
Small Bodies in the Solar 
System



Objects of the Solar System



Small Bodies in the Solar 
System

• Comets

• Asteroids !Main Belt, NEAs"

• Trans#Neptunian Objects !Kuiper Belt, Centaurs"

• Meteorites

• Dust

• Dwarf Planets

• Moons



 How Do Small Bodies Look Like?
Images of all asteroids and comets visited by spacecraft.



Where do we find them?



The Inner Solar System

Mars

Earth

Jupiter

Green: Main Asteroid 
Belt

Red: Near#Earth 
Asteroids

Blue dots: Trojans

Blue squares: comets 



The Outer Solar System

Jupiter

Neptun

Saturn

Uranus

Red: Kuiper Belt

White: Plutinos !2:3 
resonance with Neptune"

Blue squares: Comets 



The Oort Cloud

• Formed by 
encounters and 
gravitational 
scattering of 
planetesimals 
between Jupiter 
and Neptune.

• Reservoir for 
‘fresh’ comets.

• Scattering with 
galactic 
neighbourhood 
leads to ‘loss’ into 
inner solar system. 



The Young Solar System !very simplistic"

Kuipergürtel/TNOs: die Verbindung
zwischen Sonnensystem und Exo-Systemen

Comets 
were 
formed in 
the cold 
outer 
regions of 
the solar 
system.



Why Do We Study Small Bodies?

• Leftovers from the formation phase of the solar 
system 

• Comets are most primitive objects in the solar 
system

• Study processes and forces which have a 
significant e$ect only on small bodies !e.g. 
radiation pressure"



Comets



Kleine Körper im Sonnensystem: Überreste von der 
Planetenentstehung - Kometen

Nucleus (10 km)

Coma (100000 km)

Dust Tail

Ion Tail (~10-100 Mio km)

Neutral Gas and 
Hydrogen Cloud

Solar Light and 
Solar Wind

Picture: Sterne & Weltraum

Comets: Overview



Comets: Overview

Comet Hale#Bopp Comet NEAT

Movie: ESA/NASA/SOHO



Comets: Overview

Comet Hale#Bopp Comet NEAT

Movie: ESA/NASA/SOHO



Cometary Orbits

Graphics from: L. McFadden et al., Encyclopedia of the Solar System

Orbits elliptical or 
hyperbolic !no 
extreme hyperbola 
observed, all comets 
belong to the solar 
system".



Cometary Orbits: 
Inclinations

Graphics from: L. McFadden et al., Encyclopedia of the Solar System

Dynamical classes: 

• a: long#period comets !P > 200 yr", isotropic 
distribution, large inclinations, inverse 
semimajor axis peaks at zero ! originate 
from  Oort cloud !fresh comets", 1012 objects 
in Oort cloud. 

• b: intermediate period comets !20 yr < P < 
200 yr"

• c: short#period comets !P < 20 yr", low 
inclinations, captured and dominated by 
Jupiter, ‘evolved’ objects, originate from 
Kuiper Belt.



Cometary Nuclei

Halley !Giotto"

Borelli !Deep Space 1"

Tempel 1 !Deep Impact"

Wild 2 !Stardust"



Nucleus Structure

Water ice
Jet

Day side

Jet

Black
crust

16 km

Night
side

Movie: ESA/MPS

Comet Halley



Properties of Comets !1"

• Material evaporates from surface when nucleus is heated close to the Sun. 
Frozen ice sublimates and forms gas. Coma diameter ~ 105 to 106 km.

• Activity inside ~ 5 AU from the Sun mostly water#driven. Sublimation of 
CO and CO2 leads to activity out to 10 AU. Maximum gas production 
several 100 tons per second. Activity frequently localized in jets.

• Embedded dust is accelerated by the evaporating gas. Gas/Dust ratio ~ 0.1 
to 10 !by mass".

• Activity probably produced in upper few centimeters for meters of the 
nucleus crust.

• Mass loss per revolution about the Sun: ~ 1%, ! comet survives & 1000 
revolutions. Continuous supply of new comets required!

• Nuclei show irregular structure; sizes ~ 600 km !Wirtanen" to 30 km 
!Halo#Bopp".



Properties of Comets !2"

• Extremely dark surface !albedo 1#5%". Comets are the darkest objects in 
solar system.

• Very porous and low density !!< 1000 kg/m3".

• Nucleus composition: “Dirty snowball” !85% water ice, 4% CO, 3% CO2, 
1% N2, rest organic compounds".

• Three types of dust particles found in Halley’s dust: silicates, metallic and 
organic !elements C, H, O, N".

• Element abundances very similar to CI condrites and solar photosphere 
!measured for Halley only" ! comets are remainders from early solar 
system. 

• Crust formation: dust remains or falls back to surface.



Nucleus Structure and Composition

Graphics from: J. Kelly Beatty, The New Solar System Composition of cometary dust grains 
very similar to CI chondrites and solar 
photosphere. This implies that all three 
bodies were formed from the same 
primordial nebula.

Graphics from: E. Jessberger/MPIK; Univ. of Münster 



Cometary Orbits

UV Spectrum of Comet Bradfield

Table from: L. McFadden et al., Encyclopedia of the Solar System Graphics from: J. Kelly Beatty, The New Solar System



Comets: D/H Ratio

Graphics from: Michael Küppers/ESA

• Deuterium/Hydrogen in comets enriched over values of giant planets. 

• Comets candidates for terrestrial oceans, but they cannot be the only source 
for terrestrial water. Oceans must be diluted with less deterium enriched 
water from other source !perhaps hydrated silicates in meteorites"



Cometary Spectra

Best-Fit Model

Pyroxenes

Spitzer IRS I+45 Min 
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Deep Impact

Image: NASA/Deep Impact

• 370 kg projectile fired onto nucleus of comet Tempel 1. 

• Impact speed 10.3 km/sec.

• Impact crater: ~ 100m " !estimated".

• 104 # 105 tons.

• Water ejected: ~ 7000 tons.

• E$ective nucleus radius: 3 km.

• Rotation period: 41.85 hours.

• Density: ~ 350 kg/m3.

• Large dust content.



Deep Impact

Movie: NASA/Deep Impact

Impact onto Tempel 1 as seen from projectile.



Nucleus Structure of Tempel 1

Image: NASA/Deep Impact

• Layered structure.

• Crater#like surface features. 
Impact craters? If yes, than 
very slow surface erosion.

• Flat areas !a, b". Water molten 
and re#frozen?

• Scarp, 20m high !4 little 
arrows".



STARDUST: Cometary Dust 
Brought to Earth

Aerogel collector

Recovery of reentry capsule

FeS crystal

1 !m

Tracks in Aerogel



Asteroids 

439 115 objects with orbital elements !January 2009"
Estimated number of objects > 1 km: 1 # 2 Mio.



Ida’s moon DactylIda Bilder: NASA/Galileo

Itokawa
Gaspra



Der Asteroidengürtel: Entdeckung neuer Welten



Ceres, Beobachtung mit 8 m Teleskop in Chile



Asteroid Eros Movie: NASA/NEAR-Shomaker



Asteroid Taxonomy

Table from: J. Kelly Beatty, 
The New Solar SystemSimilarities between asteroid and meteorite spectra used for 

classification and identification of surface material



Graphics from: J. Kelly Beatty, The New Solar System

Graphics from: J. Kelly Beatty, The New Solar System



Distribution of  Taxonomic 
Classes in Asteroid Belt

Graphics from: J. Kelly Beatty, The New Solar System

• Outer belt: more primitive 
classes.

• Inner belt: more processed 
classes !more silicate#rich and 
metal#rich".

• Formation scenario: 
di$erentiation of asteroid 
interior due to heating by 
early sun preferentially in 
inner belt. Larger asteroids 
may have developed molten 
interiors due to gravitational 
or radioactive heating. 



Asteroid Orbits: Collision Families

• clustering of asteroid orbits with 
certain orbital parameters !a,i" or 
!a,e": Hirayama families.

• formed by collisions.

• family members can have di$erent 
taxonomic properties because the 
can originate from di$erent parts 
of potentially di$erentiated bodies 
!e.g. S#type from crust or M#type 
from core".



Asteroid Orbits: Resonances

Graphics from: J. Kelly Beatty, The New Solar System

• gaps with low number density in 
asteroid belt !Kirkwood gaps". 

• gaps located at resonances between 
asteroid’s and Jupiter’s orbital 
periods.

• Jupiter’s gravity increases 
eccentricity of asteroid orbit when 
in resonance. Leads to short 
lifetime in resonance orbit. Asteroid 
orbits of terrestrial planets and can 
collide with a planet.



Near Earth Asteroids: Size 
Distribution

Graphics from: Lewis, Physics and Chemistry of the Solar System



Asteroids                         Comets
• appear star#like; no activity

• mostly circular orbits with low 
inclinations

• likely formed in#situ. Jupiter 
inhibited the formation of a planet

• irregular shape except large ones

• Kirkwook gaps: orbital resonances

• Asteroid families: collision groups

• Taxonomy classes: di$erentiated 
bodies

• appear ‘fuzzy’; volatile#rich 
sublimation#driven activity

• elliptical or hyperbolic orbits with 
large range in  inclinations

• two reservoirs: Kuiper#Belt !short#
period" and Oort cloud !long#period"

• nucleus: dirty snowball

• composition: water, silicates, some 
organics. Possibly primordial !frozen"

Distinction between Asteroids 
and Comets

But there are exceptions: Main Belt Comets!



Meteorites



Meteorite Classification
• Undi$erentiated meteorites: most original, unprocessed material from the 

formation of the solar system !or before". Chondrite types classified by iron 
content. 81 % normal chondrites, 5 % carbonaceous chondrites. 

# Chondrules: spherical !~ mm to cm in size" inclusions of silicates !e.g. olivine" in 
meteorite matrix. Formed by melting to ~ 1600 K and very rapid cooling. 
Formation process still unclear, either during early solar system phase or even 
earlier !pre#solar".

• Di$erentiated meteorites: contain processed material, i.e. they were part of a 
larger di$erentiated body and became meteorite after collision in the asteroid 
belt. Iron meteorites !4 %, molten core", stony#irons !1%, mantle#crust", 
achondrites !9 %, crust".

# ! di$erentiated meteorites have a clear link to asteroids.

# Widmannstätten pattern in iron meteorites nickel content determines 
crystallisation.







A Meteorite Fall



Meteorite Classes

Almost all meteorites 
contain iron.







Graphics from: J. Kelly Beatty, The New Solar System

Oxygen Isotopics
• 16O, 17O, 18O: mass di$erence between 

16O and 18O is twice that between 16O 
and 17O, Thus, a reaction that is mass#
dependent !like physical changes or 
chemical reactions" and alters the 16O/
18O ratio by a given amount, will alter 
the 16O/17O by half that amount. ! 
mass fractionation line must have 
slope 1/2.

• Earth, Moon and some meteorites 
close together. ! they formed all 
from the same oxygen reservoir.

• Some meteorite classes o$set from 
Earth#Moon line !e.g. CV, CO, CR, 
CM chondrites".

• ! Solar nebula was isotopically 
inhomogenous



Graphics from: J. Kelly Beatty, The New Solar System

Meteorite Composition

Elemental composition 
of CI condrites is 
basically identical with 
that of the solar 
photosphere 
!exceptions: light 
elements"



Graphics from: L. McFadden et al., 
Encyclopedia of the Solar System

Meteorite Composition: Organics
• More than 400 organic 

compounds found in 
meteorites.

• All non#biogenic, but 
some of pre#biotic 
relevance !amino#acids, 
e.g. Murchison".

• Many organics were 
never heated above ~ 
300 K, otherwise they 
would not exist.

• Hydration: chemical 
modification due to 
presence of water !also 
hydrated minerals".

Examples of organic molecules found in comets.



Meteorites: Age Determination

• Age determination via radioactive nuclides.

• Oldest objects in the solar system: CI chondrites.

• Age of solar system: 4.567 x 109 yr.

• Nuclides used !examples": 

• 40K # 40Ar, t1/2 =  1.25 x 109 yr 

• 87 Rb # 87Sr, t1/2 =  4.9 x 1010 yr

• 187Re # 187Os, t1/2 =  5 x 1010 yr

• 129I # 129Xe, t1/2 =  1.7 x 107 yr



Dust



Interplanetary Dust

Picture: M. Fulle

Pleiades
Comet 
Hale#
Bopp

Zodiacal 
Light



Interplanetary Dust: Leonids



Meteor Streams

Table from: J. Kelly Beatty, The New Solar System



How Does Cosmic Dust Look Like?



Dust Detection Methods
• Zodiacal light: scattered sunlight. 

Visibible close to horizon after 
sunset or before sunrise. Disk#like 
structure in inner solar system, 
approximately aligned with the 
ecliptic plane.

• Meteors: trails of excited mostly 
atmospheric molecules in entry 
channel of mm to cm sized dust. 
Altitude: 60 to 120 km. 

• Radio meteors measured with 
radar.

• Atmospheric collections with 
airplanes in stratosphere.

• Penetration and impact ionization 
detectors on spacecraft.



Dust

Lunar Microcraters



Dust Size Distribution 

Typically power#law size distributions.



Dust Dynamics
Radiation pressure

" = Frad/Fgrav

" = 1 : radiation pressure cancels gravity.

" > 1 : grains ejected from solar system.



Poynting#Robertson Drag

Tangential component of solar 
radiation pressure leads to a 
deceleration of dust grains moving on 
heliocentric orbits !aberration". 

Most e'cient for ~ micron#sized 
grains. 

Particles spiral into the Sun on 
timescale 104 yr.

! Continous replenishment of dust 
required to maintain the zodiacal 
cloud.



Dust Charging Processes

Dust particles exposed to the space environment almost immediately an 
electric charge !space dust is always charged!"

Photo e$ect is the dominant charging mechanism in interplanetary space: 
grains are positively charged.



Trans#Neptunian Objects 
!TNOs"



Trans#Neptunian Objects

• Orbits mostly between 35 and 50 AU.

• Large number of objects, but small total mass.

• Signatures of collisions: double objects, size distribution, collision 
families.

• Icy objects !water, methane" with maximum radius of ~ 1000km.

• Likely processed surfaces: collisions, high#energy radiation, activity!?"

• Reservoir for short#period comets.



Estimated 
Size 

Distribution



Trans#Neptunian Objects

Transneptunische Objekte, HST



Saturn’s moon Phoebe - a Kuiper Belt Object?



Categories of TNOs



Trans#Neptunian Objects
• Kuiper Belt: mainly between 30 an 50 AU; ~ 1300 objects known; 

Estimated number > 100 km: 70000; estimated total mass: 3 # 30 
MEarth; 20 # 200 times the mass of the asteroid belt; dynamically  very 
stable; contain water ice, methane, ammoniak; prominent objects: 
Pluto, Haumea, Makemake.

• Centaurs: comet#like objects that move between gas planets; ca. 250 
objects known; Neptune’s moon Triton probably a captured Centaur.

• “Scattered Disk”: scattered, unbound objects; more than 100 objects 
known; semi#major axis a > 50 AU; dynamically unstable; source for 
intermediate period comets with 20 yr < P < 200 yr; formed when 
Neptune’s orbit moved outward; prominent objects: Eris, Sedna.


