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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)T3
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)
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CMB history (eh)
Andrew McKellar

CN measurements
at DAO (1940, 1941)
⇒ rotational
temp ≈ 2.3K

Herzberg (1950):
“...only a very

restricted meaning”
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Now the serious part

Where did the CMB 
come from anyway?

NOT!



Where did the 
CMB temperature 

come from?
T₀=2.725±0.001K 

(Mather et al. 1999)

eKelvin(= 2.728 K)

Triple point of water ÷ 100(= 2.7315 K)

√

15/2Kelvin(= 2.739 K)

30/11 Kelvin(= 2.727 K)

− ln(9α) Kelvin(= 2.723 K)

(2α/π)4mec
2/k (= 2.762 K)

(2/5)(αGme/2πmp)
1/4mpc

2/k (= 2.719 K)
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√

2πα1/4

G
mec

2/k (= 2.727 K)

hc/k µLeagues (= 2.98 K)

e−73
TPl (= 2.805 K)

[αG ≡ Gm2
e
/ch̄]

[πeπ
! 73]
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GR
(easiest soln)
+ expansion

+ CMB
+ simple ICs

+ few components
→ Big Bang
(with spots)

Hot Big Bang picture
48 CHAPTER 2 PRIMARY CMB ANISOTROPIES

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
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Table 2. The 12 Parameters of the Standard Model of Cosmology.

1 temperature: T0

1 timescale: H0

4 densities: ΩΛ ΩCDM ΩB Ων

1 pressure: w ≡ p/ρ
1 mean free path: τreion

4 fluctuation descriptors: A n n′
≡ dn/d ln k r ≡ T/S

12 total parameters

it became clear that (at least in principle) several parameters could be measured which would constrain

the inflaton potential. But to do this carefully, one had to take into account other astrophysical effects

on the CMB anisotropies, particularly anisotropy suppression in the period since the Universe became

reionized – hence another parameter needed to be added.

We have thus ended up with a Standard Model of Cosmology (hereafter SMC), which is based on

ideas as old as the SMPP, but which solidified only about a decade ago. Determining the precise date

when the SMC was in place is a little murky (to say the least). The late 1980s and early 1990s were a

time of increasing tension among different pieces of observational data, which (at least in hindsight)

was because the SMC was about to fall into place. There were also a few false leads, such as the early

supernova results apparently suggesting deceleration, increased interest in models with a significant

hot dark matter (i.e. high Ων) component, and arguments over the naturalness of open inflationary

models. But despite all of this, the SMC was clearly in place by 1995 [34, 42].

The number of parameters required to describe this model varies to some extent depending on the

tastes of individual cosmologists. However, a typical count gives the number of required parameters as

12, which are listed in Table 2. This is not a complete set of possible parameters, but there is currently

no evidence that we need any more. If we were to develop the SMC from scratch, then presumably

we would choose a simpler set of symbols, for example: A, E, H, I, K, L, M, N, O, P, U, W .2 The

parameters are also not all on an equal footing. For some of them, there is no indication at the moment

that they differ from their default values (e.g.
∑

Ωi = 1 or n′ = 0), and hence the final SMC may
actually have fewer parameters.

There are several assumptions that underlie the SMC. We certainly assume that physics is the

same everywhere in the observable Universe (but see Section 5), and that General Relativity fully

describes gravity on large scales. The SMC also relies on the hot Big Bang picture being correct, and

that something akin to inflation created the density perturbations. The astonishing thing about modern

cosmology is that most of these assumptions are testable (or at least falsifiable), and that for the reality

in which we find ourselves living there are ways of determining the values of the quantities that describe

the nature of the entire observable Universe.

2. The Miracle of the CMB Sky

Many different observable quantities can be used to constrain the cosmological parameters. Tra-

ditionally these have involved trying to estimate distances of very distant objects (which is hard),

estimating masses of large amounts of matter (which requires the distance), measuring the clustering

of galaxies (which is related in a complicated way to the clustering of mass), and determining primor-

dial abundances (which is fraught with systematic effects). While each of these approaches have been

useful, they all rely on using tracers that are well into the non-linear regime, i.e. objects with density

2 The Hawaiian alphabet.

NRC Canada

A,E,H,I,
K,L,M,N,
O,P,U,W

2 Can. J. Phys. Vol. ,

Table 1. The 26 Parameters of the Standard Model of Particle Physics.

6 quark masses: mu md ms mc mt mb

4 quark mixing angles: θ12 θ23 θ13 δ
6 lepton masses: me mµ mτ mνe

mνµ
mντ

4 lepton mixing angles: θ′

12 θ′

23 θ′

13 δ′

3 electroweak parameters: α GF MZ

1 Higgs mass: mH

1 strong CP violating phase: θ̄
1 QCD coupling constant: αS(MZ)
26 total parameters

ferences. But now string theorists have renamed it ‘the Landscape’ [61] and given it some theoretical

basis. Although these ideas may now have a little more mainstream credibility (and are discussed in a

later section), still not everyone agrees that it is a worthy avenue of inquiry.1

The number of parameters within the standard model varies slightly among phenomenologists,

depending on precisely how minimal the model under consideration is, and, in particular, how the

neutrinos are treated. A popular counting exercise gives 19 parameters in the minimal SMPP, plus

7 additional quantities to describe the neutrino sector. This is shown in Table 1. There are 26 free

parameters in this model; if we were to develop the SMPP from scratch, then presumably we would

label the parameters as A, B, C, . . . , Z . Given this proliferation of numbers, one expects that, for the
sake of elegance, there must be a more fundamental theory with far fewer parameters.

As is well known, the SMPP has been astonishingly successful, so much so that, for the last 3

decades, the emphasis has been on trying to find inadequacies in it – i.e. searching for ‘physics beyond

the standard model’. However, apart from theoretical ideas (some of them admittedly quite appealing),

there are still no convincing pieces of evidence for physics beyond the SMPP.

On the other hand, we know that there has to be new physics, beyond the SMPP, due to what we

have learned about the properties of the large-scale Universe – particularly cosmological evidence for

dark matter, dark energy and inflation.

Cosmology grew from being an arm-chair activity carried out in people’s spare time, to being

a dignified scientific pursuit, only in the 1960s. Originally the models were entirely baryonic and

involved simple ad hoc initial conditions. In many ways the basic picture has remained the same since

then – nearly scale invariant and adiabatic initial conditions, in an almost isotropic and homogeneous

Friedmann-Robertson-Walker solution to Einstein’s Field Equations. However, Cold Dark Matter was

added to the paradigm in the 1980s (e.g. [43, 6]), leading to the ‘Standard CDM’ picture in which

ΩM = 1. By the end of the 1980s the addition of a cosmological constant Λ was known to give better
fits to the available data (e.g. [44, 65, 15]).

The COBE satellite detection of large-scale Cosmic Microwave Background (CMB) anisotropies

in 1992 [58] brought an end to many wilder proposals which had been floated in the era of continually

improving CMB upper limits (see [36] for a discussion). It became clear that the CMB normalization,

together with galaxy clustering data, pointed to the ‘ΛCDM’ variant of the CDM paradigm ([14, 31]),

despite the reluctance of many theorists to let the elegance of Standard CDM slip away (e.g. [67]). The

cosmological constant became an accepted part of the model by the mid-to-late 1990s, following the

results from distant supernova surveys and degree-scale CMB experiments. Soon the concept of Λ was
generalised to that of Dark Energy. As the CMB anisotropy measurements grew increasingly precise,

1 And it has become known as ‘the other L word’.

NRC Canada
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The CMB Sky
Temperature anisotropies at  400,000 years
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The Universe is an inside-out star!

Crowe, Moss & Scott (in preparation)
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The Universe is an inside-out star!

Crowe, Moss & Scott (in preparation)
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The Universe is an inside-out star!

Crowe, Moss & Scott (in preparation)

The Sun The Universe

6000K 3000K

Photosphere 0.1% thick Photosphere 10% thick

Complicated opacity Thomson scattering

Helioseismology CMBology

Rotation defines m=0 No special directions

Info from frequencies Info from power spectra

Stochastic excitation Synchronized init. conds.

Variability ~5mins Variability ~Gyrs



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
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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
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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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(a) Acoustic Oscillations
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(b) Power Peaks

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 effective temperature Θ + Ψ (accounting for gravitational redshifts §3.3) at s∗ form a harmonic series
kn = nπ/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

Θ̈ + c2
sk

2Θ = 0 , (62)

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

defined as

c2
s ≡

ṗγ

ρ̇γ
. (63)

The solution to the oscillator equation can be specified given two initial conditions Θ(0) and vγ(0)
or Θ̇(0),

Θ(η) = Θ(0) cos(ks) +
Θ̇(0)
kcs

sin(ks) , (64)

where the sound horizon is defined as

s ≡
∫

csdη . (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 η∗, the oscillation reaches (see Fig. 9)

Θ(η∗) = Θ(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 η = 0
or at least η " η∗. 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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Temperature effect plus
sub-dominant out-of-phase Doppler effect
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Fig. 10. Doppler effect. The Doppler effect 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 effects 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 effect carries an angular dependence that changes its projection on the sky n̂ ·vγ ∝ 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 effect 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 effect, including baryonic effects 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



A bit more technical...

see Adam Moss’ talk

•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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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)



WMAP Science Team

All-sky Cosmic Polarization



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”



Scattering of anisotropies 
generates polarization

Hu & White 1997



Polarization patterns

Cold spot Hot spot



Rotate by 45°
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“E modes”



“B modes”
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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!

Kogut et al. 2007



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)



Current CMB anisotropy power spectrum
3rd peakMain

acoustic
peak

Damping 
tail



Temperature-Polarization cross spectrum
Reionization

Super-
Hubble
Anti-

correln.

Text

1st peak in TE spectrum



Polarization E-mode spectrum

Text

1st peak corresponds to trough in TT spectrum



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
⇒ straw-man target exists

16



All sky
5’ resoln.

Launch
August
2008

3rd CMB
satellite

9 bands:
30-860GHz
(LFI & HFI)



C  forecast
2.3 Cosmological Parameters from Planck 33

FIG 2.8.—The left panel shows a realisation of the CMB power spectrum of the concordance ΛCDM model (red
line) after 4 years of WMAP observations. The right panel shows the same realisation observed with the sensitivity
and angular resolution of Planck.

since the fluctuations could not, according to this naive argument, have been in causal contact
at the time of recombination.

Inflation offers a solution to this apparent paradox. The usual Friedman equation for the
evolution of the cosmological scale factor a(t) is

H2 =
(

ȧ

a

)2

=
8πG

3
ρ − k

a2
, (2.5)

where dots denote differentiation with respect to time and the constant k is positive for a closed
universe, negative for an open universe and zero for a flat universe. Local energy conservation
requires that the mean density ρ and pressure p satisfy the equation

ρ̇ = −3
(

ȧ

a

)
(ρ + p). (2.6)

Evidently, if the early Universe went through a period in which the equation of state satisfied
p = −ρ, then according to Equation 2.6 ρ̇ = 0, and Equation 2.5 has the (attractor) solution

a(t) ∝ exp(Ht), H # constant. (2.7)

In other words, the Universe will expand nearly exponentially. This phase of rapid expansion
is known as inflation. During inflation, neighbouring points will expand at superluminal speeds
and regions which were once in causal contact can be inflated in scale by many orders of
magnitude. In fact, a region as small as the Planck scale, LPl ∼ 10−35 m, could be inflated
to an enormous size of 101012m—many orders of magnitude larger than our present observable
Universe (∼ 1026 m)!

As pointed out forcefully by Guth (1981), an early period of inflation offers solutions to
many fundamental problems. In particular, inflation can explain why our Universe is so nearly
spatially flat without recourse to fine-tuning, since after many e-foldings of inflation the cur-
vature term (k/a2) in Equation 2.5 will be negligible. Furthermore, the fact that our entire
observable Universe might have arisen from a single causal patch offers an explanation of the
so-called horizon problem (e.g., why is the temperature of the CMB on opposite sides of the
sky so accurately the same if these regions were never in causal contact?). But perhaps more
importantly, inflation also offers an explanation for the origin of fluctuations.

TT
l

WMAP Planck

Roughly 16 times more information measured
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FIG 2.13.—Forecasts for the ±1σ errors on the temperature-polarization cross-correlation power spectrum CTE
!

in a ΛCDM model (with r = 0.1 and τ = 0.17) from WMAP (4 years of observation) and BOOMERanG2K (left)
and Planck (right). In the left-hand plot, flat band powers are estimated with ∆# = 100 for both experiments for
ease of comparison. The inset shows the WMAP forecasts on large angular scales with a finer ∆# resolution. For
Planck, flat band powers are estimated with ∆# = 20 in the main plot, but with ∆# = 2 in the inset on large scales.

Here wT = (σp,T θFWHM)−2 and wP = (σp,P θFWHM)−2 are the weights per solid angle for
temperature and polarization, respectively, for an experiment observing a fraction fsky of the
sky with noise per resolution element θFWHM × θFWHM of σp,T for temperature and σp,P for
Q and U . The beam window function is W! = exp[−#(# + 1)/(2#2

beam)] for a Gaussian beam
with #beam =

√
8 ln 2(θFWHM)−1, and has approximately the same form in polarization for a

pure co-polar beam. For B2K we combined the errors from the two surveys optimally, assuming
correlations between the observed regions were negligible. The generalisation of Equation 2.24
to multiple channels is straightforward (e.g., Zaldarriaga et al. 1997; Kinney 1998).

Note also that Equation 2.24 only takes account approximately of mode-coupling due to
the limited sky coverage. In particular it does not take account of effects that arise when one
attempts to separate E and B-polarization with partial sky coverage; Zaldarriaga 2001; Lewis
2002; Bunn 2002); such corrections are only significant for very small survey areas.

It is clear from Figure 2.13 that by the time Planck flies the oscillations in the temperature-
polarization cross-power spectrum will have been mapped out with coarse ∆# resolution by
WMAP, B2K and, very likely, a number of other ground and balloon experiments. However,
only Planck’s unique combination of resolution, sensitivity, frequency coverage, and sky coverage
will allow a near cosmic-variance-limited reconstruction of CTE

! over the full range of scales of
primary cosmological interest.

2.3.3.3 E-mode polarization

The ability of Planck to measure the electric polarization power spectrum CE
! is compared to

WMAP and B2K in Figure 2.14. The cosmological model and assumptions about the instrument
characteristics are as described in the previous subsection. The 1σ errors on CE

! are given
approximately by

(∆CE
! )2 $ 2

(2# + 1)fsky
(CE

! + w−1
P W−2

! )2. (2.25)

Direct detection of E-mode polarization, via its power spectrum CE
! , is more challenging

than statistical detection using the cross-correlation with the temperature anisotropies, since
the expected E-polarization signal is much weaker than the correlated part of the temperature.
After four years, WMAP should barely make a detection in a few broad bands around # = 400,
and on the largest scales where reionization dominates (provided Galactic polarized foregrounds
can be removed). However, Planck should be able to map out CE

! on all scales up to and beyond
the peak of the spectrum at # ∼ 1000.

Critically, Planck should be able to resolve accurately the large-angle polarization signal
arising from the epoch of reionization, constraining both the height and position of the peak at
# ∼ 5. The large-angle E-mode polarization power spectrum is more sensitive to the reionization

WMAP & BOOMERANG Planck
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FIG 2.14.—Forecasts for the ±1σ errors on the E-mode polarization power spectrum CE
! from WMAP and B2K

(left) and Planck (right). The cosmological model, and the assumptions about instrument characteristics, are the
same as in Figure 2.13. For WMAP and B2K, flat band powers are estimated with ∆" = 150 (with finer resolution
on large scales for WMAP in the inset). For Planck we have used the same "-resolution as in Figure 2.13.

history than its cross-correlation with temperature. In particular, the height of the peak scales
as the square of the optical depth to reionization, and, in models with abrupt reionization, the
position of the peak can be used to constrain the reionization epoch. The high value of τ implied
by the one-year WMAP data, when combined with observations of the Gunn-Peterson trough
in high-redshift quasar spectra (e.g., Becker et al. 2002; Fan et al. 2002; Songaila 2004), suggests
an extended period of partial ionization, rather than abrupt reionization. Figure 2.15 (modified
from Holder et al. 2003) shows the ionization histories of three physically-motivated models of
reionization, all constructed to have the same optical depth together with their resulting large-
angle E-mode polarization power spectra. The three models assume different efficiencies for star
formation in dark halos at high redshift and different metallicities of these early stars. Although
the main reionization peak is similar in these models, the secondary peak structure near " = 20
differs by more than cosmic variance showing that CMB polarization can probe more than a
single optical depth parameter. For Planck, the uncertainty in CE

! arising from instrument
noise is comparable to the cosmic variance at around " = 20 in these models. Nevertheless, it
should be possible to extract valuable information on the reionisation history beyond a simple
sharp transition (Holder et al. 2003; Hu & Holder, 2003).

The ability of large-angle polarization observations to constrain the optical depth to reion-
ization breaks important parameter degeneracies present in measurements of the temperature
anisotropies alone. For example, as shown in Figure 2.7, the scalar spectral index nS is strongly
degenerate with the optical depth parameter τ . More troubling is the near-exact degeneracy
involving the tensor to scalar ratio r, the optical depth, and the scalar normalisation AS. As
explained in § 2.3.2, breaking these degeneracies is essential if one is to attempt to discriminate
between the many proposed inflationary models. Accurate measurements of the E-mode polar-
ization can improve constraints in the r–nS plane by partially lifting degeneracies involving τ .
To improve constraints on r further, it is necessary to get around the problem that the tensor
contribution to the temperature and polarization is only significant on large scales (" < 100),
and so is generally lost in the cosmic variance of any scalar contribution. A decomposition
of polarization measurements into E and B-modes is therefore essential for detecting tensor
modes generated during inflation. Since scalar perturbations do not contribute to the B-mode
of polarization in linear theory, B-mode polarization can in principle provide direct constraints
on r, limited only by our ability to deal with foreground and secondary polarization.

2.3.3.4 B-mode polarization with Planck

The most ambitious goal of CMB polarimetry experiments is to map the B-mode polarization. A
detection of a large-angle signal with a thermal spectrum would provide a smoking-gun signature
of a stochastic background of gravitational waves. In models of inflation, the amplitude of the
B-mode of polarization is a direct measure of the inflationary energy scale, and so a detection

WMAP & BOOMERANG Planck
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FIG 2.16.—The probability of detecting B-mode polarization at 95% confidence as a function of AT, the
amplitude of the primordial tensor power spectrum (assumed scale-invariant), for Planck observations using 65% of
the sky. The curves correspond to different assumed epochs of (instantaneous) reionization: z = 6, 10, 14, 18 and 22.
The dashed line corresponds to a tensor-to-scalar ratio r = 0.05 for the best-fit scalar normalisation, AS = 2.7×10−9,
from the one-year WMAP observations.

FIG 2.17.—Forecasts for the ±1σ errors on the B-mode polarization power spectrum CB
! from Planck (for

r = 0.1 and τ = 0.17). Above # ∼ 150 the primary spectrum is swamped by weak gravitational lensing of the
E-polarization produced by the dominant scalar perturbations. The cosmological model, and the assumptions about
instrument characteristics, are the same as in Figure 2.13.

and foreground contamination can be kept under control. Fortunately, Planck has polarization
sensitivity over the range 30–353 GHz in seven separate frequency channels using two instru-
ments. This range spans the frequency ∼ 80 GHz where the contaminating signal of Galactic
polarization is expected to be at its minimum. Since Planck samples the sky with a large num-
ber of detectors over a wide frequency range, it will be possible to perform many redundancy
checks on the polarization maps.

(Assumes
r=0.1
t=0.17)

Inflationary B-modes may be in Planck’s reach



Polarization: why bother?
CMB is polarized as expected
Confirms Thomson scattering at z=1100
Out of phase with Temp., confirming 
adiabatic modes
Signature of super-horizon fluctuations
at large angles
Reionization signature at largest angles
Breaks some parameter degeneracies
Can we detect inflationary B-modes?



Conclusions
CMB theory in very good shape (linear 
perturbations + simple physics)
All will be explained by Adam Moss!
Clean measurement of details of ICs + 
cosmic evolution
Potential for constraining physics at the 
highest energies
“Secondary” anisotropies add complexity 
CMB/LSS correlations etc. etc.
See talk by Gil Holder!





Planck’s
“Bluebook”

http://www.rssd.esa.int/SA/PLANCK/docs/Bluebook-ESA-SCI(2005)1_V2.pdf

The updated
science 

programme

(astro-ph/0604069)

http://www.rssd.esa.int/SA/PLANCK/docs/Bluebook-ESA-SCI(2005)1_V2.pdf
http://www.rssd.esa.int/SA/PLANCK/docs/Bluebook-ESA-SCI(2005)1_V2.pdf


Planck specifications

4 CHAPTER 1 THE PLANCK MISSION

The Low Frequency Instrument (LFI) covers 30–70 GHz in three bands*; the High Fre-
quency Instrument (HFI) covers 100–857 GHz in six bands. The band centers are spaced ap-
proximately logarithmically. Performance parameters of the instruments are summarized in
Table 1.1. The LFI horns are situated in a ring around the HFI. Each horn collects radiation
from the telescope and feeds it to one or more detectors. As shown in Figure 1.3, there are
nine frequency bands, with central frequencies varying from 30 to 857 GHz. The lowest three
frequency channels are covered by the LFI, and the highest six by HFI.

TABLE 1.1

SUMMARY OF PLANCK INSTRUMENT CHARACTERISTICS

LFI HFI

INSTRUMENT CHARACTERISTIC

Detector Technology . . . . . . . . . . . . . . HEMT arrays Bolometer arrays
Center Frequency [GHz] . . . . . . . . . . . 30 44 70 100 143 217 353 545 857
Bandwidth (∆ν/ν) . . . . . . . . . . . . . . . 0.2 0.2 0.2 0.33 0.33 0.33 0.33 0.33 0.33
Angular Resolution (arcmin) . . . . . . . . 33 24 14 10 7.1 5.0 5.0 5.0 5.0
∆T/T per pixel (Stokes I)a . . . . . . . . . 2.0 2.7 4.7 2.5 2.2 4.8 14.7 147 6700
∆T/T per pixel (Stokes Q &U)a . . . . . 2.8 3.9 6.7 4.0 4.2 9.8 29.8 . . . . . .

a Goal (in µK/K) for 14 months integration, 1σ, for square pixels whose sides are given in the row “Angular
Resolution”.

FIG 1.3.— Spectrum of the CMB, and the frequency coverage of the Planck channels. Also indicated are the
spectra of other sources of fluctuations in the microwave sky. Dust, synchrotron, and free-free temperature fluctuation
(i.e., unpolarized) levels correspond to the WMAP Kp2 levels (85% of the sky; Bennett et al. 2003). The CMB and
Galactic fluctuation levels depend on angular scale, and are shown for ∼1◦. On small angular scales, extragalactic
sources dominate. The minimum in diffuse foregrounds and the clearest window on CMB fluctuations occurs near
70 GHz. The highest HFI frequencies are primarily sensitive to dust.

While LFI and HFI alone have unprecedented capabilities, it is the combination of data from
the two instruments that give Planck the imaging power, the redundancy, and the control of

* The 100 GHz channel originally proposed was dropped in 2003 due to budget constraints.

Low Frequency
 Instrument

High Frequency
Instrument

Instrument tests meet the specs!
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−300 300µK −300 300µK −300 300µK

WMAP 2 years WMAP 8 years Planck 1 year

COBE–DMR resolution Planck resolution

FIG 2.1.— Simulated maps of the CMB sky in inflationary CDM models. The top two pictures show temperature
anisotropies over the whole sky at COBE and Planck resolutions. Such small pictures cannot show the difference in
resolution between WMAP and Planck. Accordingly, the middle three pictures show an expanded view of a 5◦ × 5◦
patch of sky at WMAP (94 GHz, 15′ FWHM) and Planck (217 GHz, 5′ FWHM) resolutions, with noise calculated for
2 and 8 years for WMAP and 1 year for Planck. The significant differences between WMAP and Planck in resolution
and noise (even for an 8-year WMAP mission) are shown in a different way in Fig. 2-8. The lower two pictures show
the direction and amplitude of polarization anisotropies at Planck resolution for a pure scalar fluctuation mode.

per particle and are predicted by the vast majority of theoretical models) from isocurvature
perturbations (which arise from spatial variations in the equation of state). We can estimate
the amplitude and shape of the initial spectrum of density perturbations and, through mea-
surements of the CMB polarization, search for the imprint of primordial tensor (gravity wave)
perturbations at large angular scales. Signatures of the first stars that formed in the Universe
should also be detectable in the CMB polarization on the largest angular scales, and galaxy
clusters at lower redshifts will be detectable in the CMB temperature anisotropies at smaller
angular scales. Gravitational lensing by clustered matter at low redshifts should also be de-
tected in the CMB temperature and polarization anisotropies. One of the attractive features of
Planck, perhaps unique amongst space missions, is its ability to study physical effects over the

CO
BE

Pla
nc
k

WMAP
8 years

Planck
1 year

WMAP
2 years



Planck probes the origin 
of structure

If n=0.95 Planck’s lever-arm will nail it

Large angle polarization helps indirectly

Better cluster “SZ” estimate also helps

Simplest inflationary models imply r~0.1

Inflationary B-modes may be in Planck’s reach:

energy scale of inflation may be measurable!



The Universe deserves to have its parameters measured well
More parameter degeneracies broken
Tighter reionization optical depth measurement
Precise last-scattering distance for Dark Energy probes
Better primordial non-Gaussianity limits
Improved isocurvature constraints
Wide frequency measurement of lowest multipoles
Cleaner large-angle polarized foreground discrimination
Large cluster survey through Sunyaev-Zel’dovich signature
Measurement of large-scale structure SZ signal
Correlation between large and small scales through lensing
Detection of small-scale lensing B-mode signature
Integrated Sachs-Wolfe effect correlations with structure
Extragalactic point source catalogue at 9 frequencies
All sky, complete picture of the Galaxy at large scales
Investigation of “anomalous” dust
Galactic magnetic field studies
Plan for full-blown B-mode mission
Search for unexpected things!
More computer presentations


