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Orbital Dynamics: Order and Chaos

¢ since Poincaré (1889) we know that the n-body problem
(n>2) can not be solved analytically and can give chaotic
solutions

- Part I: Chaotic Orbits of Near Earth Asteroids

¢ during the last 15 years ~450 extrasolar systems were
discovered — but it is still almost impossible to detect
terrestrial planets

- Part ll: Stability of potential terrestrial planets in
extrasolar systems

= Part lll: Planets and Asteroids in the disk of Beta
Pictoris




&g feroids

Jupiter

EAs

POLLOs AM




Chaotic Motion of NEAs

€ Close encounters -> Chaos!
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semimajor axis [AU]

Chaotic Motion of NEAs
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Longterm evolution of chaotic orbits
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NEA Groups

¢ 2 important classifications:

¢ Shoemaker et al. (1973):
¢ Aten :: Apollo :: Amor
¢ a, e (crossing behaviour)
¢ Milani et al (1989)
¢ 7/ classes
¢ Dynamical behaviour (encounters, etc)

¢ How does Chaos effect the groups?




Mixing!

¢ Chaos + Long Timescales = Problems!
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Mixing

¢ How much time does a NEA spend in its
initial group?
* 69.86 % (Shoemaker et al. classification)

(Dvorak & Freistetter 2001, Freistetter 2009)

* 65.72 % (Milani et al. classification) ovora s

Freistetter 2001, Freistetter 2009)

¢ Need a new way of classification: Fuzzy
Logic!
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Fuzzy Classification

Name a e i Gl G2 G3 G4
2000GD2 0757928 04765 3214630 1 0.7585 00407 0
2000HB24 0815012 04302 2660175 1 09852 09895 O
2000HO40 0743917 05241 50981537 1 09951 1 0
2000LG6 0016167 0.1121 2820014 00164 0 09973 0
2000NL1I0 0014202 08171 3251204 1 03271 0436 0.0147
20000K8 0984800 02211 90985352 0.7272 0 09299 0.6993
2000PH5 1000608 02301 171175 0.1708 09962 09792 0
2000PJ5 08727 03736 5118267 1 09742 0 0
2000QP 0.847462 04631 34.7466 0.9008 09550 0 0
2000RH60  0.825802 05513 1064366 1 00403 09191 0
— 2000RN77 0951245 03184 16.0045 0.8264 09503 07779 0.7791
20005G344 0977357 00669 0.100731 0.0113 09920 09972 0
20005P43 0811372 04660 10.35569 1 09558 09378 0
R 20005Y2 0858743 06426 1023634 1 07415 07198 0.8302
200052162 0929366 0.1674 0.806554 0.2561 00126 09818 0.7287
2000UH11 0870267 04223 3221665 1 07179 0695 0
2000UK11  0.884688 02482 0.776174 0.9256 0.4127 09816 0.4049
2000UR16 0003661 04387 11.74411 1 09341 08863 0
R 2000WC1 0879512 02626 17.40797 0.8512 09356 08146 0
— 2000W0107 0011347 07806 7.784174 1 09192 091  0.9963
2000WP19  0.854402 02886 7.678904 0.6033 09773 09227 0
2000YS134 085736 02242 3.500566 0.8264 09981 07895 0
. 2001AF2 0053982 05053 17.8175 0.0602 07104 06852 0.8186
2001BA16 0040225 0.1374 5.768623 0.3057 09977 09806 O
2001BB16  0.854463 0.1723 2.026138 0.6033 09919 09797 O
S— 2001BE10 0823508 0360 17.50827 1 09358 09119 0
2001CK32 0725401 03826 8.137319 0.3553 09747 07198 0
— 2001CP36 0714308 04077 10.53547 0.4545 09642 0955 0
I

http://www.celestialmechanics.eu/neas/

¢ Comparison
with Milanis
Classification




Fuzzy Classification

“Fuzzy Classification works!




Extrasolar Planets

¢ Observation of terrestrial planets?
¢ -> Theoretic simulations
¢ Stability in the habitable Zone
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Influence of the companion

e,;n=0.1  e,=0.22 no secondary
e =0.22

 4:1°7:3° 3:18:3




Different Methods




Importance of observations
e,=0.24 e,=0.26 e,=0.28  e,=0.30
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b Pictoris

¢ spectral type: AS V star
¢ age: ~20 Myrs
¢ mass: 1.75 Mg
¢ 1984: debris disk!

s 2 ' : T AT

i ¢ first debris disk
§ ¢ some 100 articles

*  Smith & Terrile 1984 »




The disk of b Pictoris

==
Size of Pluto's Orbit
WFPC2

Beta Pictoris
Hubble Space Telescope * WFPC2 « STIS

¢ many interesting structures:

¢ warp.
¢ — inclined planet?
¢ Moulllet et al.:
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The disk of b Pictoris

¢ “Falling Evaporating Bodies (FEBSs)":
¢ variations in spectral lines

¢ — small bodies fall onto the star
¢ — planet has to disturb these bodies

ARBITRARY UNITS
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The disk of b Pictoris

¢ clumps in the disk

Central star

e

Planetesimal belts

Okamoto et al. (2004)




Belt structures in the b Pic-disk

¢ A: ~6.4 AU [2]

¢ B:~16 AU [1,2,4]
¢ C:.~32 AU [1,2,4]
¢ D:~52AU [1,34
¢ structures In the outer disk

@ Can these clumps be caused by
planetesimal belts?

@ What planets are needed to con-
fine such belts?

wuu [1]1 Wahhaj et al 2003 [2] Okamoto et al. 2004
s [3] Telesco et al. 2005 [4] Golimowski et al. 2006




Planetesimal belts

¢ objects from 0.15 um — 7 km
& M _ =0.3Mgprry

®a=6-7AU
¢ec=0-0.1
¢ — evolution of dust particles — Brightness

| — observed peaks
| can be due to
| planetesimal belts!

Surface brightness [J)rfan:seczl

Projecied distance [AU]




Planets

¢ belts are confined by planets

¢ \What are the parameter of the planet(s) so
that the perturbations cause the observed
clumps?

¢ simulations with 1 — 3 planets

¢ parameters (M, a, e, i) very varied
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Two Planets




Three Planets




“FEB planet”

log,, (a/,;I\U)

Summary

¢ Confirmation of
previous results

¢ Additional
restrictions for
planetary
parameters

¢ At least 3 planets
are needed to
explain
observations

¢ The planetary
system could be




Beta Pictoris b

¢ Do the planets
exist?

Planet 1
“FEB planet”
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Beta Pictoris b

— debris disc — B Pictoris
location of the star

05"

—

size of Saturn’s orbit
around the Sun

2003 — = 20eg
Planet B Pictoris b
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