N FI2E - REBTTERF R LS, 20024 3 4.

TELRREZRICHITHEA% 1.

Subsystems in a stable planetary system I.

BERE. =L

ERVA 8=
T 181-8588 ZEH KIR 2-21-1

BHy

REEGHORMMEST (Ito & Tanikawa, 2002)IC & b & DARERIT ZDOFMICHE-
THENICRETH S, RELRBERDIEIIIREBLRICOVWT, REEOHEFADF
BELOBEBRTERTS. K<ALNTWE XD, RIGEREHREARr - VICBWTHE
BERBEERET. NEREDBEOREHRLEDHBHELE->T, ZEXREBHREIR
EEMERFROEDICVW DL OBEEXEIETVWEZ L 2RHFTS.

§1. F+

KEREP L VA SORE, RRAVBECDOES THEMICKETH S (Tto &
Tanikawa, 2002; 2A# 172002 £ 5 7). IEDOREOHEERIPWEFHIEICHLAD BN
TW3, KEDEELNED 2 WEHEEMAIC, brob LEKENRBERANSDZ 0, &0
DETTHE. OREDKBRANARLEILR2LLEDL, BZELLETKENGEOHIBK
LRERT S, KBEICRTALDY, KEBERACHKVESIHEZNTETHSD.

YHEIE, KBREIEETHELE->TELEZARW, 22T, O LTKRBRIIEER
WEDD LBRELRE. TNIERLREMTHS. ZEHED THED| BHZHAVTY
EMHTH5. RYIC, KBROZREREZLEDIDIHEENTWE DN, LAZD. Zhid
BADHETHS. Lo LEBMICAL ZETE5. TEARKREHRBEIEVTWS
DEHD] TREMADEDDHEEBIZEALRETHDLONEZ DN, EEARKEEEF-
TWBDM] ROFEURZ OMEEBIETEHTWEDES DA THHEEHTRARE
IKEHBICHLBDES D b

AL EZNICHEIBIXTE, Z2NSOMEICES AN EOW ONMIER & H
T, DR LIMREFEERLRLEY, DEKRBEROD 50 BEOBEEDICL > THRD
RERICEHTZEHRET TR, ROIFIERULRIERT2BBICEHT 2BEHLE
bhE, ZhoRLEEMHBEBELBEEINTEELRRETHS. ARXOEWIE, RED
TNV—T 258U, bAKRBGAROEZE/IBEEZKBIEL, 2HOELS 2ESLTEZLT
H5. REMBEOVD DL LTELAMONTWEDOWMEAXDERED T V—TIHTH 5.
REBI TN —-TTEZLICEVREL RS, BELRBAIBEENRTHS. ARXT
BB I N —-TOBEHEEHERT 5.

ETWOREDELBALT2Z 20895, AR LELREREDRY, WD
PRAFBL LD BIETE.

(1) (PH5EE) HI <7
11 ERE (kR )

! email: tanikawa.ky@nao.ac.jp and tito@tabby.mtk.nao.ac.jp

1



1.2. 1FZHh o 1:1 gy
1.3. &2 D (PEEE)) LIKEX7
1.4 HIR===HE

(2) TREHE (WEe ZHE)
B)BREIINV—T
(4) MSEER BT R

RETIE, HL2DOBWH AR L, TELRGEICEEEEEZBIKT S, e <ICERHIR
N (2), (3), (4) IKEBREHEFRT S,

§2. MAZEL>EFHLL

ZOHEITIE, RKEBROTHRET TR, RARERIFLELBL2H T RELERX S,
BEOUWDRPRAZERICHEEL RITNIE, ZHIEERE RO HGETE X 2 BRI
FIRRAENRINEGZLEBKTSE. W ODDHE, FETHIHLRELLESE, 20
BEEHYEERLUDGEDREBEDREEELE TS, H55EICE, KERDNH» S E
BEE5E25. ZOEDREEHBHAAELRDIE, bhbhBRKBEROHN, NV a2 DR
WKESTWEHMBLTHS,

2.1. HIEX7RE

BBOZENTLHEHHRBICHE L X Z2nb % KBS EXE L L3 ERTIRE
DER20LE, ZABEHBARAT LIS, KLHABNATWE ED I, HFHEBVERICH
5Ze kY HIBOBLERICHS. —FHT, BROKFBI NS 2RLREREFEO ZL D
MHENTWS, ZOLT, BIHKBEOHETCLEORESHIBICHL I T 2DIC, BEICE
KRS EXREOB T 2\,

2.1.1. ERE

L1 P EHLBICH 2RENTIT (1:1 FEH) HIRA T 213 BIC ERXE & &
Nag. AYN—REBFIMOI S RICHERNTHBOETDE 2HF-> TV, FlITHER AR,
BEEE YvYOYRTHE. ZHUHIFRE BEOXR7TERW, LORBAHYEDE. &
TABRICUHE BEOEENRVWONEBHEILM bRV, AR, REXLEERE,
HRPSEEEOHEEXFEZLVWOLMEENOIS RV, ZD & D A BIRAZRESR
ICROM22B Ly, BERDEKBED, 20 LD RMHEE 2OV KRERD S PR
LEICEWRW,

REWICEXEICT 3SEEND S

1) EXFE-vvar%k

ZORTIE, WABOFEIRBICHMN > THIC R ZYHICR-E2Y T 5. #lEFR
BT 17 Rputo, BEORIIED ZLUTHBIIZX 6387THTH 5. HEWE Mauwon = 0.08Mput0-
KBICKk By vy0 Yy OiM#EE R

Gcharon = GMo /17 arony = 379 X 107%m /s, (1)
— o EERICE D MEEG
(charon = GMPIUtO/T(Qpluto—charon) = 2.63 x 10_3111/82. (2)

EFRICEZMEBEIRBICEZMERBICHEARTEINIKREW, ErbvyOro
HETWHODEFEICHNMN > THTHS.



2) HEk-A %
i ERZEE 60R,, BEOFIT 0.0549, T LU THERHE 273 H. HEEIE Muoon =
0.020M 2723 . RBFIC & 5 A O E

Amoon = GM@/T?Q—moon) = 5.93 % 10_3m/82, (3)
— 75, HIERIC & B 0 B

Amoon — GMEB/T(QGB—moon)

A O#HEITZ DRICKBICHD > TH, KoBMOMHEEERAIEEE Y vy Y RICHART
5oy,

3) WATERE

Mikkola & Innanen (1997) i&, EEICRKRELPEFRETHERE LI DD REKIC T#
WE) L DAMEERA . Wiegert et al. (2000) X 4 DDAREDETHOY TZIHDHDHE
DEEMERRL, BHREEMAOHEDRKEGROEBICODESTEZERLIZLERE.
ZOHEFETEREPEICHENTARYKREW, Z2D, ZO LD RRAAHNITHER-A R
DEHELYRERTAXIIRDZTHAD. The FTERE L LiED.

2.1.2. ZHD 1:1 FH)EEHHIBER 7

1) B L LERT

HAGI N NOVYENERETHZ. NEREORYICEKREEEDORELR DN X, ZDRIEE
EX7EENBICHATIDHLVY. KOOV LD LIEWHIEEE2 D A2 E L3555
ZZAOoNE. EEL, MBEEFFEEOVWODIHEAIVWDEERS, ZONT7ORERFFHFLLIHA
RHpnTWhnweBEbh 3,

2) BE~R7T

HBWICEBRER7IZEELES. MEXEHEEETHS. DAKBRICZ DR
BETCHUEEDERODIDII 2V, INEEFROD->TWSE, HOBEIS DBE D AL
TEEHRERANESEHEHWTH 5D,

2.1.3. BTE-EFTE%R

ZONRTVIEBIRKETHS. TORPFHPELEEEZRODDIC, W 2B DHIGHEE
o> T3 (Kinoshita & Nakai, 1995, 1996; 1T2002). ED KRR r — )L TIE, ZH
E 32 P HEHNRT7THD. RELICE- T, FE500FEZTLICADEEICRS. HOP UL
}:E&J:”sé (‘_).7 mﬁa[ﬁ 01 == 3)\]3 - 2)\]\] — wp g 180° @ib U &ﬂzﬁ?é Z@)ﬁﬁ}'ﬂi
QX104 ETH 2. EAD, R 2 x 10* BT LICTOMEMNEREICRK S .

EEEE@i&E“\J—?\FJI[#I wp = 02 = wp —Qp [ 180° D x b Y &ﬂ@j?é . Eﬂ%‘(i 3.8 X 106
ETHE. AXHOHEMEDLZERL T, REZ 38X I EITLICTOEEICRS. Zhit
EOWANARWEHBITHS . BEEDARKABREDSH>EEEEDARKRE 0; = Qp—Qy
AT S, AEREHEIZ 0, OFEBEHFHICELY, BEELEZTEDAREN —HIT ZL
(05 = 0), EEEOE MMM A, Z OBEORITHA, S 51 HE3HIL 00° L2 5.
By — 90° D ¥ % EEEOHMMER AN, 2 OBEORIIEA, 7 L CHEH AT E
=090 k5. ZHid Milani et al. (1989) IC & > THETI N,

Lo L EVWABIMAS B . BIB 0, = wp — oy + 3(Qp — Q) 1 180° D E b Y ICFEE
T2, AHE 7103 TH 5. IT2002 DT EZAICEB L, 0,17 O(lOlo)ﬁﬂ)%FQZ
F=IVTRHFLAZREYVET. ZNEASNTVEIE L HRVWEHOVLLEDTHSD.

2.2 THERE

=2.70 x 107°m/s>. (4)



PENNW

s

e+06

-1.5e+06

=

OOOOO0O0O00009 R, NONOTNONO O
DOOOOODOOOD (;; DOODOOODDD

OO ORI

-2.5e+06

-20.0
-40.0
-60.0 [~
-80.0 [~

-100.0
-2.5e+06

30.0
20.0
10.0 Z\
00 |V
-10.0 |~
-20.0 -
-30.0 |-
-40.0

-2.5e+06
40000.0

-1.5e+06

-500000

30000.0 fr
20000.0 =
10000.0 |~
0.0 =
-10000.0
-20000.0 [~y V

v

-30000.0
-2.5e+06
30000.0

-1.5e+06

-500000

20000.0 -
10000.0 |~
0.0 =
-10000.0 =
-20000.0 [+
-30000.0 |+ ¥
-40000.0

A

-2.5e+06

-1.5e+06

-500000

4000.0
3000.0
2000.0

-2e+06

-1.5e+06

-500000

-150.0
-200.0
-250.0

-2.5e+06

-2e+06

-1.5e+06

-1e+06

-500000

o

Uranus Saturn Jupiter Mars Earth Venus Mercury

Neptune

Figure 1: Variation of the angular momentum of eight planets for 2.5 million years from
Brower & van Woerkom’s (1950) theory of secular perturbation. From the top, Mercury,
Venus, Earth, Mars, Jupiter, Saturn, Uranus, and Neptune. The ordinate represents the
total angular momentum. The unit is 107'2M, AU?day™".
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Figure 2: Variation of the angular momentum of nine planets for 4.5 billion years showing
qualitatively the correlation of orbital elements (reproduced from 1T2002). From the top,
Mercury, Venus, Earth, Mars, Jupiter, Saturn, Uranus, Neptune, and Pluto. The ordinate
represnts the total angular momentum.
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Table I. Correlation of the orbital energy and angular momentum in Earth—Venus,
Jupiter-Saturn and Uranus—Neptune pairs.

N+1 Energy  Ang. Mom. z-component
Venus Earth —9.5563e-01 8.9389%e-01 9.0139e-01
Jupiter Saturn —4.7369e-01  —1.1749¢-02  —9.9988e-03
Uranus—Neptune 9.6988e-02 —9.4638e-01  —9.4363e-01
N+-2
Venus Earth —9.1239e-01 7.8515e-01 8.3140e-01
Jupiter Saturn —2.0947e-01 2.2497e-03 5.9993e-03
granusteptune —3.7995e-02  —9.0689e-01  —9.0414e-01
+3
Venus-Earth —7.5304e-01 9.9014e-01 9.9272e-01
Jupiter—Saturn —5.7535e-01 5.5392¢-01 5.6135e-01
Uranus—Neptune —2.3225e-01 —1.5655e-01 —1.4569e-01
N-1
Venus Earth —9.0385e-01 9.1585e-01 8.6786e-01
Jupiter—Saturn —3.1795e-01 —6.6656e-03  —4.6659e-03
Uranus—Neptune 1.2198e-01 —9.0218e-01  —8.9585e-01
N-2
Venus Earth —8.8844e-01 8.5159e-01 8.8302e-01
Jupiter—Saturn —5.0593e-01 —4.3422e-02  —4.1708e-02
Uranus Neptune 5.6563e-02  —9.6215e-01  —9.5958e-01
N-3
Venus—Earth —8.2674e-01 9.5758e-01 8.5702e-01
Jupiter—Saturn —8.1674e-01 3.8252e-01 3.8395e-01
Uranus Neptune —3.7880e-01 —1.8083e-01 —1.9054e-01
short
Venus—FEarth —2.0819e-01 —1.7899e-02 —1.5059e-01
Jupiter—Saturn —6.6097e-02 —4.5458e-01  —4.5498e-01
Uranus—Neptune —3.3998e-03 —4.2998e-03 —3.3998e-03
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Figure 3: The contours of the same instability time. The results of the numerical inte-
grations with the Earth and Venus merged. The ordinate and abscissa are the semimajor
axis and eccentricity of a merger. The inclination is related to e by 21 = e.
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Secular resonance (Mercury vs. Venus+Earth)
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Figure 4: Secular resonance of Mercury (top) with the meregr at a ~ 0.73AU and (middle)
with Jupiter when the merger is at a ~ 0.88AU, (bottom) with Uranus when the merger

is at a ~ 0.88AU.
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Figure 5: Initial configurations of planets for checking rigidity, (a) rigidity against internal
perturbation, (b) rigidity against external perturbation.
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Eccentricity of 0+20 system
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Figure 6: Rigidity against internal perturbations. The planetary system of Fig. 5 (a) is
unstable if Saturn exists. Variations of eccentricities (top) and inclinations (bottom) of
planets.
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Eccentricity of 0+20-S system
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Figure 7: Rigidity against internal perturbations. The planetary system of Fig. 5(a) is
stable if Saturn does not exist. Variations of eccentricities (top) and inclinations (bottom)
of planets.
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DR in mvemJSUN+C system
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Figure 8: Rigidity of the planetary system with Saturn against external perturbations.
Variations of eccentricities (top), inclinations (middle), and nodes (bottom) of planets.
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