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ABSTRACT. In 1978, Guinot proposed that, for studies of Earth rotation, the zero point of the apparent “right
ascension” coordinate on the true equator should be so chosen that the rate of change of its hour angle is exactly
proportional to the inertial rate of rotation of the Earth. It has been subsequently suggested that this concept
of the “non-rotating origin” supersede the equinox quite generally as the origin of celestial coordinates. Since
this proposal was first put forward, there has been much discussion, and some criticism, from Aoki and his
colleagues, both published and in private correspondence. Some of the arguments for and against Guinot’s
proposal are discussed, as a contribution to the wider debate on reference systems now being carried out under
the auspices of the IAU.

1. Introduction

The celestial coordinate system which is currently used for recording observations and in published
ephemerides is defined by the instantaneous directions to the celestial pole and the equinox. This
coordinate system is, in principle at least, directly accessible to observation with minimum appeal
to theory. The direction to the pole is obtained from successive meridian transits of stars at upper
and lower culmination, and the direction to the equinox, relative to a priori assumed right ascensions
of clock stars, is derived from observations of the Sun or planets relative to these stars.

In practice however, it is not quite as simple as this. Since this instantaneous coordinate system
is continually in motion relative to inertial space, it is necessary to have a theory of this motion so
that observations even over short periods of time can be referred to a common coordinate system.
This requires theories of the Earth’s orientation in space and of motions of the Sun and planets.

As the accuracy of observations has increased so has it become necessary to sharpen the
geometrical definitions of the system. For example, Atkinson (1973) pointed out that even such a
conceptually simple procedure as determining the direction to the instantaneous axis of rotation by
observations at upper and lower culmination of the same stars is complicated by short period
displacement of that axis within the Earth, and that this can be avoided if instead of the rotation axis
one uses a pole which is based on the axis of figure. The pole is implicitly defined by the adopted
nutation series; that which has been in use since 1984 (Seidelmann 1982) is based on Atkinson’s
proposal and is known as the Celestial Ephemeris Pole (CEP).

Another example is the origin of the instantaneous right ascension coordinate. Apparent sidereal
time is obtained by comparing observed times of meridian transit with tabulated apparent right
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ascensions measured from the equinox, which has a secular and oscillatory motion on the true equator
due to precession and nutation in right ascension. This was of no practical consequence as long as
clocks were not sufficiently precise to detect the shorter period terms. Atkinson and Sadler (1951)
pointed out, however, that all the periodic terms would be avoided if, instead of apparent right
ascension, the times of meridian transit were measured in terms of mean sidereal time; this is
equivalent to adopting as the origin of “right ascension” a point on the equator which is displaced
from the true equinox by exactly the amount of the nutation in right ascension.

Even following the proposal of Atkinson and Sadler, mean sidereal time, though sensibly uniform,
measures the angular spin of the Earth relative to a moving origin on the equator. In 1978 Guinot
(1979) proposed alogical extension of the definition of mean sidereal time to exclude from the origin
not only the nutation but also the precession in right ascension. He thus defined the so-called “non-
rotating origin” (NRO); the modified sidereal time, or “stellar angle”, measured from this origin is
a true measure of the Earth’s spin.

Since Guinot first proposed the use of the NRO, there has been much discussion and some critcism
of it, notably by Aoki and Kinoshita (1982). Although the latest published exposition of the proposal,
by Capitaine, Guinot and Souchay (1986), appeared some years ago, the unpublished correspon-
dence has continued at least until the time of the Baltimore IAU meeting in 1988. In this paperIshall,
for brevity, refer to these two published papers as AK and CGS respectively, but will not give specific
references to the unpublished correspondence.

The whole subject of astronomical reference systems is now under active examination by working
groups of the IAU; it therefore seems appropriate that this particular topic should be widely discussed
among the astrometric community before any final recommendation is made. The aim of the present
paper, therefore, is to try to summarize the main points of the controversy as they now stand, rather
than to make a judgement on the proposal. In view of the very extensive correspondence, much of
it containing arguments of great mathematical complexity, I hope I may be forgivenifIinadvertently
omit points whose significance I may not have fully appreciated.

2. Theory of the Non-Rotating Origin

In accordance with the notation used elsewherc (see Murray 1983, Appendix A), the prime ( *)
employed here denotes matrix transposition, so that if a and b are vectors then a”b is the same as the
dot product a - b. Since the scalar product of two vectors is essentially a transpose matrix
multiplication, the prime replaces the more usual “‘dot” notation. Similarly, the scalar triple product
a-(bxc)=(axDb)-ciswritten here asa xb” c.

Let £ =[oc nxo n] be an orthogonal triad of unit vectors, where n is the direction to the
celestial pole, and let ; be the instantaneous angular velocity of Z. If ri denotes the inertial rate
of change of the direction n, we can write

A=Q.xn. 6}
If 58_ denotes rate of change relative to the triad £ we have, quite generally, for any vector g,
T
. og
g=Q xg+-2_ . 2)
* ot

In particular, if g is perpendicular to n, i.e. it lies in the equator, the component of g in the equatorial
plane is
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nxg'g=n’Qz+nxg’ai. 3)

oT

But since 11 is perpendicular to n, the component of Q_ parallel to n can be chosen arbitrarily. Guinot
(1979) proposed that this should be zero, or

n"Q,=0; @)
in this case, we see from (3), that the angular velocity component about n relative to the moving frame
¥, of anequatorial vector, is equal to the same component of its inertial angular velocity. Multiplying
(1) vectorially by n, and using (4), we see that

Q =nxi. ®)
If g is now identified with a direction which is fixed in the Earth, such as for example the equatorial
point on the prime meridian, the angular velocity of g relative to the triad X is the same as the
component about n of the inertial angular velocity of the Earth. The first axis, o, of the triad X is
directed toward the NRO.

CGS show that the direction to ¢ can be derived from a knowledge of the instantaneous direction
to the pole n and its trajectory. Let X, be a fixed equatorial triad, at some initial epoch, and n_be the
direction to the corresponding pole. The direction cosines of n relative to X can be expressed in the
form

n’ Y = [sind cosE sind sinE  cosd ]. 6)
The direction to the node of the instantaneous equator on the equator of n_ is given by
m, =In Xnl'n xn, @
and its longitude along the equator, measured from the first axis of Z , is 90° + E. From (7) we have
m=Inxnl{mx@Xxn)}xm=Inxnl"m in xm ®)
and the inertial rate of change of m, along the fixed equator of n, is then given by

_ v G
E=nxm m=Inxnl" m i ©)

The rate of change of m, relative to the triad X is given by

aa_T m, =, - Q xm, (10)
and hence the angular rate of change of m, along the instantaneous equator, relative to the NRO, can
be written

Y.

s=nXm, a_ml 11
T
where
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§=—11+n"n|'n Xn"n. 12)
Thus, at any time 7, the longitude of m, measured along the instantaneous equator from the NRO is
given by

90°+E+s =90°"+E+] sdt . (13)

[}
The location of the NRO can therefore be determined in principle only from a knowledge of the
direction of the pole n and its past history to time <.
The hour angle, 6, of the NRO is the stellar angle and its time derivative is the inertial angular
velocity component of the Earth about n. It can be expressed in the form

0=A+2 (14)

where A is the instantaneous ascension of a star on the meridian through longitude A.

3. Relationship between the Non-Rotating Origin and the Equinox

LetN=[1 m n]bethe instantaneous equatorial triad in which 1 is directed toward the true equinox
and m=nxX1. If Q_ denotes the instantaneous inertial angular velocity of N, due to precession and
nutation, we have

n=Q/xn, (15)
hence, from (5),

Q,=Q,-nn" Q. (16)
The inertial rate of change of the direction of the true equinox is

i=Q xl amn
and its component in the equator is

m'i=n"Q, 18)

which represents the instantaneous rate of change of the equinox direction along the equator due to
the combined effects of precession and nutation in right ascension.
But since 1 is an equatorial vector, its angular velocity relative to the moving frame X is equal to
its inertial angular velocity component about n. Hence we also have
m,al

Z=nq. 19
arnQN 19

The right ascension of ¢ is then
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T
oc) = — j n’ Qndt (20)
(]

and is the total displacement of the equinox due to the accumulated precession in right ascension from
epoch 1 = 0, and the equation of the equinoxes.
The Greenwich Sidereal Time is

¢=a+l @21
where s the right ascension of a star on the meridian through longitude A and is related to the stellar
angle by

6= ¢- o). 22)

Therefore, from (14), instantaneous ascension is related to right ascension by

A= - o). @23)

4. Evaluation of o(c)
We can express the angular velocity vector € in the form
Q=xn_ -Yk-Ayk+¢ 1 —-¢l (24)

where y is the rate of planetary precession on the mean equator, i is the rate of precession in longitude
on the ecliptic of date, (luni-solar minus geodesic precession), Ay denotes the rate of change of
nutation in longitude, €_, € are the rates of change of mean and true obliquity respectively, and the
unit vectors k, 1 and n_ are directed toward the pole of the ecliptic, the mean equinox and celestial
pole of date.

IfK_=[1, j, klis the ecliptic triad of date we have

n_=sing j +cose k 25)
and

n=sinesin Ayl_+sin€cos Ay j_+ cos ek, (26)
and hence

n’ Q. =—(y+Ay)cose+y (sing, sine cos Ay + cos €_ cos €) + £_ sin € sin Ay. (27)

This equation is quite rigorous. It is easy to show that it is equivalent to the equation (A2-32) of AK,
when expanded to the second order in Ay and Age, where
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Ae=e-—c, 28)

Expanding (27) to the first order in Ay, Ae, and neglecting ¥ and €_ which arise from the motion of
the ecliptic, we obtain the approximation

n’ Q,=-V cose, — éi_T (Ay cos €.) + ( + Ay) Ae sin € . (29)
AK express the right ascension of ¢ in the form

a(0) = ¢ + (Ag), + (Ag), (30)
where, to the approximation in (29),

q= foosemdw , (31

° T

(Ag),= Ay cos €, — f (\+Ay) Ae sinemd'l:} (32)
and ° P

(Ag),=- [ f 1ij; Assinemd'cjl’ ; (33)

0

the subscripts p and s denoting periodic and secular terms respectively.

Equation (31) represents accumulated precession in right ascension. (It should be noted that in our
notation y is the luni-solar precession on the ecliptic of date.)

Equation (32) is a modified equation of the equinoxes; the first term represents the first order
expression, although the Astronomical Ephemeris gives Ay cos €.

AK make the point that the second order terms in (32) and (33) introduce both secular and periodic
terms which have not hitherto been included in the calculation of the precession in RA and the
equation of the equinoxes, although Woolard (1953) gave approximate values. Retaining only the
largest terms it is easily shown that

(AqQ), = Ay cos g, + 0700264 sin Q + 07000063 sin 2Q 34
where Q is the longitude of the Moon’s node, and

(Ag), =— 000385 © @35)
where T is measured in centuries. AK gave —0700388 for this coefficient, but Aoki later revised it

to — 0Y00386; I find the value given here, which is derived from six periodic terms in the nutation
series (Seidelmann 1982), and agrees with that given by CGS.

5. Discussion

The coordinate triad T has apparent theoretical advantages over the traditional celestial coordinate
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system, N, in that it depends formally on the direction of a single vector n and its instantaneous rate
of change 1. It does not explicitly involve either the ecliptic or the equinox. We have seen in Section
2, above, how the direction to ¢ can be derived only from a knowledge of the direction of the pole
relative to a fixed coordinate system based on the pole n_ at at some initial epoch. The direction to
the pole at any instant relative to the fixed system must still be obtained from the theory of precession
and nutation. Among the objections which have been raised against the proposal for the NRO by AK
is that the motion of the pole is governed entirely by the action of the Moon and Sun on the Earth,
and hence depends implicitly on the ecliptic as well as the equator; and therefore the supposed
independence of ¢ from the location of the ecliptic is more apparent than real. In any case, the
direction cosines of the pole n relative to the fixed frame £ must be calculated from the usual
precession and nutation quantities.

A practical difficulty with the current system is that the position of the ecliptic, and hence that of
the equinox, is not well determined relative to the stars. However Aoki has pointed out that, in the
foreseeable future, observations of pulsar positions by timing, combined with conventional interfer-
ometric positions, are likely to improve considerably the location of the ecliptic relative to the
equatorial coordinate system.

We now discuss some of the specific points which have been raised in the controversy.

5.1 DEFINITION OF THE CELESTIAL POLE

One of the criticisms raised by AK, and repeated in subsequent unpublished correspondence,
concems the choice of pole for the reference system Z. In the discussion following his original paper,
Guinot said “I believe now that Atkinson’s pole is the best”; in other words he supported the use of
the CEP rather than the pole of rotation as the pole of the triad £. However CGS state “The pole of
instantaneous rotation is the one which logically agrees with the following theoretical developments”
and later “In principle, we should use here the coordinates of the pole of instantaneous rotation”. It
is clear from the development above in Section 2 that the choice of pole is irrelevant; at no point in
the argument do we make any appeal to the angular velocity vector of the Earth. AK make the point,
originally made by Atkinson that, by using the CEP, the “dynamical variation of latitude” is
eliminated and furthermore that the spin about the CEP is theoretically constant, as I have also
stressed elsewhere (Murray 1983), whereas the resultant total angular velocity of the Earth is not; it
is thus exactly correct to use the CEP and not the rotation pole. This has now been accepted by Guinot
and Capitaine.

5.2 MortioN of THE NRO IN SPACE

Aoki makes the point that the name “non-rotating origin” gives a false impression because the NRO
has a secular and oscillatory motion in space; he prefers the name “departure point”, which is in
accordance with the usual meaning of that term in celestial mechanics. It is easy to show that, while
the right ascension of a fixed object increases by 2 during a complete precession period, the
instantaneous ascension only increases by 2x cos €. But there is also a more subtle point concerning
the small secular term (Ag), which comes from second order nutation. By considering the average
over all right ascensions of fixed objects close to the equator, Aoki shows that the instantaneous
ascension increases on the average by

T

% f (Ae M- Ay AE) sin et

0
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which is exactly equal to —(Aq),; therefore this cancels in right ascension but not in instantaneous
ascension.

This demonstrates that the reference frame based on the concept of the NRO is purely local, and
has a net rotation relative to inertial space. This is accepted by Guinot and Capitaine, but it does not
invalidate the principle that the stellar angle measured from the NRO is proportional to the orientation
of the Earth about the CEP.

5.3 COMPUTATIONAL PROBLEMS

Among several computational difficulties, Aoki draws attention to the fact that mixed secular terms,
namely periodic terms with secularly increasing coefficients, appear in s, and also in the nutation
relative to the NRO, and that these are undesirable. Also, the node of the instantaneous equator on
the fixed equator, m,, which is used as an intermediate reference point in deriving o, is numerically
unstable because of the small inclination, d, between the two equators. Guinot and Capitaine
however reject these points as giving no real computational problems.

5.4 CHANGE OF PRECESSION

One of the ideas behind Guinot’s proposal is that the instantaneous ascension of an equatorial object
will be unaffected by a change in the value of the precession, but Aoki points out that, away from the
equator, an error in precession will introduce spurious proper motions in both coordinates.

6. The Space Reference System

Guinot’s original paper contained recommendations for the definition and realization of the space
reference system. The essential points may be summarized as follows:

The basic system should be defined by a catalogue of positions (and proper motions) of
suitable objects; ideally these should be extra-galactic objects such as quasars whose proper
motions can be assumed to be negligible.

The directions of the poles of the equator and ecliptic should be given explicitly as functions
of time in this system. If subsequent observations show that the assumed coordinates of
either pole relative to the basic system require correction, then the system should not be
changed but corrections applied to the numerical expressions for the pole directions.

The NRO was apparently only considered by Guinot in connection with the instantaneous
equatorial reference system and not specifically as a substitute for the equinox in any fixed epoch
equatorial system. This is however envisaged by CGS who state that it “could in a general manner
replace advantageously the equinox especially for observations which are not sensitive to the
orientation of the ecliptic” (my italics).

In considering the possible implications for astronomy of redefining the right ascension coordi-
nate, one should bear in mind what has already happened in the analogous case of the mean sidereal
time proposal of Atkinson and Sadler. Nearly forty years later, published ephemerides still give
apparent right ascensions referred to the true equinox! However, ephemeris computations for special
purposes such as time services use mean sidereal time. It is after all merely a matter of computational
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convenience.

Guinot’s suggestion that the directions to the poles be given explicitly in terms of the time is an
excellent one which I also have advocated (Murray 1983). Nutation relative to the moving mean
equatorial triad is already given in the form of harmonic series, but precession is concealed in
elaborate trigonometric formulae and associated angular variables which disguise very effectively
what is after all a simple physical phenomenon. This has been admirably demonstrated by Fabri
(1980) who obtained numerical expressions for the direction cosines of the poles of the mean equator
and of the ecliptic, by direct integration of the equations of motion of the poles in vector form. An
example of the inadequacy of the traditional trigonometric representation is that the rate of luni-solar
precession in longitude is given along the fixed ecliptic whereas the precessional motion of the mean
celestial pole n is physically an instantaneous rotation about the pole of the ecliptic of date, k. This
is not to imply that computations based on the traditional formulation are incorrect, but rather that
they conceal unnecessarily the true physical situation.

In discussing revision of the astronomical reference system it is important to distinguish between
fundamental changes, such as the proposal to define it by positions of extra-galactic objects rather
than the kinematics of the Earth, and changes of procedure which are for computational convenience
in particular applications, such as the form of presentation of the coordinate transformation for
precession and nutation, or indeed the adoption of the NRO. Nevertheless, anything which makes
fundamental astrometry more transparent to non-specialists is to be welcomed.
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Discussion

Korpeikin: How do you define the notion of inertial space? Iknow that general relativity gives some
ambiguities in this notion.

Murray: I realize that in a relativistic context inertial space is difficult to define, but in this paper
I have only been concerned with a purely classical problem.

StanpisH: The locations and motions of the equatorial plane and the ecliptic are now determined
strictly from ranging observations of the Moon coupled with the lunar dynamics. The
orientation of these planes in the ephemerides no longer depends upon the optical observa-
tions.

Murray: The problem is how to relate optical and radio observations of objects other than the Moon
or planets to these well-defined planes.
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