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OUTLINE

Components of the solar system
Solar system planet properties
Kepler’'s Laws (Two-body problem)
Three-body problem

Ul e el

Tides and other forces
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INVENTORY OF THE SOLAR SYSTEM

Copyright © Calvin J. Hamilton

www.solarviews.org/cap/ misc/solarsystem.htm

e The Sun - our star (see MSc course: Solar Physics)
e 4x108time more luminous than Jupiter

* 99.8% of mass in solar system

 But98% of angular momentum in orbiting planets
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TERRESTRIAL PLANETS

solarsystem.nasa.gov/multimedia/ gallery/ terr_sizes.jpg

Mercury Venus Earth Mars
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GIANT PLANETS

solarsystem.nasa.gov/multimedia/gallery/gas_sizes.jpg

Jupiter Saturn Uranus Neptune
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PLANETARY SATELLITES (MOONS)

Moons of the Solar System Scaled to Earth's Moon
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solarsystem.nasa.gov/ multimedia/ gallery / Many_Moons.jpg
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PLANETARY RING SYSTEMS

SatUI‘n

=, T 7'-"'-1 s !
hubblesite.org/newscenter/archive/releases/2005/33/image/c/ photojournal.jpl.nasa.gov/ catalog / PIzA02224
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SATURN SEEN FROM THE BACK

photojournal.jpl.nasa.gov/ figures/PIA08329_fig2.jpg
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ASTEROIDS

Mathilde Gaspra Ida
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ASTEROID LOCATIONS

Asteroid Main-Belt Distribution

Kirkwood Gaps

Mean Motion Resonance

( asteroid : Jupiter )
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Alan Chamberlin (2007, JPL/Caltech)

ssd.jpl.nasa.gov/ ?histo_a_ast
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KUIPER BELT

-
e

d 0 o = Trans-Neptunian objects

D 1000km H 30 40 50 6.0

en.wikipedia.org/wiki/File:TheKuiperBelt_75AU_All.svg
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KUIPER-BELT OBJECTS

Largest known trans-Neptunian objects (TNOs)

Dysnomia

Christoph U. Keller, C.U.Keller@uu.nl
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en.wikipedia.org/wiki/File:EightTNOs.png
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COMETS

-

apod.nasa.gov/apod/ap090225.html
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COMETS

Comets Follow Different Orbits

\ | Colet Hyakutake "\
\ ~17000years, /

A

deepimpact.umd.edu/ gallery / comet_orbits.html
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ZODIACAL DUST

* Dust particles in solar system
 Near plane of solar system

* Very low density

e Particles slowly spiral into Sun

e (Comets and collisions between
asteroids maintain dust cloud

e Structures associated with
debris from particular asteroid
families and comet trails

e Zodiacal light: sunlight
scattered of zodiacal dust

en.wikipedia.org/wiki/Zodiacal_light
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IRAS INFRARED ALL-SKY IMAGE

www.ipac.caltech.edu/Outreach /Gallery / IRAS/ allsky.html

 White-blue ‘S’ is due to zodiacal dust
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SOLAR WIND

2007/01/11 22:18

sohowww.nascom.nasa.gov / hotshots /2007_01_08/
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SOLAR WIND SPEED

ULYSSES/SWOOPS Speed (kl‘ﬂ S~1)

Los Alamos
Space and Atmospheric Seiences

ULYSSES /MACG . ‘ EIT (NASA/GSFC)

Imperial College { Mauna Loa MK3 (HAO)
®O0utward IMF LASCO €2 (NRL)
®Inward IMF

solarscience.msfc.nasa.gov /SolarWind.shtml
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HELIOSPHERE

R
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3;% Voyager 1
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www.nasa.gov / centers/goddard /news/ topstory /2007 / dragon_fire.html
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PLANET PROPERTIES

e Orbit (elliptical)

e Mass, distribution of mass

e Sjze

e Rotation rate and direction

e Shape

e Temperature

e Magnetic Field

e Surface Composition

e Surface structure

e Atmospheric structure and composition

Christoph U. Keller, C.U.Keller@uu.nl
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SOLAR SYSTEM ORBITS FROM ABOVE
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PROGRADE PLANET ROTATION
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SOLAR SYSTEM ORBITS

Venus
Earth

e
Neptune

5 “ Pluto
© Addizon-Wesley Longman

Christoph U. Keller, C.U.Keller@uu.nl

FROM EDGE

Sun , Mercury
' / « Mars
. o
+ o — ~
- % Saturn
s v 3 - 2 .
® Uranus
' Jupiter
\ i ) ) \ (4 NS
www.ditrianum.org/English / Articles/ Numerology / 0006.htm
Planets & Exoplanets 2010: Solar System Structure and Orbital Mechanics 23



MEAN PLANETARY ORBITS

a (AU) e (rad) I (deg) Period (years)
Mercury 0.38709927 0.20563593  7.00497902 0.241
Venus 0.72333566 0.00677672  3.39467605 0.615
Earth /Moon 1.0000026 0.01671123  -0.0000153 1.000
Mars 1.52371034 0.09339410  1.84969142 1.881
Jupiter 5.20288700 0.04838624  1.30439695 11.87
Saturn 9.53667594 0.05386179  2.48599187 29.45
Uranus 19.18916464 0.04725744  0.77263783 84.07
Neptune 30.06992276 0.00859048  1.77004347 164.9
Pluto 39.48211675 0.24882730 17.14001206 248.1
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GEOPHYSICS TERRESTRIAL PLANETS

Radius (km)

Mass (10 kg)

Density (g/cm?3)

Sidereal rotation (days)
Equatorial gravity (m/s?)
Obliquity (deg)

Escape velocity (km/s)

Geometric albedo

Mercury  Venus Earth Mars
2440 6052 6371 3390

3.302 48.685 59.736 6.4185
5.427 5.204 5.515 3.933
58.6462 -243.02 0.99725792  1.02595675
3.701 8.870 9.789327 3.690

0.1 177.3 23.45 25.19
4.435 10.361 11.186 5.027

0.106 0.65 0.367 0.150

Christoph U. Keller, C.U.Keller@uu.nl
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PHYSICAL DATA GIANT PLANETS

Jupiter Saturn Uranus Neptune

Radius (km) 71492 60268 25559 24766
Mass (10%° kg) 18986 5685 868 1024
Density (g/cm?3) 1.326 0.6873 1.318 1.683
Sidereal rotation (hours) 9.925 10.655 17.24 16.11
Equatorial gravity (m/s?) 23.12 8.96 8.69 11.00
Obliquity (deg) 3.12 26.73 97.86 29.56
Escape velocity (km/s) 59.5 35.5 21.3 23.5
Geometric albedo 0.52 0.47 0.51 0.41
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KEPLER’S LAWS

planet

Sun

en.wikipedia.org/wiki/Kepler's_laws_of_planetary_motion

1. Orbit of planet is ellipse with Sun in one focus

2. Line joining planet and sun sweeps over equal
areas during equal intervals of time

3. Square of orbital period of planet is proportional
to cube of semi-major axis of its orbit

Christoph U. Keller, C.U.Keller@uu.nl Planets & Exoplanets 2010: Solar System Structure and Orbital Mechanics 27



ELLIPTICAL ORBIT

Planet

o
Apoapse Sun f
Se—>
% e Periapse
b,

Y

* rginstantaneous heliocentric location
* g semimajor axis of ellipse
e b, semiminor axis of ellipse

e ftrue anomaly, angle between periapse and location
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3-D ELLIPTICAL ORBIT

E — Descending node

F — Periapsis
& G — Ascending node
H - Apoapsis

i — Inclination

J — Reference direction
Q — Longitude of the
ascending node

w — Argument of the
periapsis

red - line of apsides;
coincides with major
axis

green - node line; line
where reference plane
intersects orbital plane

Based on code at
en.wikipedia.org/wiki/ Apsis
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PLANETARY ORBITS AND LOCATION

Determined by 6 orbital elements:

1. Semimajor axis, 4

. D

Christoph U. Keller, C.U.Keller@uu.nl

lgecentricty, e

Inclination, [

Argument of peripapse, w
Longitude of ascending node, Q

True anomaly, f
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MOTION AND GRAVITATION

e Equation of motion:

%(WMW) = F

e Action and reaction:
B — —Fo

e (Gravitation: Ciditas
Fng — 7“2 | &

e gravitational constant G
b —1r 15 a— 1
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EQUATION OF RELATIVE MOTION

e Relative motion given by (see exercises)

d? G, M
ﬁr i P2

e Reduced mass: ¢ =m;m,/(m;+m,)

e Total mass: M = m;+m,

e Equivalent to particle of reduce mass (. orbiting a
fixed mass M
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REGARDING KEPLER’S FIRST LAW

e Kepler’'s laws assume that planets have negligible
mass

e Cannot neglect planet’s mass in some cases

e Derive equivalent laws with finite planet mass

1. Two bodies move along elliptical paths with one
focus of each ellipse located at the center of mass
r., of the system

rem = (Mry + mors)/M
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REGARDING KEPLER’S SECOND LAW

e A line connecting two bodies and a line from each

body to the center of mass sweeps out an area at a
constant rate

e Consequence of conservation of angular
momentum (vector) L

L= 1 < v

d
—1L—
dat
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REGARDING KEPLER’S THIRD LAW

e Orbital period P_,, of pair of bodies about their
mutual center of mass:

A2 a3

G(m1 - mg)

A s
Porb_

e Orbital period only depends on semimajor axis
and masses

e [f m; >>m,, period is independent of m,

Christoph U. Keller, C.U.Keller@uu.nl Planets & Exoplanets 2010: Solar System Structure and Orbital Mechanics 35



ELLIPTICAL MOTION

* Sun contains 99.8% of solar system mass

e To first approximation: consider planetary motion
around a fixed point in space

e Eccentricity
e=+/1—02 /a2

e Elliptic orbit relation

L a(l—e)
il Lecosf

o
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GENERAL ORBITS

e Centripetal force of mass (, on circular orbit of
radius r with speed v, is

2
HrUc .
= °r

2
 Has to be equal to gravitational force =¥ circular

velocity v, GM
Ve = A/
7"

e Total energy E of system is sum of kinetic and
potential energy of system

1, GMu, 1 GM GMp, = €S

E:_’P — =il s annine ey
Q,uv r 2'u r r 2a
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ELLIPTIC, PARABOLIC, HYPERBOLIC ORBITS

e E<0: potential energy larger than kinetic energy,
system is bound, elliptical orbits

e E>0: kinetic energy larger than potential energy,
system is unbound, hyperbolic orbit

e E=0: kinetic and potential energies are equal,
parabolic orbit

2G M
e Escape velocity (E=0): Ve = \/ —

r
e Ellipse, parabola, hyperbola are “conic sections”
with constants e and C ¢
e ie==
1+ ecosf
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GRAVITATIONAL POTENTIAL

e Gravitational force can be described as gradient of
a potential

By(r) = — / r FQTSI) dr’

O

e Equation of motion becomes

0
e
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THREE-BODY PROBLEM

e Two-body problem can be solved analytically

e Two-body problem is a first-order approximation
for the solar system

e Trajectories of 3 interacting bodies can, in general,
not be solved analytically

e [f one body has small mass compared to the other
two (asteroid, ring particle, moon) = restricted 3-

body problem

e If two massive bodies are on circular orbits =»
circular restricted 3-body problem

Christoph U. Keller, C.U.Keller@uu.nl Planets & Exoplanets 2010: Solar System Structure and Orbital Mechanics 40



LAGRANGIAN POINTS

Christoph U. Keller, C.U.Keller@uu.nl

map.gsfc.nasa.gov/mission/observatory_12.html
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ASTEROIDS AND JUPITER

Christoph U. Keller, C.U.Keller@uu.nl
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PLANETARY PERTURBATIONS

* For very accurate planet position calculations, all
masses in the solar system have to be included =»
n-body problem

e Asteroids and comets are strongly influenced by
Jupiter

e Kuiper-belt objects are strongly influenced by
Neptune

e Neptune was discovered with the help of
perturbations of Uranus’ orbit

e General relativity needs to replace Newton’s law
of gravity

Christoph U. Keller, C.U.Keller@uu.nl Planets & Exoplanets 2010: Solar System Structure and Orbital Mechanics
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RESONANCES

Asteroid Main-Belt Distribution
Kirkwood Gaps
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LONG-TERM STABILITY

e Orbits of planets are chaotic over longer time scales

e Position and orbits impossible to predict on very long
time scales

e Orbits may change dramatically (asteroids, comets)

e Unknowns include:

Current orbit measurements

Asteroids including impacts

Solar mass loss (radiation, particles)

Drag of solar wind on planetary magnetospheres

Galactic tidal forces, passing stars
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TIDES

Q-

en.wikipedia.org/wiki/Tidal_force

e Tidal forces are due to decrease of gravitational force
with distance

* Bulges towards and away from gravitational source

e Slows rotation of moons, prevents formation of moons
in Saturn’s rings
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BEYOND GRAVITY

Radiation pressure: Pushes micron and submicron
particles away from Sun

Poynting-Robertson drag: cm-size particles spiral
towards Sun due to anisotropy in radiation
absorption and emission

Yarkowski effect: changes orbits of meter to
kilometer size objects due to uneven surface
temperature distribution at their surfaces (diurnal
and seasonal)

Corpuscular drag: sub-micron particles are
dragged by solar wind

Gas drag: protoplanetary disks, ring particles
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POYNTING-ROBERTSON EFFECT

Particle rest frame Solar rest frame
(a) S (b) S

en.wikipedia.org/wiki/File:Poynting-Robertson_effect.png
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YARKOVSKY EFFECT
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en.wikipedia.org/wiki/ Yarkovsky_effect
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SPOKES IN SATURN’S RINGS

e Non-
Keplerian
motion

o FElectrostatic
repulsion
from main
ring, rotation
synchronous
with magneto-
sphere

photojournal .jpl.nasa.gov/archive/
PIA11144.mov

Aug 21, 2008
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