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What Is the universe made of?

= 5% ordinary atoms
= 30% dark matter
= 655% dark energy

lLast week;, we discussed dark matter.
RIS Week; the other pieces.




The components of the universe

= How do we know the total mass density.
and geometry? From measurements of the
Cosmic Background Radiation.

= How: do we knew that ordinary: atems are
4% of the total? Element abundances from
nucleosynthesis and the CBR.

= How dowe know: about the 65% dark
energy. in the Universe ? SUPErnoyvae.

=\/Vhat Is the dark energy?




Geometry of the Universe

Closed Geometry = Open Geometry Flat Geometry




Geometry of the Universe




'"he amount of mass determines
the geometry and the evolution

= J'he energy density ol the universe Is

p=p =107 gm/cm’
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(Compare to water, Which has 1 gm/cm )
= he geometny. Is fiat.




Cosmic Background Radiation

= J'oday we are still bathed in the faint glow
of microwave radiation: left over from the
hot early phase of the universe.

" QIS radiation IS one of our Best probes of
COSMology.

= New data was released by the WIVIAP
satellite in' Fepruary.

= ©One of the hottest” areasi in cosmolegy!




The Electromagnetic Spectrum

All electromagnetic radiation is made of photons, or light particles,
of different wavelengths.

Visible
Gamma Rays X-Rays Ultraviolet Infrared Microwaves Radio, TV

MAP
mw ovens

1936 107 1072 190 108 10°6 104 102 100
Electromagnetic Wavelength (meters) (1cm) (1 meter)




Micrewave Background
Experiments determined that
the universe has a FLAT
geometry, and determined the

total amount of matter/energy.
density In the universe.




Cosmic Background Radiation

= Farly on, the photons interacted constantly
with electrons. Light couldn't travel even a
millimeter; the universe was opaque .

Age < million years,
Temperature>3000K




|Last Scattering

= \When the universe is a million years old, at a temperature of
3000K; the photons (light particles) scatter one last time.
After that, the electrons are gone (into hydrogen atoms) so
that the photons are free to travel all the way to the present
UnIVerse.

Photons no longer
Interact.

Universe becomes
transparent!




(Kinney, 2003)

Recombination




Big Bang Tewp
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We can only see
the surface of the
PRESENT cloud where light

13.7 Billion Years was last scattered
after the Big Bang

The cosmic microwave background Radiation’s
“surface of last scatter” is analogous to the
light coming through the clouds to our

eye on a cloudy day.



Surface of Last Scattering

. (Kinney, 2003)
CMB: Sunface of LastScattering

Uniform!

T=273K
= 3000 K7 1100

AT/T ~ 107




Perfect Blackbody Curve

CosmiC MICROWAVE BACKGROUND SPECTRUM FROM COBE
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THEORY AND OBSERVATION AGREE

Perfect Blackbody
Curve (like hot
stovetop):

Confirmation of

HOT Big
Bang.

The peak is

at 3 degrees
Kelvin, i.e. in
the microwave.

Intensity, 10-4 ergs / cm?2 sr sec cm-1
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Temperature Anisotropies

= | ook at deviations in the microwave
background in different directions.

AF'/T by




IHow' can Vlicrowave
Background tell us about




TThe Doppler Peak

= Acoustic osclillations In the photon/atom
fluid are imprinted at last scattering. VWe
expect a peak in the microwave
background at the sound horizon (distance

sound could travel inithe age of the
URIVErSe).

= [I"the universe Is flat, the peak Is at one
degree.

= [[“the universe Is a saddle, the peak IS at
less than ene degree.
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= BOOMERANG (Balloon Observations of
Millimetric Extragalactic Radiation and
Geophysics) used a telescope suspended
from a balloon that circumnavigated the

South Pole for 10.5'days at an altitude of;
120,000 feet. Revealed patterns of
structure in the microwave background.

= SPACETIME ISTELAT

n ENERGY DENSITYIS DETERMINED




Path of BOOMERANG
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WMAP Satellite

" | aunched June 2002
" [Data released Feb. 2003







Moon at swingby

1.5 million km
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VWhat have we learned: from

CMB?
= ['he peak at 1 degree tells us that the
geometry of the universe Is flat.

= [his geometry corresponds to an energy.
density of

= Height of second peak tells us that 4% of;
the tetal'is ordinary atems.

= Viatching all the peaks tells us that 23% of:
the tetallis dark matter.







Big Bang Nucleosynthesis

= \When the universe Is 3 minutes old, at a
temperature of ten billion degrees K, Deuterium
becomes stable:

p+n—=D+y

" lake Deuterium, Helium, Lithium

= [io.make heavier things:like €,N,© need high
densities in stars (3 He turnsiinte €); this
NAappPENS much later.




Before and After the first three
minutes:

Before the universe is 3 minutes old, Deuterium isn’t stable:




Helium formation
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Once Deuterium forms, Helium and Lithium also form
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> Helium 4 (*He) ]

Element
Abundances

Deuterium (2H)

Helium (°He)

Element Abundance
(Relative to Hydrogen)
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Pie Chart of The Universe
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Even more strange:

= All'matter, including atems and dark
matter, amount to only reughly a third of;
the total density of the universe.

= /his conjecture arises from studies of

SUPERNOVAE, bright explesions ofi
dying stars.




SUpernova

Eta Carinae HST - WFPC2

PRC96-23a - ST Scl OPO - June 10, 1996
J. Morse (U. CO), K. Davidson, (U. MN), NASA




Supernova Portrait Gallery




Type |A Supernovae

= How. they form:

A white dwarf accretes
from a companion orbiting
around It. YWhen the mass
exceeds 1.4 times the
mass of the Sun,
thermonuclear instability -_
leads to explosion.
Always peaks at same
prigntness.

Ilhese objects are thought
10 proevide a poepulation of
standard candles.




The Light Bulb Model

= Supernovae are like light bulbs.

= You know: how bright a light bullb really: 1s
(It says on the boex). Now look at a light
bullb some distance from you. Erem
studying how: bright the light bullb 1ooks;
yOu can figure out how. far away. It Is.




Accelerating
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As we look backwards in time
at distant supernovae, they 5
are 20% dimmer than £
expected! That means they 2
are farther away from us than
expected. They are
accelerating away from us.
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Galaxies are accelerating apart
from one another!
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VWhat causes the acceleration?

= NOT ordinary. matter in the standard
cosmology. Ordinary matter causes
gravitational attraction, not repulsion.

B 73% Of the universe must be something
nNew and exotic with' a negative pressure:

DARK ENERGY-




What is the DARK ENERGY™?

= Poessibilities include:

= \/acuum energy:
Cosmological Constant?
Time-Changing Vacuum?
Quintessence?

= Cardassian expansion
EXotic fiuid
Change Einstein’'s equations




\acuum Energy

= \irtual particles and antiparticles spring
INto'and out of existence at every point in
the universe: they lead to a vacuum
energy.

PAIR PRODUCTION ANNIHILATION
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Different Kinds of Vacuum

= Cosmological Constant: VacuumIs
Unchanging in lime or Space.

First propoesed by Einstein tormake the
UnIverse static; but we know. it's

expanding!

hen Einstein called it his

‘Biggest Blunder."
= Quintessence: Vacuum is: Changing in

iime.




Or, Einstein’s eguations are
wrong!

= Cardassian cosmology: Freese and Lewis
2002

= |Viotivated by physics ofi extra dimensions

= ['he equations may need an extra term
that IS Important in today's universe (but
not belore)




Etymology

= Cardassians are an alien race indigenous, to
the Star Trek universe.

= They appear foreign to us, yet consist entirely
ofi matter.

= They are bent on the accelerated expansion of
their empire.
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- LATEST NEWS

. Supervolcanoes: whento run
Dementia undone

What dog barks mean

WILL
LIFE

LAST W=
'FOREVER..

— ...or is the Universe an unwitting killer?

- JOULE THIEVES

~ Stolen energy can save the world

INSTANT SPECIES

Chance outpaces natural selection

NEW SCIENTIST

$3.85 PRINTED IN THE UK




Euture of Life In the Universe

= “Katherine Freese and William Kinney: may
not leok much like superheroees, but they.
may have just saved the fate of life in the
universe:

=" (New Scientist)
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Pie Chart of The Universe
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