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if Q.. > 1, Universe is closed, collapses on itself.

If Q.. <1, Universe is open, expands forever.
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Euclidean
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geometry
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critical density

total — > | |

Q),, = matter density (including

regular and dark matter) = 0.27
So therefore.....

Q A = cosmological constant or
dark energy density = 0.73
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No Big Bang

Age < 9.6 Gyr
{Hy=50 km/s/Mpc)

Perlmutter et al.

40 supernovae
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Q .=1.0 from (“Mfr easurements
(WMr\H) Wetlive inra flat Universe.
W= SHiemI extensive observations at
VereusiweVvelenoths. Includes dark
matterfasWwell as normal matter and
Jlgr'Tr

. .~ Oyreenved fr@m Type la SN data
combined with WMAP and other
measurements.

" Hubble constant = 70 km/sec/Mpc from
HST observations. Age of Universe =
13.7 billion years.

B Universe accelerates and is open,
even though it is geometrically flat.




IAFEHE a f"l picture, a flat
Urnver nd more slowly
WIEATE]ff] y. coasting to a stop

rJOWF‘\/HF _ a (and other data
rrom ters; of galaxies) show
~,<o sion of the universe Is
dCCEl g
upports the existence of
mass-energy with a strong negative
pressure, suchias the cosmological
constant (A) originated by Einstein



DEIFENERGY HiStory

DElERERGYAMUSE have been insignificant
atsealAtimesyetherwise its gravitational
ueRce;wouldinave made it almost
MPessikle ierrerdinary matter to form
Stars) dalexes and large-scale structure
Inrtheseary; Universe, gravity dominated
and Varieusistructures formed.
However'as the Universe expanded, and
self-gravitating structures (such as
clusters off galaxies, etc.) grew further
apart, the space between them
expanded, and dark energy began to
dominate gravity
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expansion was still
slowing dewn due
to gravity from the
galaxies in a
smaller Universe

Ann Feild (STScl)
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Accelerating ™\,
expansion

Slowing
expansion

Ann Feild (STScl)
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Average distances between galaxies
relative to today's distances
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— relative supernova brightness

Blue region:

The expansion of the
universe slowed down for a
long time and then, with
dark energy, sped up.

Gold region:

The expansion of the universe
always slowed down after the
first fraction of a second.
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Billions of Years from Today

e Universe

Data from
Supernova
Cosmology
Project
(LBL)

Graphic by
Barnett,
Linder,
Perlmutter &
Smoot



by Alan Guth
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e Universe by
ntific American Library)

3eginning by Martin Rees
rseu o
" Inflation for Beginners (John Gribbin)
http://www.biols.susx.ac.uk/Home/John
Gribbin/cosmo.htm
® Ned Wright's Cosmology Tutorial

http://www.astro.ucla.edu/~wright/cosmolog.h
tm
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ml

" Before the Beginning by Martin Rees
(Perseus)

Curvature of Space
eton.edu/~clark/teachersguide.ht


http://physicsweb.org/article/world/13/11/8
http://cosmology.berkeley.edu/Education/IUP/Big_Bang_Primer.html
http://cosmology.berkeley.edu/Education/IUP/Big_Bang_Primer.html
http://cosmology.berkeley.edu/Education/IUP/Big_Bang_Primer.html
http://astron.berkeley.edu/~mwhite/darkmatter/bbn.html
http://astron.berkeley.edu/~mwhite/darkmatter/bbn.html
http://www.astro.princeton.edu/~clark/teachersguide.html
http://www.astro.princeton.edu/~clark/teachersguide.html
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UNIVEISE was_qlr]cj"frr_- defined to
NEUEEREVERNING
NOWEVES the pPessibility exists that our

dpupesunivVerse™ is only one of many
SUChIEgIeNS that could have formed,
WithstiiE parameters arranged as in the
concondance model so that we can be
here having this discussion

Other universes could have very
diffierent physical conditions and we will
never see them - they may be on
different “branes” or In other
dimensions that we cannot measure




AR Umbling hought

NEREIyAdeORE net occupy a preferred
PlcCEN MO 'v&se, We may not
gce afierred universe in the



COMPOSITION OF THE COSMOS

0.03%

Neutrinos:

0.3%
Stars:
0.5%
Free Hydrogen
and Helium:
4%

Dark Matter:
25%

Dark Energy:
70%




MOMENEUM IO c oc |cIe more precisely
.‘than Plarm" J‘c,:-orprn nt h/2m > ”h bar”

must therefore I il order to satisfy

the uncertainty principle
B This motion creates a “zero point energy”
— =

Uncertainty Principle Ax Ap = 171/2




UREEREaINEY Principle

-
AROERERVErSioniof the uncertainty
pPlRREIPle relates e energy of a particle
pPallFtoNiiEEme
Fh]?'\?ersion explains the “virtual
palticlesE theit appear as quantum
fluctuations .
® They do not violate the uncertainty
principle as Iong as their I|fet|mes are
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quantum properties
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particles (Mt them with

a pheton), youl give

them enough energy to
become real

® The particles can also
get energy from any
nearby force field (like
a BH)




peperefithe Universe

IEshepeefithe Universe is determined
O/ =) SiEfl] ggle petween the momentum of
Sxpansiontand the, pull of gravity.
EYELE O EXPal |on IS determined by
LRE HIUIBIIE or tant, H

TRerstrength of gravity depends on the
density and pressure of the matter in the
Universe.

B G |s proportional to p + 3P
B 5 |s the density and P is the pressure

® For normal matter, P is negligible, so the
fate of a universe filled with normal
matter is governed by the density p




e Universe

-
niverse expands, the matter
O, w]th‘ﬁg density decreasing
proportion to the volume. (V =
ioIge sphere)
hesstiengthrof the curvature effect
decreasesiless rapidly, as the inverse of
the surface area. (A = 41’ for a sphere)
So, In thg(pre-1998) standard picture of
cosmology, geometry (curvature)
ultimately gains control of the expansion
of the universe.




Dark Energy

o
cosnulor caI constant A has

! - p = -1. Significant
¥ ] | energy with

: 1eJ: JEJV/E orf ssure” willlcause the

EXpansion rg Ne niverse to accelerate.

The guanty RP/p =w is known as the “equation
of e” parameter. Best measurements right
now WMAP and others) find that w = -1,
consistent with the value expected for the
“concordance model” aka A-CDM
(cosmological constant + cold dark
matter)
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Spergel et al. 2006

Description

abble parameter
______ | Baryon density

Total matter density

Critical density
Dark energy density

i - years  Age of the universe
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gCUUM energy density is
to allow structure formation

Id

® Something must be canceling almost all
of the vacuumi energy in order for us to
be here

® And that something must have arranged
for the ~73% of critical density to be left
over at our current time, 13.7 billion
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fiorm offenergy.

B |t makes slightly
diffierent predictions

fO r t h e a C C e | e ra ti O n '.:'":: of :“._diil}:‘-m- matter 3 -hegil.l:..m
B |t's name refers to a ceghi

“fifth essence” or
force



nal

Al

cravil

Relativistic
G=p+3P
P=p/3
G=4p>0
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Non-relativistic
G=p+3P
P=0
G=p>0

pressure

A

G=p+3P

P=-p<0
=-2p<0

Quintessence
G=p+3P
P=-2p/3<0

:-p<0
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