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m Abstract Advances in wide-angle astrometric measurements of three to four
orders of magnitude in the last thirty years have resulted in a redefinition of the fun-
damental astronomical reference frame. This new frame, the International Celestial
Reference Frame (ICRF), is based on the radio positions of 212 compact extragalactic
radio sources. The ICRF defines the direction of the axes of the International Celestial
Reference System (ICRS) with a precision of approximatelyu26. At optical wave-
lengths, the Hipparcos catalog is the realization of this frame. The precision with which
the ICRF is now determined requires that the ICRS models for precession, nutation,
and others, be revised. Increases in the precision of measurements from astrometric
space missions will further improve the celestial reference frame and may require its
redefinition within the next ten years. These improvements will again challenge the
models for the celestial reference system.

1. INTRODUCTION

Reference frames used in astronomy are defined by the positions of objects on the
celestial sphere, usually specified only by direction. Astrometric advances provided
by Very Long Baseline Interferometry (VLBI), radar ranging to the inner planets,
laser ranging to the moon, and the European Space Agency (ESA) Hipparcos Space
Astrometry mission have improved the determination of the position of celestial
objects by three to four orders of magnitude. Figure 1 shows these advances in the
context of achievements in astrometry since 150 B.C. Increasing accuracy dictates
that relativistic effects (which are of order ) and are at the milliarcsecond

or mas level for angles of order of a radian) be taken into account. Further, the
distances of some of these objects (i.e. extragalactic radio sources) are so large
that kinematic motions of these objects do not contribute to apparent temporal
positional changes greater than a few microarcsecqrats) (According to Mach'’s
principle, there are no fixed (inertial) reference points for the frame because all
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objects in the universe interact with one another. The positions of these objects then
define a quasi-inertial reference frame. Previously the positions of nearby bright
stars had been employed in this capacity. The system’s zero point was based upon
the motions of the Earth and thus was a dynamical/kinematic reference system. The
system defined now by the extragalactic radio sources is a purely kinematic system.

At the XXIII AU General Assembly in 1997, the new ICRS and its realization,
the ICRF, were adopted to replace the traditional optical fundamental reference
system as realized by the FK5 reference frame. The ICRF is based exclusively on
the directions to selected strong compact extragalactic radio sources determined
by VLBI techniques. The IAU has further resolved that the realization of the radio
reference frame in the optical domain shall be primarily the high-precision stellar
net of the 118,218 stars constructed from the ESA Hipparcos Space Astrometry
mission. With this development, the optical and radio regions of the spectrum are
now related at the mas level.

Previous Annual Reviews articles associated with this topic have addressed ra-
dio astrometry (Counselman 1978) and astrometry (van Altena 1983, Monet 1988,
Kovalevsky 1998). Other reviews in the field of astrometry and reference frames
may be found in Sovers et al (1998); Vondrak & Capitaine (1998); Kovalevsky
etal (1989); IAU Colloquium 12Reference Systenedited by Hughes, Smith, &
Kaplan (1991); IAU Symposium 16@stronomical and Astrophysical Objectives
of Sub-millarcsecond Optical Astrometmydited by Hog & Seidelmann (1995);

IAU Symposium 172Dynamics Ephemerides and Astrometry of the Solar System
edited by Ferraz-Mello et al (1995); IAU Colloquium 1&3/namics and Astrome-

try of Natural and Artificial Celestial Bodiegdited by Wytrzyszczak et al (1996);
and the International Earth Rotation Service (IERS) Conventions (IERS 1996),
http://maia.usno.navy.mil/conventions.html.

A basic overall reference is the Explanatory Supplement to the Astronomical
Almanac (Seidelmann 1992) and references therein. Radio astronomy and astrom-
etry techniques are dealt with in Meeks (1976), Thompson et al (1986), and Zensus
et al (1995). The Hipparcos mission is described in a 17-volume set (ESA 1997).

With the refinement of radio interferometric techniques for astrometry, es-
pecially VLBI, and the success of the Hipparcos mission, research efforts have
intensified during the past 30 years. This review presents the background for the
adoption of the ICRF, its realization at optical and radio frequencies, its limita-
tions, and future outlook for increased precision. The references mentioned here
deal in great detail with reference systems and reference frames as well as optical
and radio astrometry, which are the basis for the adoption of the ICRF.

PRINCIPLES OF CELESTIAL REFERENCE SYSTEMS
AND REFERENCE FRAMES

The reference system defines the coordinate system by specifying the direction
of the axes, and specifying the zero points. The reference frame is defined by the
positions of objects along with their coordinates in the system and is the practical
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realization of the reference system. In principle, two fixed points can define the
reference frame, allowing the reference system to define its principal plane, pole,
and zero point. In practice, many fixed points are used to define the reference frame
globally because the definition of the axes of the system improves with the number
of points defined. Also many fiducial points are needed to improve the ability to
access the reference system anywhere on the celestial sphere.

In view of the high precision achieved by modern astrometric measuring meth-
ods from ground and space, and considering that those in the future will approach
the microarcsecond level, a clear, rigorous specification of terms is required so that
inconsistencies are not introduced into the definitions of the reference system and
reference frame. Following the terminology introduced by Kovalevsky & Mueller
(1981) (see also Kovalevsky et al 1989 for a detailed discussion) the purpose of a
reference frame is to provide the means to materialize a reference system so that it
can be used for a quantitative description of the positions and motions of celestial
bodies.

Areference system is the underlying theoretical concept for the construction of
the corresponding frame. An ideal celestial reference system, then, would be an
inertial (i.e. nonrotating) system in the Newtonian definition which, however, is
applicable only locally in General Relativity. The actual construction of areference
system requires the identification of a physical system to which the ideal reference
frame definition is applied. Such a choice is naturally not unique, but the following
two definitions are suitable.

In an ideal dynamical reference system, the equations of motion of a celestial
body do not contain any rotational or acceleration terms: an inertial system in the
Newtonian definition of a universal reference system and applicable only locally
in General Relativity, where the transport of a coordinate system from one point to
another is a complex transformation involving the exact knowledge of the mass dis-
tribution everywhere inthat part of the space involved. (For a detailed discussion see
Kovalevsky etal 1989, Seidelmann 1992, and Soffel 1989). Because of the local re-
striction of a given ideal reference system, the term “quasi-inertial system” is used.

In an ideal kinematic reference system, it is assumed that the universe does not
rotate. Thus a suitable class of extragalactic objects, such as quasars or remote
galaxies, do not display any group rotation. The ideal kinematic reference system
is essentially based on the kinematic properties of very distant objects, which are
assumed to be random. In Newtonian mechanics these different reference system
definitions are equivalent. In General Relativity the local character of any reference
system must be taken into account.

The actual modeling of this ideal reference system concept will depend on
the numerical values of a number of parameters, which, as a result of observa-
tions, are not known exactly and must be adopted. Therefore the model is only an
approximation of the ideal situation and is called a conventional reference system.

For centuries the primary astronomical reference systems and frames were
restricted to the optical spectral region based on the continuous observations of a
small number of bright fundamental stars and members of the solar system. These
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data resulted in a series of fundamental star catalogs, the latest being the Fifth
Fundamental Catalog (FK5) (Fricke et al 1988). In the radio domain, the now
mature and highly precise VLBI observing technique has been used to define and
maintain a celestial (and make a contribution to the terrestrial) coordinate system
with sub-mas precision which now supersedes the optical systems precision by at
least one order of magnitude.

Following the recommendations of the IAU working group on Reference
Systems (Hughes et al 1991, Proc. IAU Coll. 127), in 1991 the IAU decided
that the future 1AU conventional celestial reference system should be based on
a set of distant extragalactic objects with no global rotation (Bergeron 1992). A
list of suitable candidate objects (mainly QSOs, AGNs, and compact extragalac-
tic radio sources) to define the associated new conventional reference frame was
adopted (Appenzeller 1994). The XXIll General Assembly 1997 (Bergeron 1997)
approved the total concept, resolving thatffom January 1, 1998 the IAU celes-
tial reference system shall be the International Celestial Reference System (ICRS)
as specified by the 1991 IAU resolutions and as defined by the International Earth
Rotation Service (IERS) (see Arias et al 1995, IERS 19%j)the corresponding
fundamental celestial reference frame shall be the International Celestial Refer-
ence Frame (ICRF) constructed by the IAU Working Group on Reference Frames
(WGRF); () the Hipparcos Catalog shall be the primary realization of the ICRF at
optical wavelengths;d) IERS should take appropriate measures, in conjunction
with WGRF, to maintain the ICRF and its ties to the reference frames at other
wavelengths.

According to the AU resolutions, the origin of the ICRS coordinate axes is
at the barycenter of the Solar System. To achieve this condition, all observations
are modeled within the framework of General Relativity. The directions of the
axes are fixed with respect to the extragalactic sources. To maintain continuity
with the FK5 System, the principal plane of the new system is kept close to the
mean equator at J2000.0 and the direction of the new conventional pole is held
consistent within the errors of the FK5 system. The origin of right ascension
of the new reference system will be close to the dynamical equinox at J2000.0.
With reference to the definitions discussed here, the ICRS is the realization of a
conventional kinematic quasi-inertial reference system. The corresponding frame
(Section 6) is materialized by a catalog of extragalactic source positions.

The conventional dynamical reference system is based on the theory of the
motions of the bodies of the solar system and is constructed in such a way that
there are no rotational terms in the equations of motion. Thus the corresponding
dynamical reference frame (Section 4) is based on the specific choice of solar-
system ephemerides, the origin of the frame, and the adopted set of fundamental
constants (masses of planets and auxiliary constants).

The fundamental reference system of observational optical astronomy has been
based for the last 100 years on a net of selected bright stars, the so-called fun-
damental stars, covering the whole sphere somewhat uniformly. The term “fun-
damental” refers to the adopted observational procedures—that is, “fundamental
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observations”—that allow the construction of a net of star positions at a specified
epochwithout reference to previous determinations. The materialization of the sys-
tem is achieved by a subsequent series of fundamental catalogs, containing the po-
sitions and proper motions of these fundamental stars together with a set of funda-
mental constants, in particular an adopted precession constant and nutation theory.
This conventional celestial reference system (CCRS) is modeled by these basic
structures: 4) the origin of the CCRS (barycenter of the solar systeh))he fun-
damental plane (celestial equator), aodfie zero point of the fundamental plane
(vernal equinox, intersection of mean equator and ecliptic). The actual procedures
for establishing a fundamental star system have been modified continuously over
time depending on available instrumentation and accuracy requirements. How-
ever, two basic operations were used throughout: measuring the positions of stars
relative to one another, and determining the position of the pole and the plane of the
equator and the equinox with respect to these stars by observing the apparent mo-
tions of the Sun and selected planets relative to them. Until recently, the precision
with which these measurements were made over large angles was 0.1 arcseconds
with a transit circle. The celestial reference system must have a reference epoch
and specify all the necessary procedures and constants required to transform the
frame from the reference epoch to any other date. These procedures involve pre-
cession, nutation, space motion, parallax, aberration, and light deflection, as well
as those local to the observer: earth orientation parameters, refraction, and time.

THE FK5 REFERENCE FRAME

The CCRS was materialized by a consecutive sequence of fundamental cata-
logs, the most important being the FK-series of Fundamental Catalogs of the
Astronomische Rechen—Institut in Germany. These catalogs were a compendium
based on catalogs containing fundamental observations, meaning that the positions
were on an instrumental system, the pole was determined independently, and the
zero point of right ascension was adjusted to a dynamical system via observation
of the sun and Solar System objects. These fundamental catalogs contained three
major elements: positions, proper motions, and an adopted value for precession in
order to define the fundamental coordinate system at its initial epoch, which then
could be projected to other epochs and equinoxes.

Newcomb (1905a) published a catalog of 1257 stars with positions reduced to
epochs 1875 and 1900 using a precession constant he derived from fundamental
stellar proper motions (Newcomb 1905b). Boss (1937) published the General
Catalog (GC), a catalog containing 33,342 stars from 238 catalogs obtained from
observations as early as 1777.

The Dritter Fundamental-Katalog des Berliner Astronomischen Jahrbuchs
(FK3) (Kopff 1937) based on the FC and NFK catalogs originated by Auwers
(1879), contains stars with long and good observational histories, which limited
the number of entries in the FK3 (Part I) to 925 stars.
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The FK3 and FK4 catalogs were in use during most of the twentieth century.
The FK3 is a realization of the dynamical reference system based on Newcomb’s
value of precession and a dynamical theory of motion in the solar system. The
FK4 (Fricke & Kopff 1963) is essentially an improvement of FK3 (improved star
positions and proper motions removing regional errors only). Thus the system
of the FK3 was still represented. (For details, see Woolard & Clemence 1966,
Mueller 1969, Eichhorn 1974).

Because Newcomb'’s determination of precession is also based on the analysis
of the proper motion of fundamental stars and a model of local solar motion, all
fundamental catalogs contain aspects of a kinematic system.

With the last catalog in this series, the FK5 (Fricke et al 1988), major changes
and improvements were introduced. The FK5 system uses the 1AU 1976 value
of precession (Lieske et al 1977) and nutation (Seidelmann 1982), a new de-
termination of the equinox and equator (Fricke 1982), a precessional correction
determined from FK4 proper motion assuming a kinematic model of parallactic
motion and galactic rotation (Fricke 1981) and sidereal time correction (Aoki et al
1982). The equinox of the accepted dynamical ephemerides (DE200/LE200) was
made to agree with the catalog equinox of the FK5 (Standish 1982).

This implies that the FK5 system is not a pure dynamical system but partly
kinematic (see also Kovalevsky et al 1989). The FK5 at epoch approximates an
inertial reference frame related to the dynamical equinox as right ascension zero
point.

The FK5 contains 1535 primary (FK5 I, Fricke et al 1988) and 3117 additional
bright fundamental stars (FK5 II, Extension, Fricke et al 1991). The mean preci-
sion of the FK5 catalog positions and proper motions at average mean epoch 1950
is +0.02 arcsecond ant 0.8 mas/yr, respectively. The quality of the FK5 frame
is time dependent and is decreasing continuously by propagation of systematic
and random proper motion errors, which introduce regional distortions at differ-
ent epochs. A detailed comparison of the FK5 frame with the Hipparcos frame
(Section 8) at epoch 1991.25 has shown large regional distortions up to 150 mas
(Mignard & Froeschle 1997). However, the inherent high quality of the basic FK5
| proper motions due to their large time basis will be used together with the Hippar-
cos data in order to obtain improved proper motions in particular for unresolved
astrometric binaries (FK6 project, Wielen et al 1997).

THE DYNAMICAL REFERENCE FRAME

The Dynamical Reference Frame is defined by the motions of objects in the solar
system. The standard system makes use of the equator of the Earth and equinox
defined by the intersection of the mean plane of the equator and ecliptic. This
reference frame is defined by the process of calculating the ephemerides of solar
system bodies using the equations of motion in the chosen frame, adjusting these
calculated positions to the frame of observation and observed positions of these
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bodies. In this way these computational ephemerides are then consistent with the
observational data. When sufficiently accurate observational data are available,
this fitting procedure can provide the constants necessary for the ephemerides.

Range measurements and spacecraft observations are independent of any exter-
nal frame but have a strong dependence on observing sites and an accurate basis for
time. These observations refer the position of the planet or moon with respect to the
orbit of the Earth. Other measurements such as the optical positions of the planets
are dependent on the stellar reference frame. The accuracies of the range and space-
craft measurements are by far superior to those of the optical. For example, radar
ranging measurements to the planets have accuracies of 2kmto 100 m, which corre-
spond to a precision of 18to 10-°, while the optical transit circle observations are
precise at the 1 level. Jet Propulsion Laboratory’s ephemerides before DE130
were oriented by the optical observations, which were on the FK4 reference frame.

Beginning with the DE200 ephemeris, JPL attempted to put the ephemerides
onto the mean equator and equinox of J2000 (Standish 1982), but this was not
strictly possible because of the uncertainty in the definition of the ecliptic (Standish
1981), the accuracy of the optical observations of the planets were poor, and the pre-
cession of the equator from mean epoch to J2000 was inaccuratebgedBiry.
Although these ephemerides were on the accepted celestial system in use, they
did not combine observations of the inner planets and moon—whose positions
were determined very accurately by ranging and spacecraft measurement—uwith
those of the outer planets, which are dominated by measurements in the accepted
celestial reference frame. This resulted, effectively, in two frames: one for the
inner planets and one for the outer planets.

THE RADIO REFERENCE FRAME

With the evolution of radio interferometry from 1950 to 1985, two major devel-
opments occurred. Intense, nonthermal, compact radio sources were discovered
(Allen et al 1962a,b, Palmer 1962), and later identified as the extragalactic source
known as quasars (Matthews & Sandage 1963, Schmidt 1963, Oke 1963). Inter-
ferometric techniques were developed for locating the positions and determining
the spatial sizes of discrete radio sources (Bolton & Stanley 1948, Ryle & Smith
1948), resulting in the association of the radio source Cygnus A with a distant
galaxy (Baade & Minkowski 1954). The accuracy of the position was ten seconds
of arc in right ascension and forty seconds in declination. Radio interferometry
evolved into linear arrays such as the Cambridge Array (Ryle 1972) and the Green
Bank Interferometer (Hogg et al 1969) which was the prototype for the Very Large
Array (Hjellming & Bignell 1982). The antennas in these arrays were connected
via cables. In the 1960s Very Long Baseline Interferometry (VLBI), using inde-
pendent local oscillators to link telescopes that were not physically connected via
cable or radio link, was demonstrated (Carr et al 1965, Bare et al 1967, Broten
et al 1967, Moran et al 1967).
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The positions of compact radio sources were determined to less thap 1
Wade (1970) and Brosche et al (1973), and refineda@(Wade & Johnston
1977) using the Green Bank Interferometer. This was paralleled by accuracies
achieved via VLBI: I (Cohen & Shaffer 1971) and.bZ(CIark et al 1976).

At this point the accuracy of radio positions surpassed that of optical transit circles.

In 1978 at the IAU Symposium 18Jjme and the Earth’s Rotatioran |IAU
Working Group was formed to promote the comparison and evaluation of tech-
nigues for the determination of Earth rotation and high-precision data for scientific
analysis. The efforts of the IAU Working Group later became known as Project
MERIT (“MERIT” is an acronym for “Monitor Earth Rotation and Intercompare
Techniques”). During the 1980s Project MERIT carried out many campaigns eval-
uating laser ranging and VLBI techniques, and adopted standards for obtaining
the highest precision of measurements (Melbourne et al 1983). Project MERIT'’s
efforts led to the establishment of the International Earth Rotation Service (IERS)
onJanuary 1, 1988. The IERS replaced the Bureau International de I'Heure and the
International Polar Motion Service, and serves as a general coordinating agency
for the development of reference frames and the relationship of geodetic and astro-
nomical methods for precise measurements. The IERS adopted conventions for the
celestial, dynamical, and terrestrial reference systems and frames, as well as nu-
merical standards (precession, masses of the planets, etc), and models for nutation,
tropospheric refractivity, geopotential, site displacement, etc. These conventions
are updated as often as necessary and were most recently published in the IERS
Technical Note 21 (1996).

By 1978, the promise of improved accuracy was about to be fulfilled. At IAU
Colloquium 48 Modern Astrometrya working group was established under IAU
Commission 24 to select candidate radio sources with optical counterparts for a
reference frame. The working group identified 234 candidate sources, the majority
of which had positional accuracies of 10 mas. The positions of these sources were
obtained by a weighted average of eight catalogs, seven of which were obtained
with interferometers connected with cables (Argue et al 1984).

In the 1980s great advances were made using VLBI techniques. Observations
were standardized. Two frequencies, 2.3 (S-band) and 8.4 GHz (X-band) gener-
ally using fourteen channels of two MHz bandwidth each were used. Six S-band
channels spanned about 85 MHz while eight X-band channels spanned about 360
MHz. The basic observable is group delay (Rogers 1970). The two frequencies
allow for accurate calibration of the frequency-dependent propagation delay in
the ionosphere. Catalogs of positional accuracy reached a few milliarcseconds
(Fanselow et al 1984), and survey observations extended coverage to the Southern
Hemisphere (Morabito et al 1986a,b) with accuracies of 300 mas.

The VLBI technigue made a major advance with the introduction of the Mark 11|
VLBI system (Rogers et al 1983, Clark et al 1985). Catalogs using Mark Il
technology achieved an accuracy of less than 0.5 mas for the best positions (Ma
et al 1986, Robertson et al 1986); Mark Il measurement by Sovers et al (1988)
achieved the same level of accuracy.
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To obtain these accuracies, certain astronomical constants such as precession
and nutation were solved from the data. The MERIT standards were brought
forth to update the 1976 IAU standards (Melborne et al 1983). Two different
software analysis systems evolved for the reduction of VLBI data: MASTERFIT
(Sovers & Fanselow 1987), developed by the Jet Propulsion Laboratory, and CALC
/SOLVE/GLOBL, developed jointly by the Goddard Space Flight Center, the
Harvard-Smithsonian Center for Astrophysics, and the National Geodetic Survey
(Robertson 1975, Ma 1978, Gordon 1985, Ma et al 1986). Both sets of software
were found to deviate in theoretical delays by 1.5 to 50 picoseconds, not including
the comparison of the different tropospheric and relativistic models used by each
(Sovers and Ma 1985).

Various catalogs of radio source positions were produced by JPL, GSFC, NGS,
and USNO/NRL in the late 1980s. These catalogs were combined by the IERS to
obtain areference frame. By 1990, it was concluded that the accuracy of the source
positions was better than 1 mas with regional deformations between catalogs of a
few mas (Arias et al 1991). Later, the precision of source coordinates was found
to be a function of the number of observations with an estimate of 0.2 mas for
positions based on 100 observations (Arias et al 1995).

In 1986, a program to establish a global radio reference frame of 400 sources
was undertaken (Johnston et al 1988). The resulting reference frame would be
radio/optical: all the radio sources would have optical counterparts whose posi-
tions would also be measured. The program proposed to use all Mark Il data
available in a consistent solution (Johnston et al 1991), and resulted in a number
of catalogs between 1991 and 1995. The first was a catalog of 182 sources with a
positional accuracy of one mas (Ma et al 1990). The right ascension zero point was
defined by the FK5 based optical positions of 28 quasars. These sources were all
north of —30 degrees declination. This first program was followed by campaigns
to increase the density of sources in the northern hemisphere and to add an equal
grid of sources in the southern hemisphere (Russell et al 1991, 1992, 1994; Fey
et al 1992, 1994; Reynolds et al 1994). These campaigns resulted in a catalog
consisting of a total of 403 sources with 208 in the northern hemisphere and 195
in the southern hemisphere.

These data, together with all available dual-frequency bandwidth synthesis
Mark Il VLBI data from the geodetic and Earth orientation programs, were used
to solve for catalog positions from first principles in a single solution (Johnston et al
1995). This data set consisted of all data (1,015,292 pairs of group delay and phase
delay rate observations) collected between 1979 and 1993. The majority of the data
were from the geodetic programs, Earth orientation programs, and source surveys.

The astrometric campaign contributed only 23,000 observations but filled out
the reference frame especially in the southern hemisphere. It resulted in a catalog
of 436 sources with positional accuracies better than three mas in each coordinate
with the accuracies of the majority of sources smaller than one mas. These 436
sources defined the reference frame. The sources were divided into two classes.
Class 1 sources (163 in northern hemisphere, 48 in southern hemisphere) have
positional weighted rms accuracies of less than one mas, while class 2 sources (98
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in the northern hemisphere, 127 in the southern hemisphere) have weighted rms
accuracies of less than three mas. Also measured were an additional 124 objects
that needed further observation to improve their positions or were unsuitable for
the reference frame because of complex source structure.

THE INTERNATIONAL CELESTIAL
REFERENCE FRAME

As discussed in Section 2, in 1991 the XXI General Assembly of the IAU passed
a resolution stating that the celestial reference system would be realized by a ce-
lestial reference frame defined by the precise coordinates of extragalactic radio
sources. A working group on reference frames was established to create this cata-
log, which was accomplished in 1998. Itincludes primary sources, which define the
frame, and secondary sources that later may be added to—or replace—the defining
sources. The criteria for the defining sources were sufficient data (observation for
more than two years, with more than twenty observations) showing lack of position
variation (differences less that 0.5 mas er i@ either coordinate); have submil-
liarcsecond positional formal errors; a structure index (Fey & Charlot 1997b) at X
Band (if available) of one or two and show no significant apparent proper motion.
This work has been detailed by Ma et al (1998). A single solution of 1.6 million
pairs of group delay and phase delay rates data obtained between August 1979
and July 1995 was made. A frame based on the positions of 212 defining extra-
galactic radio sources distributed over the entire sky has been established. The
positional accuracy of these sources is less than one mas. The positions are at a
frequency of 8.4 GHz, and were obtained from 1.6 million pairs of group and phase
delay observations obtained by dual frequency 2.3 and 8.4 GHz VLBI observa-
tions. Figure 2 shows the distribution of these sources on an Aitoff Equal Area

Figure 2 The distribution of ICRF defining sources. There is alack of sources south of
the equator due to lack of observations. A large number (more than 100) of observations
are needed to obtain formal positional accuracy at theul@¥level.
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Figure 3 The visual magnitude of the optical counterparts of the ICRF sources. Note
that they are much fainter than the Hipparcos stars and peak at aboutthesaal
magnitude. Thus bright stars with radio counterparts were used to link the ICRF and
Hipparcos frames.

Projection. Only 22 percent of the defining sources are in the southern hemisphere,
a fact attributable to a lack of VLBI observations: most radio observatories are in
the northern hemisphere.

The accuracy of the positions of these sources is estimated by RSS, the formal
error of the solution multiplied by 1.5 with a systematic error estimated to be
0.25 mas. As of January 1, 1998, the IAU adopted this frame as the fundamental
reference frame. The optical magnitudes of the defining sources are presented
in Figure 3. The majority of the sources have optical counterparts at fhe 18
to 19" visual magnitude. Through future observations, an additional 294 candi-
date sources may become defining sources. There are also 102 “other” sources
whose positions may show variations with time, or whose positions are less well
known.

MAINTENANCE AND LIMITATIONS OF THE ICRF

Limitations Due to Source Structure

Extragalactic radio sources display structure on spatial scales from hundreds to one
mas. The spatial structure is usually more compact at higher radio frequencies. The
mechanism giving rise to these sources is believed to be the existence of massive
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Figure 4 The distribution of flux density at 22 GHz for the extragalactic radio source
4C39.25 (Guirado et al 1995). The restoring beam is shown as a filled ellipse. Note
that 4C39.25 is distributed over 3 mas in the east-west direction.

black holes in the center of galaxies. The radio emission takes the form of jets.
There is a wide variety of source structures. These sources are all variable on
timescales of weeks to years at radio wavelengths. Recent observations have
found timescales of hours for some of these objects.

Figure 4 presents typical source structure for one of these compact objects
(4C39.25), obtained at a frequency of 22 GHz (taken from Guirado et al 1995).
Note that the source has at least four components distributed over about four
mas in right ascension. The effect of variations in this structure is illustrated in
Figure 5. A position for this source has been measured over a 15-year period us-
ing all geodetic Mark Ill VLBI observations. The solutions for right ascension
and declination show variations due to changes in source structure with time.
This source has an apparent proper motion of L@&aé/yr in right ascension and
6.8uas/yr in declination (Fey et al 1997a), consistent with variations in compo-
nents a and b identified in Figure 4. In the period 1980 through 1982 components
b and ¢ dominate the position. In the period 1982 through 1985 component a
dominates, and in 1985 through 1997 component b dominates (Fey et al 1997a).
Also note that the quality of the positions markedly improved after 1985. This
improvement was probably due to the introduction of the Mark Ill system and
improved observing techniques for geodetic measurements.

Maps of sources will also have different appearances when mapped with dif-
ferent arrays of antennas. Maps of the source VR422201 (BL Lac) at 8.4 GHz are
displayed in Figure 6. The top figure was obtained using the VLBA, and the bot-
tom figure was made from the VLBA data with the addition of geodetic antennas.
Note that the structure appears more compact when mapped with the VLBA plus
geodetic antennas, which could result in a source position offset of a few tenths of
a mas in declination.
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Figure 5 The position of 4C39.25 as measured with the geodetic database over the
time period 1979-1997. There is significant apparent motion in right ascension, while
the declination position is quite stable. Note that the quality of the data increased
markedly after 1985. The motion in right ascension is attributed to variations in the

flux density of the components.
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Figure 6 Maps showing the distribution of radio emission from the sources and VRO
42201 as mapped using the VLBA arragi)) and the VLBA and geodetic antennas
(botton). The restoring beams are shown by filled ellipses. The emission is quite
complex and appears slightly different as mapped by the different arrays.

The effect of source structure on position can be as large as tens of mas. From
an investigation of source structure corrections to source positions, Fey & Charlot
(1997b) found a correlation between compactness of the sources and their for-
mal positional uncertainties, indicating that more extended sources have larger
positional uncertainties. They define a structure index to estimate the astrometric
quality of the sources. An index of one at 8.4 GHz is very good, two at 8.4 GHz is
good; three is marginal and should be used with caution and four should not be used.
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Figure 7 Structure contribution to measured interferometric defapdisplays the

8.4 GHz radio emissiofBottomshows the structure of the induced bandwidth synthesis
delay. The structure index is one for the left source and rises at intervals of one with
each source.

Figure 7 shows the effect of structure on delay. In order to obtain good astrom-
etry, they also recommend that the source have an index of one at 2.3 GHz also.
Maps of the radio sources making up the ICRF may be found in Fey et al (1996 &
1997b) and at http://www.usno.navy.mil. Figures 4, 6, and 7 show the complexity
in spatial structure from a sample of extragalactic radio sources at 8.4 GHz. The
sources in the ICRF are class 1 and 2.

Because the structure of these sources is variable in time, it is wise to measure
their positions for apparent motions. Only those sources observed frequently over
the past 25 years have sufficient history to yield excellent positions. A subset
ofthese sources making up the ICRF has a large number of observations—these are
the sources that were observed frequently on the geodetic programs. The southern
hemisphere sources especially suffer from a lack of observations. In the future,
some of the defining sources may become unsuitable. A maintenance program to
obtain a large number of observations of the defining and candidate sources must
be undertaken.
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The geodetic programs will be a good source of a large number of observations
of a subset of these sources. Astrometric maintenance observations will have to
be made of a large number of sources using the available resources. This effort
will require time on the VLBA, the EVN, MERLIN, and southern hemisphere
telescopesin Australia, South Africa, and Brazil. Positional variationin the sources
may be modeled if the variations in source structure are known. Charlot (1994) has
shown that modeling the source structure inthe complex source 3C273 significantly
improves its positional stability.

Due to the lack of telescopes and land area in the southern hemisphere, it
will be difficult to obtain observations of the source structure south of decli-
nation —20 degrees. The Highly Advanced Laboratory for Communication and
Astronomy (HALCA) space mission may help this situation by obtaining obser-
vations for southern-hemisphere sources of a large number of spatial frequencies.
Another method of monitoring these sources for changes in structure would be to
monitor their flux density. There are no plans to do so in an organized way at this
time.

Ma & Shaffer (1991) have investigated using the geodetic database of the time
varying positions for quasars. Ma & Shaffer give limits of less than&§/yr, while
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7.2

7.3

Eubanks et al (1995) find many sources with motions of orden&8yr. Many

of these motions have not been confirmed (Fey et al 1997a). As already shown,
apparent motions in the source 4C39.25 are attributable to variations in the spatial
emission from the source (Fey et al 1997a). For well-behaved sources the positions
are estimated to be repeatable at the level of 0.2 to 0.3 mas (Fey et al 1997a).

An estimate of the best stability in position of a compact radio source may
be obtained from the numerous experiments made on close source pairs such as
1038+ 52 A and B. For this pair of sources separated by 33 arcseconds, obser-
vations spanning a decade at wavelengths of 3.6 and 13 cm find changes in the
angular separation of nearly 0.2 mas (Rioja et al 1997). These changes can be ac-
counted for by motion of the reference feature in quasar B, which is a component
of the jet displaying superluminal motion. The position stability of component A
is estimated to be better than L@s.

Limitations Due to the Atmosphere, Scaling
Factors and Models

The propagation of signals in the troposphere causes one of the largest sources of
measurement error. The error varies as a function of elevation and azimuth. Map-
ping functions that give the elevation dependence of tropospheric delay have re-
duced the systematic and random errors (Davis et al 1985, Herring 1992, Niell
1996). The effect of these azimuthal gradients is to cause a north-south asymmetry
due to the greater troposphere thickness near the equator. Estimating these gradi-
ents reduces the radio source declinations by 0.5 mas at the equator (MacMillian
& Ma 1997). In the future, mapping the troposphere via GPS satellites may give
detailed models of the troposphere that will allow the delay path lengths in the at-
mosphere to be estimated with greater precision than at present from the VLBI data.
It is difficult to estimate the systematic errors introduced by the software used
in the data reduction models. Comparison of different software routines such as
GSFC’s CALC and JPL's MODEST has recently shown discrepancies afthse 5
level (Ma et al 1998). Previous analysis of geodetic data has shown that the formal
errors in station coordinates should be multiplied by 1.5 (Ryan et al 1993). Ma
et al (1998) have applied this to the errors in the positions of the defining sources.
In addition, they have added 0.25 mas in quadrature in reporting the errors of
the defining sources. Typical formal errors for sources in the ICRF are on the
order of 0.1 mas. In the future a more complete understanding of the random and
systematic errors should allow further refinement in the positions of quasars to
levels well below 0.1 mas. The level at which variable source structure effects
contribute significantly to these errors remains to be seen. For many sources, it is
a significant effect at levels of a mas.

Maintenance

The AU resolution adopting the ICRF also requested the IERS to provide its
maintenance. The IERS VLBI coordinating center has been designated to carry out
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this task. It was also agreed at the IERS Directing Board meeting in San Francisco
in 1998 that the ICRF be maintained by the VLBI coordinating center of the IERS.
The level of observations for geodetic and earth orientation programs should in-
crease over the next few years with the inception of NASA's Continuous Obser-
vation for Rotation of the Earth (CORE) program. The Mark IV correlator should
come into operation in 1999, allowing larger arrays and more frequent observa-
tions needed by the CORE program. The U.S. Naval Observatory/NASA GSFC
plan future observing programs to maintain the ICRF with yearly observations of
the program sources. MERLIN also plans to contribute to this effort (Morrison
et al 1997). The number of sources available for the reference frame will certainly
increase. A VLBI survey of the nearly 2000 flat-spectrum sources from the Jodrell
Bank-VLA Astrometric Survey is under way (Peck & Beasley 1998).

THE HIPPARCOS OPTICAL REFERENCE FRAME

The extremely successful Hipparcos mission (1989-1993) established a global
astrometric catalog that is not affected by atmospheric refraction and turbulence
and is independent of the Earth orientation parameters. However, the construction
of the consistent instrumental Hipparcos reference frame, the so-called sphere
reconstruction problem, has a rank deficiency of 6. To align the Hipparcos system
with the ICRF, two small rotations were determined, fixing the final orientation
of the Hipparcos net at epoch 1991.25 and removing a global rotation from the
proper motion. Because Hipparcos was not able to observe directly the optical
counterparts of the defining sources of the ICRF, link procedures were adopted to
achievea posterioriadjustment (Lindegren & Kovalevsky 1995).

The Hipparcos catalog contains 118,218 stars with typical precisions of 1.5
mas of the five astrometric parameters: position, parallax, and proper motion for
the majority of the stars. Figure 8 shows the distribution in magnitudes of the
catalog stars and the percentage of completeness as compared to the expected
global galactic star counts in each magnitude interval. The Hipparcos catalog
provides, for the first time at optical wavelengths, a global reference frame that
is not affected by zonal and magnitude-dependent errors found in ground-based
fundamental catalogs. However, the average star density of 2.7 stdrafug
the relatively bright magnitude of the catalog stars are not suitable for the direct
adjustment of fainter objects to the ICRF in the small arcminute-sized fields of
modern large telescopes. Hipparcos provides a high precision, first order net
that can be extended by a secondary and much denser stellar net of fainter stars.
This is currently achieved by new astrograph programs (Zacharias et al 1997) and
eventually will be provided by future space missions.

In contrast to the extragalactic ICRF sources, the Hipparcos catalog stars dis-
play proper motions due to the angular component of the stars’ space motion within
the gravity field of our galaxy. As a consequence, the accuracies of the Hipparcos
positions are strongly time dependent due to the proper motion error propagation.
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Figure 8 Number of Hipparcos stars versus visual magnitude. The completeness of
the survey for each magnitude is shown at the top of the column. Note that Hipparcos
is nearly complete to the eighth visual magnitude.

An additional smaller systematic contribution is due to the time-dependent error
of the Hipparcos zero point adjustment (Figure 9). To preserve the high quality of
the Hipparcos net at central epoch 1991.25 over an extended period, future space
astrometry missions are indispensable. As an example, the proposed Deutsches In-
terferometerdif Vielkanalphotometrie und Astrometrie (DIVA) (Roser et al 1997)
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Figure9 The accuracy of the Hipparcos positions as a function of time. The accuracy
of the positions degrades with time because of imperfect knowledge of the proper
motion of the stars.
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and Full-Sky Astrometric Mapping Explorer (FAME) (Johnston et al 1998) mis-
sions would limit the Hipparcos catalog error propagation to a few mas for many
decades. The present Hipparcos extragalactic link can be improved further by
re-observation and inclusion of additional radio stars with the VLBA, EVN, and
MERLIN to extend the proper motion time basis.

LINKING THE HIPPARCOS OPTICAL REFERENCE
FRAME TO THE ICRF

The Hipparcos mission’s high-precision relative global stellar net of positions
and proper motions had to be linked to the ICRF with similar precision. Because
all suitable optical counterparts of the ICRF sources were too faint to be mea-
sured directly by Hipparcos (with the exception of 3C273B, but only with reduced
accuracy), a direct link to the ICRF will be made only by future space missions
that extend the magnitude range beyond that of Hipparcos.

The Hipparcos Extragalactic Link Working Group has used a variety of methods
(Kovalevsky et al 1997), in particular VLBI, MERLIN, and VLA observations of
selected radio stars that are optically bright Hipparcos catalog stars, and the direct
measurement of ICRF optical counterparts. The most precise contribution has
been obtained from long-term VLBI observations of 12 radio stars, which were
tied to the ICRF using the closest ICRF source as the primary reference. From
these long-term measurements the five astrometric parameters of these stars were
determined to sub-mas precision (Lestrade et al 1995). A weighted least-squares
solution using all of the methods was used to adjust the Hipparcos catalog to
the ICRF with uncertainties of 0.6 mas and 0.25 mas/yr at epoch 1991.25 in the
position and proper motion rotation parameters (Kovalevsky et al 1997).

LINKING THE DYNAMICAL REFERENCE
FRAME TO THE ICRF

The advent of VLBI observations of spacecraft at planets and satellites has put
the positions directly on the radio frame at accuracies of 1 to 3 mas. Further CCD
observations of the planets using Hipparcos reference stars can also place the
positions of planets and satellites at accuracies of 30 mas (Stone & Dahn 1994).
The major problem alluded to earlier is the transformation or alignment of the two
different types of data onto a common reference frame, which is accomplished
by taking VLBI measurements and solving for the rotation of the ephemeris that
gives the best fit to the data. From a joint analysis of VLBI and LLR observations,
atie between the JPL planetary ephemerides and the IERS radio catalogs has been
determined (Folkner et al 1994). The frame tie between the Hipparcos realization
of the ICRF and the ICRF may be used to relate optical observations of the planets.
Thus the present JPL ephemerides of the planets, DE405 and of the moon, LE405
(Standish et al 1995), use the reference frame of the ICRF.
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REFERENCE FRAMES AT OTHER SPECTRAL RANGES

The ICRF is defined at a radio frequency of 8.4 GHz. Care must be taken when
extending this frame to other radio wavelengths. Most likely the nearby ICRF
defining source will show little or no structure at higher radio frequencies, but
at lower frequencies where the emission is self absorbed its position may change
by the order of a mas or more. Other spectral ranges may be linked to the ICRF
by use of link objects, which display emission at 8.4 GHz and the spectral range.
The Hipparcos realization of the ICRF also allows the frame to be transferred
to other spectral ranges such as the IR through the IR counterparts of Hipparcos
stars. The radio and optical regions of the spectrum both have frame ties to the
IR. For example, Menten et al (1997) have determined the position of Sgt A

IR wavelengths to 30 mas via the radio emission from SiO masers arising from
the innermost parts of circumstellar envelopes of giant and supergiant stars that
appear as compact IR sources.

FUTURE IMPROVEMENTS IN REFERENCE FRAMES:
Space and Ground Systems

Hipparcos has demonstrated the feasibility of mas precision global astrometry
from space. Follow-up missions aiming at an extension to much fainter limit-
ing magnitudes and increased accuracy have been proposed. It should be noted
that all these astrometry missions, including Hipparcos, primarily are directed to
the solution of astrophysical problems—for example, galactic kinematics and the
galactic distance scale from Cepheids and RR Lyras stars. To cover a substantial
galactic volume and to obtain a complete sample of different stellar groups, there-
fore, the star selection may not be always optimal with regard to reference frame
requirements.

In the future, reference frames at optical wavelengths will reach improved ac-
curacies. Three proposed space missions, FAME (Johnston et al 1998), Global
Astrometric Interferometer for Astrophysics (GAIA) (Gilmore et al 1998), and
Space Interferometry Mission (SIM) (Shao 1998) propose to achieve global accu-
racies of 50, 4, and fdas respectively. These missions will extend the accuracy
of the optical reference frame by a factor of 20 to 250.

FAME and GAIA are survey missions that will determine the positions of 40 to
500 million stars. The brighter stars will have positions at global accuracies of 50
and 4uas respectively. To achieve this, the parallax and proper motions of these
stars along with their orbital motions, if they are in multiple systems, must be
measured to these accuracies. SIM (Shao 1998) is an integrating steerable space
interferometer. The other missions are more or less based on modifications of
Hipparcos’ one-dimensional scanning principle with two superimposed fields of
view separated by a constant basic angle of 60 to 100 degrees. Optical and detector
technologies have improved significantly and all of these space missions will reach
comparable or much higher accuracies than Hipparcos has reached, increasing the
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number of stars and magnitude range by orders of magnitude. A direct link to the
ICRF optical counterparts can be made by all these missions, with SIM projected
to reach the highest accuracy.

Improvement in the accuracy of wide-angle ground-based astrometric observa-
tions will be achieved by optical/IR interferometry. Hummel et al (1994) summa-
rizes the results obtained with the Mount Wilson Interferometer. The Navy Proto-
type Optical Interferometer located near Flagstaff, Arizona is nearing completion.
The astrometric accuracy of the instrument over wide angles should approach
one mas (Johnston et al 1997). This instrument will be capable of measuring the
positions of approximately 2000 bright Hipparcos stars and will be capable of
maintaining the accuracy of the Hipparcos Frame in the northern hemisphere. The
Keck Interferometer (Colavita et al 1998) may contribute to wide-angle astrometry
although its primary function is 2-micron narrow-angle astrometry.

The premier accuracy of the ICRF will be challenged if FAME, GAIA, or SIM
reach their goals. Frequent VLBI observations of the defining sources may allow
their source structures to be modeled. Observations at radio frequencies higher
than 8.4 GHz may also reduce this effect because the structure may be dominated
by a central compact source. Observations are under way at two cm with the VLBA
(Eubanks, personal communication 1998). The models for the reduction of VLBI
data in CALC/SOLVE and MODEST may be improved and further understood
so that a factor of 1.5 does not need to be applied to the errors and systematic
effects may become better understood. The atmospheric delay residuals pose the
principal problem to improving the accuracy of VLBI astrometry. Figure 10 shows
the formal errors in the ICRF solution. Future space VLBI missions with several
elements in space can eliminate this source of error. A radio array in space will
be very expensive. It would appear, however, that without a radio array in space
the accuracy of VLBI astrometry over wide angles may be limited to more than
10 nas. Lensing may impose a limit of 1as as well.

NEED FOR THE DEFINITION OF ASTRONOMICAL
CONSTANTS AND TIME FOR THE REFERENCE
SYSTEM

The International Celestial Reference System was defined by the XXIII General
Assembly ofthe IAU to take effect 1 January 1998. Itisinaccordance withthe 1991
IAU recommendations that the origin be located at the solar system barycenter via
modeling of VLBI observations in the framework of General Relativity. The pole

is in the direction defined by the conventional IAU models for precession (Lieske
et al 1977) and nutation (Seidelmann 1982) and the origin of right ascension is
defined by fixing the right ascension of 3C273's (Hazard et al 1971) FK5 value
transferred to J2000.0. The Hipparcos catalog contains all of the FK5 fundamental
stars. Thus the location of the FK5 pole and origin of right ascension are related
to an accuracy of a few mas. The coordinates of the mean pole at J2000 have been
found from analysis of a long series of VLBI observations using a state-of-the-art
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precession model to 13+ 0.2 mas in the direction 12 h and15+ 0.2 mas in
the direction of 18 h (IERS 1997).

McCarthy & Luzum (1991) documented that the models for precession (Lieske
et al 1997) and the IAU 1980 nutation theory (Seidelmann 1982) do not describe
precisely the position of the pole. Ma et al (1998), in determining the positions
of the ICRF sources, solve for an offset between the J2000 pole and the Celestial
Ephemeris Pole of the ICRF in the form of celestial pole offsets anglas in
(longitude) ands (obliquity). The IERS conventions give improved values for
these and other phenomena as well as constants such as the mass of the planets an
gravitational constant. The present status of |AU standards is given in Fukushima
(1997). There is no physical theory to adequately describe many of the phenomena
at the level of precision needed. The IERS conventional model for nutation is
precise atthe 0.1 mas level. Therefore a numerical fit to the data may have to suffice
to describe these phenomenon atthe-IQ.as level. New constants for precession
and other effects, as well as models for nutation and other phenomena, must be
adopted by the IAU. The adoption of the nonrotating origin (Guinot 1979, Captaine
et al 1986) would simplify future definitions of precession and models for nutation.

There is also the problem with the definition of time. Special Relativity dictates
that there is no independent order of events that is universal at all locations. There-
fore the coordinate frame must be looked upon as a four-dimensional space. The
position of the Earth-moon barycenter is looked upon as a quasi-inertial space be-
cause it contains a “weak” gravitational field in which the effects of General Rela-
tivity will be small. Transformations from an Earth-centered geocentric coordinate
time frame to the barycentric coordinate time are given in the IERS Conventions.

14. CONCLUSIONS

The ICRF has been established using the positions of 212 extragalactic radio
sources whose positions are accurate to one mas with the majority being less than
0.5mas. The Hipparcos frame is the realization of this frame at optical wavelengths.
This has come about as aresult of the accuracies achieved by VLBI radio astrometry
and the characteristics of the emitting sources. The ICRF establishes the ICRS.
However, the definition of the ICRS needs to be refined by updating astronomical
constants and models in time, precession, etc to take advantage of this increase
in accuracy. This should be accomplished at the next IAU meeting in 2000. Fur-
ther increases in measurement precision (a4 from space missions at optical
wavelengths may dictate a redefinition of the ICRF, accompanied by improvement
in constants and models for the ICRS.
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