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Abstract. Over the past decades, the 1AU has repeatedly &ect. 4 describes the time transformation between two different
tempted to correct its definition of the basic fundamental argiimes in the solar system, and the computation of the transfor-
ment used in the ephemerides. Finally, they have defined a timation is described in Sect. 5. The usage of TCB and.pf
system which is physically possible, according to the acceptediescribed in Sect. 6; the scaling of the ephemerides in order
standard theory of gravitation: TCB (“Barycentric Coordinatt fit the chosen coordinate time is described in Sect. 7; the
Time”). Ironically, this time scale is mathematically and physzonclusions are given in Sect. 8.

ically equivalent tdl,, the time scale that has been used by

JPL and by MIT (the group later went to CfA) in their ephemeris ) i

creation processes since the 1960's. TCB differs fiions, by 2. The history of modern ephemerides

only a constant offset and a constant rate. As such, TCB pfathe 1960's, the program of ephemeris development began at
vides an equivalent alternative #,,, but it doesnotallow jp|, because existing ephemerides were not accurate enough

increased accuracy as others have implied. for spacecraft navigation. A group at MIT, now at the Harvard-
. _ Smithsonian Center for Astrophysics (CfA), had also initiated
Key words: time — ephemerides such an ephemeris program for support of solar system obser-

vations and resulting scientific analyses. By the early 1970’s,
the ephemerides from JPL and MIT had become the world’s
standards; since 1984, JPL's DE200 has been the basis of the
published ephemerides from all of the major almanac offices.
Throughout the time since the 1960's, the basic ephemeris cf&e ephemerides have also served for spacecraft navigation,
ation processes, at JPL and MIT/CfA, have remained similari@ssion planning, reduction and analysis of the most precise
each other and have remained basically unchanged: the b&éigstronomical observations, and for the testing of the various
equations of motion are unaltered, and the implied definitiofgoposed alternative theories of the laws of gravitation.

of the relevant parameters remain the same. (See, e.g., Ash etalThe basic ephemeris creation processes at JPL and at
1967; Devine 1967; Standish et al. 1992.) In particular, the indé{T/CfA have not been altered since the 1960's. Since that
pendent variable of the ephemerides has remained unchangjetg, both programs have been characterized by the following
At MIT/CTA, this time has been properly referred to as “CTfeatures:

(Coordinate Time); at JPL it has been (somewhat erroneously)

referred to at first as “ET” (Ephemeris Time) and then later as the equations of motion represent the currently accepted
“TDB” (Barycentric Dynamical Time). Nevertheless, the usage laws of gravitation, including relativistic terms expressed
of the basic time-scale in both ephemeris programs has beenthrough ordet /c* (see, e.g., Newhall et al. 1983),
essentially the same; the independent variable has been treatethe equations include all forces known to produce observ-
as a coordinate time. able effects in the motions,

This paper shows that the independent variable in the JPt the ephemerides are produced by a numerical integration of
and CfA ephemerides (hereafter referred to in this paper as the equations of the motion governing the major bodies of
“T.,n") is physically and mathematically equivalent to the 1AU the solar system (The choice of using numerical integration
1994 definition of TCB (Barycentric Coordinate Time), differ- was inevitable, for analytical theories cannot meet the ac-
ing by only an offset and a constant rate. curacies demanded by modern spacecraft navigation or by

The JPL and MIT/CfA ephemeris improvement process, modern-day precision solar system studies.), and
used since the 1960s, is briefly discussed in Sect. 2. In Sect. 31t the accuracy of the actual integration program has been val-
is shown, incidentally, wh{.,,;, is not equal to ET or to TDB. idated to an order of magnitude smaller than that of any
observable effect (a necessity for proper ephemeris adjust-
Send offprint requests t&.M. Standish ment).
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With these features, the ephemerides approximate a systemearth. The difference in the rate’if the time kept by an
which is physically possible somewhere in the universe, aarbitrary clock, and the rate @f is given by the expression,
cording to the accepted standard theory of gravitation. Inaccu-
racies due to integration error, truncation of the relativistic part ar; 1 _ l(U- i ﬂ) (1)
of the equations of motion, and intentional omission of small dT 22

perturbing forces have been kept to a level below that of ObSWﬁereUi is the gravitational potential at clock™due to the

vational significance. How closely the ephemerides resemilg,sqes of the bodies in the solar system (including the earth),

our own solar system depends more upon the accuracy of fgy, is the clock’s solar-system barycentric velocity.

initial conditions of the integration. In turn, the accuracy of the

initial conditions depends upon how well they are adjusted by Eq. 1 assumes th@; andT are measured in the same inher-

the least squares process of fitting the ephemerides to pregiseynits (e.g., Sl seconds). However, one may also corigjder

astrometrical observations of the sun, moon and planets.  3nq7 1o be measured in different units; this could be expressed
by multiplying the right side of Eqg. 1 by a constant factar,

3. Tepn, the time used in ephemeris creation Integration of Eq. 1, withK included, yields

2

The independent variable of the equations of motion, used by

JPL and by CfA, is referred to in this paper &&p". In the Tq 02
past,T.,;, has been referred to at JPL, first, as “ET”, and thenTi - T= (K-1)T-T) - K CE(Ul‘ + EZ) dt (2)
as “TDB”. However, the use of either of these terms foy,,3,” 7
is incorrect. Even though thiatentionwas to make ET and where it is assumed that the two times are synchroniz&y at
TDB the independent variable in the equations of motion (i.&e thatT, = T at 7.

a smooth-flowing, coordinate time), the unfortunate definitions

of ET and TDB confused this concept with their practical real- The difference betweefi representing TCB and@ repre-
izations: sentingT,y, is entirely determined by merely the value [t

_ ) . ) Mathematically and physically, any choice for the constant,
— ET:Asinitially defined, ET was the independent variable of | 5jiq.

the existing planetary and lunar theori€see Expl. Suppl.

1961, pp. 66-71); this is a fundamentally different definition Ifitis assumed forthe moment tHBtrepresents “Terrestrial

from the independent variable in thendamental equations Time” (TT, or, formerly, TDT), then

of motion ET, then, is subject to the inadequacies of those .

(analytical) theories. — for K :.1, Tin E'q. 2 becomes TCB. For a'clock on or near
— TDB: In 1976, the basic time scale was chosen to be of ter- (€ geoid, the difference, TT-TCB, contains a large linear

restrial origin (TAI or TDT), and TDB was then defined to  dIift (0.5 seconds/year) as well as a relatively small, quasi-

differ from TDT byonly periodic termgsee Guinot and Sei- perlod|c.s!gnature — malnly an annual term with amplitude

delmann 1988). Such a relation yields a time scale which is ©f 1.6 milliseconds of time.

physicallyimpossible. The intention was to remove a secular On the other hand, as shpwn below, one can allow K to be

drift from the difference, TDB-TDT:; however, the remain-  S€t automatically by having” ~ TT. In this case K’ — 1

ing difference cannot be characterized by merely periodic 2€COMeS some sort of mean value of the integral, Aurd
terms. Eq. 2 become®,,,, the independent variable used by JPL

— T, : Itis this quantity, as used by JPL and MIT/CTA in and CfA for their ephemerides throughout the past many

their ephemeris programs, that has always been what ET Y&a'S:

and TDB were intended to be. The second choice has been implicitly adopted by much

of the astronomical community: the differen&,,— TT, is
Therefore I, # ET andT,, # TDB. often ignored, since the two time scales differ by no more than

T., is approximatelyequal to them in value, but not exacﬂy_z milliseconds of tim_e. S_uch an approximation is_not vali_d,
On the other hand, as will be showf,,, is mathematically however, when considering TCB - TT: the large linear drift
and physically equivalent to the newly-defined TCB (see S&Mmounts to 0.5 seconds/year.

delmann and Fukushima 1992), differing from it by only an

offset and a constant rate. 5. Computing T—TT

The integral of Eq. 2 can be evaluated numerically, using the
trapezoidal rule or something similar of higher order, with
LetT be a coordinate time; i.e., the independent variable of ttiee integrand computed straight from the planetary and lu-
equations of motion governing the bodies of the solar systenar ephemerides. However, since the integrand is observer—
Arbitrary clocks in the solar system will run at rates differerdependent, it would be necessary to evaluate the equation for
from T', including, of course, clocks on or near the surface efch different clock. Clearly, this is undesirable; however, it is

4. Time transformations
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necessary for clocks far from the geoid: GPS satellites, inter evaluate all four terms, using the numerical quadrature of

planetary spacecraft, rotations of planets, etc. the integral and setting — K = —(Ls + L¢) in order to
Forclocks on or near the geoid, wh&kgepresents TT, there ~ remove all secular drift.

is an alternative to integrating Eq. 2 for each different clock. . o .

One may separate the integrand into an observer—dependdhthe other hand, if operating in TCB, one may either

part a_nd an observer—independent part: an approximation Whof,'euse the numerical quadrature of the integral andet 1,

error is below 1 nanosecond for observers on or near the earth’s

surface. Then, the observer—dependent part can be integrate . : . .
analytically (Thomas 1975) so that Eq. 2 becomes —Use one of the analytical expressions for the quasi-periodic
Y y 9 part of the third term and seét — K = L¢ in order to

complete the full integral.

T'-TT=K| Cig(ri —rg) ve + Lg(T —1To) Determination of the ratel(-) can be done by fitting the
analytical formulae to a numerical quadrature of the integral in
1 (T v2 Eq. 3, as was done by Fukushima (1995).
+53 T(UE+?E)dt] + (1-K)(T-Ty (3)
0

where the subscript i again denotes the barycentric observer, fhéutomatic ephemeris scaling
subscript E denotes the geocenter, and the poténtisicludes | the ephemeris creation process, the system automatically ad-

the potential from all the bodies except the earth. justs itself to fit the choice of units, including the unitsifh

) ) o ) as determined by the choice &f. This is similar to physics, but
— The first term is small and quasi-periodic, but valid onlyat identical.

for observers reasonably near the surface of the earth; i.e.,
near the geoid. Since its amplitude is less than about 2 mi- In physics, one chooses the units of distance, mass, and time;
croseconds of time, the error introduced by the observer’s the numerical value of G, in those units, is then determined

not being exactly on the geoid is negligible. by observation; its numerical value is automatically adjusted
— The second term provides the linear difference between a in order to give a consistent system: one which agrees with
clock on the geoid and a clock at the geocenfes: = the laws of motion and with the observations of measure-

Wo/c?, whereW, is the potential of the geoid. In prac- ment. Further, now that the meter is defined in terms of the

tice, since the observing clocks are not located exactly on speed of light{ = 299792458m/sec), the unit of distance

the geoid, the rate of each clock is adjusted so that, on the is effectively expressed in time units.

average, it maintains the TAl or TT time-scale. — In astronomy, one adopts the gaussian gravitational con-
— The third term isin-dependent of the observer;rtay be stant, the mass of the sun, and the unit of time determined

computed once over the time-span of a given ephemeris andby the choice of, (or equivalently, by the computation of

then stored for subsequent interpolation. However, this is T—TT in Eq. 3). The unit of length, theu, is related to

not necessary, since analytical expressiongdfer T are the units of time by the relatiomu[sec] = S[&2]/c[A2],
now available, accurate to the nanosecond level (Fukushimawhere S is the scale factor. The adjustment of the unit of
1995). length by use of the parametgiis analogous to the adjust-

— The fourth term allows the rate to be adjusted automatically ment of G in physics.
in order to havel’ =~ TT, as described below.
In the ephemeris programs at JPL and CfA, Eqg. 3 is com-
At JPL, the third term of Eq. 3 has been approximated u_uted such thal-TT remains small, and consistency is main-
ing, in turn, the expressions from Moyer (1971), Moyer (1981%|ned via the scale factaos, in this manner, the value df is
Hirayama et al. (1987), and presently from Fairhead and gutomatically determined such that there is no drift betwEen
tagnon (1990), the latter two as improved by Fukushima (1998nd TT.
These analytical formulae express the integral of onlyditfie
ferencebe_tweenUE + v% and its mean valueLc. As such, 8. Conclusions
the analytical formulae express the last two terms of Eq. 3 with
1 — K being equal to- L andT beingT,,. JPL and CfA (formerly MIT) ephemeris creation programs have
been producing the world’s standards for three decades. Both
of these programs have used for their independent variable, a
coordinate time which is physically and mathematically equiv-
When evaluating Eq. 3 witlf,,,, one may either alent to the IAU’s recently introduced TCB, differing only by a
constant offset and a constant rate. Operating in either of these
— ignore the second and fourth terms of Eqg. 3 and use onetinie systems produces identical results, except for a scaling fac-
the analytical expressions for the quasi-periodic part of ther which may be used to easily convert from one system to the
third term, or other.

6. The usage of TCB orT,,p,
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The IAU introduction of TCB doesotallow greater accu-
racy, as has been implied by Seidelmann and Fukushima (1992)
and by Soffel and Brumberg (1991). It presents an equivalent
alternative to the system that has been used for decades at CfA
and at JPL.
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