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4 lectures: .j

1. CMB - back to basics
R. Cosmological Parame&ers
(a skeptical quide)
3. Leftover stuff about neubrinos

(There are 3 types of people in the world,
those who can count and those who cant)

» C(MB “predicted” in 1940s

» Discovered by Penzias & Wilson 1965
» Spectrum measured 1970s

» Precisely blackbody by 1990

» Dipole measured 1970s

» Anisotropies predicted 1970s & 1980s
» Anistropies detected early 1990s

» Then lots of precision!
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(better than you can buy at Bob’s
Better Blackbody Boutique) T Free-free
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CMB Spectrum CMB Spectrum

Ty =2.728 +0.002 K

N~y = (2((3)/#2)T,:;’ ~413cm™3

py = (12/15)T3 ~4.68 x 10734 gem =3 ~ 0.262eVem ™3
ly| <1.2x107° (95% CL)

lwol < 9x 1072  (95% CL)

Vel < 1.9 x 1075 (95% CL)




Spectral distorions CMB history (eh)
% fe gy I

CN measurements
at DAO (1940, 1941)

-

= rotational
temp = 2.3K

ePossible effects from decaying or , AP e
.y P . R Meoit \ ..only a very
annihilating particles e Wetning”
eOther effects of reionization
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Where did the CMB
come from anyway?




e Kelvin(= 2.718 K)
v/ 15/2 Kelvin(= 2.739 K)

Tos2.7255:0.0006k S0/ 11Kelvin(=2.727K)
(Fixsen 2009)  — In(9a) Kelvin(= 2.723K)
Triple point of water +— 100(= 2.7315K)
(2a/m)*mec? /k (= 2.762K)
(2/5)(ame/2mmy) Y 4myc? [k (= 2.719K)

lag = Gm? /ch] 16\/§7Tozé/4mec2/k (=2.727K)
(he/k) pleagues™ ' (= 2.98K)

e ?Tp; (= 2.805K)

The CMB Sky

Temperature anisotropies at ~400,000 years

WMAP Science Team

Neutral




The Universe is an inside-out star!

Stellar ’__)‘/,
centre \ )

The Universe is

inside-out star!

The Sun

The Universe

6000K

3000K

Photosphere 0.1% thick

Photosphere 10% thick

Complicated opacity

Thomson scattering

< billionth photons per atom

~billion photons per atom

Helioseismology

CMBology

Rotation defines m=0

No special directions

Fundamental mode in radius

Fundamental mode in time

Info from frequencies

Info from power spectra

Stochastic excitation

Synchronized init. conds.

Variability ~5mins

Variability ~Gyrs

Discovered in pre-history

Discovered in 1965

Use squared
amplitudes

inflation
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Use temporal
frequencies

e of (I,m,n) modes
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Acoustics

Ist peak

2nd peak

3rd peak

recombination

4th peak

Cosmological perturbations are like
standing waves, with a node at t=0, and
observed as a snapshot at recombination




Origin of acoustic peaks

(a) Acoustic Oscillations (b) Power Peaks (i.e. squared)

m— |t peak (k=T/s..)
B 2nd peak (k=2m/s,)

Il Il
0.2 0.4
/85

Simplified explanation of acoustics:
Scott & White, "Echoes of Gravity”
arXiv.org/abs/astro-ph/9505102

CMB mini-review in RPP/PDG
by Scott & Smoot
pdg.lbl.gov/2022/reviews/contents_sports.html

For more description
see Wayne Hus web-pages:
background.uchicago.edu/~whu/

Temperature effect plus
sub-dominant out-of-phase Doppler effect

Mm

1 1 1 I 1 1 1
500 1000 1500 2000

kD,
Multiplied by damping envelope

Spatial Power

A bit more technica
eWrite distribution functiond

f(p.0,¢.%)
eBoltzmann equations

e.g. camb (now cobaya) or class



Statistical description of anisotropies
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Statistical description of anisotropies

Acoustic peaks easy to see
(8 or 9 here, ~40 peaks and troughs in all power spectra)

2 100 500 1000 1500 2000 2500 3000
V4




Movies from Martin White

Markov chain Monte

« Planck
x WMAP

o ACT
« SPT

POLARIZ

e.g. cosmomc




All-sky Cosmic Polarization
Information in the CMB (from Planck)

@ CMB partially polarized

B —
- ) P VY

@ 2 numbers for each pixel (as well as T) = o 177 ﬁ/ff{éfi‘/ﬁ: '

-,

= call these "E” and "B” .-T;;' . = %f%’ '

@ 4 correlations to measure: TT, TE, EE, BB
= 4 different power spectra

@ (TB and EB are zero)

@ plus "non-Gaussian” signatures

Polarization Observables

Linear polarization expected only
Measure x and y E-fields

J2m [peKE)

Convert to Q and U Stokes parameters

TE
i

Or use pseudo-vectors with P?=(Q%*+U?)
and tan20=U/Q

Or use coordinate-free geometric pair, "E”
and \\BI/

TR &

[ 200 1500 2000 2500 J-
Multipole ¢




Scattering of anisotropies
generates polarization

i+ 105 2 (e BR)

Linear

1000 1500 2000 Polarization

Multipole ¢ Hu & White 1997

Scattefrihg vof d-lno.t)h”(.)Ples Polarization patterns
generatestpolamaation




Rotate by 45°

~

B-modes

@ Require source with handedness
= Gravity waves (not density perts.)

@ Gravity waves generated during inflation
Amplitude « inflationary energy scale

=probe of 10*GeV physics!

@ Lofs of experiments planned -
Hard!




Information in the CMB

@ CMB partially polarized
@ 2 numbers for each pixel (as well as T)
=3 call these "E” and “B”

@ 4 correlations to measure: TT, TE, EE, BB
= 4 different power spectra

@ (7B and EB are zero)

But...

polarized foregrounds are
complicated and MUCH brighter!

@ plus "non-Gaussian” signatures

Polarization: why bother?

Scalar perturbations Tensors

e Check CMB is polarized as expected
for Thomson scattering at z=1100

Out of phase with Temp., confirming
adiabatic modes + signature of super-
horizon fluctuations at large angles

[
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Reionization signature for lowest
multipoles

Variance [pK?]

Breaks some parameter degeneracies

Go to higher £ because no foregrounds
100 1000 10

Can we detect inflationary B-modes?
Inverse angular scale




B-modes

®Require source with handedness
= Gravity waves (not density perts.)

eGravity waves generated during inflation
Amplitude o it?éﬂaﬂonary energy scale
= probe of 10 GeV physics!

eLots of experiments planned -
But HARD!

oIf V=m?p? and n=0.95, then r=T/5%0.15
= ruled out!

eNew target is “large field excursion
models”, where r>0.001 expected

Cosmic Microwave Baékg;o"n'd' Rolarization Mission

. » .. » "
» " h

AT

v

LiteBIRD will provide the definitive map of CMB

polarization on degree and larger-angular scalesto- -
search for the ‘smoking gun’ of inflation.

CMB future

® ACT-Pol, SPT-3G, BICEP, ...
® Simons Observatory

® Litebird

® CMB-S4

® Spectral distortions?

Probing Cosmic Inflation with the LiteBIRD
Cosmic Microwave Background Polarization
Survey

LheBIRD Codbabwratbon”
y', K. Arocdd®, 1 Ascsoee’, |
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Current Cosmology (95% U.L.)

—————————— CMB-S4 + DESI BAO -
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And lastly for something completely different...

Stayed
tuned
for
more

COSMOLOGY
WS Y UG ¥

Extra

time index pixel index

One detector:

DATA VECTOR POINTING MATRIX

Maximum Likelihood Solution:

s (ATN_lAT)_l A NG

with: Ny = {mnd) N\
PIXEL-PIXEL

NOISE //ﬂ CORRELATION MATRIX
CORRELATION MATRIX

But Ntinles a4 108 .
= age of Universe

6 to invert!
And Npixels ~ 10

So use: 1iterative techniques
Fourier space speed-ups
covariance through Monte Carlo
+ any other tricks you can think of!




