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Recap of Lecture 8 ﬂ(IT

Karlsruhe Institute of Technology

B Cosmic Microwave Background radiation CMB: a unique tool in cosmology

- detected by Penzias & Wilson (1964 /65), using the Holmdel horn antenna

- perfect black—body spectrum: v =100 ...200 GHz,A = 0.5 ... few mm

- origin: matter—antimatter annihilation (tiny baryon asymmetry parameter n)
- 3 Sakharov conditions: 1. violation of CP,C 2. B — violation 3. therm—egtttir

- COBE: FIRAS (J. Mather) & DMR (G. Smoot): T = 2.7 K & AT /T fluctuations

- separate the primordial CMB — signal from galactic “foreground” noise
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DMR:. CMB — anisotropies at different frequencies ﬂ("’

Karlsruhe Institute of Technology

M Noise (‘foreground”) is superimposed on primordial CMB signal
- key method to model the foregound noise: observe at different frequency bands

N »
....

‘ significant non—
cosmological

Interference from
galactic plane

consistent CMB —
results at

3 frequencies!
9 35 GHz
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CMB and galactic foreground ﬁ(IT

Karlsruhe Institute of Technology

B Noise—layers (‘foreground”) are superimposed on primordial CMB signal*

primordial CMB

detector

CMB cluster _
dust noise
infrared synchrotron ‘
galaxies ==5 foreground sources
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CMB and galactic foreground ﬂ("'

Karlsruhe Institute of Technology

B Noise—layers (‘foreground”) are superimposed on primordial CMB signal*

r A \ YOU’ VE BEEN TRAINED HERE AT KIT
w TO USE ADVANCED DATA ANALYSIS &
MOD. EX. PHYS. I-IIT TO DO JUST THIS

WE' RE GOING TO
SEPARATE THE
FOREGROUND
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CMB and galactic foreground: cold dust clouds ﬂ("’

Karlsruhe Institute of Technology

B Noise (‘foreground’) has different f — dependence as primordial CMB signal

fi f2 f3 fa fs fe f7 fs fo

overall noise
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CMB and galactic foreground: cold dust clouds &("’

Karlsruhe Institute of Technology

B Noise (‘foreground’): cold dust clouds emit thermal radiation at high f

- thermal & non—thermal foreground sources in our galaxy

] N T T T T T T 1] T T T
- cold, interstellar §_ \ #
2 10t
dust clouds o & N\
D) .
8
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E 10 3
Q i
109 dus/ ‘free-free”
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10 100 1000
frequency f (GHz)
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CMB and galactic foreground: relativistic e™ &("'

Karlsruhe Institute of Technology

B Noise (‘foreground’): GeV — electrons emit synchrotron radiation at low f

- thermal & non—thermal foreground sources in our galaxy:

- relativistic e~ =] : _
E=10..100 GeV = 10 E >
spiral in B — fields g @
o S 1072
(few nT) 2 E
T o
(@R 1
(((R)) s 10
Qe
109 dus/ ‘free-free’
il =< vovon B
10 100 1000

frequency f (GHz)
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CMB and galactic foreground: free—free emission &("’

Karlsruhe Institute of Technology

B Noise (‘foreground’): thermal electrons emit bremsstrahlung at low f

- thermal & non—thermal foreground sources in our galaxy: free—free scattering

) T T T T T T T T
- thermal e™ scatter §_ . _ #
off ofionsingal. o = 10TEN
. C
H — II regions* = 2 102 :
c© / .
° S 1 :
() =
: 100 d/ -
» > CEEEN TN L
10 100 1000
bremsstrahlung frequency f (GHz)
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CMB and galactic foreground: separation ansatz ﬂ("’

Karlsruhe Institute of Technology

® Noise (‘foreground”)

- turn your noise signal to an interesting measurement

- detailed Planck maps on

- galactic dust
- galactic B — fields
- galactic HII — regions
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CMB and galactic foreground: cold dust clouds ﬂ("’

Karlsruhe Institute of Technology

B Noise (‘foreground”) has different f — dependence: component separation

- thermal & non—thermal foreground sources in our local galaxy: cold dust clouds

- cold, interstellar
dust clouds

Planck map of the galactic distribution of dust*
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CMB and galactic foreground: synchrotron emiss.ﬂ("’

Karlsruhe Institute of Technology

B Noise (‘foreground’) has different f — dependence: component separation

- unprecedented mapping the galactic B — field via synchrotron radiation

- relativistic e
E=10..100 GeV
spiral in B — fields
(few nT)

A A A A A A A
{| i

> éynchrotron photon
12
- |

\"""--_

relativistic electron Planck map of the galactic magnetic field*

12 Dec 19, 2023 G.Drexlin—Cosmo#9 *B — field is Coup|ed to matter’ see previous page Exp. Teilchenphysik - ETP



CMB and galactic foreground: free—free process A\‘(IT

e Institute of Technology

B Noise (‘foreground”) has different f — dependence: component separation

- unprecedented mapping the galactic H — II — regions via free—free scattering

- thermal e~ scatter
off of ions In galactic
H — II regions

bremsstrahlung Planck map of haItHII — regions
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The next step after COBE ﬂ("'

Karlsruhe Institute of Technology

W 2000: on the track of small CMB angular scales

27 Apeil 2000 Inteenations weekly lonrnal of scicnce

WERE GOING TO GET A
PAPER ACCEPTED IN
NATURE AND THIS IS HOW
WE'RE GOING TO Do [T.

FPackground to a flat Universe

RHMA viruses Stiructurcaol The refrovirus core

Heat flow I'he quantum limit

JORGE CHAM © 2017

Spring Books From OFD to WA W

Focuson
Scandinavie

_ * Nature Impact Factor 2022 - Journal Impact Factor _ _
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http://crd.lbl.gov/~borrill/presentations/sc2002/cmb.html
https://impactfactorforjournal.com/nature-impact-factor/

The next step after COBE: BOOMERanG* AUT

Karlsruhe Institute of Technology

W 2000: on the track of small CMB angular scales

27 apeil 2000 Inteenations | weekly [surnal of science
- ballon—based mission from McMurdo in Antarctica: I latuj e

2 — week mission possible in circum—polar flight

- scientific goal: investigate the temperature fluctuations
AT /T on small angular scales 60 < 1°

- advantage:
first CMB map at high resolution

- disadvantage:
2 — week mission limits observed
fraction of the sky to a small patch

Background to a flat Universe
RMNA viruses Structurcolhercfrovirusare. -~ — . <
oo e T

i

Focuson
Scardinzvie

. : - :
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http://crd.lbl.gov/~borrill/presentations/sc2002/cmb.html

The next step after COBE: BOOMERanG AUT

Karlsruhe Institute of Technology

W 2000: on the track of small CMB angular scales

- mission in the outer stratosphere (h = 42 km) to avoid the absorption of
microwaves of the CMB by atmosphere

- mirror with @ = 1.3 m focuses CMB to 16
horns, 3 frequencies: 145/ 245/ 345 GHz

- radiation detected by
spider—bolometers
(T =0.27 K)

- wires absorb CMB:
small mass —
small heat capacity
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BOOMERanG: evidence for a flat universe &(IT

Karlsruhe Institute of Technology

B A small CMB mission provides the first high—resolution map of the CMB

- BOOMERanG observes AT/T —300 uk +300 pK
fluctuations down to 66 = 10’ -
- multipole analysis reveals: L P nec 4 > . - AP
maximum amplitude of AT/T ~1° 5= ¢« & Cae 3200 N
A P Y T o i ¥
L : R
O e Lo - s v,
® :\‘ “‘ - ; ' . s .. 3 y F w» ‘
full moon - : P "S S ¥
topology of the ) 3 CHO L « N
universe is flat 0.5 /” «& v :’ o -,: T
(Euclidian space) S TN Vit lope? S0 2r”
T . e 7 o .
k=0 - . w o
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BOOMERanG: evidence for a flat universe ﬂ("'

Karlsruhe Institute of Technology

B A small CMB mission provides the first high—resolution map of the CMB

- BOOMERanG observes AT /T

[\
/-\ —
fluctuations down to 660 = 10’ = +
B
. i <1 -
- multipole analysis reveals: ~ 10 149 N 0
maximum amplitude of AT /T ~ 1° — :
3 ’ ¢ v‘ p |
£ N ‘T 1 ,.4* ‘; F
N :
g 'r':"w.g T -
‘ * 45 "
topology of the : ;?Z@xu@m@
universe is flat ‘
(Euclidian space) Sy
T
k=0 Y |Laiiiaasa|
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BOOMERanG: evidence for a flat universe Q(IT

Karlsruhe Institute of Technology

B A small CMB mission provides the first high—resolution map of the CMB

- - S— —
- BOOMERanG multipole analysis for AT/T =7 = & 7 % & N v ¥
peaks at £ = 200 56 = 1° AL oy, - 57,
" " . :
.. ¥ Odewe >
- PR g "o

temperature
fluctuations
(AT/T)?

10 100 500 1000 Multipole
y ~ / AEEEEEEREEER
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The next big step: WMAP mission at L2 ﬂ("'

Karlsruhe Institute of Technology

B Wilkinson Microwave Anisotropy

Probe: WMAP 1.4mx1.6m

primary reflectors

focal plane

- NASA space secondary
probe at the reflector detectors
L2 Lagrange passive focussing
point for long— thermal horns
cooling

term mission
solar panel

1 —

electronics

trat ey NS it ~
3 W TN
- 7 . e LT AT N
- L e g
e - - g PR
o N
= -

o "7 s ‘..‘5 : 2
Wilkinson Microwave Anisotr

opy be 7
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WMAP mission: measurement principle

B WMAP: observing CMB at 5 frequencies primary

- 2 large primary mirrors (back—to—back) mirror {

& 2 secondary mirrors focus microwaves I ?/\,v

from CMB onto the focal plane

horns of
the focal plane
array
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Karlsruhe Institute of Technology

7\, secondary

mirror
\
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WMAP: scanning the sky over many years A\‘(IT

Karlsruhe Institute of Technology

M Observations at the L2 point: effects of rotation and precession of probe

- coverage of the full sky

4 self—rotation:
sphere each 6 months

recession: : )
X 14 rotation / min.

1 rotation / hr L
opening angle: 22.5°

AN

6 months: ;
. 0] e
- WMAP data analysis: 100% coverage ? M7 Y
2003: 1 measuring year b |
- rotation &
2006: 3 measuring years ... precession

e

2012: 9 measuring years
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WMAP - measurements at 5 frequencies ﬂ("'

Karlsruhe Institute of Technology

B Combining WMAP all—sky maps at different f and superimposed CMB map

94 GHz 61 GHz
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WMAP: the first all—sky high—resolution map AUT

Karlsruhe Institute of Technology

B Resulting CMB map from WMAP after subtracting galactic foreground noise

- temperature fluctuations
with AT = + 200 uK

- WMAP sky map
based on overall
9 — year — long
measuring time
(2003 ...2012)
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WMAP & COBE: a comparison of maps ﬂ("'

Karlsruhe Institute of Technology

B WMAP has a much higher angular resolution than COBE ...

- ... but both results on temperature fluctuations AT /T are consistent

consistent
results!!
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WMAP & COBE: a comparison of maps ﬂ("'

Karlsruhe Institute of Technology

B WMAP has a much higher angular resolution than COBE... due to mirror—@

COBE WMAP
horn antenna: 60 independent of f mirror: (Rayleigh—criterion 66 ~ A1)

-m v(GHz) | 22 | 30 | 40 | 60 | 90 _

FWHM FWHM 0.93° 0.68° 0.53° 0.35° <0.23°
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WMAP - Breakthrough Prize 2018 ﬂ("'

ﬁ \ Karlsruhe Institute of Technology
B Fundamental Physics Breakthough Prize
- award sum*: 3 M$ N
- laureates 2018: WMAP science Y BREAKTHROUGH
team (all 27 members) S

For detailed maps of the early
universe that greatly improved our
knowledge of the evolution of the

cosmos and the fluctuations that

27 Dec 19, 2023 G. Drexlin — Cosmo #9 TP = * =2 X Nobel prize SUM Exp. Teilchenphysik - ETP



CMB - analysis of angular correlations ﬁ("'

Karlsruhe Institute of Technology

B statistical analysis of fluctuations AT around the CMB mean value T
- we are interested in the correlation function €(0) between two

directions 7 and m observed under a
varying angle 6 (from small to large) AT(ﬁ’)) . (AT(Wi))
T Ty Ty

o)~ (

- we compare a large data set of
measured temperature fluctuations
as function of angular distance 6

,0n which angular scale do we observe
the largest temperature fluctuations ?“
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CMB - multipole analysis of angular correlations ﬁ("’

Karlsruhe Institute of Technology

B multipole analysis* of fluctuations AT around the CMB mean value T

- we express the observed temperature fluctuation, say in specific direction n,
via spherical coordinates, using

spherical harmonics Y, T(n) T, 0 m=+¢
T AT(n) - z z Apm' Y om
=0 m=—¢
£: multipole

(2¢ + 1) orthogonal, independent
coefficiants a,,,

- ortho—normal function set Y,,,
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CMB - multipole analysis of angular correlations ﬂ("’

Karlsruhe Institute of Technology

M Sphercial harmonics: lowest orders visualized*

- a complete set of
of orthogonal ¢=75
functions

A Poor Man's CMB Primer: Bumps on

Dec 19, 2023 G. Drexlin — Cosmo #9 *see Exp. Teilchenphysik - ETP
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https://www.physicsforums.com/insights/poor-mans-cmb-primer-part-2-bumps-blackbody/
https://www.physicsforums.com/insights/poor-mans-cmb-primer-part-2-bumps-blackbody/

CMB - multipole analysis of angular correlations &("’

e Institute of Technology

B multipole analysis: lowest orders visualized in Mollweide projection

?=2: guadrupole

?=3,4: octupole,
hexadecapole
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CMB — multipole analysis of angular correlations &("’

Karlsruhe Institute of Technology

M correlation function €(8) of temperature fluctuations AT only depends on 6

correlation function €(8) decompose to spherical harmonicsY,,,
AT(i)\ (AT (i) =
n m
CO))= . AT(”) — Z Z Arm Y om
Ty Ty
=0 m=—¢
l we develop €(60) into (associated) for Gaussian fluctuations we have:
Legendre ponn_ommaIs _P{.)(cos 0) coefficiants C,

= CMB data provide coefficiants C,
m=+{

1 1

— . . . — . 2

C(0) = o Z(2€+1) o) Po(cosh) <t (Cp)= z£|a€m|
m=—
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CMB - multipole analysis of angular correlations ﬁ("’

Karlsruhe Institute of Technology

M For each multipole £ we can perform (24 + 1) orthogonal measurements

- T — data provide us with the 1 m=+¢
correlation coefficiants C — . Z 2
Yy C, 27+ 1 {)lafml
m=-—

- example #1: dipole with ¥ = 1
= perform (2¢ 4+ 1) = 3 orthogonal measurements

-@@

m=+1 m= -1
“front—back’ top—bottom “left—right
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CMB - multipole analysis of angular correlations ﬁ("’

Karlsruhe Institute of Technology

M For each multipole £ we can perform (24 + 1) orthogonal measurements

- T — data provide us with the 1 m=+¢
correlation coefficiants C - . Z 2
Yy C, 27+ 1 {)lafml
m=-—

- example #2: dipole with £ = 2
= perform (24 + 1) = 5 orthogonal measurements
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CMB - multipole analysis: fit of results AUT

Karlsruhe Institute of Technology

B For each multipole ¢ we fit the data: resulting octupole £ = 3 contribution

é (AT)?> =¢-(£+1)-C, /2m
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correlation coefficiant C,
temperature fluctuation (AT)?

36

CMB - multipole analysis: display of results QAT

Karlsruhe Institute of Technology

® For each multipole £ we display the fitted data: coefficiants C, vs. ¢

>

4 5 6 7 8
| l | | | >

multipole order £ (angular scale A9 )

|
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CMB - multipole analysis: WMAP results AUT

Karlsruhe Institute of Technology

multipole order ¢

B 7 — year multipole data 10 100 500 1000
6000 —— —

|

- first all-sky and
high—resolution CMB
multipole analysis up
to£ =1000 (aka
CMB power spectrum)

4000 F

3000

(AT): = £-(£+1)-Cy/2m | 5 2000

1000 [¢7
: WMAP @

temperature fluctuations (AT)?

precision age of 90° 90 0.5° 0.2
cosmology angular scale 66
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CMB - multipole analysis: what can we learn? ﬂ("'

Karlsruhe Institute of Technology

B CMB - a key to unlock the most fundamental information on the universe

38 Dec 19, 2023 G. Drexlin — Cosmo #9 Exp. Teilchenphysik - ETP



39

CMB - multipole analysis: different regions

AT

Karlsruhe Institute of Technology

B CMB multipoles visualized: from large patches of the sky to tiny regions

Dec 19, 2023

G. Drexlin — Cosmo #9

L

|

10

RIS AN/
100 1000

multipole order ¢
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CMB - multipole analysis: 3 different regions AUT

Karlsruhe Institute of Technology

regions without * regions which are causally

® CMB theory causal contact _ connected since Big Bang

-small £: no " R
causal contact! §
=100
-large £:yes, S
causal contact! 5 § 80 acou
"q—) -, oscilla
t | S = 60
: B~
s =24
O 40
aE) Silk- .
— 20 damping '

| ,
ight ] 10 100 1000 - J. Silk
| no causal contact multipole ¢
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CMB - multipole analysis: largest sizes ﬂ("'

Karlsruhe Institute of Technology

regions without
causal contact

B CMB theory

-small ¢: no

» hotter region ]  Sachs—Wolfe effect:
causal contact! s - CMB leaves gravity wells
< colder region of Dark Matter
amplitude of B _
fluctuations are g
(quasi) scale— % k -
Invariant E’_ h ST low density
- S
2 T =
large density

why? cold region
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CMB - multipole analysis: a sign of inflation? ﬁ("'

regions without

B CMB & inflation causal contact

-small ¢: no

causal contact'
100

amplitude of
fluctuations are
(quasi) scale—
Invariant

1?7

80

60

|AT| (pK)

40

temperature ﬂuctuatlons

20

Karlsruhe Institute of Technology

a possible solution
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exponential increase of scale factor h
a(t) fromt =1073%..1073% s by 199
= new scalar field: the "inflaton”

» evolution of inflaton field

end of
inflation

energy density inflaton field

strength of inflaton field
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CMB - multipole analysis: Harrison—Zel 'dovich ﬂ("'

Karlsruhe Institute of Technology

regions without

W CMB & intlation causal contact | exponential increase of scale factor

- small #: flat ; | a(t): flat, Euclidean space (k = 0)
Harrison— 15 also: no GUT — magnetic monopoles,
Zel dovich g 100 Ap/p via quantum—mechanical
(HZ) spectrum S & go fluctuations of the inflaton field

= =
° > T T
B~ S N T 3
=3 HTHHHE -
S 40 QNTH) || TR | (R T
Q. M HLLL NNRRE R | i R
qE) JARRRALE HNEN LLTCTEER
| =20 HZ: all primordial perturbations have
& A L the same amplitude, independent of
Y. Zel’dovich* 10 Qheir size (= flat power spectrum)
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CMB - multipole analysis: spectral index n Q(IT

B CMB & inflation

regions without
causal contact

Karlsruhe Institute of Technology

exponential increase of scale factor R
a(t) causes a(t)/a(t) to be scale-
Invariant = use spectral index n

2
£-(£+1) (AT L
o 'Cf—(?> °"|‘

k: wave—number (= 271)

Inflatation: n =0.92...0.98
observation: n = 0.967 + 0.004

- small Z: flat o ‘
Harrison— 5
Zel'dovich & 100
(HZ) spectrum S g
= S
S = 60
T 2
L 40
-
2 20
. ' T
Y. Zel’dovich* 10
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\':> good agreement, but still no proof...
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CMB - multipole analysis: QM* on largest scales &("’

Karlsruhe Institute of Technology

: : regions without
u CMB & inflation causal contact | CMB temperature fluctuations at the h
-small ¢: QM largest scales: = we “see” zero—point

9 A . . .

is visible in S fluctuations of the early inflaton field
= 100

the CMB sky 2 causal interaction
25 80 , (Hubble radius Ry)
o /’71“
o /;
= b~ 60 w
= on
“g’_ 40 before
2 5 inflation

10 - -
\_ after inflation
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Sachs—Wolfe effect due to inflation, part 1 A\‘(IT

Karlsruhe Institute of Technology

B from the zero—point fluctuation before inflation to inflation...

- density fluctuations appear on all .
length (A —) scales (QM: zero—point)

wavelength A of
density fluctuation

- before onset of inflation t = t:
regions are in full causal contact,
as Hubble radius Ry > 4

Hubble

- inflationary phase t =t (< ty): radius Ry

exponential increase of the length A
of a density fluctuation Ap, we
now have Hubble radius Ry < 4

logarithmic length scale 4

)
*— inflation

logarithmic time scale ¢

>
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Sachs—Wolfe effect due to inflation, part 2

AT

Karlsruhe Institute of Technology

B From the freeze—out of the density mode to the re—entry into Hubble radius

- after the end of inflation t, <t < t3:
the perturbation with the large size

A > Ry cannot further grow in density

contrast (no causal contact!)
thus it remains “frozen’

- after the Hubble radius has increased

at later times t > t5 :

the perturbation now has 4 < Ry
l.e. it can finally grow in density
contrast (causal contact!),

thus it is no longer “frozen’

G. Drexlin — Cosmo #9

logarithmic length scale 4

A

wavelength A of

density fluctuation
%)

freeze-out

Hubble
radius Ry

>
logarithmic time scale ¢
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Sachs—Wolfe effect due to inflation: wrap—up AUT

Karlsruhe Institute of Technology

B In the CMB we see ‘frozen” density perturbations at the largest scales

——

- We see " X : >
c ~ S
aCMB — 9
=100 Q =
mode in g © ¢
frozen S &' 80 i’ |
— % =) E 1
State after < v = i
increase =3 5 .
of A due O 40 E H‘ijt_’b'eR
< radius
to the & o = "
very early e B
Inflationary | >

phase 10 logarithmic time scale t
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Legacy of cosmology: written in CMB multipoles ﬂ("’

stitute of Technology

B Happy Holidays & a Happy New Year 2024

FROHE FESTTAGE UND EIN GUTES NEUES JAHR
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