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Foundation (@

General Relativity

Symmetry Assumptions:
Homogeneity and isotropy

on average Robertson-Walker

metric

Matter content:

Energy-momentum tensor,
Containing radiation, matter, Friedmann class
anything else of cosmological
models
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|sotropy?

(2-micron All-Sky Survey, 2-MASS)
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Dynamics, Parameters (@

Friedmann class
of cosmological
models

Friedmann's
equation(s):
Relative expansion rate

Cosmological

parameters Hubble constant
Density parameters
matter Qm
radiation Q

cosmological constant Q
several others
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Space-Time Diagram, Redshift
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Galaxy
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Minkowski diagram Redshift due to spatial

expansion
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Galaxies recede (

Carl Wirtz, Vesto Slipher, 1920s
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A Universe Without Big Bang®? ZOKNET
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No: lower limits to matter density and cosmological redshift
imply Big Bang!
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700 nm



Cosmic Microwave Background

Cosmic Microwave Background

N
'\.N\N\r a w decoupled when hydrogen

i e & )



Energy Scale and Duration of Recombination (

ionisation fraction x(T)
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Recombination massively delayed to
0.32 eV instead of 13.6 eV

~ 400000 yr after Big Bang

~ 40000 yr duration
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Discovery of the Cosmic Microwave
Background

CMB had been
predicted
Discovered by

Penzias & Wilson
1965

Robert Dicke
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Thermal Radiation?
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Structures in the CMB?

Temperature fluctuations
at mK level expected
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linear gfowth facto}

redshift z
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Temperature Fluctuations (

Discovered by COBE at pK level
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The CMB in the Backward Light Cone (@

Time
A

A World line
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Structures in the microwave sky
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Microwave foregrounds
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The Planck satellite

Primary mirror

Telescope baffle

FPU

Secondary mirror
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The Planck satellite
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Where is Planck, and why? ( gg%%%%'aﬁ‘é
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Where is Planck, and why?
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Planck's view of the Sky
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Planck's view of the Sky




UNIVERSITAT
HEIDELBERG
ZUKUNFT
SEIT 1386

Analysis of sky maps
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Analysis of sky maps
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The CMB power spectrum
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Structure in Planck's sky (5 ;l i ,

Multipole moment, ¢
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Structure in Planck's sky
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CMB polarisation
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Structure in Planck's sky (@ ‘ gg&%ﬁfgg&
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Photon travel

comoving
separation
vector

unperturbed
ray

comoving distance w
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NILC, foky = 0.87
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The world according to Planck
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The world acording to Planck
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The world according to Planck (
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The world according to Planck

Dark Matter

Dark Energy
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Secondary parameters
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Causality?
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Inflation and its Consequences

N N —
NS A
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Inflation (@ ‘
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Galaxy clusters
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The world according to Planck
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Astronomy with Planck
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Astronomy with Planck

Type 1J=3-2 CO map
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Planck's problems



Planck's numbers

Planck Planck+lensing Planck+WP

Parameter Best fit 68% limits Best fit 68% limits Best fit 68% limits
Quh?. ... 0.022068  0.02207 +0.00033  0.022242  0.02217 +0.00033  0.022032  0.02205 + 0.00028
QM. .. 0.12029 0.1196 + 0.0031 0.11805 0.1186 + 0.0031 0.12038 0.1199 + 0.0027
1006mc .« . . .. ... 1.04122  1.04132+0.00068  1.04150  1.04141 +£0.00067  1.04119  1.04131 = 0.00063
T 0.0925 0.097 £ 0.038 0.0949 0.089 + 0.032 0.0925 0.089+0012
Mg oo 0.9624 0.9616 + 0.0094 0.9675 0.9635 + 0.0094 0.9619 0.9603 + 0.0073
In(10'04) . . . . ... 3.098 3.103 +0.072 3.098 3.085 +0.057 3.0980 3.089+0:024
Qpr oo 0.6825 0.686 + 0.020 0.6964 0.693 +0.019 0.6817 0.685+0.918
Quo oo 0.3175 0.314 £ 0.020 0.3036 0.307 £ 0.019 0.3183 031350
T8 o oo 0.8344 0.834 +0.027 0.8285 0.823 +0.018 0.8347 0.829 + 0.012
s rmirismemes 11,38 11442 11.45 10851 11.37 (W 1
Ho ... 67.11 67.4+ 1.4 68.14 67.9+1.5 67.04 67312
1004 .. ....... 2215 2.23+0.16 2215 2.19%012 2215 2.196+0051
Quh® .. ... 0.14300 0.1423 +0.0029 0.14094 0.1414 + 0.0029 0.14305 0.1426 + 0.0025
Quh® ... ... 0.09597  0.09590 +0.00059  0.09603  0.09593 +0.00058  0.09591  0.09589 = 0.00057
) 0.247710  0.24771 £0.00014  0.247785  0.24775+0.00014  0.247695  0.24770 + 0.00012
Age/Gyr .. ..... 13.819 13.813 + 0.058 13.784 13.796 + 0.058 13.8242 13.817 +0.048
M 1090.43 1090.37 + 0.65 1090.01 1090.16 + 0.65 1090.48 1090.43 + 0.54
Fe oo 144.58 144.75 + 0.66 145.02 144.96 + 0.66 144.58 144.71 + 0.60
1006, .. ....... 1.04139  1.04148 £0.00066  1.04164  1.04156 +0.00066  1.04136  1.04147 + 0.00062
TG o e w e o e s 1059.32 1059.29 + 0.65 1059.59 1059.43 + 0.64 1059.25 1059.25 + 0.58
Titmg @ % 6s W5 @ 147.34 147.53 + 0.64 14774 147.70 + 0.63 147.36 147.49 + 0.59
kp oo 0.14026  0.14007 +0.00064  0.13998  0.13996 + 0.00062  0.14022  0.14009 = 0.00063
1006p .. ....... 0.161332  0.16137 £0.00037  0.161196  0.16129 +0.00036  0.161375  0.16140 + 0.00034
Zoq 3 me 5E LD 3402 3386 + 69 3352 3362 + 69 3403 3391 + 60
1000eq -« oo .. 0.8128 0.816 +0.013 0.8224 0.821 +0.013 0.8125 0.815 + 0.011
Fdrag/Dv(0.57) . ...  0.07130 0.0716 +0.0011 0.07207 0.0719 +0.0011 0.07126  0.07147 + 0.00091
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