CHAPTER 10: VENUS

Introduction:
· Venus = often called the evening/morning star because you see it for about 3 hours after sunset and about 3 hours before sunrise  at these times, it is brighter than any other object in the sky except for Moon
· It is about the same size as Earth  similar density
· Surface is hotter than any desert on Earth and 2x hotter than a kitchen oven
· Magelian: 1st space probe to be launched from a space shuttle; 1989 – spent 4 years in orbit around Venus before plunging through its atmosphere in 1994
· Venus Express: European Space Agency (ESA); Launched in 2005, designed to primarily collect data from the atmosphere 
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Basic Planetary Facts:
· Mean Distance: 108
· Second Closest planet to Sun (our nearest neighbour)
· Orbit Around Sun: 225 days  Revolves around sun in an elliptical orbit  Orbital Plane: Almost in the same as Earth
· Venus=Exception; all planets rotate counter clockwise – Venus rotates clockwise  retrograde motion; very slowly (243 Earth Days)
· Spins east to west (like Earth)- Sun rises in the west, sets in the east 
· Venusian Day: 117 Earth days
· Slow rotation of surface contrasts rapid rotation of clouds – combined retrograde rotation and revolution around sun = every time Venus is close to Earth, the same side is always toward us – may be controlled by the gravitational force between Earth and Venus
· * No satellites; small magnetic field because atmosphere interaction with solar wind
· * Rotation= retrograde only because it was knocked over by a large impact

Atmosphere, Greenhouse, Hydrosphere
· Covered with thick clouds that hides its surface from view
· Consists of sulfuric acid layer  below the sulfuric layer, the thick atmosphere is composed mainly of carbon dioxide (96.7%); this is the secondary atmosphere produced by intense volcanism
· Atmospheric pressure on Venus’ surface is about 90x greater than on Earth’s surface
· Venus is not necessarily stable: Venus Express determined large volumes are escaping into space – stream of electrons from Sun collides with particles in Venus’ upper atmosphere, energizes them  blasts them into space
· Venus has a concerning greenhouse effect – CO2= transparent to incoming light energy; opaque to outgoing infrared energy
· The Greenhouse Effect Begins:
· Incoming short wavelength light energy from Sun warming a planet’s surface
· Ends up with a surface or near-surface growth because the long wavelength infrared energy cannot escape a CO2 rich atmosphere and get back into space
· The wavelengths of radiated energy that CO2 does allow to escape back into space from a planet surface is blocked by sulfur dioxide and water (not a lot in Venus atmosphere) but it is strong enough to intensify the greenhouse effect
· Result: Venus has a uniform temperature of about 462 degrees Celsius
· Venus is always warmer than Earth because it is 30% closer to Sun – it was cooler in the past than how it is now
· It took a while for the greenhouse atmosphere to build up- during this time, it was cooler (we are sure of this because there is evidence of liquid water on early Venus)
· Ultra-violet radiation  H2O  breaks H and OH – gravity of Venus and Earth allows H atoms to escape
· 2 Stable Isotopes of Hydrogen: H (mass=1); Deuterium (mass=2)
· 1978: pioneer discovered there is 150x more deuterium/atoms of light hydrogen in Venus’ atmosphere than in Earth’s
· Venus Express: detected OH in Venus (only other planet to have it other than Earth)
· Once Venus had liquid water that broke down to atomic form
· Without an ozone layer (to protect atmosphere from UV radiation), the atmospheric water was broke up and H was lost in space  released Oxygen= formed oxides in soil; now it is dead dry  cannot support ocean at surface temperature
· Oceans evaporated and Venus lost ability to cleanse atmosphere of CO2
· Earth avoided greenhouse effect because it was farther from the Sun and cooler
· Clouds on Venus prevent a lot of sunlight from reaching surface – Soviet Venera spacecraft found no need for artificial lighting
· Rocks near the spacecraft = shadows (indicates lower atmosphere = clear)
· Winds at the surface are gentle; Winds higher up are fast
· *Atmospheric circulation – not broken up into small cyclonic storms = recognized as a single-planet wide wind pattern – North Pole: Venus Express showed 2 enormous cyclonic storms – trying to check out south poles
· Speculations that primitive life (bacteria?) may exist in the clouds

Geology:
· Surface has few impact craters/very few small impact craters
· This is a result of the planet’s dense atmosphere = the small objects burn up
· Crater Count: Gives estimate for relative age of the surface 
· Venus: Few craters appear young; rarely filled with lava – thus, they formed after a ‘recent’ major volcanic activity
· Radar Images: Craters are rough = not much time to erode
· Crater Analysis: Surface = About 650 million years old – but the planet is the same age as Earth (4.5 billion years old)  therefore, there has to have been planet resurfacing about 650 million years ago (planet-wide volcanic eruptions)
· Surface is dominated by volcanic features
· Concentric Fractures: Features called coronae that surround volcanic domes – thought to be formed by mantle plumes (bring magma up to crust, then subsides) – coronae blowing its top – on Earth it would be called caldera
· Pancake Domes: Flattened domes, thought to be formed by magma, flattened by high atmospheric pressure – common to find these volcanoes in shield fields; if pancake volcanoes are formed by viscous lava (high resistance to flow; opposite of fluid), then there are features showing fluid lava flow channels too
· Key to Venus Geology: Its heat
· Radioactive elements keep heat trapped in interior
· On Earth, plate tectonics allow heat to escape from the mantle; Venus lacks any sign of plate tectonics but could build up heat, could boil over into volcanic eruptions and resurface the whole planet
· Much tectonic activity, no sign of plates (probably mantle plumes)
· Theory: Between 300-500 million years ago, the whole planet was resurfaced by basaltic lava flows – erupted for thousands-millions of years
· Knife-sharp mountain ridges and cliffs (shown by Magelian) indicate zero erosion
· Rocks are strong on Venus because there is no water content (tiniest amount of water weakens rock structure)- it must be dry
· There is evidence of surface rock breakdown: since there isn’t any water content, it must be from wind (no weathering or erosion)
· USSR spacecraft’s measured wind to be quite slow- not strong enough to be rock-cutting – distribution of debris from large impact crater—strong prevailing wind direction: large field of ‘sand dunes’- impossible to get this without strong winds

Interior:
· Density: Says interior must be a mix of rock and metal (much like Earth and other terrestrial planets)
· Volcanism: Says interior is hot – on par with Earth maybe
· Prior to Venus Express Missions:
· Found no evidence of a magnetic field – no magnetosphere
· Earth’s magnetic field: Generated by the differences in speed between the inner solid metal core and the outer liquid metal core
· If Venus’ core is completely liquid metal – no magnetic field; if solid/metal core but no rotation speed of the two – no magnetic field
· Venus is barely rotating – this could explain it
· Venus Express: Detected a weak magnetic field – magnetic field doesn’t come from interior; the interaction between solar wind and atoms/molecules of the upper atmosphere creates a very weak magnetosphere over the planet

4 Stages of History
1. Differentiation: Separation of material according to density
2. Cratering: A period of violent impacts
3. Flooding: Not by water, but by lava flows
4. Slow Surface Evolution

· Density and size of Venus tell us that it must have a dense interior, much like Earth’s, but if the core was molten, then we would expect a magnetic field
· Venus and Earth= outgassed the same amount of CO2, but Earth’s oceans have dissolved and converted to lime stone
· Main Difference Between Venus and Earth
· Lack of water on Venus
· Small oceans were there when it was young – but as it came closer to sun, it got warmer and the CO2 in the atmosphere resulted in the greenhouse effect which made planet warmer and thus, reduced the ability of the planet to purge its atmosphere of carbon dioxide
· Venus lacks tensional crustal rifts= numerous volcanoes cannot carry much heat out of the interior – Venus gets rid of interior heat through hot magma that rise beneath crust
· Above these currents of hot magma, we see:
· Coronae, Lava Flows and Volcanism
· True plate tectonics = not active on Venus; crust is very dry (12% less dense than Earth’s crust)
· More buoyant than Earth’s crust = resists being pushed/pulled into the interior; crust is so hot= halfway to melting point of rock; hot rock= not stiff, cannot form rigid plates typical for plate tectonics
· Evidence: Convection currents below the crust are deforming the crust and creating coronae and push up mountains (Maxwell) – strength of gravity over the mountains is held up by rising currents of magma
· Craters: Suggests resurfacing; occurred in planet-wide over-turning = old crust broke up and sank, lava flows created new crust



CHAPTER 11: MARS

Planetary Facts:
· Mars = half the size of Earth
· Has many Earth-like features; an atmosphere with clouds, ice at the poles – “polar caps”
· Long ago it was much like Earth (oceans, rivers, descent greenhouse, perhaps life)
· Much lower density than Earth (3.9 g/cc) [Earth=5.5 g/cc]
· Nearly the same day length on Earth (24 hours, 40 minutes)
· Both Earth and Mars have seasons = axis tipped 25 degrees [Earth= 23.5 degrees]
· Northern and Southern hemispheres turn towards Sun (alternately), seasonal changes are visible

Missions:
· As of June 2008, there were 3 working spacecrafts orbiting Mars
· Mars Odyssey: 2001 (USA)
· Mars Express: 2003 (ESA)
· Mars Reconnaissance Orbiter: 2005 (USA)
· Spacecrafts on Surface of Mars:
· Spirit and Opportunity: Both “mobile robotic geologists” – Launched in 2003 (USA)
· Both had a lifetime expectancy of 90 days – surpassed this expectancy by more than 5 years
· Scientists are able to make Martian geology statements with considerable certainty, based upon the data received by 2 rovers
· Spirit: Was sitting on “home plate” – waiting out Martian winter; extremely low on battery because sunlight is weak
· Opportunity: Working in the other hemisphere, working along the edge of the Victoria crater (a large impact site)
· Phoenix Mars Lander: Stationary-Launched in 2008 – (International Effort)
· Landers are building upon knowledge gained from their predecessors: Viking 1/2 (USA: 1975) and Pathfinder (USA: 1996)

Weather and Atmosphere:
· Atmosphere of Mars: Major Concern
· Air on Mars is:
· 95% Carbon Dioxide
· 3% Nitrogen
· 1% Argon
· Contains minor amounts of water vapor and oxygen = the density at its surface (only 1% that of Earth’s atmosphere)- does not provide enough pressure to prevent liquid water from boiling into vapour  very low pressure, very thin air, dense enough to be visible in oblique angle photographs; occasional weather patterns are visible
· Originally, Mars had a primitive atmosphere – Hydrogen and Helium; but once the solar system took shape, leaking into space of the primitive atmosphere occur – rapidly (low escape velocities) – replaced by a secondary atmosphere of volcanically emitted gases (terrestrial planets =secondary)
· Gas and ice giants have gravitational fields strong enough to retain their primitive atmosphere  high escape velocity 
· Earth’s current tertiary atmosphere – evolved differently because of the development of life; the production of oxygen, the role of liquid water and the fixation of carbon dioxide in rock
· The Martian, cold, dry atmosphere = so thin – has some (rare) scattered clouds of ice crystals; surface= rich in oxides
· Mars = Smaller than Earth – less internal heat to drive geological activity – might suspect that it has not out gassed through volcanism as much as Earth- 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 gas from its atmosphere – the rate at which a planet loses gas depends on its mass and temperature:
· The more massive a planet, the stronger the gravitational attraction, the higher escape velocity, the more difficult it is for gas atoms to leak into space

· Mars has a mass less than 11% of Earths and has an escape velocity less than half of Earth’s
· Gas atoms are thus, able to escape from it more easily
· Lost a lot of lower-mass gas
· H2O = massive enough for Mars to keep but UV-radiation tends to break them up
· Mars has never had an oxygen-rich atmosphere = no ozone layer
· H escapes (so light), Oxygen forms oxides, mostly with iron in the soil = “red planet”
· Solar wind with atmosphere: Because Mars doesn’t have a magnetic field and the atmosphere is thin, the solar wind interacts with the atmosphere and the planet surface – significant amounts of CO2 breakdown
· Mars previously had enough atmosphere to sustain a decent greenhouse – liquid water was stable on the surface
· Areas warmed by morning sunlight emit water vapour into air; ½ hour after dawn; water vapour freezes to form clouds of ice crystals in some regions (or ground fogs)
· Ground Fogs: Cling to floors of channels and canyons
· Higher clouds form – air gets lifted over elevations; winter conditions cause freezing of even the CO2  Creates winter polar-hood of CO2 clouds and haze (CO2 ice particles) hanging over polar regions
· This local heating causes winds and summer onset of global dust storms (winds on Mars can cover entire planet)
· Ices in polar caps = Frozen Water + CO2 (dry ice)
· Saltation: Enabling them to hop erratically over the surface
· Thin Martian winds= pick up larger grains – saltation can play a large role in erosion – salt grains stay within a meter of the ground- undercut rock outcrops- eroding fresh dust from rock surfaces; old debris weathers into fine, iron-oxide red dust
· Dune Fields: Winds pile fine materials into ripple patterns
· On Mars, crater rims disturb the flow, thus, many dune fields form in the crater bottom
· Most spectacular dune field in solar system: North Pole Cap of Mars

Water and Ice:
· Current atmospheric pressure is too low to keep liquid water from boiling away to vapour (i.e., very little atmosphere)
· Geological features were formed by moving water
· Mars Global Surveyor: Spectacular evidence of water in 2006  just below the surface
· Bright linear features: likely caused by water/sediment ‘slurry’ moving down two gullies
· (Linear features represent a site in the wall where liquid water burst out, carried material down 2 gullies before water was frozen/evaporated)
· Find enough deuterium  Mars once had abundant liquid water supplies
· Ocean and lakes are gone  What’s Left:
· Ice caps of the North and South poles
· Ice as permafrost
· Water chemically bound to other elements in minerals (rocks)
· Tiny amounts of water vapour – local winter: forms ice deposits and frost
· Mars has permanent polar ice caps (variation during season)
· North Polar Cap: Nearly all water ice
· South Polar Cap: Mixture of CO2 Ice and H2O Ice
· During local winters, ice deposits form in the bottom of deep craters and against shadowed walls 
· Mars Odyssey Spacecraft (reached orbit around Mars in February 2002)  May have found remains of water – 2 Instruments on Mars Odyssey are capable of detecting water ice within the top meter of the crust (by measuring amount of hydrogen in soil)- both instruments agree that water makes up a significant fraction of the crust from pole to pole
· Analysis of rock samples from Mars:
· Over history of solar system, giant impacts by asteroids have blasted giant craters on Mars and ejected bits of rock into space
· A few of these rocks have fallen to Earth (meteorites)
· Meteorites include basalts (expected from a planet covered in lava flows); contain small traces of water and minerals that are deposited by water (magma that rocks solidified contained 1.8 % water)
· Temperature on Mars was different in the past – atmosphere must have been thicker before gas leakage; volcanism was more active, outpouring of volcanic gases added to the atmosphere; increased greenhouse effect
· Can use solar power to break water into H and O  H=Fuel; O=Breath of Life

Geology:
· Mariner 9: November 14, 1971
· First spacecraft to go into orbit around Mars
· Mapped the whole planet in detail for first time
· Viking 1/2: 1976
· Landers made the first successful touchdowns on the planet
· No organic material in Martian soil
· Mars Geology:
· Surface has never broken into moving plates like those that create the topography of Earth – it is a one-plate planet (similar to Venus), including some of the largest volcanoes in the solar system
· Mars’ thin atmosphere protects the surface from micrometeorites which grind Moon rocks into dust
· Mars is divided into two:
· Southern Highlands: Heavily cratered (2-3 billion years old)
· Northern Lowlands: Smooth, crater-free (resurfaced 1 billion years ago)
· Martian Volcanoes: Shield Volcanoes – shaped like an inverted warrior shield, formed by low viscosity lava flows
· Occurs over plumes of rising magma below the crust and not related to plate tectonics
· Largest Volcano In Solar System: OLYMPUS
· Shield Volcano Mauna Loa in Hawaii – so heavy that it sunk into Earth’s crust; Olympus Mons= much larger than Mauna Loa but has not sunk into the crust of Mars (evidence that the crust of Mars is much thicker than Earth’s)
· Other evidence = Martian crust was once thinner and more active than Moon’s
· Valles Mariner: Network of Canyons – 4x deeper than the Grand Canyon
· Produced by faults in crust that allowed great blocks to sink; landslides and erosion  further modified
· Some regions= particularly high; high elevation block = THRASIS RISE
· Pathfinder:
· Alpha Proton X-Ray Spectrometer
· Measured composition of 9 rocks
· Volcanic Martian Meteorites = Basalts
· Many rocks on the surface are not volcanic  SEDIMENTARY
· Spirit and Opportunity  Pictures of thick layered rocks formed by the compression and solidification of sediment – vast expanses of layered sedimentary rocks indicate previous large oceans
· If there was once abundant liquid pooled on Mars, it must have contained dissolved mineral salts and when the water evaporated, these would have been left on the surface in deposits of evaporates 
· Evaporate salts, sulfates and carbonates bond surface dust into crumbly or flakey layers
· Salt (evaporate) minerals are also proof of water; basalts contain roughly the same amount of water in them as those on Earth
· Red Colour of Most Surfaces:
· Caused by the mineral hematite (reddish iron oxide)  indicates that oxygen is taken up by iron of rocks as they weather
· Blueberries: Found by opportunity in a region – supposedly to be an old ocean floor 


Interior: 
· Pathfinder and Mars Global Surveyor (MGS)
· Indicate Mars has an iron core with at least the outer part molten
· NASA has concluded that Mars core is not solid – thick, ‘goopy’ syrup = confirming that the planet has not cooled as much as earlier thought
· MGS: Also showed that ancient parts of the crust are magnetized while younger parts are not – early dipole magnetic field  shut down
· Distribution of magnetized rock on Mars  NOT uniform
· Mars = Less seismically active than Earth
· *Crust has become thick over time
· *Core= not quite solid, but very viscous and cooling
· Tectonics:
· In the absence of plate tectonics, the crust was fixed over the plume and the lavas kept accumulating in one area – ‘hot spots’ – mantle likely penetrated locally by plumes
· Contrast: On Earth- Plate drift has carried the crust over plume sources – this implies a very active or long lived Martian source 
· **LOOK AT DIAGRAM OF PLUMES

History:
· Geological Era:
· Noachian Era: Earliest period in Martian history  thicker early atmosphere, high rates of cratering, heat flow and volcanism
· Hesperian Era: Era of transition from Noachian era  Amazonian Era (last water flows/erosion episodes)
· Amazonian Era: Modern, dry, dusty, mostly frozen era – active geology (lava flows, water release) have been found in this era
· Developmental History: 4 Stages:
1. Planet differentiated into a core, mantle, crust
· No obvious traces of plate tectonics
· Mars lacks a magnetic field = core cannot contain much molten iron
· Detected traces of magnetic fields trapped inside parts of the crust, therefore, Mars once had a magnetic field and a molten iron core
2. Cratering: Mars crust was battered during the heavy bombardment – old southern hemisphere survives; the largest impacts blasted out great basins
3. Flooding: By lava flow that smoothed some regions – not only volcanic flooding but water
4. Crust of Mars = too thick to be active
· Planet lost much internal heat, lacks a molten core (seen in lack of magnetic field)- although crust was stressed by rising magma, it is too thick for plate tectonics)
· Because small size – interior cooled, geological activity did not last long, gradually lost some of its atmosphere and surface fell into a deep freeze
· Early atmosphere = thicker; liquid water curved erosional features (water ocean probably filled the Northern-Hemisphere lowlands
· Atmospheric gases leaked into space, surface temperature fell, remaining water became trapped in the soil as permafrost = Mars  Frozen
· Climate Variations: Rise of Tharsis Bulge – could have tipped the axis to 25 degrees Celsius – cooled climate

Satellites of Mars:
· 2 Small Satellites: Phobos and Deimos
· Phobos: Flattened shape
· Deimos: 3x farther from Mars
· Both = tidally locked to Mars (same side facing the planet as they orbit)
· Revolve around Mars in the same direction that Mars rotates – Phobos is so small, it revolves faster than Mars rotates
· Small, rocky satellites, dark grey, low densities  many of their properties hint that they are 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= so close to Mars – tides are making orbit shrink and will fall into Mars of be ripped apart by tidal forces within 100 mil. Years)


CHAPTER 12: ASTEROIDS

Discovery of Ceres:
· According to the mathematical relationship of planet positions in our solar system, there should be another planet in the space between Mars and Jupiter
· Discovery of the first object in that space was made by Giuseppe Piazzi (a monk) – he named the first known asteroid “Ceres” which has now been classified as a dwarf planet
· Ceres (995 km)
· Lots of objects were being found in that space between Mars and Jupiter  ASTEROID BELT

Definitions:
· ASTEROID: A natural, rocky object in space, measuring 100m to several hundred km
· METEOROID: A natural, rocky object in space, measuring a few mm to 100m in diameter
· METEOR: Visual streak of light associated with passage of a small meteoroid though Earth’s atmosphere; the heat energy producing the light is a result of friction between the object and molecules of gas in the atmosphere  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 – it is not called a ‘meteorite’ until it lands on Earth’s surface

The Titus-Bode Law
· 1702: David Gregory noted a relationship in between planet orbits and wrote a mathematical sequence to it – wrote in Latin (no one paid attention to it)
· 1715: Some guys read the German translation – got all the credit for the ‘Law’ 
1. Take 0,3,6,12,24…
2. Add “4” to each of the above: 4,7,10,16,28
3. Divide each number by 10: 0.4, 0.7, 1.0, 1.6, 2.8…
· These are the predicted planet spacings in AU
	Planet
	Predicted
	Actual

	Mercury
	0.4
	0.39

	Venus
	0.7
	0.72

	Earth
	1.0
	1.00

	Mars
	1.6
	1.52

	Ceres
	2.8
	2.77

	Jupiter
	5.2
	5.20

	Saturn
	10.0
	9.54

	Uranus
	19.6
	19.19



Main Asteroid Belt:
· Meteorites tell us that asteroids are the last remains of the planetesimals that built the planets 4.6 billion years ago
· They are mostly small, complex with irregular shapes and heavily cratered surfaces
· Thousands of asteroids discovered in the gap between Mars and Jupiter have accurately known orbits
· This concentration of objects = The Main Asteroid Belt
· ASTEROID BELT: Empty, asteroids are spread over a large volume, most travel in circular orbits because there is a high population and collisions can occur
· A collision could either fragment an asteroid or glue two asteroids together (a relatively low speeds)
· The current asteroid belt is unlike the original
· Many asteroids not in the belt = dangerous; Potentially Hazardous Asteroids

LINEAR (Lincoln Near Earth Asteroid Telescope):
· March 1998
· CCD (A charged coupled device)  array of light sensitive elements that can record very faint images
· Discovering 50-75 asteroids/year

Influence of Jupiter:
· Originally asteroids formed throughout the solar system
· Asteroids were distributed more or less uniformly
· Most asteroid material was gathered up by forming planets, leaving zones around their orbits without asteroids
· Asteroids that were not gathered by forming planets were flung outward and ended up within the influence of Jupiter
· Jupiter has a massive mass – has an enormous gravitational cross section in space that affects the motions of small bodies

Gaps in the Asteroid Belt:
· Jupiter’s gravity confined the asteroids into a restricted area and dictated their locations within the belt
· Daniel Kirkwood provided an explanation for the gaps in 1866: Kirkwood Gaps
· He noticed that the distances corresponded to orbital periods that are simple fractions of the orbital period of Jupiter
· 2 Major Forces:
· Overall gravity of Sun and gravity of Jupiter
· Over a long period of time, each asteroid is influenced by these factors to change its position and swing either outward or inward from Jupiter, leaving gaps where it use to be; asteroids and meteoroids entering the Kirkwood gaps are booted and into orbits that allow them to leave the confines of the belt
· *The gap are “open doors” – can escape Jupiter’s influence and invade the inner solar system and come to Earth
· * Collisions: Objects slip into the gaps and starting on their own unique tracks

Classification:
1. Classification based on meteorite samples of asteroids
· Most meteorites originate from collisions and fragments (93% are composed with minerals (silicates) – Si + O + etc.) and most are pure metal  assume that meteorites received on Earth are a fair representation of asteroid belt components  not reliable (no assurance that they represent the whole population of asteroids)
· Really large asteroids became differentiated
· After they formed from the solar nebula, they were heated, their interiors melted – high temperature that iron sunk to the center = iron core/erupting basaltic lava surface 
· Others got their crust and mantles stripped away and exposed their iron core
2. Classification based on characteristics of sunlight reflected off the surfaces of asteroids
· Looking at albedo (proportion of light reflected from an object – range=0 (black) to 1 (perfectly reflecting)) – An object with a lot of metal showing = highly reflecting; one composed of carbon = very low number

3. Construction of instruments which break down the reflected light into a whole spectrum- collecting rough element analyses of surfaces as well as simple albedo numbers


Classification Scheme:
· C-TYPE ASTEROIDS: High Carbon content – “carbonaceous’  75% of known asteroids (roughly the same composition to Sun)
· S-TYPE ASTEROIDS: High Silicon content – “silicaceous”   17% of known asteroids
· M-TYPE ASTEROIDS: Metallic  Most of the remaining asteroids
· P-TYPE/D-TYPE ASTEROIDS: Characteristic of the outer asteroid belt – rich in organic matter, ice water in interiors – represent the least altered objects in the belt
· Asteroids exhibit features in their spectra – different mineral compositions
· E-TYPE ASTEROIDS: Asteroids with the highest albedo  E for mineral Enstatite 


Asteroids and Meteorites:
· Spectrophometer for search – Meteorites (“children”) – Asteroids (“parent”)
· Most asteroids have low albedos – very dark – reflecting only 3-7% of light striking them
· Carbonaceous Asteroids: Dark carbon minerals-surface
· “If meteorites are pieces of asteroids, they should exhibit similar reflectance characteristics” – testing this:
· Took ‘ordinary chondrites’, ‘carbonaceous chondrites’, ‘achondrites’, irons and ‘stony irons’  grounded them into fine powder
· Then obtained laboratory reflection spectra of the powders  compare them with asteroids (spectrum not from a single mineral – several at a time)
· Similarities:
· 4 Vesta – Asteroid: first spectroscopically studied (1970)- one of the brightest in the sky; sometimes visible to the unaided eye
· Spectrum matches the spectrum of Eucrite, an igneous, basalt-like meteorite
· Vesta = sole source asteroid for these meteorites
· * There is a direct correlation between compositional differences in the asteroids and their distribution in the asteroid belt
· Identified a few meteorites that match asteroids
· C-TYPE ASTEROIDS:
· 2/3 have water in their mineral structures = absorption feature in the UV part of the spectrum
· Range from the middle to the outer edge of the belt
· *Carbonaceous Chondrites = Rare on Earth but plentiful in asteroid belt
· *Ordinary Chondrites = Common on Earth but rare in asteroid belt
· Indicates that chondrites probably came from one or more parent bodies
· Cannot rely on meteorite collections to tell us the time ratios of asteroid types

Families:
· When planetesimals collide = fragments with great variety of sizes
· 1918: Japanese astronomer = Hirayama  a break up of an asteroid into a collection of fragments (FAMILIES) would result in similar orbital characteristics for the bodies
· Must consider Jupiter’s influence on orbit
· Result: Proper orbital characteristics  Hirayama was able to recognize clusters of asteroids based on the similar orbital features
· HIRAYAMA FAMILIES
· He hypothesized: the members of any ‘family’ were collisional fragments of the same original planetesimals
· Principal Hirayama Families:
· Hungarias
· Floras
· Phocaea
· Koronis
· Eos
· Themis
· Cybeles
· Hildas
· Named after the main asteroid in each group

Non-Belt Asteroids
· Not all asteroids orbit within asteroid belt
· Some follow orbits that bring them close to terrestrial planets (particularly close to Earth)
· Near Earth Asteroids (NEAs)
· OR
· Near Earth Objects (NEOs)
· All follow highly elliptical orbits  subdivided into categories according to the dimensions of their orbits – all NEAs have unstable orbits (none will last more than a few million years)

· ATENS: Most of these asteroids have an orbit less than 1 AU  this means that they orbit within the orbit of Earth
· APOLLOS: Most have an orbit that brings them through the orbit of Earth (i.e., they cross Earth’s orbit) – worth watching closely
· AMORS: Commonly cross the orbit of Mars – they get close to the orbit of Earth but do not cross
· Atens-Apollo-Amors objects are dangerous because they interact with gravitational influences of the planets (many are doomed to collide with a planet – thrown into sun, ejected into the solar system, etc.)
· *Earth is hit by an Apollos object once every 250,000 years (on average)
· (Apollo= known orbits) – there are about 1000 near Earth asteroids about the minimum size of an impactor = could cause global effect on Earth – even a small asteroid could do serious damage
· Shock waves from asteroid explosions in atmosphere can cause serious damage to Earth’s surface
· *Large Impact Detected: Atmospheric explosion of a rocky meteorite in February 1994 – blast as bright as Sun
· Apollo- Amor Objects: Rocky asteroids thrown into extreme orbit by events in the asteroid belt – some may be comets that have exhausted their ices and trapped in short orbits in the inner solar system (distinction between asteroids and comets = not very clear)
· Rush through inner solar system  also non-belt asteroids in outer solar system  farther from sun = more slowly
· Chiron: 1977- sudden brightness with release of vapour and dust – like a comet (releasing a cloud of gas and dust) – more than an asteroid  orbit not stable
· Icy asteroids of outer solar system are widely scattered
· Jupiter: Ushers 2 groups of asteroids within its own orbit
· Trapped along Jupiter’s orbit – lay within the regions where gravitation of Sun and Jupiter trap small bodies 
· Like cosmic sinkholes, the Lagrangian Points (where non-belt asteroids are trapped along Jupiter’s orbit) have trapped chunks of debris
· TROJAN ASTEROIDS (named after the heroes of the Trojan)
· Over 1000 have been known = only brightest are given names
· 1990: found an asteroid trailing in the Lagrangian Point in the orbit of Mars = might suggest that other planets might have Trojan asteroids stuck in their orbits

Potentially hazardous Asteroids (PHAs)
· Definition: A PHA is an asteroid of minimum 150m diameter and comes closer than 0.05 AU to Earth
· TORINO SCALE:
· Impact risk = no object has been given a rating above 0 on the Torino scale = an impact potential scale of 0-10 used to convey “level of concern” of an event to the public
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· Aphophis: If it hit London, we would be replaced by a giant crater and all human life between Toronto and Windsor would be over
· Serious Concern: Level 4 Asteroid aimed to impact Friday, April 13, 2029 
· Largest Asteroid that crosses Earth’s path= 4179 Toutatis  fast, highly irregularly moving
· Every 4 years

Asteroid Exploration
· First up-close photos of asteroid-like objects: 1971
· Mariner 9  Phobos and Deimos
· First True Asteroid Photos: 1991
· 951 Gaspra imaged by Galileo probe en route to Jupiter
· 1993: 243 Ida and its satellite Dactyl  imaged by Galileo probe en route to Jupiter
· First dedicated Asteroid Probe: NEAR Shoemaker
· Photographed 253 Mathlide in 1997 before entering into orbit around 433 Eros and finally landing on its surface in 2001

EROS: First of NEOs to be discovered and the largest = 33 x 13 x 13 km
· NEAR (Near Earth Asteroid Rendezvous) Shoemaker = first spacecraft mission designed to study an asteroid
· Launched February 17, 1966 – 4 year long journey to near-Earth asteroid 433 Eros
· EROS= no threat to hit Earth soon
· Objective of Mission: Counter Eros orbit = collect imagery, data on asteroid’s properties – (surface features, composition, rotation)  mission was successfully completely in February 2001 when a previously unplanned landing was executed = first time a space craft ever landed softly on an asteroid 

ITOKAWA:
· Japan = send spacecraft – Hayabusa- to asteroid Itokawa to do measurements, land and collect samples and return them to Earth
· November 19, 2005: craft landed on asteroid
· Problems: Mission control did not know whether or not it landed – told to abort and get backt o stable orbit – it did
· Thus: No sampling done = some dust in sample chamber only
· A month later while still in orbit – all signals were lost
· 3 months later, it woke up and sent a signal back to Earth





CHAPTER 13: METEORS

Definitions:
· 25 years ago, during the Apollo Moon Program, astronauts collected 800 pounds of moon rocks – realized that many of the meteorites that they had previously collected were from Moon
· Viking 1/2- 1976 Mars – more than a dozen of the rocks termed ‘meteorites from an unknown source’ were actually from Mars
· Two categories that all meteorites appear under:
· FIND: A meteorite called a ‘find’ – you stumbled across it and you don’t have any information when it got there
· FALL: A meteorite whose entry through the atmosphere has been witnessed and someone has recovered a piece (or all) of the object
· Meteorites are named for the geological localities in which they fall or are found – must be confirmed names

Classification:
· Irons, Stony-Irons, Stones  according to general mineral content
· IRONS: Consist almost entirely of iron and nickel metal alloys
· STONY-IRONS: 50/50 mix of the same metal alloys + non-metallic silicate/oxide material  looks like ordinary ‘stone’
· STONES: Non-metallic silicate/oxide materials
· Early 1990s – renamed these categories
· IRONS  SIDERITES (rock consisting of iron)
· STONY-IRONS  SIDEROLITES
· STONES  AEROLITES (stones from the air)
· Ratio of “falls” accurately represent the ratio of meteorites reaching Earth through time
· Stones (aerolites) are subdivided into “chondrites” and “achondrites”
· CHONDRITES: Having chondrules – aggregates of ‘cosmic sediment’  never been altered greatly since first compressed together
· ACHONDRITES: Having no chondrules – igneous rocks that have been at least partially melted and recrystallized

Chondrites and Chondrules:
· The word “chondrites” derives from Greek word, “chondros” meaning grain/seed – specifically refers to the small-rounded inclusions in chondrites called “chondrules”
· Chondrites are poorly blended aggregates of different materials  nicely rounded chondrules, irregularly shaped inclusions of various compounds, shiny grains of metal alloys and metal sulfides and dark, fine grained matrix
· X-Y Classification
· Classification system of all chondrites is based upon their chemical properties (vertical axis) and their degree of alteration from heat –and/or- fluids (horizontal axis)
· Several groups covered by “carbonaceous chondrites” – thus, these meteorites contain carbon – their composition matches Sun (more closely)
· At some point, chondrites were blasted away from larger parent bodies and got pulled in by Earth’s gravitational attraction – changes in minerology/texture happened on parent bodies
· Accretion: Process of clumping together various products appearing in chondrites
· CHONDRULES:
· Condensed from a hot cloud of gas and dust very early in the solar system y “flash-melting” of dust aggregates in the solar nebula
· Organic matter: some meteorites contain carbonaceous material
· Solar nebula  mixing of interstellar and refractory mineral grains in nebular gas
· Grains clump, trapping nebular gas
· Heating of nebula by contracting protosun
· Heating of grain clumps, drives off gas and melts grains which recrystallize into chondrules/ gas condenses into fine-grained minerals
· Mixing of chondrules and fine-grained minerals forming a chondrite body
· ACHONDRITES:
· Magma (molten rock) is formed by melting pre-existing rock at very high temperatures - when the molten rock crystalizes to solid  igneous rock
· Material is left behind that didn’t melt  residual rock
· If the fragment from the collision is a product of crystallization from magma, we don’t call it an igneous rock  achondrite
· If the fragment is a chunk of the residual product  primitive achondrite

Interaction With Earth’s Atmosphere:
· METEORS:
· Solar system = full of dust; concentrated along the ecliptic plane within the planetary orbits are billions of tiny particles in orbit around the Sun
· These particles = Interplanetary Dust Particles = Solar system’s smallest meteoroids
· Composed of silicate minerals; astronomers realized that the particles are not able to remain in orbit around Sun for very long  pressure of Sun’s radiation could push the particles out of the solar system – larger particles are slowed in their orbit and spin gradually into Sun
· *Must be a source of interplanetary dust particles to replace those that are continuously lost
· Two Possible Sources:
· Asteroids: Asteroid Belt – thousands of rocky bodies orbit Sun  collisions occur occasionally, break into smaller pieces, which also collide – breaking into even smaller bodies – this continual fragmentation creates micron-sized and larger chunks
· Comets: They trail dusty trails as they rush towards Sun – most comet orbits take these icy bodies far outside the Solar System; swarm of meteoroids distributed uniformly along a comet’s orbit – they orbit Sun with the orbital period of the comet
· SHOWERS OF METEORS:
· Come from specific regions in the sky, travel together along a common orbit; they strike Earth’s atmosphere at nearly the same position along Earth’s orbit, and thus, we see the meteor trails each year against the same background of stars
· TEMPLE-TUTTLE COMET: 1833:
· Did a pass and left so much dust behind – referred to as “Great Leonids Shower” – within a few hours, over 200,000 meteors were recorded from one location alone
· Leonids (shower) – November 16-17 (max activity) – Variable (hourly count) – 42.4 (velocity) – Tempel-Tuttle (associated comet)

Fireballs:
· Produced by large chunks of rock and iron that were knocked off asteroid parent bodies by collisions
· Most meteoroids that produce fireballs are massive enough to survive atmospheric passage, explosively disintegrating into several smaller pieces en-route (all meteoroids announce their arrival with a light-sound show  the light (fireball) is usually visible over a wide area; sound—50 km
· Light = Generated by 2 distinct mechanisms:
· The burning of the solid body itself
· Luminosity of the atmosphere immediately around the burning mass
· Meteoroid = usually not luminous (not noticed)
· Once it reaches above 95-145 km altitude, the air is too thin to produce much drag on a meteoroid; below this altitude, the atmosphere is too dense and it begins to produce resistance to a meteoroid’s motion 
· Meteoroid begins to convert some of its kinetic energy heat which begins to melt the outer parts of the meteoroid  incandescent
· Temperature reaches more than 1650 degrees Celsius – material comes off the rock as the rock surface literally liquefies
· Almost immediately, the ablated material vapourized (ablation= erosion process by removing small masses)
· As heating continues, the air around the incandescent rock begins to ionize (lose electrons)  as atmospheric gases recapture the electrons, they release light, causing the air to become luminous  fireball seen from Earth = a mass of glowing, hot gas
· Colours = 2 Sources:
· Composition of the vaporizing material
· Composition of luminous air surrounding hot meteoroid
· Many elements give off colours when vapourized
· Fireball changes colour as it progresses along its path
· Typically: will run from bright white to bright red immediately before it is extinguished  Because of atmospheric gases glowing, the fireball appears much larger and closer than it actually is
· Atmosphere acts like a brake – it reduces the meteoroid’s velocity  melting phase only lasts a few seconds (not enough time to conduct heat into the interior)
· When the meteoroids reach ground as meteorites, they are never warm/too hot to touch – quite cold
· Relatively poor heat conductor of the meteorite’s rocky material and too brief-heating phase = survival assurance of the meteorite
· * Height of ‘burning’ meteorite when becomes first visible as a fireball depends on its initial mass and velocity when it enters the uppermost part of the atmosphere – all meteoroid= moving in cosmic velocities
· All bodies in motion have inertia – a body’s resistance to change in its motion; the force required to speed it up/slow it down/change direction  depends on the body’s momentum (product of the body’s mass, the amount of material it contains and the speed/velocity) 
· * The most mass of a body, or the faster it is travelling, the greater force necessary to change its state of motion
· Force produced in the atmosphere to slow it down – reduces meteoroid’s momentum by adding drag  to lose mass by ablation process
· * KE = ½ mv2 
· The greater the meteoroid’s mass + velocity  greater KE
· Varies with the square of its velocity
· *Kinetic energy means everything to a meteoroid’s survival  the higher KE when it meets the upper atmosphere, the higher the atmospheric drag on the meteoroid, the more rapidly it heats up, as atmospheric resistance acts to convert this energy of motion to heat, light and sound
· Since meteoroids travel faster than sound, they can precede the sound – pressure waves pass after  “Whomping Sound” – sound of an irregular body in rotation
· Meteoroids with high initial velocities = far greater atmospheric resistance than slower-moving meteoroids  thus, they suffer greater ablative effects
· This assures the destruction of many meteoroids before they hit Earth’s surface
· Meteoroids and Asteroids: No heat shield to dissipate heat generated by atmospheric friction – leading edges melt (very small fragments totally melt)
· Significant mass is lost in atmosphere – ablation rate = 30-60%
· Surfaces of some meteorites are marked with depressions resembling thumb prints (called regmaglypts) that form by ablation as the meteoroid rocks back and forth or tumbles so there is selective melting 
· Any melting will produce a “fusion crust” on the object: a layer of glass (dark/black in colour)
· Space objects “burn” only as they pass through the dense part of the atmosphere

Principal Tools of Investigation:
· Too look inside any rock (even a meteorite), we need to mount a thin slice of it (using a diamond saw and diamond powder to polish the slice thin) on a glass slide and study it under a ‘petrographic microscope’; each mineral has diagnostic optical properties to determine composition and see how the minerals textually relate
· After identifying the minerals inside, we use an ‘electron miroprobe’ to chemically analyze them – it uses a tiny beam of electrons to impact micron-sized volumes of the sample  tells us elements and proportions
· To see how old the sample is – use a ‘mass spectrometer’ – that measures the amounts of radioactive isotopes in it – (since radioactive isotopes breakdown at completely fixed rates  they are the ‘clock’)
· There are equations that relate the amount of an isotope ‘parent’ to the amount of the isotope that it breaks down to form (‘daughter’) and the time involved since the breakdown began  from this we can tell how old the sample is
· *Most chondrites – clustered at 4.56 billion years  Must be about the age of the solar system

CHAPTER 14: JUPITER

Introduction:
· Definition of a gas giant planet: a large, massive, low-density planet composed primarily of hydrogen, helium, methane and ammonia in either gaseous or liquid state
· Sometimes known as the Jovian planets (after the largest: Jupiter) or the ice giants
· 4 gas giants in the solar system: Jupiter, Saturn, Uranus and Neptune
· Common Features:
· All have atmospheres of hydrogen and less helium
· Jupiter and Saturn = boundary between atmosphere and surface is gradual from gas to liquid; Uranus + Neptune – may have a sharp boundary between gas and liquid
· All have hot cores  sometimes called “rocky” but are a mix of heavy elements in solid state (similar to Earth’s inner core)
· All surrounded by systems of rings/natural satellites
· All rotate rapidly = strong atmospheric winds, produce cloud bands that parallel their equators
· *Jupiter rotates the fasters = most prominent bands
· On Earth: Hydrogen and Helium (gasses); water, methane and ammonia (liquids); silicate minerals and metals (rocks)
· Jovian Planets: All outermost atmospheres = hydrogen and less helium (gas)
· Jupiter and Saturn: State changes  Gas  Liquid  Metal  Pressure on the interiors = too immense, hydrogen starts responding to stimuli as metal would
· Uranus and Neptune: Hydrogen and helium of the outer atmosphere  atmosphere primarily of methane (gas) – further down to a semi-solid mix (ice) of water, methane and ammonia  none of these elements transform into “metal” prior to the ‘rocky’ core  guess

Origin of Gas Giants:
· Astronomers figured all gas giants formed either in the first 10 million years of the development of a start-planet system or they didn’t ever develop
· All the volatile/liquid elements given off by an early star  gather quickly into frozen blonds in the cold regions of the outer system – grow and gravitational attraction would increase significantly (rapidly) – start pulling more volatiles and liquids into themselves  larger masses start interfering with the orbits of the smaller masses  the combined gravitational/rotational interactions would fling the smaller ones out to the margins of the planetary system or in towards the central star
· Neptune  passes protoplanet to Uranus  passes it to Saturn  passes it to Jupiter  Jupiter either assimilates it or passes it toward Sun (some ended up as asteroids, some straight into Sun – some flung out of solar system – adjusted orbit  stable) 

Collision of Shoemaker-Levy 9 with Jupiter:
· Discoverers: Eugene and Carolyn Shoemaker/ David H. Levy
· Comet Shoemaker-Levy 9 into Jupiter (1994)
· Comets= common – Jupiter (strong gravity) gets hit by comets more often than most planets
· The comet was captured into orbit around Jupiter
· 1992: passed very close to Jupiter  pulled into 21 pieces that were drawn out into a long strand of small comets – the pieces fell back and slammed into Jupiter over a period of 6 days in  July 1994
· Hit Jupiter at 60 km/s  released energy
· Impacts occurred just over Jupiter’s horizon – produced fireballs – rapid rotation brought the impact points within sight of Earth only 15 minutes later
· Infrared telescopes spotted the glowing scares where the comet hit- as they cooled, the impact sites became dusty, dark spots at visible wavelengths
· Impacts on Jupiter  Better Understanding
· Astronomers used the impacts as probes of Jupiter’s atmosphere
· Created models of high velocity projectile penetrating into Jupiter’s atmosphere (by making assumptions about the nature of its atmosphere and using powerful computers)
· By comparing observed impacts with model – they were able to fine tune it to better represent
JUPITER’S INTRODUCTION
· Mass = 318 x Earth’s Mass
· 3x larger than Saturn (more than 1000 Earth’s could be squeezed inside its volume if it were hollow)
· Normally the 4th brightest object in the sky (after Sun, Moon and Venus)
· It is a bit over 11x Earth’s diameter = large planet
· Satellites race around it at high speeds and don’t fly into space
· Io= Innermost of the 4 Galilean Satellites
· Streaks around its orbit in less than 2 days
· Thus, Jupiter must be a massive world to hold on to such a rapidly moving satellite
· Swirling vortex of clouds = Great Red Spot = larger than Earth- ranging for about 300 years
· Lethal radiation permeates the surrounding environments
· Doesn’t have a hard surface
· Heat = Driving force of circulation – IR observations show that Jupiter emits about 1.7x as much energy as it receives from Sun 
· 63 Satellites orbit the planet – 4 = interesting
· The Galilean Satellites
· Io = Most volcanically active body in the solar system
· Europa – significant liquid oceans beneath their ice surfaces
· Ganymede – significant liquid oceans beneath their ice surfaces
· Callisto = body that never chemically differentiated 
· Voyager 1 = 1979: Discovered that Jupiter has rings – less than 100x as bright as Saturn’s rings
· Rings = tenuous, composed of dust particles kicked up as interplanetary meteoroids – smash into Jupiter’s 4 small inner satellites (Metis, Adrastea, Thebe, Amalthea)
· Particles = Microscopic 

Missions:
· Pioneer 10: December 1973 (Flyby)
· Returned over 500 images of Jupiter/Satellite family during flyby  left the solar system
· Pioneer 11: December 1974 (Flyby)
· Took better pictures than Pioneer 10
· Measured Jupiter’s intense charged-particle and magnetic field environment  left the solar system
· Voyager 1 / 2: V1 = March 5, 1979; V2= July 9, 1979
· Images showed the swirling turbulence of Jupiter’s atmosphere in detail
· V1= Discovery of 9 active volcanoes erupting on Io
· V2= Four months later = 8/9 volcanoes were still erupting
· Thin, dusty ring was discovered around Jupiter = made scientists rethink the origins and mechanics of planetary system rings
· Galileo
· Only craft to orbit Jupiter
· Designed to study its atmosphere, satellites and magnetosphere for 2 years
· After 14 years of flight time/ 8 years collecting data, it was deliberately destroyed – sent crashing into Jupiter’s crushing atmosphere (could have contaminated one of its own discoveries) – the icy crust on Europa (satellite)
· Europa may have a salt water ocean – may contain microbial life
· A lot of ‘firsts’ – the first probe to flyby an asteroid (951 Gaspra on Oct. 29, 1991/ 243 Ida on Aug 28, 1993)
· *Changed the way we think of the solar system
· New Horizons
· Launched in January 2006
· Heading for Pluto
· June 8, 2008 – crossed Saturn’s orbit – heading toward Uranus
· Took pictures when passing the Jupiter system



Planetary Properties:
· Distance from Sun: 5.3 AU
· Density: 1.3 g/cc
· Rotational Speed: 12.6 km/s (fast rotation)
· Satellites: 63 (4 big ones)
· Rings: One main ring/one minor ring
· *Maintains “upright stances” of 3 degrees of obliquity
· *Really fast rotational period: 9 hours, 55 minutes, 30 seconds as it orbits Sun
· *Doesn’t have a hard surface – most of the planet is liquid = there, it rotates so fast that it has detectable oblateness (bulges slightly at the equator)

Geology:
· * Can tell Jupiter has a rocky core by: Heat flow and density calculation
· The source of Jupiter’s excess energy is the slow escape of gravitational energy released during the planet’s “feeding frenzy” – on anything small around it at formation
· As it took shape, some of its gravitational energy was converted into heat in the interior
· (Heat is still slowly leaking out through the planet’s atmospheric blanket – thus, excess emission observed)
· Magnetosphere:
· Has a magnetic field = likely form differential motion by the different physical states of hydrogen (metallic state surrounded by the liquid state)
· The field is the strongest of any body within the system except for spots on Sun (14x stronger than Earth’s)
1. Magnetic field traps electrically charged particles from the solar wind and shapes them into teardrop form of magnetosphere of radiation around the planet
2. Trapped particles = so abundant; damage instruments of any spacecraft flown through the magnetosphere (deadly for human)
3. Jupiter’s rings and satellites occur within this radiation but values drop with distances outward – to support life, in oceans of Europe and Ganyamede, the strength would have to decrease in the radiation before reaching them
4. Magnetosphere produces auroras – charged particles leak downward along magnetic field: produce auroras where they enter the atmosphere 1000x more powerful than Earth’s  occur in rings around the magnetic poles
· * Enormous dynamo effect (2 states of it interacting) to mage impressive magnetosphere (reaches Saturn); high content of radiation makes the environment deadly (trapped by magnetosphere)


Atmosphere:
· ASI Probe: Detected strong winds/intense turbulence  this confirmed theories that the energy source driving Jupiter’s weathering is heat escaping from the deep interior (not solar energy)
· *Clouds of Jupiter are organized into dark belts and bright zones (all a result of the high rate of rotation)
· Zones: White/Yellow  lower temperature than belts
· Belts: Reddish-Brown  higher temperature, thus, lower in the atmosphere
· Belts: Regions of descending gas (low pressure, sinking gas, lower clouds not brightly lit)
· Zones: Regions of rising gas (high pressure regions of rising gas that cools as it rises and forms clouds in the higher atmosphere = receive more sunlight and look brighter)
· Each hemisphere = 6 bands with winds blowing at high velocities in opposite directions
· Cassini Spacecraft: Revealed that the dark belts contain rising storm systems too small to see in previous images
· High-and-Low pressure regions are bounded by high speed winds
· Winds blowing hundreds of km/hour separate the belts and zones  clouds on Jupiter are twisted and twirled by the winds but the belts and zones remain the same
· Colours of the clouds are caused by traces of compounds containing sulfur and phosphorus modified by sunlight
· Mixed within the belt-zone circulation light and dark spots
· Dark Spots = Openings to see deep, darker clouds
· White Spots = Higher cloud circulations
· Largest: Great Red Spot (GRS) – been in one of the southern zones for more than 330 years
· Twice the diameter of Earth  higher than its surroundings
· Formed by rising gas carrying heat upward from deep below the clouds, creating a vast, rotating storm
· Rising currents of hot gas can produce thunderheads
· Weather patterns on Jupiter = dominated by the interior
· High-speed winds extend deep into atmosphere that bound the belts and zones
· *Large-scale circulations in the liquid interior cause these winds and organize the overall belt-zone pattern
· *Heat rising from the interior drives convection and generates circulating storms
· *Very active with many cyclonic storms (biggest: GRS)

Satellites:
· 1610: Galileo discovered 4 objects (Galilean Moons) orbiting Jupiter (satellites seen through a telescope)
· 3 Categories of satellites: Regular, Irregular, Trojan
· Regular Satellites: Define the outer orbital reaches of a planet’s domain in space
· Example: Jupiter’s Galilean Satellites (Io, Europa, Ganymede and Callisto)
· Large, round; stable, circular orbits, formed from the same nebula of gas and dust that built the planet (likely at the same time) or formed by collision (e.g., Moon)
· Irregular Satellites: Unknown of origin
· Might be captured asteroids/comets
· Travel in packs-indicating they were once part of larger objects
· Typically small
· Probably been in orbit since their host planet was very young
· Trojan Satellites: Technically satellites of Jupiter – “companions”
· Ahead/behind Jupiter = two packs of asteroids that orbit Sun but are gravitationally bound to Jupiter
· They do not orbit Jupiter – Mars and Neptune – “control” one or more Trojan objects in similar fashion
· “Quasi-Satellite”- Not quite a true satellite – almost

Galilean Satellites: Tidally locked to Jupiter - Keeping the same face forever facing the planet
1. Callisto
· Formed completely in 100,000 years
· Outermost of Jupiter’s four Galilean Satellites
· Mixture of rock and ice
· Surface is dark, dirty ice – heavily pocked with craters
· Some areas are ice-free (slumped-sharped larger craters = outer 10 km is mostly ice)
· Slow radioactive decay in interior = provide enough heat to melt some of the interior; when water approaches the surface, it freezes
· Never fully differentiated to form a dense core and a lower-density mantle – interior is a mixture of rock/ice
· Has only a week magnetic field of its own
· *Density increases as we work our way toward Jupiter

2. Ganymede
· Formed completely in 10,000 years
· Largest of the satellites of Jupiter
· A bit higher density than Callisto
· Composed of silicate rock and water ice
· Completely differentiated – has a molten iron-rich core
· Below the layer of water ice = liquid water salty ocean
· Below this, between the hot metal core and the liquid ocean = layer of solid silicate rock material
· Only planetary satellite known to have a magnetic field (result of having a molten metal core)
· Interior = hot; enough radioactive material in the mantle and core to generate that heat = the differentiation of the satellite and convection that makes magnetic field
· Has its own atmosphere (thin, primarily Oxygen)
· Likely formed shortly after Jupiter from the disk of gas and dust
3. Europa
· Orbits deep inside Jupiter’s radiation belts
· Density = 3 g/cm3 = must be mostly rock and metal
· Surface is ice = almost free of craters
· Surface = resurfaced periodically
· Liquid water form an underlying sub-ocean; rises through the cracks in the ice (convecting motion in water) to floor over the surface
· “Thick Ice Model” – liquid layer is replaced by a colder “plastic” layer of ice = very rare communication between the surface and the underlying mass
· Too small to have retained much heat from its formation or from radioactive decay
· No magnetic field of its own
· Tidal heating = provides enough heat to keep the little satellite active = ice surface covered with cracks

4. Io
· Orbits closest to parent Jupiter
· High density of 3.53 g/cc – highest density of any satellite in the solar system  a bit bigger than Europa but smaller than Callisto and Ganymede
· Interior= Core of iron +/- Sulfur (not sure if it is solid or molten), mantle of heavy silicate minerals – 20% molten and a brittle crust of silicate rock
· Heat flows out of interior = no craters
· Over 150 active volcanoes are visible on its surface, blasting sulfurous gas and ash and lava to surface  volcanism = non-stop
· Io, Europa and Ganymede = locked in an orbital resonance
· Ganymede = orbit once; Europa = twice; Io= 4 times  low escape velocity
· Driest spots in the solar system – no water vapor is found in the trace atmosphere

Potential Life Zones:
· Ganymede and Europa have subsurface oceans with more salt water than Earth
· June 15, 2001 – yes it could support life
· Oxygen can build up in the oceans – larger forms of life could be supported
· Dark depths of the Jovian Satellites = do not support Photosynthesis
· Compounds that could supply energy for life seen likely to be present



CHAPTER 15: SATURN

Introduction:
· Saturn = most distant of 5 planets (not counting Earth or dwarf Ceres (easily visible to the naked eye - Other 4 = Mercury, Venus, Mars, Jupiter); – last planet known until Uranus
· Remote from warming influence of Sun – thick high altitude haze layer (Cirrus-type ammonia-ice crystals) shrouds planet = bland appearance

Planetary Facts:
· Distance from Sun: 9.5 AU
· Very Low Density: it would float on water (0.687 g/cc)
· Fast Rotation Period: 10.5 hour – bit slower than Jupiter
· Tilt: 26.73 degrees – enough for us to see rings from Earth
· Has satellites (at least 60 – some = blocks of ice) and ring (individually there are hundreds, but organized into 8-10 groups)
· Saturn = less hydrogen (lightest element) and more heavy elements
· Saturn rotates almost as fast as Jupiter – but is almost 2x as oblate – bodies with high proportions of liquid in theme become more oblate when rotated
· Has a small ‘rocky’ core, thicker metallic hydrogen inner mantle  rest is mostly liquid hydrogen with outmost 1000km thick layer of atmosphere (mostly hydrogen)
· IR observations: Saturn = radiating 1.8 x as much energy as it receives from Sun – heat is following out of its interior = must be hot inside
· Helium in the liquid hydrogen interior is condensing into droplets and falling inward
· The friction of the falling droplets and compaction of them in the core heat of the planet
· Similar to heating produced when stars contract

Missions:
· Pioneer 11: September 1979
· First flyby spacecraft visit to Saturn
· Acquired low-resolution images of planet and satellites, took temperature of Titan (largest satellite)

· Voyager 1 / 2: 1= 1980/ 2=1981
· Provided data for Cassini-Huygens mission
· Determined hydrogen/helium of atmosphere, looked at winds and atmospheric belt patterns, found auroras at the poles  therefore, planet has a magnetic field, pictures

· Cassini-Huygens:
· Launched: October 15, 1997; reached orbit: July 30, 2004
· First spacecraft to orbit Saturn 
· Cassini = built by NASA; Huygens = Probe by ESA
· Designed to use little amount of fuel—dependent on gravity of other solar system bodies  and small nuclear reactor fuel
· Looped around Sun twice
· Stole some of Venus’ orbital momentum on the first loop in 1998
· Second loop = second flyby of Venus in 1999 and one of Earth
· After gravity assist = C=H had enough orbital momentum to reach outer solar system; one last gravity assist from Jupiter on Dec. 30, 2000  C-H final thrust of energy to project itself all the way to Saturn
· First to explore Saturn rings/satellites from orbit

· New Horizons
· Space probe = through Jupiter system, cut through Saturn orbit system – target: Pluto; expected to make closest approach to Pluto: July 14, 2015 
· Interpretations of old data of the Jupiter system = thrown out because of New Horizon resolution 
· *? Just starting through outer solar system

Atmosphere:
· Same lack of distinction between atmosphere and planet surface as Jupiter:
· Slow gradual change from gaseous atmosphere to liquid planet – does not have a “surface” like Earth
· Impossible to land a spacecraft on it – one could be made to drop slowly with a parachute and transmit information until intense pressure of Saturn’s atmosphere crushes it
· Very primate in composition:
· Atmosphere broadly reflects its interior
· About 91% of atmosphere = Hydrogen, 6% = Helium; Rest = nitrogen, oxygen, carbon, water, ammonia, methane
· Very outer layer: Small amounts of hydrocarbons = acetylene, ethane, propane and methane
· Amazing belt-zone pattern (same as for Jupiter) resulting from internal heat flow of planet
· Butterscotch-coloured atmosphere contains belt-zone circulation
· Zones: higher clouds formed by rising gas; Belts: lower clouds formed by sinking gas = clouds = not distinct on Saturn
· Atmosphere = much colder than Jupiter (2x as far from Sun and receives only ¼ as much solar energy)
· Stronger winds than even on Jupiter:
· Jupiter: Winds bound each of the belts and zones = pattern is not the same as Saturn
· Saturn: Fewer winds but they are much stronger
· Reason: not clear
· Storms = common in the atmosphere
· The biggest storm, a ‘white’ vortex along the equator – has a 30-year cycle= next is due in 2020
· Clouds on Saturn = form at the same temperatures as clouds on Jupiter but those temperatures are deeper in Saturn’s cold atmosphere
· Saturn’s cloud pattern = much more uniform in colour – less distinct divisions
· Scientists think there are 3 layers of clouds, depending on temperatures that various vapor compounds condense:
· Upper Layer: High content of ammonia
· Second Layer: Ammonia-Hydrosulfide  Accounting for general yellow hue of planet
· Inner-Most Layer: Water clouds

Geology:
· Despite low density, must have a very hot (if small) rocky core; heat flow is high
· Strong magnetic dynamo – not as strong as Jupiter’s – with magnetic poles exactly matching geographic rotational poles
· Thus, it is the only planet in the solar system to have a ‘perfectly symmetrical magnetic field’
· Uncertain what the ‘dynamo’ is – probably an interaction between the core and metallic hydrogen inner mantle
· Result: Much weaker field strength than Jupiter 
· Saturn= Magnetosphere – linear dimension is more similar to the terrestrial magnetosphere
· An efficient deflector of solar wind (one effect of the solar wind interaction = production of beautiful auroras at both poles)

Rings:
· Most spectacular in the solar system
· Who Discovered Them:
· Galileo was the first to see Saturn through a telescope (1610)- misinterpreted what he saw as a large planet with a small one on either side = he thought the small planets were a ring system – significant proportion of the plane of the rings was visible from Earth
· Christiaan Huygens (1629-1695): appalled by poor quality of images from telescopes – reassembled the telescope with pouring/polishing between quality glass lenses – he sighted that Saturn was a huge planet with an enormous system of rings  not planets
· Galileo gets credit for discovering Saturn and Huygens gets credit for discovering the rings
· Also spotted the largest of Saturn’s satellites – Titan
· Recent probe to Titan = Huygens
· Saturn’s grouped rings have been named in the order in which they were discovered – working outward from the planet:
· D,C,B,A,F,G,E
· F,G,E = faint, narrow rings – the rest are major
· Major division between A and B is called the Cassini Division
· Division is caused by gravitational worries by Saturn’s satellite Mimas – ring particles orbiting in the gap have a resonance with Mimas and over time are nudged into new orbits = clearing out the section
· Why they “hug” the equatorial plane:
· The rings ride exactly above Saturn’s equator
· Saturn being the least dense of all other planets, plus a very rapid rotation, has significantly bulged the planet at the equator and compressed it at the poles
· Result: a body orbiting around Saturn’s equatorial zone feels a greater gravitational pull that when it passes over the polar regions because there is more material below it – path of the greatest orbital stability
· Nearly circular one above the most massive sector of the planet – precisely, the equator
· Within the rings – gentle collisions grind down the larger particles – accretion – smallest particles stick together
· Near the rings outer edge (zone of least disruptive forces)
· What they are made of:
· Rings are composed of billions of particles of water ice – particles = so close together
· Higher reflective particles of water ice make the rings bright enough to outshine the ammonia clouds that top Saturn’s atmosphere
· Cassini Division between A and B (gap)
· More ‘dirt’ than ice although the A and B rings = ‘clean’
· The dirt = same dark material on Phoebe – one of Saturn’s satellites – the other gaps and the F ring  mixes of water ice and dirt

Origins:
· 2 Main Theories:	
· Originally – it was assumed that the rings were ancient and formed at the time Saturn accreted
· Voyager = rings were very young
· Uniformity of material in the rings (same density of ice particles everywhere)
· Ice blocks = reflecting; no dust on surfaces 
· If the rings are young:
· 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
· Variation of this theory = satellite disintegrated after being struck by a large comet/asteroid 

Role of Shepherd Satellites:
· January 2008: Richard Kerr
· Realized voyager was wrong with stating that the rings were uniform all the way around the planet – they aren’t
· The density varies from very thinly populated regions to dense
· Kerr thinks that the shepherd satellites that occur throughout the rings = integral part of the ring system
· Sometimes the satellites disintegrate, replenishing the ring material and sometimes the ring material accretes into small satellites – therefore, the rings would always look bright and fresh – can’t use this to tell how old they are
· *Thought as ring stabilizers – “Shepherd” – Shepherd Satellite will orbit Saturn just outside the ring its associated with and the gravitational force of the satellite will drag the particles toward it – controlling the particle energy and stabilizing their orbit 






Satellites:
· Family of 60 natural “dirty ice ball” – has one really big satellite (Titan) – approximately seven medium size, and a lot of tiny ones = all the icy satellites are unique – no two exactly alike:
· Titan:
· Icy world; largest satellite in the solar system apart from Ganymede
· Has a uniquely dense atmosphere – mostly of nitrogen and good deal of methane
· So many features there remind us of the earliest history of Earth
· Mimas:
· Large impact crater close to breaking satellite apart
· Iapetus:
· Large impact crater at day/night line – very old because many younger craters appear inside  equatorial ridge that goes all the way around the visible part of the satellite
· Enceladus:
· Discovered by William Herschel (1789) while hunting for a planet out past Saturn
· Orbital period of only 1.37 days  Orbits very close to Saturn at a fast speed
· Quite small (504.2 km) – albedo from snow or ice
· Some parts of the surface = heavily cratered = old
· Large regions = crater-free (must be periodically resurfaced with something)
· Because of the close physical relationship/spectral analyses are identical  assumed that it is the source for the tenuous material of the E-ring around Saturn
· Strong temperatures discovered at South Pole by Cassini flyby
· Warm anomalies were discovered to be oriented along trough structures – great plumes of icy water and snow spewed from fountains along troughs
· Has a whole temperature of -206 degrees Celsius (67K)- temperature at South Pole = -93 degrees Celsius (180K)
· Too small to have significant internal heat generator – frictional ‘kneading’ of the satellite by the tidal attraction of adjacent Saturn = blame (like heat provided to Io by Jupiter’s tidal affects


CHAPTER 16: URANUS AND NEPTUNE

Introduction:
· Uranus = 7th; Neptune = 8th in line of planets counting from Sun outward
· “Ice giants” – ices = water, ammonia, methane
· Much higher proportions of ice characteristics 
· Both 4x larger than Earth, each is circled by thin, dark rings, both have an atmosphere of methane, both have thick layers of slush ‘ice’ beneath those atmospheres
· Significant Differences: Internal heat = main difference
· Neptune: core temperature of 7000 degrees Celsius (similar to most planets)
· Uranus: Cold core; hardly radiates any heat
· Maybe from huge impact event that flipped the planet over
· Orbit and Rotation:
· *Planet’s seasons = unlike others
· Uranus: Something large (planetoid) pushed Uranus over on its side  then incorporated into Sun
· Result: On its side for rotation (98 degrees)
· Rotates on its side as it orbits Sun
· Result: First the South Pole, then 82.4 years later, then the North Pole points to Sun directly (solstice positions)
· Neptune: Rotation trends – same as other planets (30 degrees) – has distinct seasons because axial tilt = same as Earth
· Planet not solid – as it rotates, differential motion between the inner and outer atmosphere layers  atmosphere shear winds (strongest of any in the solar system)
· Largest body close to the Kuiper Belt (where many icy bodies congregate – a large portion of the comets that fly through the solar system originate there) – it has a profound influence on the objects in the belt 
· Certain regions in the belt = destabilized by Neptune’s gravitational influence; gaps appear there that are relatively free of objects
	
	Uranus
	Neptune

	Average Distance From Sun
	19.2 AU
	30.1 AU

	Density
	1.27 g/cc
	1.64 g/cc

	Rotational Period
	17 h 14 m
	16 h 6 m

	Orbital Period
	30,799 days (84.32 years)
	60,190 days (164.79 years)

	Orbital Speed
	6.81 km/s
	5.43 km/s

	Axial Tilt
	98 degrees
	30 degrees

	Satellites
	27
	13

	Rings
	13 dark faint individuals
	Maybe 5 with 3 distinct



*Orbital period increase significantly as we look at the outermost planets

Internal Structure:
· Density, volume and knowledge how different materials behave to various temperatures and pressures
· General internal configuration of both = virtually the same
· Cores: “rocky”- mix of heavy metals and silicates
· Mantles: Slushy mixes of water, methane, ammonia and some other ‘ices’
· Atmospheres: Start off near the liquid planet of methane, ammonia, and water vapour- gives way of outer atmospheres of hydrogen and helium
· So little hydrogen and helium = low escape velocity – planets = too small to retain great amounts of the two lightest gases
· *Uncertainty of geology because only one mission (Voyager 2) has been close enough to collect reasonable data




Internal Heat and Magnetic Fields:
· Neptune has more internal heat than Uranus; part of that may be generated by radioactive decay in the rock minerals in its interior  some energy released by friction of denser materials falling inward  significant internal source
· Uranus’s Magnetic Field: Strength about the same as Saturn’s – vaguely the same as Earth
· Does not come from the planet’s center – it is generated from a sport about 1/3 of the way toward the South Pole – N-S axis does not match the axis of planet rotation  the ‘generator’ has to do with rotational motion between the ammonia and water-ocean layers of the planet
· Magnetosphere forms a tear-drop shaped sheath of charged particles (mostly protons/electrons) over the planet and produces strong auroras at the poles
· Neptune’s Magnetic Field:
· Bit less than ½ as strong as Earth’s
· Tipped 47 degrees from the axis rotation (resembles Uranus more than Saturn in this respect)
· The field is probably generated by the dynamo effect acting in the conducting fluid mantle (as in the case of Uranus)
· Magnetic field itself is weaker than other giants  auroras confirmed near the magnetic poles but are weak
· *Strangely oriented magnetic field generators


Atmosphere: Similar to each other
· Composition of the upper atmosphere of both: Almost totally molecular hydrogen and less helium – a bit of methane in upper layer
· Next layer down – methane increases – deeper into the atmosphere, ammonia and water become significant
· *Methane = greenish, bluish colours of planets
· Sunlight strikes upper atmospheres, red wavelengths are absorbed by methane  reflected light that has a high proportion in green-blue spectrum
· Uranus:
· No surface; the gases of its atmosphere blend with a fluid layer  not much heat is released but there is enough in the atmosphere to break down methane by photolysis to form elemental organic molecules
· Traces of CO and CO2  nothing to produce them – left overs from cosmic dust and passing comets
· Temperature rises rapidly from top to bottom of the troposphere layer  haze/cloud layers of specific composition appear at different heights
· Combination of the temperature gradient and rotation of the planet  belt-zone cloud pattern
· The pattern parallels the planet equator: therefore, rotation = controlling factor; not sunlight
· Neptune:
· Two layered: upper stratosphere and lower troposphere
· Division of the different cloud layers (like Uranus) but the division between the two layers = hazy  rather high concentration of organic molecules from breakdown of methane by sunlight – expected to find high concentration of organic material because it is much farther from the Sun than any other planet
· Difference Between Uranus and Neptune: CLIMATE
· Not much variation on Uranus, but Neptune has a dynamic storm system with winds reaching supersonic speeds
· 1989: Voyager 2  Great Dark Spot close to the equator – an anti-cyclone storm (similar to the Great Red Spot on Jupiter)
· 1994: HST could not find the Great Dark Spot – in the Northern Hemisphere there was another similar cyclone  Southern Hemisphere: Small Dark Sport and Scooter (white)






Planetary Rings and Satellites:
· Both have ring system  rings are smaller and darker than those of Saturn
· Uranus: 13 distinct rings (one bright blue)
· Generated by impacts of small satellites or by disintegration of a comet
· Neptune: Have widely different densities around it with some regions packed with particles and others with almost nothing  one or more shepherd satellites controls that density

Satellites:
Uranus: 27 Satellites – only 5 large ones (regular) and the largest = Titania, ½ the size of Moon – all are named after Shakespeare or Pope poetry
· The smaller ones (irregular) are all as dark as coal  icy worlds with surfaces darkened by impact dust
· Because they orbit Uranus, they are inside the radiation belt and the radiation might convert methane trapped in their ices into dark carbon  further darken surfaces

Radiation of Energy:
· Energy is transported from one location to another by:
1. Conduction
2. Radiation
3. Convection
· The radiation source is the small internal heat source of Uranus  the “radiation belt” – near the heat source radiation- is effective/further away the photons are simply absorbed or scattered – defining the outer limit of the ‘belt’

5 Large Satellites: (Outermost Inward)
· Oberon
· Titania
· Umbriel
· Ariel
· Miranda
· Spectra= All 5 contain frozen water, surfaces = very dark
· All are tidally locked to Uranus – flipped on their sides – densities too high for just ice – probably a mixture of large rock cores with icy mantle surrounding it
· Ice:
· When an object is made primarily of ice, it can ‘heal’ itself of scars easily – if we melt ice insider the planet – from a slightly radioactive core or tidal-coupling with another near-by planet or large satellite – bring the water to the surface through fractures where it flows into depressions before freezing again

Neptune: Total of 13 satellites; only has 2 satellites visible from Earth – Triton and Nereid
· Triton: 1846
· Nereid: 1949 
· Both have peculiar orbits
· Triton: Nearly circular path- travels backward – opposite to which Neptune rotates  Only large satellite in the Solar System with a retrograde orbit  tidal interactions between Neptune and Triton remove energy from Triton, thus lowering its orbit toward Neptune – it will break up (forming a ring) or crash into Neptune
· An encounter with a massive planetesimals may have disturbed the satellites or Triton may have been captured into orbit during a close encounter with Neptune
· Nereid: Enormously elliptical orbit (resembles a comet)
· Triton: Backward satellite of Neptune





CHAPTER 17

Definition of a Plutoid: Trans Neptunian Object
· A plutoid is any size object in the solar system that orbit sun at a greater distance-on average- than Neptune; including: everything in the Kuiper Belt and Oort Cloud (which is even further out)

Discovery of Pluto:
· Lowell – founded the Lowell Observatory for the study of Mars
· 1905: he began to search for planet beyond Neptune – astronomers felt ‘something big out there’ that disturbed the orbits of the gas giants
· Using the same methods that had been sued to predict the position of Neptune, he worked from the observed irregularities in the motion of Neptune
· Based on these mathematical calculations – he predicted the location of an undiscovered planet – searched for this planet until his death in 1916
· 1920s: Clyde Tombaugh – used homemade 9 inch telescope to sketch Jupiter and Mars – sent his drawings to the Lowell Observatory
· 1929: The observatory director hired him to resume Lowell’s search for the undiscovered planet
· He was set to photographing the sky along the ecliptic in the general vicinity of the predicted position of the planet 
· Technique: Classic method – obtained pairs of 14x17-inch glass plates exposed 2-3 days apart; to search a pair of plates, he mounted them in a blink comparator: a machine that allowed 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 – blinking back and forth: star images did not move, but planet would move along its orbit during the 2-3 days that elapsed before the second plate was expose
· He searched the giant plates – a single pair of plates could contain 400,000 star images
· February 18, 1930: He found a 15th magnitude image that moved – discovery was announced March 13th – named after the God of the Underworld (Pluto)
· Problem: It was moving in the right direction/right amount – 2.5 magnitudes too faint: it was not the 7-times-Earth-mass-planet that Lowell predicted
· Diameter – 2324 km: less than Moon/other satellites  Thus,  Pluto could have no measurable effect on the motions of giants Uranus and Neptune

Planetary Facts:
· All the observations have come from Hubble Space Telescope – decent observations from Earth
· Has an orbit that is so different to other ‘planets’ – elliptical orbit; Pluto is the farthest from Sun – most planetary orbits are circular – once every 248 years it swings inside Neptune’s orbit (stays there for 20 years and is closer to the Sun than Neptune)
· Density: 2.03 g/cc
· Pluto is cold enough to freeze most compounds of gasses – evidence of solid nitrogen ice on surface with traces of frozen methane and carbon monoxide
· Atmosphere: Detected in 1988 – Pluto passed in front of distant star and starlight faded gradually rather than winking out suddenly which would have happened if it didn’t have an atmosphere  thin atmosphere around Pluto
· Nitrogen ice vaporizes more easily and nitrogen gas makes up most of the atmosphere
· Tilt apparently gives it the potential of seasons – but not much heat!
· 119.6 degrees (axial tilt)
· Best guess at interior:
· 1=Frozen Nitrogen; 2=Water Ice; 3=Mix of silicate rock and water ice 
· 2/3 the size of Moon – density twice of water which means it must have a ‘rock’ component






Pluto-Charon
· Pluto’s natural satellite – circular object; very faint and half the diameter of Pluto
· Discovery was important:
· It orbits Pluto in a nearly circular orbit in the plane of its equator
· Tidally locked to each other
· Pluto – 12 times more massive than Charon
· Taking both bodies as a single system and working out the density from the combined volume and mass – Pluto and Charon must contain 35% ice and 65% rock
· Small satellite surface – mostly water ice; during Pluto’s summer, methane ice sublimes into gas on both bodies but Charon is so small that the gas molecules can escape – turning Charon into a comet – Near Pluto there is a stronger gravity, so it only retains its own methane but captures some of that leaking off Charon
· Pluto and Charon go through dramatic seasons as they circle Sun
· When Pluto was demoted as a ‘dwarf planet’ – Charon is not exactly a satellite of Pluto: 
· By convection: the center of gravity of a planet-satellite system is within the parent planet – not true here because the center of gravity of Pluto-Charon is in the space between Pluto and Charon 

Eris:
· The largest of the TNOs discovered
· Orbits Sun in a region of space further out than Pluto but slightly closer to the Sun than the main portion of the Kuiper Belt
· Orbits along an elliptical path – IR data from Eric indicated methane ice was present – probably much like Pluto
· Determined that Eris was spherical and larger than Pluto – it was initially considered the 10th Planet by NASA
· Dysnomia- satellite; orbits Eris




CHAPTER 18

Introduction:
· Definition of a Comet: Comets are the icy remains of the solar nebula; they are small, fragile, irregularly shaped bodies composed of a mixture of mineral/rock/chemical compound grains and frozen gases (water, ammonia, methane, etc.); highly elliptical orbits that bring them close to Sun and swing them into space beyond orbit of Pluto
· Approaching Sun: They develop enormous tails of luminous material that extend for millions of km from the ‘head’ away from the Sun
· Far From Sun: They remain frozen- in this state comets are “dirty snowball” because half their material is ice
· Within a Few AU of Sun: The surface of the ‘nucleus’ begins to warm – unstable material on the comet evaporates
· The evaporating gases carry small grains with them forming the tail of gas and dust – when the nucleus is frozen, it can be seen only by reflected light

Why Study Comets:
· Believed to be the oldest bodies in the solar system – comprised of some building blocks of life
· Contain materials used in the formation of stars and planets – provide clues for nature of solar system
· May provide evidence that comets brought water to Earth
· Thought to have brought basic carbon components to Earth – amino acids
· Roughly 40,000 tones of dust particles from comets and asteroids fall on Earth every year- cometary material
· Question is comets contain alien life form – question whether there could be an associated hazard
· In order for life to be active, it must be in an environment with liquid water could exists; environmental temperatures must be above freezing point of water (0 degrees Celsius); bacteria could be active with temperatures at 15 degrees Celsius if small bacterium somehow were put into space, and eventually got onto a comet it would not survive the harsh environmental conditions of ultrahigh vacuum, ultraviolet exposure, and the pervasive radiation from cosmic rays
· Temps in a comet nucleus are far colder – remained extremely cold since the time the comet was formed (life could have never formed on the small, frigid, airless world)- 

Anatomy
[image: ]
· The Nucleus: Solid, centrally located part of the comet – dust and frozen gases; the low density suggests that comet nuclei are not solid objects – appear to be irregular bodies with large spaces; ice and rock are not uniformly mixed in the interior- breaks in the porous crust of dark material can expose pockets of highly volatile ices and cause busts of gas production; nucleus can be ripped apart by violence of gases bursting through the crust or by tidal forces produced if the comet passes near a massive body – a comet breaking into pieces could produce a chain of impact features
· The Coma: The coma surrounds the icy nucleus (which explains why measurement of nucleus is difficult)- Nucleus approaching Sun, sunlight warms the surface and the solid ice turns into vapour and produces an atmosphere surrounding the nucleus known as the coma; larger and brighter as the comet nears sun; as the comet continues to approach Sun, part of the coma is swept into an elongated tail; composition of nucleus is determined by measuring the composition of the coma – water, CO, CO2; dust together with gases form, first the coma and then the tail- consists of silicate minerals and CHON (Carbon-Hydrogen-Oxygen-Nitrogen) grains – together the coma and the nucleus form the head of the comet
· The Tail: Comets sprout two tails when comets come close to Sun; #1: dust tail (made of small dust particles that pop off the nucleus- reflects sunlight; part of a comet that is easiest seen from Earth- when Earth passes through this stream of dust we see a meteor shower); #2: ion tail (longer, blue-coloured tail made of glowing gas- gas glows because electrons and ions are getting together to form uncharged molecules – releases visible light energy; it is pushed straight away from Sun by 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) –usually the two tails point in different directions

Orbits
· Short period vs. Long Period
· Long-Period Comets: Majority of comets take thousands/millions of years to complete a single orbit around Sun; exhibit all inclinations and all orientations (both prograde and retrograde)- uniformly distributed in all directions from Sun
· Short-Period Comets: Having orbital periods of 200 years or less- return for another encounter within a relatively short time; according to Kepler’s third law- short-period comets do not go far beyond the distance of Pluto; tend to have prograde orbits lying near the ecliptic

Life and Death
· The lives of ‘active comets’ – (short-period comets)- are limited for two reasons:
· Nuclei are losing mass at rates that cannot be sustained forever
· Short-period comets are under the gravitational control of the planets (there is a chance that a comet will be ejected from the Solar System, injected to Sun, or absorbed by an impact with one of the planets)
· The “dynamical” lifetime of a typical short-period comet is about 0.5 million years
· Dead core may be like an asteroid 
· Seems reasonable that the comets were formed with the rest of the Solar System and have been stored since formation in a cold place whether the nuclear ices would be stable
· Two deep-freeze locations: Oort Cloud and Kuiper Belt

Kuiper Belt and Oort Cloud
· Short-period comets come from the Kuiper Belt; Long-Period comets come from the hypothetical Oort Cloud (a swarm of icy bodies orbiting Sun at a distance of more than a light-year)
· Kuiper Belt
· Gerard Kuiper first suggested the existence of the belt – 1992, began to see small bodies orbiting there beyond Neptune – believe that at least 70,000 icy objects in the radial zone extending outwards from Neptune’s orbit- most are confined within a thick band around the ecliptic (they occupy a ring/belt surrounding Sun; i.e. The Kuiper Belt)
· It is likely that the belt objects are primitive remains form early accretional phases of the Solar System; the inner, dense parts of the pre-planetary disk condensed into the major planets/ the outer parts were less dense and accretion progressed slowly  small objects formed; believed that the Kuiper Belt is the source of the short-period comets (acts as a reservoir for the bodies)
· Oort Cloud
· Ian Oort proposed in 1950s that the long-period comets are objects that fall in from the Oort Cloud, a spherical cloud of icy bodies (extends 10,000 to 100,000 AU from Sun), Jan Oort noticed that the orbits of the long-period comets entering the inner Solar System were both large and consistently grouped about the same large size; showed no preferred direction of entry (isotropically); 50%- retrograde orbit/ 50% had direct/prograde orbit  random distribution
· Reasoned that the long-period comets must be entering the Solar System for their first time otherwise their orbits would be modified by the major planets – falling from very large distances; THEREFORE: Suggested that Sun is surrounded by a spherical cloud of comets from which the observed long-period comets are somehow ‘kicked out’; estimates that the cloud contains several trillion icy bodies; FAR FROM SUN, THEY ARE VERY COLD, LACK COMAS AND TAILS, AND ARE INVISIBLE; too distant for any planet gravitational mechanism
· Why did they form?
· Kuiper Belt: concentrated objects near the ecliptic plane- no reason to challenge that they are outer remnants of the protoplanetary disk left behind as planets formed
· Oort Cloud: surrounds Sun in all directions instead of being confined near the ecliptic plane (like the Kuiper Belt); Oort Cloud bodies could never have formed at their present location- had they formed from the solar nebula, they would be distributed in a disk not in a sphere; density is too great (solar nebula wouldn’t have been dense enough so far from Sun); formed as icy planetesimals in the outer Solar System (near the present orbits of the Jovian planets)- as those planets grew bigger, they swept up the planetesimals but ejected trillions into long orbits out of the solar system  oort cloud objects
 
Exploration Missions

	Comet Name
	Mission Details

	Comet Halley
	· Five spacecraft flew past the nucleus of Comet Halley in 1985 and 1986; most were distant flybys – Vega 1 and Vega 2 (USSR) came close and collected useful data; Giotto (ESA) got really close
· March 13, 1986: Giotto approached Comet Halley – crossed into the comet’s coma, camera switched into tracking mode to follow the brightest object (the comet’s nucleus); comet’s nucleus was a dark peanut-shaped body with two bright jets spewing material out- the comet is covered in a layer of organic material

	Comet Borrelly
	· 1998: NASA launched Deep Space 1 (DS1) probe – mission was to test 12 new technologies in deep space so the cost/risk of future missions would be reduced; was put to scientific use even though it carried no shield or protective deflectors
· September 22 did a close approach of Comet Borrelly – flew through the coma and got good images/data of the nucleus- nucleus was not in the center of the comet head

	Comet Wild 2
	· Visited by NASA’s Stardust spacecraft in January 2004; mission was sent to collect material from the coma and tail
· Comet Wild 2 probably gathered together 4.5 billion years ago just after Sun was born in the Kuiper Belt; (1974 – close encounter with Jupiter and was thrown onto a new orbit that brought it closer to Sun); composition has been relatively unaltered
· Has steep-walled craters that defy gravity- dust swirls around the comet; two depressions with flat floors and vertical walls that resemble giant footprints – not typical impact craters  named Left Foot and Right Foot
· Craters: caused by run-ins with smaller objects; free of rocks and other debris (because comet is hard, frozen dirt but is brittle so material flies out when hit; and because it is so small, the material does not fly back)

	Comet Temple 1
	· NASA spent $300 million to send a probe to smash into Comet Temple 1 = July 4th, 20065- idea was to use instruments on board the probe to analyze material smashed off the comet to learn more of the composition and make up of the solar nebula – the probe was vaporized upon impact – still gathered good pictures
· SWAS (old NASA satellite that had been in an Earth orbit collecting compositional data around stars and in hibernation for a year) was awakened and setup to study composition of gases emitted by the impact that hit the probe
· Craters on the nucleus of Comet Temple 1 show it was impacted by large asteroids in the past



Halle-Bopp
· Bright comet discovered on July 22, 1995 – not a faint telescope object; beyond the orbit of Jupiter- 1996 it reached naked-eye visibility/became brilliant in March/April 1997 – was a very active comet throwing off shells from its rotating nucleus (curved reddish-brown dust tail and very long blue gas/ion tail)






CHAPTER 19

Definition:
· Life Form: Living matter extracts energy from its environment to modify itself and its surroundings so as to preserve itself and to create offspring – life-forms can reproduce, carry out ‘processes’ by which they can grow and live – the simplest organisms that we are familiar with are bacteria – they are considered a life-form (they reproduce and they metabolize – thus grow and maintain themselves)  Viruses are not a life form because no virus can live without host cells
· Cells: All organisms that have the essential characteristics of life are composed of discrete units (cells); cells are the smallest unit that we have the properties of life and all organisms are composed of one ore more of them – the ability of life to reproduced and self-regulate within these cells is based on the interaction between compounds of the nucleic acids and proteins
· Nucleic Acids: Sugar, phosphate group, nitrogen compound  all bonded together in complex patterns
· DNA (deoxyribonucleic acid) carries the genetic information of all organisms
· Primary Role: Contribute information required for production to regulate chemical reactions in cells; all possible chemical reactions of an organism are stored on DNA molecules within the cell and every time a cell of the organism divides, the ‘library’ (genetic code) is duplicated in the new cell  must preserve its coded information from damage but it is capable of making mistakes (otherwise evolution would not proceed)
· RNA (ribonucleic acid) carries out the coded instructions given by DNA
· 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 and that adapt, through natural selection, to their environment in successive generations 

Evolution:
· Ability to survive by change of DNA: Survival for generations  information stored in their DNA must change as the environment changes; if information stored in DNA could never change, then environmental changes would drive life forms to extinction
· Natural Selection: Species evolve by natural selection – each time an organism reproduces, its offspring receive data stored in DNA but variation is possible – the creatures that are unfit die – natural selection is merciless to the individual but gives the species the best possible chance to survive in a changing environment  not random
· Only way for nature to obtain new DNA patterns from which to select the best is from DNA molecules that have changed – can occur through chance mismatching in reproduction of DNA molecule; can occur through damage to reproductive cells from exposure to radioactivity (cosmic rays/natural radioactivity in soil) 
· Mutant: an offspring born with altered DNA- no difference in mutations because they make changes to DNA that is not being used; many are fatal – sometimes a mutation can give species a new survival advantage; natural selection makes it likely that new DNA message will survive and be handed down making species more capable of surviving 
· ** Life on Earth is based on storage of information in long, complex, carbon-chain DNA molecules – key to this is evolution – once a life form begins to reproduce, natural selection preserves the most advantageous traits – over long periods of time/generations, the life form becomes more fit to survive/more complex

The Miller Experiment:
· When Earth formed – lifeless; billion years later it had organisms resembling blue-green algae  how did life begin?
· 1953: Stanley Miller (graduate student) and Harold Urey (supervisor) – classic experiment demonstrating the mechanisms which inorganic elements could combine to form precursors of organic chemicals
· Undertook experiments designed to find out how lightning (produced by repeated electric discharges) might have affected the original Earth atmosphere: 
· Their Experiment: Discharged an electric spark into a mixture thought to resemble the early composition of the atmosphere – in a water vessel (designed to model an ancient ocean), amino acids appeared (which are the building blocks of every cell)
· Murchison Meteorite:
· September 28th, 1969 – fragments of a meteorite fell in Murchison, Victoria; fragments were collected after fall so terrestrial contamination was unlikely – transformed ideas of organic material in the universe
· The meteorite contained: variety of organic compounds (many amino acids) – mix of amino acids found in the meteorite were similar to the produced ones in Miller experiments
· Miller experiment did not create life – it created the building blocks (amino acids) of cells – if other worlds have the same basic starting chemicals plus the same energy source, there is reason to believe that the building blocks of life should have been created


Origin of Life On Earth:
· Prokaryotic Cells: Poorly defined, simple, single-celled organisms, lacking complex internal structures such as a nucleus – they still contain their DNA within each cell, reproduction is strictly asexual – (prokaryotes form bacteria)
· Their Environment: Anaerobic Environments (environments lacking free oxygen) –
· Relation to Oxygen Abundance: Blue-green bacteria (prokaryotes) exist and are virtually unchanged from 3.5 billion years ago – They produce oxygen as a by-product but the by-product is a ‘poison’ to them- when exposed to free oxygen, they die
· Evidence in Iron Deposits: Paradox- life capable of producing oxygen lived in an oxygen-free environment; how could oxygen-intolerant organisms have survived the oxygen they produced themselves? – Waters of 3.5 billion years ago were enriched with dissolved iron (by breakdowns of rocks erupted by undersea volcanoes and weathering of any continental rocks whose heads are above water) – this would be impossible today  Iron is able to greatly absorb oxygen- we try to prevent the oxygen from reaching to iron – in ancient oceans that lacked available oxygen, waters became rich in dissolved iron – but any place that that blue-green bacteria lived and made by-product oxygen, combined with it and formed insoluble iron oxide – settled to the bottom of the oceans and the largest iron oxide deposits of the world are from that time period – took 2 billion years for all dissolved iron to be used up; eventually, oxygen molecules began to build up because they weren’t immediately consumed by iron and the environment began to change

· Eukaryotes: Biosphere quickly turned the previously lethal oxygen to advantage – new life form developed (eukaryotes) – 1.4 billion years ago – they clearly developed from prokaryotes but eukaryotes have larger, more organized cells (DNA nicely defined in nucleus), they live in respiration (they use oxygen for energy) – prokaryotes are asexual; eukaryotes are sexual and reproduce with speed (humans are eukaryotes)
· Appearance of eukaryotes/growth of an oxygenated atmosphere – biosphere grew larger, changed rapidly
· Free oxygen in atmosphere

· Importance of Ozone: No oxygen in atmosphere = no ozone = no ozone layer to shield Earth’s surface from harmful UV radiation – 2% of oxygen is needed in the atmosphere to form ozone – UV radiation breaks down amino acids (attacks the building blocks of life) – amino acid production was necessary precursor to life, not sufficient – life would need some protection from UV radiation – thus the need for a ‘shield’ of deep water for early life before an atmosphere with ozone in it

Life Elsewhere in the Solar System
· Water requirement eliminates many worlds in our solar system
· Moon: airless – some data suggest ice frozen in the soil at poles (never had liquid water on surface – would boil away rapidly)
· Mercury: airless – cannot have liquid water on surface for long period of time
· Inner Solar System = Too Hot; Outer Solar System = Too Cold; Currents in the atmosphere circulate gas and water droplets from regions of moderate temperature to other levels that are too hot or too cold for life to survive 
· Jovian Planets: no surface where oceans could nurture the beginning of life
· The Likely Ones:
· Mars: Highest potential (other than Earth) to have developed life – not ‘intelligent life’ – methane gas in atmosphere (could be a product of the breakdown of carbon dioxide by UV radiation in atmosphere) – could be the product of currently active biological activity (just like on Earth) – General Consensus: Mars once hosted oceans 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- pockets of liquid water could remain under the ‘ice table’ of Mars which could contain microorganisms
· Europa: Jupiter’s satellite – Europa has the best change; has liquid-water ocean below icy crust and minerals dissolved in that water would provide possibilities for chemical evolution – not a promising site to search for life because conditions may not be stable for years for life to evolve beyond microscopic stage
· Titan: Saturn’s satellite - has an atmosphere of nitrogen, argon, methane – may have oceans of liquid methane/ethane on surface – bears resemblance to Earth – chemicals are vital for amino acids making life on Titan possible to appear in the future – doesn’t mean it has primary microorganisms on it now
· Callisto
· Enceladus
· The Less Likely Ones:
· The Clouds of Venus: Some traces of water vapor in its atmosphere but surface is too hot for liquid water to survive

Life Outside the Solar System
· Importance of a star with the right ‘life zone’ for liquid water on associated planets: Life Zone (ecosphere) around each star – a region within which a planet has temperatures that permit the existent of liquid water  size of the life zone: depends on the temperature of the star
· Hot Stars: Larger life zones – the planets must be more distant to remain cool – those stars don’t stay stable long enough
· Stars much smaller than Sun won’t work because they are too cool – if those star systems included a planet in the right temperature range, it would be too close to the star = tidally coupled (one side would always face the star) – stars of the main sequence that are not too dissimilar from Sun (G or K)
· Stars of the main sequence are perfectly stable – gradually grow more luminous when converting hydrogen to helium- life zone around star gradually moved outward  a planet may form in a life zone and life might begin and evolve but would be destroyed as the slowly increasing luminosity of its star moves the life zone outward, evaporates the planet’s oceans and drives off its atmosphere – planet to remain in life zone for 4-5 billion years it must form on outer edge of zone  life should arise whenever conditions permit and our galaxy should be filled with planets that are inhabited with living creatures

· SETI (Search for Extra-Terrestrial Intelligence):
· Whole field of research is called SETI – controversial
· Controversy has much to do with the theological/philosophical challenge that would result from the discovery of intelligent life in some other world  nothing to do with science

· Arecibo Message:
· 1974 – Radio Telescope at Arecibo (Puerto Rico) – coded message was transmitted, aimed toward a globular star cluster – a demonstration of capability – 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 to look for unusual patterns
· When the Arecibo message is broken into 73 groups of 23 characters (both prime numbers) and each group read from right to left – it forms a graphic – the real message contained no colour information
· Right to Left: Number 1-10
· Atomic Numbers: Hydrogen, carbon, nitrogen, oxygen and phosphorus – the basic chemicals of life on Earth
· Formulas for the chemical building blocks of DNA
· A Representation of the DNA Double Helix: In white, the number of nucleotides in the human genome
· A Stick Figure of a Human Being Tied into the DNA Helix: The population of Earth – at the right, the typical height of a human (5’9”) in units of the wavelength of the transmission, below, a schematic of our solar system, with the third planet raised toward the human figure
· The Water Hole
· Rather than blasting basic communication blindly into space, there is a practical way to limit the search  within the communication window is a 21-cm line of neutral hydrogen and the 18-cm line of OH  interval between the two lines has been called the water hole because the combination of H and OH=water (H2O) – water is the fundamental solvent to life, makes sense that we call out to each other at wavelengths of the water hole

· Mass Extinctions
· Earth periodically gets hit from one or more asteroids/comets  potentially killing any life that develops
· 5 particularly devastating events  “Mass Extinctions”
· All have three common characteristics: a very short period of catastrophism, global extent, and turmoil in both marine and terrestrial environments
· Wide acceptance that a large asteroid produced the catastrophic events 66 million years ago  destroyed most dinosaur species; acceptance that large asteroid blasted Earth 251 million years ago and together with other coincidental events, produced the mass extinction that wiped out 96% of all species from Earth – total sterilization of Earth is a possibility from a large asteroid/comet
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