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The Solar System
Dynamics: orbits
· All planets orbit in ellipses, but with low eccentricities (nearly circular)
· All orbit in the same sense: counterclockwise as seen from far above the Earths North Pole
· This is the same sense as the Sun’s rotation
· All planets orbit in nearly the same plane: the ecliptic
· Mercury and dwarf planets Pluto, Eris and Haumea are slight exceptions

Dynamics: rotation
· Almost all the planets spin in the same sense as they orbit: counterclockwise as seen from the north
· Exceptions: Venus and Uranus
· All planets but one have rotation axes which are tipped at high angles to their orbital planes
· Exception: Uranus – it spins almost on its side

Rotation of Terrestrial Planets
	Planet
	Obliquity (tilt of axis)
	Spin Period (days)
	Orbit Period (years)

	Mercury
	0.07°
	58.6
	0.241

	Venus
	177.3°
	-243 retrograde
	0.615

	Earth
	23.5°
	1.0
	1.000

	(Moon)
	6.7°
	27.3
	27.3

	Mars
	25.2°
	1.03
	1.880


· How do we know the values of rotation period and obliquity?
· The Moon keeps one face to us during its orbit so its rotation period must equal its orbital period
· Mars is close enough to Earth and has a very thin atmosphere so we can see surface features as they are carried around by rotation
· Giovanni Cassini determined the spin rotation of Mars in 1666 to be 24h 37.5min
· William Herschel measured the obliquity of Mars to be i~25°
· These values are both similar to the values of Earth
· What about Mercury and Venus?
· Mercury never gets very far from the Sun in the sky. Its orbital eccentricity (e=0.21) means the greatest elongations vary
· Mercury is so close to the Sun, far enough from the Earth, and small enough that its surface features cannot be resolved in detail with telescopes
· Italian astronomer Schiaparelli observed Mercury in the 1880s but could see few details. It was clear even from his observations that the rotation period was very long

Waves
· The surface of water when it is disrupted by a pebble oscillates with wave crests separated by a wavelength moving at a certain speed
· The frequency of the wave is the number of crests that pass by each second, measured in cycles/sec or Hertz
· fλ=v
· A pressure wave through air or water is a sound wave
· Oscillations of electromagnetic energy are a light wave which moves through vacuum (not needing a medium like sound)

Light= electromagnetic radiation
· Speed of light c=300000 km/s = a universal constant
·  fλ=c
· As frequency increases, wavelength decreases
· Visible light – the waves that can be seen by the human eye
· Radio waves, infrared (IR) and ultraviolet (UV) radiation, X rays and gamma rays are also light waves whose wavelengths (energies) lie beyond the sensitivity of the eye
· Not all wavelengths (energies) of light make it though the Earths atmosphere from space

Light as a Particle
· Light behaves as a wave, but it also behaves like a particle – a bundle of energy with mass – which we call a photon
· The energy of the photon is proportional to the frequency of the light wave
· E=hf=hc/λ
· H=Planck’s constant

Radiation Sources in the Universe
***SEE NOTES FOR CHART

Sound
The Doppler Effect
· If a source of waves isn’t moving, the waves radiate symmetrically in all directions, with the same wavelength
· If it is moving towards you, then the wavecrests passing you are closer together and the wavelength you measure is reduced
· If it is moving away from you, then the wavecrests passing you are further apart and the wavelength you measure is increased
· If its emitting sound waves and moving at the speed of sound, then its velocity is called Mach 1… the resulting shock wave is heard as a sonic boom
· If its traveling faster than the speed of sound, the source is supersonic
· Nothing can travel faster than the speed of light and be superluminal
· If the source of waves is moving perpendicular to your line of sight, then the wavelength you measure is the same as the emitted wavelength – there is no Doppler shift
· If the source is moving at an angle to your line of sight, then you see a Doppler shift, but a smaller one than for motion in the “radial” direction 
· If the speed is not relativistic (a significant fraction of the speed of light) then the Doppler shift is given by:
· Δλ/λ=Vrad/c
· λ is the emitted or rest wavelength
· Δλ = (λobserved-λrest)
· Vrad – radial velocity
· Vrad is positive when the source is moving away
· Vrad is negative if moving toward you
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Rotation of Mercury
· The first clue that Mercury is not tidally locked was the detection of natural emission form the ‘dark’ side of the planet, peaking at radio wavelengths
· The side facing away from the Sun could not be as cold as has been thought
· 1965, a radar experiment with the Arecibo radio telescope in Puerto Rico measured Mercury’s rotation period: Prot~59 days = 2/3 x orbital period
Rotation of Mercury – Doppler Broadening
· A radio signal of know wavelength is reflected from the rotating surface across a range of wavelengths
· Reflected waves from the receding side are Doppler shifted to longer wavelengths
· Reflected waves from the approaching side are Doppler shifted to shorter wavelengths

Rotation of Mercury – Spin-orbit Coupling
· Mercury spins 3 times for every 2 orbits
· 3:2 spin-orbit resonance
· The Suns tides slowed down the rotation of the planet until Mercury was trapped in this spin state
· The Earths tides have trapped the Moon in 1:1 spin-orbit locking
· The rotation period of Mercury was confirmed by the Mariner 10
Rotation of Venus
· UV images from space probes show cloud patterns. Features in Venus’ upper atmosphere circle the planet in about 4 days (moving in retrograde at 250 kph)

Rotation of Venus – Retrograde Spin
· Radio waves can penetrate Venus’ clouds and Doppler shifts of the radar echoes from the planets surface indicate that Venus spins backwards
· Since the planet is spinning in the opposite sense to its orbital motion, a solar day on Venus is about half the sidereal day

Rotation of Venus – An Unsolved Mystery
· The best theory for the origin of the Earths Moon is that a giant impact – “The Big Whack” – ejected material that eventually formed the moon. The initial spin of the Earth may have been set by this collision

Rotation of the Jovian Planets
	Planet
	Obliquity
	Spin Period (hours)
	Orbit (years)

	Jupiter
	3.1
	9.9
	11.9

	Saturn
	26.7
	11
	29

	Uranus
	97.9
	-17.2 retrograde
	84

	Neptune
	28.8
	16.1
	164


· In Roman mythology, Jupiter was the king of the gods – the god of sky and thunder (the Greeks named him Zeus). He was patron deity of the Roman state and ruled over laws and social order
· The name Jupiter was adopted as the name of the planet. Jove is now the less common English version of the name – the original namesake of Latin forms of Thursday, giving rise to jeudi in French, jueves in Spanish
· This is the origin of the term used to describe the giant planets of the outer Solar System
· We can watch features at the surfaces of these gaseous planets move across their disks and measure Doppler shifts of their reflected light

Rotation and magnetism of the Jovian Planets
· The rotation and magnetic field axes are closely aligned in Jupiter and Saturn but tipped more with respect to each other in Uranus and Neptune

Rotation of the Sun
· Sunspots are carried across the solar disk by rotation. Galileo observed sunspots with his early telescope
· The Sun is not solid but gas so it does not rotate like a solid body. It has differential rotation
· Rotation period at equator = 25.6 days
· Rotation period at higher latitudes = 30-36 days

Dynamics : Orbits of Moons
· Almost all moons revolve in the same sense as their planets spin, orbiting nearly directionally above the equators
· Even the moons and rings of Uranus orbit above its equator, despite the fact the planet is tipped on its side

Dynamics: Tidal locking of moons
· All of the large moons orbiting close to the Jovian planets have been tidally ‘de-spun’ to states of synchronous rotation
· Rotational period=orbital period
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Masses and Sizes
· The Sun is the largest and most massive body
· Msun~99.8% of mass of Solar System
· Diameter of Sun~100 x diameter of Earth
· Jupiter is the most massive planet
· Only 1/1000th of the mass of the Sun
· More than the sum of the masses of all other planets and comets together
· We can measure the masses of planets by applying Newton’s form of Kepler’s Third Law to the orbits of their moons
· For Mercury and Venus (which have no moons) we can use their gravitational effects on space probes flying past them
· For asteroids and comets, we can use their sizes (volumes) and their estimated densities

Light – More than meets the eye
Light
· Water droplets suspended in the air during or after a rain shower refract and partially reflect sunlight. The angle of refraction depends on the wavelength of the light, so the raindrops spread the white light of the Sun into a spectrum

Spectroscopy
· A high resolution look at the visible light spectrum of sunlight reveals dark lines in addition to the bright background with the familiar colors of the rainbow
· These dark lines were observed in the solar spectrum by optician Joseph von Fraunhofer in 1813, so they became known as Fraunhofer lines

Continuous Spectrum
· If you pass light from an incandescent bulb through a slit then through a prism, you get a continuous spectrum
· The slit and the prism are a simple spectrograph

Absorption Spectrum
· If you put a container of cool gas in front of the light bulb, you see dark lines in an absorption spectrum

Emission Spectrum
· If you put a fluorescent tube (or any heated gas) in front of the spectrograph, you see bright lines in an emission spectrum

Kirchhoff’s Law
· In 1860 German physicist Gustav Kirchhoff and chemist Robert Bunsen observed the emission spectra of eight metals
· Kirchhoff set 3 laws of spectral analysis
1. A hot glowing gas or metal will produce a continuous spectrum
2. A cooler gas in front of a bright source will produce absorption lines
3. A cooler gas in front of a bright source will produce emission lines which match its absorption lines seen if you look at the gas from another angle
· Different elements or molecules will produce distinctive patterns of absorption or emission lines

Atomic Energy Levels
· Consider the hydrogen atom, with single electron orbiting a single proton
· The electron can have only certain orbital energies and can jump or fall from those levels when it gains or loses energy
· By absorbing a passing photon or emitting a photon, an electron can gain or lose energy
· The photons energy must match the difference between the energies of the orbit(al)s between which the electron moves
· Since the change in energy is the important factor, the energy levels are usually shown as ‘rungs’ of an uneven ladder, with orbital energy increasing upward
· Electron orbital energies are expressed in units of electron volts (eV)


Emission
· The energy lost by an electron ‘dropping’ from a higher level to a lower level is emitted as a photon of energy difference – a specific wavelength
· An electron can gain energy and ‘jump’ to a higher level from a lower one by absorbing a photon whose energy matches the difference between levels – a specific wavelength

Hydrogen Balmer Lines
· In hydrogen, the transitions which emit or absorb light with visible wavelengths occur to or from the second energy level
· The resulting spectral features are known as the Balmer lines
· Hydrogen is not only the simplest element, it is also by far the most abundant in the Universe

The Suns Spectrum
· The Sun has an absorption line spectrum
· For this to occur, you need a cooler gas in front of a hotter gas
· Energy is generated at the center of the Sun where it is the hottest. The outer atmosphere of the Sun is cooler and absorbs light from the hotter gas below
· We can measure the concentrations of elements in the gas at the surface of the Sun from its absorption spectrum
· The Sun is made almost entirely of H and He (this wasn’t discovered until the late 1920’s)

The Universe in 1927
· Astronomers in 1927 had only just come to realize that the Milky Way was not the entire Universe, and that there were other galaxies
· Astronomers has just theorized what caused the Sun and stars to shine – general relativity and nuclear physics – thermonuclear fusion
· It was believed that the Sun and stars were made of iron

The Iron Universe
· The average density of the Earth (~5.5g/cm3) left no doubt that the interior of Earth was dominated by heavy metallic elements: iron and nickel
· Samples of the Solar System which fell to Earth – meteorites – were often found to be made of solid iron and nickel
· The spectrum of the Sun was dominated by many absorption lines of iron and other chemical elements, not H or He

Cecelia Payne-Gaposchkin (1990-1979)
· Born in England, she was inspired to pursue astronomy because of viewing a meteor flash across the sky 
· Showed that the Sun and stars all have similar chemical compositions and that the Sun has extremely high concentrations of hydrogen and helium despite the strong belief at the time that these were tiny constituents compared to iron

Raw Materials of the Solar System
· We can measure the concentrations of elements in the gas at the surface of the Sun from its absorption spectrum
· We can also measure the compositions of meteorites representing material which condensed in the early history of the Solar System

Cosmic Abundances by Mass
· Astronomers prefer to measure compositions by mass, not by number
· X is the mass fraction of hydrogen (H)
· Y is the fraction of helium (He)
· Z is the mass fraction of all the other elements (called ‘metals’ by astronomers)
· For the Sun
· X=0.73
· Y=0.25
· Z=0.02
· Meteorites
· X=0.706
· Y=0.275
· Z=0.019

Raw Materials for Planets
· Terrestrial planets made primarily of iron, nickel and rocky materials cannot be massive since there are so few of these elements in the original gas from which the Solar System formed
· Jovian planets made of mostly hydrogen and helium can be large and massive since these are the most common elements by far
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Light – More than meets the eye
Spectra of Planets and Moons
· Planets and moons shine at visible wavelengths only by the reflected light of the Sun
· Their spectra contain the solar spectrum modified by the reflective and scattering properties of their surfaces and atmospheres
· The atmosphere of planets and moons are cool enough (even on a hot world like Venus) that they have molecules, not just atoms and ions
· Unlike an atom, a molecule can also absorb a photon by changing is rotational energy… or its vibrational energy state
· Many energy transitions which overlap in wavelength are possible in molecules
· This produces wide molecular absorption and emission bands, not just lines
· The spectrum of Mars is due to reflection at visible wavelengths by emission at infrared and ultraviolet wavelengths
· A spectrum of Saturn’s moon Titan from a spectrograph on Earth contains 
1. Methane absorption bands in its atmosphere
2. Hydrogen Balmer Lines from the Suns reflected spectrum
3. Oxygen bands due to absorption in Earth’s atmosphere

The Solar System
The Terrestrial Planets
· The four planets closest to the Sun (Mercury, Venus, Earth, Mars) are small, with metallic and rocky compositions 

The Jovian Planets
· The outer four planets (Jupiter, Saturn, Uranus, Neptune) are huge
· Jupiter and Saturn are made almost entirely of gas: gas giants
· Uranus and Neptune have icy compositions: ice giants

Temperature and Heat
The Kelvin Temperature Scale
· Heat is due to the motions of the parties of gas
· The faster the motions, the denser the gas, the hotter the object
· 0°C = 273.15K
· OK = -273.15°C = absolute zero
· If there is no heat (zero thermal energy) and the temperature is as low as it possibly can be then it is at absolute zero = 0 Kelvin

Brightness and Temperature
· Electric current running through the filament of a light bulb heats the metal and causes it to glow
· Increasing current means increasing heat and increasing brightness
· Decreasing current means decreasing heat and decreasing brightness
· A dimmer switch (rheostat) adjusts the current and therefore the temperature of the filament of the light bulb
· When the filament is cooler it is dimmer and redder
· When the filament is hotter it is brighter and whiter
· Any solid, liquid or gas radiates light whose intensity and color (wavelengths) depend on temperature
· Stars glow with different temperatures depending on their gas temperatures

Blackbody
· Any object which emits radiation due to its surface heat and is not seen by reflected light
· All incident radiation is absorbed, all possible radiation is emitted
· A possible reason for the reason behind the term ‘blackbody’ is in the lab, a blackbody source is a chamber whose inner walls are black, and with one tiny hole through which light can escape
· Any light ray entering the hole will bounce off the inner walls and only a tiny percentage is reflected during each bounce
· The only light escaping from the chamber through the hole will be radiation emitted by the inner surfaces of the chamber
· Any object warmer than absolute zero emits radiation whose intensity varies with wavelength, in a way that depends only on its temperature
· The plot of flux (=energy/area/time) is called a blackbody curve (or the Planck function)
· A cooler source puts out less light in total and its peak emission occurs at a longer wavelength
· A hotter source puts out more light in total and its peak emission occurs at a shorter wavelength

Wien’s Law
· The wavelength of maximum light is inversely proportional to the temperature
· λmax=2.9x106/T
· T = temperature in Kelvin
· Λmax in nanometers
· Motion of atoms = thermal energy
· Hotter object = faster motions

Human Wavelengths
· Human beings are seen at visible wavelengths by reflected light
· But because we have temperatures above absolute zero we glow at certain wavelengths
· Typically healthy body temperature ~ 310K
· Wavelength ~ 9350 nm (far infrared)

The Retina: Rods and Cones
· The back wall of the eye is lined with light-sensitive cells called rods and cones
· The rods give us our black and white vision
· The cones give us our color vision (red, green, blue cones)
· Cones are less sensitive than rods

Apparent Colors of Stars
· Stars glow with different colors depending on their gas temperatures
· The human eye does not operate like a spectrograph, measuring the fluxes of the blackbody spectrum with fine resolution at each wavelength
· The cones are less sensitive than the rods, so in very faint light, we see only black and white.  The fluxes from most stars are too low to trigger the cones
· The flux of sunlight is so high that it saturates all 3 types of cones and we see only white light

Color Vision of Insects and Other Animals
· There are eight color-sensitive cells in a bee’s eye
· A bee is sensitive to UV light – able to follow UV patterns in the leaves of flowers to guide the bee deep into the flower to pollinate it
· The eyes of bulls and cows do not contain color-sensitive cones
· Ducks have more types of cones sensitive to different wavelengths, so in a sense, a duck can ‘see’ colors we can’t
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Stefan-Boltzmann Law
· As the temperature of a source increases, not only does the peak of its emission shift to shorter wavelengths, but also the total flux emitted at all wavelengths increases dramatically
· Ftot = σT4
· σ = Stefan-Boltzmann constant
· The total flux is the area integrated under the blackbody curve

Formation of the Solar System
A Theory must explain…
· Planets close to the Sun are small, metallic and rocky
· Outer planets are large, gaseous and icy
· Solar System is almost entirely hydrogen and helium gas
· Planets have nearly circular orbits in nearly the same plane
· All orbit in the same sense (the same sense as the Sun’s rotation)

Starbirth – Nebular Hypothesis
· Stars and their systems of planets are formed from large clouds of gas and dust (nebulae)
· The collapsing cloud has some initial net spin (angular momentum)
· Stars – and nebulae – orbit around the center of mass of the Galaxy so the outer part of the cloud is moving at a different speed than the inner
· As the nebula collapses under its own gravity, it spins faster and flattens into a disk

Conservation of Angular Momentum
· Angular momentum = MVR
· L=MVR
· As R decreases, V must increase
· A mass m moving at speed v in a circular path of radius r has angular momentum L
· This equation can be used to estimate the orbital angular momentum Lorb of a planet
· All you need are its mass m, its speed v and its semi-major axis a=r (if the orbit is nearly circular)
· For the angular momentum of a spinning body or mass distribution, you integrate L=m(r)v(r)r over all values of r in the mass distribution

Moment of Inertia
· In general, angular momentum (L=Iω) where I = momentum of inertia and ω = angular velocity (rads/s)
· The moment of inertia of a solid sphere of mass M and radius R is given by
· Isphere=(2/5)MR2
· This equation can be used to calculate the rotational angular momentum of a solid planet like Earth, or to estimate Lrotation for gaseous bodies like Jupiter
· The moment of inertia of a very thin disk of mass M and radius R is given by
· Idisk=(1/2)MR2
· We can use this as a first rough approximation of the angular momentum of the protoplanetary disk from which the Solar System planets coalesced

Protoplanetary Disks
· We observe the stages of nebular collapse into disks in knots of gas within the Orion Nebula
· As the nebula collapses under its own gravity, it spins faster and flattens into a disk
· This is the natural explanation why the planets in the Solar System orbit in nearly the same plane, with nearly circular orbits, all in the same sense

Four principal stages in Nebular Hypothesis
1. Cool ‘cores’ of gas from in molecular clouds, and some collapse under their own gravity
2. Prostars and disks form at the center of core of gas – with prostars still cloaked inside the infalling matter
3. Stars eventually become powerful enough to create a ‘wind’, which breaks out along spin axis. Most of the mass flows into star through disk.
4. Star blows away envelope, leaving a disk from which planets condense

Condensation in Protoplanetary Disk
· N-body supercomputer stimulation of condensation of planets
· Terrestrial planet from in about 100 Myr (100 million years)

Kelvin-Helmholtz Heating
· As the nebula collapses under its own gravity, it spins faster and flattens into a disk
· It is also converting gravitational potential energy into thermal energy becoming hottest at the cloud center
· Egrav = G M(r)/r * dr
· The gas in the cloud is cooler with increasing distance from its core. Only metallic and rocky materials can condense out of the gas at the higher temperatures in the inner cloud

Lewis Model 
A sequence of chemical condensation at low pressure
· As the gas temperature drops with distance from the center of the nebula, different chemical species can condense
· Starting at T~1600K refractory oxides and metals condense out first
· Then silicates (T<1200K)
· Then water ice (T<160K)
· Then ammonia ice and methane ice (T<100K)
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Formation of the Solar System
· The solar nebula contracts
· As the nebula shrinks, its motion causes it to flatten
· The nebula is a disk of matter with a concentration near the center

Cosmic Abundances by Mass
· X is the mass fraction of hydrogen (H)
· Y is the mass fraction of helium (He)
· Z is the mass fraction of all other elements (called metals by astronomers)

Raw Materials for Planets
· Terrestrial planets made primarily of iron, nickel and rocky materials cannot be massive since there were few of these elements in the original solar nebula
· The small metallic rocky bodies also would have condensed in the cold outer regions of the protoplanetary disk, but there the temperature was low enough that the cold hydrogen and helium could be gathered gravitationally to form gas giants

Gas Giants Form
· Gases gather around protoplanetary ‘seeds’ to become Jovian planets
· The temperature must be low enough that the cold hydrogen and helium can be gathered gravitationally to form gas giants

Raw Materials for Moons and Comets
· Ices could also freeze out from the gas in the cold outer portions of the nebula, from which formed comets, icy moons of the Jovian planets, Kuiper Belt Objects, and dwarf planets like Pluto and Eris

Condensation in the Protoplanetary Disk
· Inner disk heated by young Sun. Ices and gases cannot condense. Particles that condense here are mainly silicates and iron compounds
· Cold outer disk. Ices and gases condense here, as well as silicates and iron compounds
· Solids settle to mid-plane
· No direct planetismals creation
· 1-100 μm (micron) dust grains settle to disk mid-plane
· Grains stick together to build macroscopic (~cm and larger) objects

Differentiation of Elements
· When the Earth – and the other terrestrial planets – had just formed, they were molten
· The heavier elements tended to sink to the center under gravity
· Planetismals gather together under their mutual gravity to build into larger bodies

Asteroids and Meteoroids
· These smaller bodies are left over from the early history of the Solar System
· Some are remnants broken apart from more violent collisions of planetismals 
· Some never gathered together
· There are meteorites which represent material from the cores of planetismals (iron) and the mantles and crusts (rocky) 
· There are asteroids and meteorites which contain primordial materials

Nebular Hypothesis: Correct Predictions
· Lewis Model: A sequence of chemical condensation at low pressure
· Metallic/rocky bodies closer to Sun, icy bodies farther out
· Mercury (closest to Sun and center of original nebula) has very large metal core
· Venus and Earth have larger rocky mantles
· Mare is predominantly rocky
· Moons of the outer planets are icy
· Comets and Kuiper Belt Objects, Pluto and Eris also icy

The Nebular hypothesis
· As the nebula collapses under its own gravity, it spins faster and flattens into a disk
· This is the natural explanation why the planets in the Solar System orbit in nearly the same plane, with nearly circular orbits, all in the same sense

Can we test and refine the model elsewhere?
· Until recently, we had only one example of a planetary system – our own
· Any scientist will tell you that a sample of one is not a reliable test of any model of theory
· To fully understand the processes of how our Solar System was born and how planets evolve, we must have other examples

Searching for Exoplanets
· By eye, we see planets only by reflected light
· When the Voyager 1 space probe looked back from a distance only 20 times further from the Sun than the Earth…it took a snapshot of Earth, which appeared as a faint ball of light
· At the distance of another star the faint light of a planet is lost in the glare of the star
· At visible wavelengths
· Sun is 100000000 times brighter than Jupiter
· Sun is 1000000000 times brighter than Earth
· Exoplanets are faint but brighter in the infrared
· At infrared wavelengths
· Sun is 10000 times brighter than Jupiter
· Sun is 1000000 times brighter than Earth

Light Collectors
· We need a big telescope to try to see exoplanets directly
· To an astronomer, the most important aspect of a telescope is not magnifying its power, but its light-collecting area
· Telescopes are meant to collect as much light as possible – making faint sources brighter
· Astronomers sometimes refer to telescopes as “light buckets” which collect light in the same way a bucket collects rainwater
· As photons fall from the sky, we collect them like rain. The difference is that “photon rain” comes from different directions from different astronomical sources

Refractors
· A refractor focuses light using lenses (like the eye) bending the light through refraction
· Astronomers need a large lens or optically perfect transparent glass ground and polished to high accuracy on its two surfaces
· This will be very heavy and mounted at the top of a long tube, so the engineering is not simple of practical for things much larger than a small amateur telescope
· Large lenses will deform under their own weight – its not practical to make a telescope lens larger than 1 meter across

Reflectors
· A reflector focuses light using mirrors
· A disk of glass or ceramic must be ground and polished to high accuracy only on one surface and then given a reflective coating (like aluminum)
· The material doesn’t need to be transparent because the light is reflected from the mirrors surface
· It will sit at the bottom of the telescope structure where it can be more easily supported

Other Planetary Systems
Searching for Exoplanets
· Can we photograph a Jupiter or Earth around another star?
· θ = a/d
· a=distance from planet to star
· d = distance from Earth to star
· Consider a star only20 light years away d~6 parsecs with a planet in orbit with semi-major axis a = 5 AU
· d~6 pc x 206265 AU/pc ~ 1.2e6 AU
· θ~5/(1.2e6)~4e-6 rad ~ 1 arcsec

Telescopes – What’s Important
1. Light-collecting Area
· A=pi(D/2)2
· Where D is the diameter (or aperture) of the primary mirror
· Increasing diameter by 3 will increase light gathering by 9 times
2. Angular resolution
· The smallest angle that can be distinguished or resolved
· θ=1.22λ/D

Angular Resolution
What’s the smallest angle we can measure?
· The angle between two objects decreases as your distance from them increases
· The smallest angle at which you can distinguish two objects is your angular resolution

Diffraction
· Light behaves like a wave, so when is passes through any opening, it diffracts around the edges of that opening
· This means that even the sharpest image is blurred slightly when light passes through an opening
· It’s the support struts of the secondary mirror in a reflector that cause the spikes we see in photographs of stars
· The pupil of the eye and the primary mirror of a telescope are examples of circular openings (apertures)
· A point source of light passing through a circular aperture is spread into bright central peak circled by concentric rings

Diffraction Limit
· The Rayleigh diffraction limit of angular resolution through a circular aperture is:
· Θ min = 1.22 λ/D

Largest Aperture
· Largest optical telescopes in the world: Keck Observatories (Hawaii) and Hobby-Eberly Telescopes (Texas)
· Keck Observatories
· λ=550nm = 5.5e-7 m
· D=10m
· Θ=7.67e-8 radians
   ~0.014 arcsec

Blurring by the Earths Atmosphere
· Turbulence in the Earth’s atmosphere blurs the light arriving from space
· Telescopes on Earth do not naturally achieve the diffraction limit due to atmospheric distortions: seeing and scintillation
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Angular Resolution
Adaptive Optics
· We can correct for atmospheric distortions in real time by changing the shape of some of the telescope optics from microsecond to microsecond
· Light arriving from a distant point source through lenslets and detector will produce a symmetrical image
· Light wave bent by atmospheric turbulence through lenslets and detector will produce an image with scattered points
· Star images produced by lenses deviate from regular grid

Adaptive Optics: Laser ‘guide star’
· The system needs a reference – a star like source of light whose beam travels through the same column of air as the starlight collected by the telescope
· If you fire a laser beam upward it will excite a layer of sodium atoms ~ 10km thick at an altitude of ~95km to emit photons (i.e.) glow)
· From that height, the glowing could of sodium looks to the telescope like a star
· That is the reference to correct the wavefront distortions in starlight

Adaptive Optics
1. Wavefronts from a star or planet are distorted by the atmosphere, degrading the angular resolution of even a large telescope to a level no better than what’s possible with a telescope aperture ~ 10cm
2. A camera and wavefront sensor measure the wavefronts deviation from a flat (undistorted) wave
3. A control system quickly computes commands for a deformable mirror
4. The deformable mirror corrects the wavefront to achieve Rayleigh diffraction limit
· We can correct for atmospheric distortions in real time by changing the shape of some of the telescope optics from microsecond to microsecond

Adaptive Optics and Human Vision
· Ophthalmologists are now using adaptive optics developed for astronomy to obtain the best images of the retina of the living human eye
· There is now research into using adaptive optics to enable ‘supernormal vision’ so 20-20 may not be the limit

Telescopes
Above the Atmosphere
· The Earth’s atmosphere absorbs most types of light
· It’s a challenge to astronomers, since only visible, radio and certain IR and UV light make it through to the ground
· To detect the wavelengths blocked by the Earth’s atmosphere, we must put telescopes in space

Angular Resolution
Resolution Depends on Wavelength
· The wavelength of radio waves are long 
· The dishes which reflect them must be very large to achieve any reasonable angular resolution
· Arecibo (Puerto Rico)
· λ=21cm
· D=300m=3e4cm
· Θ~8.4e-4
   ~170 arcsec

Interferometry
· Two (or more) radio dishes observe the same object
· The wave patterns of their signals are made to interfere with each other
· An image is reconstructed with the angular resolution one would get from a dish the size and distance between them, but the light-collecting area is still only the sum of the areas of the individual dishes
· Very large radio array: VLA = Very Large Array (New Mexico)
· λ=21cm
· D=21km = 2.1e6 cm
· Θ~2.3e-5 radians
   ~5 arcsec

Exoplanets are Faint
· Planets are seen only by reflected light at optical wavelengths
· At the distance of another star the faint light of a planet is lost in the glare of the star
· Even in the infrared, where a Sun-like star puts out less light and a planet glows by its own thermal (blackbody) emission, it’s not possible to get an image of an Earth or even Jupiter
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Other Planetary Systems
Searching for Exoplanets
· To fully understand the processes of Solar System birth and evolution, we need to have other examples
· Stars and planets may be spheres and orbit in ellipses, sometimes in circles, but their orbital motions are also like square dancers
· A star and planet both swing around a mutual point on a line between them – their center of mass – which is much closer to the stars center because the star is much more massive than the planet

Searching for Jupiter from Another Star
· The Sun and Jupiter orbit a common center of mass which is 1000x closer to the center of the Sun because it is 1000x more massive
· The suns position as seen from above the plane of the ecliptic changes from 10 parsecs away – it changes mainly due to the wobble caused by Jupiter's 12-year orbit
· The change in the Sun’s position in the sky as seen from about 30 light years away is the width of a human hair seen from 200 meters away
· The angular extent of a stars wobble due to an unseen planet is too small to be measured reliably by current instruments and techniques
· However, the motion of the wobbling star can be measured through the Doppler Effect if the planet is massive enough

Detecting an Exoplanet
· Star and planet orbit around a common center of mass causing the star to wobble with the same period as the unseen planet
· Most of the planets around other Sun-like stars have been discovered through Doppler surveys
· Velocity – time graph
· Orbital Period of an Exoplanet is the easiest thing to measure from the RV (radial velocity) curve
· Next easiest thing to derive from the RV curve is the size of an exoplanet – using Kepler’s Third Law and the measured period
· You estimate the stars mass from its spectrum (and luminosity, if known)
· Mstar + Mplanet ~ Mstar
· We can simplify Kepler’s Third Law to:
· P2=1/Mstar (a3)
· We then solve for the semi-major axis a

The Mass of an Exoplanet
· The velocity v of the exoplanet depends on the gravitational force, which results in the centripetal acceleration in the orbit
· mplvpl2/r=GMstarmpl/r2
· so vpl=(GMstar/r)1/2
· for a circular orbit, r=a
· Momentum is conserved in this system so 
· mplvpl=Mstarvstar
· mpl=Mstar(vstar/vpl)

*See notes for example calculations for an exoplanet

How to Detect an Exoplanet
· The star and planet orbit a common center of mass causing the star to ‘wobble’ with the same period as the unseen planet
· Precise RV’s – a deadly idea – HF absorption cell
· Precise RV’s – a great idea – digital spectrum
· Dark absorption lines in the photograph correspond to dips in the digital spectrum
· By passing the starlight through the HF gas cell, the absorption lines of the gas are imposed on every stellar spectrum
· It’s like putting the same accurate ruler in every stellar spectrum to measure Doppler shifts as precisely as possible

Precise RV’s – an improved idea
· The spectrum of iodine is so complex that new algorithms were needed to separate it from the stellar spectrum
· This is a precise wavelength ‘ruler’ imposed on every spectrum of the star
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Other Planetary Systems
Finding Exoplanets
· Most of the planets around other Sun-like stars known today have been discovered through Doppler “wobble” surveys
· The first exoplanet around a Sun-like star was discovered in 1995 by Swiss astronomers Michel Mayor and Didier Queloz with sensitive Doppler velocity measurement techniques pioneered at UBC and UVic
· 51 Pegasi was a surprise
· The planets mass if at least 1/3 that of Jupiter but its semi-major axis is only 1/20 AU

Example
· a=0.05 AU
· Mstar=1Msun
2e30 kg
· G=6.67300e-11 m3/kgs2
· Mpl=Mstar(Vstar/Vpl)
· Vpl=(GMstar/a)^0.5
· P=4.2 days
· Size = 5% of the Earth-Sun distance from its star
· Mass = 120 Earth masses (1/3 of Jupiters mass)

More Exoplanets
· There are currently 843 exoplanets as of this morning know around other Sun-like and red dwarf stars mostly discovered through the wobble of each star seen through the stars changing radial velocity because of the Doppler shift

Deming and Seager
· Sample of planets known in late 2009, mostly found through Doppler surveys
· Selection effects and observational sensitivity vs. parameter space of exoplanets?
· Doppler detection limit for a radial velocity reflex of 1m/s in a 1 solar-mass star
· Orbital period P ~ 15 yrs (around 1 solar-mass star)
· ‘Large” surveys span about 15 years
· Mass limit to be considered a planet
· We can’t yet detect exoplanets with masses and orbits in the grey area by Doppler surveys 
· We are only on the edge of sensitivity to Jovian planets in large orbits . . . through Doppler surveys
· No one expected to find planets in this region of parameter space

Opening our eyes to new perspectives
· Planetary astrophysics is finally becoming a statistical science with a sample larger than one
· There are ‘selection effects’ in our current sample of exoplanets, biased towards giant planets in small orbits
· But there are hints that our Solar System may not be as ‘typical’ as astronomers has assumed for many decades
Condensation in the Protoplanetary Nebula
· The ‘snow line’ or ‘frost line’ forms at ~ 5.0AU from the distance from center of solar nebula
· Gas giants like Jupiter are expected to form beyond the ‘snow line’ where the H gas is cold

Planetary Migration
· Tidal interactions between the forming planet and the gas and dust in the protoplanetary disk can cause the planet to slowly spiral towards the star
· The planet loses some of its angular momentum to the gas in the protoplanetary disk
· A gas giant can form near 5 AU (like Jupiter in our Solar System) and then migrate inward, pushing the inner parts of the disk to fall into the star
· The giant planets in other systems may have formed while there was still a dense disk of gas and dust with which they could tidally interact and be dragged inward
· In our Solar System the protoplanetary disk may have been cleared by the strong early solar wind just as the Jovian planets had condensed
· There would have been no tidal interaction to trigger migration

Exoplanet Orbits
· The ‘hot Jupiter’s” (which have the smallest orbits) tend to have low eccentricities e~0 (almost circular orbits)
· But many exoplanets have highly eccentric orbits
· Many of the exoplanets found have very eccentric orbits unlike the planets in our Solar System
· The most likely way to produce such eccentric orbits is by neighboring planets in the young systems gravitationally interacting

Planet Earth
· Our planet has nearly circular orbit with a period of 365 1/4 days

Planet HD 80806 b
· This planet has a very orbit with a period of 112 days that swoops barely above the surface of its parent star
· This planet moves fastest when it is closest to the star
· Its distance from the star changes dramatically in only a few days
· The fast change in sunlight changes the whole planets weather in just a few hours ~ 400°C in a week

SuperEarths
· M~2-10Mearth
· Mass range is somewhat arbitrary
· Upper limit – a core that can accrete hydrogen gas from the disk
· Two generic families
· Depends on H20 content
· None in Solar System

Earth
· Solid iron inner core
· Liquid iron outer core
· Semi-solid rock mantle
· Solid rock crust

SuperEarth
· Solid iron inner core
· Liquid iron outer core
· Semi-solid rock mantle
· Solid rock crust

Ocean SuperEarths
· Iron inner core
· Silicate mantle
· Solid water
· Liquid water ocean

Earth’s Oceans
· Volume of Ocean
· 1.4 billion km3
· 200000 m3 for every person on Earth
· The amount of drinkable water accessible to human beings on Earth would barely full one swimming pool
· Volume of all the water on a superEarth if you gathered it into one ball, it would be the same volume as our entire planet

Our Solar System
· The habitual zone (0°C to 100°C)
· Planets around a stellar campfire
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Other Planetary Systems
Radial Velocity Surveys
· There are currently 843 exoplanets known around other Sun-like and red dwarf stars for which about half of which were discovered through the wobble of each star seen through the stars changing radial velocity because of Doppler shifts

Ultraprecise Space Photometry
· MOST has been joined by CoRoT and Kepler and will soon be joined by BRITE Constellation on this scientific frontier

Space Missions
· Three satellites – including a Canadian space telescope – have expanded the search and the study of exoplanets

Transit Surveys
· 2300 exoplanet candidates found through transits
· Exoplanets can be found through dups in starlight when a planet passes in front of a star during its orbit
· The depth of such a dip (“transit”) tells us the diameter of the planet relative to the star
· It also tells us that the plane of the planets orbit is not tilted so we know the planets true mass from its orbital motions

The Mass of an Exoplanet
· Lets solve for the following data:
· a = 0.05 AU
· Mstar = 1 Msun = 2e30 kg
· G = 6.67300e-11 m3/kgs2
· mpl = Mstar(vstar/vpl)
· vpl = sqrt (GMstar/a) (a for a circular orbit)

The Minimum Mass of an Exoplanet
· We don’t in general know the inclination i of the orbital plane so the amplitude of the RV curve doesn’t give us vstar but instead vstarsin i 
· If the planet transits, then we know the inclination of its orbital plane because it is our line of sight 
· Inclination i ~ 90°

Our Planetary System
Transits of Mercury
· Transits occur in our Solar System but are observed on for Mercury and Venus
· The most recent transits of Mercury occurred in Nov 1999 and May 2003

Ultraprecise Photometer in Space
· We can see oscillations in starlight as small as 1 part per million (0.0001%)
· Imagine looking at the Empire State Building at night with all the lights on and office blinds open and having one person pull down one blind by 3 centimeters – this is how sensitive MOST is

The Kepler Mission
· Kepler is monitoring the light from ~150000 stars in a certain part of the sky looking for periodic dips in brightness as planets transit their parent star
· The largest star monitored by Kepler is 6.1 times larger than the Sun and the smallest stars are estimated to be only 0.3 solar radii



A Mechanical Orrery
· An early way to represent the orbital motions of planets and their moons was clockwork mechanism called an ‘orrery’

55 Cancri A
· The MOST team put the star 55 Cancri A under an astronomical ‘stake out’ for two weeks in Feb 2011 looking for tell-tale signs of an elusive exoplanet
· By folding the light curve at the suspected orbital period of the planet, the subtle dip in the stars brightness during each passage of the planet in front of the star becomes evident
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Planetary Atmospheres
What defines an atmosphere?
· You have to have gas
· Pressure and persistence

Which planets have atmosphere?
· Yes – Earth, Venus, Mars (but not much of one)
· No – Mercury, Moon

Why do only some planets have atmosphere?
· Size?
· Yes, and mass, but that’s only part of the answer

Surface Gravity
· Gravitational potential energy
· Egrav = -GMm/d 
· d is greater than or equal to R
· Gravitational potential energy at surface of a planet
· Egrav (R) = -G (Mm/R)
· How much energy does it take to escape a planets gravity?
· Eesc = E (d=∞) – E(R) = G(Mm/R)
· To get an infinite distance away from the planet

Escape Velocity
· Energy needed to completely escape a planet
· Eesc = G(Mm/R)
· Kinetic energy needed to jump away from planets surface
· Eesc = Ekin = ½ mv2 = G(Mm/R)
· How fast to you need to jump?
· Vesc = sqrt(2GM/R)
· That’s also how fast a molecule of atmosphere needs to move to escape completely into space

Planetary Escape
· Vesc ~ 5.03 km/s
          ~1/2 vesc (earth)
· It would have been easier for debris to escape from Mars after an asteroid impact than from Earth
· And that debris can be captured by the Earths gravity

Arrival on Earth
· Many meteorites – including ones which originated on Mars – are found in Antarctica
· Dark rocks tend to stand out against the surface of the Antarctic ice pack


Random Motions in a Gas
· How fast does a molecule move in an atmosphere?
· There is not just one speed for all particles, but a distribution of speeds that depends on the gas temperature

Maxwell-Boltzmann Distribution
· Graph with ‘number of atoms at that speed’ on Y-axis and ‘speed’ on X-axis
· Vpeak = sqrt(2kT/m)
· T=temperature (K)
· m=mass of particle in gas (kg)
· k=Boltzmann constant
· Assuming the gas consists of only one mass of particle

Gas Velocities
· Most of the molecules in a planets atmosphere are moving with velocity vpeak
· But many n he tail of the M-B distribution are moving faster
· If vesc~vpeak then the faster-moving molecules will be able to escape the planets atmosphere
· Escape velocity must be at least 6 times peak thermal velocity for a planet to retain its atmosphere permanently
· Any molecules moving upward with velocity vesc   can escape the planet
· vesc is greater than or equal to vpeak for a planet to retain its atmosphere
· Planets with a larger M/R and lower surface temperature T can more easily retain an atmosphere
· Atmospheres of heavier molecules (higher mass m) are easier to keep

How warm is a planets surface?
· Surface temperature is a key factor in determining if a planet has an atmosphere

Thermal Equilibrium
· In a simple approximation, whatever sunlight is absorbed by a planet is re-emitted as blackbody radiation
· Stefan-Boltzmann Law
· Ftot=Tσ4
· The total flux from the Sun is inverse square law:
· Ftot=L/4πd2
· L=luminosity (Watts)
· d=distance from Sun
· Luminosity =power = energy/time (J/sec) or (Watts)
· Flux = power/area = energy/time/area (Watts/m2)

Albedo
· Reflectivity of a planet
· Unless the planet is totally black, it does not absorb 100% of the light it received from the Sun
· The fraction it reflects is called the planets albedo A so it absorbs a fraction 1-A
· Fabsorbed = (1-A)xL/4πd2 = Fradiated = Tσ4

Average Surface Temperatures
· Mercury – 350°C
· Venus - 480°C
· Earth - 20°C
· Mars - -84°C
· Jupiter - -110°C
· Saturn - -180°C
· Uranus - -200°C
· Neptune - -200°C
· Pluto - -230°C
· Sun - 5500°C
Earth
· Pressure at sealevel = 1bar = 1000 millibar

Venus vs. Earth
· “Sister” worlds of similar mass and size but very different environments

Venus
· Soviet Verena probes landed on Venus’ surface in the 1970’s
· None lasted more than 2 hr under the pressure and temperature

Why is Venus Hotter than Mercury?
· Until the 1960’s, the image of Venus was rather Earth-like – if you lived in a steam bath under perpetual clouds
· Some scientists suspected that the atmosphere was largely carbon dioxide, but even so, life was considered a distinct possibility
· But radio telescope observations in 1958 surprised scientists – showing a surface temperature of about 500°C, above the melting point of lead
· The controversial result was confirmed in 1962 when the Mariner II spacecraft flew past Venus and observed an undeniable hot surface
· In 1960, a young university PhD student, Carl Sagan taking data from tables designed for steam boiler engineering solved the mystery
· Sagan confirmed that Venus could indeed be a planetary Greenhouse – a global furnace

The Greenhouse Effect
· Most sunlight is at visible wavelengths for which Earth’s atmosphere is transparent
· The planets surface absorbs some of the visible light and re-emits it at infrared (Ir) wavelengths
· This regulates the temperature of Earth: a planetary ‘thermostat’
· Gases like water vapor and carbon dioxide absorb and re-emit IR, heating the atmosphere
· Water vapor in Earths atmosphere is opaque to infrared wavelengths
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Planetary Atmospheres
Carbon Cycles
· Carbon dioxide is a strong absorber of infrared but it is kept in balance by carbon cycles in Earths environment
· The CO2 thermostat cycle
· CO2 released by volcanoes
· Brought to earth in rain
· Rain erodes rocks and rivers carry CO2 and silicate minerals to sea
· CO2 combines and forms carbonate rocks
· Seafloor subducted
· This regulates the temperature of Earth: a planetary “thermostat”
· Regulates temperature because the rate of CO2 removal is temperature dependent

Earth vs. Venus
· “Sister” worlds of similar mass and size, but very different environments
· Distance from the Sun makes the difference
· If Earth moved to Venus’s orbit…
· More intense sunlight would raise surface temperature by about 30C
· Higher temperature increases evaporation, and warmer air holds more water vapor
· Additional water vapor further strengthens the greenhouse effect
· Result: oceans evaporate and carbonate rocks decompose releasing CO2, making Earth hotter than Venus

Greenhouse Gases and Global Survival
· The Earth would be significantly colder – and maybe lifeless – if not for the insulation due to water vapor

Mars
Composition
· Carbon dioxide – 95.3%
· Nitrogen – 2.7%
· Argon – 1.6%
· Oxygen – 0.13%
· Carbon monoxide – 0.07%
· Water vapor – 0.03%

Mars vs. Earth
· The atmospheric pressure at the surface of Mars is the same as an altitude of about 35km above the Earths surface
· The atmospheric pressure at the summit of Mount Everest is about 50 times the pressure of the Martian surface

Fascination with Mars
· Mars is half the size of Earth
· It is cooler than Earth
· Has polar ice caps 
· Schiapareli discovered Mars has “channels”
· Lowel observed Mars expecting to see canals – believed to be built by Martians
· There are in fact NO canals on Mars, but no one knew this for sure until the mid-1960’s

Mars Vs. Earth
· Mars is about ½ the radius of Earth with ~ ½ the escape velocity
· The planets reddish color is due to rust: iron oxide in surface rocks and dust
· Mars spins with a sidereal period and inclination of its rotation axis similar to those of Earth

Phobos and Deimos
· Mars has two small moons which are almost certainly asteroids captured by the planets gravity from the Asteroid Belt just beyond Mars’ orbit

Cratered Surface
· Mars’ atmosphere is so thin that it has had only slight protection from meteoroid impacts and modest erosion
· The Martian surface shows a combination of cratering and volcanism and some atmospheric weathering
· There is also evidence that water flowed on the surface in the Martian past

Topography
· The planet has northern lowlands and southern highlands
· There are also volcanic mountain peaks and one very long deep canyon

Hot Spot Volcanism
· Olympus Mons and the peas of the Tharsis Ridge are hot-spot volcanoes like the Hawaiian Island chain but much larger

Valles Marineris
· This is an enormous chasm on Mars that would stretch from Vancouver to Halifax here on Earth
· This is a rift valley 4000km long 600km wide and 8km deep

Valles Marineris and Tharsis Bulge
· The crater density (# of craters per area on surface) is less than in Mars’ northern lowlands
· The flanks of some of the volcanois almost crater-free
· Valles Marineris must have formed at nearly the same time or after most of the volcanic uplift because this deep valley cuts through the Tharsis Bulge
· Most scientists believe that most of the major uplift occurred about 1.3 billion years ago
· Valles Marineris was created by a spreading of crust brought on by the Tharsis Bulge volcanic and tectonic activity
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Mars
Polar Ice Caps
· Even early telescopic images showed the bright white polar caps of Mars
· They show a seasonal cycle of melting and refreezing
· The polar caps are made mostly of frozen carbon dioxide (dry ice)
· Winter temperature on Mars a=is about -140C, which is cold enough to freeze CO2
· The northern cap has a reservoir of frozen water H2O

Flowing Water in the Past
· Images of the surface of Mars from orbiters reveal features that resemble dry river beds like Earth’s dendritic river channels and river deltas
· Some of these channels cut through craters
· Experts in geological processes say that these tear-drop-shaped features can only have been produced by large quantities of water flowing freely on the surface of Mars

Subsurface Water
· Some Martian craters are surrounded by ‘petal-shaped’ ejecta blankets believed to be sub-surface ice melted by the impact which then flowed away from the crater in the form of mud

No Liquid Water Today
· The Martian atmosphere doesn’t have enough pressure (about 0.006 x air pressure at sea level on Earth) to allow water to exist as a liquid on its surface

Weather
· The Martian atmosphere does have enough pressure to generate winds and carry dust from the surface in eddies (dust devils)

The Viking Probes and Landers
· In 1975, two NASA probes were sent to Mars, each with an orbiter and a lander
· They both arriver at Mars in 1976
· Each lander was equipped with a weather station, cameras, a robot arm to scoop soil samples and a compact biological laboratory to search for life in those samples
· If the biological laboratories soil samples were given organic nutrients and exposed to light and higher pressured of CO2 to see if anything in the soil was metabolizing, respiring and/or excreting

Meteorite from Mars
· ALH 84001 was found in Antarctica in 1984
· Comparison of the isotope concentrations in ALH 84001 to the composition of the Viking lander air samples proved its Martian origin

Continued Exploration
· In the 1990’s, the Mars Pathfinder/Sojourner mission continued the exploration of the surface, with a small rover
· In 2005, the Athena mission, with two rovers – Spirit and Opportunity – landed on Mars
· These spacecraft didn’t make soft landings on Mars using rocket thrusters but a combination of parachuted, rocket thrusters and balloons to cushion the impact
Moon
Maria and Highlands
· Lunar Highlands: ancient crust of the mineral anorthosite
· Lunar Maria: lava flood plains in craters/basins with volcanic basalts

Impact Craters
Crater Morphology
· When an impactor (meteoroid) strikes a solid surface, the effect is like an explosion
· This is why nearly all impact crates are round no matter the direction of the incoming projectile
· An ‘ejecta curtain’ forms and falls back to surface
· All craters have a bowl and an ejecta blanket
· Bowl rim is raised relative to the surrounding terrain
· Larger craters have central peaks
· The central peak is due to the ‘rebound’ of the heated rock behaving like a liquid on impact
· Some material is ejected at high speeds and lands far away from the crater, making ‘secondary craters”
· A tiny fraction of the ejecta moves faster than the escape velocity and is blasted into space
· Lunar meteorite ALH 81005 which landed in Antarctica is an impact breccia with a fusion crust of anorthosite

Crater Sizes
· For a ‘typical’ impact speed v~10km.s of a rocky impactor of diameter d striking a rocky surface, the resulting crater diameter D is approximately D~20d
· How does crater size vary with:
· Impactor mass?
· Impactor density?
· Impactor speed?
· Does a craters diameter depend on the impactor’s:
· Kinetic energy?
· Momentum?

Cratering and the Age of a Planets Surface
· How many craters are there on a planet?
· Diameters of 1km or 20 km are often used as the threshold for crater counts
· Impact occurs at some average rate…wait twice as long, there should be twice as many craters
·  If you can measure the number of craters N and you know the rate of cratering R =# of craters/year then you get the “accumulation age” T=N/R
· This gives pretty good results but it is a simplification
· This works really only is there is no atmosphere and no volcanism
· Complications:
· Cratering rate is per unit area #of craters proportional to area used for the count… cratering rate has varied over Solar System history
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Moon
Apollo 11
· The first landing mission – July 1969
· Saturn V rocket
· The ‘autopilot’ landing sequence was guiding the lunar module to touch down in a specific crater filled with large boulders – Neil Armstrong took control and piloted the lunar module to a safe landing elsewhere

Apollo Spacecraft
· Command and Service Modules
· On each mission, three astronauts travelled to the moon in the Command Module with air and power from the Service Module
· Two astronauts descended to surface in the Lunar Module

Lunar Landing Hoaxes
· Where are the stars over the lunar surface?
· There is no atmosphere so no Rayleigh scattering so no bright sky even when the Sun is above the horizon
· So you should be able to see stars from the Moon even by daylight, but in every Apollo photo and video the sky is black and empty – but in almost every picture of people at night under clear dark skies, there are no stars
· If the photos had shown stars, that would have been evidence that they were faked
· Did NASA use the same fake backdrop? (2 pics, 1 with lunar module, 1 without – same background)
· This is just parallax in action
· The hills are far in the distance…moving only tens of meters changes what you see in the foreground but not on the distant horizon
· Flag waving on the Moon
· Skeptics say they can see the flag waving in the wind where there is not supposed to be any air or breezes
· But the flag only moves when an astronaut is handling it or for a short time after that
· Mythbusters proved that a flag in a vacuum chamber behaves just like the one seen in the Apollo videos

Lunar Reconnaissance Orbiter
· This probe went into a low orbit around the Moon and took the highest-resolution images of the lunar surfaces since the Apollo missions
· It took images that capture the shadow of the base of the lunar lander left behind

Apollo 17 Launch
· Last trip to the Moon – December 1972
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Moon
Interior and Exterior
· The Moon’s interior is dominated by rock with only a small metallic core
· The moons crust is thicker on the far side than on the near side
· The long axis of the moon due to this asymmetry has been aligned by the Earths tides to synchronize the moons spin

Interior – How do we know?
· The same way we know what’s inside the Earth, through seismology
· Sound and sheer waves generated by an earthquake travel through the interior of the Earth
· They are refracted by the varying conditions (composition, solid or liquid, temperature)
· Where and when the waves emerge allows us to infer their paths

Lunar Birth
Properties of the Moon to be explained:
· Nearly circular orbit of the Moon around the Earth
· Rocks from the lunar surface have abundances of oxygen isotopes nearly identical to rocks from the earth’s surface
· The lunar ricks are low in volatiles (elements in which can be vaporized at relatively low temperatures)
· Much of the Moons crust has a composition which suggests the Moon was once molten
· Seismology of the Moon’s interior indicates it has only a small iron-rich core, if any at all

The Big Whack Theory
· The theory states that the Earth was struck by a very large protoplanetary body soon after forming
· The impact would have blasted away some of the Earths crust and mantle and that material coalesced into a large moon in orbit around the Earth

Lunar History
· Young Moon cratered during period of late heavy bombardment (4.5 – 4.0 Gyr ago)
· Moon reheated (maybe by radioactivity) and maria flooded by lava (4.0 – 3.5 Gyr ago)
· Volcanism ends. Moon cratered gradually over last 3.5 billion yr (3.5 Gyr ago to now)

· Evidence shows that the Moon was geologically active in its early history but geologically dead for at least the last 3 Gyr
1. Moon formed ~4.6 Gyr ago. Its surface was continuously and intensely bombarded by meteoroids – debris left over from the birth of the Solar System
2. About 4.4 Gyr ago, the upper 100km of the crust was molten from the original heat of formation and from heat generated by the meteoroid bombardment
3. By 4.2 Gyr ago the surface was solid again
4. Most of the craters we now see on the lunar surface were formed during this early period of intense bombardment
5. The heating of the subsurface by bombardment led to a period of intense volcanic activity in the period 3.8 – 3.1 Gyr ago. The rate of impacts had declined since much of the debris had been captured by the planets
6. Volcanism created lava flows, which filled the low-lying areas and many craters. These flows solidified to become the flat dark maria. The maria have few craters because most of the original craters were covered by lava and only a few large meteoroids have struck the surface since the period of lava flooding. The lava could not cover the higher regions – these are the heavily cratered highlands which have anorthosite rock rather than dark volcanic basalts
7. The volcanism ended about 3.1 Gyr ago. The Moon has been mostly geologically inactive since then, except for the occasional small moonquake due to tidal and thermal stresses in its interior (and the impacts of Apollo third stages and lunar ascent modules)

Mercury
Mercury and the Moon
· Mercury and the Earth’s Moon appear similar in photos, with surfaces saturated with craters of a wide range of diameters
· However, Mercury lacks the broad dark regions we see on the near side of the Moon
· These dark featured were called maria
· There are no liquid seas on the moon –maria are seas of frozen lava
· The is extensive overlapping of the craters (called saturation of the surface)
· Sizes and depths of the craters, and distances debris can be ejected, are different due to the different surface gravities
· Surface gravity of the Moon is ½ that of mercury, so impacts throw debris farther on the Moon = more secondary craters

Mariner 10 Encounters
· Almost everything we knew about Mercury’s surface was due to the Mariner 10 probe, which made three flybys two Mercury years apart in the mid 1970’s

Messenger
· MErcury Surface, Space ENvironment, GEochemistry and Ranging
· Launched in 2004
· Encountered Mercury for the first time 14 Jan 2008 and again on 6 Oct 2008 and again 29 Sept 2009
· It went around orbit Mercury March 2011

Caloris Basin
· Mercury has one enormous impact basin called Caloris
· It is 1600km in diameter
· We only see half of Caloris in Mariner 10 images since the terminator (line dividing day from night on a planet or moon) cuts across the middle of the basin
· Is Caloris an old or young feature?
· Old because so many craters overlay its ridges
· The basis seen in enhanced color, is visible as a circular orange feature
· The bright orange spots just inside the rim of the basin are thought to mark the location of volcanic features
· The basin has landforms that are better preserved than in older basins (which are more modified by smaller impact cratering)
· There are hundreds of extensional troughs where the surface has been pulled apart
· Pantheon Fossae has over 200 troughs in a radiating pattern, but near the outer edges of the basin, troughs are seen instead of patterns broadly concentric to Caloris basin
· Caloris basin appears similar to the Moon’s Mare Orientale
· On the other side of the planet, there is a disturbed geology called “hilly terrain” – is this deformation from the impact that created Caloris?

A Volcano mapped by MESSENGER
· The largest volcano currently identified on Mercury – located just inside the rim of the Caloric impact basin
· The irregularly-shaped depressions are believed to be volcanic vents and the margin of the dome-like feature marks the outer limit of lava flows from those vents thought to have covered up the underlying surface of hummocky plains
· On a geological map (found in lecture notes) the unlabeled double line outlines the bright material believed to be pyroclastic deposits ejected during eruptions at the vents
· A “highly-embayed impact crater” has had lava flow up to its rim, while a slightly more distant impact crater is still relatively “fresh” and unchanged by any lava

Interior
· We cannot probe the interior of the planet seismically
· We know the mass and volume of Mercury
· Its mean density is high – p=5.43 g/cm3
· Mercury must have a large iron core (~75% of the planets radius)
· Could impacts of large planetismals in the early history of the Solar System have stripped away most of Mercury’s mantle?
· The impact that formed the Caloris Basin might have been a ‘late hit’’ from this era, leaving evidence after Mercury’s crust solidified
· Or maybe it was difficult for rocky materials to condense from the protoplanetary nebula so close to the protoSun where the gas temperature was very high?

Mercury’s Crust has Contracted
· The planets core cooled and shrank
· Some portions of the crust were forced to slide under others
· This forced the crust to buckle
· Cliffs (scarps) 2-3 km high were created by the resulting tectonics
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Formation of the Solar System
A Theory Must Explain
· All planets have nearly circular orbits in nearly the same plane
· All orbit in the same sense (the same sense as the Suns rotation)
· Planets close to the Sun are small, metallic and rocky
· Outer planets are large, gaseous and icy
· Sun contains 99.8% of mass in the Solar System
· Soar System is almost entirely hydrogen and helium gas

How do we know the age of the Solar System?
· We estimate the age of the Solar System to be about four and a half billion years

Radioactive Dating
What is an atom?
· An atom consists of a nucleus orbited by one or more electrons (with negative charge)
· The nucleus contains protons (positive charge) and neutrons (no charge)
· A proton (or neutron) is about 1800x more massive than an electron

What is the simplest atom?
· The simplest atom is hydrogen with a nucleus of only one proton orbited by one electron

What is the largest atom?
· obesium with a nucleus the size of a beach ball
· Banned by the U.S. Department of “Non-Uranium-CobaltUnstable Lethal Arms Resources” (NUCULAR)

What is an isotope?
· A chemical element is identified by the # of protons in its nucleus: Z=atomic number
Eg) hydrogen H has 1 proton: Z=1
	 Carbon C has 6 protons: Z=6
	 Uranium U has 92 protons: Z=92
· Isotopes are atoms which have the same number of protons  (same atomic number Z) but different numbers of neutrons so different atomic weight A
· A = number of protons and neutrons

Isotopes of Hydrogen
· Hydrogen always has one proton but can have one or two neutrons
· The isotope deuterium has twice the mass of ordinary hydrogen

Heavy Water
· A natural water molecule contains two atoms of hydrogen (H2O)
· If it contains deuterium (D2O) it is known as “heavy water”

Sudbury Neutrino Observatory (SNO)
· Buried 2 kilometers underground in a Sudbury mine shaft is the worlds leading neutrino detector: an acrylic sphere 12m in diameter filled with 1000 tones of heavy water surrounded by light detectors
· Shielded by solid rock blocking other energetic particles, SNO detects neutrinos from the Sun which pass right through Earth
· The neutrinos react with the heavy water molecules to produce flashes of light (Cerenkov radiation) which are measured by ~9600 phototubes

Isotopes of Carbon
· Carbon has three common isotopes: Carbon-12, Carbon-13 and Carbon 14
· Carbon-14 has an unstable radioactive nucleus

Isotopes for Medicine
· The 52 year old nuclear reactor in Chalk River, Ontario used to supply almost half of the worlds supply of isotopes used for medical imaging and heart & cancer tests

What is Radioactivity?
· The nucleus of an unstable isotope spontaneously loses some of its protons and neutrons and “decays” into a stable nucleus of lower mass
· In doing so, it will emit a photon with some of the nuclear binding energy
· The original atom is the parent and the atom resulting from the radioactive decay is the daughter
Eg) Carbon-14 decays into Nitrogen-14
· Some unstable nuclei undergo a series of decays to other unstable isotopes until they eventually produce a stable daughter isotope
Eg) Uranium-238 goes through fourteen decays until it ends up as Lead-206

Radioactive Decay
· The decay of an unstable nucleus is a statistical process 
· For a given isotope, there is a know probability that it will decay in a certain amount of time
· In an amount of time known as a half-life, 50% of the unstable parent nuclei will decay into stable daughter nuclei

Half-life
· The half-life of Strontium-90 is t ½ = 25 years
· After 1 half-life (25 years) has elapsed, only half the original amount of Strontium-90 is left (50%)
· After 2 half-lives has (50 years) have elapsed, ½ x ½ = ¼ of the original amount of Strontium-90 is left (25%)
· After 3 half-lives (75 years) have elapsed, ½ x ½ x ½ = 1/8 of the original amount of Strontium-90 is left (12 ½ %)
· After 4 half-lives (100 years) have elapsed: ½ x ½ x ½ x ½ = 1/16 of the original amount of Strontium-90 is left (6 ¼ %)

Half-life of Decaying Isotopes
· After each half-life, only half of the radioactive nuclei are left in a sample of the material
· This process is mathematically known as exponential decay

Half-life and Measuring Age
· If you
a. Know what was the original concentration of a stable daughter isotope in a sample of rock or fossil or artifact
and
b. Measure the current ratio of the unstable parent isotope to the daughter
you can
c. Estimate how many half-lives have elapsed
· This gives you the age of the material

Half-life and Estimating Age (without an equation)
· The unstable isotope Bolonium-457 (BI-457) decays into the stable isotope Kraftinneron-372 (KD-372) with a half-life of 7x10^6 years
· If, when a rock solidified, it has no KD-372 and it now has 7 times as much KD-372 as BI-457, how old is the rock?
· After each half-life, only 50% of the unstable parent isotope is left
· If there are 7 times as many daughter atoms as parent, then only 1/8 of the original number of parent BI atoms are left
· ½ x ½ x ½ = 1/8 (three half-lives) = 2.1x10^7 years have elapsed

Ages of the Oldest Rocks on Earth
· Most of the crust of the Earth has been modified by geological activity
· The oldest parts of the surface tent to be where we find more old impact craters since those features haven’t been wipes over by lava
· Greenland (whose ice pack has obscured ancient craters), Australia, and parts of the Canadian Shield are where the oldest rocks on Earth have been found
· Beige rocks 40 km south of Inukjak, Nunavik, are the oldest known rocks – estimated age = 4.28 billion years – they may be remnants of a portion of the first crust that formed on the surface during Earths early history
· The oldest rocks found in the surface crust of the Earth are about 3.6-4.3 Gyr (billion years) old
· This is a lower limit to the age of our planet
Ages of the Oldest Meteorites
· The oldest meteorite found so far have ages measured through radioactive dating of 4.5 +or- 0.1 Gyr
· Possibly the oldest meteorite fragments ever known fell onto Tagish Lake, Yukon, near the BC border on January 18, 2000
· The oldest meteorites found so far have ages measured through radioactive dating of 4.5 +or- 0.1 Gyr
· This is a lower limit to the age of out Solar System

Ages of Old Rocks
· Combined with out observations and models of the Sun, our best estimate for the age of the Solar System is ~ 4.5-4.6 Gyr
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Jovian Worlds
Basic Properties
· Compared to the terrestrial planets, the Jovian planets:
· Are more distant from the Sun
· Are much larger and much more massive
· Are composed mostly of hydrogen and helium gas and frozen hydrogen compounds like methane, ammonia and water ices
· Have no solid surfaces
· Rotate quickly – which gives them slightly “flattened” shapes
· Have many moons
· Have ring systems

Why so big? Why so gaseous? Why so icy?
· They formed beyond the frost line in the protoplanetary nebula where large, icy planetismals were massive enough to capture cold slow-moving H and He to form gaseous planets
· So each Jovian formed its own “miniature” version of the solar nebula from which systems of moons condensed

Rotational Periods
Planet		Sidereal Period
Mercury	58..6467 days
Venus		-243.02 days
Earth		23hr 56min 4.1sec
Mars		24hr 37min 22.66sec
Jupiter		9hr 55min 30sec
Saturn		10hr 29min 32sec
Uranus		-17hr 14.4 min
Neptune	16hr 6.6 min

Jupiter’s Moons
· 63 moons known orbiting Jupiter
· In addition to the 4 large Galilean moons, there are:
· 4 small inner moons
· 7 irregular Group 1 – inclined orbits – probably captured asteroids
· 48 in irregular Group 2 – inclined retrograde orbits – probably captured asteroids

Rings Around the Solar System
· None of the terrestrial planets have ring systems 
· All four Jovian planets have ring systems
· The most extensive and prominent of these are Saturn’s rings


Ring Plane Crossings
· When viewed edge-on the rings almost disappear from view, except for their shadow on the planet
· The rings are very thin
· Only tens of meters thick while nearly 300000km in diameter
· In proportion, thinner than a sheet of paper

Saturn’s Rings
What are the rings made of?
· Are the rings solid or made of many particles, which can’t be resolved at the distance of Saturn from Earth?
· Telescopic images revealed that the rings had structure: the A,B,C rings and the Cassini division
· Physicist Maxwell proved theoretically that Saturn’s rings could not be solid
· Astronomer Keeler obtained reflectance spectra
· Doppler shifts in the spectra showed that the rotation speed as a function of ring radius (distance from the center of Saturn) obeys Kepler’s 3rd Law
· The rings consist of independent small bodies all orbiting around Saturn like tiny moons or satellites

Ring Particles
· Typical ring particles: a few centimeters or meters in size
· Each particle is in an independent orbit around Saturn
· The orbits are very circular
· Collisions among the particles produce a very flat ring

How did the rings come to be?
· If you added all the ring particles together the total mass of Saturn’s rings could form a moon ~100km in diameter
· Why isn’t there a small moon instead of these rings? Answer: tides

Roche Limit
· Two bodies with masses m1 and m2 feel different gravitational forces from the planet
· If this ‘tidal’ force is greater than their force of mutual attraction they will be pulled apart
· Objects closer to the planet than a certain distance will not gather together to from a moon
· This distance (slightly greater than 2 planetary radii) is the Roche limit
· The main ring system around all four Jovian worlds all lie inside the Roche Limits of those planets

Jupiter
Interior
· Rocky core, metallic hydrogen, transition zone, molecular hydrogen
· Temperature at core = 25000K
· “Liquid hydrogen” H gas compressed to such high density that it flows like a liquid
· “Metallic hydrogen” compressed even further H gas can conduct electricity like a metal

Magnetic Fields
· Currents circulating in the interior due to rotation act as a giant powerful natural electromagnet (or dynamo) generating a dipolar magnetic field
· This is the same mechanism responsible for the Earths field

Interior
· Although Jupiter has no solid surface and consists mostly of H and He, it does have distinct interior layers defined by the phase of the gas
· Moving down from the surface to the core:
· Temperature increases
· Pressure and density increase
· The core of Jupiter is slightly larger than Earth but it is 5 times as dense thanks to tremendous weight pushing on it from above
· Jupiter’s core has 10 times the mass of Earth
· Jupiter is about 3 times more massive than Saturn, but it is not much larger
· Saturn has a shallower layer of liquid metallic hydrogen – why??

Interiors
Pressure in a Jovian World
· (regarding the question above)
· Think of stacking pillows on top of one another. The ones at the bottom get squeezed more and more and the height of the stack doesn’t grow at the same rate as you add more pillows
· In a Jovian planet, the added weight of H and He compresses the core to a higher density
· As more mass, and Jupiter would get smaller – Jupiter is almost as large as a planer can get

Ice Giants
· Uranus and Neptune have less mass than Saturn but they have higher densities
· They must be made of denser material
· More ice as a proportion of their total radius and mass

Jovian Worlds
· All Jovian cores appear to be similar
· Made of rock, metal, and hydrogen compounds
· Each about 10x the mass of Earth
· Why are the ice giants smaller?
· Uranus and Neptune captured less gas from the nebula so maybe the accretion of planetismals took longer? – not much time to trap gas before nebula was cleared by solar wind?

Jupiter
Atmosphere
· Thermosphere – absorbing solar X-rays
· Stratosphere – absorbing solar ultraviolet
· Troposphere – greenhouse gases trapping heat from both Jupiter and the Sun

Cloud Layers
· Jovian weather is caused by convection in the troposphere
· Warm gas rises to cooler altitudes, where it condenses to form clouds
· Three gases condense in the Jovian atmosphere – they condense at different temperatures so the clouds form at different altitudes: (List high to low)
· Ammonia (NH3)
· Ammonium hydrosulfide (NH4SH)
· Water (H2O)

Weather: Belts and Zones
· Like Earth, Jupiter has circulation cells in its atmosphere
· Jupiter is much larger and rotates much faster so the Coriolis Effect is much stronger on Jupiter
· Because of the powerful Coriolis Effect , atmospheric circulation cells are split into many bands of rising and falling air
· These are the colored stripes (belts and zones) we see on the planets disk

Storms: The Great Red Spot
· For 3 centuries, the planet has had a large reddish oval feature
· The Giant Red Spot is a storm like a hurricane
· The size is big enough to swallow several Earths
· A high pressure region in Jupiter’s atmosphere causes winds ot move outward and the Strong Coriolis Effect (Jupiter’s southern hemisphere) deflects those winds to the left to cause counterclockwise circulation
· It is unknown why this high-pressure region has lasted for at least 300 years

Storms: A Jovian Weather Report
· Why do planet-circling clouds disappear and reappear?
· In mid-2010, Jupiter’s dark Southern Equatorial Belt (SEB) disappeared
· The SEB has changed colors before, although the change has never been recorded with such detail
· Detailed professional observations reveal that the high-flying light-colored ammonia-based clouds formed over the planet-circling dark belt
· Now those light clouds are dissipating, again unveiling the lower dark clouds

Uranus and Neptune
Atmospheres
· Why are these planets blue?
· They have higher fraction of methane gas
· Methane absorbs red sunlight
· Only blue light is reflected back into space by the clouds

Moons of Jupiter
Galilean Moons
· The moons – Ganymede, Io, Europa, Callisto – can be seen through binoculars or a small telescope looking like faint stars roughly in a straight line which intersects the planet because we are seeing their common orbital plane almost edge on
· In Lab 3, we observed the motions of these moons and measured their semi-major axes and orbital periods
· Galileo’s observations showed that they were orbiting Jupiter
· While small compared to Jupiter, and even compared to Earth, these moons can be considered to be worlds
· Ganymede is larger than the planet Mercury and would be considered a planet if it were orbiting the Sun instead of Jupiter

Basic Properties
· Nearly circular orbits
· Only Europa is smaller than the Earths Moon
· Average densities ~2-3.5 g/sm3 (icy and rocky compositions)
· Average densities decrease with increasing distance from Jupiter

Miniature “solar systems”?
· Like the condensation sequence for planets forming in the protosolar nebula, moons forming in an ‘eddy’ in the nebula around Jupiter show the same pattern of icier composition with increasing distance from the center
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Io
The closest Moon to Jupiter
· Io has the highest density of the Galilean moons (p~3.5g/cm3) which means it has the rockiest composition
· The tidal stresses on Io exerted by Jupiter must be enormous

A Moon Under Stress
· Io has a very slightly eccentric orbit and the varying distance of Io causes a modulation of the tidal force, hence flexing which heats Io
· The internal heating is equivalent to 10 trillion Watts
· Io’s orbital eccentricity is maintained by a resonance with the orbits of Europa and Ganymede
· It experiences severe heating due to tidal stresses

An active volcanic world
· Io is the only place in the Solar System of other than Earth where active volcanic eruptions have been observed
· The plumes rise more than 200km above Io’s surface
· The gas is sulphur dioxide in eruptions like geysers

Europa
An Icy Surface
· A surface nearly devoid of impact craters which consist of almost pure water ice
· Mild tidal heating causes water to continually upwell to the surface where it freezes into new crust
· Many fractures crisscross the surface
· Average density of ~3g/sm3 implies Europa is mostly rock inside
· Complex ridge patterns caused by cracks opening in crust, filling with water and freezing
· Tidal flexing during Eurpoa’s orbit causes cracks to open and close

An icy surface covering an ocean world?
· Data suggests that there may be an ocean of water tens of km deep beneath the crust of ice
· Water + internal heat = conditions for life??

Moons of Saturn
· 21 moons known
· 6 medium sized icy moons
· 1 large moon – Titan

Titan
A thick atmosphere
· Titan has a thick atmosphere which hides its surface from view
· Composition: 90% nitrogen N2, rest is argon, methane, ethane and other hydrogen compounds

Pluto
Before 2006
· Planet

After 2006
· Dwarf planet

The Ninth Planet
· In the early years of the 20th century, astronomers believed there was a ninth planet whose gravity was perturbing Neptune’s orbit
· Astronomers searched the skies close to the ecliptic for faint points of light moving from night to night, that could be distant planets
· 1930, Clyde Tombaugh found Pluto
· Pluto was not massive enough to explain Neptune’s orbital perturbation but it turned out that the measured mass of Neptune was wrong – no large ninth planet was needed
· Originally, Pluto was believed to be about the size and mass of Earth
· It was not until the late 1970’s that Pluto was discovered to have a moon, names Charon
· Using Kepler’s 3rd Law, it was finally possible to determine the true mass of Pluto: only ~0.2% of Earths mass
· If this had been known in the 1930’s, Pluto might never have been designated a planet

Charon
· Charon is half the radius and same density as Pluto
· The moon-to-planet mass ration is about 1/8 largest in Solar System
· Both Pluto and Charon spin with the same period (=Charon’s orbital period) due to tidal locking
[bookmark: _GoBack]
Two more moons: Nix and Hydra


Kuiper Belt
· This is a flattened distribution of icy bodies with orbital semi-major axes from about 30-100 AU
· Pluto is now considered to be one of the largest known examples of these Kuiper Belt Objects (KBOs) also known as Trans-Neptunian Objects

King of the Kuiper Belt
· Pluto appears to be one of the largest of a large swarm of icy bodies orbiting beyond Neptune

Definition of a Planet
Resolution 5A of the 26th IAU General Assembly
1. A planet is a celestial body that (a) is in orbit around the Sun, (b) has sufficient mass for its self-gravity to overcome rigid body forces so that is assumes a hydrostatic equilibrium (nearly round) shape, and (c) has cleared the neighborhood around its orbit

Footnote: The eight planets are Mercury, Venus, Earth, Mars, Jupiter, Saturn, Uranus, and Neptune.

Pluto?
· Pluto orbits the Sun, and its round, but it has not cleared its neighborhood of other bodies similar in size and mass to itself

Asteroids
Detecting Asteroids
· Asteroids look like faint stars even through a telescope but – like planets – move relative to the stars from hour to hour and from night to night, leaving a trail in a long exposure picture
· Measuring the angular speed of the asteroid, its direction of motion and its brightness can be translated into the objects orbit around the Sun

Where are they?
· Most are in the asteroid belt between the orbits of Mars and Jupiter at distances of 2-4 AU

The Largest Asteroid
· Ceres is the largest asteroid in the Belt (diameter 940km) and is now designated a dwarf planet

The Asteroid Belt
· There are about a million asteroids with diameters larger than about 1 km
· Does this mean that the asteroid belt is a dense ‘minefield’ dangerous to cross?
· The asteroid belt is a ‘torus’ about 3AU in radius, 2 AU wide and about 1 AU high
· The volume is about 40 AU3 ~ 10^26km3
· So the belt only has 1 asteroid per 10^20 km3
· Average distance between asteroids ~3 million km~8x distance to Moon

Apollo Asteroids
· Jupiter’s gravity perturbs some asteroids out of their nearly circular orbits into eccentric orbits which cross Earth’s orbit

Rubble Piles
· Asteroids look like solid rock, but some are not so solid
· Asteroid must be porous “rubble piles”

Leftovers of Planet Formation
· The asteroid belt is “collisionally evolved”
· Most present-day asteroids are fragments of past generations when collisions were much more important to the young asteroid belt]
· Current collisions are what produce meteoroids which can reach Earth
· Asteroids in the belt are not pieces of a disrupted planet but planetesimals that never gathered together into a planet
· Why? Jupiter’s gravity disrupted planet formation in orbits between 2-4AU
· Belt has only ~0.1-1% of its original mass
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Comets
What is a comet?
· We recognize comets in the sky when they make their rare appearance to the unaided eye by their sweeping tails
· The appearance of comets throughout history (up until the last century or so) were associated with omens

Halley’s Comet
· This comet was not discovered by Halley, but he proposed in 1705 that comets that were seen at 76-year intervals in history were actually the same comet in an eccentric 76-year orbit
· He predicted the timing and location in the sky of the next appearance of the comet – it was seen where and when Halley predicted

Behavior of a Comets Tail
· A comet develops its tails only when it gets close to the Sun (within a few Au)
· The tail gets longer as the comet gets closer to the Sun (longest at perihelion)
· The tails always point away from the Sun

Recipe for a Comet
· Frozen methane
· Frozen water
· Frozen ammonia
· Dust grains (i.e. dirt)
· Traces of organic compounds and other chemicals

Anatomy of a Comet
· At the heat of a comet is the nucleus
· A body of ices and dust typically about 10km across
· As the comet approaches the Sun, it develops a coma
· A roughly spherical cloud of gas and dust
· When close enough to the Sun, the comet develops two tails: an ionized gas tail and a dust tail

Nucleus
· The ices in the nucleus are warmed by the increasing flux of sunlight and evaporate
· In vacuum, ices can’t melt but turn directly into vapour
· This releases gas as well as dust particles trapped in the ice
· The dirtier (darker) areas absorb more sunlight, become warmer and evaporate faster

Coma
· The gas and dust form a cloud around the nucleus called the coma
· The coma is what we actually see as the head of the comet
· The nucleus is too small and hidden in the glow of the coma

Gas Tail (aka. Ion or Plasma Tail)
· The gas atoms and molecules in the coma are ionized by ultraviolet light from the Sun
· A physicist refers to such a charged gas a s a plasma
· The solar wind (a stream of charged particles escaping from the Sun) carried the ions in the coma directly away from the Sun in a straight tail
· This is why the tail always points away from the Sun, no matter in what direction the comet is moving
· Spectra of light emitted from the straight tail shows the signature of gas ions

Dust Tail
· The dust particles released into the coma from the icy nucleus don’t have any charge but they feel the force of sunlight itself (radiation pressure)
· The pressure pushes the dust away from the sun. The particles adopt slightly different orbits as they move to form a curving dust tail

Short-Period Comets
· There are two ‘families’ of comets whose orbits are small enough that they come close to the Sun (and Earth) every few years or decades. These comets all have orbits close to the plane of the ecliptic
· Halley-Type Comets
· Periods of ~20-200 years
· Jupiter Family Comets
· Periods of less than 20 years
· Gravitationally tied to Jupiter
· Semi-major axes a<7.3AU

Long Period Comets
· Statistically, most comets are falling into the inner Solar System on highly elongated orbits whose aphelia are from hundreds to tens of thousands of AU from the Sun
· Their orbital periods are centuries and millennia
· The long period comets arrive from all directions (not just in the plane of the ecliptic) and their orbits are both prograde and retrograde

The Oort Cloud
· Dutch-American astronomer Jan Oort proposed that the long-period comets are from a vast swarm of icy bodies whose orbits extend as far as 50000-75000 AU from the Sun
· The edges of the Oort cloud extend out to a significant fraction of the distance to the nearest stars
· The Oort Cloud may be the planetismals which condensed before the protosolar nebula had collapsed enough to increase its spin due to angular momentum conservation and flatten into a disk
· Most of the short-period comets may come from the Kuiper Belt

What is a comet?
· Comet nuclei appear to be leftover planetismals from the early Solar System which condensed beyond the orbit of Jupiter
· So comets are relics of the birth of out Solar System
· Their compositions and surface conditions are like being able to travel back in time to about 4.5 billion years to investigate conditions when the Sun and planets were forming

Passing through the tail of a comet
· In 1910, Comet Halley moved through the inner Solar System on a path that meant its tail would sweep over the Earth
· Spectroscopy of the comet’s tail showed that it contained many organic compounds – including a form of cyanide
· It is harmless, given the very low densities of the gas and dust particles
· The Earth regularly passes through the dust particles released from a comet’s nucleus, which orbit around the Sun in a similar orbit to the comet itself
· When we pass through this stream of dust, at speeds of tens of kilometers per second, we experience a meteor shower

A meteor
· As these tiny dust particles hit Earth’s atmosphere at such high speeds, their kinetic energy heats the air
· This vaporizes the meteoroid and causes the air to glow in a brief streak of light, nicknamed a falling star
· This happens all the time with the dust particles arriving from space in random directions
Meteor Showers
· When the Earth ploughs through the orbiting dust stream left behind by a comet, there are many meteors still arriving from one direction in space
· The appear to come from one point in the sky called the radiant, but this is an illusion of perspective
· A meteor shower doesn’t look like a real shower though
· During a rich shower on a clear dark night with no moon in the sky, you’ll see about a meteor per minute
· In lon exposure photos, you can see all the meteor trails expand from the radiant

Leonid meteor storms
· Occasionally, the Earth passes through a portion of a cometary dust stream that is much denser than average and we experience an incredible meteor shower with more than 500 meteors visible per minute

Impacts
Do we need to duck during a meteor shower?
· No. The vast majority of the particles are smaller than a grain of sand and burn up high in the atmosphere
· A few meteoroids are large enough to break up into smaller pieces which survive to hit the surface

Tunguska Impact
· On June 30, 1908, a fragment of a comet or a small asteroid struck the atmosphere above the Tunguska River, Siberia in Russia
· Trees were flattened for a radius of about 30 km, radiating away from “ground zero” of the explosion
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