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Preface

The work described in this report was performed by the Mission Analysis Divi-
sion of the Jet Propulsion Laboratory.
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Abstract

The fourth issue of JPL Planetary Ephemerides, designated JPL Development
Ephemeris No, 96 (DEY6), is described. This ephemeris replaces DE69 (Ref. 1),
which has become obsolete since its release in 1969,

The improvements in DE96 are many. They include more recent and more
accurate observational data, new types of data, better processing of the data, and
refined equations of motion which more accurately describe the actual physics of
the solar system. The descriptions in this report include these new features as well
as the new export version of the ephemeris.

The tapes and requisite software will be distributed through the NASA Com-

puter Software Management and Information Center (COSMIC) at the University
of Georgia.
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JPL Development Ephemeris Number 96

l. Introduction

The JPL Development Ephemeris 96 described in this
report is the fourth official release from the JPL Ephem-
eris Tape System. It replaces DE69, which was released
in 1969 (Ref. 1) and which has since become obsolete,

The JPL. Ephemerides are produced by a system of
programs referred to as the Solar System Data Processing
System (SSDPS). Observational data are collected and
compared against a base ephemeris. Partial derivatives are
computed and used in a differential least-squares program
to improve the values of the initial conditions of the
planets at a given epoch, along with other associated
parameters. The differential equations of motion, using
the new initial conditions, are numerically integrated,
thus producing the new ephemeris. Finally, the observa-
tional data are compared against the new ephemeris as
a check.
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This report discusses the main features rhat were
present in the production ot DE96, The following sections
discuss the observations and how they are processed, the
formation of the partial derivatives, the solution and its
reseltant constants and initial conditions, the numerical
integration and equations of motion, the final residuals,
and, lastly, the export version of DE96,

II. The Observational Data

There were 44002 observations used in the solution for
DE96. These come from five major sources, which are
described below. Different weights were assigned to
various sets of observations according to the formula,
\Vw = 1/a,, where a, is the a priori standard deviation,
From previous experience, we were able to assign values
to these which were approximately equal to the post-fit
rms residuals.



A. Optical

The optical observations come from the Six- ai.Jd Nine-
Inch Transit Circles of the U. 8. Naval Observatory
(USNO). They cover the time span, i911-1971 and have
been discussed by Oesterwinter and Cohen (Ref. 2) and
by O'Handley et al. (Ref. 1).

All of the optical observations have been reduced to
the FK4 Catalogue system using the tables given in the
Second Series of the Publications of the U. S. Naval
Observatory.

The a priori standard deviations in right ascension and
declinatior were 170 sec 8 and 170, respectively, for the
Sun, Mercury, and Venus and 075 sec § and 075, respec-
tively, for Mars through Neptune.

The number of observations for each body and the rins
post-fit residuals for the optical data are shown in Table 1.

B. Radar

Radar time-delay measurements from Mercury, Venus,
and Mars have come from six sources: Arecibo lonospheric
Observatory, Haystack (MIT), Millstone Hill (MIT),
Goldstone Deep Space Station (DSS) 13 (JPL), Goldstone
DSS 13/D5S 14 Bistatic (JPL), and Goldstone DSS 14
(JPL). The a priori standard deviations assigned to these
data varied according to source, planet, and year. The
number o: radar data points for each planet and their
post-tit rms residuals are shown in Table 2,

C. Mariner 9 Range Peints

The Mariner 9 Navigation Team combined 504 range
points to the Mars Orbiter with positions of the orbiter to
the center of mass of Mars in order to produce accurate
Earth-Mars ranges from November 1971 to October 1972.
These data, shown in Table 3, exist in four sets according
to their proximity to the Martian solar conjunction (J
2441565), when the 2200-MHz ranging signal passed
within 4 solar radii of the Sun at the heliographic latitude
of +79°. The uncertainties in the propagation of the sig-
nal through the corona are reflected by the post-fit rms
residuals. The modeling of the corona is discussed in
Section LD,

D. Pioneer 10 and 11

The Pioneer Navigation Teams provided Earth-Jupiter
ranges by combining Earth-spacecraft ranges with posi-
tions of the spacecraft relative to Jupiter's center of mass

REPRODUCIBILITY OF THL
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al the times of encounter (JI 2442020 aid JD 2442385),

The a priori standard deviations were 50 us for each.

E. 1971/1973 Mars Radar Closure

There were 291 “closure points” from the Mars radar
data taken during the oppositions of Mars in 1971 and in
1973, These closure points are pairs of days during which
the observed points on the surface of Mars are nearly
identical with respect to Martian longitude and latitude.
Since the same topographical features are observed during
cach day, the uncertainty introduced by the topography
of Mars may be eliminated by subtracting the residuals of
one day from those of the other day. The remaining dif-
ference is then due only to the ephemeris drift between
the two days. These points had a priori standard devia-
tions of about 1 .s.

IIl. Processing of Observations

In addition to the standard calculations used when com-
paring the observations against corresponding  values
predicted by the ephemeris, there were some unique
features in DE96, which are described below.

A. Day Corrections

The optical data from the USNQO covering the years
1962-1971 have not yet had day corrections applied for
the Sun, Mercury, and Venus; ie., the bodies observed
during daylight hours, Consequently, temporary correc-
tions are applied in DE96, the coefficients being deter-
rined in the solution itself. The forms of the corrections
are

All‘ A[ + A;Sluﬁ + A;COS’I@
AS =D, + D,sin§ + D, cos hy

where § is the declination and hg is the hour angle of the
Sun (i.e., time of day). The corrections, Aa and A8, are to
be added to the computed values of a and 8.

B. Corrections to Drift in the Optical Data

In recent years, it has becomes apparent that the re-
siduals for the inner planets (i.e., those observed by radar)
have shown a secular-like drift in right ascension similar
to what would be shown by inaccurate precession and
equinox drift. As such, the corrections e = (Am + An
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sin o tan )T and A8 = (an cos o)T, similar to precession
formulae (see, eg., Rel. 12, paragraph 137), and Aa =
(E)T. similar to equinox drift, are combined into

Aa = (Ak + Ansinatand) T
and

A8 = (Ancosa) T

where E is the rate of drift and T is measured in centuries
past 1950.0. The coefficients Ak and An are determined in
the solution; the corrections Aa and A3 are to be subtracted
from the observed values of o and 8. These values are not
incorporated into the precession parameters; they serve
only as modifications to the optical duta,

C. Corrections to Limb Biases for Mercury and Venus

Most of the transit observations of Venus and some o
Mercury are taken not on the center of light but rather
on the illuminated edge. The corrections to center of
planet are then applied by the USNO, using values of
parameters currently available. To account for corrections
to these values, the following formulae are applied:

r +ry
Aa = — —and A8 =
p P

where the corrections r, and ry are determined in the
solution, p is the Earth-planet distance, and the sign-
depend on which limb is being observed.

D. Solar Corona Time Delay

Besides the standard relativistic time delay in the radar
signals between the Earth and a planet (Ref. 4), there is
also a delay caused by the electron density in the solar
corona. This has been discussed by Muhleman et al
(Ref. 5). The following formula for corona delay Ar (us)
was used in processing the radar and Mariner 9 data in

DEY6:

403 (", |
Ar = of -fr! N.ds
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where ¢ is the speed of light (em/s), f is the frequency
(MHz) of the radio carrier signal, N, is the electron
density (em ), and the integration is carried out over the
linear distance (cm) from point P, to point P, in space.
The electron density was assumed to have the following
form:

A B
New o+
with the solar distance r expressed in units of the solar
radius.

The values of the arbitrary constants 1sed for DE69
were

A= 113 x10'cm*
B=05x10em"®

r= ﬂ.n

These values are consistent with the corona derived from
Mariner 6 and 7 data by Muhleman et al, (Ref. 5).

E. Mars Ellipsoidal Model

Occultation measurements of ‘he Martian surface by
Mariner 9 have shown that the shape of the surface may
be approximated by a triaxial ellipsoid. This determina-
tion and its implications for radar ranging have been dis-
cussed by Standish (Ref. 8). The radar time delays from
Mars have been computed using this model. The whole
ellipsoid is scaled according to the mean equatorial rad‘us
of the planet, the only associated parameter in the solu-
tion for DE96. The shape and orientation of the ellipsoid
are uraltered.

The surfaces of Mercury and Venus are approximated
by spheres.

IV. Partial Derivatives

The paitial derivatives used in the observation equa-
tions were obtained, for the most part, from the Set 111
formulation of Brouwer and Clemence (Ref. 7, p. 241),
For a given observation o, say, this caleulation invokes
the following chain rule:

calt) or(t)
'\l'“) 1‘5(0)

dalt)
2500)



where r(t) is the vector of Cartesian coordinates at time ¢,
and S(0) is the vector of Set 111 corrections at epoch
(t = 0). The second factor on the right-hand side is the
matrix given by Brouwer and Clemence where osculating
elements are typically used. It is rigorously exact for only
true Keplerian motion or at epoch. In the actual cases, the
accuracy was found to be good enough to support nearly
all of the observations. The exceptions are described
below:

(1) The heliocentric orbit of Neptune is poorly approxi-
mated by Keplerian motion. A dramatic improve-
ment is seen when the motion is with respect to the
harycenter of all bodies interior to Neptune. There-
fore, in the case of Neptune, the formula above was
replaced by

calt) _
c5(0)

ca(t) or*(#) 08*(0)
ar*(f) 75°(0) 28(0)

where the starred quantities are computed with
respect to the baryeenter interior to Neptune, Here,
the second factor is far more .« urate than its un.
starred counterpart above. The wird factor needs to
be computed only once. It comes from

E'.‘»"((])== ¢8*(0) or*(0) [ oS(0) 7
¢5(0)  *(0) or(0) L r(0)

where one may see that

or*(0) _
r(0)

(2) The high precision of the Mariner 9 range data re-
quires excepticnally accurate partials. For these,
numerically integrated variational equations includ-
ing the effect of Jupiter's orbit were used.

(3) The 1971-1973 Mars radar closure analysis also
has an inherently high degree of precision. Numer-
ically obtained partials were used here as well,

V. Solution for DE96

There were 64 parameters in the solution for DE96, A
full rank solution of an eigenvalue-eigenvector analysis
was applied to the osculating elements at epoch JD =
2440400.5, The parameters were

48 orbital elements (Pluto excluded)

4 limb corrections for Mercury and Venus

mILITY OF THE
S POOR

3 radii for Mercury, Venus, and Mars
1 scale factor (km/AU)

6 transit circle day corrections for the Sun, Mercury,
and Venus covering 19621971

2 corrections for the drift in the optical duta

Tables 4, 5, and 6 give heliocentric 1950.0 equatorial ini-
tial conditions for all nine planets plus the Moon for three
 “fereut epochs. Tables 7 and 8 present values of the
other parameters used in DES6.

We have adopted the set of planetary ma ses which are
being recommended to the International Astronomical
Union (IAU) by Commission 4, with the exception of the
mass of the Earth-Moon barycenter, which has one more
digit in DE96,

For the orbit of Pluto, we have used the initial cordj.
tions from DEGY,

VI. Covariance/Correlation Matrix of DE96

The formal standard deviations and the correlation
matrix from the solution for DES6 are given in Table 9.
The units are are seconds for all parameters except for the
astronomical unit and the three radii, which are in kilo- |
meters, '1

The following list provides identification ui the com-
puterized version of the parameter names:

DMWi Al + ar
Dpi Ap

Qi Aq
EDWi ear

DAY Aa/a ]
DEi Ae

Brouwer and Clemence Set 111
elements for ith planet.

AU Scale factor (km/AU) s

RRA fa Limb corrections for ith planet
RDE{ rs 1 3

ADAYL A,

. .

Day corrections |

DDAY3 D,
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DELK Ak
DELN An

Optical data dritt corrections

RADY R, Radius of ith planet

It must be emphasized that Table 9 gives formal values
obtained directly from the solution. It is well known that
the use of such r1ormal covariances often leads to overly
optimistic predictions of accuracy.

VII. Numerical Integration of the Planets

The dynamic evolution of the solar system was obtained
by numerically integrating the equations of motion over
the entire twentieth century, The gravity model used is
the isotropic, Parameterized Post-Newtonian (PPN) n-
hody metric (Ref. 8) and the Newtonian gravity perturba-
tions of the asteroids Ceres, Pallas, and Vesta regarded as
following heliocentric Keplerian ellipses. The celestial
bodies being integrated are the Sun and the nine planets.
The geocentric lunar ephemeris LE-44 was obtained by
an independent integration and was treated as input by
the planetary program,

The n-body equations of motion were derived from the
variation of a time-independent Lagrangian action integral
formulated in a nonrotating solar-system barycentric
Cartesian coordinate frame. For each celestial body, the
n-body equations of motion are, to order 1/¢7,

.';.-Z;m(n‘h){l_ 2(3"'7) L3

3
e ¢ o T

23-1 e (Ui B U,)'
c? Zt'u+7 —0_)+“+7)(c

_ 24y i....'j__l:(l'-—l’x')‘l‘f:l

ot

1 l 1 e
=iy - py) o F) P — s {9y =24]
90t \F r)ery | cr b ,.:’

(24290 = (1 + 2y)15]) (7 = 1y)
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3 + 47 Z; iy )_4 [ .r- -n)
+ s i[(i(___n s T
; II!HI '." 2 r“ ’l'
1 .- -
- - (22 )e] o

where

v, r.,and ¥, are the barycentric position, velocity, and
acceleration vectors of body 1

we = OGm,, where G is the gravitational constant and m;,
is the mass of body |

rg=r =

£ is the PPN parameter measuring the nonlinearity in

superposition of gravity

v is the PPN parameter measuring space curvature pro-

duced by vnit rest mass (In this integration, as in genera!

relativity, # = y = 1)

D, = i1|

 is the velocity of light

1., is the second zonal harmonie coefficient of body §;

a, is the equatorial radius of body |

p; is the unit vector in the direction of the north celestial

pole of body f

The index m in the next-to-last term on the right side
of (1) runs over the asteroids. The quantity ¥, appearing
in two terms on the right side of (1) includes the
Newtonian acceleration of each body | due to all other
major celestial bodies and the three asteroids:

(v = 1y)

]
™ 'fl

i =

where j runs over the Sun and planets and k runs over
the Sun, planets, and asteroids. The last term on the right
side of (1) represents the contribution of the oblateness
effects of each body. For this integration, all harmonic co-
efficients J,; were set to zero. Normally, the only signifi-
cant contribution arises from the oblateness of the Sun.



The independent variable of integration is the time
coordinate in the n-body metric.

The masses and Keplerian elements of the asteroids are
given in Table 10,

The definition of the relativistic barycenter (center of
mass) of the solar system is somewhat modified from the
usual Newtonian formulation (Ref. 9). From conservation
of linear and angular momentum, the location ot the
barycentric origin is given by

Z: whr =0 (2)

where

1 1 Z m}
.-1. — 0 - — a— 3)
M, f,{l+ iRl -t T (

Only the planets were actually integrated. At each step
throughout the istegration the relativistic masses ' were
calculated from (3), and the position of the Sun was sub-
sequently determined from (2). Because of substantial
uncertainty oir masses, the asteroids were not in-
clnded in ‘. Leentrie caleulations,

VIII. Lunar Ephemeris

The construction of LE44 is similar to that of the
LURE2 ephemeris, which is to be documented elsewhere.

Because there was no attempt to put the lunar and the
planetary ephemerides on the same reference system,
there may be rotations in all three axes ai.ounting to no
more than 0.1 are second between the two. The improved
masses of DEY6 were used and the secular acceleration of
the Mcon's longitude was adopted, without fitting, to be
n = —38"/century”.

IX. Residuals With Respect to DE96

The resi-luals for the observational data with respect to
DE96 are shown in Figs. 1-4. The post-fit standard devia-
tions have heen given in Tables 1-3.

The optical residuals, plotted in Figs. la-h, appear
similar to those given by Oesterwinter and Cohien (Ref. 2),
whose epliemeris was formed from the optical data only,

This seems to indicate that the other data in DES6 have
not introduced any major inconsistencies. We have, how-
ever. noticed systematic errors in the optical data, as did
Oesterwinter and Cohen. These are discussed in the next
section.

The radar restduals are plotted in Figs. 2a- ¢. The carly
data have been severely down-weighted. There seem to be
trends due to topography in the plots of Mercury and
Venus, these having been modeled simply as spherical
hodies. For Mars, the residuals are with respect to the
ellipsoid referred to in Section 111 In all three cases, the
standard deviations are about 10 45, amounting to about
1.5 km. This would increase to about 2.2 km for a spherical
maodel of the Martian surface,

The Mariner 9 residuals are shown in Fig. 3. The poor
fit at the Martian solar conjunction is apparent. Here the
data are not only noisy but corrupted by large fluctuations
in the solar corona. Further analysis of these data is still
heing perfuimed.

The residuals in range for Pioneer 10 and 11 are —47
and +67 us, respectively.

The residuals of the Mars closure analysis are shown in
Fig. 4 by means of o histogram. Of the 291 residuals, 206
were less than | us, The largest residual was 6.5 45, Most
of the 16 residuals greater than 3 us come from observa-
tions where the altitude on the surface of Mars is rapidly
increasing with changing latitude. If the two days being
compared have significantly different latitudes (up to 1°
was allowed), a 6.5 ;s residual can arise from only a 1%
incline.

X. A Systematic Trend in the Right-Ascension
Residuals

The right-ascension residuals of the planets contain
svstematic trend which is not evident in Figs. la-h be-
cause the plots tre so compressed in time. Therefore, the
right-ascension residuals of Mercury through Neptune are
plotted again in Figs. 5a-g, where this time the abscissa
corresponds to the heliocentric difference in right ascen-
sion between the Earth and the plinet; ie., degrees past
opposition (degrees past inferior conjunction for Mercury
and Venus).
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The cause of this trend is unknown, but it is definitely
a universal one—not due to one particular planet, ephem-
eris, or set of chservations. The reasoning for this is as
follows:

(1) The trend is obvious in Figs. 5a-d for Mercury
through Jupiter,

(2) The trend has been noted .2 the residuals for the
USNO Ephemeris (Ref. 10, in the Dahlgren
Ephemeris, where it was actually discussed for
Venus by Oesterwinter and Cohen (Ref. 2), and in
Laubscher's dissertation for Mars (Ref. 11), as wel!
as in the JPL Ephemerides to date.

(3) The trend is present in the Tokvo and Greenwich
transit data as well as the USNO data, these three
sources being present in Laubscher’s dissertation.

This systematic trend, the “opposition effect” or “phase
effect,” is presently being investigated.

JPL TECHNICAL REPORT 32-1603

XI. Export Ephemeris

The DE96 ephemeris, along with all requisite software,
has been put on magnetic tape in a format suitable for a
wide range of computers,

The new format is more than four times as compact as
the previous “Type 50" used for DE6Y. Furthermore, the
interpolation error is below 10 cm for all bodies—an
improvement of 10* from before.

The range of data is from December 16, 1944, to
January 25, 2000,

Copies of the tape, software, and user instructions are
available from the NASA Computer Software lanage-
ment and Information Center (COSMIC) at the Uni-
versity of Georgia.
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DEGREES PAST INFERIOR CONJUNCTION

Fig. 5a. Optical residuals illustrating the ‘‘opposition effect’’ for M *rcury
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Planet N, e N, ay, "
Sun 8223 0.81 7930 0.83
Mercury 2412 0.98 2339 0.85
Venus 3566 1.17 3586 0.59
Mars 330 0.63 K04 0.55
Jupiter 1068 0.50 1030 0.51
Saturn 1091 0.53 1040 0.54
Uranus 1048 0.37 1034 0.45
Neptune 1037 0.40 1015 0.50

Table 2. Radar observations
Mercury Venus Mars
Source

N o, us N @, us N o, us
Arecibo 106 17.1 248 8.1 30 833
Haystack 217 100 219 92 2745 128
Millstone 101 918
Goldstone 13 204 982+ 4 100
Goldstone 13/14 9 0.2 14 7.6 300 114
Goldstone 14 22 8.6 4 134 699  10.7

“These data are mostly pre-1967 and are therefore of inferior
quality, They were severely down-weighted in the solution for

DE98.
Table 3. Mariner 9 range points
N Julian date o, us
77 2441272 - 2441361 0.25
81 2441389 - 2441540 0.29
487 2441541 - 2441555 078
2441577 - 2441602
159 2441556 - 2441575 2.50

JPL TECHNICAL REPORT 32-1603




Table 4. Initial conditions for DE96 at JED ~ 2440000.5

X Y 4 X Y Z
Mercury  INOIBLIZANRRIANOR L OTIRLRNRRTIOONGE] = 002106 TRORNBTIOAN =, 0006500817768 < ORIINNSARSINAZATY = 012638091 2T9207Y
Venus (BIBINNTALINNOTENE L TSAUILIAUAISEI0E L IBITEL0IZANANA0NT = 01e30IUSINONINNAY L OLZEARAAIAITITET  L0%eeRiTeALesallI]
E-M barycenter  -.«ssecs28i50783017 =, 62519996260935357 =, 3878386869310 688 01600701 SA96AR% 36 -, 00TILISASIETIARTE =, 0031 7080NYT1RRINY
Mars J3T9RUTEERTEETIZL L. 3S705TeB08607160  L6MZTITETISINONNNY =, 013009S8ONNITR00T  L0ONOSOIANTOTISANE L A0RRREARITIOTNNAY
Jupiter 5.U0IISRNLINORIITE 1. 62688075203507510  .P0602247007008308 =, 00293019707659372  «.00A13064T36A25428 <, 00088 3IANLNA0TA
Saturn BePOTRZOZSISITNS10  Z.6AS83UUZISEVINIA L TORIBITROTZZEZVY =, 0019 NINNINANE  L00AY SADTTARIISL  L00Z10AZZLTSA%01 Y
Uranus =18.ETIB0LLNITANOBINS L BB129TABGUNASEETY  (PRASZESATININONI  =.0001ARORITROAOBEE  ~.0037TINRENRR0NNIS  ~.D01AS0RATENNI])TRA
N!-ptum =17 80588807261 312050 =23, 1206009301834 20508 ~9.0061 TOADERARES LAY <0029 THIABNO26YY = 0018321201699 =, 00071280091 %%0%0
Pluto =30+ 9820088 3506990226 STRBSOSRIVIIVIAN0  9.e0536 91816106237 JO0016AISGATENATOZ = 003151 P9PCVARNAAR =, 0010878 | 137094
Moon SUEINASOTURINI 3810 +0010969168 758 3689 JU00%18ST949182900 =, 000240379088471 1) JHOONNINNTATALINO0 L ONSINTINAROATRE TR
Table 5. Initial conditions for DE96 at JED = 2440400.5
X Y z X Y z
Mercury +3S879225002052818 -, 09553558TYS0MAI00  ~.08TTAISITAIGITIN0  L003TOATAORSOTSINZ  LOZEANTTASTEO0ZSTY  L01RO2EAATORINIYIS
Venus (6033503910336887% =, 355906274U3346306 -, IAATIZINR0LIAY  LOL1ISA9ZIZOZTIANG  LDLSAABY0LTSAANITE  L00A2THISZNZNNAZ '8
E-M barycenter JA03OVINICOPIITING =, 92TAIN0SSTL0083T  =.40233969%IARINSIZ  LOIGAIIBINLINIAZIY  LO0INSS0ZIBRA000NS  L000ETEZRINNLTORNY
Mars “ 329 TTHO511620306 =1, 32690091ASTHV0BGA -, A09SSe 16613026086 L OISAAZZOZATTAN07Y  L0000TSINIIATSZONE -, 00038812072TeAYAR
Jupiter “5.39419589060612698 =, TT099130630938636 =, 198910064 060488T  ,00100963213273023  «.006538026AITIIINE =, 00ZAZAI0TINTINLAS
Satu_rn T.9a82565922230%001 8,507 1645 TEN08 ) w02 1.91995 50656420628 =,00319918849938017 NCLIRLLYLLEL LEDL LV S RLLIC IR LI LI TLT AR
Urnnu: “18.202T95322%05T18% =, 9303802950892862 = lBLSTINNI0TR Y2 0001 7136827088877 - 003702326090 T2 =00 4% 1943 RaTAYTY
Neptune <16 3716993023050322% =23, TH16N286400216318 =9,32162501207255551 . 002622008%9645086 =, 001532931501 39818 =, 00049408 32e8%1172
Pluto =30.452349964 29795698 =, 53204306611600827  9.0994896A0LP0A53AY L 0002A204ABANTINNE =, 0031SZ1IINZS2NI0TY =, 001nA1 6N TTAOEAIN
Mm = 00083570230%0017) =.00198%08033330602% =, 0010832676180 387 «HOOSIATSZI0D6NATY] = 0001 TR 18NI9206 A0 =, 0000ARS TT2990 AR
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Table 6. Initial conditions for DE96 at JED ~ 2440800.5
X Y z X Y F4
Mercury SoONTERZAYIRINRNTTY S 2S0ALVRCZIRRGAYIS =, A00RSISNARABISORT L 0116e)SI0AR0N0%S  «.0LTRRRNI LIAIANINY -, 0108191 400ATI00A
Venus “edTRVENRRI00N 0001 S ViaTe0RuReN100e = 20| TRAYI %A 00A2 AOIBGO0TREIANITOI0 <. 00A0NOR AATIARY -, 008 | anka Masnies
E-M barycenter COIBAIGIIIATATHNE = T2INGA3AVINN0ININ = 3N3TZO0IGOARORIIS  LD1DOATOROZORITONE  LDOSRANSAZINIZSNAR L ADNJASNARAYIAETIR
Mars =heuadiT abuTINN02Te L. LeBeuYhaTubaRNe) SOBSAVITRORANNOTAE L OM02ANTHAGARARTIY < D0TOTRNTARSARAYTED =, A0ROTRIPOTARDEAOA
Jupiter SR ARLLVIONNRTTITON0 =3, inTIoATRATRINTIN  ~1.2NTH0RTZ0BNDNS10  L00NA26 N1 INAEALSET -, 008089A2683IARIAY =, 00RPAAR IRARADEN
Saturmn SoORIRIOTRRNINIATIS B R0IRB0RINRRNTIRAD  2.23NAINTIZNNOTTE - 00NZSIENNINCARESE  L0ODVSIIAARIARIASE L0A14SANARA2YIAR0N
Uranus SANARBLINRRCTIRAAINIE  ~i.en0BIIDITINONINI0  ~ 21 T2654002059815  L000%26192046u0336  «.0037ISTAZEIA0RA06  ~. 001488 )1 TRAAIASIE
Neptune SABS0RNINONITIITATY =2u 3502 TIRIN01INIEY  ~0. 0V 10ATENERIITO8  LONZENIDORERETINENN -, COINRINTTRONZANYY =, 000483 PANSTROAY]
Pluto =30 BUBROBIBVENAIONEL =1 TURIS0TEIN0NDINS  R.6Z2025305VANONARN L 00030RG1ISANIB06S -, 00NINEARKETEINGTE =, 001) 1S EINER|A504
Moon “e00IB0II0IONTHOIND  LOOLUBTICTYINOBI0T  LQ00OGESAZENABLETE < 0000SANOATALSILTL = 0002 TRAITRGNARSAT =, 000| TAEIEINONEATY
Table 7. Radii and masses in DE96 Table 8. Miscellaneous constants used in DE96
Planet Radius, km Inverse mass DENuN e
§ JOEPUC 18804004
aun 696000 1 cLignt VTRl bR
Mﬂm 2440. l2' mm (MRAT e dout
Venus 6052,084 408523.5 BETA i
G A 1
E-M bharycenter 328900.53 J25uN e
MII'I 3397 Sl'-" m-’lo * Ay 19597870 000%
. HRA) 09270
Jupiter 71350 1047.355 . ROCL 08203
. ARAZ +33056
Saturn 60400 3408.5 * Noe2 i
* ADAYL +31080
Uranus m 22809 - au.": 20587
. ADR B EFITS
Neptune 22300 19314 o 00AYI ~e8309)
* DDAYZ =Laa09%)
Pluto 7200 3000000 * ooand 00112
* DELK ~1ad907
Earth 6378.156 * DELN dlates
Moon 1738 . HAD) 1040.12173
o R
. A -
*Result of solution for DE96. - -
e
"Mean equatorial radius of triaxial ellipsoid. HADS s0400,
HADT 23800,
HADR 12%00.
HADY T20v,.
HADS 9000V,
HADM 1738,
RE 8378, 1%

foR DEYe

THESE PARAMETERY ARE From TwE sOLuTION
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Table 9. Covariance, correlation matrix for DE96
a OMwi OPL 001  EOwi DAL DEI  newz DP2 DO2 EDWRZ nA? DEZ DMeB OPR  DOM  £r.4
Owel -".”l‘.‘l“ 1.000 028 010 .98% 202 =,008 o998 = 008 =009 ,81) =380 090 ,9% =, 081 =,07 72
ory +028 1,000 .000 .032 =.080 =e72%  L058 <012 009 L0803 ,my7 =308 0
[ 010 048 1.000 =.p13 =,080 «58% 0% .08 017 128 L Y U T
Lowl «908 032 -,01) 1,000 =.201 =008 811 -,396 098 9T =, 089 <07 %64
oAy =282 =,080 =.080 L.000 =s01A =, 168 .63% «,102 =,290 +012 =,008 =,%01
[ =008 023 -.029 «078 1,000 =,0086 .001 =,0% «.03% o013 =,00A «,006 ,002 =,002 =029
Ukng ova 998 0% T 82 =289 =,008 1:000 ,037 =030 .81% -, 380 093 99 023 =,088 9N
or2 11877069 =001) =,0e8% ,852% «Te0 =010 ,001 ,p)? 1.000 ,01n 088 <,033 =.008 093  LBs9 A8 09
Ues Ol".““""l =009 =, 7T2% ,88) *s01A =, 002 «,0%0 048 1,000 002 =029 =.08% 010 =808 A7 012
tow2 chliebn0e=00) =168 =,03% L6188 .oe8 ,002 14000 <« 268 =,018 818 019 =08 8%
[T ¥3 17180808 =0us -, 388 «83% ,01) =388 =,033 =,020 =, 20% 1,000 NGl =, 388 013 «,009 -, 808
oL +100i8625-00) =s102 =,008 093 =, 026 =,03% =,018 =s068 1,009 ,001 ,013 =,00% 121
Umal VNN 2998002 =290 =, 006 ,998 093 ,01p B16 -, 388 .09 1.000 ,0%3 ,007 Ll
(] 1126018900 =081 012,002 023 .ae9 =s8bs 019 013 ,01) .08) 1,000 006 ,0%
(L] s hlud96ui=0y) =076 =s006 =,002 «,085 ,ubb +B87) =,018 «,.009 =003 L0077 018 1,000 ,011
(] ATa90852=00) =301 =,02) 981 09 L0127 8% =.40% 121 .9 088,031 1,000
CAR 26099854004 =013 87T 013 =.415 =019 =s026 =.261 L0938 =,1%) =slA 012 « D)) =438
(21 +15508337-004 =eR62 071 L2us L0580 =02y .086 =331 J182 245,080 =-,000 220
Umas 10029225~001 =e296 ~,006 .999 087 006 4615 «,397 .09 L99e 023 =.018 982
0P 191115001 002 =,000 .00) =,90)8 819 =, 009 ,018 =007 =, 084 =,8603 =,804 -, 08%
Des «11313089-001) 006 889 =186 ,p18 =+009 ,008 .071 .403 =899 031 -,01% *N13  LJO5A  ,79% =,%% 082
Elwe +90633976=00) 991 077 .09 979 =333 =, 006 .99 087 L0088 611 -,449 100 997 022 -.018 ,9ay
Das 51780337008 =sN18 =,02) =079 =426 .673 s021 =817 =,030 =,024 =,268 s932 =162 =.01R  L00% «.0)8 =, 400
DEs «29960616~00% =086 ~,022 =.007 o110 Jl26 ,08% -,.089 =033 =,01p =,308 «177 =, 190 =309 =,019 =023 =,25%
[*T 1L «A80%1882=00) =177 =,00% Llee +003 ,00% 074 .,238 018 143 =, 008 <,001 L13%
uPs + 1865347000} +003 =,000 4006 =,026 =,108 ,00u +006 4000 =,000 ,0%2 =.11% 600
ves «1819223%=00) 2002 ,000 4003 L9119 =06y .0n% +003  J0P% 007 L13% ,0pe ,00M
EDwd 3976=002 =e089 =,007 «,19% =, 023 ,00% =.118 =s079 =.003 =,19% =,090 ,002 =,186
UAS +88020396-00) +23% 005 =019 ,016 =,00% .007 o316 =027 =016 L0724 =,002 =017
CEs +S1Lea925=-002 «0850 =,007 158 .p1® “s00n  J13% L0867 .03 1% «017 ~.008 .17
UMt +27230875-001 =e088 =,020 =,008 =,0u) =ellb =,003 =,047 =,010 1001 =032 «.183 .020 =,0u47 =022 .00% =,08)
P «19778160-001 *+003 ,070 ,023 =.003 =,000 ,000 +008 088 =008 002 «,000 .00 +0NS  L0M0 =,011 ,00%
Lue «19989124~00) =+003 =,028 .04) =,002 ,002 =,000 =002 020 0% =,0% ,pod =+001 ,001 =,0n7 ,088 A0}
Lunt 99018434002 +008  .002 .001 .008 .00 ,000 .o08 +002 =,001 ,00% ,00% =.00p ,00A «0N2 =.000 ,00A
Das +30765173=002 «103 033 L0011 097 L1686 ,00% +106 030 «.007 070 222 =.028 .107 03 =,008 L0097
oEe +10882283=001 =+000 =,000 =+000 =:000 =,000 ,000 «,000 *s000 4000 =.000 «,000 .60n =000 =,000 «,000 =,00n
Cme? B0256%68~00) *s020 =.007 =,002 =4019 =.03% =001 =,021 =,006 _~9% =014 =, 08 908 =,02) =007 .no) =,019
or? +23300299-001 =+000 016 .026 =.000 .001 ,000 +002 L0382 002 ,002 ,301 .onn 006 027 017 L0k
ver 19253 2u=00) =+0U0 =.080 =.008 =.N00 =4001 =,000 =,008 =e032 030 =.002 «,001 =.901 ~,008 =,043 L0311 =,p04
EDu? «35253706-001 +002 ,000 .000 .002 .003 ,u00 *002  ,000 =,000 %1 ,00% =.001 002 «0N0 .Bpn L0010
oar «2892816%-001 +03%  ,010 .00 .0%3 ,0%0 <001 036 .009 =,008 028 L0066 =«N08 036 010 =.001 ,03%
oer «18u19578~00) «00% ,001 .o001 005  L009 000 ,00% +001 =,001 ,003 ,011 =«N01  L00% 0P =,000 ,00%
Umus «39978929¢000 =006 =,002 ~.00) =005 =,008 =,000 =,008 =,001 2001 =,008 «,011 .00) =008 =, 002 .000 =,008
<] +24731825-001) «003 09 .030 +003 ~.003 ,000 .012 .o87 =:067 ,007 «,00% .00y #0086 110 =037 Lo01
vas 2367972500} =+008 =,051 =,009 =,006 ,001 =:000 =,008 =,039 ,08¢ =,00% ,00} =«ND1 =,009 =084 ,0N18 =,000
EDub 178670664000 +000 =,000 000 .000 =+000 ~,000 +000 =.000 ,00n ,000 =,000 .nnn .00n =.000 .000 ,p0n
VAR «26803061+000 +008  ,002 4001 .007 .01 ,000 .o08 2002 =,001 ,00% ,00% =.002 ,008 «ON2 =.fp0  ,007
ots 150793040000 «000 ,000 .000 .000 .001 00D +000  ,000 =,000 ,000 ,001 =.nNp ,no0 «0N0 =.np0  Ln0n
AU +30%58712-00) (806 018 072 417 -,668 =,02% 407 +021 L0027 262 -,927 1% Lu0m =011 .01% L4un
LLT Y «35782975+000 =+00) =,002 =.001 =,001 .00C =+000 =.001 =,002 ,00; =,001 =sN00 =uNON =,002 =,002 =.0p00 =,n01
RDEL 457705384000 =+002 ,002 ,006 =.002 .001 ,000 =.00°% +007  ,00% =,000 ,000 =,000 =.001 00% .00k =,n01
REAZ 2699891 1~001 =021 =,017 «,002 =.020 =.001 =,000 =,022 =+011 .00 =.013 =,002 =008 =,022 =,017 ,rp? =,021
RpE2 «26763081=001 =+008  ,003 .015 =,006 ,000 =,000 =008 «01%  ,004 =.00% ,002 .008 -,002 010,013 =,n02
ADAYL +2761 74634000 =+040 =,016 =.010 =.039 ~,001 =,000 =,041 =e016 008 =.026 =,002 =.002 =,082 =.017 .001 =,08n
ApATZ +98226682=00] S1002 007 ,008 =.002 000 =,000 =.u01 .008 -.00% =:001 ,001 .001 =,001 009 002 =.001
ADATY +29005544+000 =+003 ,001 ,001 =.003 =,000 =,000 =:003  ,002 =,000 =.002 ,000 .nOn =.00% «0N2  L001 =,00%
Ooavi 273419034000 =+006 ,011 004 =,006 =,000 ,000 =005 ,011 =,008 =,003 ~,000 .0nn =.004 «013 =.001 =,008
Opave +96096156=00) =e038 «,000 269 =,033 =,001 =-,001 =+021 ,206 .20% -,008 ~,002 =.000 =.002 «ORE 278 =,000
opary +287 768804000 +007 =.,013 -,006 006 .000 ,000 .o00% =«"12 ,N00 ,003 .000 =.00p 008 =016 .002 ,o00%
DtLx +55246048=00) +212  L167 L0877 L2010 .281 ,008 .226 o137 =085 149 378 «,nuy  L23n W61 =048 212
DELN +478723%1~001 1087 =,215 -,082 082 .138 003 .c67 “0205 .16y 048  L18Y -.02R 08 =251 .021 0%y
KAD1 102977804000 +002 ,206 .03 073 =,027 -390 +003 =,002 ,00% .00% -.008 .00 .on0% =608 .00 ,0n0%
KAD2 «TiaT3T49=00) 1029 ~.002 007 .03 =.052 -,009 +028  .07R =.024 =.080 =,130 =,2h0 020 =,003 008 ,0%9
Raps +84120139-001 s28T =000 L0866 4292 =487 =,018 248 s026 4037 140 =.633 069 .28 =006 ,032 ,2%
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o Das [ L] Dewe 0Py Jae Eows  pas e DewS Drs [ L] EOw® DAS  Dgs Newg  DPg
Dwwli 9o T2008~002 s8I B8O 9% L0 Jo1e L,99) =815 =086 16y ,00% =,009 =e 193 =, 001 L1854 -,0u4%
ory sldulnTin-00) =179 8% 077 «,021 =.022 008 071 110 =008 017 028 =,0p00
Lel A218%161=00) =921 =106 099 «,079 =087 +01Y =, 083 087 «.020 =,008 +017 =,008
owl «20908252-002 087 L0186 979 «.426 =,110 83 L00% <,00F =,18m ~02% 188 «.04)
DAy 968 TRB2~008 012 2 008 002 0% 23 080 =,118
ot +301991%8~00) 013 071 =.008 =.00) =«001 ,000 =.007 ,00% =007 =,00)
Omei ALY 002 WIS L2es 999 ,p03 «008 003 =.19% =,019 158 =, 047
or2 L1187 TONG-00) =019 ,0%0 ,057 -,903 =028 119 =.02% 016 ,019 =018
[ shindette=00) 026 =~.023 006 =.u19 *o11% «,061 .008 =,010 =, 008 .0}
Eow2 shiisen0n=00) “udsl 0% 818 =s009 008 Lore =.108 L0077 L1388 =032
vaz AT I8%e0u=00n 938 =, 381 =37 Lais «00%  ,003 =079 L3184 OAT =, 18%
oLa 4001087 5-00) =152 182 .09 007 +000 ,003 =.003 =,027 030 .0po
Ol 9972998 -002 =it L3288 999 s 066 =000 L0077 «,108 =s00A 198 «,047
Lre hL38C109-00) 002 0% .02) =603 032 138 =000 024 017 =,022
[0 sllud9bes=00) “+01) =,009 «,016 =.80% =«113 006 .002 -,002 =,003 .00)
Lowt sATa9BeS2=00) L2l 1 1] +000 008 ~.108 =,017 177 =001
Uap +26099554=008 021 «008 008 =.00% L334 071 =,148
Ee +15506337-004 =032 i =008 ,009 =,08) =,038 «086% L0387
Umus «looavzes~-o0l =020 =089 188 L0001 ,L00) =.1% =022  LANT =,00%
P «AAa91118=0u) 1.000 002 =,029 .028 ,03n =006 ,071 -,08y ,r18
Des +11313089-00) +002 1.000 ,088 «,019 ,p13 006 .09 L1006 =.017
Cows «96633976-00) =aMBL 273 998 -.029 .0uA 1,000 =,481 .06 ,16n ,001 003 =,180
Uhs RIS LTBERENTTY +99% =, 300 ~.028 028 -.019 “.8AL 1,000 L2402 =,240 008 001 =.078
DEw «25900618=00n 490 ~,080 ~.089 030 013 =09 .2s2 1,000 =,082 .00% -,007 =116
e +180%1642-00) =+008 006 L1860 =.249 =,082 1.000 .00) «.00% .742
ey 184836 70=00) +070 .09 001 L,00% ,p0OS «001 1.000 ,p63 =.008 *s00) =,002 =,002 .009
Oes +18182235-001 =+083 106 003 ,001 =+007 =,008 ,083 ;,000 =+009 ,002 ,0080 =,003 ,01%
Lows 46853978002 +015 =,017 =,180 «.076 =,1!8 «762 +,008 -,009 1.000 =+883 =, 188 ,1§) -.r02
Das +88020396-00)3 . =+006 010 =086 .333 L0978 =,727 =001 ,002 ~.683 1,000 ,838 =170 .00
. SLIeN928-002 071 085 ,1%7 004 L0102 Ll44 0T =,089 ~«88) =,002 ,008 -, 166 .53A 1,000 =.08% ,001
e «2723087%-00) =+16% 037 «.08% ,010 =.01% =032 =.163 =.03% ,099 -,002 =s003 411} =, 170 =,0n8 1.000 =,012
rt «19778160=001 =000 .00% .00) *%3 071,003 ~,001 ~,002 =,20n «009 ,01% ~.002 .001 ;001 =,012 1,000
Yee 199891 24~00) +003 =,002 4000 =. "9 =,039 =.000 4003 =,000 =,002 =.010 =008 =.002 ,003 001 =008 =,068
ECws +99018838-002 +006 =.000 .008 =.c01 .002 «008 .00% .001 =,004 «000 .000 =.008 008 +00%  L080 =,002
Dae «30765173-002 +238 =,0% ,10) =+016 02" ,083 .23 ,049 =,149 +003 ,00% =.170 ,2%0 A28 =047 007
OLe +10842283-00) =+000 ,000 =.000 +000 =400) =,000 =,000 ,000 +000 =.000 «,000 .0Mp =,000 =000 ,8p8 ,001
Osu? +80256468-001 =089 010 =.020 003 =.00% =,016 «.049 =,010 +030 =.00) «,001 036 =,0% =027 L0387 =,001
oey «23300299~00) +001 001 .00) =.080 .011 +003  ,001 =.001 =,000 ,00) «007 =.002 ,002 ,L002 g2 L0084
Le? 192536 26~00) =+001 =,002 =.003 .017 =.081 =,00) =:001 ,000 .00 =.008 =009 002 =.002 =,002 «002 =.007
EDw? « 35253708004 +005 =,001 4002 ~.000 .000 +000  .00% ,00) =,00% =,000 +000 =.003 ,00% ,002 =+003 =,00n
Oar «20928185%-00) 071 =,00% L0388 =008 007 ,029 ,07: ,p1% =,08% +001  ,001 =.0% ,078 080 =084 ,001
oEr 18619878001 +012 =,003 .00% =.001 .00 «008 .02 ,002 -,008 ,000 «000 =.000 L0013 007 =009 ,000
Ukut +39976929+000 =+011 .002 =.0086 .001 =+001 =,00% =.081 =,002 +007 =,000 «,000 .009 =,013 =007 009 =,0nn
(L] «20731029-00) =+008 .008 .011 -.0%2 .099 ,011 =+008 =,00% .001 ,0%0 ,Lp3% =«N0& L0022 ,00% =,00% .03
Daa «23aT79728-001 +001 =.,008 =.008 .019 =.08)3 =008 . ‘1 L0001 ,00) =.019 =+020 008 =,008 -,003 008 =,019
LDOwo «1T86T0664000 =+000 000 .000 .000 =.,000 +000 =,000 =.000 ,000 =.000 =+000 000 =.000 =,000 000 =,p0n0
Uas +20803061+000 +018 =,003 008 =.001 .002 ,007 018 003 =,00% ,000 +000 =.012 ,017 ,pp9 =012 .000
Ot +15079308+000 +001 =,000 .000 =.000 4000 «000 ,00% .000 =.301 ,0Q0 +000 =.001 ,001 ,00n =001 .000
Ay +30588712-00} =988 290 417 ~-.02e 017 L6471 «,988 =,28) «23% =,00% -,008 +071 =,320 =087 .1g1 ,000
LLTY) 397829754000 =+000 =.000 =~.001 .00% =,002 =.001 =,000 ,000 =,00n =,000 =«000 .0PD 000 =,000 =000 =,00n0
RpEL +48770538+000 +000 =,000 =.001 =.008 .000 =,001 +000 =,000 =,000 =,000 ,p01 +000 .00 =000 =.000 ,00n
Hua2 2699891 1~-00) =e002 =,003 =,021 .00% =018 -,021 -,002 ,p00 +001 =,002 -,003 .00M =,007 =.007 .006 =,002
RpE2 +26763081~00) +000 =,000 =003 =,017 .000 =008 ,000 =,00%1 .00p =:001 002 .0p1 =,001 =001 ,000 ,001
ACAYL «2Tel Thb 34000 =e002 ~,006 =.081 .01) =.00% =040 =4002 =.000 ,00% =,001 =:003 018 =,018 ~,016 «013 =,002
ADare LT TLTTFETTY +000 .000 =.001 =.007 +006 =,001 ,000 ,p01 =:000 .000 ,p02 .%n ,000 =000 =,000 .001
ADAYS +2900856u+000 =+000 +,000 =.003 -.002 +001 =,003 «,000 =,000 +000  ,000 ,000 001 =,001 =.0¢1 L0017 .000
oparvi +273%1903~000 =+000 ,000 =.00% =.007 .01l =,008 =,000 =,p00 001 001 ,002 .n0p =002 =,002 .0p1 ,002
DoAYz +960Ve159=00) =+002 ,001 =.010 =.272 =,100 =,C10 =008 =.,008 ,00p =,028 ,p13 +003 =002 =,002 .001 ,00%
QDAY «28778840+000 «000 =, 000 .00% .p08 =.013 «00% .00 ,000 =400y =,002 ~,00% =.002 ,002 «002 ~.002 ~.002
OELx +55248068-00] +%03 =, 072 .220 =.082 .129 185  ,398 ,om2 =253 .03% L0643 -.321 %80 281 =320 098
DELN TaT2361-001 196 =,087 ,08% +132 =.220 L0689 L3198 088 =,11p =,078 =091 =.1% 204 100 =182 =,0M2
HaD1 «11297766+000 =+008 =,010 .00% =.000 =.004 +003 «.008 =.012 =,001 =,000 =+001 =.002 =,001F ,0n1 «001 =,000
HADR «T1aT3T49=00) =+077 =, 015 .030 =.003 =.003 .03 =+080 =,068 .0le =,001 =,001 .004 =«021 ,000 .012 =,000
RANe «SR120139-00) =678 060 L2856 ~.063 .01% +293 ~.063 =,113 L2689 =007 003 .17% =,301 =076 121 .000
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Table 9. (contd)
a D86 EDWe DAs 0Ly OWW? DPT DET  EDw? DAY DET pMws 0P  DAA  Lpwa DAR  DFR

Umel S996T2068-002 *:020 =,000 =.000 +00% «,006 .003 =008 ,000 .0p8 ,bOn
ory sldnieTia=-00) =000 +001 «,002 0% <=,0%) =,000 ,002 ,n0n
0ol A2LASLBL~00) =s008 +001 =,000 .03 =,008 000 001 000
Lowl =000 +00% «,00% ,003 =,008 ,000 087 ,pon
DAy =001 ,003 0% ,009 -,008 =+003 L0001 =,000 .011 ,00)
ot =001 ,000 =,000 «000 ,00; ,000 =000 00D =,000 =,000 ,000 ,00n
Omwd =003 36 ,00% -.006 .012 ~.008 ,000 .008 .04
or2 +001 =,001 087 =,039 =,000 ,002 ,000
ez =+001 ,001 =.087 ,039 000 -.001 =.000
Lowd 003 «,006 007 =:00% ,000 ,008% ,000
DAz s011 =,00% =.003 ,001 =,000 ,018 ,001)
oz 1001862%-00) =:001 ,001 003 =,001 ,000 =,002 =,008
LT S999T2998-002 +008 ~,006 .01% =009 ,000 ,00m .non
(] «11360189=00) +00) «,002 110 =,0% =,000 .0p2 00
Les «dlud9eap=00) =+000 .000 =017 L0186 ,000 «,000 =,00n
LDws A Te98882-00) +00% «.00% 016 =,009 ,000 ,007 000
Dag + 2609995 =00% +012 =,011 =006 ,001 =,000 ,018 ,091
ogn 15506337008 =:003 002 .00A ~,0064 000 =,003 =,p0n

«d002922%-001) +00% «,006 011 =,008 ,000 .npA ,0nn
oPe «liaP1118~00) =001 L0001 =.0%2 ,019 ,000 «,0n1 =000
Oew «1131308%-00 +001 -,001 .N99 =,08% =, 000 ,002 .000
Lowe «96633970-00) 1000 =,00% 011 =,008 000 .087 .o0A
Oas 178033 7=C0n +002 =,01) =.00% ,001 =,000 «01% 001
Ot +25960810-000 +002 =,002 =.003 ,901 =,000 ,003 ,000
DMt +18081682-00) =:008 007 L0001 L0001 ,000 «,np% =,n0)
ors +18483470=00) +000 =,000 .030 =.019 =009 ,000 000
0es «18152235-00) «000 «,000 .03% =,020 =,000 ,000 .000
Lot WB853976-002 =:009 ,009 -.008 .008 000 =,012 =,001
vas +88020396-00) +013 «,003 002 =,00% =,000 17 001
ves +S1ieu925-002 +007 «,007 .00% =,00% =,000 009 ,00n
Ubut «27230878-00) =:009 ,009 -.00% ,004 ,000 =012 =.001
bue 1977816000} 4001  .000 =.000 .03 =,019 =,000 ,000 .00
Lae + 199891 264-00) -, 002 «001 4000 «.000 =017 811 ,000 .40 =000
Lows 9901083 =002 000 +00%  ,000 «,000 .001 =,00) =,000 .001 N1
Cas +30768173-002 003 08 L01% «,013% .00 =,008 =000 .m? ,001
Dis «108%22083~00) -,000 =+000 =,000 ,000 =.000 .000 ,08a0 =000 =,000
Dmu? +B0256868-00) =,001 “«972 4135 ,003 =.000 000 ,000 -.00% =.00n
oe? «23300299-00) 1.000 #00) 003 «,000 .019 =,012 “.000 .000 .0nON
ver 19253826001 =.003 =-,013 =«003 ,002 ,000 =.020 ,012 000 =.000 =.000
Epw? «35253706=001 «00% =, 000 =+948  ,031 -,000 =.000 .000 =000 ,000 «00n
oar +080 =.00¢ ~.972 ,001 1:000 006 =004 .001 =,001 =,000 ,008 .pAn
ogr Ols 138,003 +006 1,000 -.001 =.000 .000 =,000 .981 .000
Omws + 399769294000 =+000 =,000 =,01) +003 =,000 =+006 =,001 1.000 .00Z =,006 =,997 «,9a8 +92%
ore «2973182%-001 =«017 ,001 .007 ~.g00 =001 ,019 +001 =,000 ,002 1,000 =,41} =.0n2 =.0p81 .noOn
Des 23679725001 011 =,001 =.0086 «000 .001) =-,012 =001 ,000 «,0086 =.411 1.000 ,006 ,0p8 =,00%
Lows 178670864000 +000 =,000 =.000 .000 .000 =,000 =:000 =,000 =, 997 =.702 ,006 1,000 ,9a8 =.0%3
Das +26803061+000 +€00 L0001 017 -.000 =004 ,000 =.000 .00 +008  ,001 -,98% -.001 008 ,9AS 1,000 -.07%
vEs «15079308%000 =+000 ,000 .001 =.000 =000 .000 =.000 .000 «000  ,000 .92% .000 =,00% =,932 -,97% 1,000
Ay «30588712-001 =003 =,005% «.2% ,000 ,048 =001 001 =,00% «,07 =,012 W01 L006 =001 L0600 =,018 -,nny
HEAL + 397829784000 +000 =,000 .000 .000 =.000 =,000 .000 +000 000 .0C0 «.000 =,000 ,00n =.0n0 000 L000
DKL «45T770535+000 +000 =,000 =,000 =:000 +000 ,000 =,000 =,000 =,000 =+000 000 .000 =,000 =,000 =,000 ,00n0
LLTT] «26998911-001 +001 =.000 =.010 .000 .002 =,001 +001 =,000 =.003 =,000 .00 =.An «003 ,000 =.np) =.n00
RDE2 «26763081-00) +000 ~,000 ~,001 =.000 .000 ,00% =,000 =,p00 =+000 =,000 ,000 .002 =,001 =,000 =,000 .00n
ADAT 276178834000 +000 =,001 =,021 ,000 .00% =,001 ,001 =,900 =s007 =,001 ,001 =.00% 003 om0 =.001 =,00n
ADava LT LTI FELT T =.000 .000 .p000 =+000 =,000 ,00) =,001 =s000 ,00n ,000 =000 .002 =,001 =,000 «J00 .00n
ADAYY +29009% 44000 =+000 =,000 =.002 =.000 4000 ,000 =.000 =.000 =001 =,000 .000 .001 =,000 =, J00 =,000 =.. 00
OpAYl +27341903+000 =¢00i =.000 =002 =.0N00 ,000 ,001 =.001 =+000 =.00) =,000 ,000 .00& =,00% =000 =,000 =,00n
oparz 96094 159-001 »018 =,000 =,003 =.000 001 ,008 =,001 =,000 =+001 =,000 ,000 .00A =,003 ,000 =,000 .non
DoAYy 287768404000 +001  ,000 .003 ,000 =.001 =-,001 ,00§ +000 ,001 000 «,000 =.008 ,po% 000,000 000
DELE +85248088=001 =013 017 .878 =.000 =.102 ,02% =.02% +008 149 ,025 -,02¢ 119 -,078 -.000 +032 ,002
DELN «47872361-001 «04% 005 198 ,000 ~=,04% =.051 .,0%2 .00 ,06%8 ,L012 =+010 =.2980 187 000 .018 ,00n
Rany «11297786%000 +000 =,000 =.002 =.000 ,000 ,000 +000 =,000 ~.,00) =,000 ,000 .onp =000 ,000 =,000 =,000
AAD2 «T1aT73789=00) +000 =,000 =,018 .000 .,00% =,000 .000 =,p00 =+008 =,001 ,001 ~.001 ,000 ,0n0 =,001 =.00n
HADW M8 120139-001 =1001 =,008 =.178 000 4037 =,000 .00} =003 =+053 =,009 ,009 .002 ,000 ,o0n0 =018 =,001
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8 ] LLTY) ODAY) DOAYZ nOAYY DELE DFLN  WaD) BADZ  Rane

Omwi 99, T2068-002 021 *e004 =.03% 007 .212 087 ,or2 0 267
ory -‘I.'."H.l -s017 00) =080 «, 003 147 =215 L2088 «.007 =,000
[~ 1) Ci.l“'.l'“. 006 6% -,008 .0%7 =002 =,0% 007 Lo0hs
Lowl «20968.82-002 *:%08 =,033 ,008 .20 «O0R2 073 .01 2%
&a: .mz.m“.:::z -.::n =001 .o:: .n: 138 = 027 -.os: L M
. «00n L] o 0 00 «003 =, %99 =«009 =,01A

Omu2 +998e8108-002 =.008 008 226 08T ,003 .028 ,Pes
org «LISTY089=00) 1 =s002 <137 =, 208 =, 002 078 008
ez chin2easu-0p) ooe 1009 =.08% 181 ,00% -,0p08 037
EDw2 shh1%es0s-00) ] 1003 L1690 ,Due 008 =.080 ,p4n
Dag AT10a% 08008 «00n +000 (378 183 =008 =, 130 =83
o2 «10018828~00) 000 =e000 =.088% =,028 001 =.289 L0840
Umne Badi s LETTS =008 +008 230 061 L0083 ,02% 2%
Den «11360109=00) +013 088 ~.006 181 =,28) =008 =.001 -, 008
Jeb ll‘.m‘..l =001 .27 002 ~.010 «021 «0C3 .o08 ,082
Lowe 1 Te98a82-00) “+006 =,000 ,00% .212 ,0%) .0oe 030 2%
(1] +26095584-004 “e000 =.002 .000 .60N 196 «.00A .07 -8
ot +19506337-004 «000 4001 «,000 =.072 =s087 ~,010 =,01% ,08n
LTS «l002922%-00) =:008 =,010 ,00% .220 ,06% 003 030 2%
Dre «dieviL18-00) =e007 =272 .008 =.0AP .13 ~.0n0 =.0nY =,00%
) «11313089-00) =000 =,013 129 =, 220 =,00% =,008 .01%
tows 96033978003 Z+006 =.010 005 .1RS 069 003 .n%e .29
[ SLT780337-00% =+000 =,008 ,000 398 ,198 =.00@ =0AN =, a8
OEs . 16=00% =i008 000 082 L0k =012 -.Ngu =, 110
nwd «10081682-00) +000 =,001 =s2%3% = 1IN =,001 ,y1e ,pea
ors +18483070-00) =e028 =,002 .03 =,07A ~ 000 =001 =.007
o0& «18182235~00) +013 =.003 .0M3 «, 0081 =001 «,001 .nov
Eowd “868539T6-002 +003 «,002 =.321 =,1% =,007 ,0p% .§7%
Oas +86020396-003 =002 ,002 .4b0 204 =,0n) =021 =,30)
oes +S1184928-002 =002 ,002 261 ,100 ,001 ,000 =.A7s
[T 27230875-00) +001 =,002 =4%20 =, 132 001,042 JA21
Ore «19778160=001 1008 «,002 4038 =,082 =,000 =,000 +000
Lee «19989126-00) +018  ,001 =.003 ,089 ,080 ,npn =.pn9
EDwe 990108 34=002 =000 .000 .01 ,00% =,0n0 =000 =,004
Uas +30765173=~002 =003 .00% .e78 ,198 -, 002 =«DIA =, 17
bte «108%2283~001 =e000 ,000 =.000 .00 =,0n0 000 .0An
Dmw? +80 ~001 001 =.001 =.102 =,088 ,000 ,0p4 .087
or? «23300299=00) +008 <,001 +N2% «,081 ,000 =.00n =,00n
Oe? A9283826~00) =s001 001 =028 ,0%2 080 .npo LY
Eow? +35283706~00) =+000 .000 .00A 004 =,000 =,000 =.nn%
oar «28928165-001 =e001 001 189 L0868 =001 =,0p% -, 08y
oe? +18619978-00) =+000 000 .02% 012 =,000 =,00) =.0n09
ST 399769294000 +000 =,000 =.026 =,001 ,000 .0p1 .nne
ors +B8T31825-001 +008 =,00% 4119 =,298 000 -.ppy 002
Des 2367972800} =+003  ,003 =.07A L187 =,000 ,ngn  .unn
Eowe 178870884000 +000  ,000 =.000 ,000 000 .hp0  .pon
Cas 268030614000 =000 .000 .0% ,01k =,000 =.0n) -.011
oEs 18079304000 +000 ,000 .002 .00 =,0nn =00 =,n01
Ay «30588712-001 +003 -,000 =.396 =193 ,013 ,0a7 .70a
LT} «3978297%4000 =«000 000 «.nfn  ,00n =,000 ,0p0 M. LLI
Rogl +857709384000 +002 =,00N 400N =,00t  ,0A1 =,nan =.nnA
LT 26998911 -00) +001  ,000 =.922 L00% 000 .00 N2
Rot2 «26703081~001 2025 .n37 .n00 =00k =000 .np2 +000
ADAY)L «2T61 78634000 =+00) «.000 «.Duu =,008 L LY 1T BT T
ADAY2 Seg26b62-00] +001 «,000 .90 =,007 ,0nn =«NON ,00n
ADAYY «2900%% 44000 1001 =,000 =.003 =,003 =,0f0 .00 .nnn
[T «273%1903+000 =+030 -,996 000 =,018 =,000 ,npn LLL!
DpAYZ +9609159-00) 1,000 022 .AN% =,0%0 =, 0A0 =,00n L L
Dpara «28TTeB60+000 +022 1.000 =.0n ,008 00D =,np0 LPLL L
oELK «55246088-00) +005 =,600 1.000 ,0% =,0n% =,n3y EPR LY
DELN 47872361001 =+030 ,0l6 .nTe 1,000 =,nn2 -0y =, e
RADL «11297766+000 =+000 000 =.N0% =,002 1,000 ,ppY N1A
RAD2 «TIaTITN9=00) =:000 =,000 =.081 =,01% ,ons 1.000 ,089
HADS a8 120139-00) +000 ,008 .000 4000 .00n ,009 -.n00 =304 =, 167 016 ,089 1,000
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Table 10. The masses and Keplerian elements of the asteroids used in the force model"

Asteroid

Ceres
Pallas

Vesta

m
(m ) . . il ¢
50 x 10w 27663 078796 10,604 80,420
L3 x 10w 2.7687 241216 34.848 172 802
1.2 x 10-1® 2.36819 088744 7.157 103,631

M,

“* (2440000.5) " fday
69.762 58.455 771.167
310.110 46.750 770 201
149.932 85005 977467

aThe masses of Ceres and Pallas are from Schubart ( Ref. 12), the nuss of Vesta is from Hertz (Ref. 13), and the elements are from
the Astronomical Papers (Ref. 14).
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