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Venus
· Venus is often called the evening star or morning star
· You can only see it for about 3 hours after sunset or 3 hours before sunrise
· Brighter than any other object in the sky except for Moon
· Nearly .95 times the diameter of Earth, commonly called Earth’s twin
· Best data to be obtained came from Magellan – first probe to be launched from a space shuttle
· Venus Express- launched in 2005 and is collecting data that are causing us to ‘readjust’ many of the theories we presented based on previous data 
Planet Facts
· Rotation period: 243.01 (apparent retrograde)
· No satellites
· Rotational speed: 6.52km/h (you could rn faster)
· Orbital period: 224.678 days (one day is longer than one year)
· Most nearly circular orbit of all planets 
· Almost upside down tilt (177.36 degrees)
Orbit and Rotation
· Nearly all planets in solar system rotate counter-clockwise 
· Uranus, Pluto and Venus are exceptions
· Venus rotates clockwise direction (called retrograde) very slowly (243 Earth days per rotation)
· Venusian day is 117 Earth days
· Slow rotation of the solid surface contrasts with the rapid rotation of the clouds
· Axis of rotation is almost perpendicular to the orbital plane; the inclination being 177 degrees
· Same side of Venus always faces Earth every time Venus is closest to Earth 
Atmosphere and Greenhouse
· Below sulphuric acid layer, thick atmosphere is composed of carbon dioxide (96.5%), nitrogen (3.5%), water vapour (.1-.4%), sulfur dioxide (130ppm or 0.013%), free oxygen (60ppm or 0.006%)
· Oxygen an indication that Venus at one time had abundant water but has since lost it
· On Earth, carbon dioxide only makes up 0.03% of atmosphere, although an amount equal to the total quantity in the Venusian atmosphere, is found in the rocks and oceans of Earth
· Atmospheric pressure at the surface on Venus is about 90 times greater than on earth’s surface 
· Large volumes of atmosphere are escaping into space: the stream of electrons coming from Sun collides with particles in upper atmosphere of Venus, energizes them, and blasts them off into space 
· Carbon dioxide is pretty transparent to in-coming light energy, but fairly opaque to outgoing infrared energy
· Short wavelength light energy from Sun warms up planet’s surface, but ends up with surface or near-surface growth of heat because of the inability of the long wavelength infrared energy to escape a CO2-rich atmosphere and get back into space
· Wavelengths of radiated energy that CO2 does allow to escape back into space are exactly blocked by water and sulfur dioxide 
· Venus has fairly uniform surface temperature of around 462 degrees celcius
· On Earth, CO2 in atmosphere originally came from volcanic emission, and the same thing would have happened to Venus
· When ultra-violet radiation strikes a water molecule (H2O) it breaks up into hydrogen and OH
· Hydrogen has two stable isotopes: normal hydrogen (mass # = 1)and heavy hydrogen (called deuterium; mass=2)
· Gravity is such that hydrogen can escape, but obviously the lighter atoms (mass of 1) escape more readily than the heavy ones (deuterium)
· Pioneer probes discovered about 150 times more deuterium per atom of light hydrogen in the Venus atmosphere than in Earth’s atmosphere
· Venus Express detected OH in the Venus atmosphere
· The only other planet to have detectable OH in atmosphere is Earth
· Means that Venus once had an abundance of liquid water that since broke down to atomic form
· Without an ozone layer to protect the Venusian atmosphere from ultraviolet radiation, the atmospheric water was broken up and much of the hydrogen was lost to space 
· Released oxygen presumably formed oxides in soil 
· As surface of Venus warmed, any oceans that did exist evaporated, and thus Venus lost the ability to cleanse its atmosphere of CO2
· High temperature baked even more CO2 out of the surface, and the atmosphere became less transparent to infrared radiation
· Temperature rose further
· Runaway greenhouse effect made the surface so hot that even sulfur, chlorine and fluorine have baked out of the rock and formed sulfuric, hydrochloric, and hydrofluoric acid vapours
· Earth avoided this effect because it was farther from Sun and cooler
· It could preserve liquid-water oceans to absorb CO2, which left a nitrogen atmosphere that was relatively transparent in some parts of the infrared wavelength range 
· Soviet Venera spacecraft, equipped with searchlights for illuminating the surface found no need for artificial lighting
· Lower atmosphere is clear (rocks near spacecraft case sharp shadows)
· Faster winds are higher up with a 4 day rotation
· Atmosphere circulation organized as single, planet-wide wind pattern
· Not at the poles
Geology
Surface of Venus
Impact Craters
· Relatively few impact craters and very few small impact craters
· They’re all medium to huge
· Result of planet’s dense atmosphere
· Small objects just burn up through friction in the atmosphere
· Venus has fewer raters of any size relative to Moon, Mercury and Mars, and those we see appear too young: they are rarely filled with lava, indicating they formed after a ‘recent’ major volcanic event 
· Not had much time to erode
· Pattern of craters is completely random
· Suggests that surface of Venus is young
· Surface is about 500 million years old but planet is about the same age as Earth (4.5 billion years old)
· Some sort of global resurfacing about 500 million years ago
· Surface is variable – ranges from small volcanic domes to immense volcanoes and blocky ridges
· Huge dome surrounded by concentric fractures; called cornea
· Thought to be formed by mantle plumes that bring magma right up under the crust, and then partially subside 
· Hundreds of thousands of volcanoes less than 20km in diameter
· Many volcanoes appear as flattened domes, called ‘pancake volcanoes’
· Formed by quite viscous magma, flattened by high atmospheric pressure
· Common to find groups of hundreds of these volcanoes in areas called shield fields
Global Volcanic Event
· Key to geology of Venus is the heat
· Radioactive heat keeps Earth hot inside, and it must do the same for Venus
· On Earth, plate tectonics allows heat to escape from the mantle
· Venus, lacking any sign of plate tectonics, could build up tremendous heat and , like a gigantic pressure cooker periodically ‘boil over’ into volcanic eruptions that resurface the whole planet 
· Theory is that 300-500 million years ago, planet was resurfaced by basaltic lava flows 
· Surface of planet is no older than 500 my 
Weathering/Erosion Features
· Knife-sharp mountain ridges and cliffs – that show absolutely no suggestion of erosion
· Rocks may be stronger on Venus because they have zero water content
· Visual evidence of the breakdown of surface rock
· Has to be done by wind
· USSR spacecrafts measured winds on surface at 3.5m/s 
· Too slow to explain visual evidence 
Interior of Venus
· Density of Venus suggests the interior must be a mix of rock and metal – alike to Earth
· Volcanism of Venus says the interior is certainly hot – perhaps on par to Earth
· No evidence of a magnetic field, thus no magnetosphere
· Earth’s magnetic field is generated by the speed differential between an inner solid metal core and an outer liquid metal core
· If Venus has no such zonation (i.e. core is completely liquid metal), there should not be a magnetic field 
· OR if Venus has no difference in rotation speed between liquid and solid cores, there would not be a magnetic field
· Planet is just barely rotating at all, possible explanation 
· Venus Express detected a weak magnetic field
· Doesn’t come from the interior of planet
· Interaction noted above between solar wind and the atoms/molecules of the upper atmosphere creates a very weak magnetosphere that drapes itself over the planet and stretches out behind the night-side in a long tail 
History of Venus
· Density and size of Venus tell us that it must have a dense interior much like Earth’s, but if the core is molten, then we might except the dynamo effect to generate a magnetic field 
· Calculations show that Venus and Earth have out-gassed about the same amount of carbon dioxide, but Earth’s oceans have dissolved it and converted it to sediments such as limestone 
· If all of Earth’s CO2 was put in atmosphere, it would be equal to Venus
· Main difference between Earth and Venus is the lack of water on Venus 
· Venus may have had small oceans when it was young; but being closer to Sun made it warmer, and carbon dioxide in the atmosphere created a greenhouse effect that made the planet even warmer
· That process could have dried up any oceans that did exist and reduced the ability of the planet to purge its atmosphere of carbon dioxide
· As more carbon dioxide was out-gassed, the greenhouse effect grew more severe
· Venus lacks tensional crustal rifts, and its numerous volcanoes cannot carry much of the heat out of the interior
· Venus seems to get rid of its interior heat through large currents of hot magma that rise beneath the crust
· Plate tectonics is not active on Venus
· Crust is very dry and is consequently about 12% less dense than Earth’s crust
· Low-density crust is more buoyant than Earth’s and thus resists being pushed/pulled into the interior
· Crust is so hot it is halfway to the melting point of rock
· Such hot rock is not very stiff, so it cannot form the rigid plates typical of plate tectonics on Earth
· Convection currents below the crust are deforming the crust to create cornea and push up mountains such as Maxwell
· Some mountains must be help up not by deep roots like mountains on Earth but by rising currents of magma
· Entire crust has been replaced within the last half-billion years, judging by the small number of craters
· May have occurred in planet-wide overturning as old crust broke up and sank, and lava flows created new crust 
Mars
· Map of Mars produced by German/Italian astronomer G.V. Schiaperelli
· Drew artificial lines across “so-called” desert regions, calling them canali
· Canali: channels 
· Distance from Sun: 1.52 AU
· Satellites: two (Phobos and Deimos)
· Orbital period 686.97 days
Mission to Mars
Functioning spacecrafts currently orbiting Mars: Mars Reconnaissance Orbiter, Mars Express, Mars Odyssey
Functioning spacecrafts currently on Mars’ surface: Mars Curiosity, Mars Opportunity
· Spirit is currently stuck in a sand trap
Mars Curiosity
· Landed on Aeolis Palus crater
· Primary objectives
· Investigate whether Mars ever held microbial life
· Explore presence of water on Mars
· Explore Martian climate
· Explore Martian geology
Atmosphere and Greenhouse
· 95% carbon dioxide, 3% nitrogen, 1% argon
· Contains miniscule traces of water vapour and oxygen, and its density at the surface of the planet – only 1% that of Earth’s atmosphere
· Not enough pressure to prevent liquid water from boiling into vapour
· Primitive atmosphere of hydrogen and a little helium, with a bit of argon, neon, methane and some ammonia
· Low escape velocities would have caused leakage into space
· Replaced by secondary atmosphere of volcanically emitted gases
· Volcanism on terrestrial planets typically release carbon dioxide and water vapour plus other gases
· Because Mars formed farther from Sun, must have more volatiles than Earth when formed
· Mars is smaller than Earth, less internal heat to drive geological activity
· It has not-outgassed (through volcanism) as much as Earth
· Out-gassing occurred early in planet’s history
· Mars, being small, cooled rapidly and now releases little gas
· How much atmosphere a planet has depends on how rapidly it releases internal gas and how rapidly it loses internal gas from its atmosphere
· More massive the planet, stronger its gravitational attraction, higher escape velocity and more difficult for gases to leak into space
· Mars’ escape velocity is less than half of Earth and mass less than 11% of Earth
· THEREFORE, gas atoms can escape from it much more easily than they escape from Earth
· Over 4.5 billion years after Mars formed, it lost much of lower-mass gases
· Water molecules are large enough for Mars to keep, but ultraviolet radiation tends to break up the water molecules
· Earth’s ozone layer protects water vapor from UV 
· Mars never had oxygen rich atmosphere so it never had an ozone layer (ozone is O3)
· UV photons from Sun penetrate deep into the atmosphere  and break up molecules such as water
· Hydrogen escapes (because its so light), and oxygen forms oxides with the soil
· This is how Mars is red
· Water is normally too massive to be lost in space, but once broken down the components are lost
· Earth has magnetic field that deflects solar wind
· Because Mars does not have a magnetic field, atmosphere is thin and solar wind interacts directly with both the martian atmosphere and planet surface
· Significant amounts of CO2 could have been broken down and at least the carbon lost to space 
Clouds and Winds
· On present day mars, areas warmed by the morning sunlight emit water vapour into the air
· Half an hour after dawn, this water vapour freezes to form clouds or ground fogs of water ice crystals
· Winter conditions lead to freezes of CO2, creates a winter polar hood of CO2 clouds and haze (CO2 ice particles) hanging over the polar regions
· Wind of Mars can produce dust storms that envelope the entire planet or tiny ‘dust devils’
· Atmosphere is locked in chemical compounds in the soil 
· Ice in the polar caps are both frozen water and carbon dioxide (dry ice)
· Thin Martian winds would carry Martian dust grains smaller than about .3 mm whereas the strong winds would pick up larger grains; enabling them to hop erratically over the surface; process called saltation
· Saltation can play a striking role in erosion 
· Eroding fresh supplies of dust from rock surfaces while old debris weather into fine, iron-oxide red dust
· Dune fields (or large masses of wind-sculpted dunes): common on both Mars and Earth
· Wind piles fine materials into ripple patterns on a vast range of scales, from centimeter-size waves to graceful ridges kilometers apart
· On Mars, because crater rims disturb the wind flow, many of most remarkable dune fields are formed in crater bottoms 
· North polar cap has some pretty sweet dunes
Water and Ice
· Current atmospheric pressure is too low to keep it from boiling away to vapour
· Many geologic features formed by moving water
· Significant amounts of water are hidden in the crust
· Brighter linear features – each several hundred meters long (figure 11.12) likely caused by water/sediment ‘slurry’ moving down two gullies within the past few years 
· Only alternative hypothesis is that dry material moved down slope, but geometry of the wall and the material on the wall argues against that possibility
· Linear features appear to represent a site in the wall where liquid water burst out, and then carried material down two small gullies before the water was frozen/evaporated 
· Liquid water commonly flows down gully walls during Martian summer
· Patterns are made by water that is salty, thus liquid to a lower temperature than normal water and somewhat denser?
· Deuterium – heavy isotopes of hydrogen 
· Detected in the atmosphere of Venus in such quantities, relative to ordinary light hydrogen atoms, that we knew Venus once had quite abundant liquid water on its surface
· Using same technique to test the atmosphere of Mars, we find enough enrichment of deuterium to say that Mars once had really abundant liquid water supplies – certainly enough for large oceans
· Ocean and lakes are gone, water that is left:
· Ice in caps at north and south poles
· Ice as permafrost just below surface 
· Water chemically bound to other elements in the structure of minerals and rocks
· Tiny amounts of water vapour which, during local winter, forms frost and thin temporary ice deposits
· Mars has permanent polar ice caps
· They show quite a bit of variation during the season, but they are there
· North polar cap seems to be nearly all water ice while the southern pole appears to have a mix of carbon dioxide and water ice
· During local winter, ice deposits form in the bottom of deep craters and against shadowed walls
· Mars Odyssey Spacecraft may have found remains of ancient water
· Measures hydrogen in soil to detect water ice in crust 
· Water ice makes up significant fraction of crust from latitude 60 degrees north and from latitude 60 degrees south
· Occasional impacts by asteroids have blased giant craters on mars and ejected bits of rock into space
· Few of those rocks have fallen to Earth
· These meteorites include basalts, due to heavy lava flows
· Small traces of water and minerals that are deposited by water
· Magma from which the rocks solidified must have contained up to 1.8% water
· If all lava flows on Mars contained that much water and it was all out-gassed, it could create a planet –wide ocean 20m deep
· Liquid water was once abundant
· Huge ocean apparently covered the northern lowlands, 2.5-3.5 billion years ago
· Deep outflow channels have been carved by rivers 
· If water flowed on mars, climate must have been different in past
· Atmosphere must have been thicker long time ago, before the gas leaked away
· Volcanism was more active in the past, and the outpouring of volcanic gases added to the atmosphere, and increased the greenhouse effect
· Humans can use solar power to break the water into hydrogen and oxygen
· Hydrogen is fuel and oxygen is breath of life
Geology 
Large-Scale Surface Features
· Mariner 9 became first spacecraft to go into orbit around Mars
· Mapped the whole planet
· Viking 1 and 2 landers made the first successful touchdowns on the planet
· Found that there was no organic material in Martian soil
· Martian surface has never broken into moving plates like those that create the topography on Earth
· One-plate planet (similar to venus), and includes largest volcanoes in solar system
· Martian dust storms may sweep fine dust away from some areas and leave larger rocks exposed
· Southern highlands are heavily cratered, much mean that they are 2 to 3 billion years old
· Northern lowlands are smooth and so remarkably free of craters that the lowlands must have resurfaced roughly a billion years ago
· Some astronomers have suggested that volcanic floods filled the northern lowlands and buried the craters there
· Northern lowlands were once filled by an ocean of water
· Mars is larger than moon, so it cooled more slowly and its volcanism continued longer than on Moon
· Mars is smaller than Earth and less geologically active, so some of its ancient cratered terrain has survived undamaged by volcanism
· Martian volcanoes are shield volcanoes (shield volcanoes = shape like an inverted warrior shield; formed by low viscosity lava flows)
· Such volcanoes occur over plumes of rising magma below the crust and are not related to plate tectonics
· Largest volcano in the solar system is Olympus on Mars
· Has not sunk into the crust of Mars, evidence that the crust of Mars is much thicker than the crust of Earth
· Valles Marineris is a network of canyons that stretches 4000km long and up to 600m wide
· at its deepest, it is four times deeper than the grand canyon on Earth
· canyon has been produced by faults in the crust that allowed great blocks to sink
· shows that the crust of Mars was once more active than the crusts of Moon or Mercury
· Particular high elevation block is called Thrasis Rise, parts of it are 10km above the mean elevation of the planet
· Possible that some volcanoes are still active
· Creaters in the youngest lava flows show that the volcanoes may have been active as recently as a few million years ago, some actually within the past 3 million years
Rocks and Minerals
· Silicon content of some rocks of the rocks is much higher than that of the Martian meteorites, our only other samples of Mars
· Martian meteorites we have, all igneous are all relatively low in silicon and high in iron and magnesium
· Such rocks would be expected to form by partial melting of the upper mantle of Mars
· Melt rises up through the crust and solidifies at or near the surface
· These volcanic Martian meteorites, referred to as basalts, are the most common rock on Earth as well
· Based on the composition of the Martian meteorites and the presence of plains and mountains that look like features produced by basaltic volcanism on Earth, geologists expected to find primarily basalts on Mars
· HOWEVER<, the igneous rocks analyzed by Pathfinder are not basalts
· Magma melts took slightly different crystallization trends on each planet
· Pathfinder’s determination of andesite for the Martian rock was a great surprise, but because we don’t know where these rocks came from on the Martian surface, we do not know the full implications of the discovery 
· Many rocks seen on the surface are not volcanic at all – they are sedimentary 
· Running water gave rise to sedimentary rocks on Mars
· Thick layers of rock formed by the compression and solidification of sediment, and they look exactly like those on Earth
Evaporite Minerals
· If there was once liquid water on Mars, it must have contained dissolved mineral salts, and when the water evaporated, these would have been left behind on the surface in deposits of evaporates
· Standing bodies of water have been found in Martian soils, which are rich in sulfates, a common evaporate component
· Martian loose dust has 100 times the sulfur content of average materials on Earth’s crust
· Evaporite salts, sulfates and carbonates tend to bond surface dust into crumbly or flaky layers
· Such flaky layers were found on Mars first at the Viking 2 site
· They were given the name duricrust: found to be 20% to 50% richer in sulfur than loose crust 
Red Iron Oxides
· Geologists found deposits of sediments, called red beds, common in many parts of Earth’s stratigraphic sequence 
· Fresh terrestrial sediments derived in high humidity regions tend to be brownish black and involve hydrate iron oxides, often in amorphous and poorly crystallized states??????????????????
· Fluctuating water table, alternately wetting and drying the sediment encourages the production of red beds
· Same process produces rust on iron tools exposed to the weather
· Thus, an arid Mars with postulated episodes of a moist climate would be ideal for producing the observed red Martian dust
Blueberries
· Small spherules scattered over some areas of soil
· Major ingredient of the soil in the region explored by Opportunity (region assumed to represent an old ocean floor)
· Turns out that they are iron oxide formed into spherules by gentle rolling water at an ocean’s waterline
Interior
· Mars has iron core, about 45%-54% the radius of the planet, with at least the outer part molten
· Core is rich in low-density contaminants, such as iron sulfide and magnetite
· Mars’ core is not solid, rather a ‘goopy’ syrup, confirming the planet has NOT cooled
· Existence of core confirmed melting and differentiation, and is consistent with the extensive volcanism
· Ancient parts of the crust are magnetized while younger parts are not, implying an early dipole field, but that it shut down in the first few hundred million years
· Disruption of magnetized rock on Mars is NOT uniform – it occurred in irregular strips 
· No large earthquakes detected by Viking 2
· Indicates Mars is less seismically active than Earth and perhaps close to Moon in level of activity
Tectonics
· The plains of the western hemisphere of Mars are dominated by the Tharsis dome
· Surmounted by the huge volcano, Olympus Mons and other shield volcanoes rising over 20km above the mean surface
· This may mean that one or more mantle plumes have been active under that region, and in the absence of plate tectonics, the crust was fixed over the plume and the lavas kept accumulating in one area
History of Mars
· Noachian Era: earliest period of Martian history
· Thicker early atmosphere, high rates of cratering, heat flow, volcanism, fluvial activity, and probable glacial activity
· Lasted from planet formation 4.5 billion years ago until about 3.5 billion years ago
· Hesperian Era: transition from Noachian to Amazonian conditions
· In many of the major outflow channels, the last water flows and erosion episodes probably dated from this period
· 3.5 billion years ago until 3.3 billion years ago
· Amazonian era modern, dry, dusty, mostly frozen era
· 3.3 billion years to present 
· Evidence has been found of active geology (lava flows, water release) in this era
Developmental History of Planet
· Because of Mars’ small size, interior cooled and geologic activity did not last very long
· Because of its small size, it gradually lost some of its atmosphere, and its surface fell into a deep freeze
1. Differentiated into core mantle crust
· No obvious traces of plate tectonics such as folded mountain ranges
· Lacks magnetic field, core cannot contain much molten iron
· Traces of residual magnetic fields trapped in parts of the crust, and that suggests Mars once had a magnetic field and presumably molten iron core
2. Cratering, crust of Mars was battered during the heavy bombardment as the last of the debris in the young Solar System was swept up
· Southern hemisphere survives from this age
· Largest impacts blasted out great basins
3. Planet formation, flooding, included flooding by great lava flows that smoothed some regions
· Volcanic magma and water
· Early atmosphere was thicker, water carved the erosional features we see today
· Liquid water ocean once filled the northern-hemisphere lowlands, and water may have formed flood features and valley networks
· Atmospheric gases leaked into space and temperature fell, water became trapped in soil as permafrost 
4. Crust of Mars is too thick to be active, planet lost much of its internal heat,, now lacks much of a molten core, evidenced by the lack of planet-wide magnetic field. Crust was stressed by rising magma, it is too thick for plate tectonics
Satellites of Mars
· Mars has two natural satellites
· Phobos and Deimos
· Phobos is the closest natural satellite to any planet in the solar system (shaped like flattened loaf of bread)
· Deimos is 3 times farther from Mars
· Both are tidally locked to Mars (same side facing planet as they orbit)
· Revolve around Mars in same direction that Mars rotates, but Phobos follows such a small orbit that it revolves faster than Mars rotates
· Thus, Phobos rises in the west and sets in the east
· Potentially captured asteroids
· Mars is closest planet towards Sun from asteroid belt
· Planet must slow asteroid as it passes, interactions with other satellites or grazing collisions with a thick atmosphere might slow the asteroid
· Both satellites are heavily craters
· Such cratering could have occurred while the objects were either still in the asteroid belt or in orbit around Mars
· Gravity is too weak to overcome the structural strength of rock, can’t pull themselves into smooth spheres
· Phobos has unique set of narrow, parallel grooves
· Grooves run from Stickney (largest crater) to an opposite side of satellites
· Deimos has no grooves, looks smoother because of a thicker layer of dust on its surface
· Material partially fills crater and covers minor surfaces irregularities
· Seems certain that Deimos experienced collisions in its past, so fractures may be hidden below debris
· 3 Main principles: (IMPORTANT)
· Some satellites are probably captured asteroids
· Small satellites tend to be irregular in shape and heavily cratered
· Tidal forces can affect small moons and gradually change their orbits (Phobos is so close to Mars that tides are making its orbit shrink, and it will fall into Mars or be ripped apart by tidal forces within about 50 million years 
Orbit and Rotation
· A day on Mars is nearly the same length as an Earth day (24 hrs 40 minutes)
· Mars is tipped 25 degrees (Earth is 23.5)
· As spring comes to southern hemisphere, white polar cap shrinks and greyish surface makings grow dark (potentially greener)

Unit 4 Introduction
Meteorites
· Greeks and Romans called meteorites betyls
· Moslems  pay homage in Mecca to sacred black Kaaba Stone (meteorite)
· Ernst Chladni: father of meteoritics (study of meteorites)
Asteroids
· Ceres: large asteroid in Main Asteroid Belt, dwarf planet 
· Found because according to Titius-Bode law, there should be another planet in that space 
· Asteroid Belt: lots of objects around Mars and Jupiter
· Stuff that never assembled into a planet at all
· Enormous force of Jupiter prevented assembly
· Sometimes they collide and are tossed into an unstable orbit which crosses Earth’s
· If asteroid slams into Mars or Moon with considerable force, chunks of the surface wll fly off into space, sometimes getting trapped in Earth’s gravitational field
Definitions
• Asteroid: a natural rocky object in space measuring 100 m to several hundred kilometres in diameter. 
• Meteoroid: a natural rocky object in space measuring from a few millimetres to 100 m in diameter. 
• Meteor: the visual streak of light associated with passage of a small meteoroid through Earth’s atmosphere; the heat energy producing the light is a result of friction between the object and molecules of gas in the atmosphere. Remember – a meteor is not the object, only the light phenomenon. 
• Fireball: the light associated with a large meteoroid or asteroid as it interacts with the atmosphere. 
• Meteorite: a fragment (any size) of either a meteoroid or asteroid that lands on Earth`s surface. Please remember – it is not called a meteorite until it actually lands on surface.
Titius-Bode Law
· Take simple mathematical series (0,3,6,12,24), each number is double the last
· Add 4 to each of the above (4,7,10,16,28)
· Divide each of the above by 10 (.4,.7,1,1.6,2.8) These are the predicated planet spacing in AU
Chapter 12: Asteroids
· Primordial objects left over from formation of solar system
· Concentration of asteroids between Jupiter and Mars is known as the Main Asteroid Belt
· Asteroids may collide and glue together at low relative speeds 
Asteroid Discovery
· Began with looking for the predicted planet 2.8 AU away (Ceres)
· Astronomers began discovering more and more asteroids 
· In 1998, a new asteroid detective hit skies
· Lincoln Near Earth Asteroid Research (LINEAR) telescope
· Built in Socorrow, New Mexico
· Contained a CCD: Charged Coupled Device – array of light sensitive elements that can record very faint images
· Asteroids numbered on date of discovery (e.g. 1 Ceres, 2 Pallas)
· 15025 Uwontario- That’s kind of cool
Main Asteroid Belt
Asteroid Distribution and the Jupiter Effect
· Originally asteroids formed throughout the inner solar system
· Sufficient refractory minerals forming as far out as present Jupiter
· More volatile elements mixed with refractory elements to produce water-bearing planetesimals
· In early solar system, asteroids were distributed more or less uniformly within the inner solar system
· When planets began to form, gravitational forces changed geometry dramatically
· Most asteroid material gathered up by forming planets, leaving zone around their orbits devoid of asteroids 
· Asteroids that we’re not hit were flung outwards, ending up within influence of Jupiter 
· Much of this redistribution would have happened as Uranus and Neptune moved
· Gravitational disruptions by Jupiter prevented any objects in asteroid belt from coalescing into planet-sized body
· Jupiter was first planetoid, formed millions of years before any planet could accrete where asteroid belt is
Gaps in Asteroid Belt
· Kirkwood gaps: distances between gaps corresponded to simple fractions of the orbital period of Jupiter
· within these gaps, gravitational disruptions are particularly strong
· two main forces are acting on the asteroids: overall gravity of Sun and the gravity of Jupiter
· gradually over long period, each asteroid is influenced by these forces to change its position and swing either outward or inward from Jupiter, leaving behind a gap where it used to be
· asteroids or meteoroids entering Kirkwood gaps are booted out by Jupiter’s Belt
· Objects keep slipping into gaps and starting off on unique tracks (some towards Earth)
Asteroid Classification
Classification Techniques
· Asteroids closest to Sun are brighter and have higher metal content
· Those furthest from Sun are darker in colour and richer in carbon
First, we can base a classification scheme upon meteorite samples of the asteroid 
· Almost 93% of asteroids are composed of materials called silicates (i.e. silicon plus oxygen, along with other elements) and most of the rest are pure metal (mostly iron with a bit of nickel)
· While breaking down larger asteroids into smaller ones, collisions expose deeper layers of asteroidal material
· When asteroids were formed, they were heated to the point where their interiors melted high enough for iron to sink to centre, forming iron core and erupting basaltic lava on the surface
· One asteroid with a basaltic surface, 4 Vesta
· Other differentiated asteroids were disrupted by collisions that stripped away their crusts and mantles and exposed their iron cores 
· Some only had their curst partially slipped away, which gives us an assortment of composition samples from those collisions
· Second, we can base our classification upon the characteristics of sunlight reflected off the surfaces of the asteroid
· Looking closely at the albedo (albedo= proportion of light reflected from an object; the range is 0 (perfectly black) to 1 (perfectly reflecting) of the object
· Object with lots of metal would be highly reflecting while one composed of carbon would have a very low number
· Third, sophisticated instruments break down reflected light into a whole spectrum, collecting rough elements analyses of surfaces as well as simple albedo numbers
· Light spectrograph are used here
Classification Scheme
C-type asteroids: high carbon content or ‘carbonaceous’, 75% of known asteroids
S-type asteroids: high silicon or ‘silaceous’, 17% of known asteroids
M-type asteroids: metallic, most of the remaining asteroids
· P-type and D-type are characteristic of the outer asteroid belt
· Both are considered to be rich in organic  matter and both are considered to have ice water in their interiors
· Least altered of the objects in the asteroid belt objects
· Groups are restricted to inner portions of asteroid belt, probably represent the most altered and differentiated  material in the whole asteroid belt
· Represent portions of larger planetesimals that had differentiated and fragmented during collisions
Matching Children with Parents
· We must turn to the astronomer and his and her spectrophotometer to search for the parents of the meteorites
· Most asteroids have relatively low albedos, meaning they are very dark, reflecting only 3% to 7% of light striking them
· Know these to be carbonaceous asteroids
· If meteorites are truly pieces of asteroids, they should exhibit similar spectral reflectance characteristics
· Selected several basic kinds of meteorites, including ‘ordinary chondrites’, carbonaceous chondrites, achondrites, iron and stony-iron, and ground them to a fine powder
· Obtained laboratory reflection spectra of the powder and compared them with those from the asteroids
· Remember: spectrum is not from a single mineral but from several at a time
· Just looking for similarities and not exact matches
· Similarity between asteroids and the meteorite samples are striking
· Spectrum of 4 Vesta, the first to be studied spectroscopically in 1970
· Spectrum matches the spectrum of a eucrite, an igneous, basalt-like meteorite
· Sole source asteroid for these meteorites
· Since these asteroids also have orbits similar to that of Vesta, Binzel believes them to be broken fragments of Vesta
· First asteroid discovered, 1 Ceres, has an albedo of 6%
· Spectrum is very flat, showing equal reflectivity at nearly all wavelengths
· Its spectrum falls into the broad area denoting the carbonaceous chondrites 
· The asteroid 433 Eros falls within the zone of the ordinary S-type chondrites
· Red-ish colour and spectrum show combination of the minerals pyroxene, olivine, and metallic nickel-iron alloy
· Asteroids with the highest albedo (40%) are designated E-type asteroids (E for mineral enstatite)
· 16 Psyche has a flat spectrum with a moderate albedo of about 10%
· Spectrum shows no absorption features, indicating it is a metallic body, perhaps the nickel-iron core remnant of a differentiated asteroid
· Nickel-iron is an opaque mineral, returning only reflected light
· These are called M-type asteroids (M for metal)
· Direct correlation between compositional differences in the asteroids and their distribution in the asteroid belt
· More than 75% of the asteroids sampled were classified as C-type asteoroids
· 2/3 show evidence of water in their mineral structure
· Range from middle to outer edge of belt
· S-type asteroids are surprising
· Only about 16% of the S-type asteroids have chondritic compositions (the rest are achondrites)
· Disparity between carbonaceous chondrites, rare on Earth but plentiful in asteroid belt, and the ordinary chondrites, common on Earth but relatively rare in asteroid belt, indicates that chondrites probably came from one or at most a few parent bodies
· Large numbers reaching Earth are apparently not indicative of large numbers of S-type asteroids in space
· We cannot rely on our meteorite collections to tell us the true ratio of asteroid types
· Rarity of carbonaceous chondrites on Earth, the most plentiful asteroid type, probably illustrates the difficulty of removing them from the outer fringes of the belt, where they normally reside, to Earth-cross orbit
· S-type orbits do not closely match the spectra of ordinary chondrites
· No large asteroid has been identified as the source body of the ordinary chondrites, though a few small bodies are suspect
Wonderful Vesta
· Most thoroughly observed asteroid is 4 Vesta
· Heterogeneous surface with different mineral regions passing into view as it goes through its 5.3-hour rotation
· Vesta is a differentiated body such that different layers have different mineral compositions
· General covering of eucrite material ( a distinctive type of basaltic flow),  an irregular area of diogenite material (non-volcanic igneous rock formed within the body), and a roughly circular area with a combination of diogenite material and an adjacent olivine-rich area
· Vest was struck several times in its history, large impact craters mark its equator
· Diogenite area is an impact zone where eucrite material was splintered off, revealing a diogenite mantle layer beneath
· The second more circular area is possibly an impact crater excavated through the eucrite and diogenite layers and on into a deeper, olivine-rich layer
· Both layers are exposed in the walls and floor of the crater
· Vesta is the source body for eucrite and possibly also for diogenite meteorites
· Enormous crater more than 460km wide covering almost 75% of one side of Vesta
· Impactor was about 30km in diameter travelling over 4.8km/s when it hit Vesta
· Sent chunks of Vesta into space to orbit Sun
· Rocky debris continues to reach Earth as eucrites and diogenites
· NASA launched the spacecraft Dawn 
· Captured into orbit around Vesta
· Found that its metal-rich core s approximately 220km in a diameter
Asteroid Families
· Destruction that occurs when planetesimals collide catastrophically produces fragments with a great variety of sizes 
· Resulting pulverization or melting of the smaller projectile means that only one asteroid (the larger body) forms the majority of observable fragments resulting from the collision
· Breakup of an asteroid into a collection of fragments, is called a fragment, would result in similar orbital characteristics for these bodies 
· In practice, corrections must also be made for minor orbit peturbations caused by nearby Jupiter
· This results in what are called proper orbit characteristics
· On the basis of similar proper orbit features, Hirayama was able to recognize clusters of asteroids, which are now called Hirayama families
· Members of any one family were collisional fragments of the same original planetesimals 
· Principle hirayma families are: Hungarias, Floras, Phocaea, Koronis, Eos, Themis, Cybeles, and Hildas 
Non-Belt Asteroids
Near-Earth Asteroids
· Near-Earth Asteroids: asteroids that follow orbits that bring them close to the terrestrial planet – particularly close to Earth
· If not an asteroid, it’s a near-Earth object
· All follow highly elliptical orbit, subdivided according to dimensions of their orbit
· All of them spend at least some time between 0.963-1.3AU (1AU = 1 Astronomical Unit; 1.0 AU is Earth to Sun)
· All NEAs have unstable orbits
· None will last more than a few million years
· Atens: Most of these asteroids have orbits less than 1 AU – orbit within Earth
· Apollos: Most have an orbit that brings them through the orbit of Earth (cross Earth’s orbit) 
· Amors: These commonly cross the orbit of Mars; they get close to Earth’s orbit but do not cross
· about 1/3 will be thrown into Sun, and a few may be ejected from the solar system
· Earth is hit by an Apollo object once every 250,000 years, on average
· Apollo objects have known orbits, none will hit Earth in the immediate future 
· 1000 of Apollos are larger than 1km in diameter, the minimum size of an impactor that could cause global effects on Earth 
· LONEOS (Lowell Observatory Near Earth Object Search) is searching the entire sky visible from Lowell Observatory once a month 
· Largest impact ever detected in modern time was the atmospheric explosion of a rocky meteorite over the South Pacific on February 1, 1994
· Not all Apollo-Amor objects are rocky asteroids that have been thrown into an extreme orbit from the main asteroid belt
· May be comets that have exhausted their ices and become trapped in short orbits that keep them in the inner solar system
· Distinction between comets and asteroids is not totally clear
· Apollo-Amor in inner solar system, non-belt asteroids in outer solar system
· These objects, being farther from Sun, move more slowly
· Chiron: found in 1977, 170km in diameter
· Orbit carries it from just inside the orbit of Uranus to just inside the orbit of Saturn
· Uncertain of if it is an asteroid or not
· Releasing cloud of gas and dust in jets, like a comet
· Astronomers suspect rocky crust covers deposits of ice such as solid nitrogen, methane and carbon dioxide
· May be more comet than asteroid 
· Orbit is not stable 
· Could not have maintained in its present orbit for entire history of solar system
· Icy asteroids of outer solar system are widely scattered
· Jupiter ushers two groups of asteroids within its orbit
· Trapped in Lagrangian points along Jupiter’s orbit
· These points lie 60 degrees ahead and behind the planet are regions where gravitation of Sun and Jupiter combine to trap small bodies
· Like cosmic sink-holes, the Lagrangian points have trapped chunks of debris now called Trojan asteroids and named after the heroes of Troajn
· In 1990, observers found an asteroid at the trailing Lagrangian point in the orbit of Mars
· Growing evidence suggests other planets may have Trojan asteroids trapped in orbits
· Solar system contains large number of these small bodies
Potentially Hazardous Asteroids (PHAs)
· Minimum 150m diameter and come closer than 0.05 AU to Earth
· Torono Scale (1-10)
· Level 8,9,10 means collision is certain
· 10 suggests future of global life is at stake 
· Apophis was 4 for a little while (highest ever awarded), but now was reduced to 0
· When it moves close to Earth, its trajectory will be slightly altered, making the asteroids position uncertain
· No subsequent Earth encounters in 21st century are of any concern
Toutatis
· Approximately every 4 years its orbit either comes close to or crosses Earth’s orbit
· Eventually, the gravity of Earth or Mars or Jupiter – or even a collision with another asteroid – will change the trajectory of Toutatis 
· If heading towards Earth we’d all die
Asteroid Exploration
Eros
· NEAR Shoemaker (Near Earth Asteroid Rendezvous) is the first spacecraft specifically designed to study an asteroid
· Eros was the first of the NEO to be discovered
· First time a spacecraft ever landed softly on an asteroid
Mathilde 
· On its way to Eros, NEAR did a ‘fly-by’ of Mathilde – Main Belt asteroid
· First close-up look of a carbon rich C-type asteroid 
· Essentially all cratered
· One hemisphere is scarred by an impact crater so large that scientists don’t understand why it wasn’t pulverized by the collision that created the crater
· Hypothesized to be carbon-rich fragments stuck loosely together, rather than solid rock
· Able to absorb seismic energy from impact without blowing up
· Or could be the bulk leftover from the core of a comet
Gaspra
· Visited by Galileo spacecraft
· First asteroid to have hi-resolution images taken of it
· S-type body, consisting of metal-rich silicate material
· Irregular body
Ida
· First thought to be S-type asteroid, but density is too low (may have a very ordinary chondrite composition
· Has a satellite
· First natural satellite of an asteroid ever discovered 
· Named Dactyl
· Dactyl is not just a chunk knocked off of Ida
· Surprisingly round for a small asteroid
· Surfaces of both Ida and Dactyl are heavily cratered and thus supposedly would be interpreted as being quite old 
· BUT, Ida belongs in a family called Koronis, and the whole of that family is considered to be quite young
· Therefore, cratering may be a product of the breakup event
Itokawa
· Japan sent spacecraft Hayabusa to asteroid to do many measurements, land, and collect samples to return to Earth
· Unsure whether it landed, told to get back into stable orbit
· Unknown to scientists that it had samples in it
· Came back to Earth with asteroid sample 
Meteorities
· During Apollo Moon program, many of the meteorites they had previously collected on Earth were actually chips of the surface of Moon
· Following studying Mars’ surface, scientists on Earth realized that more than a dozen of the rocks they termed ‘meteorites from an unknown source’ were actually chips of the surface of Mars
· Find: you more or less stumbled across it and you have no information of when it got there
· Fall: meteorite whose entry through the atmosphere has been witnessed and someone has recovered a piece of the object
Classification
· Least sophisticated classification is irons, stony-irons, and stones
· Irons: consist almost entirely of iron + nickel metal alloys
· Stony-irons: nearly a 50-50 mix of the same metal alloys and a non-metallic silicate/oxide material that look like ordinary ‘stone’
· Stone: Almost entirely non-metallic silicate/oxide material that look like ordinary ‘stone’
· Renamed so that irons are siderites, stony-irons are siderolites, and stones are aerolites
· Stones have been subdivided into chondrites and achondrites
· Chondrites (have chondrules) might be considered aggregates of ‘cosmic sediment’ that have never been altered greatly since first compressed together
· Achondrites (no chondrules) are igneous rocks that have been at least partially melted and recrystallized
Chondrites
· Chondrules: small rounded inclusions in chondrites 
· Chondrites are poorly blended aggregates of different materials: nicely rounded chondrules, irregularly shaped inclusions of various compounds, shiny grains of metals alloys and metal sulfides, and a dark fine grained matrix
· Carbonaceous chondrites contains carbon
· Carbon may be tiny diamonds, graphite or even hydrocarbon organic molecules
· Carbonaceous chondrites contain many hydrous clay silicates as well as salts
· Composition more closely matches that of Sun than any other mineral we have examined
· Parent bodies from which meteorites have been broken up (brecciated) by a multitude of collisions 
· At some point, chondrites were blasted away from their parent bodies and got pulled in by Earth’s gravitational attraction 
· Changes in mineralogy and texture happened on the parent bodies 
· Primitive nature of chondrites demands that they come from objects that have somehow escaped severe geologic processing
· Accretion: process of clumping together of the various products appearing in chondrites 
Chondrules
· Popular belief is that they condensed from a hot cloud of gas and dust, very early in the solar system history, by a flash-melting of dust aggregates in the solar nebula 
Carbonaceous Matter
· Some meteorites contain carbonaceous material
· Carbonaceous chondrites contain a few percent of carbon and some of them exhibit a large variety of organic compounds 
· External delivery of organic material is now widely accepted as an alternative or additional pathway to the internal production of such material on the early Earth at it may have contributed to the start of life
· Earth was NOT completely brought to life from elsewhere, but some building blocks were
Achondrites
· Magma (molten rock) is formed by melting pre-existing rock at very high temperature
· When that molten rock crystallizes to a solid, we call it some type of igneous rock
· Material left behind that didn’t melt is called a residual rock
· When one of those parent bodies receives a good hit from a collision in space, fragments can end up on Earth
· If fragment is the product of crystallization from a magma, we don’t call it an igneous rock – we call it an achondrite
· If fragment is a chunk of the residual product, we call it a primitive achondrite
· Achondrites are also subdivided
· Included are achondrites called eucrites (look like terrestrial basalt), basalt shergottie (from Mars), aubrites (look like terrestrial pyroxenites), howardites (regolith breccias), any many more 
· This is just for your information, not for testing purposes 
Meteors: From Dust to Shooting Stars
· Solar system is full of dust (micron-sized particles that orbit around Sun)
· These particles, called interplanetary dust particles, are the Solar System’s smallest meteoroids 
· Composed of silicate material 
· Pressure of Sun’s radiation is sufficient to push the tiniest particles out of the Solar System
· Larger particles are slowed in their orbits and spiral gradually into Sun
· Gravity and the pressure of solar radiation could sweep the Solar System clean of micrometeoroids within a few hundred thousand years, a brief period in the Solar System’s nearly 5 billion-year history
· Must be a source of interplanetary dust particles to replace those that are continuously being lost
· Two possible sources of replacing lost dust
· Asteroids are one source
· Their orbits cross and collisions occasionally occur
· These collisions break the asteroid into smaller pieces, which in turn collide, creating even smaller bodies
· Creates micron-sized and larger chunks
· Second source For micrometeoroids is comets
· Trail dust tails as they rush toward Sun, and most comet orbits take these icy bodies far outside the plane of the Solar System 
· Showers of meteors come from very specific regions of the sky, and travel together in space in the same direction along a common orbit
· Strike Earth’s atmosphere at nearly the same position along Earth’s orbit, and consequently we see their meteor trail each year against the same background of stars
· 1833, Temple-Tuttle comet did a pass that left so much dust behind it’s referred to as the “Great Leonids Shower”
· Pegasus and IRAS were sent to detect amounts and locations of dust that would contribute to micro-meteors 
· Strong concentration was found along the ecliptic within the inner solar system 
· Much stronger one was found within 320 and 480 million km from Sun
· Placed the dust ring well within the Asteroid Belt, confirming our suspicion that colliding asteroids are a major source of this space dust
· First samples wre taken in 1970 using collectors on balloons
· NASA began using high-flying U-2 aircraft to capture samples filtering into the upper atmosphere from space
· These particles are composed of delicate, fluffy aggregates of tiny mineral crystals
· Carbon-rich silicates similar in composition to primitive stony meteorites but different enough to place them in a separate category 
· May be cometary dust 
· Different type of cosmic dust particle is retrieved from the ocean floor 
· Magnetic collectors are towed across the ocean floor, and they have recovered curious spherical particles, the remains of micrometeoroids that melted in the atmosphere
· Produce the flashes of light we see shooting across the sky at night
· Melted particles recondense as tiny spherules that slowly drift to Earth
· Made of tightly packed crystals of olivine, magnetite, and glass 
Great Fireballs
· Fireballs are produced by large chunks of rock and iron that were knocked off asteroid parent bodies by collision
· Most meteoroids that produce fireballs are massive enough to survive atmospheric passage, often explosively disintegrating into several smaller pieces en-route 
· Fireball’s light is generated by two distinctly different mechanisms: the burning of the solid body itself and the incandescence of the atmosphere immediately around the burning mass 
· Meteoroid usually does not become luminous, so it is not noticed, until it reaches an altitude of between 95 to 145km
· Above that altitude, the air is too thin to produce much drag on a meteoroid (low-Earth orbiting satellites have orbited at 145 km)
· Below this altitude, the atmosphere becomes dense enough to begin to produce a substantial resistance to a meteroid’s motion 
· Meteroid begins to convert some of its kinetic energy to heat, which begins to melt the outer parts of the meteoroid, and it becomes incandescent 
· Temperature reaches more than 1650 degrees Celsius
· Material begins to slough off as the rock surface literally liquefies; and almost immediately, the ablated material vaporized (ablation = erosion process by removing small masses)
· Air around the incandescent rock begins to ionize (lose electrons)
· as atmosphere gases recapture electrons, they release light, causing the air itself to become incandescent 
· People who observe fireballs report seeing colours
· Colours derive from two sources: the composition of the vaporizing material and the composition of the luminous air surrounding the hot meteoroid
· Many elements give off diagnostic colours when vaporized
· E.g. sodium produces intense yellow colour, nickel a green colour, and magnesium a blue-white colour, these elements are found in meteorites 
· Fireballs often change colours as it progress through its path
· Fireball will turn from brilliant white to bright red immediately before it is extinguished
· Atmosphere acts as a brake and effectively reduces the meteoroid’s velocity
· Melting phase typically lasts only a few seconds, not enough time to conduct heat into its interior 
· When these meteorites reach the ground, they are seldom warm to touch and never hot
· They are quite cold
· Relatively poor heat conduction of the meteorite’s rocky material coupled with the all-to-brief heating phase assures the survival of the meteorite in a near pristine condition 
Shock and Awe 
· Meteroids can provide a display of noise, fireworks and trepidation
· Height at which at which a ‘burning’ meteoroid first becomes visible as a fireball depends on its initial mass and velocity when it enters the uppermost part of the atmosphere 
· High cosmic velocities (as high as 42km/s)
· Usually meteroids cross Earth’s orbit obliquiely, either forward or behind the moving Earth, so their speeds fall somewhere between 16km/s and 42km/s
It’s All a Matter of Physics
· All bodies in motion possess intertia, a body’s resistance to a change in its motion
· The force required to change its motion – to speed it up or slow it down, or change its direction – depends upon the body’s momentum
· Momentum: product of the body’s mass, the amount of material it contains, and its speed or velocity 
· The more mass the body has or the faster it is traveling, the greater the force necessary to change its state of motion 
· Force necessary to slow it is equally enormous, and is produced in the atmosphere
· The atmosphere reduces the meteoroid’s momentum by creating a drag on it, thus slowing its velocity
· It further reduces its momentum by heating the meteoroid until it begins to lose mass by the ablation process
· Moving mass also has energy associated with its motion
· Called kinetic energy
· KE=1/2mv2
· Kinetic energy of a falling meteoroid can be converted to other forms of energy; kinetic energy means everything to its survival
· The higher its kinetic energy when it meets the upper atmosphere, the higher the atmospheric drag on the meteoroid and the more rapidly it heats up, as atmosphere resistance acts to convert this energy of motion to heat, light, and sound
Song of the Fireball
· Jet plane traveling at or above the speed of sound generates a pressure wave, or shock wave, in front of the plane
· Meteoroids travel much faster than sound, they  can precede the sound by several seconds or as much as a minute or two
· No sound at all while the fireball is visible
· Seconds or minutes after the fireball has vanished, the pressure wave passes by the observer and several loud reports are heart 
· While a fireball is visible, sounds like a hissing noise like radio statis
· Whistling sounds close to impact point 
· Rapid changes take place in a meteoroid as kinetic energy is converted to heat and light 
· Meteoroids with high initial velocities will be subjected to far greater atmospheric resistance than slower-moving meteroids and therefore suffer greater ablative effects 
· Most observed fireballs that resulted in surviving meteorites had velocities of around 20-25km per second
· Many meteoroids enter the atmosphere at considerably higher speeds than these and survive
· Meteoroids encounter enormous forces from the pressure of the air resisting their motion 
· Force on a stony meteoroid, especially on the forward end, is sufficient to cause the mass to break into several smaller pieces
· These pieces have a better chance of survival than the larger single mass, since smaller stones with less mass are more readily slowed in the atmosphere, therefore suffering less heating and ablation
· That may allow them to survive even when the main mass has high initial velocity 
· Sometimes fireballs brighten along their trajectories as they fragment into many smaller fireballs 
· Because a meteoroid or asteroid has no heat shield to dissipate heat generated by atmospheric friction, their leading edges will melt
· Very small fragments may largely or totally melt 
· Typically these are small and glassy, composed of grains melted in the atmosphere, then chilled as they dropped to surface
· Significant mass is simply lost in the atmosphere; ablation rates commonly are 30-60%
· The surfaces of some meteorites are marked with depressions resembling thumbprints (called regmaglypts) that form by ablation, probably as the meteoroid rocks back and forth or tumbles so that there’s selective melting
· Any melting at all will normally produce a fusion crust on the object: a layer of glass (commonly dark or even black in colour)
· Space objects ‘burn’ only as they pass through the dense part of the atmosphere; by the time they reach ground they are usually cool to the touch
I Found It First
· Usually regarded as the property of the landowner where it was found
· If found in a lake or ocean, the common law principle (finders keepers) has been regarded as applying 
Tools of Investigation
· To look inside any rock – even a meteorite – we need to mount a very thin slice of it on a glass slide and study it under a petrographic microscope 
· We use an electron microprobe to chemically analyze them
· Uses a tiny beam of electrons to impact micron-sized volumes of the sample and tell us what elements are present in that volume in what proportions 
· Mass Spectrometer measures the amounts of very selective radioactive isotopes in the sample 
· Equations that relate the amount of an isotope ‘parent’ to the amount of the isotope that it breaks down to form (called a ‘daughter’) and the time involved since breakdown began
· From that we can tell how old the sample is (most chondrites are clustered at 4.56 billion years – so that must be just about the age of the solar system)
Unit 5: The Gas Giant Planets – Introduction
· Definition of a gas giant is: A large, massive, low-density planet composed primarily of hydrogen, helium, methane and ammonia in either gaseous or liquid state 
· Four gas giants in the solar system are: Jupiter, Saturn, Uranus, Neptune
· All have atmospheres of hydrogen and less helium
· On Jupiter and Saturn, the boundary between atmosphere and body of the planet (what we’d call ‘surface’) is gradual: from gas to liquid
· On Uranus and Neptune there may actually be a sharp boundary surface between gas and liquid
· All have hot cores
· All have cores that are sometimes called ‘rocky’ but are a mix of heavy elements in a solid state
· All are surrounded by systems of rings and natural satellites
· All rotate rapidly, resulting in strong atmospheric winds that produce clouds bands that parallel their equators. Jupiter rotates fastest, thus has the most prominent bands
· Outer-most atmosphere of all 4 planets consist of molecular hydrogen and (less) helium 
· Further down, for both Jupiter and Saturn, the ‘state’ changes from gas to liquid and then to something we’d have to call ‘metal’
· Pressure on the interiors of these two massive planets is just so immense that hydrogen starts responding to stimuli exactly as metal would
· For Uranus and Neptune, the molecular hydrogen and (lesser) helium of the outer atmosphere gives way to an atmosphere primarily of methane (also in the gas state), then further down to a semi-solid mix (called ‘ice) of water, methane and ammonia
· None of these elements transform into a so-called ‘metal’ state prior to the heavy element (‘rocky’) core
Origin of the Gas Giants
· All gas giants were either formed within the first 10 million years of the development of a star-planet system or they didn’t ever develop 
· All those volatile and liquid elements that would be given off by an early star would gather quickly into frozen blobs in the cold outer reaches of the system
· There, they would grow and their gravitational attraction would increase rapidly
· They would start pulling greater and greater quantities of volatiles and liquids into themselves
· Larger masses would start interfering with the orbit of the slightly smaller masses, and the combined gravitational/rotational interactions would have the effect of flinging the smaller ones either out to the margins of the planetary system or towards the central star
· Neptune would pass a protoplanet to Uranus which would pass it to Saturn which would pass it to Jupiter
· Jupiter may just assimilate it, or may toss it towards Sun
· Some of these may have ended up as asteroids, some may have headed straight into Sun, and some my have flung straight past Sun and out of the solar system completely 
· Jupiter cannot ignite into a second star because relative to the mass of Sun, it’s pretty puny
Comet Impact on Jupiter
· Jupiter, because of its strong gravity, probably gets hit by comets more often than most planets 
· In 1994, fragments from a disrupted comet smashed into Jupiter
· Comet named Shoemaker-Levy 9
· Captured into orbit around Jupiter sometime in the past
· Pulled into at least 21 pieces that looped out away from Jupiter in long elliptic orbit 
· Pieces fell back and slammed into Jupiter over a period of six days
· Fragments were no bigger than a kilometer
· Contained a fluffy mixture of rock and ices
· Produced fireballs almost 3000km high, and the rapid rotation of Jupiter brought the impact points within sight of Earth only 15 minutes later
· As they cooled, the impact sites became dust, dark spots at visible wavelengths
· Some of these dark smudges were larger than Earth
· Astronomers were able to fine-tune the models to better represent Jupiter’s atmosphere
· Planets are hit by large objects such as asteroids and the heads of comets
· Jupiter is probably hit every century or so
Jupiter 
· Jupiter is three times larger than the next largest planet, Saturn
· Diameter of Jupiter is a bit over 11 times of Earth
· Must be massive because its satellites race around it at high speed
· Io is the innermost of the four Galilean satellites, and its orbit is just a bit larger than the orbit of Moon around Earth
· Mass of Jupiter is almost 318 times Earth’s mass
· Not very ‘nice’
· Hurricane-force winds whip up storms
· Lightning bolts
· Swirling vortex of clouds (called the Great Red Spot) larger than Earth has been raging for at least 300 years and shows no sign of ablating
· Lethal radiation
· No hard surface
· Strong winds produce the pattern, but the planet’s heat is the driving force of the circulation, but the planet’s heat is the driving force of circulation
· Jupiter emits about 1.7 times as much energy as it receives from Sun
· It must be very hot inside to have so much heat flowing outwards into space
· 63 satellites
· Io is the most volcanically active body in the solar system
· Europa apparently has a significant liquid water ocean beneath its surface
· Ganymede seems to have water “slush” ocean beneath a solid ice cover
· Callisto is a body that apparently never chemically differentiated
· these are known as the Galilean satellites
· Voyager 1 spacecraft sent back photos, that Jupiter’s rings were discovered
· Less than 100 times as bright as Saturn’s rings
· Composed of dust particles that are kicked up as interplanetary meteoroids smash into Jupiter’s four small inner satellites 
· Particles are microscopic in size
Missions to Jupiter
· Pioneer 10 returned over 500 images of Jupiter and satellite family 
· Has now left the solar system
· Pioneer 11 took better pictures than Pioneer 10 and measured Jupiter’s intense charged-particle and magnetic field environment
· It has also left the solar system
· Voyager 1  found nine active volcanoes eruption on Io, the innermost of Jupiter’s four major satellites
· Voyager 2 found that eight of the nine volcanoes were still erupting
· Thin dusty ring was also discovered around Jupiter 
· Galileo is the only craft to orbit Jupiter; it was designed to study Jupiter’s atmosphere, satellites and surrounding magnetosphere for 2 years
· Deliberately destroyed by sending it crashing into Jupiter’s crushing atmosphere
· Did not want to contaminate the icy crust of the satellite Europa
· Scientists now suspect Europa has a salt water ocean and it may contain microbial life (thanks to Galileo (spacecraft))
· First probe to fly past an asteroid 
· New Horizons is heading for Pluto and perhaps the Kuiper belt beyond 
· Crossed orbit of Saturn and is heading toward Uranus
· Passed the Jupiter system, it took some wonderful pictures 
· Juno is the first solar powdered craft to roam so far into the outer reaches of the solar system, and it carried 3 solar panels each the size of an 18 wheeler truck 
· it will take 5 years to reach Jupiter 
Planetary Facts (selected)
· Distance from Sun: 5.3 AU
· Desnity: 1.326g/cc
· Rotational period: 9.925 hours
· Orbital period: 4331.6 days (11.86 years)
· Orbital inclination: 1.305 degrees
· Satellites: 63 (4 big ones)
· Rings: one main ring and one minor one
Orbit and Rotation
· Jupiter maintains an upright stance of a mere 3 degrees of obliquity, has a rotational period that’s really fast (9 hours and 55 minutes)
· Most of the planet is liquid, and it doesn’t have a hard surface, and it rotates so fast, it has a detectable oblateness (i.e. it bulges slightly at the equator)
Interior Heat Engine
· From a true gaseous hydrogen-rich atmosphere it turns into liquid hydrogen then to ‘metallic’ hydrogen and finally a heavy metal core 
· Jupiter emits about 1.7x as much energy as it receives from Sun
· Source of Jupiter’s excess energy is the slow compaction of the planet – the atoms of hydrogen and helium move as gravity very slowly pulls them into a more compact configuration, and that motion generates heat 
· explains internal heat of all gas giants, except Uranus (does not generate internal heat)
Magnetosphere
· Jupiter has a magnetic field
· Likely to do with differential motion by the different physical states of hydrogen
· Its 14 times stronger than Earth’s
· Traps electrically charged particles (from the solar wind) and shapes them into a teardrop form of magnetosphere of radiation around the planet
· The trapped charged particles are so abundant, that they would damage instruments of any spacecraft flown through the magnetosphere 
· Jupiter’s rings and satellites occur within this radiation, although certainly the values drop considerably with distance outwards
· There’s speculation about life in the oceans of two of the satellites – Europa and Ganymede
· Magnetosphere leak downward along the magnetic field, and where they enter the atmosphere, the produce auroras 1000 times more powerful than those on Earth 
· Occur in rings around the magnetic poles
Atmosphere
· Deep below the clouds, the temperature and pressure exceed the critical point for hydrogen, the temperature and pressure above which liquid hydrogen and gaseous hydrogen have the same density and are indistinguishable
· Temperature, pressure and density rise and gradually the gas would become a fluid, as you go down through Jupiter’s atmosphere
· Below the clouds of Jupiter lies the largest ocean in the solar system – and it has no surface and no waves 
· Short after Galileo arrived on station, it sent the ASI (Atmosphere Structure Instrument) probe into the atmosphere of Jupiter 
· Probe relayed data during its 57 minute descent mission that has revolutionized our thoughts on Jovian/gas giant planets
· Probe detected extremely strong winds and very intense turbulence during its descent through Jupiter’s thick atmosphere
·  Confirmed theories that the energy source driving much of Jupiter’s distinctive circulation phenomena is probably heat escaping from the deep interior of the planet 
· Jupiter’s atmosphere contains significantly lower-than-expected levels of helium, neon and certain heavy elements, such as carbon, oxygen sulfur
· Indication of high-level ammonia ice cloud was detected
· Evidence for thin cloud which might be the postulated ammonium hydrosulfide cloud was provided 
· No data to suggest the presence of water clouds 
· Dry atmosphere, free of condensation 
· Clouds of Jupiter are organized into dark belts and bright zones
· [image: http://astrobioloblog.files.wordpress.com/2011/04/belts-zones.jpg]All a result of the high rate of rotation of the planet
· Zones tend to be white or yellow, while the belts are often some shade of reddish brown
· Temperature of the dark belts is higher than that of the light zones, implying that the belts are lower in the atmosphere 
· Thus, belts appear to be regions of descending gas and the zones are regions of rising gas
· Zones appear to be high-pressure regions of rising gas that cools as it rises and forms clouds higher in the atmosphere where they receive more sunlight and look brighter
· The belts are low-pressure regions with sinking gas and lower clouds that are not as brightly lit
· Each hemisphere has around 6 band with wind blowing at very high velocities in opposite directions 
· This explains the extensive shear and turbulence at the boundaries between these regions (Great Red Spot)
· Dark belts contain small rising storm systems 
· High- and low-pressure regions are bounded by high-speed winds
· Winds blowing hundreds of kilometers per hour separate the belts and zones
· Clouds on Jupiter are twisted and swirled by the winds, but the belts and zones are highly stable 
· Their colours and brightness change sometime, they have not changed their position since humans began mapping them 
· Astronomers think that the colours are caused by traces of compounds containing sulfur or phosphorous modified by sunlight 
· Mixed within the belt-zone circulation are light and dark spots
· Some appear and disappear in days, other last years
· Dark spots appear to be openings through which we see deeper, darker clouds, and white spots appear to be higher cloud circulations
· Largest is the Great Red Spot which has been in one of the southern zones for more than 330 years
· White storm beside the Great Red Spot slowly turned red too; it’s been named ‘Juniour’
· Gread Red Spot is higher than its surroundings
· Formed by rising gas carrying heat upwards from deep below the clouds and creating a vast, rotating storm
· On Earth, rising currents of hot gas can produce thunderheads that tower 15 kilometers and spawn powerful winds and tremendous lightning
· Same is true for Jupiter
· Voyager photos of the night side of Jupiter revealed lightning bolts among the clouds, and Galileo images show thunderheads up to 50km high 
· Weather patterns on Jupiter appear to be dominated by the interior
· High-speed winds that bound the belts and zones extend deep into the atmosphere
· Large-scale circulations in the liquid interior cause these winds and organize the overall belt-zone pattern
· Heat rising from the interior drives and generates circulating storms
Jupiter’s Family
· 63 natural satellites
· fall into 3 categories (regular, irregular, Trojan)
· Regular satellites: define the outer orbital reaches of a planet’s domain in space
· E.g. Io, Europa, Ganymede, Callisto 
· Large and round
· They tend toward entirely stable, simple, nearly circular orbits 
· Either formed from nebula of gas and dust that built the planet, or from collision
· Irregular Satellites: These satellites are of unknown origin
· They are most certainly captured objects, and they were captured early in the history of the solar system
· Many irregulars travel in packs that indicate they were once related objects
· The irregulars typically small
· They orbit at great distances and often on odd trajectories 
· Similar compositions
· Trojan Satellites: Weird satellites
· Ahead of and behind Jupiter are two packs of asteroids – that orbit Sun but are also gravitationally bound to Jupiter
· Occupy positions called Lagrangian points, 60 degrees ahead and behind Jupiter on its Sun orbital path
· Astronomers call them Trojan asteroids or satellites 
· Technically satellites of Jupiter but do not orbit Jupiter
· Earth has one true Trojan (2010 TH7) that shares orbit with Earth
· Earth has a ‘quasi-satellite’ (2002 AA29) - almost but not quite a true satellite 
· Every few years it gets close enough to Earth to be considered more than a Trojan
Galilean Satellites
· The four  satellites are called The Galilean Moons
· All the Galilean satellites are tidally locked to Jupiter, thus keeping the same face forever facing the planet 
· Three important principles of comparative planetology:
· A body’s composition depends on the temperature of the material from which it formed. This is illustrated by the prevalence of ice as a building material in the outer Solar System where sunlight is weak
· Cratering can tell us the age of a hard surface
· Internal heat as a powerful influence over the geology of these larger satellites

Callisto
· Outermost of Jupiter’s four satellites, bit larger than Earth’s moon
· Mixture of rock and ice
· Dark, dirty ice heavily pocked with craters 
· Become dark because of dust and impacts of small meteoroids
· Spectra of surface show that it is mostly a 50/50 mix of ice and rock, but some areas are ice-free
· Slumped shape of larger craters suggest the outer 10km is mostly ice
· Slow radioactive decay in its interior may provide enough heat to melt some of the interior; when the water approaches the surface, it freezes
· Never fully differentiated to form a dense core and a lower-density mantle
· Its interior is a mixture of rock and ice
· Weak magnetic field of its own
Ganymede 
· Largest of the satellites of Jupiter
· Appears to generally be composed of silicate rock and water ice
· Completely differentiated, and even has a molten iron-rich core 
· Below a 200km thick surface layer of water ice appears to be a liquid water salty ocean 
· Below that – thus between the hot metal core and the ocean – is a layer of solid silicate rock material
· Has magnetic field – result of having a molten metal core inside a solid ‘sheath’
· Because the interior is hot, there must be enough radioactive material in the mantle to generate that heat – thus allowing both the differentiation of the satellites plus the convection that makes the magnetic field
· Has its own atmosphere 
· Primarily oxygen and very minor hydrogen, with no nitrogen at all
· Very thin
· Result of radiation breaking down the water molecules of ice into oxygen and hydrogen
· Formed very shortly after Jupiter, and from the disk of gas and dust surrounding Jupiter 
· After formation, heat of both the gravitational energy of the accretion itself plus the heat of radioactive decay processes allowed the body to differentiate, to begin to generate a magnetic field, and to produce a liquid water sub-ocean with a thick ice cover
· Slowly cooling, eventually temperature will drop below the point of stability for liquid water 
Europa
· Europa has a density of about 3g/cm3, so it must be mostly rock and metal (density increases, closer the satellite is to Jupiter)
· Surface is ice
· Almost free of craters
· Surface is only 10 million years old
· Therefore it must have resurfaced periodically
· Liquid water – from an underlying sb-ocean – rises through cracks in the ice to floor over the surface 
· Brought rise to idea that there is significant sub-surface liquid water ocean on Europa 
· Thick ice model for Europa is when the liquid layer is replaced by a colder ‘plastic’ layer of ice
· Little solid evidence to support this theory
· Europa is too small to have retained much heat from its formation or from radioactive decay, and the Galileo spacecraft found that Europa has no magnetic field of its own
· Cannot have a molten conducting core, yet it obviously has undergone significant if not complete differentiation
· Tidal heating is important for Europa and apparently provides enough heat to keep the little satellite active
· Obviously active because the ice surface is covered with cracks, clearly showing the effects of convection beneath (whether from ‘plastic’ ice or water)
· No magnetic field of its own, but Jupiter rotates rapidly and drags its field past the little satellite
· Fluctuating magnetic field in Europa 
· Europa is bombarded by high-energy particles that damage the icy surface (travels deep inside Jupiter’s radiation belt)
· Water molecules are freed by the abrasion and broken up; the oxygen and hydrogen are sputtered into space where they form a very tenuous and temporary atmosphere 
· Doughnut-shaped cloud spread around Jupiter and enclosing Europa’s orbit 
Io
· Closest to parent Jupiter, high density 
· Highest density of any satellite in the solar system- and just a bit bigger than Europe (smaller than Ganymede and Callisto)
· Interior looks to be a core of iron plus or minus sulfur 
· Mantle of about the same composition as that of Earth
· At least 20% molten, and a brittle outer crust of silicate rock
· Geologic activity is driven by heat flowing out of a planet’s interior, illustrated by Io
· No impact craters at all
· Over 150 active volcanoes are visible on the satellite’s surface, blasting sulfurous gas and ash and lava out over the surface to bury any newly formed craters
· Io is bursting with energy
· Most volcanically active body in the solar system
· Virtually non-stop
· Great lava flows are visible carrying molten material downhill, where it buries the surface under layer after layer 
· Heated by the same kind of tidal heating that probably affected Ganymede in its early days and still affects Europa 
· Io is so close to Jupiter, tides are powerful and should have forced Io’s orbit to become circular long ago
· Io, Europa and Ganymede are locked in an orbital resonance; in the time itakes for Ganymede to orbit once, Europa orbits twice and Io four times
· This gravitational interaction keeps the orbits slightly elliptical, and Io because closest to Jupiter, suffers dramatic tides with its surface rising and falling by about  100m 
· Resulting friction is not enough to melt the interior and drive volcanism 
· Energy flowing outwards is continually recycling Io’s crust
· Deep layers melt, are spewed out through the volcanoes, fall back to cover the surface, and are later covered themselves until they are buried so deeply that they are again melted
· Io has a tenuous atmosphere of gaseous sulfur and oxygen
· Those gases cannot be permanent
· Erupting volcanoes pour out at about one ton of gases per second, but because Io’s low escape velocity, the gases leak into space easily
· Amy gas atoms that become ionized are swept away by Jupiter’s rapidly rotating magnetic field
· Io’s neighborhood is dirty with sulfur
· Reddish colour of the small inner satellite, Amalthea may be caused by sulfur pollution from Io
Some Irregular Satellites
· Amalthea was the fith satellite to be found
· Surface is reddish, so that it may have been coloured by contamination from Io
· Two bowl-shaped craters, two bright features which seem to be mountains, and a medly of ridges and troughs
Life Conundrum
· Galileo spacecraft was deliberately destroyed by sending it crashing into Jupiter at high speed, the purpose being to eliminate any possibility of a future crash on Europa
· Some possibility of bacteria-like life living in the liquid waters of Europa, thus we must – at all costs – avoid any possibility of contaminating that satellite with Earth bacteria 
· Ganymede and particularly Europa apparently have subsurface oceans with more saltwater than on Earth 
· Dark depths of Jovian satellites would hardly support photosynthesis
· Fast moving particles, accelerated by Jupiter’s strong magnetosphere, frequently slam into Europa’s tiny ice surface
· Collisions form H2O2 and O2, which could provide energy for the interior life if the churning surface pushes down the oxidants 
· Other alternative is the deterioration of a radioactive form of potassium, located in the crust and ocean
· As the potassium isotope decays, it divides water molecules and creates O2
· It would still make enough to support life, although it wouldn’t produce as much fuel as the bombarding particles 
Saturn and Family
· First spacecraft visit to Saturn was a fly-by by Pioneer 11
· Low-resolution images were acquired
· Took temperature of Titan
· Voyager 1 and 2 provided the date for the recent Cassini-Huygens mission
· Determined the hydrogen/helium atmosphere
· Checked out winds, and atmosphere belt patterns
· Found auroras at the poles
· Got some good pictures of satellites and rings
· Cassini-Huygens was the first spacecraft to orbit Saturn, and the volume of data arriving is phenomenal 
· Designed to use as little fuel as possible
· Dependent on gravity assists plus a small plutonium nuclear reactor fuel cell 
· It was exploring too far from Sun to use solar power 
· First to explorethe Saturn system of rings and satellites from orbit 
· New Horizons space probe has proceeded through the Jupiter system and has cut through the orbit of the Saturn system as it proceeds towards its target: Pluto
Planetary Facts
· Distance from Sun: 9.5 AU
· Density: 0.687g/cc (it would float on water)
· Rotational period: 10.5 hr
· Orbital period: 10,832 days (29.66 years)
· Orbital inclination: 2.485 degrees
· Axial tilt: 26.73 degrees
· Satellites: at least 60; some are blocks of ice
· Rings: individually, there are hundreds, but organized into 8 to 10 groups
Saturn: The Planet
· Saturn has less hydrogen (lightest element) and more heavy elements – but its less dense
· Matter of relative composition
· Saturn rotates about as fast as Jupiter, but it is almost twice as oblate 
· Bodies with high proportions of liquid in them become more oblate when rotated
· Saturn has rocky core, a thicker metallic hydrogen inner mantle and the rest is mostly liquid hydrogen with an outermost 1000km thick layer of atmosphere (mostly hydrogen)
· Saturn is radiating 1.8 times as much energy as it receives from Sun, telling us that heat is flowing out of its interior
· It must be hot inside
· Helium in the liquid hydrogen interior is condensing into droplets and falling inwards
· The friction of the falling droplets and the compaction of them in the core heat the planet
· This heating is similar to the heating produced when a star contracts
Atmosphere
· Slow gradual change from gaseous atmosphere to liquid planet
· Impossible to land a spacecraft, though one could be made to drop slowly with a parachute and transmit information until the intense pressure of Saturn’s atmosphere crushed it
· About 91% of the atmosphere is hydrogen, 6% is helium, and the rest consists of nitrogen, oxygen, carbon and a few compounds including water, ammonia and methane
· In the very outer layers are small quantities of hydrocarbons, including acetylene, ethane, propane and methane
· Butterscotch-coloured atmosphere contains belt-zone circulation, which appears to arise in the same way as that on Jupiter
· Zones are higher clouds formed by rising gas, and belts and lower clouds formed by sinking gas
· Saturn’s atmosphere is much colder than Jupiter’s – expected because Saturn is twice as far from Sun and receives only ¼ as much solar energy per square meter
· On Jupiter, winds bound each of the belts and zones, but on Saturn the pattern is not the same
· Saturn has fewer such winds, but they are much stronger
· Eastward wind at the equator of Saturn. For example, blows at 500m/s
· Storms in the atmosphere are common, but the biggest (a ‘white’ vortex along the equator) appears to have about a 30-year cycle; the next should be due in 2020
· Clouds on Saturn form at about the same temperature as the clouds on Jupiter, those temperatures are deeper in Saturn’s cold atmosphere 
· Saturn’s cloud pattern is much more uniform in colour than that of Jupiter with less distinct divisions
· Scientists think there are three layers of clouds, depending upon the temperatures at which vapour compounds condense
· Upper layer has a relatively high content of ammonia
· The second layer is ammonia hydrosulfide (perhaps accounting for the general yellow hue of the planet)
· Inner-most layer is water clouds 
Magnetic Field and Magnetosphere 
· Saturn’s magnetic poles exactly match the geographic rotational poles
· Perfectly symmetrical magnetic field
· Dynamo is probably an interaction between the core and the metallic hydrogen inner mantle 
· result is a much weaker field strength than for Jupiter
· Saturn has a magnetosphere whose linear dimension is more similar to the terrestrial magnetosphere than that of Jupiter
· Magnetosphere is an efficient deflector of the solar wind
· Auroras at both poles
Saturn’s Ring
· Galileo was the first to see Saturn through a telescope 
· Couldn’t get a decent image 
· Christian Hyugens improved the telescope and noticed the enormous stem of rings
· Galileo gets credit for discovering Saturn 
· Hyugens gets credit for discovering rings
· Hyugen also spotted the largest of Saturn’s satellites – Titan 
· Rings were named in the order they were discovered 
· Major division between A and B is called Cassini Division after the astronomer who discovered both the gab and four of Saturn’s satellites 
· Division is caused by gravitational perturbations by Saturn’s satellite Mimas
· Ring particles orbiting in the gap have what is called a resonance with Mimas and are, over time, gravitationally nudged into new orbits, thus largely clearing out the section
· Other gaps are generated through much more complex interactions with other satellites and with large particles within the rings 
· Each of the ring particles has its own individual orbit about Saturn, although a gentle jostling occurs as the particles are affected by the gravitational pull of Saturn’s major satellites and of each other
· 27 degree axis tilt
· Give us a splendid view
· Since the rings ride exactly above Saturn’s equator, we would never properly see them from Earth if Saturn had an axial inclination of, say, 3 degrees, like Jupiter
· The reason the rings are not spread in a random haze around Saturn is related to the distribution of mass within Saturn itself
· Saturn is the least dense planet plus has a very rapid rotation, which has significantly bulged the planet at the equator and compressed it at the poles 
· Body orbiting around Saturn’s equatorial zone feels a greater gravitational pull than when it passes over the polar regions because there is more material below it
· Path of greatest orbital stability is a nearly circular one above the most massive sector of the planet, precisely at the equator
· Voyager 1 found presence of dark radial features than move in curious patterns on the B ring
· Named spokes due to their likeness of spokes on a wheel
· Seem to be a seasonal phenomena (Cassini did not detect a trace of them)
· Within the rings, gentle collisions gradually grind down the larger particles
· Smallest particles tend to stick to one another and build into larger clumps through accretion
· Equilibrium between the destruction of larger particles and the accretion of small ones into bigger one
· Largest particles are near the rings’ outer edge, the zone of least disruptive force 
· The highly reflective particles of water ice that make up the rings are bright enough to outshine the ammonia clouds that top Saturn’s atmosphere 
Composition of the Rings 
· As already noted, the rings are composed of billions of particles – in a wide range of sizes  - of water ice; recent analyses put them at 95%
· Cassini spacecraft discovered that between the A and B rings – in the gap called Cassini Division – there is considerably more ‘dirty’ than ice,  although the A and B rings themselves are very ‘clean’ 
· In composition, the dirt looks to be about the same as the dark material on Phoebe, one of Saturn’s satellite 
· The other gaps plus the F ring were also found to be mixes of water ice and dirt
Origin of Rings
· Two main theories regarding the origin of Saturn’s rings
· Rings had to be very young indeed- perhaps no more than 100,000 years 
· Conclusion based upon:
· The apparent uniformity of materials in the ring (they seemed to have about the same density of particles of ice everywhere)
· Ice blocks were very reflecting and fresh looking: there was almost no dust on their surfaces suggesting they could not have been around for too long
· Theory that water ice in the near-vacuum of space would deteriorate over time by sublimation. Cassini  has detected exactly that: a massive eruption of atomic oxygen spewed into a huge cloud on the dark wide of Saturn’s rings just as the craft was preparing to enter orbit 
· The detection of oxygen atoms was no surprise
· Hydroxyl ions had already been detected earlier (actually all the way from the Hubble Telescope)
· One possibility for ring’s young origin is that the rings were once a satellite of Saturn whose orbit decayed until it came close enough to be ripped apart by the tidal force interaction with Saturn
· Water ice outer sheath of the satellite disintegrated and formed rings while the rock core dropped into the plane t
· Richard Kerr 
· Noticed the rings are not uniform all the way around the planet 
· Density varies enormously from very thinly populated regions to very dense regions
· Kerr thinks that the little satellites that occur here and there throughout the rings (we call them shepherd satellites) are actually an integral part of the ring system
· Sometimes the satellites disintegrate, replenishing the ring material and sometimes the ring material accretes into small satellites 
· If that’s the case, the rings would always look bright and fresh
· JUST A THEORY 
Satellite Family
· Saturn has at least 62 natural satellites but there are probably more
· Most of them look like dirty ice balls 
· Saturn has one really big satellite (Titan),  about seven which are rather medium sized, and then a whole bunch that are tiny
· Seems that all the icy satellites are unique: no two are exactly alike
Titan
· Bit larger than planet Mercury, and almost as large as Ganymede (Jupiter’s largest satellite)
· Only satellite of any solar system planet to have a dense atmosphere
· Main component of that atmosphere is nitrogen
· Titan was composed of water ice and rocky material 
· Spacecraft Huygens piggy-backed Cassini to study the whole of the Saturn family
· Huygen dropped through the atmosphere of Titan and landed on the surface
· Atmosphere is very thick – about 1.5 times the surface pressure of Earth
· Largest component is 98.4% nitrogen, 1.6% is mainly methane with a few other minor gases including various hydrocarbons 
· Orange colour of Titan’s atmosphere is attributed to these complex hydrocarbons 
· These components mask the atmosphere to the point that distinguishing surface features is difficult 
· Presence of such large amounts of methane is mysterious
· Methane should have been broken down into more basic components long, long ago
· Must be produced by some activity on Titan
· Titan atmosphere works as an anti-greenhouse agent, making the surface minus 179 degrees; probably not much biological activity at that temperature
· A few ‘hot spots’ have been mapped that appear to be volcanoes – not at all the type of volcano we’re familiar with on Earth, but centres that periodically spew out ‘lava’ of water plus ammonia and sending methane gas into the atmosphere 
· Methane freezes into crystals and falls back to the surface and gets sifted into lines ‘dunes’. The volcanoes are called cryvolcanoes to signify that their product is not hot lava but cool to cold water and ices of various sorts
· In tracking the occurrences of methane ice, some very high regions of the satellite were discovered to be covered with ‘methane snow’
· These are mountains of icy surface lifted upwards by some variation of the same sort of activity we call ‘plate tectonics’ here on Earth 
· Some features on titan closely resemble Earth at its earliest stages
· Organic material on Titan could easily lead to development of microbial life, and thus could be an analogue to early Earth
· Life could develop in outer atmosphere of Titan: water vapour and all the other ingredients are there
· Titan is frigid and there’s no CO2 in the atmosphere
· Sun will eventually turn into a Red Giant
· Titan just might end up in the a zone where water will exist on the surface and life will flourish 
Mimas and Iapetus
· Mimas has a large impact that must have come close to breaking the satellite apart
· Iapetus also shows an enormous impact crater but it is clearly very old because many younger craters appear inside 
· Also has an equatorial ridge that goes all the way around the visible part of the satellite
Enceladus
· Orbits very close to Saturn and goes around the big planet at truly phenomenal speed
· Albedo that you’d expect from fresh snow or ice
· Some parts of the surface are heavily cratered, thus old, but large regions are crater free, so those surfaces must be periodically resurfaced
· Because of the close physical relationship and because the spectral analyses are identical, it’s assumed that Enceladus is the source of material for the tenuous E-ring around Saturn
· Strong temperature anomaly discovered at the south pole of Enceladus
· Warm anomalies were discovered to be oriented along trough structures – and great plumes of icy salt water and snow spewed from fountains along the troughs
· The satellite is just too small to have a significant internal heat generator – so where does the heat come from?
· Frictional ‘kneading’ of the satellite by the tidal attraction of adjacent Saturn is to blame (much like the heat provided to Io by Jupiter’s tidal affects)
· Wobble to the satellite
· Kneading and the wobble produce just enough heat to make liquid water
Shepherd Satellites
· Little satellites tightly associated with the rings were thought to act as ring stabilizers – thus the term shepherd
· Shepherd satellites will orbit Saturn just barely outside the ring with which it’s associated (and because of its mass, it will orbit just a bit slower than the small particles making up the ring) and the gravitational force of the satellite will drag particles back toward it, thus controlling the energy of the particles and, at least temporarily stabilizing their orbit (eventually of course, all planets ring disintegrate, but that may not happen for many, many millions of years)
· May have an interesting cyclic life: at some stage they disaggregate to provide material for the rings, at other they grow by accretion of that same ring material
Prometheus and Pandora: These satellites act as shepherds to the F ring
· Pandora is outside the ring and Prometheus is inside; one pushes and one pulled on ring fragments, apparently stabilizing the F ring
Uranus and Neptune
· Jupiter and Saturn are ‘gas giants’
· Uranus and Neptune are ‘ice giants’
· Hydrogen and helium are referred to as gases
· Water ammonia and methane are ices
· Uranus and Neptune have much higher proportions of water, ammonia and methane than hydrogen and helium
· Uranus and Neptune similarities:
· Both Uranus and Neptune are roughly four times larger than Earth
· Each is circled by thin dark rings
· Both have atmosphere of methane
· Both have thick layer of slush ‘ice’ beneath those atmospheres 
· Uranus’ core is 2000K colder than Neptune – the planet radiates no heat at all 
Planet Discoveries 
Uranus
· Discovered by William Herschel in 1781
· He initially took it to be a comet, but after discussion with scientists he realized it was a planet
· Herschel named the planet Georgium Sidus (George’s Star) after King George III
· French upset that planet was named after an English King
· German astronomer Bode (of Titius-Bode Law) suggested the name Uranus, the oldest of the Greek gods
· Uranus positioned exactly where the Titius-Bode Law said it should be 
· Astronomers realized its orbit was being affected by the presence of another very large mass – so the hunt was on for another planet 
· Turned out to be Neptune 
Neptune
· John Couch Adams began by determining  variation in positions of Uranus and calculating what the exact deviation from Newton’s laws was (i.e., exactly the deviation from a perfect orbit) – which indicated properties of the next planet out
· He had calculated the orbit and position of the undiscovered planet – but he did not have access to a telescope to test the calculations 
· Meanwhile, French astronomers Urbain Jean Le Verrier made the same calculations – completely independently 
· Sent prediction to Johann Galle
· Found Neptune right where Le Verries said 
· Jointly credited with Neptune’s discovery
· Three laws of motion and the law of gravity had proved sufficient theory to calculate and successfully predict the position and orbit of an unseen planet 
· Voyager 2 flew past Uranus and in 1989 it flew past Neptune 
· New Horizons will cross the orbits of Uranus and Neptune but will be too far from either planet to collect much more than distant pictures 
· Facts about Uranus and Neptune (respectively)
· Average Distance from Sun: 19.2 AU, 30.1 AU
· Rotational Period: 17h14m, 16h6m
· Orbital Period: 84.32 yr, 164.79 yr
· Satellites: 27, 13
· Rings: 13 dark faint individuals, maybe 5 with 3 distinct
Orbit and Rotation
Uranus
· We assume that planets of the solar system all originated in nearly the same plane, rotated in the same direction, and with more or less upright stance
· Something was likely a large planetoid that then proceeded to be incorporated into Sun
· Pushed Uranus over on its side (just an assumption)
· Uranus rotates pretty much on its side 
· Each pole gets 42 years of continuous sunshine followed by 42 years of darkness 
Neptune
· Distinct seasons since it has an axial tilt just about the same as Earth’s 
· Because the planet is not solid, as it rotates there’s some differential motion between the inner and outer atmosphere layers, resulting in atmospheric shear winds that are the strongest of any in the solar system
· Neptune is the largest body close to the Kuiper Belt and it has profound influence upon the objects in that belt
· Neptune influences Kuiper Belt objects like Jupiter influences Main Asteroid Belt
· Certain regions of the Kuiper Belt are strongly destabilized by Neptune’s gravitational influence and gaps appear that are relatively free of objects 
Internal Structure
· Cores are ‘rocky’ (probably a mix of heavy metals and silicates), mantles are slushy mixes of water, methane, ammonia and some other ‘ices’, and atmospheres start off near the liquid planet as mostly methane, ammonia and water vapour but gives way to our atmosphere of hydrogen and helium
· Little hydrogen and helium inside both planets, as opposed to the other two Jovian planets, is because there is a lower escape velocity
· Planets are too small to retain great quantities of the lightest two gases
Internal Heat and Magnetic Fields
· Uranus’ heat is not understood
· Lowest heat signature of any Jovian planet, no obvious reason
· Planet radiates almost exactly the same amount of heat that it receives from Sun 
· Neptune has more internal heat than Uranus, and part of that may be generated by radioactive decay in the rock minerals in its interior
· Some of the energy may be released by the friction of denser material falling inward
· Neptune radiates 2.61 times as much heat as it receives from Sun, so there’s a significant internal source
· Uranus’ magnetic field is about the same as that of Saturn (vaguely the same as Earth’s)
· Uranus’ magnetic field does not come from the planet’s center
· It’s generated from a spot about 1/3 of the way toward the south pole 
· The ‘generator’ has to do with rotational motion between the ammonia and water ocean layers of the planet 
· Uranus’ magnetosphere does the same thing for Uranus as magnetospheres do for other planets
· Forms a tear-drop shaped sheath of charged particles (mostly protons and electrons) over the planet and produces strong auroras at the poles
· Neptune’s magnetic field is a bit less than half as strong as Earth’s and is tipped 47 degrees from the axis of rotation, so that in this respect Neptune resembles Uranus more than Saturn 
· As in the case of Uranus, field is probably generated by the dynamo effect acting in the conducting fluid mantle 
· Magnetic field is weaker than those of the other giants
· Auroras were confirmed, near the magnetic poles but are a bit weak
Atmosphere
· Composition of the upper atmosphere of both Uranus and Neptune is almost totally molecular hydrogen and less helium
· A Bit of methane in the upper layer
· Next layer down, however, the amount of methane increases, and deeper into the atmosphere, ammonia and water become significant
· The atmospheric methane accounts for the greenish to bluish colours of both planets
· When sunlight strikes the upper atmospheres, the red wavelengths are absorbed by methane, resulting in reflected light that has a high proportion in the green to blue spectrum
· Intensity of the blue wavelength in reflected light from Neptune is probably due to one other trace component in the atmosphere (not determined yet)
Uranus
· Like Jupiter and Saturn, Uranus has no surface as such; the gases of its atmosphere blend gradually with a fluid layer
· Not much heat released from Uranus, but there’s enough in the atmosphere to break down methane (by photolysis) to form elemental organic molecules
· Traces of carbon monoxide and carbon dioxide but no mechanism we can see to produce them 
· Must be leftovers from cosmic dust and passing comets
· Of the two layers (upper stratosphere and lower troposphere) the troposphere is more interesting
· Temperature rises rapidly from top to bottom of the layer
· Haze or cloud layers of very specific composition appear at different heights through the troposphere
· Combination of the temperature gradient plus rotation of the planet gives rise to a belt-zone cloud pattern
· Pattern parallels the planet equator which says that rotation is the controlling factor and not sunlight
Neptune
· Two layered: upper stratosphere and lower troposphere
· Division between stratosphere and troposphere appears unusually hazy
· Haze is thought to be a rather high concentration of organic molecules, again caused by the breakdown of methane by sunlight s
· So much further from Sun, unexpected for such a high concentration of organic material to be found
· Not much variation in climate on Uranus
· Neptune has a dynamic storm system with winds reaching supersonic speeds of 600m/s
· Great Dark Spot close to the equator
· Anti-cyclone storm sort of similar to Great Red Spot 
· Hubble Telescope couldn’t find Great Dark Spot  in 1994, instead there was another similar cyclone in the northern hemisphere
· Two smaller storms in the southern hemisphere: the Scooter (which is white) and Small Dark Spot
Planetary Rings
· Uranus has 13 distinct rings, with one that’s bright blue 
· Generated by impacts of small satellites or by the disintegration of a comet 
· Rings of Neptune are a bit different: they have widely differing densities around their circumference with some regions packed with particles and others with almost nothing
· Assumed that one or more shepherd satellites control that density
Satellites
Uranus
· Uranus has 27 known satellites
· only 5 large ones (they are regular satellites), and the largest, Titania, is about half the size of Moon
· Smaller satellites (all irregular) are all as dark as coal
· They are probably icy worlds with surfaces that have been darkened by impact dust
· Inside the radiation belt of Uranus, and the radiation may convert methane trapped in their ices into dark carbon deposits and further darken their surfaces
Radiation of Energy – Uranus
· Energy may be transported from one location to another in three ways: conduction, radiation and convection 
· Radiation belt = near the heat source radiation is effective and further away photons are simply absorbed or scattered, thus defining an outer limit of the ‘belt’
The Five Significant Satellites
· Five large satellites are Oberon, Titania, Umbriel, Ariel, and Marianda 
· Spectra show that all five contain frozen water , and their surfaces are very dark
· Five large satellites are tidally locked to Uranus, so they’re all flipped over on their side 
· Densities too high for just ice, so they probably are a mix of relatively rock cores surrounded by icy mantles
· Oberon, the outermost planet, has a dark, craters surface, but it was once an active satellite
· Large fault crosses the sunlit hemisphere, and dark material, perhaps dirty water “lava”, appears to have flooded the floors of some craters
· One mountain that rises at least 20km above the surface
· Titania is the largest of the five satellites and its surface shows that its had a complex geologic history
· Heavily cratered surface, most are small – suggesting that soon after Titania was formed the remaining debris quite small
· Underwent an active phase in which internal melting flooded the surface with water and filled the early craters with ice
· Craters not as big as older ones due to resurfacing 
· Network of faults that crosses its surface
· At least one episode of tectonics
· Umbriel, the third satellite inwards is a very dark, cratered world with no sign of faults or surface activity 
· Umbriel’s crust is a dark mixture of rock and ice
· bright crater floor in one region suggests that some clean ice may lie at shallow depths in some regions
· Ariel and Umbriel have similar features and diameters, but their surfaces are quite difference
· Ariel has the brightest surface of the five major satellites and shows clear signs of geologic activity
· Crossed by faults over 10km deep, and some regions appear to have been smoothed by resurfacing 
· Surface is covered with fractures and fault system
· In several areas, parallel fractures bound valleys that appear to have glacier-like flows along their floors
· Ices of water and ammonia melt at much lower temperatures than pure water ice might form the observed glaciers
· Crater counts show that the smoothed regions are younger than the other regions
· Ariel may have been subject to tidal heating caused by orbital resonance with Miranda and Umbriel
· Miranda is the innermost and smallest of Uranus’ major satellites
· satellite Voyager 2 approached most closely 
· surface is unlike anything else in the solar system, with features jumbled together haphazardly
· huge fault canyons as deep as 20km, terraced layers, and a mixture of old and younger surfaces 
· The oval-shaped parallel grooves (called ovoids) making surface regions, that once were thought to mark the boundaries of cemented fragments, are now believed to be associated with ice-flows and rotated crustal blocks
· Features that suggest major impact was not involved 
· Rather, large convection currents in Miranda’s icy mantle may have forced material upward to create the ovoids 
· Miranda has had a violent past 
· No longer geologically active; the cliff (20km rise) and the ovoids are old
· When an object is made primarily of ice, it can heal itself of scars rather easily
· If we melt inside the planet, from perhaps a slightly radioactive core or tidal coupling with another planet or large satellite, bring the water to surface through fractures where it flows into depressions before it again freezes, there is resurfacing 
Neptune
· Only two satellites that are visible from Earth (Triton and Nereid)
· 6 more small ones
· Total count is 13; eight have been named
· Path of Triton is nearly circular, but it travels backwards- opposite to that in which Neptune rotates
· Only satellite in the solar system with a retrograde orbit 
· Because of retrograde orbit, tidal interactions between Neptune and Triton remove energy from Triton thus lowering its orbit towards Neptune
· Completely stable right now, but at some very distance future time, it will either break up or crash into Neptune 
· Nereid goes in the right direction, but its orbit is highly elliptical and very large
· Orbits of the two satellites are evidence of a violent event 
· Encounter with a massive planetesimal may have disturbed the satellites, or Triton itself may have been captured into orbit during a close encounter with Neptune 
· Voyager discovered six new inner satellites, one of which (Proteus) is actually larger than Nereid, but is virtually unobservable from Earth because of its closeness to Neptune
· Proteus and one of the other new discoveries, Larissa, were imaged from Voyager and both turned out to be dark and cratered
· Proteus shows a major depression, called Pharos, in its southern hemisphere, with a rugged floor 
Triton
· World so frigid that water ice is as hard as granite and liquid nitrogen acts like water, forming a subsurface layer analogous to the water table beneath Earth’s surface
· Natural heat from inside Triton, generated by tidal action from nearby Neptune and the decay of radioactive elements inside the satellite, is enough to sustain the liquid state of the subsurface nitrogen “groundwater”
· Smaller than Moon, but denser than any of the giant gas/ice planets we’ve studied
· Density gives satellite an escape velocity of 1.4km/s and this, together with the intense cold (slow motion of atoms/molecules)  is enough for Triton  to retain a very tenuous atmosphere, made up chiefly of nitrogen with an appreciable amount of methane
· Voyager saw haze in the atmosphere, probably composed of tiny particles of methane or nitrogen ice
· Atmosphere is transparent, and the surface is easily visible
Geology of Triton
· Much of Triton is covered with brilliant nitrogen snow deposited from geyser-like eruptions of liquid nitrogen, which escapes to the surface through vents or cracks
· Frozen methane is also released in these eruptions, leaving purple and black stains beside the vents
· Elongated stains are visible because of prevailing winds on Triton
· Winds are not common on planetary satellites
· Triton has virtually no craters
· Erased by flooding from liquid-water flows perhaps two million years ago and by more recent coverings of liquid methane and nitrogen 
· No mountains
· Southern polar cap, which is pink and makes Triton look quite different from any other planet/satellite
· Pink colour must be due to nitrogen ice and snow
· South pole had been turned toward Sun for at least 30 years, and deposits of nitrogen frost in a large polar cap appeared to be vapourizing there and refreezing in the darkness of the north pole
· Cycle of nitrogen on Triton resembles in some ways the cycle of carbon dioxide on Mars
· Surface imaged from Voyager 2 is divided into three main regions: Uhlanga Regio (polar), Monad Regio (eastern equatorial) and Bubembe Regio (western equatorial)
· Uhlanga is where we find the remarkable nitrogen geysers
· Layer of liquid nitrogen 20 or 30 meters below the surface
· Liquid migrates towards the upper part of the crust, pressure will be relaxed and the nitrogen will explode in a shower of ice and gas, travelling up the nozzle of the geyser-like vent 
· The out-rush sweeps dark debris along with it, and this debris is wafted downwind, producing plumes of dark material such as Viviane Macula and Namazu Macula 
· Monad Regio is part smooth and in part hummocky with walled plains or “lakes” such as Tuonela and Ruach 
· These have flat floors, and water must be the main material from which they were formed, because nitrogen ice and methane ice are not rigid enough to maintain surface relief over long periods
· Bumbembe Regio is characterized by the so-called “cantaloupe terraine”
·  a name given because it’s superficial resemblance to melon-skin
· Fissures cross the surface, and are subdued in circular pits with diameters around 30km
· May as well be that there will be marked changes in Triton’s surface over the coming decades, because the seasons there are very long indeed, and the pink snow may migrate across to the opposite pole – which was in darkness during the Voyager pass
· Surface of Triton has been active recently and still may be active
· Active worlds must have a source of energy
· Latest theory on where it got its energy:
· Triton was once an independent planet of ice and rock plying its own orbit around Sun
· Triton stayed too close to Neptune and was captured by gravity of the more massive planet about 4 billion years ago
· For the next billion years, it swung in a highly elongated orbit, crashing into any satellite Neptune originally had beyond the ones known to be near the planet
· Each time Triton passed close to Neptune, the tides caused by the big planet’s gravity would be strongest
· When Triton reached the elliptical orbit’s far end, the tides would be much weaker
· Constant pulling and relaxation of Triton would have generated enough internal heat to turn the satellite molten
· Two to three billion years ago, through natural orbital evolution, Triton’s orbit became circular, the tides subsided and the surface frozen 
Plutoids and TNOs
· International Astronomical Union (IAU) had demoted Pluto from ‘proper’ planet to dwarf planet status
· The reason for the reclassification was simply that more and more objects almost identical to Pluto were being discovered, and we could eventually be talking about 50 planets – that deemed unworkable
· Other objects in that category were Ceres (main asteroid belt) and Eris (out past Pluto, at the edge of the Kuiper Belt), with Makemake and Haumea
· Plutoid had been introduced to describe “Pluto-like trans-neptunian dwarf planets”
· Currently  Pluto, Eris, Makemake and Haumea are the lone occupants of the category
· Small Solar System Bodies: turned out to be a rather unsatisfactory classification because it says nothing at all about where the bodies might be located 
· Trans-neptunian Objects: These are any sized object in the solar system that orbit Sun at a greater distance – on average – than Neptune 
· TNOs include everything in the Kuiper Belt and the Oort cloud, which is even further out than Kuiper Belt
Discovery of Pluto
· Percival Lowell, founded Lowell Observatory (in Arizona) primarily for the study of Mars 
· Astronomers felt there was something big out there that perturbed the orbits of the gas giants
· Used same prediction method that Adams and LeVerrier had used to predict the position of Neptune, worked from irregularities in the motion of Neptune
· Assumed it would be 7 times more massive than Earth assuming it was another light density planet
· Did not find it
· Clyde Tombaugh 
· Worked photographing the sky along the elliptic in the general vicinity of the predicted position of the planet 
· Obtained pairs of 14x17-inch glass plates exposed two to three days apart
· To search a pair of plates, he mounted them in a blink comparator – a machine that allows him to look through a microscope at a small spot on one plate and then at the flip of a lever see the same spot on the other plate
· Star images did not much, but a planet would have moved along its orbit during the two to three days that elapsed before the second plate was exposed 
· February 18, 1930 found Pluto
· Named Pluto after the god of the underworld 
·  Tombaugh realized that Pluto was actually quite smaller than he had expected
· Mass is no more than 0.002 of that of Earth, and it was obvious that Pluto could have no measurable effect upon the motions of giants such as Uranus and Neptune
Planetary Facts
· Distance from Sun: 49.3-26.99 AU; highly elliptical orbit
· Diameter: 2390 km (0.19 Earth)
· Density: 2.03g/cc
· Rotational period: 6 days 9 hours 17 minutes
· Orbital period: 248 years
· Axial tilt: 119.6 degrees
· Satellites: 3 (the biggest one – Charon – is more appropriately called a dwarf planet)
· Rings: none
· Pluto is usually farthest from the Sun
· Quite elliptical
· Once every 248 Earth years, Pluto swings inside the orbit of Neptune
· Stays there for 20 years
· During those 20 years, Pluto is closer to Sun than Neptune 
· Planets will never collide because Pluto’s orbit is inclined 17 degrees
· Pluto comes closer to Uranus than to Neptune
· Pluto’s lopsided path appears to cross Neptune 
· At the time of crossing, Pluto is high above the ecliptic 
· Pluto performs exactly two orbits of Sun while Neptune makes three
· This coupling is what keeps the two planets permanently apart 
· Pluto is cold enough to freeze most compounds we think of as gases, and spectroscopic observations have found evidence of solid nitrogen ice on its surface, with traces of frozen methane and carbon monoxide
· Daytime temperature of about 50 K (-223 degrees) is enough to vaporize some of the nitrogen and carbon monoxide and a little methane to form a thin atmosphere around Pluto
· Atmosphere because Pluto passed in front of a star and instead of winking out, it faded as Pluto’s atmosphere diffused the light 
· Difficult to know things such as the interior structure 
· Outer layer: Frozen nitrogen
· Middle: Water ice
· Inner: mix of silicate rock and water ice 
· Pluto is 2/3 the size of Moon and has a density about twice that of water, which means it must have a component of ‘rock’ 
· Spectra shows that Pluto’s surface is mostly nitrogen ice with some methane, carbon monoxide, and possible water ice
· Nitrogen ice vaporizes most easily and nitrogen makes up most of the atmosphere 
Charon
· Immediately called Pluto’s natural satellite
· Charon orbits Pluto in a nearly circular orbit in the plane of Pluto’s equator 
· Charon and Pluto are tidally locked to each other 
· Charon orbits 19,640 km from Pluto with an orbital period of 6.4 days
· Kepler’s third law tells us that the mass if the system is about 0.2 Earth masses
· Most of this pass is Pluto, which seems to be about 12 times more massive than Charon 
· If we work out the ‘mid-point’ or ‘balance point’ of gravity, it is not within Pluto – but somewhere in the space between Pluto and Charon 
· That means Charon is not a satellite of Pluto (the combined gravitational point must be inside the parent planet for that); instead, we are looking at a binary planet (rather ‘dwarf planet’) system
· Binary stars are very common in the Universe – and maybe binary planets are too
· No Earth-bound craft or telescope has ever defined one before
· Pluto and Charon must contain about 35% ice and 65% rock
· Spectra of Charon show that the small satellite surface is mostly water ice (water ice at Charon’s surface temperature is no more volatile than is a piece of rock on Earth)
· Strange atmospheric transfer has transpired between Pluto and Charon
· During Pluto’s summer at perihelion, methane ice sublimes into a gas on both bodies, but Charon is so small that the gas molecules can escape – essentially making Charon perform like a comet
· Nearby Pluto has stronger gravity, and so it not only retains its own methane but captures some of that leaking off Charon
· As a result, Charon’s surface is nearly denuded of methane, leaving “rock-solid” H2O ice, which is not volatile at those temperatures 
· Spectra reveals Charon’s water-ice surface, in striking contrast to the surfaces of Pluto 
· Both Pluto and Charon go through dramatic seasons as they circle Sun in their highly inclined orbit 
· Seasons on Pluto and Charon are much like those on Uranus 
· May cause changes in Pluto’s atmosphere as it grows warmer when it is closest to Sun, as it was in the late 1980s, and then freezes as it draws away 
· Try to visualize the surface of Pluto
· Old surfaces should be cratered, so we might imagine an icy, cratered world
· Tidal lock between Pluto and Charon suggests an age of tidal heating that may have driven geological activity and left traces on the surfaces of these worlds 
· Seasonal vaporizations and refreezing of ices may have erased or covered much of the older surface with ice
· We have to await the New Horizons mission
· In October 2005, two new satellites (Nix and Hydra) of Pluto were found 
· Both orbit more than twice as far from Pluto as Charon 
Trans-Neptunian Objects
· The newest definition of Pluto slots it into the sub-category of Plutoid in the category of Dwarf Planet in the larger classification of Trans-Neptunian Objects (TNOs)
· Charon is not yet classified as a dwarf planet or a plutoid 
· Waiting for New Horizons to make more observations of the two 
· While gravitational balance points clearly says this is a binary planet system, and both orbit Sun, Charon also clearly orbits Pluto – the way a satellite would
· So a definition of the final relationship between them has to wait 
· Three bodies fall within the same classification as Pluto, and they are Eris, Makemake, Haumea
Eris
· Eris orbits Sun in a region of space further out than Pluto but very slightly closer to Sun than the main portion of the Kuiper belt (sometimes that region – sort of the inner section of the Kuiper Belt – is called the Scattered Disc to indicate that the population of objects in it is rather low)
· Initially the 10th planet by NASA because it was larger than Pluto
· Eris orbits along a pretty wildly elliptical path 
· Infrared data from Eris indicated methane ice was present, thus it is probably much like Pluto 
· Unlike Pluto, the surface is grey and possible coated with the same sort of polymer organic material found in other outer system bodies 
· One satellite Dysnomia, orbits Eris
Other Known TNOs
· Scientists expect to find an outer region of the solar system that would be filled with icy objects formed from the volatiles that escape from the inner parts (i.e. the warmer parts) of the system, the first object of the Kuiper Belt was not found until 1992 
· TNOs are being found and defined at a high rate 
· Kuiper Belt is a much more massive version of the Asteroid Belt (actually, maybe 200-300 times more massive)
· Much less space between icy objects in the Kuiper Belt than Asteroids in the asteroid belt
Comets
· Comets are small (but over 100m diameter, so larger than a meteoroid), mainly ice objects that streak through the solar system along long Sun-orbiting elliptical tracts
· As they warm within the inner Solar System (i.e. from the heat of Sun, the frozen gases (water, ammonia, methane, and a few others)) begin to vaporize, leaving visible tracks across space 
· Their long elliptical tracks bring them from outer reaches of our Solar System
· When far from Sun, they remain frozen
· In this state comets are sometimes referred to as “dirty snowballs” since about half their material is ice
· When a comet approaches within a few AU of Sun, the surface of the ‘nucleus’ begins to warm, and volatile material on the comet evaporates 
· Evaporating gases carry small grains with them, forming the tail and gas of dust
· When the nucleus is frozen, it can be seen only by reflected sunlight
Why Study Comets?
· Comets are believed to be the oldest, most primitive bodies in the solar system, possibly comprised of some of the basic building blocks of life
· Contain the remains of materials used in the formation of stars and planets, holding volatile, carbon-based rich elements that are likely to provide clues about the nature of our solar system
· They may provide evidence that comets brought water to Earth, making possible life
· Hey simply brought the basic carbon components – the build blocks – amino acids
· Roughly 40,000 tons of dust particles from comets and asteroids fall on Earth every year 
· In order for life (as we know it) to be active, it must be in an environment in which liquid water could exist
· This means the environmental temperatures must be above the freezing point of water, the temperature of zero degrees Celcius
· Rare single-celled organisms, like certain bacteria can be active at temperatures as low as -30 degrees Celcius, but not much lower
· Temperatures in a comet nucleus are far colder, ranging from -50 to -250 deg C, and must have remained extremely cold since the time the comet was formed, some 4.6 billion years ago
· Life could have never started on such small, frigid, and airless bodies 
· Even if a small bacterium somehow were put into space, and eventually got into a comet, it could not survive the harsh environmental conditions such as ultra-high vacuum, UV exposure, and the pervasive radiation from cosmic rays and solar particle events
Comets: Components, Orbits and Life Expectancy 
The Nucleus
· Solid, centrally located part of the comet is known as the nucleus
· Typically 1-10km in diameter, only 10 measured so far 
· The only way to see the nucleus clearly is to send a spacecraft very close
· The nucleus is a repository of dust and frozen gases
· Low density suggests that comet nuclei are not solid objects
· To call them dirty snowballs or icy mud balls is misleading
· Rather, they appear  to be irregular bodies with large voids
· Although comet nuclei seem to have porous crusts of dark material, the ice and rock are uniformly mixed through the interior
· Breaks in the crust can expose pockets of highly volatile ice and cause sudden bursts of gas production 
· Nuclei of comets are not strong
· Can be ripped apart by the violence of gases bursting through the crust or by tidal forces produced if the comet passes near a massive body 
· Comet Shoemaker-Levy 9 passed within 1.29 planetary radii of Jupiter’s center, and tidal forces ripped the nucleus into at least 21 pieces 
· Similar fragmentation of comet nuclei may explain long chains of craters found on Moon and on some other planetary surfaces 
The Coma
· When the nucleus approaches Sun, sunlight warms the surface and the solid ice turns to vapor and produces an atmosphere surrounding the nucleus known as the coma
· Coma surrounds the icy nucleus (which explains why measuring the nucleus is difficult)
· Coma becomes larger and brighter as the comet nears Sun
· Maximum size, coma can measure 100,000km in diameter 
· As the comet continues to approach Sun, part of the coma is swept away into an elongated tail
· Composition of the nucleus is determined by measuring the composition of the coma
· Dominant volatile is water, followed by CO, CO2 and a host of minor species present at the <1% level
· Evidence for abundance variations among comets 
· CO/H2O ratio reached 0.2 to 0.3 in Hale-Bopp but is typically 4 or 5 times smaller
· Refractory (non-volatile) dust that together with gases form, first the coma and then tail, consists of some silicate material and carbon rich CHON (Carbon-Hydrogen-Oxygen-Nitrogen) grains
· The ratio of volatile mass to refractory mass is probably near 1
· Together, the coma and the nucleus form the head of the comet
The Tail
· When comets come very close to Sun they sprout two tails
· One of them is called the dust tail
· Made of small (smoke-sized) dust particles that sputter off the nucleus
· We can see the dust tail because it reflects sunlight
· Dust tail is the part of a comet that is usually easiest to see from Earth
· When Earth passes through this stream of dust, we see a meteor shower
· In some cases, comet has wasted away and is no longer visible, but in other cases the comet is still prominent through somewhere else along its orbit
· For example, in May of each year Earth comes near the orbit of Comet Halley, and we see the Eta Aquardis shower
· Around October 20, Earth passes near the other side of the orbit of Comet Halley and we see the Orionids shower
· A longer, blue-coloured ion tail is made of glowing gas (the gas glows because electrons and ions are getting together to form uncharged molecules – a process that releases visible light energy)
· Ion tail is pushed straight away from Sun by the solar wind, while the brighter dust tail (which is more massive thus not so readily deflected by solar wind) traces the comet’s curved orbit 
Orbits
· Comets that survive a close encounter with Sun – some readily break up entirely – continue their outward journey to the edge of the solar system
· Highly elliptical orbits take many comets far beyond Pluto, perhaps even as far as 50,000 AU, where, in accord with Kepler’s second law, they move more slowly and so spend most of their time 
· Majority of comets take hundreds of thousands, some even millions, of years to complete a single orbit around Sun; these are known as long-period comets
· However, a few short-period comets (conventionally defined as those having orbital periods of 200 years or less) return for another encounter within a relatively short time 
· According to Kepler’s third law, the short-period comets do not venture far beyond the distance of Pluto at aphelion 
· Orbits of comets are not necessarily confined to within a few degrees of the ecliptic plane
· Short-period comets tend to have prograde orbits lying near the ecliptic, but long-period comets exhibit all inclinations and all orientations, both prograde and retrograde, roughly uniformly distributed in all directions from Sun
Life and Death
· Nuclei are losing mass at rates that cannot be sustained for very long
· When near Sun, nucleus might sublimate (production of vapor from a solid; in this case the frozen products of the comet nucleus are breaking down directly from ice to gas rather than going through an intermediate liquid state
· Comets must be short-lived (Halley’s comet will only last 5000 orbits or 40,000 years)
· Many have disappeared (although that doesn’t necessarily mean death)
· Active comets are under the gravitational control of planets
· Finite chance that a comet will be ejected from the Solar System, injected to Sun or absorbed an impact with one of the planets (as happened in the famous case of Shoemaker-Levy 9 )
· Lexell’s comet of 1770
· Became a bright naked-eye object
· Few years later it made a close approach to Jupiter, and its orbit was completely changed
· No idea where the comet is now
· Biela’s comet
· Discovered in 1722, sighted again in 1805, and again in 1826
· In 1872, a brilliant meteor shower was seen coming from that part of the sky where the comet had been expected, no doubt the meteorite represented the death of the comet 
· In 1846 it came back in two pieces
· Shower was repeated in 1885, 1892, 1899 but no more displays have happened since
· “Dynamical” lifetime of a typical short period comet is about ½ million years
· Given that the comets we see now cannot have been present in the inner solar system for more than a million years or so, we have two choices
· Perhaps the comets are young, meaning that they are created somewhere and then dumped in the inner solar system where they become active and are discovered 
· Trouble is that we do not see any place in the solar system where comets could be formed at the present time 
· More reasonable that the comets formed with the rest of the solar system and have been stored since formation in a cold place where the nuclear ices would be stable
· Too deep-freeze locations are Oort Cloud and Kuiper Belt
· However, there’s a scattered disc of icy bodies between the two, and this is increasingly proving to be a major source of comets 
Origin of Comets 
· Short-period comets from the Kuiper Belt; that may account for some but it is apparently wrong for most 
· Most originate from  a wide and diffuse region called the scattered just past the Kuiper Belt itself
· The near edge of the scattered disc appears to overlap a bit with Kuiper Belt – and perhaps that’s where the origin confusion arose
· Long-period comets apparently come from the totally hypothetical Oort Cloud, a swarm of icy bodies orbiting Sun at a distance of more than a light-year
· If one of the members of the cloud is perturbed for any reason, it may start to fall inwards toward Sun, and eventually it will invade the inner part of the solar system
· One of several things will happen
· Comet may simply swing around Sun and return Oort cloud
· It may fall into Sun and be destroyed
· It may be perturbed by a planet (usually Jupiter) and either thrown out of the solar system altogether, or else forced into a short-period orbit which brings it back to perihelion after a few years 
· It may collide with a planet, as Comet Shoemaker-Levy 9 did in July 1994, when it impacted Jupiter
· We cannot predict the date of brilliant comets because periods are so long, arrive with little warning
Kuiper Belt
· Fredrick Leonard (in 1930) first suggested the existence of the Kuiper Belt
· In 1992, astronomers began to see small bodies orbiting out there beyond Neptune
·  Believed to be at least 100,000 such icy objects, with diameters larger than 100km, in the radial zone extending outwards from the orbit of Neptune (at 30 AU) to 50 AU 
· Most are confined within a thick band around the ecliptic, leading to the realization that they occupy a ring or belt surrounding Sun
· The ring is generally referred to as the Kuiper Belt
· Kuiper Belt holds significance for the study of the planetary system on at least two levels
· First, it is likely that the Kuiper Belt objects are extremely primitive remnants from the early accretional phases of the solar system
· The inner, dense parts of the pre-planetary disk condensed into the major planets, probably within a few millions to tens of millions of years
· The outer parts were less dense, and accretion progressed slowly
· Evidently, a great many small objects were formed
· Second, it is widely believed that the outer edge of the Kuiper Belt that overlaps with the scattered disc is the source of at least some of the short-period comets 
· What actions account for knocking comets out of their orbits and sending them sailing into the inner solar system? There are two theories:
· The first theory is that every once in awhile the planets are arranged such that their cumulative gravitational effect ‘kicks’ a scattered disc icy body (or a TNO) out of its stable orbit and into an eccentric elliptical path that brings it into the inner solar system. Here, the planet with the greatest influence is Neptune – just as Jupiter was responsible for booting asteroids out of unstable position in the asteroid belt
· The secondary theory is that, perhaps due to the same gravitational stress, two or more icy bodies collide, and fragments of the parent(s) come sailing through the inner solar system as comets
·   Comet’s nucleus proves which action was performed on a particular comet 
· If it’s nice and round, it probably hasn’t suffered a devastating collision
· If it’s angular and weird shaped, it should be a collisional fragment 
· Really difficult to get a good look at the nucleus because of the cloudy cloak of the coma 
The Oort Cloud
· In 1950s, Jan Oort proposed that the long-period comets are objects that fall in from the Oort cloud, a spherical cloud of icy bodies believed to extend from 10,000 to 100,000 AU from Sun
· Jan Oort noticed that orbits of those long period comets entering the inner solar system were both very large and very consistently grouped about the same large size
· They entered isotropically (ie. Showed no preferred direction of entry)
· 50% of them had a retrograde orbit 
· 50% had a direct or prograde orbit 
· Really had a truly random distribution 
· Comets falling into solar system from very large distances should suffer deflections from the planets (especially Jupiter) and found that these disturbances/perturbation were actually enormous 
· Reasoned that many of these long period comets must be entering the solar system for the first time, otherwise their orbits would already have been modified by the major planets 
· Long period comets seemed to fall from a distance of about 50,000 AU
· Sun is surrounded by a spherical cloud of comets from which the observed long period comets are somehow ‘kicked out’
· Astronomer’s now estimate the Oort cloud contains several trillion icy bodies
· Far from Sun, they are very cold, lack comas and tails, and are invisible 
· Too far distant for any planet gravitational mechanism – as suggested for the Kuiper Belt
· A gravitational ‘kick’ from a passing star could get comets out of the Oort cloud to the inner solar
· Data from Hippacros satellite show that the star Gliese 710 will pass about 1 light year of our solar system in about 1 million years
· Gravitational shock of that certainly could shower the inner solar system with Oort Cloud objects
Kuiper Belt – Scattered disc – Oort Cloud: Why did they form?
· Objects in the Kuiper Belt are concentrated near the ecliptic plane
· They are outer remnants of the proto-planetary disk left behind as the planet formed
· Oort Cloud surrounds Sun in all directions, instead of being confined near the ecliptic plane like the Kuiper belt
· Bodies in the Oort Cloud could never have formed at their present location
· Had they formed from the solar nebula, we would expect them to be distributed in a disk and not in a sphere
· Their densities are too great and the solar nebula would not have been that dense so far from Sun
· Astronomers think objects now in the Oort Cloud formed as icy planetesimals in the outer Solar System, near the present orbits of the Jovian planets 
· As those planets grew more massive, they swept up many of these planetestimals, but they would have ejected many trillions into long orbits leading far out of the solar system
· These are the objects that became the Oort Cloud
Exploration Mission
Comet Halley
· Most of the missions were distant flybys (5 spacecrafts flew past) and no really decent images resulted 
· Vega 1 and Vega 2 came within 8,030km and collected useful data, but only Giotto really got close
· Images revealed the comet nucleus to be a dark peanut-shaped body with two bright jets spewing material out 
· At closest approach, impact of particles was quite intense; just 14 seconds prior to closest approach, the spacecraft was struck by a large dust particle which knocked the spacecraft off Earth point, took 30 minutes to recover 
· Data from plasma and ion mass spectrometer instruments indicated that the surface of Comet Halley is covered in a layer of organic material
Comet Borrelly
· NASA launched the Deep Space 1
· Sole mission was to test 12 new technologies in deep space so that the cost and risk to future science missions would be reduced 
· DS1 flew two very close missions to asteroids , on September 22, 2000 did a close approach to Comet Borrelly
· Mission directors said it doubled our knowledge of comets overnight!
· DS1 flew through the coma, it was slightly battered, but not too badly
· Nucleus is roughly 10km long and riding somewhat off to the side of the comet head – not in the center as expected
· Smooth rolling plains containing brighter regions are present in the middle of the nucleus and seem to be the source of dust jets seen in the coma
· Rugged land found at both ends of the nucleus has many high ridges along the jagged line between day and night on the comet
· Surface is made of a dark charcoal-like substance – possibly similar to the material of carbonaceous chondrites 
Comet Wild 2 
· Comet Wild 2 was visited by NASA’s Stardust spacecraft in Jan, 2004
· Mission was to collect material from the coma and tail and bring the sample back to Earth for detailed analysis
· Comet Wild 2 probably gathered itself together 4.5 billion years ago, just after Sun was born, in the Kuiper Belt
· In 1974, it had a close encounter with Jupiter and was thrown into a new orbit that brings it closer to Sun
· Wild 2 lost about 1 meter of its surface since 1974
· This is the comets first trip to the inner solar system, its composition has been mostly unaltered for billions of years it spent in the deep freeze 
· Whole new range of organic compounds plus a variety of mineral structure they had not expected 
· Comet has towering protusions and steep-walled craters that seem to defy gravity
· More than a dozen jets of material shoot out from its insides
· Dust swirls around the comet in unexpectedly dense pockets
· Among  the bizarre features are two depressions with flat floors and nearly vertical walls that resemble giant footprints
· They aren’t structured like typical impact craters
·  The features have been named Left Foot and Right Foot in a new map of the comet, which is roughly 5km wide
· Craters on Wild 2, presumably caused by run-ins with smaller objects, are strangely free of the powder, rocks and other debris commonly seen in impact craters on other bodies
· Scientists think this is because the comet is a bit like hard, frozen dirt that takes a hit but is brittle so material flies out
· Because the comet is so small, the material does not fall back
· There’s almost no gravity on the surface 
Comet Temple 1
· A probe to smash into Comet Temple 1 at 37,000km/h
· Idea was to use the instruments on board the probe to analyze the material smashed off the comet to learn more of the ‘pristine’ compoisition of a comet 
· Probe vaporized upon impact 
· Prior to impact time, an old NASA satellite called SWAS (that had been in an Earth orbit collecting compositional data around various stars and had been in hibernating for nearly a year) was awakened and set-up to study the composition of gases emitted by the impact
· The water out-gassing upon impact turned out to be less than in many bursts of out-gassing prior to the impact
· Other gases remained at the same level before and after impact 
· Craters on the nucleus of Comet Temple 1 show it was impacted by large asteroids sometime in the past 
Great Comets
· Halley’s Comet certainly qualifies as a great comet
· Has been seen at every return since that of 164BC
· Date back as far as 1059 BC
· Periphelon passages is not always 76 years
· Halley’s comet is strongly affected by the gravitational pulls of the planets
· Edward Halley observed the return in 1682
· Calculated the orbit and realized it was strikingly similar to those of comets previously seen in 1607 and 1531, felt confident predicting a return for 1758
· THIS WAS THE FIRST PREDICTED RETURN OF ANY COMET
· Halley’s Comet has a very elliptical orbit 
· The fact that Halley’s comet can still become brilliant shows that it came in fairly recently from the Oort Cloud
· It loses about 250 million tons of material at each perihelion passage 
· European probe Giotto, invaded the comet’s head 
· Tails of both types were formed, and showed marked changes even over short periods 
· By the end of April comet had faded below naked-eye visibility, but it provided a major surprise in Feb 1991, when it flared up by several magnitudes
· There had been some sort of outburst, though the reason for it is unclear
· Daylight Comet of 1910 appeared a few weeks before Halley’s
· Brighter of the two
· Visible at the same time as Sun, and it had a long imposing tail
· Orbit is elliptical
· We will not see comet again for a while, period is over 4 million years
· Very difficult to distinguish between a very eccentric ellipse and a parabola 
· Great Southern Comet of 1882 was bright enough to cast shadows, and to remain visible even when the Sun was above the horizon
· This was the first comet to be properly photographed
Millenium Comets
· January 30, 1996 by Hyakutake,  a comet brightened steadily and moved north in the sky
· It reached perihelion on May 1, 1996 at 34 million km from the Sun
· On March 24 it passed Earth at 15 million km (40x farther than Moon)
· It was near Polaris in the sky and sported a long, gossamer-like tail
· Beautiful green colour
· It was a small comet with a nucleus estimated to be no more than 3.2km in diameter
· Second bright comment was discovered by two American observers, Alan Hale and Thomas Bopp
· By no means a faint telescopic object, but was 900 million km from Sun, beyond the orbit of Jupiter
· Brightened steadily
· Passed Earth on March 22 1997, at over 190 million km
· Had it come as close as Hyakutake (first comet above), it would have cast shadows
· It will return in about 3500 years
· Hale-Bopp was a very active comet, throwing off shells from its rotating nucleus; there was a curved reddish-brown dust tail and a very long, blue or ion tail

Life in the Universe
· Living matter utilizes energy from its environment to survive and create off springs
· Bacteria is a life form because they can reproduce and metabolize
· Viruses are not a life form because they cannot live without host cells
· All organisms that have the essential characteristics of life are composed of discrete units called cells
· Smallest unit that have the properties of life and all organisms are composed of one or more of them
· Ability of life to reproduce and self-regulate is based on the interaction between compounds known as nucleic acid and proteins
· nucleic acids are composed of:
· sugar
· phosphate group
· nitrogen compound
· all of which are bonded together in complex patterns
· One form of nucleic acid, known as DNA (deoxyribonucleic acid), carries the genetic information of all organisms 
· Bacteria also has DNA, but its scattered throughout the cells and not concentrated 
· Primary role of DNA is to contribute the information required for production to regulate chemical reactions in cells
· RNA is another form of nucleic acid, which carries out the coded instructions given by DNA
· Red blood cells do not have DNA
· When a cell divides, the genetic code is completely duplicated 
· DNA must preserve coded information from damage and make accurate copies, but it occasionally make mistakes
Building Carbon Creatures
· Nothing more important than the carbon atom
· All Earth life is carbon based
· Carbon atom bonds to other atoms in a way where it can form long, complex, stable chains that are capable of extracting, storing and utilizing energy
· Silicon forms weaker bonds than carbon does, and it cannot form double bonds as easily
· It also can’t form the long chains that carbon can 
Evolution: Modifying the Life Data Library
· If the information stored in DNA would never change, then environmental changes would quickly drive life forms to extinction
· DNA must be changeable
· Species evolve by natural selection
· Each time an organism reproduces, its offspring receive the data stored in DNA, but some variation is possible
· Example: One rabbit in a little may be born with stronger teeth. These stronger teeth will aid it in surviving and make it more likely to survive and reproduce (and produce more strong tooth rabbits)
· Altered DNA code is handed down to new generation 
· Natural is merciless to the individual, but it gives the species the best possible chance to survive in a changing environment
· Only way nature can obtain new DNA patterns from which to select the best is from DNA molecules that have change
· Can happen through chance mismatching in the reproduction of the DNA molecule 
· OR it can occur through damage to reproductive cells from exposure to radioactivity such as cosmic rays or natural radioactivity in the soil
· Genes produced in an offspring that contains mutations are called mutant genes, and often the individual is called a mutant
· Most mutations make no difference at all because they change segments of DNA that are not being used
· Some mutations are fatal, and individual dies before it can produce offsprings 
· Natural selection makes it likely that the new DNA message will survive and be handed down, making the species more capable of surviving 
· Evolution is not random
· Errors that occur in DNA are random, but natural selection is not
· Only DNA that helps a species survive are selected and preserved in future generations 
· Once a life form begins to reproduce itself, natural selection preserves the most advantageous traits
· Over long periods of time spanning millions of years, life form becomes more fit to survive 
· Often means life form becomes more complex 

Definition of Life
· Cellular organisms
· That are carbon- and water-based
· That contain genetic information sufficient to reproduce
· That possess the abilities to undergo metabolism
· That respond to stimuli
· That adapt (through natural selection) to their environment in successive generations 
Miller-Urey Experiment
· Miller and Urey discharged an electric spark into a mixture thought to resemble the primordial composition of the atmosphere
· In a water receptacle, designed to model an ancient ocean, amino acids appeared 
· Amino acids are the building block of every cell 
· On September 28, 1969, fragments of a meteorite fell in and around the small town of Murchison , Victoria, Australia 
· Fragments were collected immediately after the fall, so terrestrial contamination was unlikely
· Meteorite was found to contain a wide variety of organic compounds, including many amino acids 
· Mix of amino acids found in the Murchison meteorite was found to be very similar to that produced in Miller experiments, including many amino acids unknown from terrestrial biological sources 
· Believed to be fossilized bacteria in the Murchison; although there’s no consensus on that
· In 1984-85 expedition, a meteorite was recovered from the ice sheet of Antarctica
· Determined to be a chunk of rock from Mars
· Rock of about 4.5 billion years that had been hit by some impact (on Mars) at 3.6 billion years ago, and then hit again about 16 million years ago sufficiently to blast it off Mars
· Landed in Antarctica about 13,00 years ago
· Scientists split it open and examined the ‘fresh’ surface with a powerful microscope, and discovered bacteria 
· Bacteria looked to be very similar to those found in Antarctica, clearly not life on Mars (maybe)
· Miller experiment did not create life – it created the building blocks (amino acids) of cells 
· So if other worlds have same basic starting chemicals, plus some energy source, there’s certainly reason to believe that the building blocks of life should have been created
Origin of Life on Earth
· Oldest fossils hint that life began in the sea
· But the first living things on Earth left behind a very poor fossil record 
· They were at first single-celled creatures, and even when they became more complex, multi-cellular creatures, they contained no hard parts such as bones or shells that form good fossils 
· What fossils can be found are clearly the remains of ocean creatures 
Bacteria and Fossils
· Back in time, Earth’s first oceans filled with a mixture of organic compounds in what some have called the primordial soup
· Next step is for compounds dissolved in the oceans to link up and form larger molecules
· Amino acids, for example, can link together to form proteins (still not life, but a bit closer)
· Experts assumed that this process must have happened in Sum-warmed tidal pools where evaporation concentrated the broth
· Young Earth was subject to extensive volcanism and large asteroid impacts that periodically modified the climate enough to destroy such delicate molecules exposed on or very near the surface
· Ultraviolet radiation in an environment without any ozone ‘shield’ would probably have been too intense 
· Instead, complex molecules probably took advantage of the energy of hot-springs (perhaps at mid-ocean ridges) well away from surface conditions – means these processes had no dependence on sunlight 
· This stage is basically guess-work because the oldest rocks on Earth contain no obvious fossils
· The most ancient fossils found to-date are about 3.5 billion years old, and the best preserved specimens come from Western Australia
Prokaryotic cells
· All of these oldest fossils are classified as prokaryotes: poorly defined, simple, single-celled organisms, lacking complex internal structures such as a nucleus 
· Contain their entire DNA within each cell within each cell, but it’s poorly defined
· Reproduction is strictly asexual
· The 3.5 billion year old rocks show single species, but also colonies of layered structures made by blue-green bacteria (prokaryotes formed bacteria)
· Layered structures built by the secretions of these bacteria are called stromatolites 
· In anaerobic environments  (i.e. in environments lacking free oxygen), blue-green bacteria (prokaryotes) exist today, and they are virtually unchanged  from their ancestors of 3.5 billion years ago
· We know that they produce oxygen as a by-product, yet it’s quite obvious this by-product is a ‘poison’ to them  - when exposed to free oxygen, they die 
· Life capable of producing oxygen actually lived in an oxygen-free environment 
· Water of 3.5 billion years ago were enriched in dissolved iron (introduced both by breakdown of rocks erupted by undersea volcanoes and by the weathering of any continental rocks that stuck their head above water)
· Iron has a great ability to absorb oxygen
· Ancient oceans that lacked free oxygen, the waters became quite rich in dissolved iron 
· But any place those blue-green bacteria lived and made by-product oxygen, iron quickly combined with it, and formed an insoluble iron oxide 
· That iron oxide settled to the bottom of the oceans and as a result the largest iron oxide deposits  of the world are from that time period 
· It probably took about 2 billion years for all the dissolved iron (and other elements that grabbed oxygen) to be used up, and during all that time the prokaryotes had the world to themselves 
· Eventually oxygen molecules began to build up (because they were not immediately consumed by iron or whatever), the environment began to change 
Eukaryotes
· New form of life developed: Eukaryotes
· Seems to have happened about 1.4 billion years ago 
· Although they clearly developed from prokaryotes, eukaryotes have larger cells ,more organized cells (with DNA nicely defined in a nucleus) – and they live by respiration, which means they use oxygen for energy  
· Prokaryotes are asexual whereas eukaryotes  are sexual
· With the appearance of eukaryotes and the growth of an oxygenated atmosphere, the biosphere started to grow larger, to change rapidly, and to play an increasingly important role in Earth systems 
Ozone
· With no oxygen in the atmosphere, there would have been no ozone, and no ozone layer to shield Earth’s surface from harmful radiation
· A concentration of at least 2% oxygen is needed in the atmosphere to form ozone, and this level probably was not reached until about 2 billion years ago
· Ultraviolet radiation breaks down amino acids, and so attacks the building blocks of life 
· So while the production of amino acids may have been a necessary precursor to life, it would not have been sufficient 
· Life would also have needed some protection from ultraviolet radiation 
· This explains why  deep water ‘shield’ was needed for early life before an atmosphere 
Off to the Races
· A little over a half-billion years ago something happened, perhaps a change in Earth’s climate, and life exploded into a wide diversity of complex forms
· Marks the beginning of the Cambrian period, and is sometimes called the Cambrian explosion
· There are no Cambrian fossils of land plants or animals (plenty of water animals though)
· Land surfaces were totally devoid of life until 400 million years ago

Life in the Solar System
· There is much we still do not understand about the origin of life 
· Unsure whether reproducing molecules or cells came first 
· If life could  originate on Earth on Earth and develop into intellectual creatures, perhaps the same could have happened on other planets 
· This raises 3 questions:
· First, could life originate on another world if conditions were suitable? We have found natural chemical processes that could lead to living things, so answer is ‘probably yes’
· Second, will life always evolve toward intelligence? Perhaps intelligence arose on Earth under unusual conditions. Species evolve to adapt to their environment and in another situation, intelligence may not be the most suitable
· Third, are suitable conditions so rare that life almost never gets started? We need to search to answer that. 
· We must limit our discussion to life as we know it and the conditions it requires
· Requirement of liquid water is most important, not only as part of the chemical reactions of life, but also as a medium to transport nutrients and wastes within the organism
· life on Earth began in the oceans and developed there for nearly 4 billion years before it was able to emerge onto land 
· Moon is airless and although some data suggest ice frozen in the soil at its poles, it has never had liquid water on its surface – liquid water would boil away rapidly due to the vacuum of space
· Mercury too is airless and cannot have had liquid water on its surface for long periods of time 
· Venus has some traces of water vapor in its atmosphere, but the surface is much too hot for liquid water to survive 
· If there were any lakes or oceans of water on its surface when it was young, they would have evaporated quickly 
· Inner solar system seems to hot, outer solar system seems too cold 
· Jovian planets have no surfaces where oceans could nurture the beginning of life, and currents in the atmosphere seem destined to circulate gas and water drops from regions of moderate temperature to other levels that are much too hot or too cold for life to survive  
· Europa has the best chance for life of the satellites of Jupiter
· Liquid-water ocean below its icy crust
· Minerals dissolved in that water would provide possibilities for chemical evolution
· Conditions may not have remained stable for the billions of years needed for life to evolve beyond the microscopic stage
· Subsurface ocean is kept from freezing by tidal heating 
· Europa could have been in deep freeze depending on orbit, not a good bet for life
· Ganymede is the next satellite out from Europa
· Similar to Europa but may not have a liquid ocean
· Either way, Europa is more likely
· Titan has an atmosphere of nitrogen, argon and methane and may have oceans of liquid methane and ethane on its surface
· Bears some resemblance to Earth 4.6 billion years ago
· These chemicals are vital for amino acids, makes Titan a possibility for life
· Does not mean primary micro-organisms exist there now
Mars
· Mars appears to have the highest potential to have developed life – not intelligent life, just life
· Scientists study meteorites from Mars
· Some contain chemical and physical traces of ancient life on Mars BUT could be contaminated by Earth
· Physical features that look like fossil bacteria may be mineral formations in the rock 
· Mars is currently undergoing intensive searches 
· Curiosity and Opportunity rovers continue exploring the surface 
· ESA released data showing overlapping and fluctuating methane and water signatures in the atmosphere
· Water was expected, but not methane (drove scientists wild)
· Methane could be left-over volcanic activity, such as an occasional little hot spring that is/was hidden in a cave somewhere
· OR it could be a product of the breakdown of CO2 by UV radiation in the atmosphere
· Product of currently active biological activity – just like on Earth
· General consensus is Mars once hosted very large bodies of liquid water, and that liquid water existed on Mars for a longer period of time than it took for life to evolve on Earth 
· It would not be at all unexpected that below the “ice table” of Mars, pockets of liquid water remain
· If so, those pockets could contain active microorganisms 
· Photographic evidence of liquid water flowing on the surface within the past 5 years  
·  If life on Mars  is the same composition as Earth, it could potentially mean life began on that planet and was carried via meteorite to Earth  
· Earth is more hospitable than Mars allowing for more diversification 
· Secondly, if we find life on Mars that has no common properties, it would be immoral to send robots to Mars to contaminate Martian life
· There COULD be a contamination from a space voyage would likely be virile enough to wipe out Martian life
Life in Other Planetary System 
· Planets form as a natural byproduct of star formation, and we learned that a number of extra-solar planets have been found circling nearby stars
· We can conclude that planetary systems are relatively common
· If planet is suitable home for life, it must have a stable orbit around its star 
· In binary star systems most planetary orbits are unstable, planets in such systems would not last long before they were swallowed up by one of the stars or ejected from the solar system 
· Single star systems are the most likely to have planets suitable for life
· A few million years of suitable conditions does not seem to be enough the time  to originate life
· Our planet took 0.5 to 1 billion years for the first cell to evolve and 4.6 years for intelligence 
· Conditions of planet must be acceptable for long time 
· Life zone around each star is a region within which a planet has temperatures that permit the existence of liquid water
· Size of life zone depends on the temperature of the star 
· Hot stars have larger life zones – the planet must be more distant to remain cool BUT those stars don’t stay stable long enough
· Stars much smaller than Sun won’t work either because they are too cool; if those star systems included  a planet in the star
· We’re left with stars on the main sequence that are not too dissimilar from Sun
· Even a star on the main sequence is not perfectly stable
· Main-sequence  stars gradually grow more luminous as they convert their hydrogen to helium, and thus the life zone around a star gradually moves outwards
· A planet might form in the life zone, and life might begin and evolve for billions of years, only to be destroyed as the slowly increasing luminosity of its star moves the life zone outwards, evaporates the planet’s oceans, and drives off its atmosphere 
· If a planet is to remain in the life zone for 4 to 5 billion years, it must form on the outer edge of the zone
· May be the most serious restriction 
· Life should arise whenever conditions permit, and our galaxy should be filled with planets that are inhibited with living creates… so why haven’t we heard from them?
· Field of research known as SETI (Search for Extra-Terrestrial Intelligence)
· Christian rights group thinks it is a theological and philosophical conundrum  that would result from the discovery of intelligent life in some other world 
· Total number of extra-solar planets (or exo-planets) is 777
· Occupying 623 planetary systems
· Most are giant planets – probably not too unlike our own gas giant
· This is expected since large objects are easier to find than small
· Best discovery is a small red dwarf star called Gliese 581, only 20.5 light years away from Earth in the constellation Libra
· 6 planets have been orbiting Gliese 581, each one given a letter designation 
· The extent of the habitable zone (sometimes called goldilocks zone), where water can exist as a liquid, is indicated for both systems 
· Three planets are of obvious interest: Gliese 581c, Gliese 581g and Gliese 581d
· Gliese 581c may be similar to Venus: in the right zone to have developed a runaway greenhouse effect, thus too hot to be habitable
· Placement of Gliese 581 d is a bit problematic – it may be just inside or just outside the liquid water temperature zone, but in any case is most likely similar to Mars
· Gliese 581g is just right (goldilocks)
· Because of closeness to parent star, it has been suggested that the planet is lkely tidally locked to the star, leaving one side of the planet in permanent light and the other in permanent darkness
· Without an atmosphere that would mean the bright side would be too hot for life and the dark side too cold
· However, if the planet has a carbon dioxide atmosphere (built up through volcanic activity), that atmosphere should moderate the temperature on both sides, perhaps giving a reasonable living condition 
· Kepler telescope discovered the very first totally rocky planet orbiting another star; planet is about 1.4 times the diameter of Earth and about 4.6 times as heavy
· Planet orbits its star even closer than Mercury orbits Sun – about 20 times closer, very hot
Communication in Space
Radio Communication
· Two restrictions on our ability to communicate with distant societies by radio
· One has to do with simple physics, is well understood, and merely makes the communication difficult  ????
· Second has to do with the fate of technological civilizations, which is still unresolved, and may severely limit the number of societies we can detect by radio
· Radio signals are electromagnetic waves that travel at the speed of light
· Because even the nearest civilizations must be a few light-years away, this limits our ability to carry on a conversation with distant beings
· If we ask a question to someone 10 light-years away, we will have to wait 20  years for a reply
· Can’t have a normal conversation
· Of course, for many decades we’ve been sending out radio broadcasts announcing our presence: short-wavelength radio signals from TV and FM stations regularly ‘leak’ into space 
· Assuming there’s intelligence on the receiving end, we can intentionally broadcast a signal in code 
· We could use a series of 1s and 0s arranged in some meaningful way that could be decoded in only two ways: one produces ‘random noise’ and the other produces a meaningful picture 
· Dedication of the 1000-ft radio telescope at Arecibo exactly such coded message was transmitted, aimed toward a globular star cluster known as M13
· Transmission is more a demonstration of capability than a real attempt at communication 
· When the signal arrives at any destination, it can be decoded to either nonsense or to a picture of life on Earth
· Computer power needed to sort through weak signals looking for unusual powers 
· 4 million volunteers proving about 1000 years of computing power per day toward the project
The Water Hole
· Rather than just blast a basic communication out blindly into space, perhaps there’s a practical way to limit the search – at least for now
· Within the broad communication window lie the 21-cm line of neutral hydrogen and the 18-cm line of OH (Fig 19.14 – add it in)
· The interval between these two lines has been dubbed the water hole because the combination of H and OH yields water
· Since water is the fundamental solvent to life as we know it and possibly life elsewhere, it makes sense that we should call out to each other at wavelengths of the water hole
It’s a Hard Life!
· During past 500 million years of Earth’s history, there have been many periods when life had a tough time, but 5 particularly devastating events, referred to as ‘mass extinctions’
· It’s difficult to resolve either a single cause of these events or even a closely-related set of causes, but all have three common characteristics: a very short period of catastrophism, global extent, and turmoil in both marine and terrestrial environment
· Scattered evidence at most of those extinction horizons of extraterrestrial material, not enough evidence to assign blame
· Acceptance that large asteroid produced the catastrophic event of 65 million years ago that helped with the demise of the dinosaur species 
· Large asteroid blasted Earth 251 million years ago and together with a couple other coincidental events, produced the mass extinction that wiped about 96% of all species from the face of Earth
· Maintenance of life is important as finding life 
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