
1. CMB - back to basics 
2. Cosmological parameters 
  (a skeptical guide) 

3. Leftover stuff about neutrinos

4 lectures:

(There are 3 types of people in the world, 
those who can count and those who can’t)

Cosmic Microwave 
Background


Douglas Scott Verenna, July 2023

CMB Sky CMB Sky
CMB “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!



CMB Spectrum

Best blackbody in the Universe

(better than you can buy at Bob’s
Better Blackbody Boutique)

2 20. Cosmic background radiation

The collisions of electrons with nuclei in the plasma produce
free-free (thermal bremsstrahlung) radiation: eZ → eZγ. Free-
free emission thermalizes the spectrum to the plasma temperature
at long wavelengths. Including this effect, the chemical potential
becomes frequency-dependent,

µ(x) = µ0e−2xb/x , (20.5)

where xb is the transition frequency at which Compton scattering
of photons to higher frequencies is balanced by free-free creation of
new photons. The resulting spectrum has a sharp drop in bright-
ness temperature at centimeter wavelengths [6]. The minimum
wavelength is determined by ΩB .
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Figure 20.3: The shapes of expected, but so far unob-
served, CMB distortions, resulting from energy-releasing pro-
cesses at different epochs.

The equilibrium Bose-Einstein distribution results from the old-
est non-equilibrium processes (105 < z < 107), such as the decay of
relic particles or primordial inhomogeneities. Note that free-free
emission (thermal bremsstrahlung) and radiative-Compton scat-
tering effectively erase any distortions [7] to a Planckian spectrum
for epochs earlier than z ∼ 107.

20.2.3. Free-free distortion: Very late energy release (z # 103).
Free-free emission can create rather than erase spectral distortion
in the late universe, for recent reionization (z < 103) and from
a warm intergalactic medium. The distortion arises because of
the lack of Comptonization at recent epochs. The effect on the
present-day CMB spectrum is described by

∆Tff = Tγ Yff /x2, (20.6)

where Tγ is the undistorted photon temperature, x is the dimen-
sionless frequency, and Yff /x2 is the optical depth to free-free
emission:

Yff =

∫ z

0

Te(z′)−Tγ(z′)

Te(z′)

8πe6h2n2
e g

3me(kTγ)3
√

6πme kTe

dt

dz′
dz′ .

(20.7)
Here h is Planck’s constant, ne is the electron density and g is the
Gaunt factor [8].

20.2.4. Spectrum summary: The CMB spectrum is consistent
with a blackbody spectrum over more than three decades of fre-
quency around the peak. A least-squares fit to all CMB measure-
ments yields:

Tγ = 2.728± 0.002 K

nγ = (2ζ(3)/π2)T 3
γ & 413cm−3

ργ = (π2/15)T4
γ & 4.68× 10−34 gcm−3 & 0.262eVcm−3

|y| < 1.2× 10−5 (95% CL)

|µ0| < 9× 10−5 (95% CL)

|Yff | < 1.9× 10−5 (95% CL)

The limits here [9] correspond to limits [11–13] on energetic pro-
cesses ∆E/ECBR < 2×10−4 occurring between redshifts 103 and
5× 106 (see Fig. 20.4). The best-fit temperature from the COBE
FIRAS experiment is Tγ = 2.728± 0.002K [11].

Figure 20.4: Upper Limits (95% CL) on fractional energy
(∆E/ECBR) releases as set by lack of CMB spectral dis-
tortions resulting from processes at different epochs. These
can be translated into constraints on the mass, lifetime and
photon branching ratio of unstable relic particles, with some
additional dependence on cosmological parameters such as
ΩB [9,10].

20.3. Deviations from isotropy

Penzias and Wilson reported that the CMB was isotropic and
unpolarized to the 10% level. Current observations show that the
CMB is unpolarized at the 10−5 level but has a dipole anisotropy
at the 10−3 level, with smaller-scale anisotropies at the 10−5 level.
Standard theories predict anisotropies in linear polarization well
below currently achievable levels, but temperature anisotropies of
roughly the amplitude now being detected.

It is customary to express the CMB temperature anisotropies
on the sky in a spherical harmonic expansion,

∆T

T
(θ,φ) =

∑

"m

a"mY"m(θ,φ) , (20.8)

and to discuss the various multipole amplitudes. The power at a
given angular scale is roughly '

∑

m |a"m|2 /4π, with ' ∼ 1/θ.

20.3.1. The dipole: The largest anisotropy is in the ' = 1
(dipole) first spherical harmonic, with amplitude at the level of
∆T/T = 1.23× 10−3. The dipole is interpreted as the result of
the Doppler shift caused by the solar system motion relative to
the nearly isotropic blackbody field. The motion of the observer
(receiver) with velocity β = v/c relative to an isotropic Planck-
ian radiation field of temperature T0 produces a Doppler-shifted
temperature

T (θ) = T0(1− β2)1/2/(1− β cosθ)

= T0

(

1+ β cosθ + (β2/2)cos2θ +O(β3)
)

. (20.9)

CMB Spectrum
	mild	scattering	(τ<1)	gives	y-distortion:

τ	x	BB(T₁)	+	(1-τ)	x	BB(T₂)

→	particular	analytic	shape

			decrement	in	RJ,	increment	in	Wien

			y=τ	x	k	(T₁-T₂)/mc²

			(with	τ=∫σ.n.dx,	Thomson	optical	depth)

y<1	for	z<10⁵	(in	LCDM)

→“Compton	distortion”or	SZ	effect


	multiple	scatterings	gives	μ-distortion:

τ>>1	for	z>10⁵

CMB	reaches	new	equilibrium

			with	wrong	number	of	γs	for	the	T

Spectrum	∝	1/{exp(x+μ)-1},

			with	x=hν/kT	and	μ	the	chemical	potential

It	turns	out	that	μ≈1.4ΔE/E

→	“Bose-Einstein”or	“chem.	pot.”	distortion

At	z>10⁷,	double	Compton	etc.	give	BB	again
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The collisions of electrons with nuclei in the plasma produce
free-free (thermal bremsstrahlung) radiation: eZ → eZγ. Free-
free emission thermalizes the spectrum to the plasma temperature
at long wavelengths. Including this effect, the chemical potential
becomes frequency-dependent,

µ(x) = µ0e−2xb/x , (20.5)

where xb is the transition frequency at which Compton scattering
of photons to higher frequencies is balanced by free-free creation of
new photons. The resulting spectrum has a sharp drop in bright-
ness temperature at centimeter wavelengths [6]. The minimum
wavelength is determined by ΩB .
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Figure 20.3: The shapes of expected, but so far unob-
served, CMB distortions, resulting from energy-releasing pro-
cesses at different epochs.

The equilibrium Bose-Einstein distribution results from the old-
est non-equilibrium processes (105 < z < 107), such as the decay of
relic particles or primordial inhomogeneities. Note that free-free
emission (thermal bremsstrahlung) and radiative-Compton scat-
tering effectively erase any distortions [7] to a Planckian spectrum
for epochs earlier than z ∼ 107.

20.2.3. Free-free distortion: Very late energy release (z # 103).
Free-free emission can create rather than erase spectral distortion
in the late universe, for recent reionization (z < 103) and from
a warm intergalactic medium. The distortion arises because of
the lack of Comptonization at recent epochs. The effect on the
present-day CMB spectrum is described by

∆Tff = Tγ Yff /x2, (20.6)

where Tγ is the undistorted photon temperature, x is the dimen-
sionless frequency, and Yff /x2 is the optical depth to free-free
emission:
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Here h is Planck’s constant, ne is the electron density and g is the
Gaunt factor [8].

20.2.4. Spectrum summary: The CMB spectrum is consistent
with a blackbody spectrum over more than three decades of fre-
quency around the peak. A least-squares fit to all CMB measure-
ments yields:

Tγ = 2.728± 0.002 K

nγ = (2ζ(3)/π2)T 3
γ & 413cm−3

ργ = (π2/15)T4
γ & 4.68× 10−34 gcm−3 & 0.262eVcm−3

|y| < 1.2× 10−5 (95% CL)

|µ0| < 9× 10−5 (95% CL)

|Yff | < 1.9× 10−5 (95% CL)

The limits here [9] correspond to limits [11–13] on energetic pro-
cesses ∆E/ECBR < 2×10−4 occurring between redshifts 103 and
5× 106 (see Fig. 20.4). The best-fit temperature from the COBE
FIRAS experiment is Tγ = 2.728± 0.002K [11].

Figure 20.4: Upper Limits (95% CL) on fractional energy
(∆E/ECBR) releases as set by lack of CMB spectral dis-
tortions resulting from processes at different epochs. These
can be translated into constraints on the mass, lifetime and
photon branching ratio of unstable relic particles, with some
additional dependence on cosmological parameters such as
ΩB [9,10].

20.3. Deviations from isotropy

Penzias and Wilson reported that the CMB was isotropic and
unpolarized to the 10% level. Current observations show that the
CMB is unpolarized at the 10−5 level but has a dipole anisotropy
at the 10−3 level, with smaller-scale anisotropies at the 10−5 level.
Standard theories predict anisotropies in linear polarization well
below currently achievable levels, but temperature anisotropies of
roughly the amplitude now being detected.

It is customary to express the CMB temperature anisotropies
on the sky in a spherical harmonic expansion,

∆T

T
(θ,φ) =

∑

"m

a"mY"m(θ,φ) , (20.8)

and to discuss the various multipole amplitudes. The power at a
given angular scale is roughly '

∑

m |a"m|2 /4π, with ' ∼ 1/θ.

20.3.1. The dipole: The largest anisotropy is in the ' = 1
(dipole) first spherical harmonic, with amplitude at the level of
∆T/T = 1.23× 10−3. The dipole is interpreted as the result of
the Doppler shift caused by the solar system motion relative to
the nearly isotropic blackbody field. The motion of the observer
(receiver) with velocity β = v/c relative to an isotropic Planck-
ian radiation field of temperature T0 produces a Doppler-shifted
temperature

T (θ) = T0(1− β2)1/2/(1− β cosθ)

= T0

(

1+ β cosθ + (β2/2)cos2θ +O(β3)
)

. (20.9)

(now 2.7255±0.0006K)

but expected distortions smaller still

tight constraints on distortions



Spectral distorions
•y-distortion from average amount of 
inverse-Compton scattering


•Expect recombination lines (have to be 
there, but may not tell us much new)


•Dissipation of primordial adiabatic modes 
(i.e. damping) - could increase lever arm    
in k for constraining inflation


•Structure formation and feedback 
effects

•Possible effects from decaying or 
annihilating particles


•Other effects of reionization

CMB history (eh)
Andrew McKellar

CN measurements

at DAO (1940, 1941)

⇒ rotational

temp ≈ 2.3K

Herzberg (1950):

“...only a very


restricted meaning”

DAO 77”



Now the serious part

Where did the CMB 
come from anyway?

NOT!



Where did the CMB  
temperature 
come from?

T₀=2.7255±0.0006K 
(Fixsen 2009)

Triple point of water ÷ 100(= 2.7315 K)

√

15/2 Kelvin(= 2.739 K)

30/11 Kelvin(= 2.727 K)
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Hot Big Bang picture
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FIG 2.20.—Schematic diagram of the history of the Universe from the Planck time to the present.

such as the fine structure constant α, vary with time? Are there deviations from the usual
Friedmann equations as predicted in some brane-world scenarios?

• What is the physics behind inflation? Are the initial perturbations purely adiabatic, or are
there isocurvature perturbations as well? Are cosmic defects produced at the end of inflation?
Can inflation be realised in string theory? Is inflation eternal?

• Are there signatures of physics at the Planck scale or beyond imprinted on the fluctuation
spectra?

• How did the Universe begin? Can string theory resolve the problem of the initial Big Bang
singularity? Can we probe through the Big Bang to a previous phase of the Universe’s history?

• What physics selects the vacuum solution for our Universe? String theory appears to have an

Where did 
the CMB 

really come 
from? 

The CMB Sky 
Temperature anisotropies at  400,000 years

WMAP Science Team

~

The Universe is an inside-out star!

Crowe, Moss & Scott (2008)

Us

Big Bang

Last

Scattering

Surface

Plasma

Neutral

Further 
away


Back in t
ime

redshift

0

∞



The Universe is an inside-out star!

Us

Stellar

centre

Photosphere

Plasma

Neutral

Crowe, Moss & Scott (2008)
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Use squared

amplitudes


at fixed time

Use temporal 
frequencies


of (l,m,n) modes

The Universe is an inside-out star!

Crowe, Moss & Scott (2008)

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

Acoustics

Piper at the Gates of Dawn
• Blow into a flute or an open pipe

• Spectrum of sound contains a fundamental frequency and
harmonic overtones

m
o

u
th

p
ie

ce

fundamental

1st overtone

2nd overtone

3rd overtone

Piper at the Gates of Dawn
• Inflation is the source of sound waves at the beginning of time

• Sound waves are frozen at recombination, yielding a harmonic
spectrum of frequencies that reach maximum displacement

in
fl

at
io

n

1st peak

2nd peak

3rd peak

4th peak

re
co

m
b

in
at

io
n

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

Wayne Hu



Origin of acoustic peaks
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Fig. 9. Acoustic oscillation basics. All modes start from the same initial epoch with time denoted by the
sound horizon relative to the sound horizon at recombination s�. (a) Wavenumbers that reach extrema in
their e⇤ective temperature � + ⇥ (accounting for gravitational redshifts §3.3) at s� form a harmonic series
kn = n⇥/s�. (b) Amplitude of the fluctuations is the same for the maxima and minima without baryon inertia.
Adapted from Hu and Dodelson (2002).

Acoustic Peaks — Combining the continuity (54) and Euler (61) equations to eliminate the fluid
velocity, we get the simple harmonic oscillator equation

�̈ + c2
sk

2� = 0 , (62)

where the adiabatic sound speed c2
s = 1/3 for the photon-dominated fluid and more generally is

defined as

c2
s �

ṗ�

⇤̇�
. (63)

The solution to the oscillator equation can be specified given two initial conditions �(0) and v�(0)
or �̇(0),

�(�) = �(0) cos(ks) +
�̇(0)
kcs

sin(ks) , (64)

where the sound horizon is defined as

s �
�

csd� . (65)

In real space, these oscillations appear as standing waves for each Fourier mode.
These standing waves continue to oscillate until recombination. At this point the free electron

density drops drastically (see Fig. 5) and the photons freely stream to the observer. The pattern of
acoustic oscillations on the recombination surface seen by the observer becomes the acoustic peaks
in the temperature anisotropy.

Let us focus on the adiabatic mode which starts with a finite density or temperature fluctuation
and vanishing velocity perturbation. At recombination ��, the oscillation reaches (see Fig. 9)

�(��) = �(0) cos(ks�) . (66)

Considering a spectrum of k modes, the critical feature of these oscillations are that they are tempo-
rally coherent. The underlying assumption is that fluctuations of all wavelengths originated at � = 0
or at least � ⇥ ��. Without inflation this would violate causality for long wavelength fluctuations, i.e.

(i.e. squared)

t=
0

t=
0
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m
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re
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m
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Temperature effect plus 
sub-dominant out-of-phase Doppler effect
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Fig. 10. Doppler e�ect. The Doppler e�ect provides fluctuations of comparable strength to the local tempera-
ture fluctuations from acoustic oscillations in k-space (lower) providing features at the troughs of the latter. In
angular space, projection e�ects smooth the Doppler features leaving an acoustic morphology that reflects the
temperature oscillations. The peak height modulation comes from the baryon inertia (§3.4) and the gradual
increase in power with ⇤ from radiation domination (§3.5).

In other words there are no preferred k-modes at harmonics and a scale invariant initial temperature
spectrum would lead to a scale invariant spatial power spectrum at recombination. However the
Doppler e�ect carries an angular dependence that changes its projection on the sky n̂ ·v� ⌅ n̂ · k̂. In
a coordinate system where ẑ ⇧ k̂, this angular dependence yields an extra factor of Y10 in the analogue
of Eqn. (38). This extra factor can be reabsorbed into the total angular dependence through Clebsch-
Gordan recoupling (Hu and White 1997)

Y10Y⇥0 ⇤ Y⇥±1 0 . (76)

The recoupling implied for the radial harmonics changes j⇥(x) ⇤ j⇥
⇥(x). The projection kernel j⇥

⇥(x)
lacks a strong feature at ⇤ ⇥ x and so Doppler contributions in k are spread out in ⇤. This is
simply a mathematical way of stating that the Doppler e�ect vanishes when the observer is looking
perpendicular to v ⇧ k whereas it is in that direction that the acoustic peaks in temperature gain
most of their contribution. The net e�ect, including baryonic e�ects that we discuss below, is that
the peak structure is dominated by the local temperature at recombination and not the local fluid
motion.

3.3 Gravito-Acoustic Oscillations

Thus far we have neglected gravitational forces and redshifts in our discussion of plasma motion. The
true system exhibits gravito-acoustic or Jeans oscillations. We were able to employ this swindle to

Multiplied by damping envelope

For more description

see Wayne Hu’s web-pages:


background.uchicago.edu/~whu/

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

A bit more technical...
•Write distribution function for each fluid:

   f(p,θ,φ,x)


•Boltzmann equations: Df/Dt = collisions

•Perform linear perturbations

•Expand in k-modes (for space)

          + l-modes (for angles)


•→coupled hierarchy of Boltzmann equations

•Solve numerically for any (independent) k

•Evolve to obtain P(k) today

•Integrate (carefully) over k and integrate 
through line-of-sight for power spectra
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e.g. camb (now cobaya) or class



Statistical description of anisotropies

C! ≡
〈

|a!m|2
〉

(2! + 1)C!/4π

i.e. average over ms

is power at each l

T (θ, φ) =
∑

!m

a!mY!m(θ, φ)

Expand sky in spherical harmonicsExpand sky in spherical harmonics

Monopole is T₀ (=a₀₀)
Dipole is our “absolute motion”
l≥2 modes give info on perturbations

 Remember: we are measuring variance
 Variance of variance is:

 This is “Cosmic variance”
 Gives “theory uncertainty” at low l 

       (“Precision” for our realization
         vs “accuracy” for underlying theory) 

  Enhanced for partial sky coverage

Statistical description of anisotropies

{2/(2! + 1)}C2

!
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Planck Collaboration: The Planck mission
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Fig. 25. Measured angular power spectra of Planck, WMAP9, ACT, and SPT. The model plotted is Planck’s best-fit model including Planck
temperature, WMAP polarization, ACT, and SPT (the model is labelled [Planck+WP+HighL] in Planck Collaboration XVI (2013)). Error bars
include cosmic variance. The horizontal axis is ⌅0.8.

than that measured using traditional techniques, though in agree-
ment with that determined by other CMB experiments (e.g.,
most notably from the recent WMAP9 analysis where Hinshaw
et al. 2012c find H0 = (69.7 ± 2.4) km s�1 Mpc�1 consis-
tent with the Planck value to within ⇤ 1�). Freedman et al.
(2012), as part of the Carnegie Hubble Program, use Spitzer
Space Telescope mid-infrared observations to recalibrate sec-
ondary distance methods used in the HST Key Project. These
authors find H0 = (74.3±1.5±2.1) km s�1 Mpc�1 where the first
error is statistical and the second systematic. A parallel e⇥ort by
Riess et al. (2011) used the Hubble Space Telescope observa-
tions of Cepheid variables in the host galaxies of eight SNe Ia to
calibrate the supernova magnitude-redshift relation. Their ‘best
estimate’ of the Hubble constant, from fitting the calibrated SNe
magnitude-redshift relation is, H0 = (73.8 ± 2.4) km s�1 Mpc�1

where the error is 1� and includes known sources of systematic
errors. At face value, these measurements are discrepant with the
current Planck estimate at about the 2.5� level. This discrep-
ancy is discussed further in Planck Collaboration XVI (2013).

Extending the Hubble diagram to higher redshifts we note
that the best-fit�CDM model provides strong predictions for the
distance scale. This prediction can be compared to the measure-
ments provided by studies of Type Ia SNe and baryon acoustic
oscillations (BAO). Driven in large part by our preference for
a higher matter density we find mild tension with the (relative)
distance scale inferred from compilations of SNe (Conley et al.
2011; Suzuki et al. 2012). In contrast our results are in excellent

agreement with the BAO distance scale compiled in Anderson
et al. (2012).

The Planck data, in combination with polarization measured
by WMAP, high-⌅ anisotropies from ACT and SPT and other,
lower redshift data sets, provides strong constraints on devia-
tions from the minimal model. The low redshift measurements
provided by the BAO allow us to break some degeneracies still
present in the Planck data and significantly tighten constraints on
cosmological parameters in these model extensions. The ACT
and SPT data help to fix our foreground model at high ⌅. The
combination of these experiments provides our best constraints
on the standard 6-parameter model; values of some key parame-
ters in this model are summarized in Table 9.

From an analysis of an extensive grid of models, we find no
strong evidence to favour any extension to the base �CDM cos-
mology, either from the CMB temperature power spectrum alone
or in combination with Planck lensing power spectrum and other
astrophysical datasets. For the wide range of extensions which
we have considered, the posteriors for extra parameters gener-
ally overlap the fiducial model within 1�. The measured values
of the �CDM parameters are relatively robust to the inclusion
of di⇥erent parameters, though a few do broaden significantly if
additional degeneracies are introduced. When the Planck likeli-
hood does provide marginal evidence for extensions to the base
�CDM model, this comes predominantly from a deficit of power
(compared to the base model) in the data at ⌅ < 30.

The primordial power spectrum is well described by a
power-law over three decades in wave number, with no evidence

35

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



Individual hot/cold spots are just the 
particular realisation of our sky

Actually anisotropies look very Gaussian 
(i.e. maximally random)

This is what is expected from inflation

Gaussian ⇒ all info. in variance     
(or power spectrum)

Shape of power spectrum varies with 
cosmological parameters

Baryons Dark Energy “Tilt” of ICs

Movies from Martin White

Parameters affect peak 
structure in different ways

Markov chain Monte Carlo

e.g. cosmomc

CMB Polarization
12 1. Cosmic microwave background

Figure 1.3: Cross-power spectrum band-powers of the temperature anisotropies
and E-mode polarization signal from Planck (the low multipole data have been
binned here), WMAP, BICEP2/Keck, ACT, and SPT. The curve is the prediction
from the best fit to the Planck temperature band-powers (as well as the ! < 30
polarization and CMB lensing results) and is not a fit to these data; however, these
TE measurements follow the curve very closely, showing the expected oscillatory
structure. Note that each band-power is an average over a range of multipoles, and
hence to compare in detail with a model one has to average the theoretical curve
through the band.

perturbations have no handedness, the B-mode power spectrum can only be sourced by
vectors or tensors. Moreover, since inflationary scalar perturbations give only E-modes,
while tensors generate roughly equal amounts of E- and B-modes, then the determination
of a non-zero B-mode signal is a way to measure the gravitational wave contribution
(and thus potentially derive the energy scale of inflation). However, since the signal is
expected to be rather weak, one must first eliminate the foreground contributions and
other systematic effects down to very low levels.

The polarization C!s also exhibit a series of acoustic peaks generated by the oscillating
photon-baryon fluid. The main ‘EE’ power spectrum has peaks that are out of phase
with those in the ‘TT ’ spectrum, because the polarization anisotropies are sourced by the
fluid velocity. The ‘TE’ part of the polarization and temperature patterns comes from
correlations between density and velocity perturbations on the last scattering surface,
which can be both positive and negative, and is of larger amplitude than the EE signal.
There is no polarization Sachs-Wolfe effect, and hence no large-angle plateau. However,
scattering during a recent period of reionization can create a polarization ‘bump’ at large
angular scales.
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Information in the CMB

plus “non-Gaussian” signatures

CMB partially polarized

2 numbers for each pixel (as well as T)
call these “E” and “B”

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

(TB and EB are zero)

All-sky Cosmic Polarization

(from Planck)

Polarization Observables

Linear polarization expected only

Measure x and y E-fields

Convert to Q and U Stokes parameters

Or use pseudo-vectors with P²=(Q²+U²) 
and tan2θ=U/Q

Or use coordinate-free geometric pair, “E” 
and “B”

TE

Scott
&

Smoot
2022
RPP



EE

Scott
&

Smoot
2022
RPP

Scattering of anisotropies 
generates polarization

Hu & White 1997

Scattering of anisotropies 
generates polarization

Now imagine 
you’re looking

around a cold


spot here

For nearby 
scatterers,


like this one, 
the polarization


is like the

black line

(and that’s


true all around 
the cold spot)

And so you observe a 
polarization pseudo-vector 

radial to the cold spot

COLD

Polarization patterns

Cold spot Hot spot



Rotate by 45°

RL

“E modes”

“B modes”

L R

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!


Lots of experiments planned -

Hard!


16



But... 
polarized foregrounds are 

complicated and MUCH brighter!

Information in the CMB

plus “non-Gaussian” signatures

CMB partially polarized

2 numbers for each pixel (as well as T)
call these “E” and “B”

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

(TB and EB are zero)

Can precisely calculate 4 power spectra
(given a set of parameters)

Scott
&

Smoot
2022
RPP

Va
ria

nc
e 

[µ
K

2 ]

Inverse angular scale

Polarization: why bother?
• 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


• Reionization signature for lowest 
multipoles


• Breaks some parameter degeneracies

• Go to higher l because no foregrounds

• Can we detect inflationary B-modes?



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!


•Lots of experiments planned -

But HARD!


•If V=m²φ² and n≈0.95, then r≡T/S≈0.15

⇒ ruled out!


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

16

CMB future

• ACT-Pol, SPT-3G, BICEP, …

• Simons Observatory

• Litebird

• CMB-S4

• Spectral distortions?

1 

LiteBIRD:  
Cosmic Microwave Background Polarization Mission 

LiteBIRD will provide the definitive map of CMB 
polarization on degree and larger angular scales to 
search for the ‘smoking gun’ of inflation. 



64 Neutrinos

Figure 20. Shown are the current constraints and forecast sensitivity of cosmology to the neutrino mass in
relation to the neutrino mass hierarchy. In the case of an “inverted ordering,” with an example case marked
as a diamond in the upper curve, the CMB-S4 (with DESI BAO prior) cosmological constraints would have
a very high-significance detection, with 1� error shown as a blue band. In the case of a normal neutrino mass
ordering with an example case marked as diamond on the lower curve, CMB-S4 would detect the lowestP

m⌫ at & 3�. Also shown is the sensitivity from the long baseline neutrino experiment (DUNE) as the
pink shaded band, which should be sensitive to the neutrino hierarchy. Figure adapted from the Snowmass
CF5 Neutrino planning document.

3.4.4 Sterile Neutrinos

Mechanisms of introducing neutrino mass often include sterile neutrinos, with both Majorana and Dirac
terms potentially contributing (e.g., Ref. [347]):

LD = �mD (⌫̄L⌫R + ⌫̄R⌫L) (3.36)

LM = �
1

2
mT (⌫̄L⌫

c

L
+ ⌫̄

c

L
⌫L) �

1

2
mS (⌫̄R⌫

c

R
+ ⌫̄

c

R
⌫R) = �

1

2
mT (⌫̄a⌫a) �

1

2
mS (⌫̄s⌫s) , (3.37)

where ⌫a ⌘ ⌫L + (⌫L)c and ⌫S ⌘ ⌫R + (⌫R)c are active and sterile Majorana two component spinors,
respectively. The mass mT can be generated by a Higgs triplet, i.e., mT = yT h�

0
T
i, or from a higher-

dimensional operator involving two Higgs doublets with coe�cients C/M. For dimension 5 operators, this
becomes the Type-I seesaw mechanism, where both Majorana and Dirac terms are present and mS � mD.

A number of recent neutrino oscillation experiments have reported anomalies that are possible indications of
four or more neutrino mass eigenstates. The first set of anomalies arose in short baseline oscillation experi-
ments. First, the Liquid Scintillator Neutrino Detector (LSND) experiment observed electron antineutrinos
in a pure muon antineutrino beam [348]. The MiniBooNE Experiment also observed an excess of electron
neutrinos and antineutrinos in their muon neutrino beam [349]. Two-neutrino oscillation interpretations
of these results indicate mass splittings of �m

2
⇡ 1 eV2 and mixing angles of sin2 2✓ ⇡ 3 ⇥ 10�3 [349].

Another anomaly arose from re-evaluations of reactor antineutrino fluxes that indicate an increased flux
of antineutrinos and a lower neutron lifetime. This commensurately increased the predicted antineutrino
events from nuclear reactors by 6%, causing previous agreement of reactor antineutrino experiments to have

CMB-S4 Science Book



C M B

And lastly for something completely different...

Stayed 
tuned 

for 
more

Extra

Map-making

dt = Atpmp + ntOne detector:

DATA VECTOR POINTING MATRIX MAP NOISE

time index pixel index

Maximum Likelihood Solution:

mp =
(

ATN−1AT
)

−1
ATN−1

dt

PIXEL-PIXEL
CORRELATION MATRIXNOISE

CORRELATION MATRIX

with: Ntt
′ =

〈

ntn
T

t
′

〉

Map-making
But Ntimes ∼ 108

Npixels ∼ 106And

}

⇒ age of Universe 
to invert!

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

Lots of these

⇒ 


