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IR LIRS, ks FEI B bR IMT PR A B T84T 55 St B R 28 L 3T R IR
HOM e THFE.

INAT R T 3R PRIRE FEE — T T HCe T U s 2 A [ i85 FEE RO K B2, 573 — 7 T L
RT3 ) 5 B B AERR 1. AR SO Je i 95 /M7 2(469219) Kamo® oalewalf) LB FF 1,
TEAHZA HZ/MT B I BIE S 77 2R, i —NMUIE AR 43 SEB AR SCR T R 30 7 2745
T 5 3 [E w3k S5 = (Jet Propulsion Laboratory, JPL) ¥ HorizonsE 2k JJi 3K & 4t K
3N )12 R AT LU (L BB 288 43 ). SRJE A2 Be 2 W s . R, 45 Hds
REERTTIERE AR, B a, 4G TRE/MTERMTH RIS B 5, 45 iz MT A
£[2020-01-01—2025-01-01) #A (] FRIFIE 2 22, FEERI HE— 0 5ot 12N T 12 D 368 B (1 7%
TEEAL.

2 FHFIRE

/IMT 1 (469219) Kamo' oalewast — BT Hi/NMT &, I HAEAR R LA K AE R
FH-HbER 2> A AL bR R T B et BRI 30 ) (R CAE ST s Bl 1 AR, 7R B 7 4 5 PR L
FUBREYE, JCHGEH ] RGN HEGE R 2. T 1%/ MT 2 B LA F Z B S5 () 4,
S5 TR R R R 46 ) WU 5 G FEAIR BRSO I A 2 R OK B ' T S A E AR =7 050
B R 5.

AR Tiﬂzﬁgfﬁ'Ujj%EIT(Barycentrlc Dynamic Time, TDB){E NI 7 R4
(RIS 1) RUE. 2 [A] AR AR 8 N K BH &R B0 T 80225 &, H R AR 1] 73 ) 5 TDBA [
b KBk 2% 4 (International Celestial Reference Frame, ICRF)—3. K H A7 (au)HX
1B R [ B R S A 2 (TAU) $R i 149597870.7 km (TAU2012 resolution B2). APFH. J\
RAT B A ERAVE 2 55 ZORR A 52 AR R & 5 IPLAT 2/ H 2R R DE430 T
KA BEAE R — 3. ERBEIERRIE S 1 ai4 &, K. HBE ARITE, &
TR X /NMT E (469219) Kamdoalewaﬁ‘]%lﬁf’ﬁﬁﬁ(%fﬁ B I A 3 ABh T 0 AE X 18 2
J%7) H Einstein-Infeld-Hoffmann (EIH) /7 #2454 H ). B b= 25 (1 1058 5 T aP™ o] I8 A
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33 Z —~ D no (1)

Bza AB (op

Hodr FARAR R /MT B (469219) Kamo' oalewa, upfluc s A& RAEBRICH i & 55

"https://ssd.jpl.nasa.gov/sbdb.cgi?sstr=469219
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HHEBGIIRI, rap = x5 — xaMrap = |rap|5 B2 RAKAF B0 FH XA B K&
FAHXS BE S, @ a (B 5 ) s 4 (BRas 5 ) 20 0 9 5oF G Ak A (B B) Fé) 457, B8 R 33 3 4 . AR or
BREr s\ Fr g HE XM TFr ap, TAHKEE B r o Mr o € SCRIAFrap, A L& &
I KA R L) 5% Rh . ¢ = 299792458 m - s~y T-7E B4 P (R AL

¥ 7 B1%NMT B AR K I 8] P S8 R IZ B (BE B A 3 Y R0.03332 au), B EE AT
FEPIE D) F1 A, BR T %8 B RARMEN SR E) 5 ER A, R 5
FEHLER AT H BREE K AK R AEBRIE 5] 1375t P E 2 ma. DA ER ), HAEERE 51 A
W (r, 0, \)TEHB O [E 255 R ] 1 — 41 Stokes R (Cr, Sim ) KRR

Lmax 1 l
W(r,0,\) = MTE X [Z Z <li]5> P"(cos 0)(Ciy, cosmA + Spp sinm) |, (2)
=1 m=0

Horb pp MR p 73 3 R MU ER i B 5 5] 708 B SR AN S R EAR . Lo HIZRARARERTE
S D T . (r, 0, X) &Ko 37) 1 PAE LG L [ 225 22T FIERAESR. P (cos 0) 2 1FY
miX [ Legendrepd 4. i B RAR BYE) ) PAL 52 B IAREKIE 51 13051 T34 7 A2 1
IR N (RS RREMAIRRT):

fig,E __ _8W(T7 97 )‘) 8(7‘,97 >‘) (3)
B 0(r0,)) 0(X,Y,Z)’
Horp b a0 T 52 3 BOE RS FTE IS ERAR R (r, 0, ) MR R ELA AR (X, Y, Z) Z 8] )
B R REHAT . Hajp PHIX R, JEBRI R AR R 32 2 505 iR AR B KA 77 7
1 52 T sk B AT 38R

T @)
KE

R L ER B AR BRTE 51 J1 3 W S Ah, A SCIE T H BRAOR B B AE3RTE 51 18
B E2 i (TH A 5 (2)-(4) AL, Hodr koA J Bk BB 51 713 75 ) BL 258 13
B, T K B A AR BR B AL 25 S8 Ho Ty s (= —Coog) UM 3R1).  RIFHIERA A 2R 51 /)
W24 s TR WOE I FE (Satellite Laser Ranging, SLR), H Bk EE (Lunar
Laser Ranging, LLR), E /7 3% | & it XllGravity Recovery and Climate Experiment
(GRACE) M Gravity Recovery and Interior Laboratory (GRAIL)3K43. XPH. HiEkFI
HER R AL 5 IPLAT B / H 3R 1138 DE430R I AR AL (R4 — 3 110,

KT KRN T ENT R SRR RN, A 7B & /MT & (Ceres.
Pallas. Vesta. IrisflBamberga) 520, Horh 347 /M7 B b 5T & i K /MMT B Ceres,
PallasFlVestaf 52 M & A & 2. 111 /N7 A lrisfiBambergaXf 17 £ 7 & B 52 ALK T
Ceres. PallasflVestal'll. Jy 7 GRUEA SCHI/MT B RN 5 KAT B2 P R b 1 /MT 2 4%
A FA B ) — B, SO I MT B RS B2 T /MT B risfiBambergalf)
AR

TEF) 1% RS, XEWUMT EIES B/ M7 2 PE — R 53 MR
SN LT, (40 1F 8% H57831.0, 2017-03-19) I W1 45K 4 2 40K B T JPL/Horizons /£
LIERG. BUER D RG RN R HE T B MTERPRS M BRI TR
B8 AR SR F ) 8 70 2 A, JRATTR A B8l AR 4y D7 35 1F 55 17 [2000-01-01—2030-01-01] 1
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] /T F2.(469219) Kamo oalewalf) ¥, 7 5JPL/HorizonstE £k ] & & Gt iR AL i i
BEAT X, B T AR SO AR 4 8008 5 TPLAIE 1) 22 31 (34N Ak b 4 & B34/ F1 k).
R ER S /M7 R Z AR 24 2.5 x 107 km, 1 km#UiE 2 57 24540 T
72 510.008" . PRI, 7E 5 359 4 2 1 TR Y % 0 (R AL G J5 W0 0 3k 22 114 38 5 R i 72 24
N0.27 B, FRATINA, B XZAMT R, RSB 1A 5 JPL /Horizons fE £k 1 R R 4t
I B NTE St

1 Ek. AIKFIAFHEVAEIRL S| HimS HAEE

Table 1 Parameters of non-spherical gravitational field for the Earth, Moon and Sun,

and their values

Body  Parameter Value Observation technology
Ca0,6 —0.10826254x 102 SLR+GRACE!"
Cs0m 0.253241x107° GRACE

Earth Cuao,k 0.1619898x107° GRACE®
Cso.8 0.2277345x10~° GRACE
Coor —0.26x10710 SLR+GRACE!"
Cao.m —0.20321568%x 1073 GRAILM
Caom 0.2238274x1074 LLR!Y
Csom —0.84597026974594570x10~° GRAILY!
Caim 0.28480741195592860x 10 GRAILY!

Moon Csa,m 0.48449420619770600x10~° LLR1
Cz.m 0.16756178134114570x10° LLR1
Ss1,M 0.58915551555318640x10~° GRAILY!
Ss2,M 0.16844743962783900x10~° LLR!Y
Ss3,M —0.24742714379805760x10~° GRAILY!

Sun Cao.s —0.21106088532726840x10~° Radio tracking!*”!

3 W HE

AR FH IO S W # s ok B T R /T A& A (Minor Planet Center, MPC)E
J7 W Eh2, X e 2 s B g5 ONES1. 568, T12%% B 55 WL 45 ). | T 00 I 2 e
Wi /D (T H A % /NT B R 58 AT, AR OB 0 WL I 8 147 2 B, T 2 A ek I
Ry S5 RE BERLIN, B ANA G, 8K F B E0HE A2004 320184 i 1 2 M HLiE A
W, AT > B T3S % 1, B ATJPL/Horizonsf £k 1 3% & 41 5
T-MPCHE AL I 25 H /N T 22 (469219) Kamo® oalewa I IE K 5 20 N+
2B (FEHE LU B is 3 B A 3.

2https://www.minorplanetcenter.net
Shttps://ssd.jpl.nasa.gov/horizons.cgi
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(z,y, )M (v, vy, v:) B ARZMTRIERH RO S5 R T RIAERERE. FIAFAS I 2T, F g 1 57831.0
(2017-03-19).

Fig.1 The difference between ephemeris of the asteroid (469219) Kamo" oalewa provided by
JPL/Horizons system and that integrated from the dynamical model in this work, (z,y, z) and
(va, vy, v.) are position and velocity of the asteroid in the global reference system centred at solar system
barycentre. The integration starts at the moment Ty: Modified julian day 57831.0 (2017-03-19).

4 BESTEEMER

J6 2 ORI B 73 W R A T 48 it/ SR ST (AL By 02 18] A g ST
TIREIRER TR R B0 275 &, MR R R BTGS2 R F BRI H AR M7 2 F AR
THEDUIN & LS AT Z2O—-C WL & A0 BB el 25 B AR v B4R ), AT SO0 & AR X T
bR R A4 (1) (FE T 220 AR 1) B A0 H A U S B0 2 8, RSN 77 72, A SO
W SHUESE T Z%AMT BAESH N ZITo A RS S B (B B A E).

H1 T MP O 25 00 A0 35 4t A 00 0 50 S 1) W 0 s P, A SO F A
6 LI B AR T B EASAR SR AR, U BRI Uy B AL AR RS, R E, AR %
NS JE PR AR VAT AR BT O R A A S ROIR A e R A R 1 v S R R R
T AT AL, AE R F B /s — 3 Ji B S WD A6 ST 2 B R AT A RIS . Rk
T BERNMT RS FEN LTRSS GERREONS). E245 7O F A R 24
AR E6T7 18] L B A 5 WK 22 70 Al AE ARG NIR S 7 ) A& 5 WL 5% 22 35 T
FRAR 2273 311 90,227 F10.13”. B+ “JPL/Horizons” {4 3 T JPL/Horizons £ £ i % & 5
AR NMT B IR R R 2. BT W, AR iR 22 2 B 45 A 5 JPL /Horizons AH 24,
TE AL B 20044 8] 1 7 A 4 0 T 50t 3R] RE A FH TE 250 43 BT BN X I i P A B
SXTC 51 R Y. A S AR B 20044F ) 1) 5 A~ e a5 B0 I 3R 22 5 HC AR 4F 3 AH 4%, R A
[ BRI ACEE. 2 SR X 20044 18] £ K445 10 AT B AL AL 2R, AR BB o B0 22 2 86K, H AT M
KK IUA 44 IPL/Horizons i 5 1% /N T L HUTE B 08 I 5 A = 1 3 O AL AR 1 SC ik, o T

16-5



62 & X X %= K 2

I IPL/Horizonsff 5 /M7 B PSR FI OGN EBCE ) 7 BEH U], 7 250t — P LhAm i 2
BT BB PR S5 R,

Fz 2 ToRTZIMTE (469219) Kamo' oalewafIFIIA N B, RE MM E B FIRE (30)
Table 2 Initial position and velocity of the asteroid (469219) Kamo' oalewa at Tp and

their standard deviations (30)

This paper JPL/Horizons® Unit

r  —163122461.892 + 30.777 —163122390.558 + 30.852 km

y —11331059.194 £ 34.400 —11330974.486 £ 35.439 km
z 17122301.282 £ 31.241 17122219.916 + 33.858 km
Vg —13309.469 £ 0.335 —13309.847 £ 0.171 km-d™*
Vy —2078389.824 + 0.664 —2078391.357 £ 0.675 km-d™*
(. —1037254.130 + 0.162 —1037253.922 £ 0.098 km - d™!

® The values with lo position/velocity uncertainty are from the

JPL/Horizons On-line Ephemeris System
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Fig.2 Post-fit residuals of optical astronometric observations in right ascension (RA) and declination
(Dec)

FESEBR B o, BRATTRT BE X AR SR R 2 I 20 B B i/ R AR 1) s B ARG E B TR
R AR SCR (LAl ) B )7 22 5 A8 W SR DI N RAOIRES 1] B 1 10 7 22 R R NS5 1) %)
i I AR 21, Fan /M7 B IRIE S5 HAT R 2 — 2. 345 HY 1 20204F 220254
[A]1%/MT 2 IHUE IR Z (30).
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K3  [2020-01-01—2025-01-01]#1[E /M7 A (469219) Kamo® oalewaltJ#iE iR % (30)

Fig.3 The orbit errors (30) of the asteroid (469219) Kamo' oalewa at the time interval of
[2020-01-01—2025-01-01]

5 BESRE

A3 PA/NMT F2(469219) Kamo' oalewaly B, 2% & HPLIE KF 1, @52 T —BHRE
5 JPL/HorizonstEZk 113 R Gt (/IMT B P12 50 ) AH 2 (1) /MT R AVTES) V) # A 8. fEILA
DS HHRE 2R A B, AHZ/MT R I BE S 80T i, IRg T MT R AESMEX
[H] P4 [2020-01-01—2025-01-01) I HLIE 12 2.

BE— 52 % /MT B R BUTE RS FE A T 5E 2 A O S 0 DR At 28 2R 0 B
ELan o2k e TR AR I BE 25 &Lt /NT B (4179) Toutatis, [E A 4272 75 R b 24 A IA $
a0 78 LA I R I, 6 B AT ORI g s R NAT R RS 2 B ) R gk N 0
A DA, 2 2 UG RS 0010 Rk T DL T, A 0 5 K 2% FRNT
£ (469219) Kamo® oalewalf1 %/l it i 21 5 BAE . JAIE M 45T S 8 o7 2
TS, RIIRE S22 (8 A WA M (WAR3). WA 7 3R B, XA i AH o M 3= 2
PRI T7 TR 3R 51 REE, — 77 T 2 o' 2 00 I 54 s s MU DN P BE 7 o ANY 50, 3 — T & i T
b ELRI UL S (e, 0 D A A5 ). B R R At — A

ARIAXHFFT T 7IMT . (469219) Kamo' oalewafE fE B [8] )] R (1 8h Jy 24384k, TAE
{1 J= BR A4 BLPE S S8y ) 2 AL B 2088 T K BH Y6 Yarkovsky 2087 LA KR 53897 1 H
St /INMT B BB BAT K AR A R 3 T [ B S B AR U R 2 AT, SR T GE
TR T T RURE P (e P A ) 03 i 2 A T LS
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&3 ToRRINTE (469219) Kamo' oalewalRZASE B Z BRI EH X R
Table 3 Correlation coefficients between initial state parameters of the asteroid

(469219) Kamo" oalewa at Tj

T Y z Vg Vy Uy

T 1.0000 0.9851 —0.9388 —0.8116 —0.9901  0.4122
Y 0.9851 1.0000 —0.9681 —0.7686 —0.9943  0.5132
z  —0.9388 —0.9681 1.0000 0.6408 0.9680  —0.5939
v, —0.8116 —0.7686  0.6408 1.0000 0.7882  —0.3254
vy —0.9901 —0.9943  0.9680 0.7882 1.0000  —0.5330
Uz 0.4122 0.5132  —0.5939 —0.3254 —0.5330  1.0000

s 8] R R /NT B (469219) Kamo' oalewal) 3l /122 Ak & — AN 3F 5 B Z (0T 5T
J5 ). FRE/IMT B ERIE 55 T R S AU PR B 2 MT B NS XANMER BT8R
T FE He B J1 WU PSR 25 b RN B v 4, Ty ELJE RS il e s 240, oA
BTt FeA B i) RUBE T 3l /AT B B 35 BT (B, /T B A BV AL A e IR ] ).
AT /N T B (469219) Kamo ' oalewa T 2 504 AT 3 i B 6 2 1 4 3R

BOS RO E Br/NMT 2 O IR BRI E LR T U S5 MIPL/Horizons & Gt S (1 1 7E 26 i
TGS B R K22 BB AT IR AL B A AR R BT AL,

2 F Xk
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Orbit Determination of the Asteroid (469219)
Kamo™ oalewa and Its Error Analysis

TIAN Wei
(Shanghai Liyuan Information Technology Co., Ltd., Shanghai 200241)

AsstracTt As an Earth co-orbital asteroid, (469219) Kamo' oalewa is a near earth
object (NEO) with high value of research and one of the targets explored by the first
Chinese asteroid exploration mission. Given its orbit characteristics, we build a refined
dynamical model for this asteroid. In the model, figure effects induced by nonspherical
gravitational fileds of the Sun, the Earth and the Moon are taken into account. On
the basis of the dynamical model of the asteroid (469219) Kamo' oalewa, its orbit is
determined with optical data from 2004 to 2018 downloaded from the Minor Planet
Center (MPC) database. The root mean square error of post-fit residuals is about
0.2 arc second (comparable with that of JPL/Horizons), and the post-fit residuals of
optical observations in 2004 are decreased. At the end, we implement error analysis on
the asteroid (469219) Kamo ' oalewa’s orbit in detail, and also predict its orbit error at
the time interval between 2020 and 2025.

Key words astrometry, celestial mechanics, ephemerides, asteroids: individual: (469219)
Kamo® oalewa
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