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FREE, YARSNTHETY, MERTLEMINEY, SHEATE3E RG0S
Hit FRE TR, BAXBILE FRHE 3:2 f 21 3L8R) (73 7 KB/ RE, a8
BOR T e PLE w03

IERHITLIM R, 7E48L Kuiper #H A E —HRESI 1% 9 M/ANKREE, Bf1F
FHEHRROPEG A G 30°). X BEHA/NRIEMEIE, & Kuper H T LAEH
MEHZ—. Gomes 3£, M TREIBFEFTISESER, WIHALT 25 AU Ff
RN RR T BLE M A&, FF813A T HAER Kuiper #.  Chiang % U0 355, 7817
EAEKHE, 20-40AU MITREAE T ERK/MY “oligarchs”, BAT#A T KBOs i
DRMPEB A, MEES W ZH, EXTEPETENERT, vs REBHREET
—HYIEEALT 30 AU S /N RARRI LB RO R, A HIT H SERE TSR ERER A
B AR, SRPEMAERKREEEE.

Nagasawa % 12 21, KIHE =R TTLISIE SRS, S5 KBOs i/ Al
YUEM AZAIMA. 3C [12] BREHFIT T RKH R YETIE AN RITEA TRIENALE),
RIAE B D REPFERITAR 7ac 4 107 FE8GL, W SRS B 40 AU S/ R A H) B 7
PR FIRLIAR S B0 8. BAE AR, KRATEAENRGREZ FHETEE 2 ar 151,
ARE, LB, RER. BEEMPELRESAN 54, 87, 163, 232AU (RHE
L), 3 [12] MR ERMIES, SRS A 40 AU Sh/INR RS E 7 /4 2
SUIE R B 1o A 10% SR, XMMBIA L2408 T RN R =S RBFE AR
(3 x 108 — 107 45) 5] BAK T —A . HIh, FEXYETHIERFFITH, Hahn %5 06 %
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Invariable plane

K1 EZSEHHESKERAETFEHGZMAERR, AT BREE, Nk
A OBUORT. SERRBFHSHERESN 6 ~ 1.6°.

Fig.1 The relationship between the midplane of nebula gas and the invariable
plane of solar system in space, for clarity, their included angle § has been
magnified. When the midplane of nebula gas placed in the ecliptic plane,
6~ 1.6°.

2.1 KEHE=SH#
FEAS SO, FATTR PRI PR e/ N R B 2 2R (1217
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TE to WA, 78 r— 2 T-m_EEMERS, R Gauss FEEXT (4) REBERS, 1R%E
F— ALY F A E, BT
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FEBR MR EAER A, DU EARST S BT B AR AR [ NASA BB =
KFH A B S12 W 4, BT R R B E DE405 Fi3 2032 1), 7R B AR B R4S
WG, RITBUTEMPIERELRRE a = a5 — Aa, ay BITESRINEHERKR,
AR, R, RERE, TR, Ad/FBCH —02. 08, 3.0, 7T.0AUT, JLEIN
A SCFFRFFE R K BH 2R BB

x®1 ONKTEMRESTNHE J2000 HZINEESES R EXNSELITRPHHERE
Table 1 The masses of the four giant planets and their orbital elements referenced

to ecliptic and equinox of J2000 at the J2000 epoch

Planet GMg/GMp a(AU) e i° Qe w® M°
Jupiter 1047.35 5.20 0.048 1.30 100.56 274.20 19.65
Saturn 3497.92 9.54 0.054 2.48 113.72 338.72 317.51
Uranus 22903.12 19.19 0.047 0.77 74.23 96.73 142.27
Neptune  19412.36 30.07 0.0086 1.77 131.72 273.25 259.91

Fob, APFREARITEHEIEBIT Kuiper MBI Z MW, Malhotra ik T iEH A
TR 6.
a(t) = ay — Aaexp(—t/Tmig) , (6)

Ht a(t) 72 ¢t 2T B PUER R, 7 APUEEBIAR. E1TE LRI EE T

10 B9 7
AF = ,0‘ {UGMQ—“GMQ}eXp<— t‘ >7 (7)
Tmig a; af Tmig

AL LR IR
3 RHEiH#R
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MRS F, R E 2 R, ARSI H R, REIRO L E SR TR,

4 http://ssd.jpl.nasa.gov/elem_planets.html
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8
k = efree cOS(At + 3) — Z - cos (g5t + B;),

D = Itee sin(Bt + ) — et sin(f;t +7v;),
j=15 B—fi
18 ‘
q = Ifvee cos(Bt + ) — Blijf' cos(fit+;), (13)
j=15 J

HAd etee v Itee « B Biv v v vy Al BRSEE, g¢;( =567, 8
fi (7 =15,16, 17, 18) B RHREBHIE I 8 MFEMZE. Y4BT H i 3hit & A5
KA =g; BT SEIMEARE B = f;, KA A LT, #rE B BT 0 H1E W
OF, WHvs . v vr. s(gs > 96 > g7 > g8 > 0); JFEMKEFIHEBA, LA

vis+ vie~ Vit~ vis(fie < fir < fig < fi5 <0).

10°
Vs Vs
10"
< 102
Q
10°
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a b

K 2 FERHREBWES, MERZSEEE p B KPIRA BN, on BRADREKHEEZS
EE. (a) KEIFHR vis . vie . viv . vis BIRLE. (b) KR vs . ve . vr . v RINLE.
Fig.2 Estimated locations of the secular resonances as functions of p in the compact configuration
of the solar system, py is the density of the minimum mass solar nebula gas. (a) Locations of the
secular resonances vi5 . vig « Vi7 . Vvis. (b) Locations of the secular resonances vs . vg . v7 .

vs.

RIE (10) K A[H, EFRE—BZ, AM BUKHEFHERRRE o HRTERE, I
M A=g; & B = f;, TR L AR BRI AE (GRS RA RS WC
[12] Rz [22]). W 2a iR, WEEEZSEEBERREUN, KSR v;(7 > 10) NA WS
d%. BT vie. vir. vis INACEIEATE 30AU DI, BTN 48 KBOs {5 f 19 5
REHTEL. RIEE 22 REMTT, YRRESTEHEER 1073 pu B, 115 (FEMH
RESIE) KATE 42.73438 AU &b, WEEE =R EERWEUD, vis [FMIE 48 Kuiper
M. TEXE, AT REEHER IR 200 KBOs BUEM A rEAVER, FILTERER
W, DERSEEEN 1073 pn MEFZIAE R AT BB 2R A

T4, i 2b iR, YEZEMEEER/NE] 1072 oy 25, KR v, vr, vs
B &%t 20 Kuiper 7, T vs BIALE X IGAAE Kuiper W H NN, EIAEE(ER
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WA, 28 KBOs (R ORMZEASE vs v 6. vr. vs WK
TR, BEERGIABAFETRAR. ERARZBHFLT vis =0, 8
FUETE 7 AR P RO B R SRT I SBFE, BUE T KREBHRMALE.

4 HEER

TERHREBHIE S, BATPABU T (1) EaSEHHE5RH RN LT HES;
(2) BSMEHE S KM ARALFEA N NEA 6; (3) SRS fIRITRPLETRFEZ
AMTEE T, SRS X4l KBOs YL ARy AR EA.

TERRBLU AT, FRATH 20 DR TEA, ENIMRIGEHE KR o 78 40-50AU
[EI¥ 535040, WISRPLEBA « (MW TR SR ) Fi 0% e FHCH 0.001, 1t FF58 5
ZF QL EAE w, TS A M FE 027 [AIBEHLZEER.

A3 M B B A 29, Gt Mikkola 45 26271 gypirat, MGARAM % AT LALbFE AR IE
nEsh, FlnAasci B aSEG1071 F fF, DIERGEET Af. SBBEER 22K 200
R, KRR BNEEFRAR 1/20.

4.1 ERSHPESKERFEFEES

HEZ BRSNS KM AL ESIHEN. BITHREZ SRR 70
LT x 107 4 CHETCFRAIUER, T3CH aa BAME. WEERE AT E S HERE
FHER 2 KBOs JUEBIAE 30° T/ raa KITER, TR 4.2 79), K RLETAE T
10° 4F, S5RINE 3 B,
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K3 EZSEPEHSKERAETFEES, WIHEEZKEHEN 1073 o, BB 1aa = 1.7 x 107 4, &
GeEbE) 108 &, RIBATERSE 3 x 10° EpTHHERE. () RBERRLPE LR B PE O35>
. (Z) BRI A i A PUIE AR BT (51 A 2 A7

Fig.3 The midplane of nebula gas is coplanar with the invariable plane of solar system. The density of
initial nebula gas is 1073 py and the depletion timescale 7qe; = 1.7 x 107 yr. The system is integrated
for 108 yr, the final orbital elements of test particles are averaged over the last 3 x 106 yr. (right) Final
semi-major axes vs. eccentricities of test particles. (left) Final semi-major axes vs. inclinations of test

particles.

HERARZSWE S, SEZRFE GAZFHES, BRRYILR v ZEH
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Hat 4 Kuiper 7, {H2 S50 A B PLE BUA AREB L SRS ABHIMAK (imax < 0.13°, 40
[l 3), X 5 Hahn %% U6 3P RMH R S ATHTEROBFRAE R —80 KT REAN JLm BE
2T, BRSEFERIE Toe WX RAENMA, BATEZIK TR 7aa HREISC
[12] FEgAGTHE —10° 47, M AR i A e U BE SRS WURFIR A 0.3°. Lr EFTA,
FERZAMHHE SRR THESWHRMAT, SRS X KBOs #LiE i f HME 1 AHCF
Hid 5350, BUANBNESE 3 37 PRI TN, e i py Bl i DR BH B (1
TXHILHE, BRIORGHERKWRE o — e HMAAE, AT e fitie).

Nagasawa 55 2] $5H, LR MM Ai IERFRITEMEEMA. T
AR v1; TERHARETER, MABRMMN TAZ A, HF 0.31°, FrAEXHR
R PR S A RRAE TBARERR. B TR E s 5 KHAAETHES
i Ai 5 iy BRR, BATAIHUEE i WKE] 1.21°, B 4 R RAEAMF T REHE L
] 10° SELBARPUERE. UK, SAREMHEMMIE KRS, EREBMNRR
L 0.13° 3K F] 0.4°, (HEXMAS R 2L KBOs wik 30° WA AH ELAIRR /DN, A
SRR T A 22 KBOs WRTR. FrA, SR iy 4 0.31° WER AL, BORH iy
A AT SRS Wk R AR HUER A, HEWMERM. 5—JH, MaERKESPERAY
LRBBKRIE, DBRFFERERLG] (SR A= A RS ik P 6 A LS i
PWEALE S ETHRES. MIERNIPI RN RAEASG NG, BEakCaxdeiE, R
AL AR BB (oA A J22 B 10 A i/ N 1) 24 Ty OO 4.

0.010
04 0.009 |
e 0.3+ e 1 & 0.008 -
-c L] - —
=t 2 0007 f
S 02} £
E 5 0.006 -
Qo L
g 0l 0.005 |
0030 22 aa 46 48 50 0004 =00 a2 a1 46 48 50
Semi-major Axis (AU) Semi-major Axis (AU)

K4 IR 3, ERARAN T A R AT A PLE B b 4w ay I 0.31° #KF) 1.21°.
Fig.4 As Figure 3, but Jupiter’s orbital inclination is increased from the observed 0.31° to 1.21° with

respect to the invariable plane of solar system.

4.2 ERSHPEERARAEFEEES

—fekii, KHRESEEMARENTEESESY, HKEZSMBPE S5 KHR
AR TPHEHBN ZEA. FRATERITEREHETE I RMHAMEN AT EE, Ak
HeBR e BBOE R E A NN A 6 BTG, AT BEIEAR B RMET SRS X2
KBOs ¥LIEMAWMAERIER, HITKEZEPEBCYEEE (F3C [12] #9f5E), WH
HRA A KL 1.6° 89 /.
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Nagasawa 5 22 $ig 11}, SEROKHUEBIAZMANRES /Taa BEL EHEEHRET
Bietg, KB ARPE A2 R R RER), AT AFR a0 AT T HUEHM,
KRB HIERE] 1.7 x 107 4EmF, SRS FTLLKE 40 AU SMSI I8 b iy 038 15 7 A AU
ML HE (> 30°). B 5 B/RMRE 6 ~ 1.6° B, B 7ae = 1.7 x 107 SEFHHF RGN F]
10° 4, LR B A BUEMREC Ml 5 W0 (1) SRR PUEM A SRS FAHM
&, ImisE 30°LL; (2) 41AU LR APLE R AR ZWEBRERK, HE o 1954
K, FEARMPUENAELEMIER. b TEZEEENZEIR/D, vis WALERINES
HRAAL T HmAL SR R LB M M, (EHERB AR R, SECHAR RPUE I
AR TBERBTHILT (LD Pre s B, T REEHR v BRIRAE
FE 42.73438 AU B3, MCALSEERRBY BB BUA MIZHRK, AT N IR 53] o8 FUR T
B R B G RATIRE); (3) 4050 AU LR R HLE 5T A 28 SRS ¥z E] 15° LA
L, BARE (i <4°) F1E (4) EHRRNMWORBA 2K, ENTERGER
TE T A 4 1 Bt T DA BRI FLE W DR (e < 0.01).

35 — - - T T 0.010 —
%
300 ¢ . | 0.009 F
B 0.008
S 25t 2
£ . § 0.007
T 20t 5]
= 2 0.006
= - . .. - -
157 o e 0.005 | o
lO 1 1 1 1 1 0004 1 1 L L 1
40 4 44 46 48 50 40 42 44 46 48 50
Semi - major Axis (AU) Semi - major Axis (AU)

K5 [FE 3, HEEZSAHESKHERANEFEA KLY 1.6° fJFMA.
Fig.5 As Figure 3, but the angle between the midplane of solar system and the invariable plane of

nebula gas is about 1.6° .

BT #HE—EEE SRS Pr & KBOs HUBEMARFREXT 6 MARBICR, BRITET K
BRITEM TR GLE, 6 BUN] 0.88°, S5 R A RERALPUEB MM ZMABREGE
B DB/ (imax < 12°), XFIRUEHA T SRS Xt KBOs HLE i /1 1 R TR 140
BT R AEPEMALFEE A, LR TAET, AP BIR Bk —8
ST, RFBLHCRBISC AR 45 B EDULAR R

4.3 SRS FIKITEHNETBEN &4

H IR B RAT R BT IR e AR M FEEUNAT Taa FATAER 107 458
%, WAVBEED T XATENHETS (B mmig = 2 x 107 45 1) 1 SRS [ & A #1%
. Hp=10"% pu BIFRGFS 3 x 107 4, WE p/pu ~ 1.7 x 1074, WE 2a iR, &
W3R 115 FEHT S M Kuiper HEFA T T AL, HARFX SLU8 A B S8 (5 A A R 18
.
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Kl 6 BB R 2 A SR AR FE BB AT, LR AEEE] 3x 107
AR B BER LEAR R (D). RH S B B o RAAE TS I8 RT BIT BB R
(2 O EPF) AT, ERRPUEB AN ZBREILF—H, SRS IHARE
ARB R AR FUER . X EERARPUERA N ERRERRIT ENHUEER,
T B = SRR L TTRREL /DS

12
025 s
1.0r" s
- 0.20 ,
_:!g/ 0.8 > .
= 5 0151
S 06f & 0
g S P 5 010}
S 04} g " . 1 8 : . .
= ° . 0.05 0 °
02+ o : 1 s °
tRILI R 0]
00 L L | L f L 1 | i i L L
40 42 44 46 48 50 38 40 42 44 46 48 50
Semi-major Axis (AU) _ Semi-major Axis (AU)

K6 ExSEFESKARAEFEHES, WIHEEZKEHEN 1073 oy, BBEHE 7qe = 1.7 x 107
&, REEAT 3 x 107 &, REEMBRHERE. (o) REAENREAHEERBMYEMOEI . (b)
R AR RAPELREMPUES AT, LOBRERR SRS MRTENETHRINZE, ZORFERTR
% BKRFT T,

Fig.6 The midplane of nebula gas is coplanar with the invariable plane of solar system. The
density of initial nebula gas is 1073-pyy and the depletion timescale Tqe) = 1.7 x 107 yr. The system
is integrated for 3 x 107 yr, the final orbital elements of test particles are instantaneous. (right) Final
semi-major axes vs. eccentricities of test particles. (left) Final semi-major axes vs. inclinations of
test particles. The filled circles stand for the case of SRS along with the migration of giant planets,

the open circles indicate only the migration of giant planets.

Bl 7 SR RER ST A EER, B 6 ~ 1.6° I, 7E SRS MXITEMHE
TR EZAENENT, STAREE] 3 x 107 ER B FERS CURIE). 7E] S
T, SRR HE M A B v AR B 28° DA . AESART I, FRATER 7 FE %5 H
TERAEXITEPE BTG R SRS WEm T, SLRARLAER —BZ (3 x 107 4F) HyBER!
HIERE (=OE), TR, BiE TR APE A MK RER RN EA.
XEHTFRITEMPERD, FERALR v BRI E (MBI R, &
t=1.7 x 106 4ERTZ, FTEH 115 7E 43.51563 AU &b, TFEH v1; EF5E 43.82813AU),
SR SR AR B VE B R, R GRS AR (BT A A VR R EE A X /. (B2 TG
fil, MEZSHPHECYEERN, BEAXRITEHETEMEN, SRS JIREBIESER
BFEIPY, AR KBOs 09 8L A A 21 AW I AH 24 1.

5 @5t

LSRRI R, 1EL ML Kuiper H A EF ~mBA (BA#E 30°) BH/PRIE,
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; 0.030'
30 < 0° .
% . 0.025 |
— M ()
2 25t . 2z 0.020F
= ® 8
g 2 0015}
® 20+ g
= 20010
Q % . B
= st . S
0.005F © o o o, ¢
o ° 2 °
070 "2 4 46 a8 30 0000 =004 44 a6 a8 30
Semi- major Axis (AU) _ Semi-major Axis (AU)

K7 [FE 6, HREZSEHESRKERALTEAKRY 1.6°#3MA. TORIBRR SRS MIRTEHETH
Fm &4, ZORFRRER SRS.

Fig.7 As Figure 6, but the angle between the midplane of nebula gas and the invariable plane of solar
system is about 1.6°. The filled circles stand for the case of SRS along with the migration of giant

planets, the open circles indicate only SRS.

ENHEE N Kuiper HHFE TAERRIMER Z —, TR 5 0 7] BE R R B
Nagasawa 5§ (21 411, KFHEZSAMFEBATLISE SRS, S8 KBOs HLE Ml A #%
k. {BR, KBOs lA# 32 3A R N+ SUT B 2= S i K B 3R AR 22T I By e
f oL EF AT AR, RATHETHERHABEBEIB S, AEBIGEFME T SRS X F
24t KBOs BB i A1 A Al

(1) BEZAEFEHGKHRAAZFEHES, B 0 =08, SRS AEEMEEHBEK
2 KBOs WPLE M A, Bl KRAT EAX T AT HEHA, SCRAARPUER A1l
Ad HRIRAR /.

2) YEA[HFHGHETES, G AEFRAKRY 6 = 1.6° flf, Ehik
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N, EBERKRITRHETHN RN, & 6 = 1.6, SRS 7577 LA R HEUA 525 F ¥ PLE i
M, B FRAT B PLE SO E A RMIR v BRI FANER, KRR EE I A%
WRBER/NT KT EEFRETIBHHE.

Nagasawa % 12 3 SRAESH AT th, 72X BB T, TN 40 AU SMER AR HUE I A
Worsl 30° UL, Brifm B o ARERINAR a0 > 10° 4%, MRS TR BEAEI A,
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AL W I 0 WIE. BIMASC 4.2 FTHIILER, 2 6~ 0.88° B, B rae = 1.7 x 107
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Fig.8 As Figure 5, but initial semi-major axes of test particles are distributed uniformly in the range

30—50 AU.
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The Effect of Secular Resonance Sweeping in the
Classical Kuiper Belt

LI Jian ZHOU Li-yong SUN Yi-sui
(Department of Astronomy, Nanging University, Nanjing 210093)

ABsTrRACT The Kuiper Belt is a disk of small icy objects orbiting the Sun beyond Nep-
tune, and the region between 40-48 AU in the Kuiper Belt is supposed to consist of ‘cold’
objects on low inclination orbits, which is called the classical Kuiper Belt. But recently,
observations show that a ‘hot’ population whose inclinations can be as large as 30° reside
in this classical Kuiper Belt, and the secular resonance sweeping mechanism is a probable
explanation: the residual solar nebula gas dispersal can cause secular resonance sweeping
(SRS), when the location of a secular resonance crosses the classical Kuiper Belt, the in-
clinations of the classical Kuiper Belt objects (KBOs) can be pumped up. The inclination
excitation due to SRS has been investigated in detail in the compact configuration of the
solar system (the orbits of four giant planets are closer to each other). It is shown that the
inclination excitation depends sensitively on the angle § between the midplane of nebula gas
and the invariable plane of solar system. If the midplane of nebula gas is coplanar with the
invariable plane, i.e., § = 0, the inclination excitation is very small. But if the midplane
of nebula gas is placed in the ecliptic plane, i.e., § &~ 1.6°, the inclinations of the classical
KBOs can attain values above 30°, as long as the residual nebula gas’s density is about 1%
of the minimum mass nebula model and the dissipation timescale is around 1.7 x 107 years
(e.g. T Tauri stars). Besides, by simulating the cases of more inclined Jupiter with respect
to the invariable plane, and SRS along with the migration of giant planets, we show that
the effects of both cases are much less than § for exciting the inclinations of the classical

KBOs.

Key words Methods: Numerical, Kuiper Belt, Celestial Mechanics, Solar System: For-
mation
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