
KIT – The Research University in the Helmholtz Association www.kit.edu

Introduction to Cosmology

Winter term 22/23 Lecture 11 Jan. 24, 2023

Q
: 
s
p

e
k
tr

u
m



G. Drexlin – Cosmo #11 Exp. Teilchenphysik - ETPJan 24, 20232

Recap of Lecture 10 

 CMB: Baryon Acoustic Oscillations (BAO) & the Planck mission

- BAO: (standing) acoustic waves in the primordial plasma (sound horizon) 

- fundamental mode: position ℓ𝟏 = Τ𝟏 𝜴𝒕𝒐𝒕 - flat, Euclidean universe 𝜴𝒕𝒐𝒕 = 𝟏

- fundamental mode: height impacted by baryon loading 𝜴𝑩𝒉
𝟐 = 𝟎. 𝟎𝟐𝟐

- Planck – definitive CMB map, yielding fundamental parameters for 𝜦𝑪𝑫𝑴

- CMB anomalies persist: low power & alingment in small multipoles,…

- overtones: impacted also by dark matter, 𝜴𝑫𝑴 ≈ 𝟓 × 𝜴𝑩
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Secondary CMB anisotropies

 CMB anisotropies due to photon propagation over 𝒕 = 𝟏𝟑. 𝟖 ∙ 𝟏𝟎𝟗 𝒚𝒓𝒔

- secondary CMB anisotropies:

BAO

structure formation:

galaxy clusters, voids

- galaxy clusters

- voids

g

- due to large-scale structures

in an expanding Λ𝐶𝐷𝑀 −

universe

 ISW-effect due to non-zero 𝜦

 SZ-effect from to scattering

off 𝑒− in galaxy clusters
expanding 𝜦𝑪𝑫𝑴− universe 
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Secondary CMB anisotropies

 CMB anisotropies due to photon propagation over 𝒕 = 𝟏𝟑. 𝟖 ∙ 𝟏𝟎𝟗 𝒚𝒓𝒔

- secondary CMB anisotropies:

- question 1: 

how are the primary CMB

anisotropies being influenced

by the accelerated expansion

of the universe?

- question 2: 

how are the primary CMB

anisotropies being influenced

by matter in galaxy clusters?

g

expanding 𝜦𝑪𝑫𝑴− universe 

BAO
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Integrated Sachs-Wolfe (ISW) effect

 Secondary anisotropy due to accelerated expansion of 𝚲𝑪𝑫𝑴−universe

Sachs-Wolfe

effect

accelerated

expansion

integrated

Sachs-Wolfe effect

- let´s now consider propagation of

CMB in late 𝜦 − dominated universe

𝑎 𝑡 > 0.5with an accelerated

cosmic expansion: 

 ISW-effect of CMB as (further) 

evidence for a non-zero value of

vacuum energy density (𝜦 ≠ 𝟎)

 ISW-effect of CMB manifests as

secondary anisotropy Τ∆𝑇 𝑇 at

large scales 𝜽 > 𝟐°
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Integrated Sachs-Wolfe (ISW) effect

 Secondary anisotropy due to accelerated expansion of 𝚲𝑪𝑫𝑴− universe

Sachs-Wolfe

effect

integrated

Sachs-Wolfe effect

- let´s now consider propagation of

CMB in time-dependent gravity Φ(𝑡)

wells (clusters) and hills (voids) in a 

universe with dominant 𝜦 ≠ 𝟎 : 
super-

cluster

void

 galaxy super-cluster:

local overdensity

how is CMB affected by 𝜦 ≠ 𝟎 ?  

𝜦 ≠ 𝟎 : 

 cosmic void:

local underdensity

how is CMB affected by 𝜦 ≠ 𝟎 ?  
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 Secondary anisotropies due to 𝚲

- in time-dependent gravity potentials

𝜱(𝒕): the propagation of CMB photons

is non-adiabatic with 𝜟𝑬 ≠ 𝟎

ISW: CMB propagation in super-clusters/voids

CMB photon initiallly

gains energy when

´falling´ into cluster 𝜱

CMB photon initiallly

loses energy when

´climbing´ into void 𝜱

Void

Cluster

𝜱(𝒕)

𝜱(𝒕)
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RECAP: photons travelling in static potential 𝚽(𝒙)

 Classcial case: adiabatic photon propagation with interchange 𝑬𝒑𝒐𝒕 ↔ 𝑬𝒌𝒊𝒏

- case of 𝜦 = 𝟎

gravitational

potential Φ(𝑥)

static case, 

Φ independent

of time 𝑡

adiabatic

transformation

𝑬𝒑𝒐𝒕 ↔ 𝑬𝒌𝒊𝒏

„Photon“

photon has no interaction with particles

𝑬𝒑𝒐𝒕

hill (cosmic void)

well (galaxy cluster) 𝑬𝒌𝒊𝒏
𝑥
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 Secondary CMB anisotropy after photons

have propagated an overdense super-cluster 

ISW effect: CMB propagation in 𝚲 ≠ 𝟎 universe

ISW in super-cluster

𝒕𝟏

𝚽

𝑬𝟏

𝒕𝟐

𝑬𝟐

- entry: energy 𝑬𝟏
CMB obtains a gain of 𝐸𝑘𝑖𝑛 when falling

into the gravity well with potential 𝜱

- passage: energy between 𝑬𝟏…𝑬𝟐
vacuum energy Λ results in a stretching

of the gravity well with potential 𝜱 𝒕

- exit: energy 𝑬𝟐
CMB obtains a net gain of 𝐸𝑘𝑖𝑛 after climbing

out of the gravity well with shallower potential 𝜱

CMB

hotter
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ISW effect: CMB propagation in 𝚲 ≠ 𝟎 universe

 Secondary CMB anisotropy after photons

have propagated underdense void 

center of void

mean

density

r

ISW in large void

𝒕𝟏

𝚽
𝑬𝟏

𝒕𝟐

𝑬𝟐

- entry: energy 𝑬𝟏
CMB loses an amount of 𝐸𝑘𝑖𝑛 when climbing

into the gravity hill with potential 𝜱

- passage: energy between 𝑬𝟏…𝑬𝟐
vacuum energy Λ results in a stretching

of the gravity hill with potential 𝜱 𝒕

- exit: energy 𝑬𝟐
CMB obtains a net loss of 𝐸𝑘𝑖𝑛 after falling

out of the gravity well with shallower potential 𝜱

CMB

colder
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 non-adiabatic photon propagation only in vacuum-dominated universe

ISW effect: scale of the photon energy gain/loss

∆𝑇 =
+5…10 𝜇𝐾

∆𝑇 =
−5…10 𝜇𝐾

accelerated

expansion
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ISW effect: we correlate ∆𝑻 with 𝑳𝑺𝑺 data sets

 Large Scale Structure (𝑳𝑺𝑺) data show distribution of super-clusters & voids

Shapley

cluster

Sloan 

Great

Wall

Pisces-

Ceteus

cluster

Horologium-

Reticulum

cluster
Sloan Digital

Sky Survey

- large-scale galaxy surveys such as SDSS*

reveal regions with over- (under-) density

*Sloan Digital Sky Survey (see also next lecture) 
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ISW effect: we perform a correlation analysis

 Correlating 𝑳𝑺𝑺 data on super- clusters  and super-voids with CMB

- can we confirm the expectation of the ISW-effect via a correlation analysis?

Shapley

cluster

Sloan 

Great

Wall

Pisces-

Ceteus

cluster

Horologium-

Reticulum

cluster
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ISW effect: we see a strong correlation signal!

 Confirmation of the ISW effect as strong evidence

for the existence of Dark Energy (𝚲 ≠ 𝟎)

𝜮 =
50 clusters

𝜮 =
50 voids

8°

4°

0°

-4°

-8°

-8° -4° 0° 4° 8°

-8° -4° 0° 4° 8°
DT

(µK)

stacked

𝐿𝑆𝑆 data
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ISW effect: we see a strong correlation signal!

 Confirmation of the ISW effect as strong evidence

for the existence of Dark Energy (𝚲 ≠ 𝟎)

𝜮 =
50 clusters

𝜮 =
50 voids

8°

4°

0°

-4°

-8°

-8° -4° 0° 4° 8°

-8° -4° 0° 4° 8°
DT

(µK)

stacked

𝐿𝑆𝑆 data

- analysis of statistical correlation of the

CMB-temperature with large-scale

structures 𝑳𝑺𝑺: (𝛿𝜃 = Τ4° 100 ℎ−1 𝑀𝑝𝑐)

 𝜟𝑻 = 𝟗. 𝟔 ± 𝟐. 𝟐 𝝁𝑲 due to the

ISW effect (~4 𝜎 evidence)

 accelerated cosmic stretching of

super-clusters & voids

ISW: an independent evidence for Dark Energy
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ISW effect: we see a strong correlation signal!

 Confirmation of the ISW effect as strong evidence

for the existence of Dark Energy (𝚲 ≠ 𝟎)

 𝜟𝑻 = 𝟗. 𝟔 ± 𝟐. 𝟐 𝝁𝑲 due to the

ISW effect (~4 𝜎 evidence)

 accelerated cosmic stretching of

super-clusters & voids

ISW: an independent evidence for Dark Energy Planck: global ISW map

- analysis of statistical correlation of the

CMB-temperature with large-scale

structures 𝑳𝑺𝑺: (𝛿𝜃 = Τ4° 100 ℎ−1 𝑀𝑝𝑐)
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Sunyaev – Zel´dovich effect: CMB scattering off 𝒆−

 further effect causing secondary anisotropies: CMB interactions in clusters

SZ = Sunyaev-

Zel´dovich*

*remember me from last lecture? This flat CMB part…

- in dense galaxy clusters: CMB scatters off hot cluster electrons 𝑒− on the

𝑘𝑒𝑉 − scale via the inverse Compton effect  net energy gain

- the SZ-effect in a galaxy cluster is a secondary anisotropy,

which has to be accounted for as a noise effect in CMB analyses

SZ effect in 

galaxy cluster
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Sunyaev – Zel´dovich effect: CMB scattering off 𝒆−

 secondary anisotropies: CMB undergoes inverse Compton* scattering

*see also lectures on astroparticle physics, if interested

SZ effect in 

galaxy cluster

cluster

plasma

CMB

photon

scatttered

CMB photon

energetic

electron

electron

(~10 𝑘𝑒𝑉)

- hot ionized cluster gas
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- SZ-example: Coma galaxy cluster (Abell 1656) in 𝑑 ~ 100 𝑀𝑝𝑐 (∅ = 2°)

Jan 24, 202319

SZ-effect: CMB photons are much hotter

 Our next correlation analysis: CMB photons that cross galaxy clusters

X-rays

hot cluster gas

optical

cluster of ~1000 galaxies

CMB-temperature

SZ effect
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SZ-signature: specific frequency dependence

 Effect of scattering: deficit at low 𝒇  excess at high 𝒇 (energies)

- ~1% of all CMB photons passing this cluster interact via the SZ-Effekt with

the hot cluster gas (inverse Compton scattering)

- Planck data show the characteristic SZ-dependence on photon frequency 𝑓

photons gain energy via inverse Compton effect (´up-scattering´)

- SZ-example: galaxy cluster Abell 2319 in 𝑑 ~ 250 𝑀𝑝𝑐 (∅ = 2°)
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SZ-signature: specific frequency dependence

 Effect of scattering: deficit at low 𝒇  excess at high 𝒇 (energies)

- SZ-example: galaxy cluster Abell 2319 in 𝑑 ~ 250 𝑀𝑝𝑐 (∅ = 2°)

100      frequency (𝐺𝐻𝑧)

re
la

ti
v
e
 f

lu
x

1.0

0.5

0.0

-0.5

-1.0
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SZ-effect is a noise signal: eliminate clusters

 Remove effect of scattering: cut out all galaxy clusters identified

- removal: identified dense clusters & 𝐿𝑆𝑆 − analyses by Planck: new cluster via CMB 

> 1000 SZ sources (galaxy clusters) are

know at present & excluded from CMB

galaxy cluster PLCK G214.6+37.0 –

first cluster identified via SZ – effect
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Beyond Planck – future CMB challenges

 CMB-S4: next-generation CMB experiment at South Pole & Chilean Andes

- plans to deploy 21 telescopes with 500 000 cryo-cooled bolometers

Atacama desert

South Pole - signatures of primordial

gravitational waves from

inflationary phase …- probe the nature of Dark 

Matter & Dark Energy …

- capture transient 

phenomena …

- map the matter through-

out the sky…
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Beyond Planck – future CMB challenges

 CMB-S4: next-generation CMB experiment at South Pole & Chilean Andes

do we see evidence for inflation?
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CHAPTER 4 – STRUCTURE FORMATION

IN THE UNIVERSE
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4.1 Inflation & Early Universe

 Inflationary phase of early universe with rapid increase of scale factor 𝒂(𝒕)

quantum

fluctuations

Planck-time

CMB today

inflation

TOE*

- short time period 𝑡 = 10−36…10−32𝑠

- proposed origin: time evolution of

scalar inflaton field (Higgs mechanism) 

- solves flatness problem, eliminates

(dilutes) number density of monopoles

- huge increase of scale factor 𝑎(𝑡) by

value of > 1026

- agrees with observed Τ∆𝑇 𝑇 of the CMB 

*Theory-Of-Everything
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Inflation – Breakthrough Prize 2012….

 Inflationary phase of early universe with rapid increase of scale factor 𝒂(𝒕)

- solves the horizon problem, HZ-spectrum of CMB

Alan Guth (MIT)
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Inflation – can we verify it experimentally?

 The ´Holy Grail´ of Cosmology: imprint of inflation on polarisation of CMB

- key realisation – fast expansion phase of early universe 𝑎 𝑡 leaves behind an

imprint on CMB:  distinct polarization pattern of CMB due to gravitational waves

- curl-like polarization of the

CMB: 𝑟𝑜𝑡 𝐵 ≠ 0 Τ(𝐿𝐻 𝑅𝐻)
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Inflation – not so easily verified experimentally

 Polarization pattern of the CMB due to classical Thomson scattering off 𝒆−

- no signal without noise, here: we expect a polarization of the CMB due to

scattering processes off nearby ionized gas

- linear polarization (~10…20%)

of the CMB: 𝑟𝑜𝑡 𝐵 = 0

CMB scatters off re-ionised regions

 large-scale linear polarization pattern first sky map of CMB polarization from WMAP: 

nearby ionised gas (non-primordial origin!) 
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Classical Thomson scattering: primordial plasma

 Polarization pattern of the CMB due to classical Thomson scattering off 𝒆−

- more interesting for cosmology: CMB scattering off primordial plasma

- expected primordial polarization level ~1% due to Thomson scattering

at last surface, before decoupling (´last surface of scattering´)

- from density fluctuations Τ∆𝜌 𝜌 we expect a linear CMB polarization

standing acoustic density wave

cold

cold

hot

local quadrupole moment

hot
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Classical Thomson scattering: primordial plasma

 Polarization pattern of the CMB due to classical Thomson scattering off 𝒆−

- CMB scattering off primordial plasma with anisotropic density distribution

- linear or ´scalar´ polarization character (analogy: electric field 𝐸)

 linear CMB polarization analogy to 𝐸 −field: vanishing rotation

𝐸 > 0𝐸 < 0
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Classical Thomson scattering: primordial plasma

 First experimental verification of CMB polarization by DASI* at the Southpole

polarization from scattering off primordial

plasma is only visible at small scales

12/2002: DASI reports

CMB-polarization

with 𝐸 −modes

20 cm horns

*DASI – Degree Angular Scale Interferometer

11 m tower with bottom dome to prevent

interference from ground heat
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Holy Grail: curl-like CMB polarization from inflation

 Curls in the CMB polarization patterns due to very early gravitational waves

- CMB radiation is strechted / squeezed by primordial gravitational waves

𝐵 > 0𝐵 < 0

- ´tensor´ polarization character (analogy: magnetic field 𝐵 with rot 𝐵 ≠ 0)

 tensor CMB polarization analogy to 𝐵 −field: non-vanishing rotation
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Early inflationary phase & CMB polarizations

 Accelerated masses during inflation: emssion of gravitational waves

- gravitational

waves stretch &

squeeze space

& time
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Hunting primordial curls in the CMB: BICEP2 

- BICEP2 reports on the detection of a

𝐵 − mode (tensor) signal of the CMB 

polarization with 7 𝜎 from 2010-12 data*

Background Imaging of Cosmic 

Extragalactic Polarization

 March 17, 2014: interesting news from the Southpole: we have a signal!! 

*extraordinary claims demand extraordinary evidence
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Hunting primordial curls in the CMB: BICEP2 

- BICEP2 reports on the detection of a

𝐵 − mode (tensor) signal of the CMB 

polarization with 7 𝜎 from 2010-12 data

 March 17, 2014: sensational news from the Southpole
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Hunting primordial curls in the CMB: BICEP2 

- BICEP2 reports on the detection of a

𝐵 − mode (tensor) signal of the CMB 

polarization with 7 𝜎 from 2010-12 data

 March 2014: sensational news from the Southpole, but wait: news by Planck 
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Primordial curls in the CMB: it´s just dust… 

 Sept. 2014: sensational news from the Southpole bites the dust… 

thermal emission from dust:

Planck shows that BICEP2 

had just measured …dust…
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Combined analysis from BICEP2 & Planck 

 Jan. 2015 joint publication: entire ´GW-signal´ can be explained by dust… 

- combined analysis Planck-BICEP2:

no evidence for cosmological

𝑩 − mode (tensor) signal due to GW

- contribution due to noise (dust rings)

substantially larger than assumed

by BICEP2 in original publication

- polarization data confirm earlier

measurements Ω𝐵 & Ω𝐷𝑀 based

(unpolarized) ∆𝑇 − data sets

*

*always very carefully study your noise!


