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ABSTRACT. The Celestial intermediate pole (CIP) and Celestial ephemeris (or intermediate)origin (CEO/CIO) have been adopted by the IAU (
.f. IAU 2000 Resolution B1.8) as the
elestial pole and origin, respe
tively, to be used for realizing the intermediate 
elestial systembetween the International Terrestrial System (ITRS) and Geo
entri
 Celestial Referen
e System(GCRS). Resolution B1.8 has also re
ommended that the International Earth Rotation andReferen
e Systems Servi
e (IERS) 
ontinue to provide users with data and algorithms for the
onventional transformation. The IAU 2000 Resolutions have been implemented in the IERS2003 Conventions in
luding Tables and routines that provide the 
elestial motions of the CIPand the CEO with a theoreti
al a

ura
y of one mi
roar
se
ond after one 
entury using eitherthe 
lassi
al or the new transformation. This paper reports on the method used for a
heivingthis a

ura
y in the positions of the CIP and CIO and on the di�eren
e between this rigorouspro
edure and the pre-2003 
lassi
al one.1. INTRODUCTIONResolution B1.8 adopted by the IAU in August 2000 has re
ommended that the transfor-mation between the International Terrestrial System (ITRS) and Geo
entri
 Celestial System(GCRS) be spe
i�ed by the position of the Celestial Intermediate Pole (CIP) in the GCRS, theposition of the CIP in the ITRS and the \Earth Rotation Angle" (ERA). This resolution hasalso re
ommended that UT1 be linearly proportional to the ERA, de�ned as the angle measuredalong the equator of the CIP between the Celestial Ephemeris Origin (CEO) and the TerrestrialEphemeris Origin (TEO) through a 
onventional relationship. This resolution was implementedby the International Earth Rotation and Referen
e Systems Servi
e (IERS) beginning on 1 Jan-uary 2003, together with Resolution B1.6 adopting the IAU 2000A pre
ession-nutation modelfor the position of the CIP in the GCRS and Resolution B1.7 for the de�nition of the CIP. Asrequired in Resolution B1.6, the IERS is 
ontinuing to provide users with data and algorithmsfor the 
onventional transformation.Expressions for the position of the Celestial intermediate pole (CIP) and the Celestialephemeris origin (CEO) (also 
alled Celestial intermediate origin, CIO) whi
h have been pro-vided in the IERS Conventions 2003 are a
hieving a theoreti
al a

ura
y of 1 mi
roar
se
ondafter one 
entury. Su
h an a

ura
y 
an be a
hieved using either the new transformation, or18



the 
lassi
al transformation if this latter follows the rigorous way for taking into a

ount theframe biases, whi
h was not the 
ase for the pre-2003 
lassi
al pro
edure. More details on thepro
edures and models on whi
h these expressions are based are provided in Capitaine et al.(2003a, 2003b, 2003
).After having re
alled (in Se
tion 2) the de�nition and use of the CIP and CEO/CIO, wereport (Se
tions 3 and 4) on the a

ura
y of the models for their 
elestial motions and 
omparethis a

ura
y with that obtained when using the pre-2003 
lassi
al pro
edure.2. DEFINITION AND USE OF THE CIP AND CEO/CIOThe Celestial Intermediate Pole (CIP) has been de�ned by IAU 2000 Resolution B1.7 asthe intermediate pole separating nutation from polar motion expli
itly at the 2-day period(i.e. nutations with periods less than 2 days being modeled by their equivalent polar motion).This resolution has re
ommended that the motion of the CIP in the GCRS be realized \bythe IAU 2000A model (Mathews et al. 2002) for pre
ession and for
ed nutation for periodsgreater than two days plus additional time-dependent 
orre
tions provided by the IERS throughappropriate astro-geodeti
 observations" (i.e. through VLBI observations).The CEO and TEO are the names used in Resolution B1.8 for designating the "non-rotatingorigin" (Guinot 1979, Capitaine et al. 1986) in the GCRS and ITRS, respe
tively. In re
entIAU dis
ussions they have also been 
alled Celestial and Terrestrial \intermediate" origins, CIOand TIO, for emphazing that they provide together with the CIP the \intermediate" systems(
elestial and terrestrial, respe
tively) between the GCRS and ITRS.In the new paradigm, the GCRS position of the CIP is provided by the quantities X(t) andY (t) whi
h are the 
omponents of the CIP unit ve
tor in the GCRS (Capitaine 1990). Thesequantities have been derived from (i) the expressions for the pre
ession-nutation angles referredto the J2000 mean e
lipti
, (ii) the 
orresponding biases (�0; �0) at J2000, and (iii) the equinoxo�set at J2000 d�0 (see Figure 1). X and Y are usually 
alled \
oordinates" and their numeri
alexpressions are multiplied by the fa
tor 129600000=2� in order to provide in ar
se
onds the valueof the 
orresponding \angles" (stri
tly their sines) with respe
t to the z-axis of the GCRS. The
lassi
al form of the GCRS to ITRS transformation is written, following a rigorous pro
edure,as the produ
t of the individual rotation matri
es B (bias) followed by P (pre
ession) then N(nutation) and �nally T (Earth rotation). Elements (3; 1) and (3; 2) of the resulting matrixR
lass provides the 
lassi
al expression for the GCRS position of the CIP.
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Figure 1: Frame biases between the mean equatorial system at J2000 and the Geo
entri
 
elestialreferen
e system (GCRS); 
elestial pole o�sets (left) and equinox o�set (right)Prior to the IAU 2000 de�nition, UT1 was formally de�ned by an expression whi
h relatesit to mean sidereal time, whereas the new de�ning relation of UT1 is the IAU 2000 
onventionalrelationship between ERA and UT1. The implementation of this new de�nition requires usingan expression for positioning the CIO in spa
e.19



The 
elestial position of the CIO is provided through a quantity s for the �nite displa
ementof the CIO between epo
hs t0 and t with respe
t to the GCRS x-origin (Capitaine et al. 1986).This 
omputation implements the basi
 kinemati
al property of the non-rotating origin whenthe CIP pole is moving in the GCRS. Other implementations of the kinemati
al property of theCIO are possible either analyti
ally or numeri
ally (Kaplan 2003, Fukushima 2003b) and theposition of the CIO 
an be referred to other referen
es than the GCRS x-origin, su
h as the trueequinox or the interse
tion of the CIP meridian or the GCRS zero-meridian with the intermediateequator. The di�eren
e GST-ERA for example is the right as
ension of the CIO measured fromthe equinox along the moving equator. It represents the angular distan
e between the CIO andthe equinox whi
h is due to the a

umulated pre
ession and nutation in right as
ension fromJ2000 to the epo
h t (Aoki &Kinoshita 1983, Capitaine & Gontier 1993).The IERS has implemented IAU Resolutions in parallel for the CEO/CIO-based transforma-tion and the equinox-based transformation in order (i) to ensure 
onsisten
y to mi
roar
se
onda

ura
y between these two pro
edures and (ii) to ensure 
ontinuity on 1st January 2003 betweenthe pre-2003 
lassi
al and the post-2003 pro
edures.3. MICROARCSECOND MODELS FOR THE CELESTIAL MOTION OF THE CIPComputation of the IAU 2000 expression for the CIP X, Y 
oordinates in the GCRS is basedeither dire
tly on their semi-analyti
al expression as fun
tion of time, or on the elements of the
lassi
al rigorous expression of the bias-pre
ession-nutation matrix, R
lass, both being based onthe IAU 2000A pre
ession-nutation (Capitaine et al. 2003a).The IAU 2000A nutation series, based on the rigid Earth nutation of Sou
hay et al. (1999)and on the MHB transfer fun
tion (Mathews et al. 2002), in
ludes 678 lunisolar terms and 687planetary terms and provides the dire
tion of the 
elestial pole in the GCRS with an observeda

ura
y of 0.2 mas. The Free Core Nutation (FCN), whi
h 
annot be predi
ted rigorously, is notin
luded in the IAU 2000A model, the resulting\noise level" in the derived \
elestial pole o�sets"being of a fra
tion of 1 mas. The pre
ession 
omponent of the IAU 2000 model is provided by
orre
tions to the IAU 1976 pre
ession of �0.29965"/
 in longitude and �0.02524"/
 in obliquityand is asso
iated with VLBI estimates for 
elestial pole o�sets at J2000 of Æ 0 = �41.775 masand Æ�0 = �6.8192 mas. The equinox o�set at epo
h, d�0 between the x-origin of the GCRS andthe mean equinox at J2000, that was omitted in the pre-2003 
lassi
al transformation, has alsoto be 
onsidered. The IAU 2000 implementation has used the equinox o�set derived from lunarlaser ranging observations referred to IERS parameters for Earth's orientation in the GCRS(Chapront et al. 2002).It should be noted that the pre-2003 VLBI pro
edures used the IAU 1976 pre
ession and the\total" nutations (i.e. the nutations themselves in
luding estimated 
orre
tions to the model,plus the 
ontribution of the 
orre
tions to the pre
ession rates plus the biases) and omittedthe equinox o�set. Thus, whereas, there is equivalen
e to mi
roar
se
ond a

ura
y between thetwo post-2003 rigorous pro
edures, there are dis
repan
ies of a few hundred mi
roar
se
onds/
ybetween 
lassi
al equinox-based pre-2003 pro
edure and the post-2003 rigorous pro
edures (Cap-itaine et al. 2003a). E�e
ts of the VLBI pro
edure in the estimated X, Y CIP 
oordinates areshown in Figure 2, regarding the way the pre
ession is 
onsidered and the fa
t that the equinoxo�set was omitted in the pre-2003 pro
edure. The di�eren
es in X, Y due to the frame biasesare: dX = 153t� 5t2; dY = �372t� 1:7t2 and dX = �1:6t2; dY = �142t, for the 
elestial poleo�sets and equinox o�set at J2000, respe
tively; the di�eren
es due to the way the 
orre
tionto the pre
ession rates are applied are: dX = +64t2; dY = �6t2.This shows that besides the improvement in the model for the GCRS position of the CIP dueto the use of the IAU 2000A pre
ession-nutation in repla
ement of the IAU 1976/1980 whi
h hasredu
ed the ina

ura
ies from a few tens of mas to a few hundred �as, an other improvement20
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Figure 2: Di�eren
es in X and Y between the pre-2003 and post-2003 VLBI pro
edures (Capitaine etal. 2003a); di�eren
es due to pre
ession (left), and to the equinox o�set (right)in the post-2003 expressions 
omes from the use of a rigorous pro
edure for taking into a

ountthe pre
ession 
orre
tions and frame bias that in fa
t results from the use of the new paradigmas being the \primary" pro
edure.Other methods 
an be used for expressing the GCRS position of the CIP based on di�erentparameters su
h as the new pre
ession-nutation parameters introdu
ed by Fukushima (2003a),extending those previously 
onsidered by Williams (1994) by taking into a

ount the framebiases or the \rotation ve
tor approa
h", des
ribed in Capitaine et al (2003
), that is able toexpress bias plus pre
ession and nutation.Note moreover that the IAU 2000 pre
ession whi
h in
ludes only the MHB 
orre
tions tothe pre
ession rates in longitude and obliquity should be repla
ed by an improved model whi
hwould be dynami
ally 
onsistent. New pre
ession models have re
ently been developed thatare 
ompatible with IAU 2000 with improved dynami
al 
onsisten
y. The model by Bretagnonet al. (2003) is based on the analyti
al VSOP87 e
lipti
 (Bretagnon & Fran
ou 1988), onthe SMART97 nutation theory for a rigid Earth (Bretagnon et. al 1998) and on the MHBpre
ession rate in longitude; the model by Fukushima (2003a) is based on an e
lipti
 �tted tothe JPL numeri
al ephemerides DE405 on a 600-yr interval, on the SF01 nutation theory fora non-rigid Earth (Shirai & Fukushima 2001) and on a quadrati
 �t to VLBI; the model byCapitaine et al. (2003
) is based on the VSOP87 e
lipti
 with improved se
ular terms �ttedto DE406 over a 2000-yr interval and on a non-rigid Earth model from Willams (1994) andMathews et al. (2002); the integration 
onstants have been derived from the MHB estimateswith 
orre
tions for perturbing e�e
ts on the observed quantities. The largest un
ertainty inthe e�e
ts of non-rigidity on pre
ession is the un
ertainty in the J2 rate e�e
t (
f. Bourda &Capitaine 2004 and this Volume).The IAU Working Group on \Pre
ession and the e
lipti
", whi
h has been established atthe 2003 IAU General Assembly, is in 
harge of sele
ting the next pre
ession model to bere
ommended to the IAU.4. MICROARCSECONDMODELS FORTHE CELESTIAL MOTION OF THE CEO/CIOThe implementation of the IAU 2000 de�nition of UT1 has been based on 
omputationof expressions for the 
elestial positions of the CIO to be used in the transformation between21



ITRS and GCRS, on
e the relationship ERA(UT1) is adopted. This is an important 
hange as
ompared with the previous pro
edure in whi
h the GST(UT1) relationship was the primaryde�nition of UT1. A se
ond 
hange is that this new de�nition has been implemented 
onsistentlyin the new transformation referred to the CIO and in the 
lassi
al transformation referred tothe equinox.The determination of the IAU 2000 numeri
al expressions, linking GST and ERA and lo
at-ing the CEO, have been performed so that there is no dis
ontinuity in UT1 on 1 January 2003when 
hanging from the 
urrent VLBI pro
edure to the new one, following the two equivalentoptions, and in ea
h 
ase 
ompliant with the IAU 2000 pre
ession-nutation (Capitaine et al.2003b). The CIO-based option uses the quantity providing the GCRS position of the CIO andthe equinox-based option uses the equation of the equinoxes providing the position of the equinoxw.r.t. the CIO. The polynomial part of GSTIAU2000 provides the IAU 2000 expression for Green-wi
h Mean Sidereal Time, GMST, whereas the periodi
 part provides the 
omplete equation ofthe equinoxes of whi
h the non-
lassi
al part (also 
alled the \
omplementary terms") repla
esthe two 
omplementary terms of the IAU 1994 equation of the equinoxes provided in the IERSConventions 1996 (M
Carthy 1996). For pra
ti
al reasons, the numeri
al development used forpositioning the CIO on the equator of the CIP is for s +XY=2 rather than s itself: �rstly theformer requires fewer terms to rea
h a given a

ura
y (Capitaine 1990) and, se
ondly, there is ahelpful similarity between the quantity s+XY=2, whi
h equals, up to the 3rd order in X and Y ,the GCRS right as
ension of the CEO, and the 
omplementary terms in the \
omplete equationof the equinoxes", whi
h represent the right as
ension of the CEO in the mean equatorial frameat J2000.The di�eren
es in the 
omputed UT1 between the post-2003 and pre-2003 pro
edures due to(i) the frame bias e�e
t already 
onsidered in Se
tion 3 regarding its e�e
t in X and Y and (ii)the di�eren
es in the expression for the equation of equinoxes (i.e. additional periodi
 terms inthe post-2003 expression for the angular distan
e between the CIO and the equinox) are shownon Figure 3.

Figure 3: Di�eren
es between values of UT1 derived from the pre-2003 and post-2003 VLBI 
odes(Capitaine et al. 2003b); di�eren
es over 4 
enturies (left) and �ve years (right) around J2000The expe
ted dis
ontinuity in UT1 rate, shown to be unavoidable due to the improved modelsand the �xed relationship between ERA and UT1, will have an e�e
t on the determination ofUT1 less than a few hundreds of mi
roar
se
onds over the next 
entury; the 
orresponding ratevariations may rea
h 5� 10�15.
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