The New Reference System; some answers

 1. Introduction

        The new fixed reference system, International Celestial Reference System (ICRS), has been introduced by IAU resolutions. Based on this system, a new moving reference frame of date based on a Celestial Intermediate Pole (CIP) and a Celestial Intermediate Origin (CIO) have been introduced for Earth Orientation. A new precession-nutation model has been adopted and a new definition of UT1, in terms of the Earth rotation angle (ERA), has been introduced. The new reference system introduces improved accuracies, greater rigor in definitions, and some simplifications. Among the simplifications:

  1.  A fixed, epoch independent, reference frame based on distant sources, whose apparent motions are less than the positional precision.

2. A reference frame independent of the dynamics of the solar system.

3. An origin, or departure point, not precessing along the moving equator.

4. The new Earth rotation angle (ERA) and UT1 have a defining formula with only a linear term.

5. Microarcsecond precision predictability of the departure point for many decades, so it is not theory dependent.

6. Lack of interaction between expressions for the motions of reference frames.

        The details of application to astronomy and the terminology have not been agreed upon yet. It is expected that the ICRS with the fixed International Celestial Reference Frame (ICRF) will be used with the equinox based moving reference frame and the new intermediate reference frame for at least an extended transition period. The reasons for the changes, descriptions of the changes, terminology, and a resolution for introducing the new concepts follow.        

2. Changes and the reasons for them

     The increased accuracies by almost two orders of magnitude, achieved by on-ground (VLBI, GPS) and space (Hipparcos) techniques, various changes in methods,  new theoretical developments in precession and nutation, and new JPL DE ephemeredes, fostered IAU to establish a more accurately defined set of reference frames. They are designed also to be accurate enough for future space missions (SIM, GAIA), space probes, and ground based improved accuracies.

      The FK5 based fixed reference frame of J2000.0 should be replaced by the ICRS based ICRF as the fixed reference frame. For the moving reference frame of date, the changes involve the introduction of new concepts to separate physical effects and provide more rigorous formulations. This involves separating the kinematics of the Earth motions from the dynamics of the solar system. The improvements in constants and theory can be incorporated as improvements in accuracy for the moving reference frame, as introduced in 1984. The new concepts and definitions introduced for the intermediate frame are:
a. Intermediate Reference Frame

   The definition of this new reference frame is arbitrary. For the defining plane, a new Celestial Intermediate Pole (CIP), replacing the Celestial Ephemeris Pole (CEP), has been defined. It is determined by a new precession-nutation model (IAU2000A), where less than two-day periodic motions are considered polar motion, no matter the cause. The CIP is the pole of the geocentric intermediate equator of date.

 b. Celestial Intermediate Origin (CIO)

        Since the ICRS is independent of the equinox, it is not necessary for the origin, or departure point, of the moving reference frame of date to be tied to the equinox. After considering a number of possible choices for a departure point, a Celestial Intermediate Origin (CIO) has been introduced to replace the equinox. This has some significant advantages:

1. It eliminates the confusion between the catalog equinox and dynamical equinox, which itself has several possible definitions.

2.  The CIO is defined such that its motion on the fixed sphere has no instantaneous motion along the equator and its motion with respect to the Geocentric Celestial Reference System is practically not theory dependent. This means that the instantaneous movement of the CIO is always at right-angles to the instantaneous equator. The CIO has been called the non-rotating origin in some previous papers. (Guinot, 1979).

3. The angle, called the Earth rotation angle (ERA), measured along the equator between the CIO and the Terrestrial Intermediate Origin (TIO) in the International Terrestrial Reference Frame, is such that it yields UT1 through a strictly linear relation. The time derivative of UT1 is proportional to the instantaneous angular velocity of the Earth.

The location of the CIO on the equator is defined by an integral that involves the path of the precessing-nutating pole since the reference epoch (Capitaine et al. 1986). This can be computed from the precession-nutation model and from observations. The position of the CIO has a zig-zag secular motion across the ICRF sky over long periods of time ( tens of thousands of years). It is the only choice of a departure point that gives an Earth rotation angle formula independent of precession and nutation terms. The current small motion of the CIO is due to the choice of the constant of integration and the x-axis of the ICRF being near the equinox of J2000.0. The small motion of the CIO is not theory dependent. The hour angle of the CIO is the Earth rotation angle, which is similar to sidereal time. {The CIO has also been called the Celestial Ephemeris Origin (CEO)}

c. International Terrestrial Reference System

          The International Terrestrial Reference System (ITRS) is defined by the International Union of Geodesy and Geophysics (IUGG, 1992) and represented by the International Terrestrial Reference Frame (ITRF), which is a catalog of positions and velocities of stations on the Earth. The Terrestrial Intermediate Origin (TIO) moves very slowly within the ITRF, just as the CIO moves in the ICRF. {The TIO has also been called the Terrestrial Ephemeris Origin (TEO)}.

d. Earth Rotation Angle (ERA)

       The Earth rotation angle (ERA), between the Celestial Intermediate Origin (CIO) and the Terrestrial Intermediate Origin (TIO), is an alternative to the Greenwich Apparent Sidereal Time (GAST). The origin of the GAST is the equinox, which has components of motion along the equator; these are due to the motion of the equator and ecliptic with respect to each other. Thus, the relationship between GAST and UT1 includes terms due to precession and nutation. The ERA, and its relation to UT1, does not depend on precession or nutation. {The ERA has been called the “stellar angle” in some papers.}

e. UT1 Definition

UT1 is defined by a linear relationship to the Earth rotation angle (ERA) on the moving equator between the CIO and the TIO, which are based on the concept of the “non-rotating origin” in the celestial and terrestrial reference systems, respectively. The relationship between GMST and UT1 is now derived from the relationship between the ERA and UT1. 

f. Precession-Nutation   

         There is a new precession-nutation model, whose application determines the intermediate reference frame (Mathews et al, 2002, IERS 2003). There are two versions of the model, IAU2000A is accurate to 0.1 mas, while IAU2000B is accurate to 1 mas. There is also a frame bias matrix, B, to correct for offsets between the frames. The frame bias matrix and the precession-nutation model, PN(t), transform a reference frame of date, the Celestial Intermediate Frame (CIF), to the space-fixed ICRF. The transformation from the ITRF to the CIF involves the matrices for Earth rotation, R(t), and polar motion, W(t). Thus, the transformation from ITRF to ICRF, which may all be considered part of the Earth orientation computation, is accomplished by the expression:

                            ICRF = B(t) x PN(t) x R(t)x W(t) x ITRF.

          In the equinox-based system the application of precession to ICRF positions leads to mean positions and then the application of nutation leads to true positions, as in the past. The frame bias matrix is now needed as above. An equation, similar to the one above, is used in the equinox-based system. The true and intermediate positions from the two moving reference frames are similar.
g. Constants

          In 1994 the IAU decided to follow the model used by the Committee on Data for Science and Technology (CODATA) and publish tri-annual updates to the IAU (1976) Astronomical Constants.  Rather than establish occasional new lists, the IAU, IERS, and IUGG Working Groups produce “Best Estimates Lists”. The Jet Propulsion Laboratory (JPL) documents the constants of their ephemeredes and The Astronomical Almanac lists the constants used in each annual publication. So, it is now necessary for scientists to document the values, or sources, of constants that they have used.

h. Ephemerides

      With the availability of new and more accurate observations, the planetary and lunar ephemeredes are improved. Thus, the JPL DE/LE 200 ephemerides, introduced in 1984, have been currently replaced by the JPL DE/LE 405 ephemerides, which have been placed in the ICRS. 

i. Transition

         The IAU recommended that the International Earth Rotation Service (IERS) switch to the new CIO based reference system on January 1, 2003, but to continue to provide data on the equinox system.  The IERS have done this.  The concepts are sufficiently distinct from the current usage that they cannot always substitute directly into existing equations. For more general use in astronomy, the IAU needs to approve a full set of terminology and algorithms, which is the reason for this document. The complete change to the new reference system is anticipated to occur slowly, with data appearing using both systems for a number of years.  

  3. Changes and Offsets

a. pole offset 

There are offsets between the pole of the GCRS and the pole of the CIP at J2000.0 and a correction to the right ascension. There is a frame bias matrix for these offsets. The offset reorients the precession-nutation model. Different values of the offset may depend on the definition of the equinox being used.

b. equation of equinox

 Since UT1 has been maintained continuous when improvements in Greenwich Sidereal Time have been introduced, the equation of the equinoxes no longer means the Greenwich Hour Angle of the mean equinox, or the true right ascension of the mean equinox. The corrections that have been introduced into the “equation of the equinoxes” were to make the ERA (UT1) correspond to the ERA with respect to the inertial reference frame. The two complementary terms agreed upon in 1994 were introduced at the end of February 1997, when their values were both zero (longitude of the Moon’s node =180 degrees), so all sine terms disappeared, but they had a value of 2102 microarcseconds at J2000.0. (See Capitaine et al., 2003b)

c. UT1 expressions

 The VLBI estimations of UT1 do not take into account any equinox offsets, so GMST (J2000) actually refers to the GCRS origin of right ascension, and not the mean equinox of epoch. The VLBI estimations of UT1 use celestial pole offsets to correct the equation of equinoxes. So UT1 is derived from a practical relationship between GMST and UT1, which differs from the conventional relationship by correcting the discrepancies in the precession-nutation model in ecliptic longitude. The values in expressions are chosen so there is equivalence in the CIO and equinox-based transformations to UT1 and UT1 rate, and there are no jumps in UT1. (See Capitaine et al., 2003b)

4. Differences

a. reference systems

Based on the ICRF definition of a fixed reference frame and its realizations, there are three different moving reference frames being used now; one is the old, and least accurate, reference system with the precession, nutation, and constants as introduced in 1984, and the equinox based moving reference frame; a second is the old concepts and definitions with improved values of precession, nutation and constants, and the equinox based moving reference frame; and the third is the new system with the CIO for the origin and CIP for the pole of the moving system, and the new precession-nutation model and the latest values for all constants. The second and third systems can be equivalent in accuracy, depending on the accuracies of the constants used. The advantage of the third system is the redefinition of Earth rotation parameters and the matrices used to more cleanly separate physical effects.

b. precession and nutation

The new precession–nutation model does not include a new precession development. It is the old precession theory with a corrected precession constant. Free core nutation is not included in the model, so it needs to be added to achieve the desired accuracy for reducing observations. It cannot be used for prediction purposes. Current values can be obtained from the IERS web sites. Geodesic precession-nutation are included. (See next paragraph.) A new, more accurate precession theory is currently being developed which will be useful for both old and new moving reference frames. The new precession theory and the improved nutation model can be used with the equinox system to achieve the desired accuracy.

c. geodesic precession and nutation

Since the GCRS is in motion around the barycenter, but has fixed directions with respect to the BCRS and the extragalactic sources, there is a Coriolis-like effect from the relativistic theory of the transformation, if referred to the BCRS. This transformation, which must be applied, is the geodesic precession and nutation, which is a very different effect than the regular precession and nutation. However, it is included in the new precession-nutation model, so it is automatically applied when computing positions in the ICRF from Earth-based observations. Thus, intermediate positions computed from ICRF positions using the precession-nutation model are on the GCRS, unless the geodesic effects are removed from the transformation.

d. equinox

There have been two distinct equinoxes, the dynamical and catalog equinoxes. The catalog equinox has been replaced by the x-axis of the ICRF. There are also two possible definitions of the dynamical equinox; one is based on the uniformly moving ecliptic plane and has been historically used as the method of determining the equinox. It is the definition specified in the IAU resolutions of 1991. The other definition is the instantaneous intersection of the equator and the ecliptic. There is about 0.1 arcseconds between the two definitions. The later definition may have been used in the new precession-nutation model. The equinox does effect applications of the new precession-nutation model to the equinox based system, offsets in the pole, and phenomena determinations. The equinox offset is required for computing the CIP X Y coordinates, as being the third component of the frame bias between the GCRS and the mean equatorial frame at J2000 provided by the precession-nutation model; this is only a second order effect.

e. right ascensions and declinations

     Right ascensions have been defined as being measured from the equinox. With the new reference systems the meaning of right ascensions must be specified.  Positions in the ICRF are simply right ascensions and declinations. Due to proper motions of stars, an epoch date must be given for the positions. In the new moving frame, right ascensions and declinations need to indicate they are intermediate positions for a specific epoch. For the present at least, it is also necessary to specify that they are measured from the CIO. When referred to the CIO, the terminology, e.g. CIO intermediate right ascensions and declinations of J2003, can be used. Similarly, for clarity when using the equinox based moving reference frame, the terminology, e.g. equinox mean, or true, right ascensions and declinations of J2003, can be used. 

5. Draft Resolution

Recommendations from the Working Group on Reference Systems

Recommendation I: Introduction of the New Reference System

                           noting

1) resolutions IAU B1 through B9 of 2000

                          considering

1) improved accuracies have been achieved in observations, reference systems, models, and time scales,

2) the new International Celestial Reference System has been introduced into use,

3) the advantages of introducing a new moving reference frame for astronomy,

4) a new definition of UT1, new precession-nutation model, new Celestial Intermediate Pole, and new Celestial Intermediate Origin have been made available by the IERS.

                      recommends

1. The terminology “intermediate” be used uniformly to designate the moving reference frame determined by the precession-nutation model transformation from the ICRF. The terminology Celestial Intermediate Pole (CIO) and Terrestrial Intermediate Pole (TIO) be used in place of the previously introduced Celestial Ephemeris Pole (CEO) and Terrestrial Ephemeris Pole (TEO).

2. The new Celestial Intermediate Pole and Celestial Intermediate Origin based moving reference system be introduced into astronomy.

3. Data on the new system be made available as soon as it is possible according to computational and production schedules.

4. Standardized software and documentation for using the new system be made available on the web.

5. Standardized terminology, as included in this supporting document, be generally used for the new system.

6. There be a transition period of at least five years where both the CIO and equinox based systems are provided.

7. The new system be explained and included in future books on astronomy.
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Annex A. Historical Overview

          There have been a number of major changes driven by increases in observational accuracy and the theory required by the increased accuracies and improvements in models. Very Long Baseline Interferometers (VLBI) have achieved sub-milliarcsecond accuracies for observations of extragalactic radio sources, which have been used to define a conceptually new reference system. Space astrometry has been successful and the Hipparcos satellite has obtained milliarcsecond (mas) optical observations of stars brighter than ninth magnitude, producing a catalog of positions, proper motions, and parallaxes of that accuracy. The Global Positioning System (GPS) is being used for accurate and continuous time transfers and for geodesy observations to determine sub-milliarcsecond polar motion and Earth rotation on a continuous basis, thus measuring sub-daily periodic nutation and polar motion effects. At these accuracy levels the definitions of the reference systems and the methods of reduction and analysis must be based on the theory of relativity.
     The astronomical reference system has been fundamentally revised due to the availability of Very Long Baseline Interferometry (VLBI) observations of extragalactic radio sources at milliarcsecond (mas) accuracies. These observations are the bases for a space-fixed reference frame. Thus, the reference frame based on bright, moving, nearby stars and a dynamical frame determined from solar system motions, specifically the celestial equator and the equinox, determined from the ecliptic, could be replaced by an arbitrary, barycentric, space-fixed reference frame, based on observations of distant radio sources, which do not have apparent motions at the precision of the reference frame. The new frame, International Celestial Reference Frame (ICRF), was defined to be close to the previous reference frame specified by the FK5 at J2000.0, within the errors of that frame. This change has been established by a series of International Astronomical Union (IAU) resolutions of 1992, 1998, and 2001.

          In 2000 the IAU introduced two space-fixed systems, the Barycentric Celestial Reference System (BCRS) and the Geocentric Celestial Reference System (GCRS), which have been defined in terms of metric tensors and the full Post-Newtonian coordinate transformation between them, containing the acceleration of the geocenter and the gravitational potential. The International Celestial Reference System (ICRS) defines the orientation of the axes of both systems at their origins. These axes have no kinematical rotation between them, but they have different time coordinates, specifically Barycentric Coordinate Time (TCB) and Geocentric Coordinate Time (TCG), as required by the theory of relativity. For convenience, a form of TCG, called Terrestrial Time (TT) is defined by application to TCG of a conventional scale factor, so that on the geoid TT is equal to proper time. These time scales are defined by specified gravitational potentials and by the duration of the SI second at the origins, and by relativistic transformations between them. These different coordinate times have different relative rates. ln addition,

the JPL Development Ephemerides use an ephemeris time (Teph) that is similar to the Barycentric Dynamical Time (TDB) in that it has the same rate as the TT, and differs mainly with periodic variations.

            The new ICRS does not depend on either the pole of rotation of the Earth or the pole of the ecliptic, which are now subjects of observation. The origin, or departure point, of the ICRS was specified to be as close as possible to the dynamical mean equinox of J2000.0, as determined from ephemerides. The ICRF is defined by about 200 primary radio sources to an accuracy of about 30 microarcseconds, and the ICRF is the realization of the ICRS by radio sources. The coordinate axes of the ICRF are fixed and not a function of time, to the accuracy of the system of VLBI observations.

            The realization of the ICRF in optical wavelengths is provided by the stars in the Hipparcos Catalogue that are not tagged as having problems with their proper motions, or as problematic stars. This catalog has an uncertainty with respect to the ICRF of 0.25 mas/yr in rotation and 0.60 mas in the position of the origin at the epoch 1991.25 (Kovalevsky et al, 1997). For fainter stars, star catalogs on the Hipparcos Catalogue down to 20th magnitude are available with reduced accuracies. The ICRF is valid for all dates, to determine positions on the ICRF for specific dates the star positions only have to be corrected for their proper motions.

       While the celestial reference frame can now be established as a space-fixed frame, the Earth still has many variable motions, and these are being observed more accurately by VLBI, Global Positioning System (GPS), radar, and satellite and lunar laser ranging techniques. There is still the need for a moving reference frame of date. However, the moving reference frame does not have to be tied to a dynamical reference frame, defined by the solar system and the ecliptic plane. Therefore, a new moving frame is based on the Celestial Intermediate Pole (CIP) determined by the new precession-nutation model and the Celestial Intermediate Origin (CIO), which has no motion along the instantaneous equator of date. The polar origin of the International Terrestrial Reference Frame (ITRF) is close to the position of the rotation pole of the Earth in 1900. As the rotation pole, corresponding the direction of the CIP, moves, a longitude origin in the intermediate terrestrial equator is the Terrestrial Intermediate Origin (TIO), based on the same concept as the observed polar motion and Earth rotation angle (ERA). Thus, the conversion was from a dynamical system based on solar system motions to a kinematic system based on the motions of the observing platform, the Earth.         

             More information about the new reference systems and their implementation can be found in Seidelmann and Kovalevsky (2002), IERS Conventions (2003), Kovalevsky and Seidelmann (2003), and IAU Transactions (1992, 1998, and 2001). Details concerning the computations for the new system are given in IERS Conventions (2003), Capitaine et al.(2003a), and Capitaine et al. (2003b).

Annex B.   Terminology List       

apparent place: the geocentric position in the GTRF of a specific time determined by

removing from the directly observed position of a celestial body the effects that depend on the topocentric location of the observer; i.e., refraction, diurnal aberration, geocentric

(diurnal) parallax, polar motion, and Earth rotation. Thus, the position at which the

object would actually be seen from the center of the Earth, displaced by the light bending

and aberration, except the diurnal part, and referred to the equinox and true equator or the CIO and intermediate equator.

astrometric positions: observed positions with respect to GCRF reference stars at some

epoch. Positions have not been corrected for annual or planetary aberration.

Barycentric Celestial Reference Frame (BCRF): the realization of the ICRS centered

at the barycenter of the solar system, consisting of the  coordinates of a number of radio sources (now 212) observed by VLBI.

Barycentric Celestial Reference System (BCRS): a global space fixed coordinate system centered at the barycenter of the solar system, defined by the metric tensors of the IAU 2000 resolutions. It constitutes, with the GCRS, the International Celestial Reference System (ICRS).

Barycentric Coordinate Time (TCB): the coordinate time for a coordinate system at the

barycenter of the solar system, related to Geocentric Coordinate Time (TCG) and Terrestrial Time (TT) by the relativistic transformations that include secular terms.

Barycentric Dynamical Time (TDB): an independent argument of ephemerides and equations of motion that are referred to the barycenter of the solar system. A family of time scales results from the transformation by various theories and metrics of relativistic theories of Terrestrial Time (TT). TDB is a coordinate time, which differs from TT only by periodic variations. Since TT and TDB have the same rates, due to the relativistic transformation of the space-time metrics, the implied units of distance are different.

catalog equinox: the intersection of the hour circle of zero right ascension of a star

catalog with the celestial equator. 

Celestial ephemeris origin (CEO): also called Celestial intermediate origin (CIO).

Celestial ephemeris pole (CEP): the reference pole for nutation and polar motion; the axis of figure for the mean surface of a model Earth in which the free motion has zero amplitude. This pole has no nearly-diurnal nutation with respect to a space-fixed or Earth-fixed coordinate system. (Used from 1984 to 2003 with the IAU 1980 Theory of nutation).

celestial intermediate equator: equatorial plane through the center of the Earth and perpendicular to the celestial intermediary pole (CIP) at some epoch. 

celestial intermediate origin (CIO): origin for right ascensions on the intermediate equator of date. Its motion has no component along the true instantaneous equator.

celestial intermediate pole (CIP): Geocentric equatorial pole determined by the IAU 2000A precession-nutation model which is the transformation from the ICRF to the CIRF.

Celestial Intermediate Reference Frame (CIRF): geocentric reference frame defined by the intermediate equator, CIP, and CIO on a specific date. It is also called the Geocentric true reference frame (GTRF).

declination: angular distance north or south of the celestial equator. It is measured along

the hour circle passing through the celestial object. Declination is usually given in combination with right ascension or hour angle.

dynamical equinox: the ascending node of the Earth's mean orbit on the Earth's true equator; i.e., the intersection of the ecliptic with the celestial equator at which the Sun's declination is changing from south to north. The determination includes the uniform motion of the planes.

Earth Rotation Angle: angle measured along the intermediate equator of the Celestial Intermediate Pole (CIP) between the Terrestrial Intermediate Origin (TIO) and the Celestial  Intermediate Origin (CIO) positively in the retrograde direction. It is proportional to UT1. It is also referred to as the Stellar Angle, and non-rotating origin.

equinox: either of the two points at which the ecliptic intersects the celestial intermediate

equator; also the time at which the Sun passes through either of these intersection points; i.e. when the apparent longitude of the Sun is 0° or 180°. When required, the equinox

can be designated by the ephemeris of the Earth from which it is obtained ( e.g. vernal

equinox of DE 405).

equinox right ascensions: right ascensions that are measured from the equinox.

fixed ecliptic: ecliptic for any ephemeris at epoch J2000.0. The ecliptic has a specified

offset from the ICRS origin and the obliquity has a determined value.

geocentric apparent right ascensions and declinations: positions measured in the GTRF of a specific time. The topocentric positions have been corrected for diurnal aberration and  parallax, polar motion, UT1 irregularities, and TCG-TT. Geocentric apparent right ascensions and declinations may be  thought as equivalent to previous designations of apparent right ascensions and declinations.

Geocentric Celestial Reference Frame (GCRF): the transformation of the Barycentric

Celestial Reference Frame (BCRF) to the geocenter. It is also the realization of the GCRS in radio wavelengths.

Geocentric Celestial Reference System (GCRS): a global direction fixed coordinate system, centered at the geocenter, defined by the metric tensors of the IAU 2000 resolutions. It constitutes, with the BCRS, the International Celestial Reference System (ICRS).

Geocentric Coordinate Time (TCG): coordinate time for a coordinate system at the geocenter, related to Terrestrial Time (TT) by a conventional linear transformation.

geocentric intermediate right ascensions and declinations: coordinates measured in a geocentric intermediate  reference system at a specific time in TCG or TT. They are geocentric apparent positions corrected for deflection of light and annual aberration.

geodesic precession and nutation: the effect on a moving reference frame around a fixed reference frame when both frames have fixed coordinate directions, specifically, the coordinate transformation between GCRS and BCRS. The geodesic precession is the secular rotational part of the transformation, and geodesic nutation is the periodic part.

Greenwich sidereal time (GST): the hour angle measure of the Terrestrial Intermediate Origin (TIO) meridian (Greenwich or International meridian) with respect to the ICRF.

International Celestial Reference Frame (ICRF): radio sources realization of the barycentric, fixed, celestial reference system (ICRS), based on extragalactic sources. Other realizations have a specific name (e.g. HCRF: Hipparcos Celestial Reference Frame).

International Celestial Reference System (ICRS): a global direction fixed coordinate system, defined by the metric tensors of the IAU 2000 resolutions. It has two constituents, the BCRS and the GCRS.

International Terrestrial Reference Frame (ITRF): a realization of the ITRS by a set of coordinates and velocities of fiducial points on the Earth (e.g. ITRF-2000).

International Terrestrial Reference System (ITRS): the terrestrial reference system to which the positions on the Earth are referred. It is geocentric and has no global residual rotation with respect to horizontal motions at the Earth's surface.

mean place: the barycentric position, referred to the mean equator and equinox of a standard epoch, of an object on the celestial sphere. A mean place is determined by removing from the directly observed position the effects of refraction, geocentric and stellar parallax, diurnal and stellar aberration, deflection of light, and by referring the coordinates to the mean equator and equinox of a standard epoch. In compiling star catalogs it has been the practice not to remove the secular part of stellar aberration.

moving celestial reference frame: celestial reference frame defined by the intermediate equator and equinox, or the CIO. The coordinates are right ascension and declination with the intermediate frame, origin, and epoch to be specified.

nutation: the oscillations in the motion of the pole of rotation of a freely rotating body

that is undergoing torque from external gravitational forces. The secular part of the motion is called precession. For the Earth, terms with periods less than two days are included in the polar motion. Nutation of the Earth's pole is discussed in terms of components in obliquity and longitude.

polar motion: the irregularly varying motion of the Celestial Intermediate Pole (CIP) with respect to the ITRF, including all periodic terms less than two days. 

precession: the uniformly progressing motion of the pole of rotation of a freely rotating

body, undergoing torque from external gravitational forces. In the case of the Earth, the component of precession caused by the Sun and Moon acting on the Earth's equatorial bulge is called lunisolar precession; the component caused by the action of the planets is called planetary precession. The sum of lunisolar and planetary precession is called general precession.

precession-nutation: the ensemble of effects of external torques on the motion of the CIP.

reference frame: practical realization of a reference system, usually as a catalog of

positions and proper motions of a certain number of fiducial points on the sky (stars or

radio sources). For instance, ICRF is the realization of ICRS.

reference system: theoretical concept of a system of coordinates, including time and standards, necessary to specify the bases for representing the position and motion of bodies in space.

right ascension: angular distance measured eastward along the celestial equator from the

CIO, or equinox, to the hour circle passing through the celestial object. Right ascension is given either in degrees, or in hours, minutes, and seconds.

Right Ascension  and Declination : Without qualification, right ascensions and declinations measured in ICRS. The epoch of the positions must be specified. By extension, catalog or mean position in a barycentric reference system from the catalog right ascension fiducial point and from the catalog equator, respectively. They are designated with the catalog reference system as necessary, (e.g. Hipparcos right ascension and declination at epoch 1991.25 on TCB}).

sidereal hour angle: angular distance on the celestial sphere measured westward along the celestial equator from the catalog equinox to the hour circle passing through the celestial object. It is equal to 360 minus right ascension in degrees. 

sidereal time: the measure of the angle defined by the apparent diurnal motion of the

catalog equinox; hence, a measure of the rotation of the Earth with respect to the stars rather than the Sun. It is often expressed in hours, minutes, and seconds, one hour being equal to 15 degrees.

Stellar Angle: also called the Earth Rotation Angle: 

Terrestrial Ephemeris Origin(TEO): also called Terrestrial Intermediate Origin.

Terrestrial Intermediate Origin (TIO): the origin of terrestrial longitudes of the International Terrestrial Reference System (ITRS) of date in the moving equator of the Earth.

Terrestrial Time (TT): the independent argument for apparent geocentric ephemerides,

previously known as Terrestrial Dynamical Time (TDT). TT is linked to TCG by a conventional linear relationship, so that the unit of TT is equal to the second of the SI as realized on the geoid. At 1977 January 1d 0h 0m 0s TAI, the value of TT was exactly 1977 January 1.000 3725 days. The unit of TT is the SI second or a day of 86 400 SI seconds at the geoid. One realization of TT is TT (TAI) = TAI + 32.184 s.

 true equator: it is the equatorial plane through the center of the Earth and perpendicular to the CIP pole at some specific time.

true positions: ICRF positions that have been transformed to the true equator-equinox reference frame of a specific epoch by the application of precession-nutation and geodesic precession and nutation. 

Universal Time (UT): a measure of time that conforms, within a close approximation, to

the mean diurnal motion of the Sun and serves as the basis of all civil timekeeping. It is

determined from observations of the diurnal motions of the stars. It has several realizations: UT0, UT1, and UTC.

UT0: the Universal Time as determined directly from observations; it is slightly dependent on the place of observation.

UT1: time scale deduced from the UT0 corrected for the shift in longitude of the observing station caused by polar motion. It is proportional to the Earth Rotation Angle (ERA), expressing the angle of Earth’s rotation about the CIP axis. It was related by a mathematical formula to the sidereal time in the moving reference frame.

UTC: see Coordinated Universal Time.

