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The Planetary and Lunar Ephemerides DE430 and DE431

William M. Folkner,* James G. Williams,f Dale H. Boggs,f Ryan S. Park,* and
Petr Kuchynka*

ABSTRACT. - The planetary and lunar ephemerides DE430 and DE431 are
generated by fitting numerically integrated orbits of the Moon and planets to obser-
vations. The present-day lunar orbit is known to submeter accuracy through fitting
lunar laser ranging data with an updated lunar gravity field from the Gravity Recovery
and Interior Laboratory (GRAIL) mission. The orbits of the inner planets are known to
subkilometer accuracy through fitting radio tracking measurements of spacecraft in orbit
about them. Very long baseline interfer-ometry measurements of spacecraft at Mars allow
the orientation of the ephemeris to be tied to the International Celestial Reference Frame
with an accuracy of 0”.0002. This orientation is the limiting error source for the orbits
of the terrestrial planets, and corresponds to orbit uncertainties of a few hundred meters.
The orbits of Jupiter and Saturn are determined to accuracies of tens of kilometers
as a result of fitting spacecraft tracking data. The orbits of Uranus, Neptune, and Pluto
are determined primarily from astrometric observations, for which measurement un-
certainties due to the Earth’s atmosphere, combined with star catalog uncertainties,
limit position accuracies to several thousand kilometers. DE430 and DE431 differ in
their integrated time span and lunar dynamical modeling. The dynamical model for
DE430 included a damping term between the Moon’s liquid core and solid man-tle
that gives the best fit to lunar laser ranging data but that is not suitable for back-
ward integration of more than a few centuries. The ephemeris DE431 is similar to
DE430 but was fit without the core/mantle damping term, so the lunar orbit is less
accurate than in DE430 for times near the current epoch, but is more suitable for
times more than a few centuries in the past. DE431 is a longer integration (covering
years —13,200 to +17,191) than DE430 (covering years 1550 to 2650).

l. Introduction

The planetary and lunar ephemeris DE430 succeeds the ephemeris DE421 [1]
and its pre-cursor DE405 [2] as a general purpose ephemeris. Several interim ephe-
merides have been released since DE421 with specific improvements in estimates of the
orbits of Mercury, Mars, and Saturn intended primarily to support the Mercury Surface,
Space Environment,

* Mission Design and Navigation Section.

+ Tracking Systems and Applications Section.

The research described in this publication was carried out by the Jet Propulsion Labo-
ratory, California Institute of Technology, under a contract with the National Aeronautics
and Space Administration. © 2014 California Institute of Technology. U.S. Government
sponsorship acknowledged.
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ASTRODIENST EPHEMERIS for the year 524 BCE

i 2
JUNE 524 BCE (-523) JC 4 % H. LR =L 00:00 UT
Day | Sidt O ) g Q J 2 h M i o ) 9 ¢ & | Day
S A4 |d6:13 17 3171203 07540 12813 9830 28°R23 | 256549 28&33 Tt | 6y 0 146519 | 14°R45 | 1554/53 | 4M, 4 | n.a. S |
S 21161713 4= 9'08 13° 5 13°31 10°42 | 28xX'16 25°59 28°36 67559 6° 0 14°21 | 14~~38 1549 4°11 n.a. 5 2
M3I|162110 5%6'3 25°41 14°54 11955 28° 9 26° 9 28°38 6°57 6° 0 14°22 14°35 15°6 4°18 | n.a. M3
T 411625 6 6° 319 8/A30 16°20 13° 7 28° 0 26°20 28°41 6°55 6° 1 14°24 14733 15°43 4°24 | n.a. T 4
W 511629 3 FHANES 21°34 17°50 14°20 27°51 26°30 28°44 6°53 6° 1 14°25 [14°D33 15°40 4°31 n.a. W 5
T 6163259 Feaga] 4¥58 19°23 15°33 272472 26°40 28°46 6°51 6° 1 14°27 [14°R33 15257 4°38 | n.a. T 6
F 71163656 8°54'38 18°42 2151 16°45 27°32 26551 28°49 6°49 62 2 14°28 14733 15°34 4°45 n.a. B #
S 8164052 9°51'46 2%Y49 22°41 17°58 el | 2D 28°52 6°47 6° 2 14°30 14°31 15°30 4°51 n.a. S5 8
S 911644 49 10°48'54 17°17 24°25 19°11 27 9 27°12 28°55 6°45 6° 3 14°32 14227 15927 4°58 | n.a. 5 9
MIO | 16 48 46 11°46'03 25 4 26°13 20923 26°57 27823 28°59 6°43 6° 3 14°33 14°20 15924 e n.a. MI10O
T11 | 16 52 42 12°43'13 LaEe 28° 3 21°36 26°45 27°34 29° 2 6°41 6° 4 14°35 14212 15°21 5712 | n.a. T11
W12 | 16 56 39 13°40'23 211 4 29°56 22°49 26°31 2785 29¢ 5 6°39 6° 4 14°36 14° 3 15°18 5718 | n.a. W12
T3 | 17 635 14°37'34 17° 1 11052 24° 2 26°18 27556 29° 9 6°37 6° 5 14°38 13°55 15°14 5925 n.a. T13
Fl4 |17 432 15°34'46 1841 3°51 25515 26° 4 28° 7 29°12 6735 67 6 14°40 13247 15211 3237 | m.a. F 14
515|117 828 16°31'58 16° 0 5°51 26°28 25°49 28°18 29°16 6733 6° 6 14°41 13242 15° 8 5°38 | n.a. 515
S16 171225 17°29'10 29°53 7254 27°41 25935 28°30 29°19 6°30 62 7 14°43 13239 15% 5 5°45 n.a. 516
MI7 |17 1622 18°26'23 13&18 9°58 28°54 25°19 28°41 29923 6°28 6° 8 14°45 [13°D38 1 5% 3757 | m.a. M17
T18 |17 2018 19°23'36 26°17 12° 3 oIl 7 25° 4 28°52 29927 6°26 6° 9 14°47 13239 14°59 5°59 | n.a. T18
W19 117 24 15 20°2049 853 14° 9 1°20 24°48 29° 4 29°31 6°24 6°10 14°48 13°40 14°55 6% 5 n.a. W19
T201172811 21°18'03 21°11 16°16 2233 24°32 29°15 29935 6721 6°10 14°50 | 13°R40 14¢52 6”12 | n.a. T 20
F21 |1732 8§ 222157 3nle 18°23 3°46 24°17 29227 29239 6°19 6°11 14°52 13240 14°49 6°19 | n.a. F21
52211736 4 23°12'32 15212 20°30 4°59 24° 0 29°38 29243 6°17 6°12 14°53 13237 14°46 6°25 n.a. 522
2311740 1 24° 948 FAE N 22237 6°12 23°44 29°50 29°47 6°14 6213 14°55 13°33 14°43 6°32 | n.a. 523
M24 | 17 43 57 252 7'04 8M.57 24°44 T35 23°28 0¢Q 2 29952 6°12 6°14 14°57 13226 14°40 6°39 | n.a. M24
T25 111747 54 26° 421 20°53 26°50 8°39 23°12 0°13 29°56 6°10 6°15 14°59 13°18 14°36 6°46 | n.a. T 25
W26 | 17 51 51 > 138 2X'56 28°55 9°52 22°56 0°25 omp 0 a7 6°16 15 1 13210 14°33 6°52 | n.a. W26
T27 | 175547 27°58'57 15%:6 05859 115 i 22°40 0°37 0% 5 6% 5 6°17 15> 2 1322 14°30 6°59 | n.a. T27
F28 1175944 28°56'16 27926 A2, 12°19 22024 0°49 0°10 6° 3 6°18 15° 4 12°54 14°27 TG | A F 28
529118 340 29°53'37 97556 e 13°32 222 9 151 0°14 G0 6°19 15° 6 12°49 14°24 713 n.a. 529
S30118 737 0S550'58 | 227837 765 3| 1410145 | 21354 1¢Q13 0mp19o 57558 6My20 1565 8 | 127745 | 1454220 | 7M.19 | n.a. S 30
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Day| © D) g Q o4 4 R K o R B 8] ¢ S

decl| decl [lat decl |lat ded |lat decl | lat decl |lat decl |lat decl |lat decl |lat decl |lat decl| decl| decl| decl|lat
S 1 |21n 5|27¢16| 353013021 2:28(13n42]| 112|27849] 4s 4|22n15| 1n 0|14nl16| 2nl17|24% 1| 0s27|10n56| 1n37| 1nl8| 8n22|16:38|16517|17 «46 n.a
S 2|21 16|25 44| 2 3913 56| 2 17|14 7| 1 10|27 53| 4 8|22 13| 1 0|14 15| 2 17|24 2| 0 27|10 56| 1 37| 1 17| & 22|16 40|16 18|17 49 n.a.
M 3 )21 26|22 54| 1 38|14 31| 2 6|14 32| 1 8|27 58 4 13|22 11| 1 0|14 14] 2 17|24 2| 0 27|10 56| 1 37| 1 17| & 22|16 41|16 19|17 51 n.a.
T 4|21 36|18 54| 0 32{15 7| 1 54|14 56] 1 6|28 2| 4 1822 9| 1 0|14 13| 2 16|24 2| 0 27|10 56| 1 37| 1 17| & 22|16 41|16 20|17 54 n.a.
W 5 |21 46|13 55| On37(15 44| 1 43|15 20| 1 4|28 7| 4 23|22 7| 1 0|14 12| 2 1624 2| 0 27|10 55| 1 37| 1 17| & 22|16 41|16 21|17 56 n.a.
T 6|21 56| 8 10| 1 46|16 22| 1 30[15 44] 1 2|28 12| 4 27|22 4| 1 0|14 11| 2 16|24 2| 0 27|10 55| 1 37| 1 16| 8 22|16 41|16 22|17 59 f.a.
F 7122 5| 154] 2 51117 0| 1 1816 7| 1 0|28 16| 4 32|22 2| 0 59|14 10| 2 16{24 2| 0 27|10 55| 1 37| 1 16| & 22|16 41|16 23|18 1 n.a.
S 822 14| 4n36| 3 47|17 38| 1 6|16 29| 0 58|28 20| 4 36|22 0| 0 59|14 8 2 16|24 2| 0 27|10 55| 1 37| 1 16| & 22|16 42|16 24|18 4 n.a.
S 9022 22(11 2| 4 31|18 16| 0 54|16 52| 0 55|28 25 4 41|21 58] 0 59(14 7| 2 16/24 2| 0 27|10 55| 1 37| 1 16| & 22|16 43|16 25|18 6 i.4a.
MI10O |22 30|16 59| 4 57|18 54| 0 41|17 14| 0 53|28 29| 4 45|21 56| 0 59|14 6| 2 15/24 3| 0 27|10 54| 1 37| 1 15| & 21|16 45|16 26/18 9 f.a.
T11 |22 38|21 59| 5 3|19 31| 0 2917 35| 0 51|28 33| 4 50|21 54| 0 59|14 4| 2 15|24 3| 0 27|10 54| 1 37| 1 15| 8 21|16 47|16 27|18 11 n.a.
W12 |22 45|25 34| 4 49|20 8| 0 17|17 57| 0 48|28 37| 4 54|21 51| 0 59{14 3| 2 15|24 3| 0 27|10 54| 1 37| 1 15| & 21|16 50|16 28[18 14 n.a.
T13 |22 52|27 21| 4 15(20 44| 0 5[18 17| 0 46|28 40| 4 58|21 49| 0 59|14 2| 2 15|24 3| 0 27|10 53| 1 36| 1 15| & 21|16 52|16 29|18 16 n.a.
F 14 |22 58|27 10| 3 25(21 18| On 6|18 37| 0 44|28 44] 5 2|21 47| 0 59|14 0| 2 15(24 3| 0 27|10 53| 1 36| 1 14| & 21|16 55|16 30|18 19 in.a.
S15 23 4|25 8 2 22|21 52| 0 17|18 57] 0 41|28 48| 5 6|21 45| 0 59|13 59| 2 15|24 3| 0 27|10 53| 1 36| 1 14| 8§ 21|16 56|16 31|18 21 f.a.
S16 |23 10|21 38 1 13|22 23| 0 28[19 17| 0 39|28 51| 5 10|21 42| 0 59|13 57| 2 14|24 3| 0 28|10 53| 1 36| 1 14| § 21|16 57|16 32|18 23 n.a.
MI17 (23 15|17 5| 0 2|22 52| 0 38|19 35| 0 36|28 54| 5 14|21 40| 0 59(13 56| 2 14|24 3| 0 2810 52| 1 36| 1 14| 8§ 21|16 57|16 33|18 26 n.a.
T18 [23 2011 52| 1s 7|23 20| 0 4819 54| 0 34|28 57| 5 17|21 37| 0 5913 54| 2 14|24 4| 0 28|10 52| 1 36| 1 14| & 21|16 5716 34|18 28 .a.
W19 |23 24| 6 19| 2 11|23 45| 0 57|20 11| 0 32|29 0| 5 21|21 35| 0 59|13 53| 2 14|24 4| 0 28|10 52| 1 36| 1 13| & 21|16 57|16 35|18 31 4.
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Julian Day Number = 1530183.5, Delta T = 04h45m17s
Ecliptic obliquity = 23°4537, Nutation = 0°00'10
Avanamsha: Fagan/Bradley = -10°18'15, Lahiri = -11°11'15 Julian Calendar 1 June 524 BCE == Greg. Calendar 26 May 524 BCE
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