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Abstract. The adoption of the International Celestial Refer- Until the adoption of the ICRF, the conventional celestial
ence System ICRS, and of the corresponding Frame, ICRF,reference frame, the FK5 based on positions and proper mo-
the 23rd General Assembly of the International Astronomicabns of bright stars, was oriented so that at a given date, the
Union, calls for a redefinition of the departure point on the trugpoch, the positions are referred to the best estimate of the lo-
equator. Several possibilities have been suggested. This pajagion of the mean pole and mean equinox. The proper motions
considers the use of the non-rotating origin (Guinot 1979). Thesre evaluated so that, for a given model of precession, they
“Celestial Ephemeris Origin” (CEO) is defined here as the noprovide the best access to the mean pole and mean equinox of
rotating origin on the equator of the Celestial Ephemeris Papoch, at any other date. The ICRF was aligned with the FK5
(CEP). Developments valid at the microarcsecond, based on&hd2000.0. However, a conceptually fundamental change is that
best model for precession, nutation and pole offset at J2006®attempt is made to refer the positions of the sources to the
with respect to the pole of ICRF, are provided for computingiean pole and mean equinox at J2000.0, although a significant
the CEP coordinates and the position of the CEO. It is showffset has been observed. In addition, it was decided in 1991
that an operational definition of UT1 based on the CEO leathsat further improvements of the ICRF will be accomplished
to values which are insensitive at the microarcsecond levelwithout introducing any global rotation. Thuke connection
future improvements of this model. between the peculiarities of the Earth’s kinematics will have to

be severed (Note 4 of Recommendation VII of IAU Resolution
Key words: astrometry — ephemerides — reference system#\4, 1991). In this context, one may argue that the simplest way
time to study and describe the orientation of the Earth in the CRS is
to use three parameters (Eulerian angles), instead of the usual
five parameters required by the use of an intermediate axis (axis
of the CEP, instantaneous rotation axis or others). Although this
1. Introduction can be an interesting development for the future, the usual five

At its 23rd General Assembly in 1997, the International Astr(?—arameters will stil pe ngeded, fqr the thgory of Earth rota-
nomical Union (JAU) adopted an International Celestial Reflon and for geophysical interpetations. This paper makes use
erence Frame (ICRF) that realizes the International Celesf?cj;llthem'

Reference System (ICRS), as specified by IAU Resolution A, The.historical abandonm.ent of the link of the CRS with
1991. the motion of the Earth requires that an offset at epoch be in-

According to its 1991 definition, the ICRS is such that thtéOdu?ed in Fhe descript.ion of the precessiop/nutation of the
barycentric directions of distant extragalactic objects show ﬁgrth $ rotation pole,_ this O.ﬁSEt belng_ experimentally deter-
global rotation with respect to these objects. For the study ned and_ being re_.\wsable in conventionally adopted models
Earth rotation, a geocentric coordinate system is required. It Sorecessmr)/nutatlon. On the other hand, the currgnt conven-
specified in 1991 that the orientation of the geocentric systé‘? ”*’%' model is known for more than ten years o b? inadequate
follows the kinematical condition of absence of global rotatiof?" highly ?ccuraFe observatlons". Correctlions to this model, the
of geocentric directions of the objects that realize the ICRS. §8-called celestial pole offsets’, are derived from Very Long

avoid ambiguities, we shall designate by CRS this eocentﬁese”ne Int_e_rferom_etry (VLB!) _o_bservations.
system 9 g y g In the spirit of this new definition of the CRS, and as a con-

sequence of observational progress, it is desirable to adopt a
Send offprint requests to: N. Capitaine Qefinition of the equatorial system of date gnd of the Egrth rota-
* Table 1 is only available in electronic form at the CDS via anon);'-on parameters (ERP) lf’ased on the chanon and motlon Qf the
mous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdswebf@iation pole only, i.e., without any relation to the orbital motion
strasbg.fr/Abstract.html of the Earth. Several possibilities for selecting a departure point
Correspondence to: capitain@danof.obspm.fr on the moving equator, replacing the equinox, and depending
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on the pole of the CRS and the pole of rotation have been sug-
gested (Kovalevsky & McCarthy 1998; Mathews 1999). One
possibility is the use of a kinematically defined point that has
been called thaon-rotating origin (NRO) (Guinot 1979). The
properties of the NRO have already been studied (Capitaine et
al. 1986). However, the progress of the observations requires a
more accurate realization of the NRO, based on the best pre-
cession/nutation model, while keeping the coherence with pre-
vious developments. It is also necessary to evaluate more a
curately the consequences of a change of precession/nutayon
model in the realization of the NRO and in the determination
of Universal Time UT1. When the NRO is associated with the
Instantaneous Rotation Pole (IRP), it provides the modulus of
the instantaneous vector of rotation of the International Terres-
trial Reference System (here denoted TRS) with respect to ffi@ 1. Definition of the NRO, sigma, with respect to the ICRF corre-
CRS. However, the concept of the NRO can be applied to ottf@pnding to afinite displacement of the pole P between daesd:.
definitions of the rotation pole, such as the Celestial Ephemeris

Pole (CEP), inits present definition or in other definitions which

may be required by newly discovered sub-diurnal terms of the order of the uncertainty of measurements of UT1. However,
Earth’s rotation. In the following the designation NRO is useghe uncertainties of TAl and of its rate are, by far, negligible

for the concept. The application to the CEP will be designat@ghen dealing with the geophysical interpretation of UT1.
as theCelestial Ephemeris Origin (CEO). The corresponding

origin of longitude in the terrestrial system will be designated i ,
as theTerrestrial Ephemeris Origin (TEO). 2.2. Coordinates of the rotation pole

After reviewing the concept of the NRO, basic definitiong, the CRS, theZ-axis is oriented in the direction of the pole,
and formulae, this paper reports on the influence on the deigésignated by’,, and theX-axis in the direction of the ori-
mination of UT1 of errors in the precession/nutation model aggh of right ascensions, designated By; the Y-axis com-
of changes of the definition of the rotation pole, when the CE§jetes the direct trirectangular coordinate system. The direction
and TEO are used. Italso provides numerical developments Bpthe pole of rotation (IRP or CEP) is expressed by direc-
sitioning the CEO on the moving equator with an uncertainfion cosinesX (t), Y (t), Z(t) (thus, these quantities describe
of a few microarseconds between years 1900 and 2100, congig- whole motion of the pole in the CRS including preces-
tent with the requirements of current observations, to be usedjgn, nutation and offset at epoch). The polar coordinates
the coordinate transformation between the CRS and the TR&d F of the pole (see Fiff]1) can equivalently be used, such:
Itis a contribution to the Working Group on the New Internax — sin dcos E, Y = sindsin E, Z = cos .
tional Celestial Reference System (ICRS), and the Hipparcos The TRS, appears in this study only through the orientation
catalogue, formed by the 23rd IAU General Assembly in 199 its axes. The TRS is geocentric, the centre of mass being

(Appenzeller 1998). defined for the whole Earth, including oceans and atmosphere,
and the time evolution in orientation should create no residual
2. Basic definitions and formulae global rotation with respect to the crust (Boucher 1990). Details

on its realization, including the adopted motions of the sites

in its realization, Terrestrial Reference Frame (TRF), can be

The study is developed in the framework of classical kinematidsund in the IERS Conventions (McCarthy 1996). Theaxis

The relativistic effects are important in processing the obsenig-oriented towards the (geographic) pole, thaxis towards

tions for measuring the ERP, but they are still negligible in thetine origin of longitudedl,, the v-axis completing the direct

kinematical description, with the exception of the geodesic prgirectangular system is oriented towards the East. The direction

cession and geodesic nutation (Fukushima 1991). cosines of the pole of rotation an¢t), v(t), w(t). Note that the
The International Earth Rotation Service (IERS) refers thesualcoordinatesof thepolex(¢), y(¢), asin IERS publications,

ERP to International Atomic Time TAI (and to Coordinatedrer = u,y = —v.

Universal Time UTC). Their time derivatives are referred to the

scale unit of TAI, i.e. the second of the International Syste .

of Units as realized on the rotating geoid. We therefore assur%]:é' Rotation of the Earth

that the continuous time scalave need is TAI. It must be noted The reference systems CRS and TRS are rigid systems of axes

that TAl is a realized time scale whose theoretical counterp&twhich the residual motion of the source (if any) and of the

is TT — 32.184 s, TT being Terrestrial Time (Guinot 1995).particles of the Earth are respectively referred. By definition,

By definition of TT,TAI — (TT — 32.184 s) = 0 on 1977 therotation of the Earth is the relative rotation of these two

Januaryl*t; but at later dates, it may reach 26, which is of systems.

2.1. Space and time references
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The usual representation of the rotation of the Earth by five €,
time series involves an intermediate axis, which can be selected
at will in one of the systems, provided that its motion be con-
tinuous. The choice is guided by criteria such as convenience,
theoretical and/or physical significance. In a similar manner,
the departure points on the equator at daiéthe intermediate
axis in TRS and CRS can be selected at will, provided that the
motions of these points in the TRS and CRS be known, so that
the ard(t) between these points on the equator leads to the triue
orientation. The criteria for choosing these points are the same
as for the intermediate axis.

2.4. The concept of non-rotating origin

Consider a rigid body. As only directions matter, this body is

represented by a celestial sphere, with reference cartesian &i@<- Definition of the stellar angle

OXYZ. Consider a point R} in continuous motion on the sphere

and a system of cartesian ax@&n¢, with O¢ along OP and let axis. Which axis? The axis of the IRP is first considered on

be o the point of the equator of P whe€¥ pierces the sphere.account of its simple theoretical definition.

The orientation ofDén( is determined by the condition thatin  Inthe CRS, the NRO s provided by the formulae of Sect. 2.4.

any infinitesimal displacement of P there is no instantanedisthe computation of, the total motion of the true pole has

rotation around)(. To stress this property, was designated asto be used. It is not possible to separate entirely the effects

the non-rotating origin on the moving equator of P. In a finitef precession, nutation and also of offset at epoch, because the

displacement of P between datgsandt, the motion of the development of includes mixed terms which reach a few1”

pointo (= o(t)) is provided by evaluating the quantity=s(¢)) after a century. Some of these mixed terms also appear in the

defined by (Capitaine et al. 1986): equinox formulation. The value ef reaches aboui.04” in a
century.

s = 0N = XN — (o0No — XoNo), @ In the TRS, to avoid confusion, different notation is used.

whereo, = o(tg), No andN are the ascending nodes of thdhe NRO isw; it is derived from the position of the origin of

equators at, andt in the equator of CRS (Figl 1). Thenis longitudes by evaluation of,, with a convention similar to that

given by for s:
t . ) s’ = wM —IIM
XY -YX

s = — W dt — (O'ONO — 201\10)7 (2) t wh — vl t

b = —/ 5 dt = /(cosg — 1)Fdt, (5)
the dot denoting the time derivative. A simpler form in polar to to
coordinates is M being the ascending node of the equator ah the equator

t of TRS, andF, ¢ the polar coordinates of the rotation pole
5 — /(cosd _ l)E’ dt — (5Ng — SoNp). 3) (the third direction cosine) has been_taken equal to l_, with an

error largely below 1 microarsecond in several centuries). Some

fo components o’ have to be evaluated, in principle, from the

To refer the development oft) atty, itis convenient to use measurements of polar motion. After a centslrgeaches about
by convention: 0.0004"”. The constant’ (t¢) is smaller than 0.5 microarsecond.
oo No — SN @) Letus con's.ider the aton the common equators at date

0270 = 0770 reckoned positively in the retrograde direction from the terres-
whereo is on the true equator of epoch, whatever be the modeghl NRO,w, to the celestial NRQs (see Fid.R). The definition
in use. This convention is adopted in the following. of the NRO's ensures that the derivatiVis strictly equal to the

This being done, it remains the constat,) introduced instantaneous angular velocityf the Earth around the selected
by the integral. To avoid ambiguities, this constant is kept, ipolar axis. Thug represents rigorously the sidereal rotation of
numerical value being given by the developmentiofTable 2a. the Earth around this axis. To avoid some ambiguities arising
In particular, it is taken into account in the relatignl(22). from the adjectivesidereal, 6§ has been called thaellar angle
(Guinot 1979), a denomination kept here. The definition of UT1
by its relationship with mean sidereal time (Aoki et al. 1982)
is based on the condition that it be proportionaldtataking
For a description of the Earth rotation, the concept of the NROdscount of the precession only. Although it has not been said
applied both in the CRS and in the TRS, for a common rotati@xplicitly, the concept of NRO has been applied and thus UT1

2.5. Earth rotation parameters using the non-rotating origin
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is, by definition, based only on the pole of rotation. The refewhich can also be written, with a sufficient accuracy as
ence to sidereal time, which involves the motion of the ecliptic, 1
is misleading. ==+ —(X2 + y2), (10)
More generally, it must be stressed that, whichever be the
choice of the departure points on the moving equators, the con-
cept and use of the NRO is unavoidable for the evaluation of thelnstantaneous rotation pole
angular velocity of the Earth, and also for the definition of UT1 versus Celestial Ephemeris Pole
if one wishes that the time derivative of UT1 be proportional
w. Thus the definition of UT1 takes the simple form:

oo

t‘f’he CEP has been theoretically defined so that it should have
no diurnal motions both in CRS and TRS (Seidelmann 1982);
UT1—-UT1y = k0, (6) its use therefore cancels the effects of diurnal termsands’.

) Then, the stellar anglé. derived from the computation of the
wheref is a constant selected so that, on the average, the R8s hased on the motion of the CEP differs slightly frém
crosses the prime meridian at 12 hours UTL. associated with the IRP, this latter representing strictly the side-

The use of any other departure point on the equator inthae| rotation of the Earth. However, itis found that the difference
duces a spurious instantaneous rotation. This rotation is:  xp _ p _ gisis quite small and purely proportionalfat the

- equal tos for the point® defined by-N = %N, microarsecond level:

- equal toF cos d for the node N, B "
- ofthe order of; for the intersection, K, of the meridid@i > Af = —0.000073"(t — to), (11)

with the moving equator as well as for the intersection, Kyith ¢ in centuries (s€&5.3). It can be neglected in geophysical
of the meridiarPX, with the moving equator. interpretations of the variation 6for of UT1 proportional t@).

Any of these points can be used as an origin of the orientatibR€ linearity in time ofA¢ would be kept with a new definition
angle of the TRS w.r.t. the CRS around the polar axis. If tif the CEP to take account of short periods in space and within
angular velocity of the Earth and its integral form UT1 is needetie Earth. .

the spurious rotation of this point has to be considered (i.e. the !N view of the advantages of the CEP, itis used henceforward
concept of the NRO). with the associated NROs, CEO and TEO. Thedarefers to

these origins.

2.6. Transformation between the celestial and terrestrial
systems 4. Computation at a microarsecond accuracy

of the basic quantities in the ICRF
The coordinate transformation to be used from the TRS to the g

CRS at date, using the basic quantities referred to the NRO d1. The celestial pole coordinates, X, Y

defined in previous sections is: Developments as function of time of the celestial coordinates

[CRS] = PN(t).R(t).W(¢) [TRS], (7) X andY of the CEP to be used for consistency with the IAU
1980 nutation series have been given (Capitaine 1990). These
where the fundamental componefts/ (¢), 1(t) andW'(t) are  geyvelopments have been computed from the previous standard
the transformation matrices arising from the motion of the po@(pressions for precession and nutation with a consistency of
axis in the CRS, from the rotation of the Earth around the pole, 15" after a century. For consistency with the 1996 IERS
axis, and from polar motion respectively. They are given belqyiation series and improved numerical values for the preces-
in a similar way as in the [ERS Conventions 1996 (McCarthyo, rate of the equator in longitude and obliquity, similar de-

1996) and using the notations[of P.2.]2.4 &nd 2.5: velopments of andY” can be derived. They can obtained from
W(t) = Rs(—s').Ry(—v).Ry(u), the following expressions fak andY (Capitaine 1990):
R(t) = R3(-9), X = X +& —dogY,
PN(t) = Rg(*E)RQ(*d)Rg(E)Rg(S), Y =Y + 19+ dOé()X, (12)
5 r{ggf)acjn be given in an equivalent form involving directly whereé, andr, are the celestial pole offsets at epoch dng
' the right ascension of the mean equinox at epoch in the CRS.
1—aX? —aXY X QuantitiesX andY are given by:
PN(t)=| —aXY 1-—aY? Y R3(s),
-X Y 1-a(X?2+Y?) X = sinwsin,
(8) Y = —sinegcosw + cosegsinw cos 1, (13)
with whereg is the obliquity of the ecliptic at J200@Q; is the incli-
1 nation of the true equator of date on the fixed ecliptic of epoch

@= (14 cosd)’ ©) andw is the longitude, on the ecliptic of epoch of the node of
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the true equator of date on the fixed ecliptic of epoch; the¥e=
quantities are such that: —0.”005202 — 0.”0219421¢ — 22.”4072863¢>
w=wg + Aeq, Y =1y + Ay, (14) +0."0018416t> — 0.”0000037t* + 0.”0000019¢>

whereys ; andw 4 are the precession quantities in longitude antl Y _[(be,0)i coS(ARGUMENT) + (bs 0); sin(ARGUMENT))]
obliquity (Lieske et al. 1977) referred to the ecliptic of epoch

andAi, Ae; are the nutation angles in longitude and obliquity-Z[(bc,l)it COS(ARGUMENT) + (bs,1);t SIn(ARGUMENT)]
referred to the ecliptic of epoch), Ae; can be obtained with i

an accuracy better than one microarcsecond after one centy
from the nutation anglea, Ac in longitude and obliquity -
referred to the ecliptic of date, following Aoki & Kinoshita (19)
(1983) by:

(Avsines cos xa — Aesin xa)

X[(bc}g)iﬂ COS(ARGUMENT) + (bsrg)iﬁQ Sin(ARGUMENT)].

The numerical values dfus,;):, (ac,j)is (be.;)ii(bs,;)i for

Ay = i , j = 0,1,2 are given by Tables 1a and 1b (only published in
_ smwa electronic form). The amplitude@:s o), (b.o); are equal to
Aep = Aypsinegsinyxa + Aecosxa, (19)  the amplitudesi; x sin eqg and B; of the IERS 1996 series for

€4 being the precession quantity in obliquity referred to ecliptigutation in longitudex sin ¢, and obliquity, except for 20 terms

of date andy 4 the precession quantity for planetary precessidh €ach coordinaté{ andY" in which appears a contribution

along the equator (Lieske et al. 1977). from crossed-nutation effect. The six lastterms of Table 1a (from
Inthe following the direction cosine andY” are multiplied ¢ = 264) are complementary terms coming from such crossed-

by the factor1296000” /2x, in order to provide in arcsecondshutation effects. The coordinafe andY” also contains crossed

the approximate value of the corresponding angles with respt&fns between precession and nutation: in each coordinate, the

to the polar axis of CRS. number of terms it sin or ¢ cos is of the order of 120 and the
The development as functions of ime&fandY” has been number of terms irt* sin or t* cos of the order of 25.

performed, retaining all the terms |arger thamréb after one It can be noticed that the numerical series provided by Ta-

Century in order that the procedure usiﬁgandy be consis- bles 1a and 1b can be easily modified to be consistent with a

tent at this level of accuracy with the classical procedure usiAgw series of nutation as soon as it is available.

precession and nutation quantities. The current numerical devel-Development${18) and{lL9) af andY” limited to the terms

opment of the precession quantities have thus been compléggier than 0.1 mas are sufficient for an evaluatiors efith

with the needed number of zeros. This numerical developmétiicertainty smaller than las after a century and for the study

is based on the IERS 1996 series of nutation including planet&fthe sensitivity ofs to the uncertainty of precession quantities

nutations, on the current developments of precession with gtied of the positioning of the pole and the equinox at epoch.

following corrections to the precession quantities (McCarthy

1996): 4.2. The quantities s, s’ positioning the CEO and the TEO
dpa =—02957"/c  and = dwa = —0.0227"/c  (16) on the equator
and on the following numerical values for the offsets at J20007@r pratical computations afands’, the rigorous formulaé12)
(IERS Annual Report for 1997): and [3) may be replaced by:
= (-=0.01713 & 0.00001)” 1 L
“ ! ),/’ s(t) = =5 [X(0)Y (t) — X(t0)Y (to)] + / X ()Y (t)dt, (20)
no = (—0.00507 % 0.00001)", 2 to
dag = (0.078 £0.010)". (17) with the approximationZ = 1. This approximation requires
the addition of a small correction of the order of:ds after a

The development as functions of time &fandY has the
following form:

t . .
X = XY -YX
bs=— [ (2a —1)—/———dt, 21
—0.017130" + 2004.”193319¢ — 0.”4271605¢ s / (20 —1D=— (1)
—0.71986210t% — 0.”70000461t* + 0.”0000058¢°

+Z[(as,o)i SIN(ARGUMENT) + (dc,0); COS(ARGUMENT)]

century:

to

a being expressed bf](9). This correction has been applied in

the following.
’ The numerical development efcompatible with the IAU
+ _[(as,1)it sin(ARGUMENT) + (ac 1)it cos(ARGUMENT)] 1980 Theory of Nutation and the Lieske et al. (1977) precession
i has been given with an accuracy of 0.05 mas after a century
—s—Z[(as,Q)itQ sin(ARGUMENT) + (ac2)it* cos(ARGUMENT)], (Capitaine 1990).
i The numerical development efcompatible with the IERS

(18) Conventions 1996 is provided Hy (20) using the development of
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Table 2a.Development of () with all terms exceeding O/5as during  that the Chandlerian nutation remains in the range of amplitude

the interval 1975-2025 (unjtas) observed since 1900. Terms with annual and Chandlerian peri-
ods are generated by the offset of the mean position of the pole
s(t) = —XY/2 4 2184 + 3810t — 106¢” — 72573¢° at J2000.0 and by its westwards drift. Their amplitudes should
+ Z C' sin o (see below) remain smaller than Las until 2100. A secular variation of
k appears, with a rate of about - p@s/century.

+ 2t sin 2 + 4t cos 2Q2
2 . 2 . 2 . 2 .
+ 744t7 sin Q + 57t" sin 2 ® 4+10t” sin 2@ — 9t~ sin 22 4.3. The stellar angle, 6

The numerical relationship between the stellar afglad UT1

ar Ch as given by Capitaine et al. (1986), has been derived to be con-
Q 9641 sistent with the conventional relationship between GMST and
20 _63 UT1 (Aoki et al. 1982). It can be chosen as the conventional re-
Q420 —12 lationship providing a primary conventional definition of UT1
Q-20  +11 attached to the ICRF. Completing the numerical coefficients to
20 +4 provide an accuracy of las gives:
Q+2c -2
Q-2c¢ 42 0(T,) = 2m(0.7790572732640
3Q +2 + 1.00273781191135448T,, x 36525), (22)
o+ -1
—lo—Q +1 where

Q 1
lflz Yo T, = (Julian UT1 date — 2451545.0) /36525 (23)
lo+20 -1

5. Sensitivity of UT1 to change in the model

Table 2b. Complementary terms exceeding Qu5s for the intervals ~ Of the pole trajectory when using the CEO

1900-1975 and 2025-2100 (upits) 5.1. Background

As(t) = 428t +13t° — 23t° cos @ — 1t° cos 2 ® The precession/nutation model used in processing obervations
+ Z D;t? sin o ( see below) is improved from time to time. The effects on the values of the
i ERP of these corrections are well known when using the tra-
ditional equinox: reduction of the spurious diurnal terms in the
o D; terrestrial pole coordinates v (when the celestial pole offsets

are not determined simultaneously); steps in UT1 and UT1 rate

;@li 2% ig dUT1/dt. The step of UT1 can be cancelled by a change of the
le _3 UT1/GMST relationship, as done in 1984 (Aoki et al. 1982).
20+ 0 +2 We consider here the resulting effects on the terrestrial pole
le+ 2@ +1 coordinates, and on UT1, when the CEO is used instead of the
—lo+20 -1 equinox, when a new model of the celestial pole trajectory is
20+0 -1 adopted for processing observations. We remark first that the
—let+ 2 -1 effects onu, v are identical, whether one uses the CEO or the
—let2c-20 —1 equinox. Only the effects on the stellar angleeed to be con-

sidered.
Assume that the change of model occurs at dateckoned
X andY as functions of time, given by (18) arid {19). The conp, centuries since J2000.6,(= 0). The corrections to the co-
stant values(t) has been evaluated to be - 21@4. Retaining ordinates of the pole are functions of timeX (t), AY (¢). In
the terms larger than O/ms, this development is as follows. Itthjs application, the position of the pole is sufficiently close to

is separated into two parts, Table 2a for terms larger than @550 that terms i can be omitted. The correctiondat date
pas over 25 years and Table 2b for additional terms extendings then (Capitaine et al. 1986):

the development over one century.
In the polynomial development of the termint is mainly - Ag(¢1) = As + E[X(t)AY(t) —Y(H)AX ()]
due to cross terms nutation nutation and the others are pre- . 2

cession terms. The periodic and Poisson terms are mainly due — Z[X(to)AY (to) — Y (to)AX (to)], (24)
to cross terms precessionnutation except for a few periodic 2
terms due to cross terms nutatismutation. whereAs is obtained by integration ovet t).

Concernings’, terms arise from the geophysical excitation
of the polar motion. Their effect ofl is estimated assuming  Three applications are considered.
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(a) First, in[5.2,A0 is evaluated for the change from the IAUunit is the microarcsecond.
1980 Theory of Nutation (Seidelmann 1982; Wahr 1981) and

IAU 1976 Precession to the model of the IERS Conventions Al =
(McCarthy 1996), for the introduction of the mean pole offset — 50t + 2t* . precession X mean pole offset at tg
and right ascension of at J2000.0, as provided by the 1997 4 4#2 : precession x equinox offset

IERS Annual Report. This evaluation is not truly representative

. . ; - 1192 ion in longitud
ofthe properties of, since the IAU model is known to be largely precession in fongitude

X precession in obliquity

in error.
(b) Second, i 5]3A4 is evaluated for the change from the CEP +5t nutation errors
to the IRP. +1 COS(wlt + 041) ! nutation x offset
(c) Then, if5.4, an evaluation of the magnitudesfis based — 1sin(wit +a1) @ nutation x precession
on the uncertainties of modern models. + 5tcos(wit + 1)  : nutation x precession

The values of UT1 depend also, in principle, on the errors 1¢ cos(wst + az) . utation
. . . . 3 3 . nutation X precession
in the terrestrial pole coordinatesv through the evaluation of
the TEO. This effect will be estimated. +1 0 —Ad(t) (26)

In this expression, subscripts 1 and 3 designate the nutations

5.2. Change from the IAU model to the IERS model with periods 18.6 yand 13.67 d. The largestterm originates from

ining th . hich o i th the cross term between precession in longitude and the secular

Retaymngt € tgrms ith& which exceed 0 ((_)'1 “as)_'nt € termin obliquity which was not considered in the IAU model.

application, using the development as function of time of ﬂ}ﬁfteracentury it changes the rat&'T'1 /d¢ by 5.0 1015 when

celestial pole coordinate®s andY’, with using afixed relationshifiT'1 /6. The second largesttermis lin-

X, = 2004,193319" /c, ear in_t and the corresponding changei@le/dt is 1.0 10715,

Vi — 0.022194" This is to be compared to the relative inaccuracy in frequency
e /e of cesium time standards in 19980 1015,

Yy = —22,407286" /c?,
5.3. Change from the CEP to the IRP

2
Ad(E) = —[t"+ Z bi cos(wit + )& The difference between the stellar angle computed for the IRP
' instead of the CEP can be provided byl(25), using this formula
+Xat+ Z ai sinwit + aq)no both in the CRS and the TRS. Itis indeed necessary to take into
i account the change of the pole coordinates in the CRS as well as
+ lethdao + leAsz the corresponding “diurnal nutation” in the TRS, the amplitudes
2 2 of the periodic terms in the CRS and the TRS being linked as a
- tz b; cos(wit + a;) AX, consequence of the kinematical properties of the IRP.
i In the application of [(25) in the CRS, the differences

Aa;, Ab; are for the change of the amplitudes of the nutation

in the celestial pole coordinates from the CEP to the IRP (i.e. the

1 opposite of the so-called “Oppolzer terms”). In the TRS);

+ X5 Z — sin(w;t 4+ ;) Ab; — Ab(tg). (25) are for the amplitudes of the diurnal terms of the polar motion
T Wi arising from the use of the IRP. It leads /ins, to:

1

In Eq.(25), a;, bi, ws, o are the amplitudes, angular veloci-ng — 4 73¢. 27)
ties and phases of the nutations. One can use the vaJues
(as,0)i,bi = (be,0); provided by Table 1a (only published in
electronic form). SymbolAg represents the difference of val>
ues ofq in the sense IERS model minus IAU model. ‘The uncertainty of quantity is, in this subsection, denoted by

On the other hand, the IERS Conventions (1996) providg,): the IAU Working Group on Nutation gives in its report
correction to precession quantities which leads to: (1998) the following values of the uncertainties of the 1996
AX, = 0.1176"/c, IERS model for precession-nutation:

AY; = —0.0227" /c, — on the precession in longitud&.020” /¢, to which corre-
AY, = 0.0026”/02. spond the uncertainties oy, andYs:

o(X1) = 0.008" /c, o(Yz) = 0.0002" /c?,
Using these values, within centuries as well as the valugsl(17)— on the amplitudes of nutations0004” for the 18.6 y-term,
of the offsets at J2000.0 and the values\af; andAb;, Af is 0.00001" for the terms of periods 1y, 0.5y and 13.67 d, and
as follows, with indication of the origin of the components. The less for other terms.

4. Application to modern models
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The uncertainties on the celestial pole and equinox offsetgtation and of evaluation of mean pole and mean equinox off-
at epoch are given by[(1l7). The uncertainty of the precessimets at epoch. Developments valid at the microarcsecond, based
in obliquity can be estimated to be lower th@mo01”/c, to on the best model for precession, nutation and pole offset at
which correspond (Y1) < 0.001”/c. With these values, the J2000.0 with respect to the pole of ICRF, are provided for com-
uncertainties on the terms ¢f({25) are as follows, the unit beipgting the CEP coordinates and the position of the CEO.
the microarsecond as previously: The TEO provides a strictly defined origin in the TRS. Its
) ) position depends in principle on the measurements of the polar

Yat“o (&) : 0.001¢ motion, but it can be extrapolated over many years with an

Xito(no) = 0.10t uncertainty smaller than 1 microarcsecond.
1X2t2 d 052 The concept of non-rotating origin on which is based the
51 o(dag) : 0. CEO and the TEO is unavoidable to derive the angular veloc-

leg(Yl)F L <52 ity w of the Earth from observations and for defining UT1, if

2 one wishes that the time derivative of UT1 be proportional to
b;o(&o) and a;o(ne) : < 0.0004 w. If other types of departure point on the moving equator are
thio(X1) : maximum 0.36¢ used, their relationship with the CEO and TEO have to be pro-

vided. In addition, the definition of UT1 based on the CEO does
not require modifications in order to maintain the continuity of
1 . .

“tw;(a;o(b;) + bio(as)) = 0.52¢, for the 18.6 y term UT1 when the models for precession, nutation, pole offset and

for the 18.6 y term

2 equinox offset are improved. Other definitions, especially that
0.30¢, for the 0.5 y term based on the equinox, are sensitive to these modifications.
0.78t, for the 13.67 d term In the case where the orientation of the Earth in space is
< 0.1¢, for other terms described by Eulerian angles, if the angular velocity of the Earth

and its integral form UT1 is still needed, the concept of the
CEO is necessary to derive these quantities from the new Earth
(28)  orientation parameters.

The largest contribution to the uncertaintyficomes from It can be stressed that, due to the kinematical definition of
the uncertainty of the secular term in obliquity; it may react® NRO, all the developments relgtlve tothe NRO can be _eaS|Iy
5 microarseconds (0, in UT1) in 2100. The correspondingeXtended to the GR framework with respect to a kinematically
uncertainty on the relative frequency of UT1 is at the level fn-rotating celestial frame.

2.0 10716,
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