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Week 1

Lecture 1
e Introduction and requirements; What is life
« Time Scales; How we date things

Lecture 2

 Big Bang; Origin of The elements; Solar
System, Earth and Moon, early Earth
segregation, atmosphere and hydrosphere;
characteristics of the ‘habitable zone’ Some
inltroductory Geology; How to Make a Habitable
Planet:



Making a Habitable Planet

* The right kind of star and a rocky planet
* A benign cosmological environment

e Matter, temperature where liguid water stable,
energy

« And many more............ see
WS Broecker, How to Build a Habitable
Planet

 The leading questions remain: When, how & why



Cosmic Time Scales
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Figure by MIT OpenCourseWare.

Avg. human life span=0.15 s




Image removed due to copyright restrictions.
See illustration in Des Marais, D. J. "Evolution: When Did
Photosynthesis Emerge on Earth?" Science 289 (2000): 1703-1705.



Time T(K) E Density What’s Happening?

Figure removed due to copyright restrictions.
See http://hyperphysics.phy-astr.gsu.edu/hbase/astro/bbang.html

New NASA Speak: The
theory Of The Big Bang

*From: The First Three
Minutes, by Steven
Weinberg



http://hyperphysics.phy-astr.gsu.edu/hbase/astro/bbang.html

Evidence

for the Big
Bang #1: An ustration o the selan bread model f expanding mmiverse

Expanding

Universe

*The galaxies we see 1n all directions are moving away from the
Earth, as evidenced by their red shifts (Hubble).

*The fact that we see all stars moving away from us does not imply
that we are the center of the universe!

All stars will see all other stars moving away from them in an
expanding universe.

*A rising loaf of raisin bread 1s a good visual model: each raisin
will see all other raisins moving away from it as the loaf expands.




Science Magazine: Breakthrough of the
Year 2003

* Wilkinson Microwave Anisotropy Probe
(WMAP) produced data to indicate the
abundances and sizes of hot and cold
spots in the CMB.

* Universe Is very strange

 Universe not just expanding but ~ crer osrcmash
accelerating

* Universe is 4% ordinary matter, 23%
‘exotic matter = dark matter’ and 73%
dark energy

« Ageis 13.7+ .2 b.y. and expanding
o |It's flat

Image courtesy of NASA.
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Nucleosynthesis
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Nucleosynthesis I: Fusion Reactions in Stars

Fusion
Process

Hydr.ogen H-->He,Li,Be,B
Burning

3He=C, 4He=0

Helium Burning

Carbon Burning

Neon, Oxygen
Burning

Silicon Burning




Hydrogen to Iron

*Elements above iron in the periodic table cannot be formed in the
normal nuclear fusion processes in stars.

*Up to 1ron, fusion yields energy and thus can proceed.

*But since the "iron group" 1s at the peak of the binding energy
curve, fusion of elements above iron dramatically absorbs energy.
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Figure by MIT OpenCourseWare.



Cosmic Abundance
of the Elements

*H (73%) & He (25%) account for
98% of all nuclear matter in the
universe.

[ ow abundances of Li, Be, B due
to high combustibility in stars.
*High abundance of nucle1 w/ mass
divisible by “He:
C,0,Ne,Mg,S1,S,Ar,Ca

*High Fe abundance due to max
binding energy.

*Even heavy nuclides favored over
odd due to lower “neutron-capture
cross-section” (smaller target =
higher abundance).

All nuclei with >209 particles
(?%Bi) are radioactive.
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Elements Heavier than Iron

*To produce elements heavier than Fe, enormous amounts of
energy are needed which 1s thought to derive solely from the
cataclysmic explosions of supernovae.

In the supernova explosion, a large flux of energetic neutrons i1s
produced and nucle1 bombarded by these neutrons build up mass
one unit at a time (neutron capture) producing heavy nuclei.

*The layers containing the heavy elements can then be blown off
be the explosion to provide the raw material of heavy elements in
distant hydrogen clouds where new stars form.



Protostar Formation from Dark Nebulae

Cores of ca 1000
=() solar masses

—

Image removed due to copyright restrictions.

Image removed due to copyright restrictions.

See http://abyss.uoregon.edu/~js/images/cloud_frag.gif

Clumps of ca 10-50
solar masses and
0.1pasec dia

t=10 m.y.

" image courtesy of NASA -

Dark Nebulae: Opaque
clumps or clouds of gas
and dust. Poorly defined
outer boundaries (e.g.,
serpentine shapes). Large
DN visible to naked eye
as dark patches against
the brighter background
of the Milky Way.



http://abyss.uoregon.edu/~js/images/cloud_frag.gif

Candidate Protostars in the Orion Nebula

Images courtesy of NASA.



Image and text removed due to copyright restrictions.

See http://abyss.uoregon.edu/~js/images/protostar.qgif



http://abyss.uoregon.edu/~js/images/protostar.gif

Star Maintenance

Image removed due to copyright restrictions.

See http://abyss.uoregon.edu/~js/images/thermal equilibrium.gif

Image removed due to copyright restrictions.

See http://abyss.uoregon.edu/~js/images/hydrostatic _equilibrium.qgif



http://abyss.uoregon.edu/~js/images/hydrostatic_equilibrium.gif
http://abyss.uoregon.edu/~js/images/thermal_equilibrium.gif

Electromagnetic
Spectrum

*The Sun, a relatively small

& cool star, emits primarily

in the visible region of the

electromagnetic spectrum.

Fainter & hotter objects emit

energy at longer & shorter
Visible Spectrum A’s, respectively.

(Gamma X-Ray

g

Visible—»
Reflected TR
Thermal IR
Microwave

Image courtesy of the U.S. Geological Survey.



Spectra of Elements

*All elements produce a unique chemical fingerprint of
“spectral lines” in the rainbow spectrum of light.

*Spectra are obtained by spectroscope, which splits white light
into i1ts component colors.

Image removed due to copyright restrictions. Image removed due to copyright restrictions.
Figure showing a photographic spectrum, and a graph of its line See http://abyss.uoregon.edu/~js/images/kirchhoff.qif for
intensity profile; see http://abyss.uoregon.edu/~js/images/a3combo.gif illustration of emission/absorption lines concept.

for image.


http://abyss.uoregon.edu/~js/images/kirchhoff.gif
http://abyss.uoregon.edu/~js/images/a3combo.gif

Doppler Effect

Occurs when a light-emitting object is in motion
with respect to the observer.

Image removed due to copyright restrictions.

Illustrations of blue shift and red shift; see http://abyss.uoregon.edu/~js/images/doppler.qgif

*Motion toward observer: light is  *Object receding from
“compressed” (wavelength gets  observer: A increases, or gets
smaller). Smaller A = bluer light, “red shifted”.

or “blue shifted”.



http://abyss.uoregon.edu/~js/images/doppler.gif

Our Stellar Neighborhood 1 pc=3.26 It-yr

Image removed due to copyright restrictions.



Mass-Luminosity Relationship for Stars

A small sampling of stars near the sun. Actual
range of masses in our Galaxy is 0.08-100 M,..



Examples of Stars

Image courtesy of Wikipedia.

*Sun: middle-of-the-road G star.

0HD93 1 29 A a B Star, is mu Ch Image removed due to copyright restrictions.

See http://abyss.uoregon.edu/~js/images/HD93129A.jpg for

larger, brlghter and hOtter image depicting relative sizes of HD93129A and the Sun.



http://abyss.uoregon.edu/~js/images/HD93129A.jpg

Hertzsprung-
Russell
Diagram

Image removed due to copyright restrictions.

See http://abyss.uoregon.edu/~js/images/hr _diagram 1.qgif

*90% of all stars lie
on main sequence

Image removed due to copyright restrictions.

See http://abyss.uoregon.edu/~js/images/pre_main_seq.qgif

*Above Stars are from solar Neighborhood


http://abyss.uoregon.edu/~js/images/pre_main_seq.gif
http://abyss.uoregon.edu/~js/images/hr_diagram_1.gif

Sun’s Evolution Onto the Main Sequence

Image removed due to copyright restrictions.
See http://hyperphysics.phy-astr.gsu.edu/hbase/astro/imgast/sunev.gif.

*Where it will stay for ~10 b.y. (4.6 of which are past) until
all hydrogen 1s exhausted...



http://hyperphysics.phy-astr.gsu.edu/hbase/astro/imgast/sunev.gif

*For stars of less than 4 solar masses, hydrogen burn-up at
the center triggers expansion to the red giant phase.

Image removed due to copyright restrictions.
See http://hyperphysics.phy-astr.gsu.edu/hbase/astro/imgast/sunrg. gif.



http://hyperphysics.phy-astr.gsu.edu/hbase/astro/imgast/sunrg.gif

White Dwarf Phase of Sun

*When the triple-alpha process (fusion of He to Be, then C) in a red
giant star 1s complete, those evolving from stars <4 M_ _do not have
enough energy to ignite the carbon fusion process.

*They collapse, moving down & left of the main sequence, to become
wilts cyarts.

*Collapse 1s halted by the pressure arising from electron degeneracy
(electrons forced into increasingly higher E levels as star contracts).

Image removed due to copyright restrictions.
See http://hyperphysics.phy-astr.gsu.edu/hbase/astro/imgast/whdw.gif

(1 teaspoon of a white dwarf would weigh 5 tons. A white dwarf
with solar mass would be about the size of the Earth.)



http://hyperphysics.phy-astr.gsu.edu/hbase/astro/imgast/whdw.gif

End of a
Star’s Life

eStars <~25 M evolve to
white dwarfs after substantial
mass loss.

*Due to atomic structure
limits, all white dwarfs must
have mass less than the
Chandrasekhar limit (1.4 M,).
°If initial mass 1s > 1.4 M_ it is
reduced to that value
catastrophically during the
planetary nebula phase when
the envelope is blown off.
*This can be seen occurring in

the Cat's Eye Nebula:

Image courtesy of NASA.



Supernovae:
Death of

massive stars
> 25 Solar masses

Image removed due to copyright restrictions.

See http://abyss.uoregon.edu/~js/images/hr_diagram_3.qif

Image removed due to copyright restrictions.

See http://abyss.uoregon.edu/~js/images/sn_explosion.qgif



http://abyss.uoregon.edu/~js/images/sn_explosion.gif
http://abyss.uoregon.edu/~js/images/hr_diagram_3.gif

Supernovae

E release so immense that star
outshines an entire galaxy for a few
days.

Image removed due to copyright restrictions.

[lustration of supernova-induced star formation; see
http://abyss.uoregon.edu/~js/images/star _propagation.jpg

Supernova 1991T in galaxy M51

*Supernova can be seen in nearby
galaxies, ~ one every 100 years (at least
one supernova should be observed if
100 galaxies are surveyed/yr).



http://abyss.uoregon.edu/~js/images/star_propagation.jpg

The Solar System
and Earth Accretion

& Differentiation



Formation of the Solar System

« Sites and images = Maria Zuber Website
12.004 Introduction to Planetary Science
http://web.mit.edu/12.004/www/sites.html

Text: Earth System History Steven M. Stanley, 1998
Other Readings: WS Broecker, How to Build a Habitable Planet

5 papers in Scientific American Oct 1994 Volume 271 from the big
bang to pollution Weinberg, Peebles, Kirschner, Allegre and Orgel

Delsemme, 1996, The origin of the atmosphere and of the oceans in Comets
and the Origin and Evolution of Life (Eds Thomas, P.J., Chyba, C.F.,
McKay, C.P.)

Chyba and Sagan, 1996, Comets as a source of Prebiotic Organic
Molecules for the Early Earth in Comets and the Origin and Evolution of
Life (Eds Thomas, P.J., Chyba, C.F., McKay, C.P.)


http://web.mit.edu/12.004/www/sites.html

Rotating dust cloud (nebulae)
Rotation causes flattening
Gravity causes contraction
Rotation increases
Material accumulates in center--protosun
Compression increases T to 106 °C—fusion begins
Great explosion

Origin of planets

Gases condense
Gravity causes them to coalesce into planetesimals

Planetesimals coalesce & contract into planets
The planets
Terrestrial or inner planets
Mercury, Venus, Earth, Mars
loss of volatiles (H, He, H,O) by solar wind
made of rock (O,Mg,S1,Fe)
Jovian planets (4 of the 5 outer planets)
Jupiter, Saturn, Neptune, Uranus
mostly volatiles (H, He)

Pluto
anomalous--rock w/ frozen H,O &CH,

Origin of
Solar
System:
Nebular
Hypothesis




Origin of Planetary
System from Solar
Nebula

* Slowly rotating cloud of
gas & dust

* Gravitational contraction
« High P=High T (PV=nRT)
 Rotation rate increases

(conserve angular
momentum)

* Rings of material
condense to form
planetesimals, then
planets (Accretion)

Figure by MIT OpenCourseWare.



The Solar System

Anomalous Planet

Image courtesy of NASA.

“Failed Planet”



UB313

When astronomers announced the discovery of UB313, the so-called tenth planet, a
little more than a year ago, they had a hunch it might be bigger than Pluto because of
its brightness. But despite several attempts to observe more closely the mysterious
object orbiting the sun at a distance of more than 14 billion kilometers, accurate
estimates of its size remained elusive. Now German astronomers working in Spain
have determined that UB313 has a diameter of roughly 3,000 kilometers--roughly 700
kilometers larger than Pluto's

These calculations rely on several assumptions, however, such as UB313 lacking an
atmosphere that would either reflect more light or trap more heat even though Pluto
has such a covering. The astronomers estimate that the planet reflects roughly the
same amount of light as Pluto, perhaps thanks to an icy methane surface. Their
research appears in today's issue of Nature. The finding adds impetus to the debate
surrounding what constitutes a planet. The International Astronomical Union is
currently working on a definition based on minimum size so as to keep Pluto a planet,
but this could open the possibility of even more planets in the outer reaches of the
solar system. After all, UB313 is one of more than 1,000 objects discovered beyond
the orbit of Neptune since 1992. In an accompanying commentary, Scott Sheppard of
the Carnegie Institution of Washington suggests it might be time for a new term for
such trans-Neptunian objects, much like "asteroid" was coined to refer to the many
inner solar system objects discovered in the mid-19th century. If it is size that
matters, however, it will be difficult to keep UB313 out of the exclusive planetary club.
Says Bertoldi: "Since UB313 is decidedly larger than Pluto, it is now increasingly hard
to justify calling Pluto a planet if UB313 is not also given this status."



Asteroid 243 IDA

Cratering indicates early origin
*Chemical composition of meteorites collected on Earth
indicate undifferentiated primordial material.



Accretion of the Earth

Earth mostly accreted from rocky material in a large, viscous disc of dust around a
young star (Laplace, 1796 and now supported by Hubble observations)

Earth accreted from planetesimals in the zone 0.8 to 1.3 au around the young sun
where the temperature gradient (1500K to 900K) determined the chemical
composition of condensing material and the ultimate composition of the bulk of the
planet

Coagulation of grains to 1m -1km sized objects x103 yrs; larger ‘embryos’ during
‘runaway growth 104-106yrs formed objects lunar to martian mass

Simulations predict an accretion time of roughly 50 million years for an Earth
analogue to reach >90% of its final mass (review by Halliday et al. 2000)

Chrondrites provide much of the evidence for planetary formation - ‘planets that
never formed’. Chondrites = primitive objects, stony meteorites from the asteroid
belt with elemental abundance ratios = those of the sun. Very heterogeneous
rocks formed by accretion of grains (chondrules) with a variety of origins.
Roughly ten times too much D/H to have delivered Earth’s water otherwise have
solar elemental abundances

Asteroids orbit roughly 2-4 Au ( between Mars and Jupiter) around the Sun but
delivered slowly to the inner solar system. Different families identified by their
spectral characteristics and the variable nature of meteorites. Some are
undifferentiated — too small/cold to gravitationally separate into a core and mantle.



Formation of the Earth by Accretion

Step 1: accretion of cm sized particles
Step 2: Physical Collision on km scale

Step 3: Gravitational accretion on 10-100 km scale
Step 4: Molten protoplanet from the heat of accretion

Image removed due to copyright restrictions.
Please see images linked to from this page: http://zebu.uoregon.edu/ph121/17.html.



http://zebu.uoregon.edu/ph121/l7.html

Accretion of the Earth: 2

Chrondrites provide much of the evidence for origins of nebula components and for
planetary formation - ‘planets that never formed'.

Many chondrites have roughly ten times too much D/H (the deuterium excess) to
have delivered Earth’s water otherwise have solar elemental abundances

Presence of ‘extinct isotopes’ eg Al%6 now present as Mg26. Half-life of Al%6 is low and
all would be dissipated in 2 million years. Therefore Al2® must have been trapped
in the solar nebula very early after it was formed in a supernova.

Chondrites contain a small proportion of ‘interstellar grains’ graphite, silicon carbide,
fullerines with trapped noble gases

Carbonaceous chondrites contain the most volatile elements and typically about 6%
organic carbon. Thought to have delivered significant amounts of organic matter
to the early Earth

Comets are nomadic bodies of ice, rock and organic and inorganic volatile
compounds left over from the formation of our solar system. Comets come from
the Kuiper belt located beyond Neptune, and from the Oort Cloud >200Au, which
marks the outside edge of the solar system.



Formation of the Earth by Accretion

*Tremendous heat generated 1n the final accretion process
resulted in initially molten objects.

e Any molten object of size greater than about 500 km has
sufficient gravity to cause gravitational separation of light
and heavy elements thus producing a differentiated body.

eThe accretion process 1s inefficient, there 1s lots of left
over debris.

e[n the inner part of the solar system, leftover rocky debris

cratered the surfaces of the newly formed planets (Heavy
Bombardment, 4.6-3.8 Ga).

e[n the outer part of the solar system, the same 4 step
process of accretion occurred but it was accretion of ices
(cometisemals) instead of grains.

http://zebu.uoregon.edu/ph121/17.html



http://zebu.uoregon.edu/ph121/l7.html

Chicxulub Crater, Gulf of Mexico
*200 km crater

*10-km impactor

65 Myr BP Image removed due to copyright restrictions.
Photograph of Meteor Crater.

*Extinction of 75% of all species!

Image removed due to copyright restrictions.
Photograph of Chicxulub Crater.




Differentiation of the Earth:1

VM Goldschmidt 1922 published landmark paper ‘Differentiation
of the Earth’

‘Father of Geochemistry’ because of the realization that Earth
has a chondritic (meteoritic) elemental composition. Surface
rocks are not chemically representative of solar abundances
therefore must be differentiated

Proto-planet differentiated early into an iron-rich core
surrounded by a metal sulfide-rich shell and a silicate-rich
magma ocean

Cooling of the magma caused segregation of dense silicate
minerals — pyroxenes and olivines. Less dense minerals
feldspars and quartz floated to surface to form crust.

Less abundant elements segregate according to affinities for Fe
= siderophile, sulfide = chalcophile and silicate = lithophile



Differentiation of Earth

Liquid iron outer core
(2891-5150 km)

Lighter
matter .,

Crust

(5-40 km) Mantle
(40-2891 km)

Solid iron inner core
(5150-6370 km)

Figure by MIT OpenCourseWare.



Differentiation of the Earth:2

Figure by MIT OpenCourseWare.

Allegre & Schneider, Sci. Am.(1994)



Differentiation of the Earth:3

Proof of the differentiated planet comes from
Slightly —flattened shape of the Earth

Seismology — reflection and refraction of sound
waves by materials of different densities and
elasticities.

Continuous partial melting of mantle and the rising of
less-dense components in ‘plumes’ , and the sinking
or more dense ones drives tectonic cycles.

Tectonism essential for the continuity of life



Differentiation of Earth Differentiation
Homogenous planetesimal of Earth,
Earth heats up Continents,
Accretion and compression (T~1000°C)
Radioactive decay (T~2000°C) Ocean &
[ron melts--migrates to center Atmosphere

Frictional heating as iron migrates
Light materials float--crust
Intermediate materials remain--mantle

*Differentiation of Continents, Oceans, and Atmosphere
Continental crust forms from differentiation of primal crust
Oceans and atmosphere
Two hypotheses

internal: degassing of Earth’s interior (volcanic gases)
external: comet impacts add H,O CO,, and other gases
Early atmosphere rich in H,, H,O, N,, CO,; deficient in O,




Moon-Forming Impact

Canup R & AspaugE:Eos Trans. AGU, 82(47), Fall Meet. Suppl., Abstract U51A-02, 2001
http://www.swri.edu/9what/releases/canupmoon.htm

Hypothesis for lunar origin - Moon forms from debris ejected as a result of
the collision of a roughly Mars-sized impactor with early Earth

Geophysical simulations use a method known as smooth particle
hydrodynamics, or SPH and can achieve resolutions sufficient to study
the production of orbit-bound debris necessary to yield the Moon

Off-center, low-velocity collisions yield material in bound orbit from
which a satellite may then accumulate.

Simulations must account for mass, angular momentum and
compositions of the earth-Moon system.

Must yield an Earth that retains an iron-rich core and a moon that is
appropriately iron-depleted and the right density.
SPH results suggest:
The object had 10-12% of Earth’s mass
Produces a satellite with <3% Fe by mass. Out of reach & unable to
be captured subsequently
Happened when Earth near its current ie final mass & near the very
end of the accretion history


http://www.swri.edu/9what/releases/canupmoon.htm




Earth
from
Space

*70% of surface

covered with
liquid water.

o[s this
necessary for
the formation of
life?

*How unusual is
the Blue Planet?

Image courtesy of NASA




Messages

The chemical elements formed in stars starting with fusion of
hydrogen to helium

Stars evolve and normal fusion processes provide elements up
to and including iron

Catastrophic explosions of massive stars —supernovae — yield
the elements above Fe incl. essential radioactive nuclides

Solar system came into being c. 4.567 million years ago

Earth accreted in the inner part of the solar nebula which must
have been in the vicinity of a supernova as it formed

Meteorites tell us about the material from which Earth accreted

The moon formed by a massive impact from a ‘Mars-sized’
object when it was close to its final size

‘Mopping up’ of the inner solar system ‘planetesimals’ was
largely over by 3.8 billion years ago but still continues slowly by
way of meteorite impacts



Making a Habitable Planet
Miscellaneous Information

The right kind of star and a rocky planet
A benign cosmological environment

Matter, temperature where liquid water stable,
energy

And many more............ see

WS Broecker, How to Build a Habitable
Planet

The leading questions remain: When, how &
why



Evidence for
the Big Bang
#2: The 3K
Ccosmic
Microwave
Backqground

Image removed due to copyright restrictions.

*Uniform background radiation in the microwave region of the spectrum is
observed 1n all directions in the sky.

*Has the wavelength dependence of a Blackbody radiator at ~3K.
*Considered to be the remnant of the radiation emitted at the time the
expanding universe became transparent (to radiation) at ~3000 K. (Above
that T matter exists as a plasma (ionized atoms) & 1s opaque to most
radiation.)




Evidence for the Big Banqg #3: H-He
Abundance

Image removed due to copyright restrictions.

*Hydrogen (73%) and He (25%) account for nearly all the nuclear matter in the universe,
with all other elements constituting < 2%.

*High % of He argues strongly for the big bang model, since other models gave very low %.

*Since no known process significantly changes this H/He ratio, it is taken to be the ratio
which existed at the time when the deuteron became stable in the expansion of the universe.




Nuclear Binding Energy

*Nuclei are made up of protons and neutrons, but the mass of a
nucleus 1s always less than the sum of the individual masses of
the protons and neutrons which constitute it.

*The difference is a measure of the nuclear binding energy
which holds the nucleus together.

*This energy 1s released during fusion.

*BE can be calculated from the relationship: BE = Amc?
*For a particle, Am= 0.0304 u, yielding BE=28.3 MeV

**The mass of nuclei heavier than Fe is greater than the mass
of the nucle1 merged to form it.**
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Red Shift vs. Distance Relationship

*All observed galaxies have red
shifted spectra, hence all are receding
from us.

*More distant galaxies appear more
red shifted than nearer ones,
consistent with expanding universe.
*Hubble’s Law: red shift (recession
speed) 1s proportional to distance.

Example: If a shift toward
red of hydrogen spectral
lines from a distant galaxy of
10% 1s observed the galaxy
is speeding away from Earth

at 67 million mile per hour
(0.1¢).

Image removed due to copyright restrictions.
[lustration of red shift.



Astronomical Distance Scales

Some Common Distance Units:
sLight Year: the distance that light travels in one year (9.46 x 1017 cm).
*Parsec (pc): 3.26 light years (or 3.086 x 1018 cm).;
also kiloparsec (kpc) = 1000 parsecs and
megaparsec (Mpc) = 1,000,000 parsecs.
*Astronomical Unit (AU): the average separation of the earth
and the sun (1.496 x 10713 cm).

Some Representative Distances:

*The Solar System is about 80 Astronomical Units in diameter.

*The nearest star (other than the sun) is 4.3 light years away.

*Our Galaxy (the Milky Way) is about 100,000 light years in diameter.
Diameter of local cluster of galaxies: about 1 Megaparsec.

*Distance to M87 in the Virgo cluster: 50 million light years.

eDistance to most distant object seen in the universe: about 18 billion
light years (18 x 1079 light years).



Inverse Square Law

The brightness of an object varies inversely with the
square of the distance from that object.



Image removed due to copyright restrictions.

Graph of the relative strength of spectral lines versus stellar spectral class.
Ionized helium peaks around class O, neutral helium peaks around class B,
hydrogen peaks around class A, ionized metals peaks around classes F and G,
neutral metals peaks around class K, and molecules (TiO) slopes steeply upward

past class M.

See http://abyss.uoregon.edu/~js/images/stellar_lines.gif for image.

<--Increasing T,L

*L.uminosity o to Mass
*T inversely o to A
(Planck’s curve)
*Spectral classification
and color dictated almost
solely by surface
temperature (not
chemical composition).

Classification
of Stellar
Spectra

type Mags Temp Radius

O 60.0 15.0 1,400,000
B 18.0 7.0

A 32 2.5

F 1.7 1.3

K 038 0.9

M 03 0.4



http://abyss.uoregon.edu/~js/images/stellar_lines.gif

Sun’s Future Evolution Off the Main Sequence

Image removed due to copyright restrictions.
See http://hyperphysics.phy-astr.gsu.edu/hbase/astro/imgast/sunfut.gif.

In another ~5 b.y. the Sun will run out of hydrogen to burn

*The subsequent collapse will generate sufficiently high T to allow
fusion of heavier nuclei

*Outward expansion of a cooler surface, sun becomes a Red Giant
* After He exhausted and core fused to carbon, helium flash occurs.
*Rapid contraction to White Dwarf, then ultimately, Black Dwarf.



http://hyperphysics.phy-astr.gsu.edu/hbase/astro/imgast/sunfut.gif

Stellar Evolution

Image removed due to copyright restrictions.

Graph of main sequence for stars with stellar class included along x-
axis; see http://abyss.uoregon.edu/~js/images/hr_diagram_3.gif



http://abyss.uoregon.edu/~js/images/hr_diagram_3.gif

Early Earth History

Earth accretion, core formation and
degassing over first 100 million years.
Possible hot dense atmosphere.

Magma oceans. Little chance of life.

Cooling of surface with
loss of dense atmosphere.

Earliest granitic crust and liquid water.
Possibility of continents and primitive life.

Bombardment of Earth could have repeatedly
destroyed surface rocks, induced widespread
melting and vaporized the hydrosphere.

Life may have developed on

more than one occasion.

Stable continents and oceans.
Earliest records thought to
implicate primitive life.

100

200

300

400

500

600

700

Sun and accretionary

disk formed (4.57)
/ Some differentiated
/ asteroids (4.56)

Mars accretion
completed (4.54)

The Moon formed during
mid to late stages of
Earth's accretion (4.51)
Loss of Earth's early
atmosphere (4.5)

—_—

Earth's accretion, core
formation and degassing
essentially complete (4.47)

Earliest known

\ zircon fragment (4.4)
Upper age limit of most

known zircon grains (4.3)

Earliest surviving
continental crust (4.0)

End of intense
bombardment (3.9)

Figure by MIT OpenCourseWare.
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