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. Astronomical Observations

Redshift and the expanding Universe

Cosmological constant and accelerated
expansion

He/H ratio

3K radiation (CMBR)

Temperature fluctuations of CMBR
Large Scale Structures

Dark Matter
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Redshift

First seen for
_distant nebulae“
by Slipher 1910-1920

- no reliable distance
scale yet

- faint nebulae not yet
identified as Galaxies



Redshift vs. distance

Edwin Hubble
1929

The Universe
expands




1lightyear=3-108m/s x 3.15-107 s =
Galactic Center ~ 25 kLy
Large Magellanic Cloud ~ 150 kLy
Andromeda ~ 2 MLy
1 parsec (pc) =

3.09-10%m=3.26 Ly
Galactic Center ~ 8 kpc
Andromeda ~ 0.7 Mpc
Typical Quasar ~ 1000 Mpc

Distances

9.46 10> m

earth

sun



Globular clusters
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Gas and dust
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Hubple:

The distance_ladder
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| SNIa/TuIIY—Fis ner

(rotation veloc.-mass relation)
H

Cepheids

Hertzsprung Russell
(color-luminosity-relation)

Parallax

Radar
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The Friedmann Equations (1)

gravitational constant curvature parameter

| |

v v
H? —(87Gp/3) = kia?
4 _26(p+3p)

1st Friedmann Equation

2nd Friedmann Equation

a . +38)_

™ radiation pressure

Density of matter and radiation

Distance between 2 points: d =R

H, ~ 72 km/s per Mpc  (today)

-a(t)

t

scale factor



The Friedmann Equations (2)

Today: a=1 mm) | H,”—(87Gp/3) = k

k> 0: H always well defined, Universe expands forever
k <0: H becomes imaginary, Universe stops to expand

Fork=0 pcrit:3H02/87TG




Estimate of the critical density p.

1
H, =
° 5.10%s
~3H, 3-(5-10"s)?
Pel = 82G 8-3.14-(6.67-10 " m°kg ‘s ~?)

= 7-10"kg/m’ ~ 107* g/cm’ ~ 4 GeV/m®

T

1 GeV/c2=1.78-102"¢g




(a) Type- | Supernova

White ]
dwarf

Planetany
Binary star system | nebula

(b) Type- || Supernova

Helium, carbon Heavy elements

‘. Hydrogen ™. Hydrogen
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SN-la: expansion was s/ower in
__TypelaSupernovae early times

TEE
B Supernava o

24 - Cosmology 5 o e

% " - Frafect . TH T

E | ACDM
20 - CalanTolols QCDM

- SHPEPAOWE SHIVE Y

02 04 08 1.0 %

18 | =
T 16 |
> 4l _
= & 001 {002 004 01
© 2
= = ool Accelarating o5
= 2 Unlverse
S 8
e Decalarating i
Unhrerse
20 : . : . : : W
0.2 0.4 0.6 1.0

Redshift
SN-la as “Standard-Candles”



" Average Distance
of Galaxies

- 14 _9 -7 today time

Billion years



A non-zero cosmological constant A ?

(Einstein‘s ,grosste Eselel” — to get a static Universe ....)

H2 —(87Gp/3) = k/aZ.
2 _27G(p+3p) .
a 3




What is Dark Energy ?

= Vacuum energy ? (anc = pvac/pvac = '1)
= Non-relativistic matter ? (w = 0)
= Relativistic particles ? (w = 1/3)

= Other models (-1 <w<+1)

= Experimentally: w ~ (-1)



He/H ratio

3K radiation (CMBR)

Temperature fluctuations of CMBR
Large Scale Structures

Dark Matter



He/H — ratio

See detalls in part Il '!

5% H
2304 He produced in stars
2%  all the rest '

Big Bang Model:
He/H =~ 1/3




The Cosmic
Microwave
Background

| Radiation (CMBR)

|sotropic radio noise
at 7.5 cm

Intensity

— photon gas at ~ 2.7 K

§¥ Pcnzias and Wilson, 1965




COBE-Satellite (1989):.
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Fluctuations
INn CMBR

10 mK accuracy — isotropy

1 mK accuracy — dipole structure
(Earth moves with 400 km/s)

0.1 mK accuracy — galactic plane




COBE 1992

Fluctuations of up to 60 pK,
born at t ~ 10 seconds. (Resolution ~7°)



Dark Energy
Accelerated Expansion
Afterglow Light
Pattern Dark Ages Development of
400,000 yrs. Galaxies, Planets, etc.

1st Stars
about 400 million yrs.

Big Bang Expansion

[
Y

13.7 billion years






Angular Power Spectrum

Angular Scale
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Measuring Curvature with the CMB

- Flat

Last Scattering Surface



Measuring Curvature with the CMB

£2>

Closed

Last Scattenng Surface



Measuring Curvature with the CMB

Open

AN

Last Scattening Surface



Angular Power Spectrum
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TIME-
ORDERED
DATA

SKY
MAP

POWER
SPECTRUM

PARAMETER
ESTIMATES

1o03z3e

}I COMPRESS
‘ }I COMPRESS

~1 000 000 000
NUMBERS

~1 000 000
NUMBERS

~1 000
NUMBERS
CMPRESS
Q,Qu, AT, h|l ~10
n, ny Q, T/S NUMBERS

Huge amount of
INformation from
power spectrum

e.o.
position of 1st peak
defines €2,

Hight relation of 2nd
to 1st peak defines
baryon density €



From WMAP to Planck




Q

| Clusters

i No Big Bang

Supernovae

0

1 2
Qyp

3

| “Omega-ology”

| SN-al: Q, -Q,, ~ 0.4

CMBR: Q,+Q, ~1

Galaxies: Q,,~ 0.3

| Large Scale Structure:

Q, ~0.3

0Q,~03 Q,~0.7



= Kowalski et al., 2008

= Combining all available data
In one analysis
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2. Dark Matter

= Dark matter evidences
= Dark matter and structure formation
= Dark matter searches



Rotation Curves
of Galaxies
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Dark Matter
around our Galaxy

Invisible Halo Visible Galaxy

10 : 1



Density

Density

Density

Dark
= malter

Marrmal

— malter

Space —e
(a) Time = 1 second

Diark
= matter

. MHomal

"""" S F'_Eh_j P makter

(b) Time = 1000 years

ot Dark rmather

Galaxesiclstars

FIATTE
matter)

08 g

(¢) Tme = 108 years

Dark-Matter-
clusters

as seeds for
Galaxy
formation

Large Scale Structure
(Galaxy clusters and
Superclusters)

gives information on
Q(DM) and on

nature of DM

(,hot“ or ,cold)

- Most DM must be
cold (non-relativistic
when it decoupled)



Cosmological Structure Formation and
the Mass

of the
Neutrino

m,<1leV




The Cosmic Inventory

Degree of
Non-Understanding

2% DARK ENERGY
B Stars
0,5%
Heavy
Elements
0,03%
-~ DARK MATTER ’
5 % B \ORMAL MATTER



The top dark
matter candidate Standard-Particles

SUSY particles

Supers mmetrx
]
SUSY-Particles

) t] ) & 2 g\ UL &
JJJA)JMJ.’ qu)JJ\IHJ

Sleptons



WINP Searches

DM candidates: Dark matter search strategies

. WIMPS > 1. Direct detection > _ <“

Weakly Interacting Massive Particles
= Neutralinos
= Kaluza-Klein particles

Milky way
=  AXinos
2. Indirect detection >
= Super-WIMPs
=  Axions

= Axion-like light bosons
= Sterile neutrinos

= Q-balls WX
=  WIMPzillas il EH i)
= Elementary BHs N/

< 3. Production at the Large Hadron Collider







~ The ct gain goes up ...

space and time

8 are “foamy”.



The cosmic Iinflation

t =1035-1032¢g

Epoch of
inflation

Blow up

by factor
10°0 in 1032

- seconds

-y
<
4}

=
@
w
—
2
o
=
5
@
N
w

10-3%s 10-32g

Time




Zeitins
Energie in GeV
= 10" 1012
“ 0 C | 1012 10°
e . f
@ . 3 0 ] S\ 9
C & 108 10°®
@,
1 107
10 W 1
¢ | B elwiscihwar.he 102 W 10
efeinigung
o
;‘r',:; 101 W ot
2 1024 10°
103 | 1”2
. ‘\\ //
Delayed transition from phase of verenigung® 10%* [ 121
Symmetry between strong and /[jT
electro-weak force to phase with O plfcsials _

10"“ 1019

broken symmetry.



Inflation blows

up guantum
fluctuations
to cosmic scales.




A feeble excess of matter over antimatter

Andre;
/ \ / \ Sacharov

1.000000001:1  1.000000001:1

We are made from the 1 the nineth positon.




time
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Electro-weak symmetry breaks down

quark-antiquark-annihilation

10°¢ @@QQ



Ll synthesis of proton and neutron

(seconds)
10_4 @
10-2 electron-positron-annihilation

:@0@
O



E ~ 20 MeV T~101K, t~107%s

mass(neutron) — mass(proton) = 1.3 MeV
e +P < v, +N
e'+n & v, +p
E ~2 MeV T~ 101K, t~1s

e +p > v, +n (1)

neutrinos freeze out
e +n o V.+ P (2) — today at 1.9 K

Reaction (2) more frequent than reaction (1)
— less and less neutrons




Time
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Helium-Synthesis
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Fraction of total mass

107

Time (seconds)

10 102 103 104
Protons J ' !
MNeutrons 1He

ZH
“He
3H

Meutrons

3x 107 1x10° 3 x 108
Temperature (K)

1x 108
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300 000

years electrically
nheutral
atoms

T = 4000°K

15 billion years

T=2735°K
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300 000 years electrically neutral atoms:
Universe becomes transparent

Galaxies
First stars  synthesis of heavy elements

| Birth of sun
15 bill. mankind

Dead of sun

Dead of last stars

Black holes Q
Proton decay ? 0

1033

o



Inflation Universe becomes transparent
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*HE HA[? THE PRESENCE MINP? THOSE PAYS TO
TAKE A SNAP OF THE 8l NG, HE 5TILE THINKS
THAT IT'S RATH MPRESSIVE®
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