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We are here
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sepdeReiBigiBanal Cosmology

SOMEWMENARNE distant past there was
IOLMING = Spaceand time did not exist

Vaebim rJ,Jccus]cJorE created a
SingUlaEyAtaat Wwas very hot and dense
e Umvérsv‘,xpar ded from this
'.'mc gy, |
it expanded, it cooled

B Photons Became guarks

B Quarks became neutrons and protons
B Neutrons and protons made atoms

" Atoms clumped together to make stars and
galaxies
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StepEERdNBIgiBaneg Cosmology

JopRIEENEas0Nns, to believe big bang

PEIERBang Nucleosynthesis

3. Cosmic J\/H?a\ e Background (CMB)

Big Bang by Physics
Chanteuse Lynda
Williams (SRJC)



BigRBEnE NUCEleosynthesis

ohisEIEMEN:ES eut.erium,.helium,
anENIEItm)RWEre produced in the first few
MiRUEES oiFthe BigrBana

ElemeEnts heavier thian ‘He are produced in the
StalsStanerEougnrsSUpernovae

oweverp enpligh helium and deuterium
canneEproduced inistars to match what is
OPSERNVECNBEGaUISE Stars destroy deuterium in
their cores "

So all'the deuterium we see must have been
made around three minutes after the big bang,
when T~107K

® BBN predicts that 25% of the matter in the
Universe should be helium, and about 0.001%
should be deterium, which is what we see




VWihhiatt'ls Inftlation?

Ipiflzitiomn) refer;’co% _lass of
cosmologicalimodels iniwhich the
Un]vérse s xponentially increased in size
' aen apout 10* and
3’” 3Ig Bang (It has since
n@)“-her 1026)

" |t was originated by Alan Guth in 1979
and since modified by Andreas Albrecht,
Paul Steinhardt and Andre Linde (among
others)



WhyAElIEve in inflation?

RilaeRNseNprediction of grand unified
theorEestin particle physics that was
ZPPIIEC O foJmoIor y/ - It was not just
venteoho solve problems in

- COSIBIOOYS

" |t orovidesithe solution to two long

- ™

® Horizon problem
" Flatness problemaAlan Guth
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NOZONERONIE
PHEMIMVESENOoks the same
SVERYWHENRE Infthersky that we look, yet

ERENaS NeEPEEN enough time since

ther BigpBang fior lIght te travel between

- two peints on opf psite horizons

- B This remains trueeven if we extrapolate

the trae naI'Big bang expansion back

to the venry beginning

" So, how did the opposite horizons turn

out the same (e.g., the CMBR
temperature)?



NBNRHEHen
AE=RI07 Sy the Universe expands
- fiomialbputdicmito what we see

- teday, -

Sl cmpsiggtich larger than the
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be correct to 1
part in 10 in
order to achieve
the balance that
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%’,c spacetime the
e v\m/ rr“", D Ing up a balloon

f rﬁL Sl

e U IVerse IS far bigger than we

the part of It that we can see



by comparing
, to observed
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DEPRIEFESHANT.

compeseneiiaboratory to blue-shifted

)
o X coronee | . I -
O Q J e C E Reference lines Tom labmatmj, source

Absorption lines from star

of laboratory to red-shifted object

Reference lines from laboratory source

Absorption lines from star



Wables and Nebulae

—

" Distance'to,
Cephelds can be
calculated from
their luminosity.

apparent brightness

il 6

time (days)



Measuring Distances with Standard
Light Bulbs

-
standard candle
SO are some

supernovae
I:ob

0.0 melre

An Object becomes fainter by the square

/4 T[d J of its distance

abs



http://msowww.anu.edu.au/~brian/PUBLIC/images/lightbulb.gif

=Sxpansion

L

The Hubble constant
H, = 558 km s - Mpc -

Hubble’s Data (1929)

8
o

IS the slope of these graphs

Hubbl e & Humason (1931)

0, 0oo —

a

Becession Weloo oy (hm &Lec)
=

E
I

10, 000D |—

Recescion Welos oy (bm &ec )

Compared to modern
measurements, Hubble’s
results were off by a
factor of ten!

L=
a
o
I
o




Fltjgola

= H'd = cz where

Va=veleecity from spectral line

me aSUrEMEents

d = distance to object

- A= Hubble constant in km s? Mpc
ift

Sy stematic
Expansion

Space between
i : the galaxies
o — ‘ expands while

galaxies stay the
same size




sosmicaVicrowave Background
DISteeVERE ]r@g’g By Arno

Penziastand Repert Wilson who
WERENWoerKIng et Bell Labs

Clinchegd #ie hot big bang theory

Excess noise Iin
horned antennae
was not due to
pigeon dung!




The CGBE Jatellice

the seeds of the
structure we now see







eVIB Fluctu E]"E]-

COBE mEeasures the angular
ettatons on lat eécales, down to
apoUI=NG



CLOSED



If Q.= 1,Universe is flat, expansion coasts to a
halt as Universe Is critically balanced.



Wave Anisotropy

1.4 x 1.6 m primary s upper omni antenna
reflectors ~._

dual back-to-back
Gregorian optics

secondary
reflector

passive thermal radiator

thermally isolating
instrument cylinder
RXB inside
top deck { e

star tracker

warm 5/C and
instrument
electronics .
reaction
wheels {3)
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Compare to COb

THENVIVARNImage brings the COBE

PICEUREN RO SR TOCUS.

movie



, . Inflation
' W predicts a distinct spectrum
| ‘ jlonsyfior'the CMB which arise

5 Pttty L
. S
see in the | ‘
Universe
started out as
a quantum

. I -1000 L —
ﬂUCtuatlon' 0 20 40 60 80 100 120 140 160 180

Prediction
~ T of

(microkelvin®)

Inflation

Average of (T7 — T3)?

=

Separation Angle {degrees)



mggular poewer spectrum
- 2 ’

Angular Scale
2° 0.5°

TT Cross Power
Spectrum

— A-CDM All Data
WMAP
CBI
ACBAR

40 100 200 400
Multipole moment (/)



SEsvlegical Parameters - Q- .

NGNSt peak at | =200 confirms
onaexpansion
Recall et Infliaten e,« the
opaRERE B e Universe
g 1-0
® So, in the'eld view, we live in a critically
balanced Universe
= However, to guote Rocky Kolb:

"Geomelry IS NOL (les

IIII




Park Matter

|
NELYSORERIZZNICKY discovered that the
JellaXIES TRFtNE gomal cluster were moving too
felsitiio) (epleligl blwnr ] W cluster

SOMEMINGFEISE that ) Ry
annot berseen must i e
be holding the e e il
galaxies in the o ‘ﬁ'g
cluster! et s S




Selexy/Rotation Curves

- ®In 1970, Vera Rubin

discovered that the gas and

_ stars In the outer parts of
galaxies were moving too fast

I
ﬂiﬂ IIIIII::II:IIII

* This implies that most of the
mass In the galaxy is outside
the region where we see the
stars

= Since we do not see light
from this matter, it is called
Dark Matter

NGC 3198




y Clusters

easure the mass of light
emitting matter in galaxies
~In the cluster (stars)

ﬂleasure mass of hot gas -
s 3-5 times greater than
the mass in stars

. 4 - Calculate the mass the
. . cluster needs to hold in the

_ . hot gas - itis 5 - 10 times
S e more than the mass of the
* gas plus the mass of the
stars!




atter Halo

E@FaISKS O
glaXIe =
c|f= []O)E
»
DAk MeEttErfnalos
ProVIGEFENOL Jgrpr
gravitationairorce to
hold the grjlr; as
togetne

The halos alsc
maintain the rapid
velocities of the
outermost stars in the
aalaxies




rluggle Expan%‘i’on revisited

W ENEVERIEAAY R how the galaxies
frlove avvrly flasten at further distances
1 2'slope of the velocity of
tne Ur]]rlll S. thelr distances > Hubble
- constant

® |n other \Aﬁas, has the expansion
occurred at the same rate In the past as
it Is right now, and will the future
expansion also be at this same rate?



2s follows
Theﬂ:stameﬂetmenrwaﬁa!ms
an
Speeding Upﬁy,
older th ‘ . ..-"/‘/ Slowing Down
think
Real Big / Bigrtmﬂ Time
Bang Derived from constant

rate


http://msowww.anu.edu.au/~brian/PUBLIC/images/timetobigbang.jpg

PDIStENEES 1) SUPErnovae

E o
N PENENSUPERIGVae are “standard candles

QeclFRrarpinary system i which a white
dWelgestalis aceretes heyond the 1.4 M,
Chandraseidiar limit and collapses and
EXPI0CES "
) Elpple e ghtt-'urve s correlated to

nosity

B | uminosity: comes from the radioactive
decay of Cobalt and Nickel into Iron

B Some Type la supernovae are in galaxies
with Cepheid variables

B Good to 20% as a distance measure

”n




UPEINMeNVe

anrllw 1

Measure shape of
curve and peak~>
distance

% |
9650 9700 9750 9800 9850 9900
Age

B Compare two distances to see If
expansion rate has changed



SUPEMBYaE and Cosmology

AncINZE Ilg | /S. redshifts for
geny. IVPErL PErmoVae at redshifts z

Universe V\fbs expanding at a constant
rate or slowing down (as was previously
thought)

This means that some unknown “dark

energy” Is causing the Universe to fly
Anart At avver-incraacinA cneaadc



SStEREENEeE Cosmological
Corlsiteinie

| Uelileln)s o) rial Relativity, he
vaed m tic Universe (or steady

univverse that would either
[ trac’c" he “fixed” his

equations by Inserting a “Cosmological
Constant™ called A
When Hubble later found that the

Universe was expanding, Einstein called
the creation of the Cosmological

Constant his “greatest blunder”




EMsteintandi Dark Energy

HOWEVES heMAWe see that there is
ndEedrercosmological constant term -
PUIt=aCESHn e epposite sense to
ElStEIRES ongingiNides
e DaERergy implied by the
noen-zexerVvalue of A pushes the Universe
- apantreventiaster, rather than adding
stability teran unstable Universe, as
Einstein oeriginally intended.

B The dark energy density/critical density
— )
B Current measurements: Q.- Q = Q ~

0.7
® There are many theories for Dark

Enarcyv/: vzacititirm fFliickiinrtrinne oavira



W1 Gl I\

No Big Bang

SN data

-
(),, = matter density (including

regular and dark matter)

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

Q A = cosmological constant or
dark energy density

Qtot = density/critical density ———

40 supernovae



Toclzly's C€osgafe)fefe

Q= 1L 0Hrom CM ”“'rr sasurements. We
IVENraNieE Jrnw |

Wh=lL5 1om extel observations at
VeoussWeVeEl el S. Includes dark

Many-dlffeﬁent theories for “dark
energy.” Universe accelerates even
though it Is flat.

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




COMPOSITION OF THE COSMOS

0.03%

Neutrinos:

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

Dark Matter:
25%

Dark Energy:
70%




".
an Guth (Perseus)

< - b

Iverse by Joseph Silk
Lik .!L G
ginning by Martin Rees (Perseus)

" Inflat ‘ ohn Gribbin)
http://www.bic sx.ac.uk/Home/John_Gribbin/cosmo.htm

= Ned Wright's Cosmology Tutorial
http://www.astro.ucla.edu/~wright/cosmolog.htm

" James Schombert Lectures
http://zebu.uoregon.edu/~js/21st_century science/lectures/lec24.html

[ ]




hives

/feature/archives/cosmology!/

> ner
adu/Education/IUP/Big_Bang_Primer.html
= ‘Cosmology Pages

http://e .e'dlh]white/darkmatter/bbn.html

* Cosmic Bact ground Explorer
http://space.gsfc.nasa.gov/astro/cobe/cobe _home.
aliggl

" Hyperspace by Michio Kaku (Anchor Books)




B-DT.html

)y Tutorial
vright/cosmolog.htm

q,
tp://map.gsfc.nasa.gov

o

"SNAP mission http://snap.lbl.gov/


http://www.astro.ucla.edu/~wright/CMB-DT.eps
http://www.astro.ucla.edu/~wright/CMB-DT.html
http://map.gsfc.nasa.gov/

® Brian Schmidt’'s Supernova Pages
http://msowww.anu.edu.au/~brian/PUBLIC/public.html|

® Hubble Space Telescope sees Distant

Supernova
http://oposite.stsci.edu/pubinfo/pr/2001/09/pr.html

® MAP Teacher’s Guide by Lindsay Clark

http://www.astro.princeton.edu/~clark/teachersquide.
html

* George Smoot’s group pages
http://aether.Ibl.gov/


http://msowww.anu.edu.au/~brian/PUBLIC/public.html
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