


Long-Period Comets Come From The Oort Cloud 

Jan Oort suggested in the 1950s that a reservoir of comets extends out to 
100,000 AU from the Sun.  Gravitational perturbations by passing stars are 

thought to send some comets into the inner Solar System where we see them.  
They are remnants of the protosolar nebula. 
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A comet nucleus is a “dirty snowball” made of a mixture of frozen gases, water, dust, 
and pebbles.  Most are less than 20 km in diameter.  Far from the Sun, the nucleus     
is quiet.  As it approaches the Sun, it begins to vaporize and spew jets into space. 

The coma is a thin cloud of gas and dust that has been evaporated from the nucleus by 
solar heat.  Typically, the coma has a diameter of a million km.   

Comet tails are made of gas and dust that have been pushed away from coma.      
They can be  several AU long.  Comets have two kinds of tails.  Dust tails are broad, 
smooth in texture, and curved; they are made of dust particles pushed away from the 
nucleus by the pressure of sunlight.  Gas tails are narrow, uneven in texture, and 
straight; they are composed of charged atoms “blown away” from the coma by the 
solar wind. They point directly away from the Sun. 

Comets 

Halley

Hale-Bopp Hyakutake



Comet Hale-Bopp 

gas tail 

dust tail 



Comets evaporate while they are near the Sun. 



Comet Halley’s Core 

The Giotto spacecraft passed within 600 km of Comet Halley in 1996.   
The nucleus is an irregular body 16 x 8 x 7 km in diameter.   

It continually vented dust and gas.  Resolution of image ≈ 50 m. 



Comet Halley with Inner Coma 

Giotto spacecraft 



A Comet Nucleus 

Core? 

Original dirty ice 

Porous rubble crust 

Very dark surface, 
Temperature ~ 300o 

Dust is carried away from 
the nucleus by the gas jets. 

Sunlight 

Jets are produced on  
the sunward side by  
sublimation from  
holes in the crust. 



Comet Churyumov-Gerasimenko  
(large lobe: 2.5 x 1.1 miles in diameter; 

small lobe: 1.6 x 1.1 miles in diameter) from Rosetta 



Comet Churyumov-Gerasimenko  
compared to  

downtown Los Angeles 



Comet Churyumov-Gerasimenko 
1-km-high cliff  



The comet got very active as it passed closest to 
the Sun at about 1.2 AU on August 13, 2015. 



Comet Churyumov-Gerasimenko  



Comet Churyumov-Gerasimenko  



Lots of outgassing is coming from the neck of the comet, 
so Churyumov-Gerasimenko is likely to break into two parts 

eventually as volatiles vaporize away.  



Comet Churyumov-Gerasimenko  



The Surface of a Comet Nucleus 
From David Jewitt’s Website 

FORMATION OF A RUBBLE MANTLE 
At first (T0), the comet nucleus consists of a mixture 
of ices (yellow) and rocks (red).  When the comet is 
near the Sun (T1), sunlight heats the surface and 
evaporates the ice.  Dust and small rocks are trapped 
in gas jets (arrows) and ejected from the nucleus.  
Large rocks are too heavy to be lifted.  By time T2, 
about half of the surface is covered by large rocks .  
Eventually (T3), the surface is almost completely 
covered by rubble. The time difference T0 — T3 is 
short.  Rubble mantles could form in a single orbit.  

The black, inactive surfaces of the nuclei of comets 
Halley and Churymov-Gerasimenko are probably 

rubble mantles.  

FORMATION OF AN IRRADIATION MANTLE  
At first (T0), the mixture of ices (yellow) and rocks 
(red) is bright.  Then (T1), cosmic rays irradiate the 
surface and damage molecular bonds in the ices.  As 
time passes (T2), cosmic ray damage increases. 
Laboratory experiments show that complex carbon 
compounds are formed, making the surface as dark  
as charcoal and neutral or red in color.  By time T3, 
the process is saturated — no more can happen.    
The MeV cosmic rays that do most damage penetrate 
about 1 meter into ice, so the dark layer should be 
about 1 m thick.  The time T0 — T3 is thought to be 
about 100 million years.  



Comet Halley 

Comet Halley is the 
best-known short-period 
comet.  It has been seen 
at every perihelion passage 
since 240 BC,  
most recently in 1986.   
Its period is about 76 years. 



Short- and Long-Period Comets 

Most comets have very elliptical orbits — they come within a fraction of an AU from 
the Sun at perihelion and disappear into the outer Solar System at aphelion. 
Short-period comets have orbital periods of up to 1000 years.   Most of them live 
close to the plane of the ecliptic and travel around the Sun in the same direction as 
do the planets.  These comets come from the “Kuiper belt”. 

Long-period comets have orbital periods of thousands to millions of years.         
They have randomly aligned orbits — they approach the Sun from all directions.  
They come from the “Oort cloud”, a roughly spherical halo 10,000 AU —100,000 AU 
in radius and that contains trillions of cometary nuclei. 

The Deaths of Comets 00000000 
After many — perhaps 1000 — close passages by the Sun,                                     
all gas and water in a comet’s nucleus has evaporated.  The                                       
dead comet leaves behind a swarm of small, carbon-rich rocks                                
rocks that spread out along the comet’s orbit.  When the Earth                             
passes through such cometary debris, we see a meteor shower.   



Meteor Showers 



Meteor showers are caused by defunct comets 

P



Sometimes the Leonid meteor shower 
(November 24 — 29) is spectacular.  

Leonid Meteor Storm of 1966 
Painting of 1833 Leonid Storm 



Geminid meteor shower 
and radiant. 

Where was this picture 
taken?  



When a Body Hits a Body Comin’ Through the Sky 

By Douglas L. Smith         Engineering & Science / Fall 1993 

“On July 21, 1994, a planetary hard luck case named Comet Shoemaker-
Levy 9 will plunge into Jupiter’s atmosphere to a fiery finish.   

Its fate was sealed on July 8, 1992, when the snowball passed 1.6 Jupiter 
radii (71,000 miles) from the center of Jupiter and was torn apart.            
The strength of a body’s gravitaty increases as one approaches the object, 
so Jupiter pulled harder at the comet’s near side than at its far side.  The 
difference between Jupiter’s far-side pull and its near-side pull got stronger 
than the comet’s own puny gravity.  So the tidal stress overwhelmed the 
fragile comet and pulled it apart. 
Comets aren’t put together very well.  The differential acceleration that 
undid Shoemaker-Levy 9 was only 0.0016 meter per second squared.        
A snowball that loose would come apart in your hand.” 



Comet Shoemaker-Levy’s Final Orbit 

The fragments of Comet Shoemaker-Levy hit Jupiter at 60 km/s.



Shoemaker-Levy 9 in May 1994 



Shoemaker-Levy 9 (HST) 



Fragment Q Fireball 

Io 





Chain of Impact Craters on Jupiter’s Moon Callisto 



SOHO-6 
Comets hit the Sun, too! 



SOHO-6 



Comet ISON did not survive perihelion (2013 Nov. 28). 



Earth has been hit much 
more often than the Moon. 



We are confident we know that 
a large impact killed the dinosaurs. 



To prevent this, it is important to find 
all possible killer asteroids. 



Barringer Meteor Crater (Flagstaff, AZ) 

Barringer Meteor Crater is almost 1 mile in diameter. 
It was formed about 50,000 years ago by the impact of an 

iron meteorite about 90 m in diameter. 



Tunguska, Siberia — June 30, 1908 
The  Tunguska  impact  was  caused 
by  a  50  m  diameter  fragment  of 
comet Encke (mass ~ 60 million kg). 

The blast energy of was equivalent 
to  1  —  10  Megatons  of  TNT 
depending on the height of the blast.  
(The  Hiroshima  atom  bomb  was 
equivalent to ~ 15 kilotons of TNT.) 

Deafening explosions were 
heard 1000 km away. 

A women 60 km south of         
ground zero was thrown several 

meters and knocked out. 



The Chelyabinsk meteor flash (2013 November 15)          
was 30 times brighter than the Sun. 

The Chelyabinsk meteor gave 2nd
 – degree burns to people directly below it.             

About 1500 people were injured, mostly by flying glass from broken windows. 
The kinetic energy of the asteroid was equivalent to ~ 30 Hiroshima bombs.  

The asteroid was about 66 feet in diameter and massed about 10,000 tons. 
It came in at 12 miles/second and exploded at 19 miles = 97,400 feet altitude. 

We were lucky: The asteroid entered our atmosphere almost horizontally. 

We used to think that such meteor strikes happen only about once per century. 
We were wrong: 



We Need To Find All “City Killer” Asteroids 
Recently declassified data from 2 NASA spy satellites 

(purpose: to detect nuclear explosions on Earth) 
shows that asteroid impacts on Earth have been 

underestimated by a large factor. 

We are finding only ~ 1 % of the dangerous asteroids. 
In 10 years, there are ~ 21 “city killer” impacts. They include …… 

                          4 Hiroshima-sized impacts and 
                                         4 impacts more powerful than Hiroshima 

                       (for example: Chelyabinsk). 

If we invest a few hundred million dollars in suitable Earth- and/or space-based 
telescope(s), we could find most city killers and give us 10 – 30 years warning 

of potential hits.  Some of this work is under way. 

With so much warning, we need only ~ 1 mm/sec change in asteroid velocity                       
to engineer a miss.  This is not too difficult. 



The Outer Solar System 
Summary of Important Features 

Beyond Neptune, there are at least 70,000 ice/rock bodies with diameters larger than 100 km and orbits of radius 30 to 
more than 50 AU.  This ring of bodies (cf. the Asteroid belt) is called the Kuiper belt.  Astronomers believe that it is the 
source of short-period comets.  Plutinos are a special subset of Kuiper Belt objects. 

Pluto (diameter = 2300 km; orbital radius = 39.44 AU) and its moon Charon (diameter = 1200 km) are 2 of the largest 
known examples of “Plutinos” — ice/rock bodies mostly a few hundred km in diameter that are in 3:2 orbital resonance 
with Neptune.  That is, they make 2 complete orbits around the Sun for every 3 orbits by Neptune.  This is a stable 
situation into which they were captured from somewhat different orbits. 

The Kuiper belt is the last remnant of the Solar nebula and the planet formation process.  Planet formation proceeds 
very slowly when orbital periods are hundreds of years.  The Kuiper belt objects are planetesimals that may still be 
forming a planet. 

Beyond the Kuiper belt is the Oort cloud of comets.  It is about 10,000 AU to perhaps as much as 100,000 AU in radius 
and is roughly spherical.  It is thought to be the origin of the long-period comets.  Note that the nearest star, Proxima 
Centauri, is at a distance of about 270,000 AU. 

We have strong reasons to believe that the space between different stars’ Oort clouds contains large numbers of 
comets and planets.  It must contain some, because the Solar System has ejected many comets into interstellar space 
in its lifetime.  Also, we have started to discover interstellar planets that are not connected with any star. 

Comets are ice+rock bodies from the outer Solar System that get perturbed into Sun-approaching orbits.  Their nuclei 
are typically a few tens of km in diameter.  Heat from the Sun evaporates volatiles that spew out of the nucleus in jets.  
Over many orbits, the volatiles are evaporated completely and rubble piles are left.  These result in meteor showers 
when Earth passes through the defunct comet orbits. 

Comets and asteroids still occasionally hit major bodies in the Solar System (e. g., 1994 impact of Shoemaker-Levy 9 
on Jupiter).  Major impacts have threatened life on Earth in the past, even — we think — causing mass extinctions like 
the one that killed the dinosaurs.  Blasts that substantially exceed the power of the Hiroshima bomb happen several 
times  per decade.  Bigger blasts are rarer but would have disastrous effects.  Surveying nearby space to catalog  
Earth-crossing asteroids is an important goal. 



Saturn 



The Rings of Saturn 

Braided F Ring 

Saturn’s rings are made of countless separate moonlets, each 
in its own circular orbit.  All giant planets in our Solar System 
have rings. 

Saturn’s rings are broad and bright.  They extend out to a 
radius of 136,000 km (more than twice Saturn’s radius) but are 
very thin — perhaps only meters thick and much thinner than a 
sheet of paper.  The rings are aligned with Saturn’s equator.    

The rings cast shadows on Saturn but are not solid.  Instead, 
they consist of chunks of ice and ice-covered rock with sizes of 
up to 10 meters.  The inner rings revolve faster than the outer 
ones: they are closer to Saturn, so they feel a stronger 
gravitational pull. 

There are three main rings separated by gaps. 

The biggest gap is 5000 km wide; it is called Cassini’s division. 

Spacecraft observations show that each major ring consists of 
hundreds or thousands of “ringlets”.  Only the widest gaps are 
visible from the Earth; there are also many narrower gaps.   



Ring Gaps and Satellites 

Gaps in the rings are due to the gravitational effects of 
Saturn’s satellites.  Consider a moonlet with an orbital 
period that is half of the orbital period of Saturn’s 
innermost big satellite, Mimas.  Because the moonlet 
makes 2 orbits for each 1 orbit of Mimas, this is  
called a 2:1 resonance. 

On every other orbit, the moonlet lines up with Mimas, 
whose strongest gravitational pull therefore always 
occurs at the same place in the moonlet’s orbit.  The 
results build up with time.  This is like swinging a 
playground swing: if you keep pushing in time with the 
swing, you have a big effect.  The moonlet’s orbit gets 
more and more elliptical. 

Moonlets on elliptical orbits collide with other moonlets 
and are pulverized or deflected into different orbits.  
Eventually, all moonlets whose orbital periods are half of 
Mimas’s period are removed from the rings.                
This produced Cassini’s division. 



Origin of the Rings 

Over time, collisions will grind the moonlets of Saturn’s rings into powder, 
and radiation will cover the bright ice with dark material.  This has not 
happened, so the rings are young — probably less than 50 million years old, 
or about 1% of the age of the Solar System. 

The rings may have formed when a small satellite came too close to Saturn.  
Tidal forces can tear a satellite apart.  If the satellite had a density equal to 
that of Saturn, it would have been torn apart when it came within 2.4 Saturn 
radii of the planet’s center. 

It is also possible that the rings formed as a result of a collision between two 
Saturn satellites or between a satellite and a comet. 



The Rings of Jupiter, Uranus and Neptune 

The rings of these planets are narrow and dark.   
Because of this, they were not detected until the late 1970s. 

Jupiter 
The ring around Jupiter has a radius of 120,000 km, twice the radius of 
the planet.  It is so faint that it can only be seen backlit by the Sun.   

Uranus 
More than a dozen narrow rings with radii between 37,000 and 57,000 
km circle Uranus.  They were discovered because they block light from 
distant stars.  From this observation, we know that these rings, unlike 
Jupiter’s, are dense.  They are as dark as coal, probably because 
radiation has converted methane ice into black organic polymers. 

Neptune 
The rings of Neptune are narrow, confined by “shepherding satellites” 
that keep them from spreading.  Each ring has a small satellite just 
outside it and another just inside it.  If a particle leaves the ring, then 
the gravitational effect of the satellite nudges it back into the ring. 



Triton is the largest moon of Neptune, with a diameter of 1,680 miles.   
It is colder than any other measured object in the Solar System, with a 
surface temperature of -235° C or -391° F.  It has a thin atmosphere of 
nitrogen gas.  The surface pressure is 0.000015 times the sea-level 
pressure on Earth.  

Triton is the only large satellite in the solar system to circle a planet 
backward — in a direction opposite to that of the planet’s rotation.        
It has a density of about 2.066 grams per cubic centimeter (the density 
of water is 1.0 gram per cubic centimeter).  This means that Triton is a 
typical ice + rock planetesimal in the outer Solar System, like Plutinos 
and Kuiper Belt objects.  The retrograde orbit means that Triton is a 
former Kuiper Belt object that was captured gravitationally by Neptune.  

Neptune’s  
Moon Triton 



Triton is scarred by enormous cracks.  

The South polar cap (bottom) is mostly nitrogen frost. 

Voyager 2 images show active geysers that spew nitrogen gas 
and dark dust several km into the atmosphere. 



Satellites of Uranus 

Uranus has 5 big moons > 500 km in diameter and at least 16 small ones      
< 100 km in diameter).  The most interesting one is: 

          Miranda   

Miranda is ~ 480 km in diameter 
and mostly made of ice.                

It appears to have been shattered 
and rebuilt several times. 

Miranda has the tallest cliff known 
in the Solar System — about 5 km 
or 15,000 feet high.   



Satellites of Saturn 

Saturn has at least 62 major moons, but it is impossible to give a precise number, 
because there is no dividing line between major moons and the rubble in the rings.  
Eight are at least 400 km in diameter.   Titan is the second-biggest moon in the 
Solar System (diameter = 5150 km).  The small “major” satellites are irregular 
bodies several 10s to a few hundred km in diameter.  

Mimas, Enceladus, Tethys, Rhea, and Iapetus have densities of 1.0 to 1.2 g/cm3. 
This is almost the density of water.  They must be made mostly of water ice.   
Even Titan has a density of only 1.9 g/cm3, so even Titan is made mostly of ice.  
These objects are believed to be similar to icy planetesimals in the Kuiper belt. 



Mimas 
Mimas is 390 km in diameter.  Its 
biggest crater, Herschel, is surprisingly 
big compared to the size of the moon.  
It is 130 kilometers (80 miles) wide, 
one-third of the diameter of Mimas.  
Herschel is 10 km (6 miles) deep,    
with a central mountain almost as   
high as Mt. Everest on Earth.           

The impact that made Herschel     
almost destroyed the moon.        
Traces of fractures can be seen on  
the opposite side of Mimas.  



Phoebe 
Phoebe is 220 km in diameter.             
It revolves backward around Saturn 
and is probably a captured Kuiper belt 
iceball.  It is heavily cratered. 

This Cassini image mosaic has a 
resolution of 234 feet per pixel. 



Saturn’s moon Hyperion 
is 250 km in diameter. 

Its density is so low that  
it may be full of caverns. 



Titan 
Titan is a moon of Saturn, but it is bigger than 
the planet Mercury.   

It it the only moon in the Solar System with a 
planet-like atmosphere — one that is denser 
than those of Mercury, Earth, Mars or Pluto.  
Near the surface, the atmospheric pressure is 
1.6 bars, 60 percent higher than on Earth.   

There is about 10 times more gas in Titan’s 
atmosphere than in ours on Earth!  

Titan's air is mostly nitrogen with hydrocarbon 
traces that give it its orange color.  

Hydrocarbons are the building blocks for the 
amino acids that are necessary for Earth-like 
life. Titan's environment is believed to be 
similar to that of the Earth before life put 
oxygen into our atmosphere.  



Titan’s Atmosphere 



Titan 
Titan periodically has liquid oceans of 
ethane mixed with other hydrocarbons.  
It is the only body in the Solar System 
besides Earth that has open-air oceans. 

Astronomers are confident that the dark 
surface areas shown in this Cassini 
probe image are lake beds. 

The bright area is ice-rock highlands.   

A space probe called “Huygens” landed 
safely on Titan on January 14, 2005.  



Titan River Valleys 

This picture almost certainly shows 
drainage channels carved out by 
episodic rivers of liquid hydrocarbons.  



Huygens Landed on Titan (January 14, 2005) 
This oblique view from Huygens 
shows a “lakeshore” from 5 miles up.  
The resolution is 65 feet per pixel.  

The probe touched down on soft 
“sand” and ice at about 10 mph.       
Its batteries lasted about 90 minutes.  
This surface view shows water ice 
rocks about 6 inches across. 



This oblique radar view  
from Huygens shows “lakes”  
in a region ~ 150 km wide .  



The bright glint of sunlight reflecting off of Kraken Mare 
proves that the surface was liquid on July 8, 2009. 


