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Datum Von Bis Raum
1 Di, 17. Apr. 2018 10:00 12:00 05 119 Minkowski-Raum
2 Do, 19. Apr. 2018 08:00 10:00 05 119 Minkowski-Raum
3 Di, 24. Apr. 2018 10:00 12:00 05 119 Minkowski-Raum
4 Do, 26. Apr. 2018 08:00 10:00 05 119 Minkowski-Raum
5 Do, 3. Mai 2018 08:00 10:00 05 119 Minkowski-Raum
6 Di, 8. Mai 2018 10:00 12:00 05 119 Minkowski-Raum
7 Di, 15. Mai 2018 10:00 12:00 05 119 Minkowski-Raum
8 Do, 17. Mai 2018 08:00 10:00 05 119 Minkowski-Raum
9 Di, 22. Mai 2018 10:00 12:00 05 119 Minkowski-Raum
10 Do, 24. Mai 2018 08:00 10:00 05 119 Minkowski-Raum
11 Di, 29. Mai 2018 10:00 12:00 05 119 Minkowski-Raum
12 Di, 5. Jun. 2018 10:00 12:00 05 119 Minkowski-Raum
13 Do, 7. Jun. 2018 08:00 10:00 05 119 Minkowski-Raum
14 Di, 12. Jun. 2018 10:00 12:00 05 119 Minkowski-Raum
15 Do, 14. Jun. 2018 08:00 10:00 05 119 Minkowski-Raum
16 Di, 19. Jun. 2018 10:00 12:00 05 119 Minkowski-Raum
17 Do, 21. Jun. 2018 08:00 10:00 05 119 Minkowski-Raum
18 Di, 26. Jun. 2018 10:00 12:00 05 119 Minkowski-Raum
19 Do, 28. Jun. 2018 08:00 10:00 05 119 Minkowski-Raum
20 Di, 3. Jul. 2018 10:00 12:00 05 119 Minkowski-Raum
21 Do, 5. Jul. 2018 08:00 10:00 05 119 Minkowski-Raum
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https://jogustine.uni-mainz.de/scripts/mgrqispi.dll?APPNAME=CampusNet&PRGNAME=COURSEPREP&ARGUMENTS=-N080196064386275,-N001013,-N000000000000000,-N366764933628971,-ACODA,-N366764903171927
https://jogustine.uni-mainz.de/scripts/mgrqispi.dll?APPNAME=CampusNet&PRGNAME=ACTION&ARGUMENTS=-AydFSP.0Ktm3yhcetGmidu.dGkmg21UdwMp1hB6lYta5s25Ld.uvTRk13B50P0Eq2ySDsHmfFCwSe7nRrJkHkaxn2-9P30N-OuZ0FXFSoCiMXd5TQ
https://jogustine.uni-mainz.de/scripts/mgrqispi.dll?APPNAME=CampusNet&PRGNAME=COURSEPREP&ARGUMENTS=-N080196064386275,-N001013,-N000000000000000,-N366764936535021,-ACODA,-N366764903171927
https://jogustine.uni-mainz.de/scripts/mgrqispi.dll?APPNAME=CampusNet&PRGNAME=COURSEPREP&ARGUMENTS=-N080196064386275,-N001013,-N000000000000000,-N366764936535021,-ACODA,-N366764903171927
https://jogustine.uni-mainz.de/scripts/mgrqispi.dll?APPNAME=CampusNet&PRGNAME=COURSEPREP&ARGUMENTS=-N080196064386275,-N001013,-N000000000000000,-N366764936535021,-ACODA,-N366764903171927
https://jogustine.uni-mainz.de/scripts/mgrqispi.dll?APPNAME=CampusNet&PRGNAME=ACTION&ARGUMENTS=-AydFSP.0Ktm3yhcetGmidu.dGkmg21UdwMp1hB6lYta5s25Ld.uvTRk13B50P0Eq2ySDsHmfFCwSe7nRrJkHkaxn2-9P30N-OuZ0FXFSoCiMXd5TQ

Short History

Arno A. Penzias (1933-) ‘ Anth,‘v
Robert W. Wilson (1936-) New Jersy (USA)

Penzias & Wilson won the Nobel Prize in Physics in 1978 for the discovery of the CMB.

The 15x6x6 horn antenna they developed was build for satellite communications.

After the removal of all the known backgrounds and using cryogenic techniques for lowering the
electronics noise, a microwave component remained present in their data.

It looked like coming from every direction and corresponded to a temperature they estimated to

be about 3.5K

The discovery confirmed a big-bang prediction by Gamow et al. and was made before Princeton
scientists J. Peebles, R. Dicke, and D. Wilkinson, whom were building an antenna exacily for
trying to detect the CMB.

Penzias, A.A.; R. W. Wilson (October 1965). "A Measurement of the Flux Density of CAS A At 4080 Mc/s".
Astrophysical Journal Letters. 142: 1149-1154.
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Short History

COBE (1992)

WMAP (2003)

Planck (2013)
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Short History

Planck
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Short History

COBE: First detection of anisotropies CMB Black-body spectrum
|| I,

Cosmic Microwave Background Spectrum from COBE

400 T T T T T T T T T
+,—*'+\+ COBE Data +—+—
/ \ Black Body Spectrum

Intensity [MJy/sr]

Mather (1946-) 2006 Physics Noble Prize or RN ]
Smoot (]945-) 2 4 6 8 10 12 14 16 18 20‘ 22

Frequency [l/cm]
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JG|U The Cosmic Microwave Background

The CMB has cosmological origin: it is the radiation which started to free-stream
after recombination.

The today’s photon density of the CMB is about 500 photons/cm3.
It's spectrum is very close to a thermal one with temperature T=2.7K.
These photons traveled 99.7% of the age of the Universe before reaching us.
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Scalar and Dipole Subtraction

(almost) uniform 2.726K blackbody

Dipole (local motion)

We move at 370km/s
wrt the CMB frame!

O(10°) perturbations
(+galaxy)

Source: NASA/WMAP Science Team
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JG|u Angular Scale (Horizon Problem!)

.‘-
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JG|u CMB Fluctuations
Temperature fluctuations around the mean Od i Lt (6,9)
Ty Ty
e : : 0T
Decomposition in spherical harmonics T(G'(I)) — Zal m Y100, 0)
0 I, m ’

S Y Y5 A = 6118

oT
a1 = [ Yin(6,9) 5 (6,9)0
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Angular Power Spectrum

If the direction does not matter Zm |Yl - ‘2 (21 —+ 1) /47T

<al,mal/,m/> — 51,1/5m,m/Cl

1l
Power spectrum C = T Z<‘al,m|2>
m

Inflation predicts a Gaussian distribution for the power spectrum coefficients
which are therefore Gaussian random variables. If this is true, the correlation
functions encode all the information about the fluctuations.
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JG|U Cosmic Variance

Error in the difference . o)

btw theory and W =G )7 = Clz
21 +1

measurement

This error cannot be eliminated: only 1 realization of the CMB to observel

This error, or “cosmic variance” is larger at small | (large scales) and represents
a fundamental limit on the knowledge of the CMB fluctuations.
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JG|U CMB Polarization

do Converts quadrupole asymmetries in
h o A Al 2 q p y
Thompson scattering FTe X ‘6 ‘€ ’ linear polarizations. Expected to be
T present at the 5% level.

incoming/outgoing
polarization

Traceless )
larizat A Ak Trp = pi;i = (&) = (le|) =1
Polarization tensor  Pjj = <€z€]> A
(pij)* = pii
Can be decomposed using the Pauli matrices 1
(orthogonal basis for hermitian matrices.) Pij = 2 (I+ Qo1 + U, + Vos)

/1 0\  _ (01\ [0 —i
1=\0 —1) 7 27\10) 7 B7\i o

Q,U,V are the Stokes parameters.
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JG|U CMB Polarization

Intensity tensor . 1
(in every polarization Pij = <EiEj ) = 5 (J- I+ Qo1+ Uoz + Vos)
component)
Geometric Invariants ] = oijpij = \Ex\z + !Ey\z
V = €ijpij
Differential Invariants S = V?Pr = 0;0;0;j E-modes

P=V%Py = €ik9i0i0jk B-modes

E and B modes are the analogous of the irrotational and solenoidal decomposition of a vector.
In this case, it is a rank-2 tensor which is decomposed.
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CMB Polarization

Non-zero cross-correlation spectra

—le

Il
A (21 + 1)C{* Py(cos8)
4 [=0
il =9
GG = Y (21 +1)C/"P(cosb)
10
I I=co
VELANE( = Y (21 +1 )C-EPy(cos 6)
=0
1 =
(B(7)B( E Y (21 +1)CPPP(cos )
[=0

Besides the already defined TT correlations the symmetry (parity) of the EM
interaction allows for further 3 cross-correlation terms: TE, EE and BB.
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TT Angular Power Spectrum 1

Angular Scale

90" 2° 0.5° 0.2°

6000 ¢ ) | T r ] .
- 0 -
: Pert.urbqhons enter:mg'the . i TT Cross Power :
- horizon at recombination time 0 -
5000 E : Spectrum E
g ' —— A-CDM All Data ]
- . § WMAP :
& 4000 E : § CcBl E
i . : § ACBAR ]
= g ! Perturbations entering the g
E"‘I._ 3000 = : horizon before recombination -
{_I_:; - . and therefore more red-shifted -
- . :
= - : : I :
= 2000 E Cosmic Variance . =
- i .
- * 1 .
1000 K 0 :
- & . ] 220 1 “
- * Istpeak S == 1 4
G‘ : e 1 i I o | 1 i i 1 i i | E

0 10 40 100 200 400 800 1400

Multipole moment (i)
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TT Angular Power Spectrum 2

Angular Scale

) EU . L] -E'D
EDGD 9::} | D |_5 . ﬂ* -
Sub-horizon :
* TT Cross Power .
5000 Spectrum E
Super-horizon —— A-CDMAll Data ]
§  WMAP
4000 § cBl
§ ACBAR

Integrated Sach-Wolfe
effect rise: connected
to the cosmological constant

Yy

IlI:lIIIIiIIIIIIEIlI.l

ha
-
o=
-

From Acoustic peaks:

I(1+1)C/2m (UK?)
&
S
IIII-IIIII-IIIIIIIIIIIlI-IIIlIiIIlI1IIIIIIEIIIIIIIIIEIIIIIIIII

1000 1) Angular scale 3
s * 2) photon/baryon ratio ;
Sachs-Wolfe Effect 3) radiation/matter ratio -
0 s I i | | I I I i i i , -

0 10 40 100 200 400 800 1400

Multipole moment (i)
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Physics of the TT spectrum

Gravity forms potential wells (Dark Matter 2).
. Baryons can be seen as masses attached to springs.
Springs represent the photon pressure.

When the density increases pressure increases, starting
oscillations.

Gravity

Top of wells —> cold regions
Bottom of wells —> hot regions

Landscape of grav. wells vs photon pressure
starts sound waves in the plasma.

(=]
T

The CMB power spectrum (always positive
by definition) should look like this.

No oscillations are present at very large scales.

Power spectrum, C, I(I+1)/2n (103 uKZ)
BT

(=]
T

| - |
0 1000 2000 3000
Multipole moment, /

Sommersemester 2018 Luca Doria, JGU Mainz 19



Physics of the TT spectrum

N
|

1
[\
|

Density contrast, Ap/p (10-5)
/o
|
\\
o
/
/ |
\\

_, If the horizon (small after
1 inflation) is much smaller
| that the wavelength of the
oscillation, it cannot be
detected.

| While the horizon grows,
\ more and more

oscillation modes enter
our “field of view”.

Distance (arbitrary units)
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Physics of the TT spectrum

Inflation sets a flat fluctuation specltrum. |
s-Small scales start to be processed by -
" gravity.

| With time, larger scales start oscillate.
' Recombination freezes the CMB.

I

W

2o
2

[\
I
[0)
%
”
o,

Power spectrum, C, I(I+1)/2n (103 uKz)

.
>

§
N

(=]

0 — 1000 . 2000
Multipole moment, /

Remember the spring-mass model.
More baryons —> compression modes

are stronger than decompression modes.

Therefore: odd peaks generally larger
than even peaks.

The odd-even peak ratio is connected to

the baryon/photon ratio in the Universe.

What we actually observe is a bit different.
This has to do (besides the Silk damping at
very small angular scales due to photon
diffusion after recombination) with the different
amounts of baryons and photons in the plasma.

(9]

Power spectrum (103 uKz)

[\
T

[==]

=)
T

—
T

Unprocessed

500 1000
Multipole moment, /
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JG|U TT Summary

The horizon size at recombination is today at about 1deg which corresponds to and
angular scale of |7200. At large scales 1<200, gravity/pressure has a weaker effect.

For very small |, like <50, we can have a picture of the fluctuations generated by
inflation.

The predictions from inflation are the following:
1) The fluctuations are Gaussian
2) The fluctuation spectrum is scale invariant: P(k) oc " n =1

The fluctuations are equally probable on all scales

] ne—1
o
lo

Fitting this to 1<50, we can estimate n, and A (tilt parameter and amplitude).
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EE and TE Angular Power Spectra

100 i v v v L v v 1 o v v v l: 140 i v v v || v ' v v l-
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4 -4 :l — a1 <] -10 E PURNS TN TN T SN TN THN SN S S S S S S S S S S 1 E
30 500 1000 1500 200 30 500 1000 1500 2000

/ (

EE and ET polarization spectra can provide information on the reionization erq,
when hydrogen atoms got ionized again by the activity of the first stars.

The presence of free electrons Thomson re-scattered the CMB.

EE/ET act also as cross-check for TT and it is sensitive to non-standard perturbations
like the isocurvature ones (standard perturbations are adiabatic).
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Dependence from Cosm. Parameters
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https://chrisnorth.github.io/planckapps/Simulator/ ~ ©'e< Anthony Ehalinor
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JG|U BB Correlation Spectrum

Scalar and tensor perturbations were created during inflation.

The scalar perturbations ultimately lead to structure formation.

Tensor perturbations were created by primordial gravitational radiation resulted
from strong variable gravitational fields.

According to inflation, these fields were created by an amplification mechanism
called “parametric amplification” which transformed the initial vacuum quantum
fluctuations in multi-particle states (the waves).

The measurement of the BB spectrum is considered one of the most important
goals of modern experimental cosmology, since it contains relevant information
about inflation.

BB correlations are also produced by other effects like gravitational lensing, but these
have nothing to do with early-Universe physics.

Data usually set limits on the ratio r=scalar/tensor perturbations amplitude which is
generically ~<0.1. r is connected to the energy scale of inflation.
The detection of BB modes is quite a challenge.
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