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Abstract

The concept of Non Rotating Origin has been intoeduin the method used to express in
the Celestial reference frame a quantity that wgsessed in the Terrestrial reference
frame. The main changes lie in the new definitibthe intermediate frame. This paper
proposes and comments 3D computer animations getbhanges of reference frame
developed for non-experts in the field.

Introduction

The purpose of this paper is to introduce the reckanges in the representation of the
Earth’s rotation in space to the non expert in fieédd of Earth rotation. We have

developed a set of 3D computer animations in otdefllustrate and explain those

changes.

In order to describe and study any phenomenadneaE#arth surface or in space, it
is necessary to pinpoint its location with respeca conventional reference system. In
particular, when a phenomenon occurs at the Earface, it is efficient to refer it to a
system moving with the Earth, which mimics its tmia. Moreover, such a system has to
be the object of an international consent and adbiptternationally, in order to be able to
characterize phenomena at global scale, and faarios, to compute distance at the
continental scale. With no international agreenoené global reference system, the same
location would have a different position dependimgthe system to which it is referred;
some decades ago, there was for instance a two-midterence between an altitude
referred to the Belgian reference system and theespoint in the French reference
system. For astronomy and geodesy in particulami@nmnational Earth-based reference
system, the International Terrestrial ReferencetedyqITRS) has been defined several
decades ago (as explained in Altamimi et al., 2082}he International Astronomical
Union (IAU) and the International Association foe@physics and Geodesy (IUGG). The
coordinate system of the ITRS is materialized bget of station position time-series
defining the realization of the ITRS, called théehmational Terrestrial Reference Frame
(ITRF). This reference frame is represented in tl®-animation called
http://www.astr 0.oma.be/D1/DIDAC/NROtext/TRF.wmv As a raw approximation, the
z-axis of the reference system is close to the nigath rotation axis or equivalently the
mean figure axis; the-axis is close to the intersection between the tequand the Earth
prime meridian (Greenwich) and tlyeaxis complete the right-handed reference frame.
To remain consistent with time, the definition b&tITRS has a constraint of no global
rotation (including perturbations from tectonic tglanotion). In 1985, it was chosen to
use, for the reference frame definition, a set @l wbserved station positions and
velocities at the Earth surface, supplemented aithate tectonics model. Of course, due
to plate tectonics and ground deformations, iteésessary to continuously monitor the
station positions (and velocities) with time, tcsere a stable realization of the reference
frame. The latest realization of the ITRS has bmenputed in 2005.

On the other hand, when observing objects in kiyeisis necessary to refer their
direction with to a celestial reference systemedixn space and not rotating with the
Earth. In such a system, a fixed object in spdcgych an object exists, would have no




motion. The IAU has defined the International CetéReference System (ICRS). In
order to be consistent with the previous celestjatem defined from a catalogue of stars
and conventionally linked to the mean ecliptic #mel mean equator of a fixed epoch, the
ICRS Z-axis was chosen to be close to the mean Earthiawtaxis or figure axis, at
noon, on January®1 2000 (J2000), and thé-axis close to the mean equinox (vernal
point) for the epoch J2000, theaxis completing a right-handed reference systes® (s
the 3D-animation calledhttp://www.astro.oma.be/D1/DIDAC/NROtext/CRF.wmv
The realization of the ICRS, the International Getd Reference Frame (ICRF), consists
in a list of quasars and their coordinates (Mal.etl898). The quasars are galaxy cores,
very far away, emitting time-variable radio-signalBue to this large distance, their
angular motions, as observed from the Earth, arg senall. Due to their internal
dynamics, the positions of the emitting part of spra may change with time, and those
positions have to be monitored to ensure the #halnf the reference system. The so-
called “defining sources” are in principle the mstgtble sources of the ICRF.

It makes more sense to define the position ofstathe celestial reference frame,
whereas the observing stations are on the groumdségjuently, a reference frame
transformation, making it possible to convert gosig expressed in the ICRF to positions
expressed in the ITRF and back, is mandatory foomagmic and geodetic studies. In
particular, the conversion from the terrestriathie celestial reference frame requires to
precisely determine the Earth rotation (and oritor.

The rotation of the Earth is a complex motioniasaddition to variations of the
angular velocity, the orientation of the rotatiofisachanges in space and the orientation
of the Earth changes along its rotation axis; thk between ITRF and ICRF is thus
complex, and cannot be precisely represented bygwar rotation only.

In this paper, we describe how it is possible davert positions referred in the
terrestrial (resp. celestial) reference frame tsifmns expressed in the celestial (resp.
terrestrial) reference frame. This conversion reenlchanged with the new definitions of
polar motion, precession and nutation, and Eartatiom angle. We describe how the
concept of non-rotating origin (NRO) enters inte tpame (Guinot, 1979). In Section 1,
we describe the kinematics of the Earth rotatiod we give the definitions of polar
motion, length-of-day, nutation, and precessiorctie 2 is devoted to the change of
reference frames, using the classical polar motiength-of-day, precession-nutation
expressions (classical approach) and using expresdiased on the concept of non
rotating origins (new approach). Some additionsiliés related to the creation of offsets
in the present definitions of pole positions arscdssed in Section 3. Conclusions are
given in Section 4.

1. TheEarth rotation, a complex motion

For a long period of time, the Earth rotation hasrbused to define the time, one day
being the time separating two successive crosditigeomeridian by the Sun (solar day)
or by a given star (sidereal day). Changes in @w¢hEotation were already observed by
Hypparcos from Nicea, around 130 BC, who found enabs for the variation of the

Earth rotation axis position in space, by compatigobservations of the positions in
the sky of well observed stars with respect tophsitions of the same stars observed
about two centuries earlier by Babylonian astron@me€his observed motion is known

as the precession of the equinox, and was explaedewton. In 1748, Bradley



observed a periodic departure (periodl8.6 years) from the precession motion, called
nutation. With the improvement of the observati@thniques, irregularities in the
orientation of the Earth around its rotation axexr@vobserved around 1891 by Chandler;
this motion is known as polar motion. Using impréova&ocks, it was even possible to
detect variation in the Earth rotation rate as fgmrout by Jackson in 1929. Nevertheless,
the Earth rotation was used to define the timetangalize the scientific timescale until
the use of Ephemeris Time based on the Earth anohMaobital dynamics (1956) and
then the use of an Atomic Time scale based on atahoicks, in 1967. Using atomic
clocks, as well as astronomic observations andr,lapace geodetic techniques, it then
became possible to observe, to monitor, and toystne Earth rotation. Mainly three
techniques are presently used: (1) the Very Longelae Interferometry (VLBI), where
the relative orientations of the Earth with respeciguasars are retrieved through the
comparison of the arrival time of radio signal detdtby these quasars at stations on the
Earth surface, (2) tracking of artificial sateléitésuch as those from the Global Position
System (GPS) or from Satellite Laser Ranging (SLR)n a station network and
accounting for their orbital dynamics, or equivalgnfrom the radio links between
gauges and satellites orbiting around the Eartbh as the DORIS system (Doppler
Orbitography and Radiopositioning Integrated byefig¢) and (3) Lunar Laser Ranging,
considering precisely known ephemerides for the Mddne orientation of the Earth with
respect to the Earth center of mass is obtainedgdbying the global rotation of the
observation network at the Earth surface. The ud@gies in the rotational motion of the
Earth are presented in the 3D-animation called
http://www.astr o.oma.be/D1/DIDAC/NROtext/EarthRotation.wmv ~ They  were
classically divided into three parts: (1) the pafaotion, representing the wobble of the
Earth with respect to its mean rotation axis, messin the ITRF, (2) the Earth rotation
rate fluctuations, associated with variation of ttength of day (LOD), and (3) the
precession-nutation, which is the motion of thetfkanean rotation axis in space
(adopted model is MHB2000, Mathews et al., 2008} eonsequently measured in the
ICRF (see IAU or IUGG resolutions). This divisiorasvjustified by practical reasons:
each of the motions, in the relevant reference é&awas mostly low frequency. Polar
motion contains mainly seasonal components andCtiendler Wobble component at a
period of ~434 days in a frame tied to the Eartl;ghecession-nutation motion contains
several slow periodic components in space.

2. Change of reference frame, the classical way and the new way

In view of the main long-term components of polation in the terrestrial frame and of
precession and nutation in the celestial frame ampt in the previous section, a
Celestial Ephemeris pole (CEP) was defined (Seideim1982), which had long period
polar motion components in the Earth reference déaand a precession-nutation motion
that has long period components in space. TheHeofgtlay variations are mainly slow
(seasonal, decadal, trend) in the celestial referdrame. The typical sizes of those
irregularities are of the order of the millisecoiod the LOD variations, several tens of
meters for the polar motion (as seen in a planpgpeticular to the-axis at the Earth
surface), and several hundreds of meters per yehseveral hundreds of meters for the
precession and nutation respectively (as seendnesm a plane tangential to the Earth
surface at the Earth’s pole). Nowadays, the observaampling being much finer, it is



possible to estimate diurnal, and even sub-diuriasth rotation and orientation
variations. Instantaneous observation of the Eaothtion and orientation and their
history would provide us with the position of thestantaneous rotation axis in space as
well as in a terrestrial frame (it is then calledbble). Those measurements, in the ITRF,
contain both the sub-diurnal polar motion (dueapid motion in the ocean-atmosphere,
for instance) and low frequency nutations in th&FOwhich appear diurnal in the ITRF
due to the convolution with the Earth rotation. @ersely, the sub-diurnal motions, in
the ICRF, include both the sub-diurnal nutation ¢esated for instance by the irregular
shape of the Earth) and low frequency polar motnothe ITRF which, expressed in the
ICRF, appears nearly diurnal. To separate propexdgr motion and nutation, they had to
be redefined: the nutation, as previously, inclu@dsthe motion with frequency
corresponding to long periods in the celestial #ane. to diurnal retrograde periods in
the terrestrial frame. Polar motion is now defiasdnotions in all the frequency bands in
the ITRF, except the interval [-0.5, -1.5] cyclesr play (ERS Conventions 20R3In
view of these definitions, we now explain how itpgssible to pass from one reference
frame to the other using precession/nutation, Batidtion speed or Earth rotation angle,
and polar motion.

Let us define some fundamental planes and axes; fite instantaneous rotation
axis is the axis of points that are not affectedttny Earth rotation at any given time.
Obviously, this axis moves with time with respeatthe terrestrial frame as the Earth
wobbles around its rotation axis; this motion iBechthe (polar) wobble. Then, we define
an axis whose motion is the same as the rotatiasy, axt smoothed over a one-day
period and consistent with the definition of pohaotion and nutation explained in the
previous paragraph. This axis is called the Celksttermediate Pole (CIP) axis in the
recently adopted definitions (IAU and IUGG resabas) and is a conceptual axis of
fundamental importance. In addition, tkeaxis of the terrestrial reference frame is
oriented along the principal moment of inertia bk tEarth or figure axis, and its
counterpart in the celestial frame is the normath® equator at the reference epoch,
corrected for the nutation terms (so-calledanequator at J2000). The transformation
can, in principle, be done in three successivesstip both the classical and the new
methods.

(1) By a transformation bringing the pole of the equatdframe of the terrestrial
frame on the intermediate pole, corresponding &rntiotion of the intermediate
pole (CIP) inside the terrestrial frame, we positithe z-axis on the axis
corresponding to this intermediate pole (3D-anioratalled

http://www.astr 0.oma.be/D1/DI DAC/NROtext/zT RF-CI Ptransfor mation.wmv

(2) By a rotation around this nemaxis (oriented in the direction of the intermediat
pole), we account for the Earth rotation (eithertfee Earth Rotation Angle or for
the Greenwich Sidereal Time).

(3) By a transformation bringing the new equatoriahgl@n the celestial equator, we
correct for the motion of the intermediate pole space, we position the
intermediate pole on thé-axis of the celestial frame (see 3D-animation dalle

http://www.astr o.oma.be/D1/DI DAC/NROtext/ZCRFE-CI Ptransfor mation.wmv
It is not a direct transformation from one referentame to the other and two
intermediate reference frames are needed. Onamatkate reference frame is rotating
with the Earth and the other one is non-rotatihgytshare the samg-plane, but they




differ as theirx-axes are separated by the Greenwich Sidereal T@84d) or the Earth
Rotation Angle (ERA). The three transformations dezk can be chosen differently
according to the choice of the intermediate polee iew and classical approaches for
the expressions of these three rotations consiffereht definitions for the intermediate
frames.

2.1. The classical transformation

According to the classical transformation, the rimediate pole is the CIP. The first step
IS quite obvious: using the polar motion, we rotateund an equatorial axis to position
the z-axis on the CIP. We make the next rotation arainedCIP to account for the Earth
rotation, of an angle corresponding to the GST,cWhorings thex-axis to the true
equinox of date, i.e. the intersection betweentiihe equator of date and the true ecliptic
of date. Then, correcting for the nutation in Idnde and obliquity, we move along the
mean equator of date and bring #axis on the mean equinox of the date. Correciing f
precession and obliquity rate, we eventually retieh mean equator of the reference
epoch and the mean equinox of the reference epdubh has been chosen at noon on
January 1, 2000 (called J2000). The transformation is shawthe 3D-animation called
http://www.astr 0.oma.be/D1/DIDAC/NROtext/Classical Transfor mation.wmv.

The complexity of this procedure lies in the fdaattchanging from a reference frame
based one equinox to another reference frame b@seshother equinox is not an easy
task, as we cannot do it by only one rotation adoane of the axes of the reference
frame. Of course, there are many possibilities. Possibility that was used before the
implementation of the 1AU2000 resolutions is shoam the movie and another much
simpler one that limits the number of steps is@spnted in Figure 1. Let us start with the
equator 1, the true equator of date, plane perpaladi to thez-axis in the starting
reference frame, and with the ecliptic 1, planghef Earth orbit of date (true ecliptic of

date). The equinox 14 (=)p in the literature), is the intersection betweeasth two
planes. We want to eventually reach a referenaedra, defined by the intersectign

(=) in the literature) between the equator 2 and thete 2, both corresponding to the
mean planes at another epoch of reference.

(1) We define an intermediary equinox, at the seetion},; between equator 1 (of date)
and ecliptic 2 (of epoch). The reference framéentrotated around tlzeaxis in order to

move thex-axis onj:. They-axis is moved accordingly.

(2) Rotating around thg,; axis, we rotate around tlxeaxis so that thg-axis belongs to
the ecliptic 2 plane, which thus becomes the rgplane.

(3) By azrotation around the perpendicular to the ecligtirame, we mové,; along
the ecliptic 2 to bring it on the equinox |, (=)6).

(4) Rotating again around the nevaxis (i.e. aroundyp), we move the new-axis in the
equator 2 plane, which ends the transformation.

As we have to do it twice (once to go from the tegeinox of the datgi=)f to the mean
equinox of the dat¢f,;, and once to go from that equinox to the equirta}2800,)5=4),

it makes the transformation uneasy, which const#ta considerable drawback. Another

disadvantage of this method is the use of equiagx(1l) a precise definition of the
ecliptic is a difficult issue, (2) the motion ofettrequinox, being the intersection of two




moving planes, is not an easy one, and (3) thé¢ioataf the Earth provided by the GST
is different from one epoch to the other even ié @oes not have real length-of-day
variation, i.e. the equinox motion is contaminatsdprecession and nutation. All the
steps needed for this transformation are showhemtovie 1.

Ecliptic 2

Ecliptic 2 g - Ecliptic 2

Equator 1

Figure 1: Four successive rotations are needed to change from the true equinox of dateto the mean
equinox of J200.0.

2.2. Transformation based on the non rotating Bsigi

The new transformation is based on the same ieidiate pole but on another
intermediate frame, with other definitions of thaxis of both the celestial frame (called
the celestial intermediate origin, CIO, Non Rotgt{@rigin with respect to the CRS) and
the terrestrial frame (called the terrestrial intediate origin, TIO, Non Rotating Origin
with respect to the TRS).

These origins are points of the CIP equator chgsethat they have no motion along the
CIP equator associated with polar motion and pseoesutation. This condition
imposes a relation between the polar motion andmbé&on of the TIO at the Earth
surface, and a relation between the precessiotimutand the motion of the CIO in
space, so that the effects of the polar motionpaadession/nutation on the Earth rotation
rate are corrected for. This transformation is ghow the 3D-animation called
http://www.astr 0.oma.be/D1/DIDAC/NROtext/NewTransfor mation.wmv This choice
does not impose any constraint on the point chosethe CIP equator, but only on its




motion: when the Earth axis is moving either in tetestial frame or in the terrestrial
frame, the non rotating origin itself has to mirtbis motion in space or at the Earth
surface, so that it does not move along the equdttre CIP. There is consequently no
effect from the precession and nutation on the @i@ion. Similarly, from the motion of
the TIO is not affected by the polar motion. ThetEaotation rate is then defined as the
time variation of the angle between the non-rotatimigins, between the CIO and the
TIO, this angle is called the Earth Rotation An(f#RA). As the motion of the NRO is
imposed by the no-rotation condition, none of tlén{s defined geometrically can be
used as such. The 3D-animation called
http://www.astr 0.oma.be/D1/DIDAC/NROtext/AlIM otionNRO.wmv shows, in the
case of precession/nutation of the CIO, that trehalve a motion along the CIP equator.
Let us discuss the motion of those points, whioh @swainly defined by geometrical
conditions, except for the CIO, defined by a kingozh condition. They are shown in
Figure 2.2, is the intersection of the reference meridiangglto the mean equinox of
J2000) and the equator of the ICRF (mean equatepaé¢h J2000). Obviously, this point
cannot be chosen, as it does not belong to theeGlRator. The intersection of the CIP
equator with the ICRF reference meridi&n,moves along the CIP equator to stay on the
reference meridian, which disqualifiesht.is the intersection of the CIP equator with the
circle passing through the CIP afgland, similarly tak, moves along the CIP equator to
follow its definition. Similarly,Z, the point at the same distance of the node §attion
between the ICRF equator and the CIP equatag) aannot be chosen, as it moves along
the equator. Those points, which could be a goaitetfor being a NRO at the reference
epoch, cannot be used as a NRO, as they do notth@veght motion. Consequently, we
have to choose another point, which is definedaeehthe right motion. We are free, at
the basic epoch, to choose the point arbitrarilg ¥8e this degree of freedom to ensure
the continuity of the definition of the origin ofé intermediate frame. We define the
motion of the non rotating origins with respectthe celestial and terrestrial reference
frame as the quantity ands’ , respectively.
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Figure 2: Definition of a few significant points

2.3. The new way of changing reference frames

The new method for changing reference frames (showthe 3D-animation called
http://www.astro.oma.be/D1/DIDAC/NROtext/NewTransformation.wmv as already
mentioned), as it does not refer to the equinoxreomg, is much easier. As a first step,
the CIP motion in the Earth reference frame is anted for in order to move to the
CIP (rotation around the-axis). Then, the rotatiosi around the sameaxis is applied in
order forx to be brought on the non-rotating origin(corresponding to the TIO). The
third step consists in a rotation around the CIRB akthe so-called Earth Rotation Angle
(ERA, written 0), in order to movew on the celestial counterpart of the non-rotating
origin, o (corresponding to the CIO). The rotatisis then applied, still around the CIP,
and finally, the celestial motion of the CIP is dakinto account in order to reach the
celestial reference frame (rotation around the €0 move the CIP and on the Z-axis of
the ICRF. Inside the motions ands’ are hidden contributions associated with polar
motion and nutation respectively and are easilyesbfor kinematically (see Capitaine et
al., 2003) from the polar motion and the nutati®he reason for the simplicity of the
new approach lies into two facts: (1) to go frone tHiRF to the intermediate frame
involving the non rotating originw, one can use a rotation using polar motion
components only, and (2) to go from the non rotptirigin o to the ICRF, one can use a
rotation using nutation and precession componenkg. ¢-igure 3 shows the different
transformations involving the NROs.
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Figure 3: Successiverotationsinvolving the NRO needed to change from the TRF to the CRF.

2.4. Usefulness of the NRO

There are two main advantages to use Non Rotatmgn® (NROSs). First, we do not
need to consider the equinox as a basis for timsftyemation, as explain in Section 2.1,
which is good as the motions of the ecliptic andthed equators are mapped into the
equinox. The definition of the equinox is ambiguoasd its evolution with time makes
troubles. Second, and this is the main reasondoinly established it, the monitoring of
the Earth rotation rate variations should not ipooate other effects such as effects
related to variations in orientation. The NRO diifam allows a total decoupling of the
Earth Rotation Angle (ERA) variation from the pres®n-nutation and polar motion. In
the previous approach, the GST was a mixture betwiee rotation rate variation and
projections of the rotation axis motion, i.e. thregession and nutation of the equinox or
the polar motion. The previous contaminations ofcpssion-nutation and of polar
motion have been absorbed in the mosbands. The main advantage of this formalism
is thus that the ERA corresponds to the actualhBatiation, without any perturbation
from polar motion or precession-nutation, which whe case with GST when the
equinox was chosen for the intermediate frames.




3. Additional refinement

The ICRF is defined using VLBI source coordinates,that it was the closest to the
mean equator of J2000 at the time of its realipatichis does not mean that the present
realization of the ICRS will be the same as whenvdts adopted, due to additional
accumulation of data. Actually offsets have beeremeined for the ICRF CIP
coordinates at J2000. This constant offset is @fditder of 20 milliarcseconds (see IERS
Conventions 2003).

It must be noted that in our graphic/movie 3D repraation, the sub-diurnal motions are
neglected. Considering these motions highly compdi@everything, but the ideas remains
very similar.

4. Conclusions

To study the sky from Earth, we need two referenames, a celestial reference frame,
as fixed as possible with respect to the inertiainie, and a terrestrial reference frame,
rotating with the Earth, and we need a way to fians coordinates from one reference
frame to the other. This transformation involves Harth rotation rate, the polar motion,
and the precession-nutation. This transformatiordasie using intermediate frames
differing from each other by the Earth rotationerathe more obvious transformation
would not mix the components Earth Rotation AngERA), polar motion, and
precession-nutation. To that aim, the concept af rmating origin (NRO) has been
introduced. The use or not of NROs affects therinégliate frame only; the ICRF and
ITRF definition are not changed. There are a IoN&O candidates, as the property of
being non-rotating only imposes a given motion loé rigins - the motion of the
Celestial Intermediate Origin (CIO) along the eguatnust remain unaffected by
precession and nutation; the motion of the Tergddtrtermediate Origin (TIO) along the
equator must remain unaffected by polar motion t-nmi the points them-selves at the
reference epoch. For practical observation purptse,NROs have been defined by
choosing an initial point so that continuity withrker convention can be achieved on
January T, 2003 (date of the imposed change by the IAU te&ni). The new
transformation system is much simpler, not becatussfers to the NRO, but because it
does not imply the use of the equinox. Nevertheldss use of the NROs allows an
elegant separation between the polar motion, teegssion nutation and the rotation rate
variation. Or in other words, the enormous advantafythis new approach is that the
Earth rotation rate can be directly deduced frora HERA. There is presently an
international effort for clarification of the termology associated with the
implementation of the IAU2000 resolution (Capitaetel., 2006)
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