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Introduction

« chaotic behavior of solar system (Las

o 4 terrestial planets: 5 mio. yrs Lya
(Laskar 1989)

e mass ratios of the planets
larger than those requi



Introduction

* long-term numerical integration of the
system over 20 Gyrs

« dynamically allowed evolution
planetary orbits become u

» effects of general relati
stability




chaotic motion - Lyapunov {i
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Table 1: Lyapunov exponents and times for the Seyatem

Planet Lyapunov exp. (yrs10) Lyapunov time

Mercury 7.32029 10 1.36607
Venus 1.38561 10
Earth 2.07484 10
Mars 2.22353 10
Jupiter 1.19528 10

Saturn 1.5687/5 1
Uranus
Neptune



chaotic motion - Lyapunov tim

e Lyapunov time - some 2Qrs
o Why long-term integratio

They give probalisti
system’s futu



direct long-term Integration

e start: current configuration

e timespan: over 20 Gyrs

e timestep: 8 days

e conservation of tota
AE/E < 10/

conservatio
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direct long-term Integration

o solar system seems to be stable
lifetime?

but: its only ongossib

o better: any ti



The Laskar - method

Laskar step N

500Myr l

\4

Initial Conditions nitial Integration

Tiny Perturbations

Configuration of the solar
system when Mercury
attained its highest eccentricity
during Laskar step N

Unperturbed Integration

Perturbed Integration 1

Perturbed Integration 2
|

Perturbed Integration 3

v VY v v

Perturbed Integration 4




The Laskar - method

numerical induced chaos - limiting fact
accurately resolving Mercury’s orpi
¢ conservation of energy and
o criteria for this work:
AE/E[110° and AL/L

o variation of time
correct the vi
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AE/E
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The Laskar - experiment

e 2 experiments: 150m and 15

Step Time intenval  Endpoint
1 0-500 0.2907
2 500-797 0.4391
3 797-862 0.8257

¢ Collision with
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The Laskar - experiment

* Mercury shows different ways of evo

 Mercury tends to switch from re
Irregular motion

o EXISts any association wi
integral algorithm?

o Reintegration of
where Merc
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The Laskar - experiment

150 m 15 m
symplectic algorithm symplectic
0.5 days time step

o 22 Myrs
Bulirsch-Stoer algorithm
0.5 days time step

almost identical i
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The Laskar - experiment

Starting at 778 Myrs for the 150 m:

e adding perturbations of 15 m and 150
four directions and integrating over

o N0 changes
Starting at 1190 Myrs for the

e adding perturbations o
four directions and |

¢ N0 changes

Architecture of solar syste



The Laskar - experiment

 until 780 Myrs Mercury’s eccentrici
varies within a narrow and wel
range

 shortly thereafter the e
and leads to collisi

o secular reson



secular resonances

stable motion versus unstable

<Rs¢> =1n840.5A; e?+ 0.5 B
@;) + Bl [jcosQ;-Q))

R =2 [(G m)/



secular resonances

The dominant frequencies of the secular disturku
can be identified by Fourier-analyzing the n
puted time-series for Mercury’s full dist

g =« lIJ i)
stable motion
(g, - g5) J0.9389"

(Laskar 1990)



secular resonances - stable
motion
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secular resonances - unstable
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secular resonances

Classical Laplace-Lagrange se
for Mercury’s ecc. vector:



secular resonances

hy = ey sin (g t +PBy) - Z[(v; /(g - § )) Si

k; = €;C0S (gt +P )- X[



secular resonances

classical value of Mercury’s proper

g, = 5.4058”
during Mercury’s evolution
g, =4.9273"

g = 4.24354"
o linear secul
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secular resonances

de,J/dt = A e (1-€)°°sin(@,-W,)
g,=>(w,;) and g=(

¢ (9,- gs) Secula
the climb |



secular resonances

Influence of Venus:
g, % (W,) (Laskar,199

o e, constructe
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relativistic influence

e adding 0.43“ y*
e g,— @ gets about 40 % high

o Mercury enters later |
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Uranus dynamical lifetime

e Laskar experiment for Uranus

e sun (+4 terrestrial planets) an
gasgiants

« Jupiter was reposition

 Integration interv
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