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-20 .898 .129 16.7 112.7 100.0 213 .18 .26

Table 1, Secular perturbations in the orbi- ' JNabie 2. Secular variations in
tal elements of the asteroid Phse- and the values of C14
thon /a=1.271 AU/. T=0 corresponds |
to 1950.0 ! ! B = 1 AU

T'10-3: e : ;L: 1 20?2 6?5 a ity 8 Cz T.10-3= e :#q 519 : ©° .

yr i yr : t AU : Q : *
.1 : 2 13 : 4 : 5: 6 : 7 :8:9 P :
N0 L890 .140 22.0 265.0 321.7 227 .18 .27 720 4877 4123 16,7 112.7 1o
19 «875 .125 18.6 94,0 11
-1 .899 .129 16.1 287.0 300.2 227 .18 .28 i
18 .870 .130 21.7 B0.1 13
-2 «901 .126 14.0 325.3 262.6 228 .18 ,28 =
17 . <863 ,137 25,1 70.4 14
-3 -.897 .,131 18.0 358.7 229.8 228 .18 .28 o
16 «-B54 146 28,4 63.5 14
-l -B888 143 24.5 15.8 213.1 229 .18 .27 - :
15 -B45 155 31.4 58.4 15
-5 875 .159 30.3 24.7 204.1 229 .18 .27 =
14 -B36 .164 33.B S4.4 15
-6 -B60 .178 35.1 30.1 198.1 228 .17 .27 i
13 -B27 173 35.8 51.3 16
-7 .845 197 38,9 33.7 193.5 227 .17 .27 i
12 -819 .181 37.6 4B.6 16
-8 -B31 .215 41.6 36.3 189.5 226 .17 .27 -
11 «811 .189 39,0 46.4 16
-9 .819 .230 43,5 38.3 185.7 224 .17 .27 -1
| ) 805 .195 40.0 44.5 16
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6 -.798 .202 41.0 38.1 18

-14 -828 .218 42.0 47.6 166.6 214 .17 .26 | -5 800 .200 40.6 36.5 18

-15 .842 .200 39.4 50.5 162.4 213 .17 .26 | 0 : " 2 *

4 «805 ,195 39.9 34.9 18

-16 .857 .182 35.9 S54.4 157.5 212 .17 .26 - ]

3 .811 .189-38.9 33.1 18

-17 .872 .163 31.5 60,3 151.4 212 .18 .26 3

2 .818 .182 37.6 31.2 19

-18  .BBL .147 26.1 69.2 142.2 211 .18 .26 -1 1826 .174 35.9 29.0 19

-19  .B94 .135 20.5 B5.2 126.7 212 .18 .26 0  .B35 .165 33.9 26.3 19
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ISR 1
the Géminid stream orbits with a=1 AU and a=1.7 al,
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a = 1,7 AU
b gba b Bus : : 49 ° . ©. 0 . .¢
: ¥ :c1 : CZ: . : RU : ! ;e ox 71070
L0 212.7 .21 125 -.926 .125 16.7 112.7 100.0 112.7 .13 .27
.0 212.0 .21 .25 .912 149 28.5 64.6 146.2 210.9 :13 :27
.3 211.4 .21 .24 .BB3 _19% 40,5 51.4 159.5 210.9 .13 .27
5 210.9 .21 .24 .B50 .256 47.6 46.0 166.9 212.9 .13 .27
1 210.6 .21 .24 .826 -295 43.0 43.0 173.5 216.5 .13 iy 4
2 210.6 ,21 .24 .B22 .302 51.5 40,7 18B0.0 220.8 .13 .27
.5 210.9 .21 .24 _B39 274 49.3 3B.3 18B6,.5 224.8 .13 .cB
21 211.3 .21 .25 .870 .221 43.9 34.9 192.8 227.7 .13 .28
3 212.0 .21 .25 .903 _165 33.7v 27.8 201.1 228.9 .13 .29
'3 212.7 .21 .25 .926 127 18.7 4.7 223.7 228.3 .13 .30
2 213.7 .21 .25 .928 «123 15.2 282.2 304.7 226.9 .13 .30
9 214.7 .21 .25 .909 <154 29.6 249.1 337.4 226.5 .13 <30
6 215.8 .21 .25 .880 .204 40.2 240.6 347.1 227.7 .13 .29
3 216.9 .21 .25 .853 _250 46.0 236.9 353.7 230.6 .13 .29
0 218.0 .21 .26 .BLo .273 48,3 234.4 . 0.1 234.5 .13 .28
6 219.2 .21 .26 .BLé6 262 47,6 232.1 6.6 238,6 .13 .28
3 220.2 .21 .26 .B70 .221 43.7 228,8 13.2 242.0 .13 .28
1 221.2 .21 .26 .901 .168 35,5 222.5 21,2 243,77 .12 .29
9 222.1 .21 .26 .927 .125 22.1 204.2 39.4 243.6 .12 « 30
8 222.8°.21 .26 .934 111 14.7 132.3 109.8 242.1 .12 .30
1 223.4 .21 .26 .922 .133 2B.8 87.9 153.3 241.0 .12 .30
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Ra and Rd radii-vectors to ascending and
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Table 3. Theoretical and observed radiants
of the meteor showers produced by the
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2005.7,3 2Pt 2 F—RKEE

B 82,02

HRPNAAZLD, 1956 FDIESBIMELBHAORIE

Vel ik
AN OEMIL, PASJ (2 J. Watanabe, M. Sato, T. Kasuga TH#5 )

[# %]

IEIB IR, 19564E 12 A b BIZEHHBL LB T, ZOELN T, BEERESRZV, &
KGR & LC P/Blanpain (1819 WDAEIT b TV, BB R &/ RE 2003 WY25 2=

RKEOEEE LTHENE o7,

ZOFRE, BUEPHLNNIRoTEDBEICHHERTEA AN - FLAARE L, 1956 £DIFH

B O MOTEHIRR 2 RAET 5 2 & 2RAT,

(1956 0 HERRI]
@B =2—Y—F  F 10h10m (UD~F7 7 U & 22h45m (UT)
GARY WERONK'S COMETS & METEOR SHOWERS (web) L 9

@+—AF Y7 13h, 13h30m(UT) HR60 LAk
Shain,C.A. 1957, Obgervatory, 77, 27 L0

@1 Fre L (FRBEI - = ok L)

13h40m~18h #EX L 16h30 (UT) "¢ HR=300

14h{UT) | HR=100
15h HR=100
16h HR=200
16h30m HR=300
17h HR=100

Huruhata, M., & Nakamura, J. 1957, Tokyo Astron, Bull. Second ser. No, 99, 1053 L ¥

[(FA b« PUANDHERKR]

1743 4E~1951 4E O A AUERERIC i U7 & 58, BoHsEE + 20m/s D4 CoFEL L 7=,
F 112 M f#>0.01, HEEE<0.005AU0 b0 % F L iz, F/ b LA L& HEREEON B EMR A 110

LT,

Maximum 0.005AU

Bl1 1956 ICH AL AMILD S kiR

1% %a$g’\{. Kronk’s Comets and Meteor ShowerstZ A HEE HAEHAR
2) B (Tokyo Astronomical Bulletin, 1956, PLO53) |l AR HE i v
LAV IAIRR0.00 L AU) L LTI, SRR




2005. 7.3 WMEWIE 3 F—RBEEE

£1 FLALOTF—4

[RHE Date(UT) Time . LS(2000) Ar MR Aa M VR A
(AU) (m/s) o o) (km/s)

T.1743-1764 5
1754  1956/12/0566 1554 254116  +000092  +028 0000 0010 363 -4203 1047

2. 1760-1808% (X B %)

1760 1956/12/0560  16:37 254147 +000054  +068 0001 0025 356 -41.95 1047
1766 1956/12/0560 16:39 254.148  +000061  +062 0001 0023 355 -41.93 1046
1771 1956/12/0669 1640 254149  +0D.00065  +0.54 0000 0021 354 -41.91 1046
1776 1956/12/05.69 16:39 254.148 +000067  +052 0000 0020 354 -41.80 1046
1782 1956/12/0569 1638 254148  +0.00067  +0.50 0000 0021 353 ~41.87 1046
1787 1956/12/0560  16:37 254146 +000068  +0.49 0000 0021 353 -41.86 1045
1792 1956/12/0560 16:35 254145 +0.00068  +049 0000 0020 352 -41.84 1045
1797  1956/12/0560 16:33 254144 +000067  +0.49 0000 0021 352 -4182 1045
1803  1956/12/0569 16:30 254.142 +000065  +050 0000 0021 351 -41.80 1045
1808 1956/12/05.68  16:26 254.139 +0.00045  +073 0001 0031 350 ~-41.79 1045

3. 1614-1830% (BRI

1814  1956/12/0567 1608 254127 -000022  +1.46 0001 0063 346 ~4173 1047 i
1819 1956/12/0569 16:35 254.146  -0.0014 +221 0002 0095 323 -4163 1048  *i

1825 1956/12/05.70 1651 254.157  -0.0021 +277 0002 012 317 -41.61 1048
1830 1956/12/05.72  17:19 254176  -0.0033 +3.85 0003 020 .07 -4155 1050
4. 1861~ 1882%F (L A TRMEAGELY)
1861 1956/12/05.71  17:02 254165  +0.0049 -437 -0.004 0.21 37t -4204 1034
1666 1956/12/05.76 17:54 254201  +0.0044 -3.69 -0.003 020 363 -4206 10.36
1872 1956/12/05.82 1941 254276  +0.0044 -3.79 -0003 024 349 -4214 1036
1877 1956/12/05.89  21:26 254351  +0.0041 -387 -0.003 022 332 -4219 1036
1882 1956/12/05.96  22:57 254.414  +0.0050 -449 -0004 0.14 320 -4233 1035

5, 193519402 (HILL ML ALY
1935 1956/12/06.00 00:01 254460  -0.0037 +18.83 0016 028 242 -4159 1050
1940 1956/12/06.99 2344 254448  -0.00013 +2109 0017 037 269 -41.69 1044 %2

*EEXERRTSAMEEN BN AL
*2: T IR EEHS20m/s B L TH DA, IBEEACEL V0181

[RHERRME]

» 1754 5ELIRTD b LA Ui M AN & <, G238

» 1760 FE~1808 =D b LA /L3 0.0007AU LIAIZEEE, BAlS 15 AN —EBKETERT 5,
BRI 1Im/s L TF—RKEWF R bBELFEN, KBk A8 EN5

< 1814 4E, 18194 P LA HEMBBW—EHEB K2R T 5 iR H 2,
1814 #FIXEF41(4F
1819 (X HEHEA AL (0.0014AU), F oM MK L SHEL S5,

« 1861 4E~1882 D b LA WEIR (M fE 0.14~0.24) 2, BEEEASEVY (0.004AU BLE) 7=
AR AN

* 1940 4F b LA JVITBEREDS KZEE WO A8, FHBEREE SR &\, E- SR ERe b ZE A 0EH Y,

[%%Wﬁ?ﬁﬂ%%] (Huruhata & 1957 L 1)

* fRIE 16h30m B —  1760~1808 DMK & 1FIX—5 (1819 44 [AIKR)
ELAYORBEWL L, BERER L, F 16h34m i3 A o KBRS HE
= JHEERNSVEND LA NORER E B
- BRATO G BERE L 0 ETHREEAZ S (16h HR=200, 17h HR=100)
= 1814 4D h LA VDL LW MR H S (AT 16h08m)



2005.7.3 MEHHE I F—BBEE

[EREEH . BHADR—E]

RSN R &, EESCEN X h i T 10 B OBER S B,

— B T T & v, 5% OB,

AV FETOBA —
v F=—To#H

TR BAE T
o o o d
35 ~41.8]| AUKFF*3 | 105 -370| 356 -43 [#13E
(J2000.0) (B1950.0) (&3 RFER)
41 415 [ OF=—4 | 155 -430| 15 -58 |49150|
(B1950.0) (B1950.0) (53 5 -REA)

—

#1 1808 LT ILODIRE

*2 KIES | - R0 AEORELEHTHE

#3 Huruhatas 1967&Y
#4 Shain,C.A. 19571

BERIZFES L TWIRWeD), BRERD D LTRSS T3,
5 ELUNDHEERH S LRI TS,

(s h 54 %OHE]

M4 FICE L FoHBNRPRFEIND, =120, FHEBERYE L,
- FOBERIZBWTHEEENEN TN A8 bhs s L,

£3 FAILOTF—2(20144F)

TR DateUT)  Time . LS(2000) Ar  RORE Aa ™

(AU) (m/s) a 8  (km/s)
1835 2014/12/0106 2309 240475  -00015 088  ~0001 0011 770 2724 084
1840  2014/12/0201 00:14 249521  +00013  -369 -0003 0015 806 -2760 9.79
1882 2014/12/0190 21:36 249410  -00039  +097 0001 0011 751 -2683 987
1898  2014/12/0225 0602 249766  +00046  -340 -0008 0052 845 -2860 975
1903 2014/12/02.11 0238 240622  +00017  -242 -0002 0030 817 -2795 979
1909  2014/12/0202 0026 249530 +000015  ~176 -0001 0021 799 -2755 982 1
1914  2014/12/0196 2302 249470 -000074  ~128 -0001 0016 788 -2732 083  #1
1919 2014/12/0197 23:14 249479 -000050  ~-203 -0002 0025 790 -2734 983 %I
1925  2014/12/0200 2358 249510 +00000026 -240 -0002 0028 795 -2742 082 I
1930  2014/12/0205 0107 248559 +000086  -303 ~0002 0034 802 -2757 980 I
1935 2014/12/02.13  03:13 249647  +00026  -427 -0004 0046 816 -2787 076

S

*1: BERE0.001 AULLI CHF S

h‘“m. 1§93

H2 20145 (2HBTA AL DR TR R

3

0.005AU




23y l-2a >
8/14 Oh(JST)
WK
4 8/13 Oh(JST)
M79 1 v - ®=2A )
M LTI b LA AR IHEES 5 28,
P R,

13484, 12126 b LA A B[RS,
18625 b LA W EHTHREST 508 Lh

@ TR, BEBEEE D,
1862 ®)
1610
8/12 Oh (JST)
K kLA
A5 ¥ poo| AU
" BB
1737

8/11 Oh(JST)

[BEHE  Date{UT) _ Time _ JST __ LS(2000) ArAU) REEEm/s) Aa M a 8 Vkm/s)
1862 2005/08/12.10 0218 08/12 11:18 139.414 +0.0048 +2309 1583 10 4505 +57.73 5932
1737 2005/08/12.08 01:56 08/12 10:56 139400 +0.022 +20.63 1326 052 46.16 +57.38 59.08
1610 2005/08/12.23 05:35 08/12 14:35 139.546 -+0.0098 +11.70 0758 0035 4592 +5751 5931
1479 2005/08/12.37 08:58 08/12 17:58 139.681 -0.00087 +4.88 0322 00062 4587 +57.67 5949
1348 2005/08/12.45 10:46 08/12 19:46 139.753 +0.0013 +222 0.147 0.0022 4592 +57.71 5943
1212 _2005/08/12.46 11:00 08/12 20:00 139.762 _ +0.0017 +1.15 0.078 0.00095 4589 +57.72 59.41

@R GEFICE < BHESh-REWE ?)
LS = 139.9~140.0° 8/12 23:30 ~ 8/13 2:00 (JST)

— H ATl E R R OBRIG 25 v,




MSS-111

L LB ERED20055ED & X b | LA L4537 2005. 10. 168
= E@ ﬁ%&"‘" Lh?[?ﬁilf : gfi?)s
1. 2005418172 L LEEIEERED S A+ b LA VORI
BHEE Date Time Time A e Ar | BHRE| Aa | ™ o o Vg I ES
(uT) (UT) (JST) (2000.0J) [ (AU) (m/s) | (AU) 2 5 (km/s)

1001 | 2005/11/10.64 | 15:19] 11/11 00:19 | 228257 | -0.0059 | +19.37 (0.203| 0.17 |149.28|+2456| 7044 |x~A:Ark

1965 | 2005/11/17.90 { 21:37| 11/18 06:37 | 235567 | -0.00064] +136.12 11.549| 1.0 |153.76|+21.51] 70.80 |x:pHimmx
1932 | 2005/11/17.96 1 23:04| 11/18 08:04 | 235.628 | +0.0099 | +78.656 |0.849| 055 |153.75|+21.50| 70.60 |x:Ark
1400 | 2005/11/18.32107:38| 11/18 16:38 | 235988 |-0.00046] +9.40 [0097| € |154.21]+21.88] 70.61 |x:3%ReEN
1400 | 2005/11/18.32{07:45] 11/18 16:45 | 235.993 | -0.00045| +9.42 [0097| 3% |154.22)+421.87| 70.61 |x xRN
1333 | 2005/11/19.03 | 00:42 | 11/19 09:42 | 236.705 | ~0.0022 | +13.76 |0.139|0.0026] 154.67 | +21.64| 70.68 |[x :mfli/h
1333 | 2005/11/19.06 | 01:22| 11/19 10:22 | 236.733 | -0.0025 | +13.77 |0.139| 0.010 | 154.69]+21.63| 70.69 [A~x

1767 | 2005/11/20.21 | 04:57 | 11/20 13:57 | 237.892 | -0.014 +1748 10.180( 0.17 | 15532420989 71.04 |x:ArK

1767 | 2005/11/20.23 | 05:30| 11/20 14:30 | 237.916 | -0.014 +17.17 |0.177| 0.056 | 155.34 | +21.00| 71.04 |x:ArK

1633 | 2005/11/2053 | 12:46| 11/20 21:46 | 238.222 | -0.033 +6.20 | 0.052)00014]| 15545 +2085| 71.48 |x:Ark. M/
1800 | 2005/11/20.65 | 15:32| 11/21 00:32 | 238.337 | -0.019 +15.16 ]0.153] 0.056 | 166.63|+2086] 71.14 |[x:ArK

1666 | 2005/11/20.71 { 17:04| 11/21 02:04 | 238.403 | -0.033 +5.60 |0.057| 0.013 | 166.54|+20.76] 71.48 |x:ArX

1733 | 2005/11/20.71 | 17:08 11/21 02:05 | 238.403 | -0.016 +21.96 [0.232] 0.055 | 156,51 |+2055] 71.14 |x:ArK

1167 | 2005/11/20.96 | 23:01| 11/21 08:01 | 238.652 | -0.0012 | +12.92 |0.131]0.0054| 155.84 | +20.86| 70.73 |« .mafEp
1699 | 2005/11/21.01 | 00:18| 11/21 09:18 | 238.707 | -0.031 +8.13 |0.085]| 0.026 | 155.72]| +20.63| 7146 |x:Ark

1167 | 2005/11/21.02 | 00:22} 11/21 09:22 | 238.709 | -0.0013 | +12.85 |0.131| 0.038 | 155.87|+20.83| 70.74 |A

1833 | 2005/11/21.07 1 01:39 | 11/21 10:39 | 238.763 | -0.019 +16.57 |0.167|0.0019| 155.90 | +20.86 | 71.16 |x:Ark,mmifin
1167 | 2005/11/21.10 [ 02:25] 11/21 11:26 | 238.796 | -0.0016 | +12.99 |0.131| 0.085 | 155.92]1+20.79| 70.76 |A

1167 | 2005/11/21.15 | 03:41| 11/21 12:41 | 238.849 | -0.0017 | +13.01 |0.132] 0.036 | 156,96 | +20.76 | 70.76 |A

1899 | 2005/11/21.20 [ 04:48] 11/21 13:48 | 238.896 | +0.011 +56.92 |0612] 0.14 | 155.86)+20511 7053 |x:Ark. BHHEEX
1866 | 2005/11/21.81 ] 19:31] 11/22 04:31 | 239.515 | -0.017 +21.62 |0.224] 0.039 [156.33 | +20.62{ 7112 |x:Ark

RGN © 16334FE~19664F : 20054EIZEWRT 5 b LA 4y GRFEHD
9014E~16004F : HeHiMEEE +20m/s, Ar<0. 00540, M0, 001

@ 5 FE X FEMEOI AT,

@ 1001 P A MIMER KR ELEWEIZE W, BEELHOT A TIROIPHELTEVEERS, LSS0 BEEh T3,
@ 1333 E N AT B RS REEEN AFITRAR GO IC B Lo HB AL, SEL,
@LIGTEANMTEHE O ANVERMESLFETET T, HBETHBEREOEHEE,

923 UT 1 LLBOYR 9% (20054)
e
\ 0.005 AU

A 1866
ey, 7
18337 N
1800 1767 11/19 1932
699
%l b 11/18 UT|
1965 ™

o™ 11/18

Oh JST
MR BHH0N (IST) . NKFB44%h UT)




e e

11/22 OhJST

11/21 OhJST

MSS-111
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ak: B2 116TERHOFR M 2005.10. 16
Leonids 2005
Mikiya Sato

@®VaubaillonfKL DR L | (ERIC K BEHET
Myt OM BRI EF—ES B,
— 25 RIREMEI A,
@V=EOFF L ¥ H,Vaubail lonE b DEMED T
PHIBRLEICITS . & BT TIEN,
AATHEEIITE 203% LAARU,

0.005 AU

¥Vaubail lon5IZ&HSHRURL : TR (CEhabht THEER,
http://waw. imcce. fr/page. php?nav=en/ephemer i des/phencmenes/meteor 2/DATABASE /Leonids/2005/ i ndex. php

B3 1001ERIHDA R F3H [——— | A
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11/10
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% il 19 UT
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TAUC mailing list [quai@cfa.harvard.edu] &A [CBET 283: 20051111 : 2005 UD AND
THE DAYTIME SEXTANTIDS] Write:

Electronic Telegram No. 283
Central Bureau for Astronomical Telegrams
INTERNATIONAL ASTRONOMICAL UNION
M.S. 18, Smithsonian Astrophysical Observatory, Cambridge, MA 02138, U.S.A.
IAUSUBS@CFA.HARVARD.EDU or FAX 617-495-7231 (subscriptions)
CBAT@CFA.HARVARD.EDU (science)
URL http://cfa-www.harvard.edu/iau/cbat.html

2005 UD AND THE DAYTIME SEXTANTIDS

K. Ohtsuka, Tokyo Meteor Network, Saitama, Japan; T. Sekiguchi,
National Astronomical Observatory of Japan (NAOJ); D. Kinoshita,
National Central University, Jung-Li; and J. Watanabe, NAOJ, suggest
that the Apollo-type minor planet 2005 UD (MPEC 2005-U22, 2005-U68,
2005-V49) is a possible candidate for the parent object of the daytime
Sextantids meteor stream (Sekanina 1976, Icarus 27, 265). Furthermore,
it may be a member of the Geminid stream complex (e.g., Cook 1973, in
NASA SP-319, p. 183) -- i.e., perhaps a larger fragment of (3200)
Phaethon. The phase of orbital evolution of 2005 UD shifts by about
4000 yr or more from the present orbit of Phaethon (Ohtsuka et al.
1999, Earth, Moon and Planets 77, 83). Kinoshita obtained multi-color
images of 2005 UD at Lulin observatory (1.0-m /8 reflector + CCD) on

Oct. 31-Nov. 5, but no cometary features were detected.

NOTE: These 'Central Bureau Electronic Telegrams' are sometimes

superseded by text appearing later in the printed IAU Circulars.

(C) Copyright 2005 CBAT
2005 November 11 (CBET 283) Daniel W. E. Green
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ABSTRACT

Context. The recently discovered Apollo asteroid 2005 UD is the most likely candidate for being a large member of the Phaethon-Geminid
stream Complex (PGC).

Aims. Detecting more complex members like this should clarify the formation and evolution of the PGC.

Methods. Our backward and forward (+10000-yr) integration of the Kustaanheimo-Stiefel regularized equation of motion revealed that the
orbital evolutions of Apollo asteroids (3200) Phaethon and 2005 UD show a similar profile, time-shifting by ~4600 yr.

Results. Within the PGC, this time shift is rather large against the time-lag of 220 yr for Phaethon-Geminids and ~3900 yr between Phaethon-
Sextantids, although much smaller than that of ~19 000 yr between Phaethon-Canis Minorids.

Conclusions. This is a km-order object, hence may be a split nucleus of Phaethon. Besides, the orbital parameters of 2005 UD and the Sextantids
are in good agreement along with the time-lag of 100 yr. Therefore, the Sextantid meteor shower seems to be associated more closely with

2005 UD than Phaethon.

Key words. minor planets, asteroids — methods: numerical — meteors, meteoroids

1. Introduction

Apollo asteroid (3200) Phaethon (=1983 TB) is probably one
of the dormant or extinct cometary nuclei from the point of
view of the parent of the Geminid meteor stream (Whipple
1983; Ryabova 2001 etc.). In fact, the total mass of the Geminid
meteor stream is comparable to those of other major meteor
streams of cometary origin (Jewitt 2004). The current orbital
parameters of Phaethon are: semimajor axis (a) ~1.27 AU (as-
tronomical unit); eccentricity (¢) ~ 0.89, thus perihelion dis-
tance (g) ~ 0.14 AU along with inclination (i) ~ 22°; however,
it has a shorter orbital period of 1.43 yr than any known short-
period comets.

Before the discovery of Phaethon in 1983, likely multi-
meteor showers, an association between the Geminids, the
Sextantids, and the Canis Minorids, had already been pointed
out by Nilsson (1964), Cook (1973), and Kresdkova (1974).
After the discovery, Babadzhanov & Obrubov (1987, 1992)
simulated the long-term orbital motion of Phaethon, stably
changing with a long-period perturbation cycle of ~40 000 yr.
Then a large-amplitude g-i oscillation arises, with a period
equal to half the cycle, i.e. ~20 000 yr, during which the argu-
ment of the perihelion (w) changes by ~180°. Babadzhanov &
Obrubov also found that Phaethon regularly becomes an Earth-
crosser over such a long-term history; consequently they pre-
dicted the occurrences of four meteor showers originating in

http://www.edpsciences.org/aa

Phaethon at four different nodal points. After all, Babadzhanov
& Obrubov (1993) successfully reconciled their theoretical me-
teor shower model with observations. These associated meteor
showers are currently observable: Geminids (shower maximum
on December 14) and (day time) Sextantids (max. Oct. 2) as
active meteor showers; Canis Minorids (max. Dec. 10) and
(day time) 6 Leonids (max. Oct. 57) as rather weak ones.
Therefore, the detection of such multi-meteor showers should
be strongly evident in the formation of the Phaethon-Geminid
stream Complex (hereafter, called PGC), probably formed dur-
ing Phaethon’s active cometary phase long ago. A stream com-
plex formation is considered to be dust particles, released at
near perihelion every return from a short-period comet with
stable, rather than chaotic, cyclic long-term orbital evolutions,
moving away from the comet as time goes by. Eventually, the
dust particles should be distributed in and around entire space,
drawn by such cyclic orbital changes of cometary motion under
planetary perturbations and nongravitational effects. Evidence
of the Geminid fireball activities of medieval times (Astapovich
& Terentjeva 1968) should also support such a spatial spread
of PGC.

Although a number of attempts to obtain signs of
Phaethon’s cometary activity have been carried out, no trace
of cometary activities has been detected yet (e.g., Hsieh
& Jewitt 2005; Kraemer et al. 2005). The spectral fea-
ture of Phaethon is rather bluish, i.e., classified in Tholen’s

http://dx.doi.org/10.1051/0004-6361:200600022
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Table 1. Orbital parameters of (3200) Phaethon and 2005 UD (equinox J2000).

Object (3200) Phaethon 2005 UD
osculation epoch (TT) 2005 Aug. 18.0 —2581 Aug. 18.0 2005 Aug. 18.0
mean anomaly M 115281866 117204318 353233143
perihelion distance ¢ (AU) 0.1398186 0.1534601 0.1629124
semimajor axis a (AU) 1.2713838 1.2737898 1.2747596
eccentricity e 0.8900265 0.8795248 0.8722015
argument of perihelion w 321299112 207:64364 207246774
longitude of ascending node Q 26541395 22212450 19284550
inclination i 22217403 28232959 28274946

# of observations 1496 287

arc (oppositions) 1983-2005 (19) Oct. 22-Nov. 17
RMS residual 0”.58 0”.25
absolute mag. H 14.5 17.5
reference JPL this work Nakano (2005)

taxonomy of F-type, as opposed to those of typical cometary
nuclei being slightly reddish in general (Tholen 1985; Luu
& Jewitt 1990; Binzel et al. 2004 etc.). The absolute
magnitude (H) and the albedo are 14.5 and 0.11 (e.g.,
Harris 1998), respectively, which is equivalent to a diame-
ter of ~5 km. Other orbital and physical data for Phaethon
are summarized on the “Near Earth Objects Dynamic Site”
(http://131.114.72.13/cgi-bin/neodys/neoibo) and
“Database of Physical and Dynamical Properties of Near-Earth
Asteroids” (http://earn.dlr.de/nea/003200.htm).

According to the orbital study by Ohtsuka et al. (1997),
Phaethon approaches the Sun up to 27 Ry (solar radius),
ie., ~0.126 AU, in the minimum-g phase ~1900 yr ago.
Considering its low albedo, the sunny-side surface should
be heated over 1000 K, at which temperature the phyllosili-
cates in CI and CM chondrites decompose into olivine, mag-
netite and anhydrite, etc. (e.g., Nozaki et al. 2006), and the
chondritic dust particles may be destroyed (e.g., Mann et al.
2004). Indeed, F-type asteroids, like Phaethon, are regarded as
being anhydrous and thermally metamorphosed (Hiroi et al.
1993; Rivkin et al. 2002), and the Geminid meteoroids expe-
rienced a thermal history, probably due to the Sun (Halliday
1988; Kasuga et al. 2005). Moreover, a solar thermal stress
seems to be a trigger, not only to generate a meteor-stream
complex, but also to split and disintegrate a comet such as
the 96P/Machholz-Quadrantid stream complex including the
near-sun (i.e., sunskirting) Marsden and Kracht comet groups
detected by the space-borne coronagraph, SOHO/LASCO
(Ohtsuka et al. 2003; Sekanina & Chodas 2005). Their min-
imum ¢ reaches up to ~6 R, then their surface tempera-
ture rises at least 1.5 times higher than that of Phaethon. The
other sunskirters, Meyer and Kracht II comet groups, along
with g of 8-12 Ry (Meyer 2003; Hoffman & Marsden 2005;
Honig 2005), would also accompany their complex streams.
Therefore, the formation of the PGC may imply the existence
of some large members as a split cometary nucleus or frag-
ments among the PGC.

We have long believed our working hypothesis mentioned
above, and have been searching for large PGC members.
Finally, we found a candidate: a recently discovered Apollo as-
teroid, 2005 UD.

2. Orbital evolution of Phaethon

In the first stage of stream-complex formation, the orbital en-
ergy (a~') of released meteoroids, fragments, and split nuclei
from the parent comet must become slightly different from
that of the parent. This results in differences in their evolu-
tional rates. The time-lags (hereafter, called Af) between or-
bital evolutions of the parent comet and released matter should
be longer with time. Therefore, a large PGC member, if there
are any, should be in orbital similarity with Phaethon, shifting
by At.

As preliminary work for a PGC survey (mentioned in
the next chapter) and for determining the Ar of Phaethon
with unknown potential PGC members, first of all, we
have begun with the orbital evolution of Phaethon. We per-
formed here the backward and forward numerical integra-
tion of the KS (Kustaanheimo-Stiefel) regularized equation
of motion (cf. Arakida & Fukushima 2000, 2001) over the
term of 10000 BC to 10000 AD (JDT -1931503.5 to
JDT 5373520.5), applying the 12th-order Adams method
in double precision with a step size of 0.5 day. We
have confirmed that the results of the numerical integra-
tion did not significantly change, even when we adopted
smaller step size or when we used other integration meth-
ods such as the extrapolation method. The initial orbital
data of Phaethon at osculation epoch 2005 Aug. 18.0 TT =
JDT 2453 600.5 were taken from “JPL’s HORIZONS System”
(http://ssd. jpl.nasa.gov/horizons.html), as listed in
Table 1. All the major planets from Mercury through Pluto
were included as perturbing bodies, in which the mass of the
moon was added to that of the Earth, and the barycenter of
their masses was taken as Earth’s position. The coordinates of
the major planets were taken from the JPL Planetary and Lunar
Ephemeris DE408.

3. Survey
3.1. Process

We surveyed whether there are the large PGC mem-
bers or not among “the List of Apollo Minor Planets”
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Fig. 1. Orbital evolutions of (3200) Phaethon (thick line) and 2005 UD (thin line), where six graphs show: perihelion distance g in AU (upper

left); semimajor axis a in AU (upper center); eccentricity e (upper right);

argument of perihelion w in degree (lower left); longitude of ascending

node Q in degree (lower center); and inclination i in degree (lower right). The abscissa of all is time in Julian Terrestrial Date (JDT).

(http://cfa-www.harvard.edu/iau/mpc.html) and Ilat-
est MPECs (Minor Planet electric circulars).

As of 2005 November 3, a total of 1758 Apollo asteroids
are recorded in the database, among which we directed our at-
tention to 62 Apollos with g < 0.3 AU, since g of Phaethon has
never been beyond 0.26 AU in our orbital computation. We ap-
plied here the following three criteria as the retrieving engine
for our survey: the first criterion is traditional Dgy (Southworth
& Hawkins 1963), since in investigating the orbital similarity
between two bodies, e.g., comet/asteroid and meteors, we of-
ten use Dgy. Thus, we traced such a large PGC member on
the basis of the Phaethon’s orbital evolution from the integra-
tion. For each Apollo, we found the minimum Dgy between
it and Phaethon, as Phaethon’s orbit evolves. When this mini-
mum value of Dgy is below 0.15, this means that Phaethon and
the given Apollo are within the probable association range.

The second and third criteria are C; and C; integrals for
the candidate selected by Dsy. They were derived by Moiseev
(1945) and Lidov (1961), respectively, given as:

C = (1 - e2) cos® i

C, = &’ (0.4 —sin?i sin® )

&)
2

These integrals describe the secular orbital variations well.
Babadzhanov & Obrubov (1987, 1992) demonstrated that
both C; and C; integrals are almost invariant in their 20 000-yr
backward integration of Phaethon’s orbit: ~0.18 and ~0.27, re-
spectively. Therefore, C; and C integrals should also be useful
criteria to distinguish a PGC member.

3.2. Detection of the candidate: Apollo asteroid
2005 UD

By these procedures, we finally detected a candidate large
PGC member, “Apollo asteroid 2005 UD”, recently discovered
in the Catalina sky survey on 2005 October 22 (MPEC 2005—
U22). The orbital elements at epoch 2005 Aug. 18.0

TT JDT 2453600.5, listed along with Phaethon in
Table 1, were taken from Nakano’s (2005) solution, based on
287 positions during an arc of 2005 October 22 to November 17
(27 days) with a rms residual of 0725. H 17.5 cor-
responds to a km-order size object. Among these observa-
tions, a total of 183 positions along with multi-color measure-
ments were carried out by one of the authors, D. Kinoshita,
at Lulin Observatory (1.0-m reflector f/8.0 + CCD) from
2005 October 31 to November 5, when no cometary feature
was detected. His results will be published elsewhere as a jour-
nal paper.

The current orbital parameters of 2005 UD match those
of Phaethon in 2582 BC strikingly well, thus Az ~ 4600 yr.
Their Dgy is minimum at only 0.04, slightly larger com-
pared with the well-established Phaethon-Geminids associa-
tion of 0.02 (based on the data by Ohtsuka et al. 1997). The C,
and C, parameters of 2005 UD fit those of Phaethon: 0.184
and 0.267, respectively.

Subsequently, using Nakano’s data, we also integrated the
orbital motion of 2005 UD using the same method as we ap-
plied to Phaethon in order to trace both dynamical behaviors
of Phaethon and 2005 UD. The solutions of the orbital evo-
lution for both objects are represented in Fig. 1. Phaethon
and 2005 UD often closely encounter the terrestrial planets,
however, neither of the orbital parameters look chaotic, but
rather regular. It is also easy to understand that both orbital
evolutions show similar profiles along with quasi-sinusoidal
changes, shifting by At ~ 4600 yr.

~

4. Concluding remarks

We found that Apollo asteroid 2005 UD is the most likely can-
didate for a large member of the PGC. This is a km-order
object, hence may be a split nucleus of Phaethon. We con-
firmed Ar between Phaethon and 2005 UD ~ 4600 yr,
which is rather large as against Az, being 220 yr for the
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Table 2. 2005 UD, (3200) Phaethon, and the Sextantids (Sekanina 1976) at almost the same evolutional phase.

Object Epoch M e w Q i
(TT) (AU) (2000.0)
2005 UD 1867 Aug. 18 362615  0.16570 0.87002 2062356 20°930 29°519
Phaethon —2688 Aug. 18 3292118 0.15538 0.87800 2062759 222996 28956
Sextantids 1969 Oct. 9 3820 0.172 0.816 21233 1528 31°1
Phaethon-Geminids association and ~3900 yr between the References

Phaethon-Sextantids (Ohtsuka et al. 1997), although much
smaller than that of ~19000 yr between the Phaethon-Canis
Minorids (Babadzhanov & Obrubov 1987). Ohtsuka et al.
(1997) simply regard Ar of the orbital evolutions between
Phaethon and presently observable associated meteor streams
as an indicator of the meteor stream’s age. Ohtsuka et al. also
hypothesized that the larger Ar means an older age of the me-
teor stream and more dispersive spatial number density of the
meteoroid stream. Really, the hourly rates, i.e., spatial number
density of the meteoroid particles, for Geminids, Sextantids,
and Canis Minorids are 60, 20, and 2 at most, respectively
(Kresdkova 1974; Ohtsuka et al. 1997). This suggests that the
meteoroid particles are not uniformly distributed over the PGC.
Of particular interest should be the relation between 2005 UD
and the Sextantids. The orbital parameters of 2005 UD and the
Sextantids, picked out by Sekanina (1976) among the Harvard
(Havana) radio meteor orbit data, are currently in good agree-
ment. As presented in Table 2, their Az is only 100 yr, then Dsy
is minimum at 0.08, while Ar between the Phaethon-Harvard
Sextantids amounts to ~4700 yr, along with somewhat larger
Dsy = 0.10. Therefore, the Sextantid meteor shower seems to
be associated more closely with 2005 UD than with Phaethon,
judging from Ar and Dgy.

Another astronomical curiosity is to estimate the splitting
time of 2005 UD from Phaethon. Both the dynamical behav-
iors are closely related with each other. However, Ar does not
become much larger with time, since there is an imperceptible
difference between the two evolutional rates. Such a tendency
may cause us difficulty in estimating the splitting time on the
basis of our rather short-term orbital solution. In addition, the
semimajor axes may have small random changes (similar to
those shown in Fig. 1) as a result of perturbations from the ter-
restrial planets in the long term, and the changes in semimajor
axes could then cause changes in precession rates. This prob-
lem may be resolved by future work based on further long-term
orbital studies.
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Asher D, J. and Tzumi K. (1998): “Meteor observations in Japan: new implications for a Taurid meteoroid
swarm” , MNRAS 297, 23-27.

Dubietis A. and Arlt R. (2006): “Spectacular Taurid meteor shower in 2005” , WGN 34:1.
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#F1 HEAXRBBEEINWIBLRFT A FLA L EDBEREDT —H

Expected peak time Ar Ejection M Expected position Vg  State Remarks
Date (UT) Time LS(2000) (AT Velocity of radiant (km/s)
(m/s) aldeg.) &(deg.)
1-rev. (1472)

1802 Apr 19.96 22:59 31.898 -0.0011 -22.18 1.1 27199 +33.60 47.07 ®

1803 Apr 20.29 06:53 31.972 -0.000080 -21.70 1.1  272.08 +33.46 47.07 *** Apr.20 Th ZHR=670
1804 Apr 19.62 1456 32.052 -0.00032 -21.29 1.1 272.15 +33.46 47.08 *x

1862 Apr 20.37 08:59 31.932 -0.0010 +0.31 1.1 27199 +33.49 47.10 *

1863 Apr 20.71 17:01 32.011 -0.00091 +0.63 1.1  272.09 +33.47 47.11 % HRB=40

1921 Apr 21.48 11:28 31.913 -0.00055 +17.86 1.1 271.97 +33.52 4709 @ **
Apr.21 19:45 HR=96
1922 Apr 21.82 1938 31.991 -0.000093 +17.62 1.1  272.04 +33.47 47.11 ***  [5=31.994 ZHR=360-600
Ls=32.006 ZHR=180
1923 Apr 22.14 03:26 32.067 -0.00086 +19.87 1.1 272.12 +33.47 47.13 L

1945 Apr 21.61 14:44  31.897 -0.0016 +23.27 1.1 271.95 +33.53 47.12 * Ls=32.042 HR=92
1946 Apr 21.95 22141 31966 -0.0011 +23.50 1.1 27199 +33.50 47.13 ¥ Le=31.97 ZHR=80-110
1947 Apr 22.26 06:13 32.029 -0.0018 +23.74 1.1 272.06 +33.47 4716 *

1956 Apr 21.47 11:119 31.936 -0.0014 +25.81 1.1 27199 +33.51 47.13 =

1957 Apr 21.80 19:11 32.000 -0.00060 +26.04 1.1 27203 +3347 4714 @ **
1958 Apr 22.13 03:02 32.073 -0.00096 +26.26 1.1 272.12 +33.46 47.16 **

1980 Apr 21.61 14:38 31.920 -0.00053 +31.04 1.1 27199 +33.50 47.12 ** Ls=31.88 ZHR=23
1981 Apr 21.95 22:45 31.996 +0.00029 +31.26 1.1 272,04 +3349 4712 **

1982 Apr 22.28 (6:48 32.075 -0.00021 +31.46 1.1 27212 +33.45 47.15 ** Apr.22 6:50 HRE=100
2040 Apr 22.01 00:21 31.942 -0.00015 +42.47 1.1 27199 +33.51 4713 ** 7

2041 Apr 22.36 08:36 32.022 -0.00019 +42.64 1.1 272.03 +33.48 47.16 ** 2

State *k: | Ar| <0.0001, #k: |Ar| <0.001, *: |Ar <0.002
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E. Lyytinen & P. Jenniskens 2003, Icarus, Volume 162, Issue 2, p. 443-452.
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The Dynamics of Low-Perihelion Meteoroid Streams
Paul A. Wiegert (Earth Moon Planet (2008) 102:15-26)

Abstract The Canadian Meteor Orbit Radar (CMOR) has collected information on a number of weak meteor
showers that have not been well characterized in the literature. A subsample of these showers (1) do not show a
strong orbital resemblance to any known comets or asteroids, (2) have highly inclined orbits, (3) are at low perihelion
distances (<< 1 AU) and (4) are at small semimajor axes (<<2 AU). Though one might conclude that the absence of a
parent object could be the result of its disruption, it is unclear how this relatively inaccessible (dynamically
speaking) region of phase space might have been populated by parents in the first place. It will be shown that the
Kozai secular resonance and/or Poynting-Robertson drag can modify meteor stream orbits rapidly (on time scales
comparable to a precession cycle) and may be responsible for placing some of these streams into their current
locations. These same effects are also argued to act on these streams so as to contribute to the high-ecliptic latitude
north and south toroidal sporadic meteor sources. There remain some differences between the simple model results
presented here and observations, but there may be no need to invoke a substantial population of high-inclination
parents for the observed high-inclination meteoroid streams with small perihelion distances.

Table 1 Comparison of the orbits of 96P/Machholz (Marsden and Williams 2005) and the Daytime e Perseids

Name a (AU) q (AU) e i) QC) » )
D e Perseids 46+1 0.13+0.01 0.97 £ 0.01 63 £2 96+ 0.3 40+ 2
96P/Machholz 3.01 0.123 0.959 59.9 94.5 14.6

Errors for the shower elements are approximate

Table 2 The elements of the Daytime April Piscids and South Daytime May Arietids, together with those of the
better-known North and South _i Aquariids

Name a (AU) q (AU) e i) QC) o )
Daytime April Piscids 1.51 0.26 0.83 4.7 25 50
S Daytime May Arietids 1.51 0.27 0.82 5.1 227 232
N _i Aquariids 1.52 0.27 0.83 5.7 159 309
S _i Aquariids 1.55 0.22 0.86 5.3 309 134

The orbits are from the CMOR catalogue

Table 3 A selection of the new or previously little-studied meteor showers in the CMOR catalogue

Name a (AU) q (AU) e i) QC ) o )

N Daytime o Cetids 1.58 0.12 0.93 34 45 33

S Daytime o Cetids 1.72 0.14 0.92 36 225 216
S June Aquilids 1.12 0.06 0.94 56 260 159
Daytime y Taurids 1.57 0.10 0.93 23 266 211
Vulpeculids 0.76 0.17 0.77 55 105 335
N June Aquilids 1.71 0.11 0.94 39 101 328
B Equulids 0.89 0.16 0.82 50 106 330
July o Cassiopeiids 1.09 1.00 0.08 81 105 217
w Cassiopeiids 2.14 0.93 0.56 83 118 141
N 6 Aquariids 1.81 0.10 0.95 24 139 329
o Serpentids 1.92 0.16 0.92 64 276 41

o Serpentids 1.37 0.16 0.88 56 276 39

6 Coronae Borealids 1.11 0.92 0.17 77 296 125
A Bootids 1.49 0.96 0.36 79 295 207
{ Coronae Borealids 2.34 0.82 0.65 80 294 125
« Antilids 2.47 0.14 0.94 64 136 140




Fig. 1 The orbital distributions of near-Earth asteroids (dots, from the AstDys website http:/hamilton.dm.unipi.it/
cgi-bin/astdys/astibo), comets (black circles, Marsden and Williams (2005)) and the showers discussed here (grey
diamonds) in (a) a—e and (b) e—i space (s : HUERITER/ R, B HE KAMUA : HER (R3) )
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3.2 The Toroidal Sporadic Meteor Sources
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