(s)σ

â
−

γ

γ + 1
ν

σ

(
ν

ρ
λ

(s)

ρâ

)]

â=1,2,3

, (2)

where P (u′)α
σ = δα

σ + u
′
αu′σ is the operator which projects in the rest frame of u′,

να is the relative spatial velocity of u′ with respect to the local observer u, and γ is

the Lorentz factor. The vector λ
(bs)

1̂
identifies the direction to the Sun as seen by the

satellite itself. The other vectors of the boosted triad are related to λ
(bs)

1̂
by the simple

relations:

cos θsλ
(bs)

2̂
=

d

dφs

λ
(bs)

1̂
λ

(bs)

3̂
=

d

dθs

λ
(bs)

1̂
. (3)

The tetrad {λ
(bs)

0̂
≡ u′, λ

(bs)

â
} will be referred to as the Sun-locked frame. The explicit

expressions of the components of these vectors relative to the BCRS are reported in
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Figure 1. The spatial triad λâ is co-moving with the barycentric observer u (B=
barycenter) defined at the Gaia center-of-mass at each point along its Lissajous orbit

about L2. The λ
(s)

1̂
identifies the instantaneous Sun direction with respect to u (on

the left). The Sun direction as seen on-board will be obtained by boosting the vector

λ
(s)

1̂
to the satellite motion. The Gaia’s attitude triad Eâ is defined in the satellite

Lorentz boosted rest frame (on the right).

Bini et al. (2003). Finally, to deduce the Gaia attitude frame, which is our main goal,
we have to make the following final steps: i) rotate the Sun-locked triad by an angle ωpt

about the vector λ
(bs)

1̂
which constantly points to the Sun (ωp is the angular velocity

of precession); ii) rotate the resulting triad by a fixed angle α about the image of the

vector λ
(bs)

2̂
under rotation i); iii) rotate the triad obtained after step ii) by an angle ωrt

about the image of the vector λ
(bs)

1̂
under the previous two rotations (ωr is the angular

velocity of the satellite spin). The triad resulting from these three steps will be the
satellite attitude triad; this is given by:

Eâ = R1(ωrt)R2(α)R1(ωpt)λ
(bs)

â
â = 1, 2, 3. (4)

Again, the full expressions of the triad vectors Eâ are given in Bini et al. (2003). These
vectors enter the formulas for the astrometric observable defined as the angles that the
incoming light ray kα forms with the axes of the spatial attitude triad in the rest frame
of the satellite (de Felice & Clark 1990), i.e.:

cosψ(Eâ,ℓ) ≡ eâ =
P (u′)αβk

αE
β

â

(P (u′)αβk
αkβ)1/2

, (5)

where no sum is meant over â, and ℓ is the local line of sight, given by ℓρ = P (u)ρ
σk

σ.
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4. The clock on board

The general relativistic formula which relates the time interval between two events is
given in de Felice & Clark (1990) as dT = −(1/c) gαβu

αdxβ . We refer to dT as the
interval of proper time of an observer on board. If we adopt the IAU metric for gαβ and

since the satellite is a physical observer (u
′

αu
′
α = −1), the expansion for u

′
0 in powers

of c−1 allow us to obtain the formula which ties the running of time of the clock on
board to that of the clock at the origin of the BCRS (up to the order of c−4).

dTs ≈ dt− c
−2

[(
v2

2
+ w(x, t)

)

+ v
i
dr

i

]

+ c
−4

[(
w2(x, t)

2
−

v4

8
−

3v2w(x, t)

2

+4wi(x, t)vi
)
dt+ 4wi(x, t)dri

−

(

3w(x, t) +
v2

2

)

v
i
dr

i

]

,

where ri = xi
− xi

s. It is easy to check that if we make a first-order Taylor expansion
about the satellite center xs of the potential and the vector potential, we obtain the
same relations as those described in IAU resolution B1.5 (Second Recommendation).

5. Conclusion

In this poster we have synthesized how to relate attitude frame quantities to local BCRS
components consistently with the requirements of general relativity. This will provide
an essential ingredient needed to solve the boundary problem at any observation event,
in a form suitable to be implemented in a computer code for space-born astrometric
data reduction under development (de Felice et al. 2003b), i.e. for the determination
of location and state of motion of celestial sources.
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