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Introduction 

•  Necessity of space and time reference systems for astronomy and celestial dynamics 

•  Important accuracy improvement thanks to new astrometric techniques 

•  Important improvement in the definition and realization of the astronomical reference
 systems thanks to the recent IAU Resolutions 

 - Successive resolutions on reference systems were adopted by the IAU from 1988 to 1997, then
 in 2000 and 2006, endorsed by the IUGG in 2003 and 2007, respectively, and finally, in 2009, the 
 IAU completed this major reform on the international astronomical references. 

 - This series of resolutions are the most significant set of international agreements in
 fundamental astronomy in several decades.  

 - They have important consequences on definitions, concepts, parameters and models for Earth's
 rotation and the related reference systems; they have led to the adoption of definitions,
 conventions and models that are consistent with General Relativity and suitable for modern
 realizations of reference systems and especially the  International Celestial Reference Frame
 (ICRF). 

•  The international organisation on reference systems and Earth rotation determination 
 The existence of international scientific services, such as the IERS, or IVS, and international (IAU,
 IERS and IVS) working groups, played a key role, both for the modernization of the concepts and
 for their implementation. 

 Cooperation between experts in astrometry, celestial mechanics and GR have been essential. 



Presentation outline 

•  Evolution of the astronomical space-time reference systems 

•  Modern observations for the realization of the astronomical reference systems 

•  The IAU 2000-2009 Resolutions on reference systems 

•  New concepts, definitions and conventions related to the astronomical space-time
 reference systems  

•  High accuracy models and standards 
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Evolution of the astronomical space-time  
reference systems 
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The astronomical reference systems: historical background 

Reference systems in space 

     Two aspects: 
•  reference system for assigning celestial spherical coordinates on the celestial sphere, 
•  scales of distance in space (in the solar system and in stellar or extragalactic space). 

     Realization: 

•  since Greek astronomers, the reference system has been represented by a catalog in which
 positions are given, with origin at the vernal equinox and use of either the ecliptic or the equator. 
•  observations and catalog of Hipparchus (~ - 150) precession of the equinoxes. 

The celestial reference frames from 1850 to 1997  

Large catalogs and associated systems (1850-1970): 
•  series Catalogs of the Astronomische Gesellschaft (AGK)      
•  U.S. Catalogs (Newcomb, PGC, General Catalog) 
•  the German series of "Fundamental Catalogs” 

•  the FK5 System (FK5 catalogue + precession model and GST(UT1)):  adopted as the
 fundamental catalogue from1967 to 1997  
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The IAU 1988-1997 Resolutions on the Celestial Reference System  

IAU GA 1988 : calls for the use of extragalactic objects to define the celestial reference
 frame, 

IAU GA 1991 : adopts GR as the fundamental theory, confirms Resolution 1988 and
 specifies the continuity with existing stellar and dynamic realisations, 

IAU GA 1997 : resolves :      
 (a) That, as from 1 January 1998, the IAU celestial reference system shall be the
 International Celestial Reference System (ICRS) as specified in the 1991 IAU
 Resolution on reference frames and as defined by the International Earth Rotation
 Service (IERS) ;  

 (b) That the corresponding fundamental reference frame shall be the International
 Celestial Reference Frame (ICRF) constructed by the IAU Working Group on
 Reference Frames … 

  no reference to the mean pole and mean equinox J2000 
  no longer dependent on the Earth’s motion 
  further improvement of the ICRF will be accomplished without introducing any global

 rotation 
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The International celestial Reference System (ICRS)
 and frame (ICRF) 

Adopted by the IAU 
since1998 as the  
replacement of the 

fundamenal catalogue  
of stars FK5 

International Celestial Reference System (ICRS): the idealized barycentric coordinate system to which
 celestial positions are referred. It is kinematically non-rotating with respect to the ensemble of distant
 extragalactic objects. It has no intrinsic orientation but was aligned close to the mean equator and dynamical
 equinox of J2000.0 for continuity with previous fundamental reference systems. Its orientation is
 independent of epoch, ecliptic or equator and is realized by a list of adopted coordinates of extragalactic
 sources. 
International Celestial Reference Frame (ICRF): a set of extragalactic objects whose adopted positions
 and uncertainties realize the ICRS axes and give the uncertainties of the axes. It is also the name of the
 radio catalog whose 212 defining sources is currently the most accurate realization of the ICRS. Successive
 revisions of the ICRF are intended to minimize rotation from its original orientation. Other realizations of the
 ICRS have specific names (e.g. Hipparcos Celestial Reference Frame). 

ICRF  
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Hipparcos catalogue : optical realization of the ICRS 

 Hipparcos : astrometric satellite  
 ESA mission: 08/08/1989;  
 duration 1989 – 1993;  
 reduction of data: 1993 – 1996 

Publication of the catalogue : June 1997 
 Hipparcos : 117 955 stars      ;   Tycho : 10 858 332 stars 

astrometric precision ≈ 1 mas (0’’.001)  ;   photometric precision ≈  0.0015 mag 

Link to the ICRS at 1991.25 (using radio stars observed both by Hipparcos and VLBI)   
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Evolution of the celestial reference frames 
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Evolution of the time scales for astronomy 
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Modern time scales for astronomy 

•  1967: SI second = « atomic second » 

•  1972: TAI adopted at the international level 
  - time scale contructed by accumulation of SI seconds at the sea level 
  - mean of 300 atomic clocks 
  - coordinate-time in a geocentric reference system 

•  Civil time: UTC = TAI + n     (with n such that IUT1 – UTCI <0.9 s) 
(TAI = UTC + 32 s from 01/01/99 to 31/12/05;   = UTC + 34 s from 01/01/09) 

•  Legal time = UTC + integer number of hours since 1978 
–  in France: UTC(OP)+ 1h or 2h (winter/summer) 

•  Scientific time: TAI, TA(F) 

•  Coordinate-times for the ephemerides (TT, TCG, TCB, TDB) in continuity with TE but
 consistent with GR (barycentric and geocentric coordinate times; IAU 1991) 

–  1976: TDT, TDB 
–  1991: TCG, TCB and TT: ideal form of TAI (TT = TAI + 32.184 s) for geocentric

 ephemerides  
–  2000: TCG (GCRS), TCB (BCRS), TT, TDB 



Modern observations for the realization  
of the astronomical reference systems 
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Earth orientation parameters 
(i.e. of the terrestrial reference system w.r.t. the celestial reference system) 

Precession-nutation 

Polar motion 

                      Earth’s angle of rotation: ERA(UT1) 

Terrestrial reference system 

observations 

International organization (since 1988): IERS 
International Earth rotation and Reference system Service 

Celestial reference system 
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Very Long Baseline Interferometry, VLBI (since 1980) 

source IVS 
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International VLBI Service (IVS) 
 (since 1999) 

source IVS 

 International organization of VLBI observations for geodesy and astrometry  
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Lunar laser ranging, LLR (since 1970) 

Source GRGS 
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Satellite laser ranging, SLR (since 1970) 

International organization for LLR and SLR: 
ILRS (International Laser Ranging Service) 

source ILRS 
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GPS System (since 1990) 

24 satellites  
at 20 000 km 

International organization 
IGS: International GNSS Service 

(since 1994) 

Source PNT  



The IAU 2000-2009 Resolutions on reference systems 
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     IAU 2000 Resolutions 
   ------------------------------------------ 
        Resolution B1.3 
     Definition of BCRS and GCRS 

        Resolution B1.5 
      Extended Relativistic framework for

 time transformation 
  ----------------------------------------------- 
        Resolution B1.6  

    IAU 2000 Precession-Nutation  
   Model 
  ----------------------------------------------- 

        Resolution B1.7  
   Definition of Celestial Intermediate

 Pole 

        Resolution B1.8  
     Definition and use of CEO and TEO 
   ---------------------------------------------- 
        Resolution B1.9 
     Re-definition of TT 

The IAU 2000-2009 Resolutions on reference systems 
after the IAU 1997 adoption of the ICRS/HCRS; to prepare the future µas accuracy 

          IAU 2006 Resolutions        IAU 2009 Resolutions  
           -------------------------------         --------------------------------- 

          Resolution B2 
        Adoption of ICRF2 

            --------------------------------------            ------------------------------------ 
                       Resolution B1        Resolution B1 
           Adoption of the P03 Precession        Adoption of the IAU 2009  
            and definition of the ecliptic         system of  

    astronomical constants 
              --------------------------------------------------------------------------- 
                      Resolution B2 
             Supplement to the IAU 2000 Resolutions on reference systems 
                  Rec 1: Harmonizing « intermediate »  
                            to the pole and the origin (CIP, CIO) 
                   

  Rec 2: Default orientation of the BCRS/GCRS 
  -------------------------------------------------------------------------- 

                   Resolution B3  
              Re-definition of TDB 
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  Resolution       Aim   

Definition of BCRS and GCRS   to provide coordinate systems in the framework of GR 
                distinction between the celestial system  
               (solar system: global and Earth: local)   

Extended Relativistic framework  to give a set of formulas for practical  
for time transformation   transformations between relativistic time scales  

IAU 2000 Precession-Nutation   to provide a model for the  precession-nutation 
Model     of the equator with submilliarcsecond accuracy   

Definition of Celestial Intermediate Pole  to refine the 1980 definition (CEP) and realize  
                the pole in the high frequency domain   

Definition and use     to allow an accurate estimation of the Earth’s rotation  
of the TEO and CEO origins    and precession-nutation separately   

   

Re-definition of TT    to clarify the TT/TCG relationship 

IAU 2000 Resolutions (and IUGG 2003) 
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            Resolution             Aim   

Adoption of the P03 Precession  to adopt a precession model as a replacement to  
and definition of the ecliptic  the IAU 2000 precession in order to be consistent  

                                                    with both dynamical theory and the IAU 2000 nutation  
                                     recommended by the IAU WG « Precession and the eclitptic » 

Supplement to the IAU 2000  
Resolutions on reference systems 
     Recom 1: Harmonizing intermediate to the pole and the origin 

     Recom 2: Default orientation of the BCRS and GCRS 

                             to address definition, terminology and orientation issue 
                                                relative to reference systems that needed to be specified after 

                                                          the adoption of the IAU 2000 resolutions  
                              recommended by the IAU WG « Nomenclature for Fundamental Astronomy » 

Re-definition of TDB  to address definition issue relative to time scales 
                                                     to clarify the TDB/TCB relationship  

                                          recommended by the IAU WG « Nomenclature for Fundamental Astronomy » 
   

IAU 2006 Resolutions (and IUGG 2007) 
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            Resolution                    Aim   

Adoption of the IAU 2009       to adopt an improved system of  
System of astronomical constants    astronomical constants consistent with  

                     the current measurement accuracy  
recommended by the IAU WG «Numerical Standards in Fundamental astronomy » 

Adoption of the 2d realization     to improve the realization of the ICRF 
of the  International Celestial     with densification of the frame and a more
 Reference Frame     precise definition of the axes 
Realized by the IERS/IVS WG and recommended by the IAU WG «ICRF2»              

ICRF2 was aligned to ICRF1 by using a set of stable sources common to ICRF1-ext2 
   follows the IAU 1997 definition of the ICRS 

IAU 2009 Resolutions 
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The second version ICRF2 of the ICRF 

ICRF2: 3414 sources (295 defining sources); period: 1979 –2009;  6 x 106 VLBI sessions 

Defining sources: to ensure the same orientation of axes as the ICRF 

Adopted by the IAU
 in 2009   

precision ICRF2: 0.1 mas  
(ICRF: 0.4 mas) 
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New concepts, definitions and conventions 
related to the astronomical space-time

 reference systems  
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Change of the celestial space reference system 

-  FK5 - 

•  based on  
-  dynamical  defintion 
-  positions and proper motions of  
bright stars  
(precision : 0.02", 0.08"/cy) 

•  positions referred to the best estimation of
 the position of the mean pole and mean
 equinox at epoch 

•  Proper motions give access at each date to the
 mean pole and mean equinox at J2000.0 

•  FK5 System:   FK5 catalogue 
+ IAU1976 precession + IAU 1980 nutation +

 GMST/UT1 relation  

Conventional IAU celestial reference System
 from 1976 to 1997 

-  ICRS - 
•  ICRS based on 

–  Kinematical definition  
–  directions of extragalactic objects  

(precision : ICRF: 0.4 mas) 

•  Kinematical condition of non global rotation
 of the directions w.r.t. the directions of the
 objects defining the ICRS 

•  Without reference to the mean pole and
 equinox at J2000 

•  ICRS: realised by the ICRF 
 independent of the precession and nutation
 models 

International celestial reference system  
adopted by the IAU from1998 



IAP-2010 27 

The Barycentric and Geocentric  
space-time reference systems, BCRS and GCRS (1) 

 IAU 2000 Resolution B1.3: Definition of BCRS and GCRS as coordinate systems
 in the framework of GR  (4-dimension reference systems) 

  - a) for Solar System (BCRS) which can be considered to be a global coordinate system e.g. to be used
 for planetary ephemerides  

     - b) for the Earth (GCRS) which can only be considered as a local coordinate system  
e.g. to be used for Earth rotation, precession-nutation of the equator, motion of artificial satellites, etc. 

    ds2= -c2dτ2= g00(dx0)2 + gij(dxi)(dxj)+ g0i(dx0)(dxi)    

Transformation BCRS GCRS: extension of the Lorentz transformation (PN approximation)s 

space coordinate: 

   time coordinate:  

w(t, x): scalar potential generalizing the Newtonian potential;  
wi(t, x): potential vector 



IAP-2010 28 

The Barycentric and Geocentric  
space-time reference systems, BCRS and GCRS (2) 

IAU 2006 Resolution B2: Fixing the default orientation of the BCRS  

The BCRS orientation is such that for all practical applications, unless otherwise stated, 

the BCRS is assumed to be oriented according to the ICRS axes. 

IAU 2000 Resolution B1.9 and IAU 2006 Resolution B3: Re-definition of the Terrestrial
 time (TT) and Barycentric Dynamical Time (TDB): see next slide 
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The Terrestrial and Barycentric time scales TT and TDB 

IAU 2000 Resolution B1.9: Re-definition of the Terrestrial Time (TT) 
 TT is a re-defined as a time scale differing from TCG by a constant rate: dTT/dTCG =
 1-LG, where LG = 6.969290134 ×10-10 is a defining constant:  
   TCG – TT = LG x (JD - 2443144.5 0) × 86400 
     
   (LG = 6.969290134 ×10-10 ) 

IAU 2006 Resolution B3: Re-definition of the Barycentric Dynamical Time (TDB) 
 TDB is re-defined as a linear transformation of TCB, the coefficients of which (LB and
 TDB0) are defining constants: 
   TCB − TDB = LB × (JD− 2433144.5) × 86400 + TDBo 

                     (LB = 1.550519768x10-8 ; TDB0 = - 6.55x10-5 s)  

Very important for the reduction of observations in the solar system and link to the ICRF 
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 (i) coordinate time scales TCG, TCB, TT, TDB: in
 continuity with TT 

 TT = TAI + 32.184 s 
 TCG – TT   = LG x (JD - 2443144.5 0) × 86400 
 TCB − TDB = LB x (JD - 2443144.5 0) × 86400 + TDBo 

    (2443144.5 0= 1977.0 TAI) 

   LG= 6.969290134 x 10-10; LB = 1.550519768 x 10-8 ;  
                  TDB0 = − 6.55 x 10-5 s 

   (after 1 cy : TCG ~ TT + 2 s; TCB ~ TDB + 50 s) 

----------------------------------------------------------------------------- 
 (ii) UT1, UTC and TAI    

 UT1, TAI and UTC were coincident on 1January 1958.  
 Since 1 January 2009 Janvier, UTC is late by 34 s w.r.t.
 the TAI. 

1. 7 ms 

Relations between the various time scales  

NOT TO SCALE 

Differences in seconds w.r.t. TAI 
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Transformation between the ITRS and GCRS  
in the IERS Conventions 

celestial motion of the CIP 
(model + observed celestial pole offsets 

IAU 2000/2006    IERS 

rotation angle  
(model + observed variations) 

      IAU 2000           IERS 

terrestrial motion of the CIP 
       (observed pole coordinates) 

                         IERS 

Celestial  l  l terrestrial 

intermediate reference system 

The coordinate transformation from the terrestrial system, ITRS  
to the Geocentric celestial system, GCRS, can be written as: 

[GCRS] = Q(t) R(t) W(t) [ITRS] 
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Expression of the Earth orientation  
1. The Celestial Intermediate Pole 

(motion with a frequency σ, such that : σTRS = σCRS−1)  
frequency in the ITRS  ----|_______|_______|_______|_______|_______|_______|--- 
                                      −3.5        −2.5        −1.5        −0.5        +0.5        +1.5       (cpsd)   
                                    ------ polar motion      I              I    polar motion ------ 

       precssion 
       InutationI 

frequency in the GCRS ---|_______|_______|_______|_______|_______|_______| -- 
                            −2.5       −1.5        −0.5        +0.5        +1.5        +2.5       (cpsd)  

celestial motion: IAU 2000 precession-nutation for periods > 2 days + offsets 

     nutations with periods < 2 days included in the model for the pole motion in the ITRS               

The IAU 2000 Resolution B1.7 defines the CIP by  
     a convention in the frequency domain 

convention 

The instantaneous pole of rotation being not observable from space geodesy or astrometric 
techniques, it is nececessary to define a pole that can be directly dervied from observations. 

The observable pole is that of an intermediate axis between the GCRS and ITRS: the Celestial 
Intermediate Pole (CIP).  

Allows us to clarify the models to be used for high frequency polar motion 



IAP-2010 33 

IAU 2000/2006 Expression of the Earth orientation  
2. The Earth Rotation Angle 

kinematical definition of the non-rotating origin (Guinot 1979) only dependent on the CIP motion:  
replacement of the equinox as the origin on the equator of the CIP. 

ERA: Earth rotation angle = Hour angle of the CIO from the prime meridian 

Linear relation between ERA and UT1 (Capitaine, Guinot, McCarthy 2000)  
ERA= 2π (0.7790572732640  + 1.00273781191135448 x (UT1 – UT10)) 

Not dependent of the precession-nutation model   clear separation 

CIO 

Celestial Intermediate Origin (CIO):  origin for
 right ascension on the intermediate equator in the
 celestial intermediate reference system.  It is the
 non-rotating origin in the GCRS that is
 recommended by the IAU 2000 Resolution B 1.8,
 where it was designated the Celestial Ephemeris
 Origin.  The CIO was originally set close to the
 GCRS meridian and throughout 1900-2100 stays
 within 0.1 arcseconds of this alignment. 

CIP motion 
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IAU 2000/2006 expression of the Earth orientation  
3. motion of the CIP in the GCRS 

GCRS coordinates of the CIP 

P: X=sind cosE; Y=sind sinE 

and ERA replaces precession and nutation angles, ψA, Δψ,  
and sidereal time, GST, referred to the equinox  

ERA 
CIO 

TIO 

CIP 
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High accuracy models and standards 
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IAU 2006 expressions for the GCRS coordinates of the CIP 

-  X, Y includes precession, nutation, frame biases and cross terms between
 precession and nutation. 
-  the developments are the sums of polynomial forms of t and periodic terms
 (Fourier and Poisson terms) based on the IAU 2006/2000 models for precession
 and nutation (precision of the order of 0.1 mas over 1 cy). 
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IAU 2009 System of astronomical constants 
Replacement of the IAU 1976 system: 
Improvements in:  
-  the classification of the constants, 
-  the accuracy, and uncertainties of
 the numerical values, 
-  the consistency with the SI units 
(TDB/TCB/TT/TCG-compatible values 
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Summary 

•  The astronomical reference systems are essential for astronomy and celestial dynamics 

•  In the period 2000-2009 (thanks to the precision reached by the observational techniques and to a
 set of IAU/IUGG Resolutions), there have been significant improvements in: 

–  the definition (within the GR framework) of the celestial and terrestrial space-time reference
 systems (GCRS, GTRS, ITRS) and the transformation between them in the PN approximation, 

–  the accuracy and precision of the definition and realization of the celestial reference system
 (ICRS, ICRF), 

–  the way the celestial Earth’s orientation (of the ITRS w.r.t. the GCRS) is expressed: new
 concepts (pole, origin) and new parameters (ERA, GCRS CIP coordinates) replacing Sidereal
 time and classical precession/nutation quantities, 

–  the nomenclature associated with the new concepts, 

–  the accuracy and precision of the models for quantities necessary for expressing Earth’s rotation
 (ERA/UT1; precession-nutation), 

–  the numerical values for astronomical constants in the GR framework (TCB, TCG, TDB and TT
-compatible values). 

  All these improvements allow us to improve the reduction of high accurate astrometric
 observations in the framework of GR, in order it is consistent with micro-arcsecond
 accuracy of the celestial reference system and micro-arcsecond observational precision. 


