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Summary. The planned improvement to the astronomical re-
ference system, scheduled for 1 January 1984, will have profound
effects on astrometry and timekeeping. In this paper, a new
expression for the relationship between universal and sidereal
time is developed for use with the new reference system.
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1. Introduction

Universal time, UT1, which forms the basis for the world-wide
system of civil time, is indirectly derived from the transit times of
stars. UT1 is formally defined by an expression which relates it to
mean sidereal time, the latter quantity being directly obtained
from the apparent right ascensions of transiting stars. The current
formula which relates universal and sidereal time is based on
Newcomb’s (1895b) expression for the right ascension of the
fictitious mean sun.

The planned introduction on 1 January 1984 of improvements
to the definition of the astronomical reference system, embodied
in the introduction of the IAU (1976) System of Astronomical
Constants, the 1980 IAU Theory of Nutation, and the equinox of
the FK5 necessitate a reexamination of the definition of UT1. It is
important that the new definition be consistent with the improved
constants and that it provides a clear relationship between UT1
determined before and after the introduction of the changes. For
this reason, IAU Commissions 4, 19, and 31 have recommended
(IAU Information Bulletin No. 43, p. 10) that the expression for
Greenwich mean sidereal time at 0" UT1 be modified to provide
continuity in the value and rate of UT1 as determined from
observations, neglecting the small periodic differences due to the
change in the theory of nutation. The resolution also included a
definition of UT1 based on preliminary values for the equinox
correction. In this paper, the problem of the re-definition of
universal time is addressed, and a new expression relating un-
iversal time and sidereal time is developed for use with the new
astronomical reference system. The new expression is based on the
final values adopted for the position of the FK5 equinox, and is
given to the same precision as that of the new precession
expressions.

2. The Relationship Between Universal and Sidereal Time

The currently adopted expression for the relationship between
universal time, UT1, and the observed Greenwich mean sidereal

time, GMST], given on p. 75 of the Explanatory Supplement to the
Ephemeris, is as follows:

GMST1 of 0" UT1=23925:836 -+ 86401845542 T, + 050929 T2, (1)

where T, =d/36525, and dy; is the number of days of universal
time elapsed since JD 2415020.0 UT1, taking on values of +0.5,
+1.5, £2.5, .... This expression effectively defines UT1 since UT1
can be considered as the hour angle, reckoned from the prime
meridian, of a point on the celestial equator the right ascension of
which is

Ro=GMTSI of 0" UT1+ 12", 2

This point is referred to as the fictitious mean Sun. The coefficients
of (1) are taken directly from Newcomb’s expression for the right
ascension of the fictitious mean Sun (Newcomb 1895a, b).

Conceptually, the right ascension of the fictitious mean Sun
was intended to represent the right ascension of a point possessing
a strictly uniform sidereal motion. Specifically, the right ascension
at any instant was to equal the Sun’s mean longitude, so that it
would provide the basis for mean solar time. However, Newcomb
realized that these two requirements are mutually inconsistent.
Mainly because of the difference in the T2-terms of precession in
longitude and right ascension, a point which has uniform motion
in right ascension with respect to an inertial frame tends to drift
away from a point whose right ascension is equal to the true Sun’s
mean longitude by 03020 per century squared (see Newcomb,
1895a, p. 188).

Newcomb defined his fictitious mean Sun to have strict
uniform motion in right ascension in the reference frame defined
by the precessional constants in use in early 1890’s. However, his
expression was not adjusted when the precessional quantities were
revised in 1897, so that Newcomb’s fictitious mean Sun does not
possess strictly uniform motion in the reference frame defined by
the precessional constants in current use; the error is 030002 per
century squared. Therefore, Newcomb’s expression for the fic-
titious mean Sun represents neither the mean motion of the true
Sun nor the motion of a point with uniformly increasing right
ascension.

A new expression relating universal and sidereal time must be
developed for use with the new astronomical reference system. It is
important that the new expression : 1. be consistent with the origin
of right ascension (equinox) of the FKS5; 2. maintain the con-
tinuity of UT1, as determined from observations, both in value
and rate at the epoch of change; and 3. represent a fiducial point
with uniform sidereal motion in the new system. Such an ex-
pression is developed in the next section. All terms in the new
expression differ from those in Eq. (1); in particular, a change of
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050002 T is required in order for the new expression to be
consistent with the new precessional formulas. The new ex-
pression is independent of the concept of the fictitious mean Sun,
reflecting the reality of the independence of the rotation of the
Earth from its orbital motion around the Sun. Nevertheless, the
difference between the right ascensions of the mean Sun and that
of the fiducial point defined by the new expression remains
negligibly small for a period of many centuries.

3. The Determination of Universal Time

Universal time is determined observationally from the transit
times of stars of known right ascension. A world-wide ensemble of
transit telescopes, zenith tubes, and astrolabes is currently used for
this purpose; the data from these instruments is collected by the
Bureau International de 'Heure (BIH) in Paris, which distributes
the resulting information on UT1 and polar motion on a regular
basis.

The star positions used are based on the FK4 system. On any
given date, a star’s computed apparent place, upon which its
contribution to the UT1 determination depends, is a function not
only of its catalog position and proper motion, but also of the
adopted constants of precession, nutation, and aberration.
Therefore, a change of reference systems and astronomical ¢on-
stants can have complex and subtle effects resulting in steps of
UT1 and of its rate at the date of the change. It was agreed that
the “relationship between mean sidereal time and UT1 be mo-
dified so that there is no change in either value or rate of UT1”.
However, in realizing these conditions only the effects of the
changes of the star catalog equinox and of the precession quan-
tities are considered.

Let us explain first the reasons for this simplification. The
improvement of the internal consistency of the positions and
proper motions of the stars, i.e., the more accurate representation
of their relative positions and motions, will cause steps in the UT0
obtained using various instruments, depending on the observing
programs. These steps cannot be predicted ; however, they will be
compensated for by corrections to the longitudes of the instru-
ments. As the astronomical longitudes are determined by the
condition that each instrument should give the same value of
UT], the new longitude system should be an improvement. The
longitude corrections could also compensate for the small step
due to the change of the nutation coefficients.

In the following, we will reckon the time, t, in Julian centuries
from the date of the introduction of the FK5 and of the new
precession constant (1984 January 1, 0" UT1):

t=(JD—2445700.5)/36525 .

(t should be a uniform time scale, e.g, ET or TDB, but it is
sufficient for this application to measure it in Julian centuries of
UT1 days.)

The equinox correction, which represents the right ascension
of the FK4 equinox in the FK5 system (see Fricke, 1980), is given
for the argument t by
E=E,+Et, 3)
with
E,=0.06390s (E,=0.035s at 1950.0) @
E=0.08500s century™ .

The equinox correction will be implicitly included in the
positions and proper motions of all stars in the FKS5.

The new expression relating universal and sidereal time must
represent a fiducial point with uniform sidereal motion on the
equator of the new system. Let a, be the right ascension of such a
point. It is easily demonstrated that ‘

o, =linear function of t+z,+{,—1/2{6%d(,, 5)

24, {4, 0,4 being the usual precession quantities (Lieske et al., 1977).
Then

0o =Ag+A,1+09093107 12— 62107 £, ©6)

where A, and A, are constants. The right ascension of the new
fiducial point with uniform sidereal motion must therefore take
this form:

oo(new) = By + Bt + 05093107 2 — 6521076 ¢3, ™

where B, and B, are constants to be determined.

To fulfill the condition of continuity of UT1 in value and rate,
the fiducial point should maintain the same position and motion
with respect to the stars. Hence, the same correction should be
applied to it as to the stars’ right ascensions and proper motions in
right ascension. If we write:

ao(old)= B, + Bt + Byt? 8)
the new coefficients should be: L
B,=B,+E,,

0 f) 0 )
B,=B,+E.

Expressing (1) with ¢ as the argument,

GMST1 (old) of 0" UT1=R(old)— 12" =a,(0ld)

=23962363915 + 8640184698069 t + 030929 t*. 10)
Then, using the values (4) of E, and E and Eq. (7),
GMST1 (new) of 0" UT1=aq, (new)
=23962:70305 + 8640184783069 ¢t + 05093107 2
—62107°¢3. (11)

Now, adopting J2000.0 as the reference epoch, let dy, represent the
number of days of universal time elapsed since JD 2451545.0 UT1
(2000 January 1, 128 UT1), taking on values of +0.5, +1.5,
+2.5,...,and

Ty =dy/36525

then the new expression for Greenwich mean sidereal time is

GMST1 of 0" UT1=24110:54841 + 8640184:812866 T},
+0%093104 T;? — 65210~ ¢ T3. (13)

This expression represents the new definition of universal time, to
be used with the FK5-based astronomical reference system.

(12)

4. Derived Quantities

Equation (13) relates universal time, UT1, to the observed
Greenwich mean sidereal time, GMST1. In this section we derive
some other useful expressions and quantities consistent with (13),
which is assumed to be the defining relation.

Equation (13) may be re-expressed in terms of a “uniform”
t'me scale such as Ephemeris Time (ET) or Barycentric Dynamical
Time (TDB), the latter having been recently defined by the IAU.
This yields:

S(T")= 67310554841 + (876600" -+ 8640184:812866) T’

+0%093104 T2 —65210"° T'3, (14)
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where T' is the number of Julian centuries (consisting of 36,525d
of 86,400s of dynamical time each) elapsed since
JD2451545.0TDB. In this form, the expression provides the
relationship between Barycentric Dynamical Time, T', and what
may be called Dynamical Sidereal Time, S. It predicts the
rotational phase angle of the Earth in a precessing frame of
reference (defined by the new precessional quantities) in a uniform
time scale, assuming that the rotation rate of the Earth is constant.
Since the Earth’s rotation is not constant, the same expression, in
the form of Eq.(13), is used to define the relationship between
UT1 and the observed sidereal time, GMST1.

The rate at which Dynamical Sidereal Time advances in one
day of Barycentric Dynamical Time is given by

d

= S(T")/36525.
ST

This is numerically equal to the rate at which observed sidereal
time advances in one day of UT1:

(135)

N

d
s= W(GMSTI of 08 UT1)/36525 + 86400° . (16)
U
From (15) and (14) we obtain
5=86636555536790872 + 5098097 10~ ¢ T"
—550910710 7172, 17

The quantity s represents the number of sidereal seconds in one
solar day; therefore we immediately obtain the ratio of solar to
sidereal time. Specifically, given two events, e, and e,,

. measure of solar time between e, and e,

measure of sidereal time between e, and e,

=0.997269566329084 —5.8684 10~ 11 T"+5.9107 1% T2 (18)
and,
1 _ measure of sidereal time between e, and e,
r measure of solar time between e; and e,
=1.002737909350795+5.9006 10~ ** T'—5.910"*> T'2,  (19)

where “solar time” refers to either Barycentric Dynamical Time or
UT1, and “sidereal time” refers to either Dynamical Sidereal Time
or observed sidereal time, respectively.

The quantity ' can be thought of as the length of one sidereal
day in units of solar days. The length of one sidereal day is defined
by two successive transits of the mean equinox ; while the Earth is
rotating eastward, the mean equinox is moving westward due to
precession. Therefore, one sidereal day is shorter than the Earth’s
rotational period by about 0.008s, the amount of precession in
right ascension in one day. To obtain the Earth’s rotational
period, we must first subtract the accumulated precession in right
ascension, M(T"), from S(T") given by Eq. (14):

S(T")— M(T") = 67310554841 +(876600" + 8639877:317119)T", (20)

where

M(T)= } m(T)dT
0

and

m(T)=307:495747 + 05186208 T— 15851075 T2. (22)

In the above, m(T) is the rate of precession in right ascension (in
sidereal seconds per Julian century) from Lieske et al. (1977). The
expression (20) is the rotation measure with respect to an inertial
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frame, from which we obtain the rotational angular velocity of the
Earth, w:

d
0=—
ar’
=(36625—0.00141994075) rev century ~ !
=15"04106717866910s 1. (23)

If we define p, the rotation period, by p=2n/w, then we have,
using 27 =1296000",

p=286164.09890369732s.

(S(T")— M(T"))

Thus, the rotational period of the Earth, p, implied by (13) is
86164.09890369732 seconds of UT1. In comparison, the value of p
implied by Eq. (1) is 86164.0989041 seconds of UT1, a difference of
only a few parts in 10*2. Either value of p is consistent with the
value of the Earth’s angular velocity of rotation adopted by the
International Association of Geodesy in 1979: w=7.29211510"°
radian s~! (Moritz, 1980). It must be emphasized that these values
of p are derived, not fundamental, constants. The observed value
of p, measured in uniform time, is subject to irregular variations at
the millisecond level. Furthermore, the decrease in the angular
velocity of the Earth due to tidal friction results in a secular increase
in the true value of p of 1-5ms per century. The relationship
between the value of p given above, derived from Eq. (13), and the
true average rotational period of the Earth at the present epoch
is not known.-

5. Conclusion

The changes in the system of astronomical constants and the
introduction of the FKS5 stellar reference system, scheduled for 1
January 1984, will have profound effects on astrometry, dynami-
cal astronomy, timekeeping, and geodesy. The IAU has recom-
mended that the value and rate of the UT1 time scale determined
from stellar observations, which forms the basis for civil time, be
continuous across this date.

In this paper, a development of the expression defining the
relationship between universal and sidereal time has been pre-
sented. A new expression for this relationship, Eq. (13), has been
derived for use with the new system, which maintains the con-
tinuity of the current UT1 time scale. This expression shall be
communicated to the IAU for adoption in 1982.
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