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- Cosmological

% What is the Universe' madg of? ¢ o

> How does it’s structure look il ”

' » What. 1s' 1t gd:glgin?: o
> Can we reccj‘nst-ruct thel

3
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The Cosmological Principle

“On large scales the Universe is
homogeneous and isotropic”

We don’t find ourselves in a special place.
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The Universe

Before the 20th century the Universe seemed to be a quiet place.
It was not very busy.

Most of the physicists believed the Universe being infinite in space and time.

But there was a strange observation:

At night it is dark

This couldn‘t be explained with an infinitely large and old Universe.



The Earth: 13000 km 1n diameter




The Solar System:
~10 billion km in diameter
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Our Milky Way:
0'® km = 100000 light years in diameter
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Andromeda Galaxy:
2.5 million light years distance
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Local Group:
million light years in diameter
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Virgo Supercluster: 100-200 million
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The Universe is bigger than we thought!

Edwin Hubble Observation of ,,nebulas®
Mt. Palomar telescope Proof of the existence of galaxies outside the
Milky Way
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Measuring of the Redshift

Emission lines

/A E—

Spectroscopy N — in the lab

B2 1128+31 2=0.178
M_,

PKS 1217+02 z=0.240 |

4C 73.18 2=0.302
b, PP

Farbspektrum

B2 1208+32A z=0.389
M-

4000 5000 6000 7000 8000 9000

Wavelength [A]



Cosmological Redshift vs.
Doppler Effect

The cosmological redshift is comparable with a redshift caused by a relative
movement of source and observer



Cosmological Redshift

"\ -
<——>
space

Space itself expands and “stretches” the wavelength of the photons.



Cosmological Redshift




Distance Ladder

galaxy clusters
: (10" 1y)
nearby galaxies
1071
Milky Way ( y)
10°1
nearby stars ( y)

(102 ly)
solar system n

(10 *ly)

(=]

white dwarf >|T

Venus
supernovae

luminosity

A | Ll\

radar ranging

relative apparent
brightness
¥
5
:

y

urface temperature (K) e

main-sequence Tully-Fisher
fitting relation

parallax

Hubble's law: d =

Cepheids
distant

standards

Copyright @ Addison Wasley




Type Ia Supernova




Standard Candles and Brightness
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INCH
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Example of a Supernova from 2011

<
i

SN 201 1fe

Supernovae can temporarily release as much energy
as a whole galaxy!
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The Universe 1s expanding

A RELATION BETWEEN DISTANCE AND RADIAL VELOCITY
AMONG EXTRA-GALACTIC NEBULAE

By EpwiN HUBBLE

MOUNT WILSON OBSERVATORY, CARNEGIE INSTITUTION OF WASHINGTON

Communicated January 17, 1929
Lines are shifted towards red - gelaxy moves sway

redshift is proportional to the
distance of the galaxies
(galaxy escape)

Hubble‘s law: v = Ho d

FIGURE 1

Ho = 530 km/s / Mpc !!
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The present value of the Hubble "constant”

Type la supernova Hubble diagram

26 T T 1T T 1T 17711

no
B
I | Ll

Supernova
Cosmology

N
N

Calan/Tololo
(Hamuy et «,
A.J. 1996)

—
Q0
I I T 1 I

pa—
o
I I

Perimutter et al. (1998)

N
o
1 | lll | lll | ll | llllll\l | sl

)
(&)
—
(1°]
e

-2

=
o7 4)

o
()

e}
=

Ig
=
o0
(T
=
e
=
Q
Lom
(C
Q.
Q.
(C

—
S
T 1

LI [ 1| O | | L1 1 1 1 1

0.05 0.1 0.2 0.5 1.0

redshift z

Today: H = 67,3+1,2 km s Mpc ™




Consequences of the Cosmological Expansion

The further we look back into the past, the smaller was the Universe.
m==» conclusion about the Big Bang
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HISTORY OF THE UNIVERSE

Cosm icrowave mffu_re
Background radiation formation |
is visible
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Unification of the Forces

age 1073%gs: strong and electroweak force get separated

strong

. :’ : ,..." “"l q‘ '.T‘..:f_k_‘}:t ‘.}‘;g_‘ -;.gl*-'h‘;-. -{f‘m.-!:-m

electro-

-

01.4 .F.
hd

—

Cirymer (serc oot ) ‘ '

0 energy (GeV) 0o
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HISTORY OF THE UNIVERSE

Cosm icrowave mffu_re
Background radiation formation |
is visible ’

Accelerators
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HISTORY OF THE UNIVERSE

Cosm icrowave mffu_re
Background radiation formation |

destruction battle s visible

High-energy
cosmic rays
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HISTORY OF THE UNIVERSE

nucleosynthesis % X

RHIC & grounc diaﬁon Oﬁon .
Accelerators |LHC is visible

heavy
LHC ions

protons yniverse

High-energy
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cosmic rays
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Nuclear Fusion

fusion in particle collisions i{rrnpf.ﬂfm ial
(1)

fusion needs high temperatures

anz iehendes abstoflendes

and high paI'tiCle denSitieS Kermnpotential ¢ gylomb-Potential

iy Egg'ﬁ
2

-’
LA

Vir) = 1A

-

Tunneleffekt

Der
"Flaschenhals"
bei A=5und 8

Kernradius

]
—
p—
L
= T
T =
el

=
[l
= =
=R
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I:I
-
b

Radiusr
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Primordial Nucleosynthesis

explains the abundances
of light elements

* 74 % hydrogen
¢ 25 % helium
 1%rest

baryon density about
3,5 103! g/cm3 or
0,2 hydrogen atoms/ms3

baryons contribute about
4-5% to the critical density

4He Mass fraction

A B
O
b
®
=
e
©
(V)
—
) -
()
0
=
=
2.

Fraction of critical density (%)

1

2 3 4 5

Deuterium

2 3 4 5
Baryon density (10-31 g cm-3)




HISTORY OF THE UNIVERSE
recombination

osmic ‘Q ve e ;
RHIC & Backgrou r alion formation |
Accelerators |LHC is visible
heavy
LHC ions

protons \e universe

High-energy
cosmic rays
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Recombination

* below T = 3000 K (t = 380000 a) neutral atoms can form

» afterwards photons don’t scatter any more on free electrons
mm» The Universe becomes transparent!



The Cosmic Microwave Background
(CMB)

During recombination
the photons are in
Redshift of x1000 thermic equilibrium
with the electrons and
atomic nuclei.

|

Their energy spectrum is
the one of a black body
(“Planck spectrum™)
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o

0.1 mm 1cm

Wavelength ———
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Discovery of the CMB

u,‘

1964 Penzias und Wilson discovered a noise, which they couldn’t explain

‘ (1978)
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Satellites for the investigation of the CMB

 COBE
Cosmic Background Explorer
1989-1993
Nobel Prize 2006
(Smoot & Mather)

« WMAP
Wilkinson Microwave
Anisotropy Probe .
2001-2010 -
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Next problem for the Big Bang theory

IsoTROPY OF THE Cosmic
MicRowAVE BACKGROUND

The second analysis revealed no sign of any variation at a level of 1 part in 10.000!
Where are the galaxies coming from, if not from density fluctuations?

)



The Echo of the Big Bang

LE FIGARO:-fr




The Echo of the Big Bang

The CMB is extremely isotropic with a temperature of T = 2,725 K.
The temperature differences are in the range of microkelvin!

~y o5
L
o
o




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

The spectrum of the CMB
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HISTORY OF THE UNIVERSE

Cosm icrowave
Background radiation

Accelerators is visible

LHC

protons i sible universe

High-energy
cosmic rays

E.~ o

YW RV 31gi5558
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Galaxy Distribution

In the past the Universe was much more homogeneous than today:

Each single
point is a
galaxy!




From the map to the spectrum...

 theory is not able to predict the exact
position of individual hot or cool spots

* instead: prediction of statistical _
properties of the temperature map (for |
example mean value, variance,
correlations,...)



The Angular Power Spectrum
of the CMB

Angular scale
1° 0.2°

N

typical size of the hot
and cool spots

10 50 500 1000 1500 2000
Multipole moment, ¢




Theoretical Predictions of the

spatial
curvature

vacuum
energy
density

matter

energy

CMB Spectrum

 The theoretical CMB

spectrum is depending
on values of certain
cosmological parameters

Comparison with the
measured spectrum
allows to distinguish
between the models and
to determine the values
of the unknown
parameters
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The Standard Cosmological Model

The simplest model, with which the data can be
explained (Ockham’s Razor!)

dark energy?!?!

(vacuum energy) About 95% of the
= Universe is still

unknown... 7 € ——__ “normal”

matter
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Rotation Curves of Galaxies
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Galaxy Cluster CLO024+17




Gravitational Lenses

y Massive objects curve
- space-time and
- .. therefore distort the
& ¥ light of the objects
behind.
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Gravitational Lenses

Thereby light arcs of
the objects behind
are visible.



HISTORY OF THE UNIVERSE era of the dark energy 3

Cosm icrowave mffu_re
Background radiation formation |
is visible ’

Accelerators

LHC

protons i sible universe

High-energy
cosmic rays
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Expansion

The Fate of the Universe...

... depends on the balance between contraction and expansion

Q = p/Prait

Pt 1S the critical density, which is necessary to stop the expansion:

P,..; = 10729¢/cm3 = 5 protons/m3

£ <]

e 0>1
gravitation wins, the Universe
collapses

e =1
expansion reaches “saturation” and
ultimately stops

¢« A<1
expansion wins, the Universe will
expand forever



Cosmology of the 215 century

» Dark Matter

What is it made of, what are its properties?
Or another model (e.g. MOND)?

» Dark Energy

What kind of energy is it? How does it influence the expansion of the Universe?

> Inflation

Can we find experimental confirmation? If yes, what caused it?

» Matter-Antimatter Asymmetry

Where is the tiny surplus of matter coming from, from which everything around us is
made of?

» The Moment of the Big Bang

Will we find a unified theory, which describes the beginning of the Universe?

» The Fate of the Universe...
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Many thanks for your attention!




Are there any questions?




