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Abstract. A new precession-nutation model for the Celestial Intermediate Pole (CIP) was adopted by the IAU in 2000
(Resolution B1.6). The model, designated IAU 2000A, includes a nutation series for a non-rigid Earth and corrections for the
precession rates in longitude and obliquity. The model also specifies numerical values for thigedtead J2000.0 between

the mean equatorial frame and the Geocentric Celestial Reference System (GCRS). In this paper, we discuss precession models
consistent with IAU 2000A precession-nutation (i.e. MHB 2000, provided by Mathews et al. 2002) and we provide a range of
expressions that implement them. The final precession model, designated P03, is a possible replacement for the precession com-
ponent of IAU 2000A, &ering improved dynamical consistency and a better basis for future improvement. As a preliminary
step, we present our expressions for the currently used precession quégktdieza, in agreement with the MHB corrections

to the precession rates, that appear in the IERS Conventions 2000. We then discuss a more sophisticated method for improving
the precession model of the equator in order that it be compliant with the IAU 2000A model. In contrast to the first method,
which is based on corrections to théerms of the developments for the precession quantities in longitude and obliquity, this
method also uses corrections to their higher degree terms. It is essential that this be used in conjunction with an improved
model for the ecliptic precession, which is expected, given the known discrepancies in the IAU 1976 expressions, to contribute
in a significant way to these higher degree terms. With this aim in view, we have developed new expressions for the motion of
the ecliptic with respect to the fixed ecliptic using the developments from Simon et al. (1994) and Williams (1994) and with
improved constants fitted to the most recent numerical planetary ephemerides. We have then used these new expressions for
the ecliptic together with the MHB corrections to precession rates to solve the precession equations for providing new solution
for the precession of the equator that is dynamically consistent and compliant with AU 2000. A number of pertfiidaisg e

have first been removed from the MHB estimates in order to get the physical quantities needed in the equations as integration
constants. The equations have then been solved in a similar way to Lieske et al. (1977) and Williams (1994), based on similar
theoretical expressions for the contributions to precession rates, revised by using MHB values. Once improved expressions
have been obtained for the precession of the ecliptic and the equator, we discuss the most suitable precession quantities to be
considered in order to be based on the minimum number of variables and to be the best adapted to the most recent models and
observations. Finally we provide developments for these quantities, denoted the P03 solution, including a revised Sidereal Time
expression.
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1. Introduction applications not requiring the utmost accuracy, its shorter ver-
) ) _ _ . sion |AU 2000B.
The IAU precession-nutation model in use until the imple-

. ) The IAU 2000 precession-nutation model includes a new
mentation of the 1AU 2000 Resolutions was composed of trﬁ%tation series for a non-rigid Earth and corrections to

IAU 1976 precession (Lieske et al. 1977) and IAU 1980 n he precession rates in longitude and obliquity. The revised
tation (Wahr 1981; Seidelmann 1982). IAU Resolution B1. prec . 9 i Iquity.
%cessmn-nutatlon model is oriented with respect to the

: r
adopted in 2000 recommended that these models be repl.""Ertlatemational Celestial Reference System (ICRS) through a

gﬁ?;gg:??nggell. \?s?)r;l::?‘:z:/aﬁgotﬁebl\);l ::Be 2"88 Ozrg?)ge?rpe)f:\;zlggied 3D rotation between the mean equatorial frame at J2000.0
in Mathews et. al. (2002) designated IAU 2000A or fornd the Geocentric Celestial Reference System (GCRS). This
' ' "“rotation, called thdrame bias,includes the numerical values
for the pole dfset at J2000.0 that MHB 2000 specifies and a
Send gprint requests toN. Capitaine, third number, the equinoxfiset at J2000.0, that MHB 2000

e-mail: capitain@syrte.obspm. fr does not specify. The adopted equinoffset has only a
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second-orderféect on the final transformation between celegpoch to be J2000. In their formulatidris time from the fun-
tial and terrestrial coordinates. damental epoch J2000 to the final epoch, wheTegepresents
IAU Resolution B1.7 recommended that the motion of thigme from the starting epoch to J2000. Given the pre-eminence
Celestial Intermediate Pole (CIP) in the GCRS be realized “lo§ J2000 as the fundamental epoch, it is now reasonable to re-
the 1AU 2000A model for precession and forced nutation fgect the two-epoch approach as an unnecessary complication,
periods greater than two days plus additional time-dependenpecially as the same result can be achieved by two succes:
corrections provided by the International Earth Rotation arsil’e transformations, the first from the starting epoch to J2000
Reference Systems Service IERS (IERS) through appropriatel the second from J2000 to the final epoch. For several years
astro-geodetic observations” (i.e. through VLBI observationdghe IERS Conventions have provided developments for the sin-
It should be noted that the pre-2003 VLBI procedures usgte time argumenit from the J2000.0 epoch, and so does W94
the IAU 1976 precession and the “total” nutations (i.e. the nutéor the revised developments. It seems clear that the future de-
tions themselves plus the contribution of the corrections to thielopments for precession will use a single time argument, and
precession rates plus the biases) and omitted the equifiox we shall follow this approach here.
set. Consequently the MHB 2000 model left room for interpre- The final expressions provided in this paper are denoted
tation, in respect of how the frame bias was to be implementéthe P03 solutions”. They include (i) expressions (37) and (38)
how the new precession rates were to be applied and, in partis- the primary precession quantities relative to the ecliptic
ular, what was to be done about the unspecified equifiseto and equator, respectively, (ii) expressions (39) to (41) for the
The implementations of the precession-nutation modelsrived precession quantities for classical use, (iii) expres-
IAU 2000A and B set outin the IERS Conventions 2000 followions (45), (49) and (50) for alternative quantities and (iv) ex-
the straightforward approach of updating the secular termspoéssions (42) and (43) for revised Sidereal Time. Note that the
precession only. Corresponding software implementations exit of time used in all the expressions of the paper is Julian
ist (IERS and Standards Of Fundamental Astronomy (SOFARntury, denoted cy.
and dfer a variety of tools catering for a wide variety of appli-
cations, both classical and “CEO-based” (i.e. based on the us .
of the Celestial Ephemeris Origin (CEO), cf. Sect. 2). These i%._el'ransformatlon formulas
terpretations of the IAU 2000 resolution, although of practicdlhere are two equivalent bias-precession-nutation transforma-
utility for the next few years, are in fact dynamically inconsigions from GCRS to ITRS, namely the new (CEO-based) trans-
tent and sffer, except of course for the improvements in thiermation and the classical (equinox-based) transformation.
precession rates, from the same limitations as the I1AU 19TBese transformations are based on twftedént origins on the
precession in the precision of the éid@ents and compliance equator with quite dferent properties. The equinox is defined
with up to date models for the ecliptic motion. geometrically and has a complex and comparatively rapid mo-
An improved IAU 2000 precession model is therefore netion along the instantaneous equator that is a consequence of
essary. With the MHB 2000 precession rates as a starting pothg motion not only of the moving equator but of the mov-
it is possible to develop precession quantities consistent witly ecliptic as well. The CEO, which is an implementation
IAU 2000 that are dynamically consistent. This requires solof the non-rotating origin (Guinot 1979) as recommended in
tion of the dynamical equations for the precession motion U 2000 Resolution B1.8, in contrast is defined kinemati-
the celestial pole based on the MHB 2000 precession rates aafy: from one moment to the next, it moves only at right-
on improved expressions for the motion of the ecliptic. angles to the instantaneous equator, and no ecliptic is involved.
As well as more accurate models for the precession per $ajs almost complete separation between the treatment of the
additional products are possible, such as simple polynomiptecessing-nutating pole and the origin of “right ascension”
based algorithms for generating the rotation matrix and medeads to a much simpler relationship between stellar hour an-
pole X, Y that combine the frame bias and the precession. gles and Universal Time (for more detail, see for example
In this paper we present expressions for the precessi@apitaine et al. 2003a).
quantities consistent with the IAU 2000A model, as recom- We use the symbdR for the GCRS-to-ITRS rotation ma-
mended in IAU 2000 Resolution B1.6, following the approadhix, omitting polar motion, with element&(i, j).
described above. Our approach makes a clear distinction be-Using the usual notation, the CEO-based transformation is
tween the precession of the ecliptic due to planetary perturbaitten as:
tions and the precession of the equator due to the luni-solar
and planetary torques on the oblate Earth, both motions beﬁ?\’@j"” = Rs(0 - E -9 Re(d) - Re(E). @)
expressed with respect to inertial space. whered is the Earth Rotation Angle and
We will use abbreviations for quoting papers to which we
often refer in this work. These are respectively L77 for Lieske = arctanff/X),

et al. (1977), MHB for Mathews et al. (2002), S94 for Simog = arctar(((xz + YZ)/(l X2 YZ))l/Z), )
et al. (1994) and W94 for Williams (1994). The present paper
is designated P03. X(t) andY(t) are the components of the CIP unit vector in the

Note that L77 uses a two-epoch formulation, allowin@CRS, based on the IAU 2000A precession-nutation model
mean place at some starting epoch to be transformed to maad the corresponding biase&,(o) and equinox fiset at
place at some final epoch without the requirement for eithepochdag, ands provides the position of the CEO.
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For practical reason¥ andY are usually called “coordi- additional precession quantities considered in (4xarfgnean
nates” and their numerical expressions are multiplied by tbbliquity of date) for the inclination of the mean equator of date
factor 1296 000/2r in order to provide in arcseconds theon the ecliptic of date angda (the so-called “planetary preces-
value of the corresponding “angles” (strictly their sines) witkion”) for the contribution to the motion of the equinox that is

respect to the-axis of the GCRS. dueonlyto the precession of the ecliptic.
The classical form of the transformation is written as A model for the motion of the celestial pole can be derived
_ from the dynamical equation (see Eq. (14) of L77) express-
Reiass= TN P B, 3)

ing the motion of the mean pole of date about the ecliptic pole,
i.e. as the product of the individual rotation matridgbias) once given the values at the reference epoch for the mean oblig-
followed by P (precession) themN (nutation) and finallyT  uity of the ecliptic,e, for the speed of precession, and for the

(Earth rotation): geodesic precession (de Sitter & Brouwer 1938). The expres-
B = Ri(~10) - Ro(&o) - Ra(davo), sion for gen_eral pr_ecession (denotedin L77) combine; the

P = Ry(xa) - Ri(~wa) - Rs(=a) - Ru(eo), precessionin Iong|tud9 of the quator and the precession pf the
N = Ri(—[ea + A€]) - Ra(—Ad) - Ri(ea) (4) ecliptic, the former being a function of the Earth's dynamical
T = Ry(GST) flattening and other constants related to orbital motion of the

) , . Moon and the Earth (see for example Kinoshita 1977; Dehant
The classical precession quantities wa, ea andya are those g capitaine 1997). The geodesic precession is a general rela-
defined by L77 and the nutation quantitie andAe are the istic effect related to the rotation of the geocentric reference

luni-solar and planetary nutations. GST is Greenwich (apP@{jstem with respect to the solar-system barycentric reference
ent) Sidereal Time. Note that the precession maRjgan be system (see for example Brumberg 1991).

formed in several ways (W94), depending on which of the pre-
cession angles are used.

The four-angle formulation given above was chosen for th@2. The Lieske et al. (1977) expressions
IERS'SOFA implementation of IAU 2000 (Sect. 4) because it  for the quantities

enabled the specified precession-rate adjustments to be ap e|9ressions for the precession quantities, both for the equator

?r:ftcitslyning#gn;rgb::gounc:ijdsg'alt?o;hzn%athgl; E;eoirc):reesszré \g;)ér%d the ecliptic, were provided by L77 to be in agreement with

E le. the most common method is the three-anale ft(?1rt_a'1976 System of Astronomical Constants. These expressions

m?JrIaeLt)i(gr:nLE)s?r;g; O andze: 9'€ 181 based on the 1976 values for the planetary masses, preces-
Ar O ANAZA: sion constant and J2000 obliquity, as well as on Newcomb'’s

P = Rs(=2a) - Ro(+64) - Ra(=Za). (5) expression for the motion of the ecliptic.

A revision of this 3-rotation formulation could bring some of The value for the precession constant was an observation-

the benefits of the MHB 2000 corrections to existing use ly determined value of Newcomb’s precessional constant, or
: éa_lther speed of general precession in longitude, the precise

'ﬁerpretation of which is not obvious (Fricke 1971; Lieske

dures. However, this advantage would only be realized if t 5 Th lue for th desi ion is that of de Sitt
frame bias could be taken care of at the same time, and it tu )- The value for the geodesic precession is that of de Sitter
& Brouwer (1938),pg = 1"/92/cy.

out that this is not straightforward. The possibility of a con- ! : . .
g P y The following L77 expressions provide the precession of

cise formulation that does take into account both precessit n tor. based on theferent | tioned in th
and frame bias will be considered in Sect. 7.3.1. € equator, based on rentangles mentioned in the pre-

vious section, the equatorial precession angles provided by (7)
being the most often used in practice:

_ . wa = 503877784t — 17072592 — 07001147
3.1. Basis of the developments for precession wa = € + 07051272 — 070077263

3. The IAU 1976 precession

The development of the precession quantities depends ugQR- &, — 46”8150t — 0”7 0005%2 + 0”/001813>
modgls for thg dynamlcgl motion of (i) the ecliptic pqle}(A = 10”5526t — 2380642 — 0" 0011253, (6)
relative to a fixed ecliptic, due to planetary perturbations o
and (i) the celestial pole, due to luni-solar and planetalith € = 843817448 for the obliquity at J2000.0, or
torques on the oblate Earth. alternatively:
The basic quantities for the motion of the mean ecliptig, = 230672181t + 07301882 + 070179983
pole are simra Sinlly and sinta coslla, which express the Oa = 20043109 — 07426652 — 0" 041833°
components of the Earth’s orbital angular momentum upon , , > 3
fixed ecliptic and which depend on the set of planetary mas$es™ 230672181t + 1.09468" + 0.018203". (7)
adopted. The parametet, used in the above expressions as well as
The basic quantities for the precession of the equator @iethose below, is the elapsed time in Julian centuries since
the angles/a andwa of L77 that, although thought of as be-J2000 TT, defined by:
ing the luni-solar precession in longitude and obliquity respec-
tively, are actually the orientation parameters of the mean eqltﬁ— (TT 2000 January 1d 12h T136 525 (8)
tor of date in the mean ecliptic frame at epoch. Note that théth TT in days.



570 N. Capitaine et al.: IAU 2000 precession

3.3. Limitations model, and sets a fundamental “noise level” of a fraction of

: ... 1masif AU 2000Ais used as it is.
The 1AU 1976 precession model has the following limitations: It should be noted that the IAU 2000A nutation series in-

() The expressions are based on numerical values for the grislde nutations with very long periodsei > 250 ygars) the
cession rates which have been shown from VLBI obsen/g@ntribution of which can be approximatedyias, as:
tions to be in error by_ab_ou{3 magyear ilj Iongitu_de and dy = —1146- 159t
—0.25 magyear in obliquity. The theoretical basis for the

precession rate in obliquity, neglected in previoustheoriéjse, = +1141- 30t ©)
has been developed in W94. In former precession-nutation models these long-pefiiates

(i) The expressions are based on the 1976 value for the oblgere included in the precession part. In models compliant with
uity at J2000.0 which is known, based on LLR and plan®#4HB 2000, the presence of these terms in the nutation part
tary observations, to be in error by.04. causes compensating changes in the precession part.

(iii) 1t uses the motion of the ecliptic which is based on The IAU 2000 nutation series is associated with improved
Newcomb’s solution and on the 1976 values for the planumerical values for the precession rate of the equator in lon-
etary masses, whereas more recent analytical solutionsgfitide and obliquity:
the ecliptic and improved numerical values for the plane-
tary masses have been available for at least a decade. %A = (=0.29965+ 0.00040)'/cy

(iv) The numerical values of the cfiients in the expressionséwa = (—-0.02524+ 0.00010Y /cy. (10)
are given with a resolution of 0.1 milliarcsecond after a
qentury, Whe_reas the amplit_udes of the MHB ZOQO nutgl—_zl The frame bias at J2000
tion are provided with 0.1 microarcsecond resolution.

(v) The numerical expression for the geodesic precessionlise IAU 2000 precession-nutation is associated with the con-
limited to the secular term which itself has a precision sftant disetséyo anddep of the direction of the CIP at J2000.0
the order of @ 01/cy. from the direction of the pole of the GCRS, which have been

(vi) The developments of the expressions are limited to tlestimated from VLBI data (Herring et al. 2002).

third degree irt. S0 = (~0.0417750x 0.000025)"

The error in the precession of the equator resulting from (i) 489 = (-0.0068192+ 0.0000100Y'. (11)

of the order of @ 3/cy in longitude and 0025cy in obliquity; o .
{P contrastday, the dfset in right ascension of the mean equa-
0

the error in the precession of the ecliptic resulting from (if) " : ) ,
and (i) is of the order of G002/cy, 80% of the &ect coming rial frame with respect .to the QCRS, c_:annot_ t_)e derlved_ di-
ractly from VLBI observations, which are insensitive at the first

from the use of an improved theory and 20% from the use i e - e :
improved values for the planetary masses. order to the position of the ecliptic. The determination of this

Moreover. it has been shown that the 3-rotation arget thus requires the use of observations which are depen-

4-rotation transformations using the L77 quantities (expre ent on the position of the ecliptic. To take proper account of

sions (6) and (7)) show disagreement at 1 mas level over 2 cBIf equinox ffset, it is necessary to use an equinox that (i) cor-
turies. See Capitaine et al. 2003a for more detail responds to an ecliptic dynamically consistent with the I1AU’s
' ' ' adopted precession-nutation model and (ii) can be provided by

high accuracy observations.
4. The IAU 2000 precession The numerical value that has been used for the implemen-
tation of the IAU 2000 precession-nutation model is the GCRS
4.1. The MHB 2000 model right ascension of the mean dynamical equinox at J2000 as pro-

The IAU 2000A Precession-Nutation model was adoptédred by Chapront et al. (2002) from a fit to LLR observations

by IAU 2000 Resolution B1.6 to replace the IAU 197@ased jointly on the use of a dynamical theory for the Moon

Precession (L77) and the IAU 1980 Theory of Nutatiornd of VLBI Earth orientation parameters:

The nutation series was generated by the convolution of the _ /

MHB 2000 transfer function with the rigid-Earth nutation seé-}a0 = (-0.01462 0.0005" (12)

ries REN-2000 (Souchay et al. 1999), rescaled to account This value (12) for the equinoxfiset fulfils condition (i) as

the change in the dynamical ellipticity of the Earth impliethe MHB precession and nutation is based on the theory of the

by the observed correction to the lunisolar precession of tBarth’s rotation for a rigid Earth (Souchay et al. 1999) which

equator. It is based upon basic Earth parameters estimated fuzes the analytical theories for the planets and the Moon and

VLBI observations. then refers to the same dynamical equinox (S94). It fulfils con-
The resulting nutation series includes 678 lunisolar termdgtion (ii) as the accuracy of the estimation is at least 20 times

and 687 planetary terms and provides the direction of the dmtter than the previously available ones.

lestial pole in the GCRS with an observed accuracy of 0.2 mas. Note that the mean equinox of epoch derived in this

The series includes the geodesic nutation (Fukushima 19943y corresponds to the definition of the ecliptic in its “in-

On the other hand, the Free Core Nutation (FCN), which caartial” sense, i.e. based on the motion of the orbital angular-

not be predicted rigorously, is not included in the IAU 2000Aomentum vector of the Earth-Moon barycenter. ffais by
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about 94 mas from the “rotational dynamical mean equin®auz000 = —0”/006951- 0”025382 — 22"/ 407251G°

of J2000.0" (Standish 1981) as used in the past when re- + 07001842282 + 0700111306%

ferring to the FK5 equinox or to the origin of the JPL 2

ephemerides DE200 and the ICRS position of which has been + 07000000995 + Z Z [(bc.j)it! cosre)
provided with an uncertainty of 10 mas by Folkner et al. (1994). i j=0

In the following, we will first deal with the part of the
MHB 2000 model due to precession. We will then consider
the polynomial part of the motion of the Celestial IntermediafgrG stands for various combinations of the fundamental ar-
Pole (CIP) with respect to the GCRS, including precessigaiments of the nutation theory, including both luni-solar and
and bias. planetary terms.

Taking into account precession only, these expressions, de-
noted P00, become:

+(bs)it! sinarc)] + - -- (17)

4.3. Basic IAU 2000 expressions for precession

The most straightforward way to interpret the precession patoo = —0/016617+ 20047191747 - 0"427219%
of IAU 2000A is simply to add the longitude and obliquity rates - 0719862054 - 0”700004605*
to the existing L77 series fara andwa. The canonical formu- +0”000005985, (18)
lation for the IAU 2000 precession matrix is thus naturally the
4-rotation one (see relations (4)), involvieg ya, wa andya.  Ypgo = —07006819- 07025382 — 22"/ 40725107
The 1AU 2000 expressions for the classical quantitigs + 07001842283 + 0700111306%
andwa have been provided in the IERS Conventions 2000 and

” 5
should be regarded as the “defining model”, upon which the +0°.00000099". (19)
IERS and SOFA implementations are based: This shows that the polynomial part of teandY CIP coor-

Ya = 5038747875 — 170725942 - 0700114723 dinates originate from precession, except for the contribution
wa = € — 0702524 + 07051272 — 070077263, (13) from .the frame bias and from_ cross nutation terms. The latter
_ . contribute as a constant termYrof 132uas and a secular term

with eo = 843817448. in X of 4 uas per century.

Following such an approach, the above MHB 2000 pre- The contributions Myias and dfyias from the frame biases
cession corrections have also to be used to correct the lingag andy are (inuas):

terms (noted by index 1) of the quantities (obliquity of the
equator on the moving ecliptic) ami\ (general precession in dXpias = — 16617 — 2t2 + 1 cosQ,

longitude), whereas the expression far is unchanged. By gy,.. .= — 6819 — 142t + 1 sinQ, (20)
adding the correctionsdl to ea1 and di; to pa1, respectively,

one obtains: the first term in each coordinate being the contribution from
pa = 5028779695 — 17111132 — 070000063 the celestial pole fiset at J2000 and the following ones from
ea = o — 46”84024t — 07000592 + 070018133 the frame bias in right ascension. As these contributions are
v = 10”5526t — 2"/ 380642 — 0" 001125° (14) included in the Earth Orientation Parameters which are derived

from VLBI observations, it appears preferable to consider the
complete polynomial part of the expressions without separating
4.4. Expression for the IAU 2000A precession based precession, nutation and biases.

on the X, Y coordinates of the CIP

The coordinateX andY of the CIP in the GCRS have beery.5. |AU 2000 expressions for the quantities za, {a, Oa
developed (Capitaine et al. 2003a) to be consistent with the ) ] ]
IAU 2000A nutation series and the basic expressions (1'§l)1e computation of improved expressions for the currently

for IAU 2000 precession. They used expression (12) for th§€d precession quantities, {» and 6 can be derived in
equinox dfset at J2000.0 and the celestial polisets at S€veral ways from expressions (13) and (14) based on ana-

J2000.04p andng, which are derived from (11) as: Iyticall or num.erical solution_s. The purpose is to provide ex-
pressions which are numerically equivalent to the 4-rotation
& = (-0.016617+ 0.000010¥

expressions, based on the MHB corrections to the precession

10 = (~0.006819+ 0.000010}'. (15) rates iny andw, at one level of accuracy less than the MHB
The IAU 2000AX andY expressions, provided in the IERSEOTections themselves (i.e. g@scy). This can be done in a
Conventions 2000, have the following form: semi-analytical way by solving the expressions for these quan-

tities from the relations in the spherical triangles (Woolard &

— 0" " _n” 2
Xiauz000 = —07:016617+ 20047191743 — 074272191 Clemence 1966) using, as basic developments, thosgfor

- 0"/19862054° — 0”00004605" andwa; this was carried out using the softwab®EGOIREas
., s 2 - a tool. The transformation can also be done numerically, by
+07.00000598" + Z Z |(as )it sin(aro) sampling the precession matrix throughout a chosen interval,

=0 decomposing the matrix into the three Euler angles concerned,

+(aC,J')itj cos(me)] + -, (16) and fitting polynomials irt. The results are quite consistent at
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the microarcsecond level over several centuries. Our approaaime level of accuracy as the other precession expressions. The
was to use just enough terms, andftic@ents with just enough following points should be noted:

precision, to match the resolution of the IAU 2000A model. ]
The order of polynomial to be used was found tothand the 1) Such furtherimprovement, based on the MHB 2000 cor-
precision of the coicients 01 pas. The following series with F€Ctions to precession rates, complies with the recommenda-

a 01 uas level of precision matches the canonical 4-rotatidions Of IAU 2000 Resolution B1.6, which encourages the de-
series to sub-microarcsecond accuracy over 4 centuries: velopment of new expressions for precession consistent with

the IAU 2000A model.
In = 2"'5976176+ 230670809506 + 030190152

+070179663° — 070000327 — 0” 0000002° 2) Animproved GMST expression would also be necessary

as the expression directly depends on the precession in right

za = —2"'5976176+ 23060803226 + 10947790 ascension. On the other hand, neither the periodic part of the
+070182273% + 07.000047G* — 0”.0000003° expression for the position of the CEO in the GCRS, nor that

Op = 200471917476 — 0”/4269353% — 004182513 for the complementary terms in the equation of the equinoxes,
070000601 — 0700000015 21) will have to be modified, as the expected corrections to preces-

sion are below the sensitivity of the terms of these expressions
These expressions have therefore been proposed as quantiti®e precession quantities.
of precession consistent with the IAU 2000A model, and were

provided in the IERS Conventions 2000. 3) Regarding expressions (14), the formula fir is no

longer appropriate as the primary expression for precession,
and the expression foara is useful only as an intermediate in
the coordinate transformation between TRS and CRS, as its ef-

5. Precession-nutation models post IAU 2000 fectis canceled out in the GST expression.

5.1. Areas of possible improvement

The only corrections that have been applied in the above calcu-

lations in order to be consistent with the IAU 2000A model are 2. Method for improving the model
the MHB corrections to precession rates in longitude and oblig-  for the precession of the equator
uity. The value used fod, as well as the expressions used for

the motion of the ecliptic and for the other quantities of precels— trast to th . h hvsical .
sion, were those of L77 (i.e. AU 1976). n contrast to the previous approach, a physical meaning can

. : : i he corrections to precession rates. The MHB cor-
Such an approach is not satisfactory from a dynamical oﬁﬁ given to.t . ;
PP y y P ion dy; is then considered to be a correction to the speed

of view because the precession rate corrections are understos él . L
b 4he mean celestial pole of date, P, about the ecliptic pole C

only as a representation of linear terms in the observables ;
not as physical quantities. Moreover, such a precession mod e Woolard & Clemence 1966 or L 77) andycas the oblig-

suters, except for the precession rates, from the limitations y rate c_ontrip ution with respect to inertial space (see WO4).
the IAU 1976 model mentioned in Sect. 3.3 and especially r his provides improved constants for the precession model of
. 3. ;

garding the model for the precession of the ecliptic. € equator to be used in the kinematical relations.

As noted by Woolard & Clemence (1966), the motion of  Thjs approach is more complicated, but more satisfactory
the equator and the motion of the ecliptic &eematicallyin-  than the previous one from a theoretical point of view. Its use
dependent of each other, but to a small extent the secular vagges not mean that the observations are considered to be sen
tion in the motion of the equator deperttigiamicallyupon the  sitive to an ecliptic. It means only that VLBI estimated cor-
variations of the disturbing forces caused by the change in {tions (@1 and doy) to the precession rates with respect to
average positions of the Sun and the Moon with the motion gffixed ecliptic are used as constants of integration in solving
the ecliptic. The improvement of the model for the precessighe equations, thus providing corrections to theftoents of
of the equator therefore requires the use of an improved mogglt2 andt3 terms of the precession quantities.
for the motion of the ecliptic.

Based on the MHB corrections to the precession rates, the There is however a problem of numerical consistency.
precession of the equator can be obtained in a more dynaiktie t? and t* corrections that appear, arising from the
cally consistent way. The solution has to be based on: MHB correction to the speed of the celestial pole, are indeed
() improved expressions for the motion of the ecliptic largely less than thc_e corrections yvhich would _co_rrespond to

A, . oo ' . a better representation of the motion of the ecliptic. It would
(i) |mprove_d expressions for the contnt_)unons to Precessiqflarefore be artificial to introduce corrections at the microarc-

and obliquity rates of the_equz_ator wiih respect to a fixg cond level when it is well known that corrections more than
frame such as those provided in W%’ o ten (or a hundred) times larger would be necessary. Moreover,
(iii) the MHB estimates for the dyn.amcal ellipticity of thethe expressions of L77 are limited to terms of degree 3 or less,

Earth and for theéect of non-rigidity. whereas there are non-negligible terms at degree 4, and the
A more accurate expression for the geodesic precession is alsmputations are therefore not consistent in principle. A de-
required (Brumberg 1991) in order that it be consistent with tlvelopment up to degree 4 is necessary.
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Table 1. Precessional quantities determined witfietient sources. Units: cfiients in arcsecond and time in century.

Source t t? t3 t4
L77 Pa 4.1976 0.19447 —0.000179
(Newcomb) Qa —-46.8150 0.05059 0.000334
from S94 Pa 4,199706 0.1939713 -0.00022351 —0.000001036
(VSOP87) Qa —46.809269 0.0510429 0.00052233 -0.000000567
W94 Pa 4,199610 0.193971 —0.000223 —0.000001
(VSOP8AIERS1992 masses) Qa  —46.809560  0.051043 0.000522 —0.000001
P03 Pa 4199094 0.1939873 -0.00022466 —0.000000912
(VSOP8%Fit to DE406) Qa —46.811015 0.0510283 0.00052413 -0.000000646
5.3. Method for improving the model secular parts providé€, and Qa, which may be regarded
for the precession of the ecliptic as, respectively, th& and —y components of the secularly-

) i ) . moving ecliptic pole vector in a (right-handed) frame that has
Since the adoption of the IAU 1976 precession, polynomial Ups  ais through the J2000 (inertial) mean equinox and-its
dates have been provided using improved ecliptic motion By, through the J2000 ecliptic pole.

Bretagnon & Ch{;\pront (1981), Laska_r (1986) a_md S94. The From the original expressions for the polynomial partgfor
latter paper provided expressions derived from improved p%ﬁidq given in S94, which were computed using the IAU 1976

cesssion rate, obliquity and also masses, and partial deri¥@siem of planetary masses, we have derived the polynomial
tives with respect to these quantities. These developments W&é@elopments foPa andQa. These expressions are very close
used by W94, together with the newly introduced precessign . developments used by W94 since the source is the
rate in obliquity and updated VLBI precession rate in longis, e (VSOP87), the only change coming from the introduc-
tude, to provide the most complete polynomials in time fqf,, of the IERS Standards 1992 masses (McCarthy 1992).
the precession quantities. These latest expressions for the p{&s g aficients of these developments and of L77 are listed

cession quantities are based on the analytical theory VSOR8{e 1 together with the improved values obtained from the
(Bretagnon & Francou 1988) for the motion of the ec"pt'cprocedures set out beldw

which was fitted to the numerical ephemerides DFRBA0O, When looking at the trends in the residuals between VSOP
and on the IERS Standards 1992 system of planetary masge$ yarious JPL source ephemerides (DE200, DE403 and

(McCarthy 1992). Improved expressions for the precession[?é‘ms) the secular quantitieé%;p) and (%) show sys-
! t=0 t=0

?Ematic deviations that are probably due to the analytical solu-
Sion VSOP87, independently of the reference frame, the con-
stants of integrations and other physical parameters of the
JPL reference ephemeris. The corresponding deviatioRg in

6. Improving the models for precession andQa are, in the case of DE40§%)t:O ~ 0.6 magcy and

6.1. Precession of the ecliptic (%)I:O ~ ~1.7 magcy. The contributions due to the change
of masses mentioned above at@1 magcy and—0.3 magcy
6.1.1. The precession quantities for the ecliptic respectively and are much smaller. An illustration of the peri-
. . odic and secular deviations 8fand Q between VSOP87 and
I—!erea_fter we deS|gn_ate by and Q the quantitiesP = Ke 4055 shownin Figs. 2 and 3, the time interval covering two
sinzsinll andQ = sinx cosll, wherer andIl are the 0S- )y iannia The thickness of the curves brings out the residuals
culating elements of the Earth-Moon barycenter orajithe due to short-period terms whose amplitudes are smaller than

inclination on the ecliptic andl, the longitude of the ascend-1 mas. The “noise” produced by the short-period terms is the
ing node). The angles andIl are referred to a fixed ecliptic i |imitation to the improvement of the secular variations
for J2000.0. The planetary theory VSOP87 introduces Sl'gh@éscribed below.

different quantitiesp = (sinzr/2) sinll andq = (sinx/2) cod1.
The corresponding precession quantities are denotd®h by
sinza sinlla andQa = sinza coslla. They are time polyno- 6.1.2. Improving the developments
mials, easily derived from the secular developments afdq our *

in the Earth-Moon barycenter orbital motion. Such deVeloeéscriptions of the path of the (inertial) ecliptic pole, one from

meﬁ’ have been pro‘éid.ed\%ggg?”d woa. - i func.VSOPB7 and the other from DE406. VSOPS7 provides the
. € quan_tltlesp andqin are quasl-periodic funC-, ot getajled analytical model currently available of the peri-
tions of the time. They are expressed in the form of Poiss

. _ L Bhic component of the ecliptic motion. DE406 contributes the
series whose arguments are linear combinations of the m?]%
2

analytical solution of the motion of the ecliptic in the ICRS
the most accurate available numerical integration.

improved” ecliptic model comes from two independent

. i . Lt available accuracy, consistency with modern observations,
planetary longitudes; more precisely they involve a secu

- . . ) d a long time span.
part, a periodic part (Fourier terms) and a mixed part (Poisson
terms, i.e. Fourier terms with varying amplitudes). The! Denoted P03 in the following.
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Inertial mean ecliptic of J2000.0

I
Yzooo<MC1P)/<(Mc1P) =23°2621".406

Mean equator of J2000.0 MCIP)

T
O(MCIP) = -14.6 mas ©

y (DE406)= 38.6 mas

€(DE406) =23°26"21".409

T

v'  (DE406) o (DE406)

DE406) = -51.3
2000 o ) nas

Reference plane of DE406

Fig. 1. Rotation angleg and e to rotate from equatorial to ecliptic 4,
frame.

VSOP87 provides an ecliptic in the form of the oscu-
lating elementsp, g, which are obtained from models that
comprise a secular part (that we wish to improve upon) a
a periodic part. The DE406 ecliptic is obtained from the
Earth Moon Barycenter (EMB) position and velocity, K):
the (inertial) ecliptic pole lies in the direction ofx i and its
motion contains both secular and perioditeets. Combining
these two ecliptics to obtain an improved secular model coﬁ-'
sists of finding the best rotation from the DE4GEDE405)
frame to ecliptic coordinates, then comparing the DE406 and
VSOP87 p, g predictions, and finally minimizing the fiér- £

ences by making small adjustments to the VSOP87 secular

models.

The procedure has one unavoidable weakness in that
final polynomial models for the secular part of q (and
hencePa, Qa) are essentially empirical and have no regard for
dynamical consistency. Although the VSOP87 model is theory-

based, the DE406 predictions are, as far as this exercise is con
cerned, a source of observations, and the resulting polynomi-
als empirically model those observations. However, they can
be expected to be valid over the entire time span used (in our

case 1000-3000AD), with any unmodeled long-period terms

in VSOP87 automatically corrected.

The details of the procedure we used to provide an irlnq'
proved ecliptic model were as follows:

1. Adopt starting values fo#g, € andyo, the three Euler 11.
angles that relate the orientations of DEADBR406 and
VSOP87. We used 8438% for ¢g and zero for the other
two angles.

. Initialize to zero the current corrections to the VSOP
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whereéy is 16.617 mas, the ICRS declination of the J2000
mean equinoxy(DE405) is 6.4 mas, the distance from the
ICRS equinox to DE405 equino®(DE405) is 50.28 mas,
the distance from the DE405 origin to the DE405 equinox,
¢(ICRS) is 55.42 mas, the distance from the ICRS ori-
gin to the ICRS equinox, andag is 14.6 mas, minus the
ICRS right ascension of the mean J2000 equitgis from

the IAU 2000 frame bias (11) as presented in the IERS
Conventions 2000y(DE405),¢(DE405),¢(ICRS) anddag

are from Chapront et al. (2002), thiey value being the
adopted value (12). It should be noted that these numbers
are not entirely consistent, because they come from obser-
vations. However, expression (22) defines how they have
been combined to produce a workipgvalue.

For a set of regularly-spaced time@n Julian centuries of
TDB) centered on J2000, interrogate DE406 to obtain the
EMB heliocentric position and velocity and VSOP87 to ob-
tain p andg. Our samples were spaced 0.7 years from J1000
to J3000, giving d range of+10.

Transform the DE406 heliocentric position and velocity
from the DE405 (i.e. equatorial) frame to the J2000 ecliptic
frame by applying the rotatioRs(yo)R1(e0)Rs(—¢o) and,
using the standard transformations, obtain the osculating
elementsr andIl.

Computep = (sinz/2)sinll andq = (sinx/2) cosll and
subtract the VSOP87 values from Step 4 to giyeandAq.

The result of the last three steps is a tablé afp andAg.
Using standard minimization techniques, fit polynomial co-
efficients inty_, to the sets oft, Ap andt, Ag. As men-
tioned in Step 2, we chose = 5 to match the order of
the VSOP87 andq secular models.

e X .
%1. Thety terms of the resulting polynomialpy andqg, have

a special status in that they describe tHsets at J2000
between the DE406 ecliptic and the one used to rotate the

DEA406 vectors into the ecliptic frame. They can thus be

used to improve they andgo estimates, by addingjg to €

and subtracting &/ siney from ¢g.

The remaining polynomial termgy_s andq;_s, are sub-
tracted from the current corrections to the VSOP87 poly-
nomials (see Step 2).

Repeat from Step 3 until thgp andAq polynomial codi-
cients have minimized. Convergence is rapid: no more than
three iterations should be required.

The final corrections are then subtracted from the VSOP87
polynomials, giving improve@, g models. These can be
transformed into models fd?a, Qa to give the final result.

8‘I}he final DE405-to-ecliptic rotation angles were:

polynomials. To match VSOP87, the two correction polyds0 — 0705132

nomials each consist of five cieients, for powers of
from 1 to 5. (NB: The VSOP87 polynomials requirén
millennia, whereas in this paper we usa centuries.)

. (The procedure iterates from this point.) Using the curr
values forgg andey, calculate the third Euler angle (see
Fig. 1):

Yo

Yo = (¢o — #(DE4O5)+ ¢(ICRS)+ dag)/ coSep
+ fo/ SinEO - l,D(DE405)

€ = 84381740889
=0"03862

(23)

eﬂ]e improvedP, and Qa series are as given as the last line
(P0O3) of Table 1.

The number of quoted decimal places was chosen after

observing the small variations seen when the time step was
(22) changed. Smaller steps than the adopted 0.7 years producec
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20

: : | Table 2. The long-period terms in VSOP8AL* coswt +¢). The plan-
Origina polynomial } } etary and lunar arguments afe= Earth,Ma = Mars, J = Jupiter,
‘ ‘ ‘ S = Saturn,D = Delaunay’s argument D (theftiérence of the mean
longitudes of Moon and Sunje,on = mean longitude of the Moon.

£ o AR R o j s i T Argument a A(") ¢ (degree) P =2r/w (year)
Adjusted polynomial Variable : q
0 e 2J-5S 0 0.00672 125.2 883
4T -8Ma+3J 0 0.00012 350.4 1783
2J-5S 1 0.00050 174.6 883
oo 1500 2000 2500 w0  T+D-Lyon 1 0.00017  180.0 25770
vear Variable: p
Fig. 2. Difference$?(DE406)— P(VSOP) inP = sinx sinIl. 2J-5S 0 0.00757 30.4 883
0 2J-5S 1 0.00030 114.6 883
\ T+D-Lyen 1 0.00017  270.0 25770

Original polynomial

10 -~ - I
the time intervalAt = [1900, 2100], we computed the lin-
ear regressions of the residuaDE406)—- P(VSOP87) and

! 1 ! Q(DE406)—- Q(VSOP87). The tests consisted of varying the
Adjusted polynomial § § set of abscissas, the length of the time inteainodified by

G0 10 percent and a shift of the center %0 years. Our conclu-
sion from these tests is that our determination of the secular
variations of Py and Qp is better than 0.05 magy close to

mas

-20

o o o w00 w0  J2000.0 although it is given with more digits in Table 1 for the
Year purpose of internal computations.
Fig. 3. Differences)(DE406)— Q(VSOP) inQ = sinx cosI. The secular parts of the variablpsandq are very sensi-

tive to the long-period terms which have been retained in the

analytical solution and to their accuracy. Table 2 shows
data sets so large that the accumulated rounding errorsthia three terms of longest period which exist in VSOP87 in the
the least-squares fitting procedure used began to influencevthgablesp andq. Here, the general formulation for a Poisson
answers. Steps larger than 0.7 years degraded the accutagy is At® coswt + ¢), whereA is the amplitudeq the as-
through under-sampling. The acceptable margin was roughbtyciated power of timep is the phase and the frequency,
a factor of two either side of the adopted time step. In the cage time being reckoned from J2000.0. The peffod 2r/w
of Pa andQa, the terms in® were of marginal significance andis given in years. If we choose to develop with respect to
have been omitted from Table 1. the time the long-period term corresponding to the argument

Although the procedure set out above naturally producd$ — 8Ma + 3J and the very-long-period Poisson term corre-

an ecliptic according to thimertial definition it can readily be sponding tdl' — D — Lygon, the constant term ig and its trend
adapted to use thetating definition instead (Standish 1981)(%? __ will be slightly modified in the original solutiong(is
The adaptation consists of expanding Step 5 to work in the tmchanged). The fit with DE406 compensates this discrepancy
tating frame of the ecliptic of date rather than the fixed J20@Gt is performed on a sfiiciently long time interval. On the
ecliptic frame. Because the required frame rotation and spjther hand, a development of the term corresponding +65
matrices are functions of tHex, Qa series, these have to be dewill be not appropriate after few centuries.
termined from the currently estimatgxlq series at each itera-  |n Sect. 4.2, we discussed the rotation between GCRS
tion, as well as at the end. We introduced the further refinemegid the mean J2000 equator and equinox in the 1AU 2000
of editing the VSOP87 series fpr q to suppress annual termsmodel. The pole fiset ¢y, Seo) was defined by the MHB 2000
though this had only a smalffect on the result. These adaptaprecession-nutation model itself, but it was necessary to posi-
tions produced an equinox displaced-+§3.782 mas from the tion the equinox by choosing a value i, thereby complet-
inertial equinox, taor = —0"704246, and changed the obliquitying the 3D frame rotation.
by 3.329 mas from the inertial value,et@ = 84381741222. The adopted valudag = -14.6 mas of the ICRS RA of
the mean dynamical equinox at J2000 was that estimated by
Chapront et al. (2002) from LLR data and VLBI EOP and
therefore benefited from both LLR and VLBI data for placing
It is useful to estimate the precision which can be assumgg ecliptic in the ICRS. With an improved precession model in
for the codficients in the above determination. We have peprospect, the question naturally arises or whether to retain this
formed several tests to assess the influence of the fitting iatJ 2000 frame bias or to consider introducing an improved
tervals on the determination ¢f§2) = and (%) . Over frame bias.

6.1.3. Accuracy estimates
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As our goal is to remain compliant with the IAU 2000 reswritten as:
olutions as far as possible, it seems clear that the location of dua /it = . .
the J2000 mean pole must remain as defined by MHB 200 @Ad¥A/dt = (y SiN€A) COSya — Te SiNYa,

However, if we look critically atdao we find that choices do dwa/dt =t cosya + (ry Sinea) sinya. (24)

in fact emerge, because of small inconsistencies between thase equations, which are relative to the angular momentum
LLR results and MHB 2000. In particular, in the Chaprony;s ignore the second order terms appearing in therential

et al. (2002) LLR determination, the mean equator at J2008, ations for body axes which give rise to additional terms, the
is based on the IERS 1996 precessm.n—nutatlon m_odel ratgﬁ-rcalled Oppolzer terms (see Woolard 1953). As the preces-
than MHB 2000 (which was not yeF available at the t|me)._Th§ n rates estimated from observations are relative to the CIP,
means that the LLR and MHB estimates for the frame bias fP’fese complementary terms in precession rates have first to be
the J2000 mean equator with respect to the ICRS equator gl cted from the values estimated from observations before
slightly different, about 17.7 mas and 16.6 mas respectlvely.tmase values are used as the constants of integragip(@nd
view of this, it can be argued that an a posteriori adjustme@g)t_o for solving Egs. (24), and then have to be added to the
to the published LLRao would be justified. This wou_ld give solu_tions to provide the precession relative to the CIP.

aday figure of ~17.1 mas, a dference of-2.5 mas with re- o complementary precession terms for the CIP axis can
spect to the value adopted for the IAU 2000 model. It shoulfl, yerived from classical expressions of Oppolzer terms (see

however be noted that: _ . for example Capitaine et al. 1985 or Hartmann et al. 1999) in
1. The diference in the CIP motion resulting fromda the following form:

change of 2.5 mas would be only one term ofi@8cy in Y, _
which is not of practical significance. dwa = (A/(CQ))(dya/dt) sine

2. Thedag value cannot be evaluated to better than abaodiiy = —[A/CQ sine](dwa /dt). (25)
+3 mas, given the uncertainties in the ICRS position both of . . N
the MHB J2000 mean equator and of the ecliptic. A andC being the Earth’s prlnc!pal moments of inertia and

Our conclusion is that although a revisa, could be in- theLrPSeign Eggﬁ:;oa:qusgul(%;\)/el?glrtyﬂ(x :;?]325)@. and the
troduced as a complement to an improved precession moﬁeé’967296205 MHB value for ‘{’ﬁe ratid\ag’ in expres-
the inconvenience and opportunities for error that multiple ./ P
frame bias models would lead to would not be repaid by wortRo! (25), shows that the only corresponding Oppolzer terms

L ; with amplitudes larger than Las for a century are (i) a
while improvements in accuracy. We therefore recommend 1

taining the adopted value efL4.6 mas as a conventional value. as in obliquity of 8704uas, th.at 51N fact mcluded__m the
adopted value for the mean obliquity at epoch, and (ii) secular

terms of—4 pagcy and+1 pagcy in obliquity and longitude,

6.2. Precession of the equator respectively. It can be shown that the solution of Egs. (24)
) ) N is insensitive, within luas precision, to contributions to the
6.2.1. Equations for the precession quantities integration constants smaller than 1 mas, and consequently the

The precession of the equator with respect to a fixed frame Gfifular components of Oppolzer terms can be ignored.
be derived by solving the fierential equations for the preces- 1 ne diferential Eqgs. (24) require expressions for the pre-

sion quantities/a, andwa, given the expressions for the vari-CESSIoNn quantities, andya, which depend both on the motion

ous contributions to the precession rates (that are dependerfi/dfi© €quator and the motion of the ecliptic, as does the quan-
the orientation of the ecliptic with respect to the equator) afiy Pa, Which is also required for computing.. ,

the precession of the ecliptic. This would theoretically require 1he diferential equations fopa andea can be derived
using expressions for these contributions referred to a fixk@M the expression for, andr, respectively and the eclip-
equator and ecliptic as was done by Woolard (1953) to provif& Precession (see Laskar 1986; Simon et al. 1997; or W94 for
the precession-nutation solution directly referred to the mel{l§ auation ia), which gives:

ecliptic frame of thefepc;::h 1900. I—éowever(,fthe most Icompledg)A/dt = r, — cotea[A(p, 0) Sinpa

recent expressions for these contributions (for example in W94 3

are for the componentg andr. of the precession rates in lon- +B(p.9) COSp’_\] 2C(p. )
gitude and obliquity respectively, expressed in an equatorfi§p/dt = e = B(p. @) Sinpa + A(p, @) COSpa, (26)

frame linked to the moving equinox. These components hayeang g being the polynomial parts of the ecliptic variables
therefore to be rotated using the quanjity for the planetary gefined in Sect. 6.1.1 am{p, q), B(p, @) andC(p, g), functions
precession. The equations to be used are the first equationgqhese quantities such that:

formula (14) of L77 or (29) of W9% the last one including the . o
additional component, which was not present in the developA(P. @) = r [+ p(ap - pd)],
ments of L77. B(p.a) = r [p—a(@ap - pa). ]
The diterential equations to be solved for providing th@(p’ Q) = gp- pg 27)

two basic quantities for the precession of the equator are then
withr =2/ 1 - p2 - @

2 Note that the componenj, used in this paper is related to tRg The quantityya can be derived from geometrical consid-
component in W94 bR, =r, sinea. erations in the spherical triangleyiy, where N is the node of
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the moving ecliptic in the ecliptic at J2000 apg andy are 2. the LLR estimated valuey = 843817406 (see Fig. 1 and
the mean equinoxes of date and of J2000 respectively. Using Sect. 6.1.1) for the mean obliquity at J2000, that is also the

the definition of the quantitieBy andQa as functions of ele- IERS 2000 value;
mentslla andra of the spherical triangle, this gives: 3. W94 values described above for the various contribu-
Sinya Sinwa = Pa cospa + Qa Sinpa. (28) tions (i) to (iv) to precession rates (Table 4 of W94 and

} ) ] ) Williams 1995), rescaled by the MHB values for the dy-
A simultaneous solution of the four fiérential EQs. (24)  namical ellipticity, H; of the Earth and for the mean oblig-
and (26) together with the geometrical relation (28) is nec- uity of the eclipticeo, adopted here;

essary and an iterative procedure is required for providing A thee-dependence of each component as provided in Table 4
solution for the precession of the equator that is dynamically 4f\yg4-

consistent. The solution includes the expressions for the bg MHB “non-rigidity contribution” to the precession rate in

sic quantitiesia, wa and for the secondary quantities, ya longitude due to non-linear terms in the torque equations,
andpa, once the precession of the ecliptic is given. which is, in microarcseconds (Mathews 2002):
6.2.2. Theoretical contributions to the precession rates Ay = —21050; (30)

The forms of the solution of the flierential Egs. (24) and (26) ) ) _
for the precession of the equator depend on the expressionsford complete expression for the geodesic precession from

the precession rateg andr., that can be developed as polyno- Brumberg (1991), Bretagnon et al. (1997) and Brumberg
mials int: (2003), such as, in microarcseconds:

ry = o+ it +rpt? + rat3,

y g = 19198827t - 5039t* - 0.7t°
le = Up + Ugt + Upt” + ust”. (29)

_ _ _ wg = 1.0t + 195t - 4.7t (31)
The constants of integration for solving Egs. (24) and (26) are

the constant terms anduo in (29). Table 3 provides the theoretical values used in our work for

The theoretical contributions to the precession rate in Iof?fe diferent precession rate contributions, the origin of which
gitude have been described in detail for a rigid Earth for ex- P ' g

. ) i indicated in the first column. The form of the dependence
ample by Kinoshita (1977), Laskar (1986), W94, Souchay - .
Kinoshita (1996) and Roosbeek & Dehant (1998), of each &ect on the obliquity of the ecliptig;, that has to be

A complete evaluation of the theoretical contributions t80n5|dered when integrating the equations, is provided in the

the . e . gecond column.
precession rates for a non-rigid Earth has been provided in
W94 including, for the first time, the obliquity rate with respect  The &fect of geodesic precession provided in this table has
to space and the tiltfiects. This provided constant and timebeen obtained by converting expression (31) for tifeat in
dependent components in longitude and obliquity, correspoftide quantitiesya andwa into contributionsr,, (usually de-
ing to (i) first order, second order arld effects in the direct NotedPg) andr, to the precession rateg andr. respectively,
luni-solar torque, (ii) direct planetary torquéfect, (iii) J, and these quantities being related through expression (24).
planetary tilt €fects, (iv) tides and, effects and (v) geodesic ~ The main contributions to the precession rates that origi-
precession. nate from the first order terms of the luni-solar torque are de-
The contributions (i) to (iv) result from the physicafect noted (o); and ()1 respectively. Therg), term is the only one
of the luni-solar and planetary torques on the oblate Earth, fgith a suficiently large amplitude (of the order of 500@&y)
which the dynamical ellipticity of the Earthdq = [C — (A+ to be sensitive to small changes in the value for the dynami-
B)/2]/C (A, B andC being the Earth’s principal moments ofcal ellipticity Hq of the Earth, which is one of the Basic Earth
inertia), is an essential parameter. Parameters to be determined. Thgterm is therefore of very
In contrast, the geodesic precession (v) originates from tigecial significance for computing the integration constant
relativistic rotation of the “dynamically non-rotating” geocento be used for solving the precession equations. Its value is de-
tric frame, in which the precession equations are solved for ttiged from the adopted value f@p, given the other contribu-
dynamical €ects (i) to (iv), with respect to the “kinematicallytions which are provided by the theory.
non-rotating” GCRS in Wh_ich precgssion—nutation is actually |t should be noted that the quantitse) is related to the
observed. Consequenthy is a scallng_ factor f(_)r_e_lll the ef'_so—called “Newcomb’s precessional constant” at ep@ahby
fects, except for the geodesic precession. The |n|t_|al numerigah  _ o, cosey, whereas the quantity, corresponds to the
values for the components (except for the geodesic precessipi)e at epoch of the so-called “speed of luni-solar precession”
are also dependent on the value for the mean obliquity of thesevious 1AU models in which the planetary contribution to
ecliptic at J2000. _ the precession of the equator was ignored. More generally, the
_ The computations performed in the present work for solyzygest contributions to, provided in Table 3 correspond to
ing the precession equations make use of: effects considered in the expression given by Kinoshita (1977)
1. MHB values (10) or equivalently (13) for the precessiofor the speed of luni-solar precessidpyoo, Whereas the other
for computing the constants of integratiojanduy (see contributions correspond to the additiondfeets mentioned
Sect. 6.2.4 for the details of this computation); above.
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Table 3. Theoretical contributions (from W94, Williams (1995) and MHB) to the precession rgtemndr,, of the equator used in the
present paper.

Source of the fect e dependence || Contribution in longitude at J2000| Contribution in obliquity at J200
pagey | pagey’ | pagey® pagey | pagey’ | pagey®

Luni-solar & Planetary torque

Luni-solar 1st order cose (ro)r| —-3395 -6 0 0 0

Luni-solar 2d order(a) 6cofe-1 -33100 0 0 0 0 0

Luni-solar 2d order(b) 3cofe-1 -13680 0 0 0 0 0

Luni-solarJ, cose (4 - 7sire) +2600 0 0 0 0 0

Planetary 1st order cose +31367 0 0 -1400 0 0
J, and planetary tilts

J; and planetary tilt(a) COos &/ sine -269430| +1074 0 0 0 0

planetary tilt(b) cose 0 0 0 (Uo)1 -44 +3
Tides

tides(a) coSe 0 -102 0 0 0 0

tides(b) coS’e 0 -133 0 0 0 0

tides(c) sine cose 0 0 0 +2400 0 0
J, rate COSe 0| -14000 0 0 0 0
Non-linear défect 1 —-21050 0 0 0 0 0
Geodesic precession 1 -1919883 +3 +1 -1 0 +5
Total (ro)1 —2223176| —16 553 =5 || (up)1 + 999 —44 +8

from the L77 value IERS 2000 value
(843817406) fore, is:

The MHB precession rate corrections were estimated in a fit of

Basic Earth Parameters (BEP), that are part of the precessia = ¥1 de Coteo =

nutation theory, to VLBI series of celestial pol&sets. The

estimated precession rates are therefore dependent (i) on(ﬁz

parameters that were used as observations, (ii) on the proc

dure that was used for estimating these observed paramejers

and (iii) on the MHB fit. The contributions of thesefidirent grocedures did not use the rigorous transformation as de-

effects have.been evaluatedlln order to be subtracted fr E?#'bed in Sect. 2, but used a procedure which a) considered
the MHB estimates before using these values as constants, o

integration.

6.2.3. Spurious contributions to the estimated rates (84381448) to the

— 2366pas/cy. (32)

Efrect of the pre-2003 VLBI procedures

mentioned in the introduction, the pre-2003 VLBI

precession and frame biases corrections as if they were
nutations and b) omitted the equinoffset.
This, in particular, introduces the following spurious con-

(i) Effect of the "observed” parameters tributions to the estimated precession rates:

The nutation parameters determined from the analysis dyfy; = noy1 coteg = —384uas/cy
the VLBI data are corrections to the precession-nutation mo%‘%b
expressed as celestial pol&sets in the form ¢ and . It
should be noted that these celestial poftsets were deter- (iii) E ffect of the MHB fit

mined using the conventional L77 value for the obliquity of

the ecliptic at J2000 to which VLBI observations are actualljhe MHB procedure to estimate the precession rates
not sensitive. This means that, whereas the VLBI estimd{e,)-o]lwng in longitude and [()i=o]mHs in obliquity in-

for the precession rate is provided for the correctign tb cluded three steps (Mathews 2002). The first step was to
the t termy, of the precession in longitude, the estimate iastimate VLBI corrections to the luni-solar precession rate
fact includes the fect of the conventional scaling factor gin in longitude, P, to a number of prograde and retrograde
through the precession nutation matrix product that was usaatation amplitudes and to the precession rate in obliquity.
in the VLBI computation. This is equivalent to saying that th&he second step was to fit the theoretical expression$for
parameter to which VLBI observations are actually sensitiveasd the nutation amplitudes to their observational estimates in
not dyp itself, butis dva Sinea (i.e. the GCRSX-coordinate of order to get the dynamical ellipticitidy as one of the BEPs.
the CIP). Consequently, a change in the conventional value Tdre last step was to use the estimated valueHpto derive

the obliquity of the ecliptic at 72000 would result in a spurioufie MHB precession rate in longitude as being the sum of the
change in the corresponding estimate far The spurious value, P,(Hg), corresponding to a rigid Earth and the other
effect in the precession rate resulting from a changg dontributions to the precession rate (see Sect. 6.2.2), including

1 = —&oY1 COSep — da’ol,bl Sinéo = +514,uas/cy. (33)
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Table 4. Initial values at J2000.0 used for computing the precession of the equator.

Source € Hg (ro)1/ cosey (up)1/ coSey U w1
84381 x1C° in”/cy in”/cy in”/cy in”/cy
L77 448 3.2739935 5494.3861 0.0 5038.7784 0.00
W4 409 3.2737634 5494.01083 -0.0291 5038.456501 —-0.0244
MHB 410 3.27379492 5038.478750-0.02524
P03yel 406 3.27379269 5494.059982 -0.030126 5038.478750 —0.02524
P03 .406 3.27379448 5494.062986 -0.030686 5038.481507 —0.02575

that from non-rigidity. The value used for Rd/dHgr) was denoting it POge. The solution corresponding to relation (35),
1539706 magr from SMART97 (Bretagnon et al. 1998),that is considered as being the final solution, is denoted P03.
based itself on the W94 precession rate correctionsgadlue, Table 4 provides a comparison between numerical values
84381/410. for the fundamental parameters corresponding fiedint so-
This shows that MHB estimate for the precession rate liations and Table 5 provides the corresponding contributions
longitude is dependent on the value that is used for the factorprecession rates that have been taken into account. The first
(dPr/dHgr) and on the theoretical values for the other contreolumn in this Table provide the first order terms in preces-
butions torg as well. sion rates in longitude and obliquity respectively, that can be
The change inrg): that results from the ¢lierences be- derived from the observed values, given the other theoretical
tween the values used in this paper (see Tables 3 and 4)dontributions.
providing our solutions (PG, and P03) and the MHB ones is:

d(ro)1 = 3914uas/cy. (34) 6.2.5. Solution for precession quantities compliant
with IAU 2000A

6.2.4. Evaluation of the constants of integration Following the approach described in Sect. 6.2.1, we used an-
ggftical and semi-analytical tools for computing corrected ex-
Hressions for the precession quantities, given the motion of the
egliptic as obtained in Sect. 6.1.1 and the expressions for the
First, the contribution (32) corresponding to thigeet (i) qua_mtltlesrw _andre provided by Tables 3, 4 and 5. The(fd_r-
has to be subtracted from the MHB estimategetefore it is ential equations fog, wa andes and pa were solved using

the GREGOIRESsoftware, starting from the 1AU 1976 expres-

g?zzlgsged to be the physical precession rate along the eC“%tllgns, which provide numerical expressions for these quanti-

S X . 3 .
Second, the contribution (33) corresponding to the q?s including corrections to the andt® terms with respect

fect (i) has to be subtracted from the observed valueg/for 0 the previous ones. _Then, using reIanps in the spherlcal tri-
. I angle mentioned earlier, the corresponding numerical expres-
and w; before using them as the observed quantitiesr§or

i sion forya was derived. Two iterations of this process achieved
andug respectively. onvergence at a sub-microarcsecond level, providing the final
In contrast, the contribution (34) corresponding to the ef. g P 9

) ) . ... __ solutions.
fect (iii) does not modify the value fay itself, but it modifies . .
the \Sal)ue for o)1 (andﬁ(/:onsequently farlg) that can be de- The program was teste_d aga'nSt IAU 1976 eXpressions and
rived from the MHB observed value foj (see Table 4). This against W94 solutions. With the input of the ecliptic expres-

effect does not modify the secular term for the solutiogvin frli%rllfioinsd :ﬁ: n%?g;g?/\'/;:';&se ft%r rtgergéizgstsr:gn :)?t?]cfrzg-
and only very slightly that for its quadratic term. ' P P poly

The integration constants for the precession Egs. (szj in the L77 and W94 papers up to the last digits of these

. ressions.
and (26) are computed from the MHB estimatesrfpandug P . .
taking into account the contributions that are listed on Table 3. Table 6 compares the developments, obtained froffierli

The ro andup values to be used must be derived from Mt solutions, for the two basic quantities for the precession
estimates, using the following relations fiagcy): of the equator. (Here, and elsewhere in the paper, eadfi-coe
cient is quoted to a number of digits that delivergds reso-

ro = (fo)mms + 2757 lution for dates close to 2000, degrading to 4% resolution
(35) for values oft up to +10, corresponding te1l millennium. It
should be understood that this is a numerical convention and

The contributions (32) and (33) to the MHB estimates ardbes not necessarily imply that any given fiméent is known
that from nutation (see Sect. 4.4) have not been considetedhe quoted accuracy.)

in other existing solutions for precession. For comparison pur- It should be noted that the improvement from the 1AU 2000
poses with these solutions, we will therefore keep the prelito- the P03 solutions is of the order of 5 @& in ya and of
inary solution not corrected for these spurious contributior5 yagcy? in wa. It should also be noted that, except for the

The constants of integration to be used for solving the prec
sion equations must take proper account of all the perturbi
effects that have been evaluated in Sect. 6.2.3.

Uo = (Up)mHa — 514
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Table 5. Contributions in arcseconds to the precession rates useffenedit models.

Source Contribution in longitude Contribution in obliquity
1st order 2nd ord, 4, tilt | Geod. prec.| Tides & J, rate Non-rig || Rigid Earth Tides
L77 5040.698400 —0.0468 -1.92 0.0 0.0 0.0 0.0
wWo4 5040.689463 -0.31361| -1.91936 -0.0142t 0.0 -0.0268 +0.0024
MHB 5040.704510 —-0.28491| -1.9198 0.0 -0.02105| -0.02524 0.0
P03 | 5040.733293 —-0.31361| —1.919883 -0.0142t | —-0.02105| -0.027640| +0.0024
P03 5040.736050 -0.31361| —1.919883 -0.0142t | -0.02105| -0.028154| +0.0024
Table 6. Comparisons between solutions for the precession of the equator and expressions for the precession rates.
Source t0 t t2 t3 t4
L77 U 5038.7784 -1.07259 -0.001147
(IAU1976) | wa | 84381.448 0.0 0.05127 -0.007726
w94 Ua 5038.456501| —-1.078977 —-0.001141 0.000133
wa | 84381.409 -0.0244 0.051268 -0.007727 0.000000
1AU2000 Ua 5038.478750| —1.07259 —-0.001147
wa | 84381.448 —-0.02524 0.05127 —-0.007726
P03yrel Ua 5038.478750| —1.0790091 | -0.00114044 0.000132851
wa | 84381.406 —-0.02524 0.0512623 | -0.00772502 | —0.000000467
P03 Ua 5038.481507| —-1.0790069 | —-0.00114045 0.000132851
wa | 84381.406 -0.025754 | 0.0512623 | -0.00772503 | —0.000000467
PO3rel r, | 5038.478750| 0.4794049 —0.00013387| —0.000021008
re —-0.025240 | -0.0000867 | 0.0000171 0.0000000005
P03 r, | 5038.481507| 0.4794106 —0.00013388| - 0.000021008
re —-0.025754 | -0.0000477 | 0.00000826 | 0.0000000006

secular term due to the correction applied in removing spwas absent in L77. Table 7 provides the resulting expres-
rious dfects, the dierences between the dbeients of the sions, up to the third degree, for the €lieents of the pre-
expressions of our P@3and P03 solutions, are at a microarceession quantities as functions of the ffiméents of the expres-
second level (P03 being our final solution). sions (29) and (36).

6.2.6. Analytical expressions for the coefficients 7. An improved precession model

Analytical expressions for the precession quantities are ngje only independent quantities for precession are the two di-
essary for understanding each contribution of the precessj@gtion cosines of the pole of the equator and those of the pole
of the equator and the precession of the ecliptic, and the c@iihe ecliptic. In this paper, we have clearly separated preces-
pling effects between them. Hilton (2002) proposed an exteglyn, of the equator and precession of the ecliptic and we have

sion of the L77 analytical expre/ssio”ns to "A,‘U 2/900 as fungptained the developments of the quantities as functions of time
tions of the L77 cofficientsys, ¢y, ¢7, w1, W}, wy, €. AS  through two independent approaches.
the computations performed in this paper include various pre-

cession rate contributions that havéfelient éfects in the so- _ ) _
lutions according to their epsilon-dependence, we have instead. Final expressions for the primary angles
chosen the precession rates in longitude and obliquity as

vided by (29) to be the basic quantities for the precession of ° ecliptic will be considered as being the primary precession

equalor. The basic expressions for the precession of ihe &c Bantities from which the others can be derived. Their develop-

tic are the polynomlal developments of the coordinates of ﬂrlr?ents are given below. The dafieients are in arcseconds and
ecliptic pole, which are expressed as:

the time unit is 1 century of TDB (or TT in practice)

le quantitiesya, wa, for the celestial pole anB, Qa for

Pa = sit + St? + sat® + set? + st°
QA =cit+ C2t2 + C3'[3 + C4t4 + Csts.

(36) 3 The largest term in the flierence TDB-TT being 1.7 ms<sinl’,
wherel’ is the mean anomaly of the Sun, the resulting error in the
We used the Maple software to derive analytically the exprésrecession quantities using TT is periodic with an annual period and
sions for the cofficients of the solutions of Egs. (24) and (26)an amplitude less than 10 nanoarcseconds, which significantly exceeds

These expressions include the additiohaterm (=ugp), which the required accuracy.
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Table 7. Expressions for the céiécients of the precession quantities.

Quantity Codicient oft Codficient oft? Codficient oft®
1 UoSt 1 1
A o > (rl +T'oCy COtEy — sir(:z - 3 [r2 + coteo (roCz — rgsy + r1c1)] ~5fo (cﬁ + sinszio)
+ }(cote /sirf e )(u CiS + uzsl)
3 0 0 o1 0
L (roUpCy + UgSy + U1 Sy)
3sirf & TR0 '
1 > UoS%
u Z(up+r Zlup 4118 410 + Car2 —
WA o 2(1 0S1) 3% 1S1 + oS + Cily 28i|’1260
1 1 2
A c+ Up C+ 5 (ul — Sl + ﬁcoteo) G+ Sl — ZM0S + 1% Cotey
i(, S2(Up + C1)
-2k + s+ ———
6 [ Otl ! sir? &
co
= > < (roC1 - 11 Cotep)
/sin 1 [S + roC coteo(U + C1)] +rolco = Sros: + 1§ UgC1 | cot
XA S € Sineosz 0C1 — S COteg(Up + Cy sineo% o|C2 2051 > 0C1 €
- (13152 +UpS, + CSp) Cotey
-5 (s1n + s1C2 + Gy Cote) cotep
+1r CL+ i€ + 1 UoC
i $1C; Sinzeo 0C1$1
+i (} 1L 00552) + U3 (} + cotez)
sirfg\6 2 0 o\ 2 0
1 U UoC:
Pa I'o — S, Cotey = (r1 —IgCy COtey + _OSl ) — S, COote —S3Ccotey — O_ 15 Cotey
2 S.c Slrl2 € 25|r12 €
1 1
+ > (1 +2cof fo) + 3 [r2 + cotep (C1S, COteg — FoCa + SpC1)]

+

26,5 — U2S, + 255U + SoC
3silr]260( 251 — U3S1 + 25Up + 1)

! [(rfsl - rlcl) Cotey — FoC2 + roﬁ]

6
! [(] - cEs1) coteo + syuy|

63“’]2 €

+

Precession of the equator, P03 solution:
ya = 50387481507 — 1707900692 — 0/00114045°
+07000132851* - 070000000951

wa = € — 07025754 + 070512623% - 000772503°
—0”700000046T* + 070000003337

with e = 843817406.

Precession of the ecliptic, PO3 solution:
Pa = + 47199094 + 071939873 — 0700022466°
— 0”000000912* + 070000000126

Qa = — 467811015 + 070510283% + 0700052413°
— 0”000000646* — 0”7000000017%.

7.2. Final expressions for the derived angles
and GMST

General Relativity without fundamental problems) should no
longer be regarded as a primary precession quantity. It is con-
sidered here as a derived quantity, along with the other preces-
sion quantities that can be obtained from the primary ones.

The expression for GMST(UT1,TT) provided by Capitaine
et al. (2003b) must be revised in order to take into account the
improvement in the expressions for the precession quantities
(mainly ya andya). In contrast, the expressions for the peri-
odic part of the quantitg and for the complementary terms in
the equation of the equinoxes (see Capitaine et al. 2003a,b) are
unchanged.

The P03 developments for the quantitirs pa andya are
given below. The cdécients are in arcseconds and the time
unit is TDB century.

€ea = € — 46783676% — 0700018312 + 0002003423
- 0”7000000576* — 070000000434

pa = 50287796195 + 1710543482 + 0”00007964°
- 07000023857 — 0”7000000038%

The classical “general precession,” which mixes the motion of . . y 3
the equator in the GCRS and the motion of the ecliptic in th& = 107556403 - 2".3814292° - 000121191
ICRS (and moreover may not be defined in the framework of ~ + 07000170663" — 07000000056 (39)
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P03 developments for the equatorial precession an@les, it would be convenient to regard bias as a component of preces-
andéa can be derived from the above developmentsyfgr sion and to express the bias-precession combination in a single
wa, €a andya: model. Such a model could then replace the existing precession
model, enabling GCRS coordinates to be transformed directly

{a = 2650545+ 23067083227 + 0"12988499” into mean place, leaving the nutation (luni-solar plus planetary)
+0701801828° — 02000005971* — 070000003178 o be applied as usual in order to obtain true place.

Zn = — 21650545+ 23067077181t + 10927348 Therefore, our goal is a compact formulation for the matrix:
+0701826837° — 07000028596 — 070000002904

Op = 20047191903 — 0742949342 — 07 04182264° Rpg = P B, (44)
- 07700000708%* — 070000001274 . (40)

- . whereRpg combines the individual rotation matrices for frame
P03 developments for the ecliptic precession anglesndIla ias @) followed by precessiorR). The bias matri is given

can be derived from the developments for the basic eclipfic . . , e
quantitiesPs andQ,. y the first of expressions (4). The precession maris given

by the second of expressions (4), using the improggedia,
ma = +467998973 — 0703349262 — 0”00012554° wp andya from expressions (37) and (39).
+0”000000113% — 0”7 0000000022° The obvious formulation for such a combined bias-
_ ’ " ” 2 precession model is the traditional 3-rotation approach (5) used
Tla = 629”546'7936; 86Z'95758t +? '15”7992 5 in the 1AU 1976 precession model. At first sight, thifess
—070005371t" - 00000479 + 0".000000072". the prospect of being able to replace the IAU 1976 precession
(41) matrix with one for IAU 2000 combined bias-precession sim-
by introducing revised polynomial expressions far za
0. However, because of the non-zero pole displacement
at epoch, the, and/a angles representing such a combined
GMSTpo3(UT1,t) = 6(UT1) + 07014506 bias-precession rotation undergo rapid changes around J200C
+ 4612"156534 + 1" 39158172 that make polynomials inimpractical. Thus a simple revision
. 3 of IAU 1976 is unfortunately not feasible if the frame bias is
— 000000044% - 0"000029956" to be included. Thisféect has also been noted by Fukushima
— 0770000000368 . (42) (2003).

Note that the secular term in this expression includes a con- An alternative approach is to model the Cartesian com-
tribution of —3872 uas from nutation (for more details, sed’onents of what we may call thetation vector.t is well
Capitaine et al. 2003b). known that any finite rotation of the coordinate frame can
This can be converted from angle units to time units )¢ €xPressed as the “Euler axis and angle”, which are, re-
writing out the ERA and expressing the deients in seconds Spectively, the unit vector along the axis of rotation and the

of Sidereal Time. To a resolution of 0.1 microsecond this givedMount of rotation. These can be combined in various ways,
including the four “Euler symmetrical parameters”, often ex-

. . ) . I
The Greenwich Mean Sidereal Time, expressed in terms of gﬁd
Earth Rotation Angl®, becomes:

GMSTpos(tu, t) = UT1+ 241105493771 pressed in quaternion form, and the three components of the
+ 86401847944782%, “Gibbs vector”; see Wertz (1986). A particularly straightfor-
+307.4771013(~ t,) ward three-component option is simply to scale the Euler-axis

5 3 unit vector by the amount of rotation in radians. This “rotation
+0.09277211@" - 0.0000002926 vector” approach proves mordfieient for representing the
- 0.00000199708' bias-precession than either the quaternion or the Gibbs vector,
— 0.00000000245# (43) because the precession approximates a constant rotation abou
a fixed point (hamely the ecliptic pole).

To obtain expressions for the components of the rotation
vector, we generateRpg for a series of dates between 1800
and 2200, used standard transformations to express the matrix

seconds, wherg is the UT1 and is the TT, both expressed in
Julian centuries after J2000.

7.3. Expressions for combined frame bias as the Euler axis and angle, and fitted polynomialstim the
and precession components of the resulting rotation vector:
7.3.1. The rotation vector approach X = +070068192+ 070260106 + 000002362

-0"0038564° — 0”.0000004*
Although the most general, and potentially most compact, Wgy— _0”0166171+ 20041919783 — 042949242
of forrnula_tm_g a model fqr pred_|ct|ng the o_rlentatlon of the 07000069 + 0” 0000092*
Earth’s axis is as a combined bias-precession-nutati@tte
most existing applications treat precession and nutation sefa= ~0"0146000- 46121603744 — 13915844
rately as well as having no concept of frame bias. In such cases +0”00000086° + 0”7000030Q*. (45)
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To express the vector( y, z) as the rotation matriRpg, we for long-term studies would require afidirent development in
first decompose it into the amount of rotation in radians: trigonometric functions of the precession angles, which will
12 not be discussed here.
¢= (Xr2 +yf + Zrz) (46) It should be noted that changing from the POO precession
solution to the P03 solution gives rise to changes of the order of
0.1uas to a fewuas for a century in a few terms of the periodic
X=X/b, y=yi/b, Z=27/¢. (47) part of the expressions for the CK Y and in the polynomial
part of the quantity+ XY/2 that provides the GCRS position of

Then, writings = sing, ¢ =cos$ andf =1-c, weformthe 6 CEQ. The P03 expression for this latter quantity igds:
matrix elements as follows:

and the rotation-axis unit vector:

xxf+c wf+sz xzfegy (S+ XY/2)poz = 94.0 + 380865t — 122682
Reg~| yxf — sz yyf + ¢ yzf + sx |. (48) — 725741113 + 27.98t* + 15.621°. (51)

zxf + sy zyf — sx zzf+c .
The only change larger than.®uas with respect to the

Note that the algorithm is computationally verffieient: only IAU 2000 expression for the GCRS position of the CEO is of
one square root and two trigonometrical functions (of the sarpg uas in the quadratic term, the other changes all being less
angle) are required, in addition to arithmetic operations. than Q5 pas.
In expressions (45), the choice of polynomial order and co-
efficient resolution was made on the basis that the formulation .
should reproduce the rigorous method toak accuracy over a 8- Summary and concluding remarks
400-year time span. A somewhat shorter version, consistingigfihe work described in this paper we have computed new
11 coeficients of 1uas resolution, delivered Stas accuracy, expressions for precession consistent with the IAU 2000A
and other compromises are of course possible. precession-nutation model. The precession of the ecliptic has
To summarize, given the datein Julian centuries after peen derived from the analytical theory VSOPS8?7 fitted to the
J2000, expressions (45) to (48) can be evaluated to generg ephemerides DE406 for improving the polynomial terms
the matrixRpg, and the product of this matrix with the GCRSp, the expression for the component of the EMB orbital angu-

vector gives the mean place of date. lar momentum with respect to a fixed ecliptic. It uses the value
for the mean obliquity of the ecliptic at J2000 as derived from a
7.3.2. The mean pole X and Y approach fit of the dynamical theory for the Moon to LLR observations.

The equinox ffset in the GCRS has been derived from this

The position of the CIP in the GCRS, as defined by IAgt based on VLBI Earth Orientation Parameters. The model
Resolution B1.7, is a function of frame bias, precession afgt the precession of the equator has been obtained by solv-
nutation. The CIP coordinates can be obtained by evaluatipg the dynamical precession equations based both on the most
the corresponding sequence of nine or ten coordinate rotatiogent expressions for the theoretical contributions to preces-
or to use the simple expressions frandY derived from the sjon (W94) and on the MHB estimates of the precession rates.
improved expressions (37) and (39) for the classical precessiffhis computation, we took proper account of all the perturb-
guantitiesya, wa andya and the MHB nutations in Iongitudeing effects on the observed quantities.

and obliquity. _ We have moreover discussed the most suitable precession

Taking into account the polynomial part only, the PO3 exqyantities to be considered in order to be based on the min-
pressions foX andY are: imum number of variables and to be the best adapted to the
Xpoz = — 07016617+ 20047191898 — 0" 42978292 most recent models and observations.

The “rotation vector” method, that is able to express bias

” 3 ’”
— 0719861834 + 0".000007578" plus precession, has some intuitive appeal, as it specifies the

+0"000005928F° (49) point near the ecliptic pole about which the rotation occurs,
scaled by the accumulated precession. The rotation vector ex-
Yoz = — 07006951 07025896 — 22"407274%° pressions (45) are ideal for rapid generation of the precession
+ 07001900523 + 0”7001112526* matrix in practical software for such purposes as pointing tele-
+ 070000001358 (50) scopes, and can be extended in order and resolution as required

to meet more demanding needs.
The purpose of this paper is to provide positions of the CIP We also provide the solutions for the Y coordinates of the
computed to an accuracy of a few microarcseconds over a ti@k® in the GCRS which include precession, nutation and frame
span of a few hundred years, meeting the requirements of hiplases and therefore tie the precession nutation directly to the
accuracy applications. For such a time spanXh¥ formula- ICRS by simply providing where the pole is in the sky. Their
tion achieves a similar accuracy to the classical one basedaalvantage is of being close to the parameters that are actually
the basic precession quantities. The GCRS position of the @IBserved by VLBI, which is the best way of determining the
provided by expressions (49) and (50) is thus in agreement wiftecession-nutation motion and is not sensitive to an ecliptic.
that provided by expressions (37) and (38) to microarcsecdddte for example that the precession in longitude that is derived
accuracy for a few centuries. The use of Xie¥ coordinates from VLBI is in fact the projection of the&X-coordinate of the
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CIP on a conventional ecliptic and changing the obliquity of R€garding the precession of the equator, we note the

this conventional ecliptic will change the value in longitugéluadratic diference inya with respect to the IAU 2000
whereas the corresponding value %ris independent of the and B03 solutions which can be explained by the fact that both
ecliptic (See Sect. 6.2.3). solutions (except for their secular term) are relative to a rigid

Earth. The large discrepancydp with respect to FO3 cannot
furnish useful comparisons with our results. For exampIBfe _ex_plained simply by thgﬂﬁarencein_the expressions for the
Bretagnon et al. (2003) have provided precession expressiSﬁg:IOt'C precession (_)n which the solutions iaf are based.
derived from the theory SMARTO7 of the rotation of a rigid 1 he work described here has taken advantage of the best
Earth using the MHB observed precession ratginThe pre- ava}llqble observations (VLBI for.the equator, LLR for the
cession of the ecliptic is provided by VSOP87 plus improvekfliptic), of the most recent theories for the Earth (VSOP87)
values for planetary masses (IERS 1992). Fukushima (2068)d the Moon (ELP2000), and the most precise numerical
has used a fit to numerical ephemerides for improving the phemerides (DE406), to develop expressions of the preces-
cession of the ecliptic and a fit to VLBI data for improvingion of the equat_or and the ecliptic that are compha_nt with the
the precession of the equator, given his solution for nutatidY 2000 resolutions and that are dynamically consistent.
Table 8 provides a comparison of théfdient expressions (de- ~ Future VLBI observations covering a longer period of time
noted BO3 and FO3 respectively) and Figs. 4 to 7 compare i@l allow improved separation between the estimates of pre-
final solution of this paper (denoted P03) for the precession@gssion rates and amplitudes of long period nutation. They will
the ecliptic and the precession of the equator. also allow thet? terms in the developments to be estimated,
Regarding the precession of the ecliptic, we note the gogfpviding an indirect access to the motion of the ecliptic.
agreement with the BO3 solution (in the graph the B03 and
W94 plots are practically indistinguishable)ffering only, at AcknowledgementsiVe are grateful to the referee of the paper,
the level of precision provided by the figures, by a secular trerdd Vondek, for his valuable suggestions to improve the text. We also

whereas there are very large discrepancies with respect to [tffahk J. Hilton and G. Kaplan for their useful tests of the solution
(IAU 1976) and FO3. provided in this paper and P.M. Mathews for valuable discussion.
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Table 8. Comparisons between expressions for the basic precession quantities.

Source t0 t t2 t3 t*

1AU1976 (L77) 5038.7784 -1.07259 —-0.001147

IAU2000 5038.478750| —-1.07259 —-0.001147

B0O3 5038.478750[ —1.0719530| —-0.00114366| 0.000132832
FO3 N 5038.478143| -1.0791653| —0.00110654| 0.000129144
P03yl 5038.478750| —1.0790091| -0.00114044| 0.000132851
P03 5038.481507| —1.0790069| —0.00114045| 0.000132851
1AU1976 (L77) 84381.448 0.0 0.05127 -0.007726

IAU2000 84381.448 | —0.025240 0.05127 -0.007726

B0O3 84381.4088| —-0.026501 0.0512769 | —-0.00772723| —0.000000492
FO3 wp | 84381.4062| —0.021951 0.0539411 | -0.00719621| +0.000001907
P03yl 84381.406 | —0.025240 0.0512623 | —0.00772502| —0.000000467
P03 84381.406 | —0.025754 0.0512623 | —0.00772503| —0.000000467
1AU1976 (L77) +4.1976 0.19447 —0.000179

IAU2000 +4.1976 0.19447 —0.000179

BO3 +4.199604 | 0.1939715 | -0.00022350| —0.000001035
FO3 Pa +4.197822 | 0.1939782 | —-0.00010053| +0.000000097
P03 +4.199094 | 0.1939873 | —-0.00022466| —0.000000912
1AU1976 (L77) -46.8150 0.05059 +0.000344

IAU2000 -46.8150 0.05059 +0.000344

B0O3 —-46.809550 | 0.0510421 | +0.00052228| —0.000000569
FO3 Qa -46.812649 | 0.0483315 | -0.00000879| —0.000000215
P03 —-46.811015 | 0.0510283 | +0.00052413| —0.000000646
1AU1976 (L77) 84381.448 | —-46.8150 —0.00059 0.001813

IAU2000 84381.448 | —46.84024 —0.00059 0.001813

B0O3 84381.4088| —46.836051 | —0.0001667 0.0019991 | —0.000000523
FO3 en | 84381.4062| —-46.834600 | —0.0001700| 0.00200000

P03yl 84381.406 | —-46.836255 | —0.0001831| 0.00200340| —0.000000576
P03 84381.406 | —-46.836769 | —0.0001831| 0.00200340| —0.000000576
IAU1976 (L77) +10.5526 | —2.38064 | —0.001125

IAU2000 +10.5526 -2.38064 —-0.001125

B0O3 +10.557686 | —2.3813769| —0.00121258| +0.000170238
FO3 XA +10.553205 | —-2.3815525| -0.00106446| —0.000140596
P03yl +10.556403 | —-2.3814277| —0.00121196| +0.000170663
P03 +10.556403 | —-2.3814292| —0.00121197| +0.000170663
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