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The power of the CMB 

The CMB is the most sensitive cosmological probe we have, able to 
constrain a very large parameter space. 
 
This power arises for two reasons:  
 
v  We have measured large CMB maps at high resolution, with 

reasonably well-understood systematics.  

v  Our theory for the CMB is effectively linear, making it very 
straight forward to interpret these data. 
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Outline 

v  Observing the CMB  
v  Interpreting the CMB 
v  The future 

What is the CMB? 
Cosmic – comes from beyond 
our solar system or galaxy.  The 
CMB itself doesn’t originate as 
starlight, but is a remnant of a 
much earlier, hotter period. 
 
Microwave - intensity peaks for 
wavelengths about 2 mm.  
 
Background - light we see when 
we look at an apparently empty 
patch of sky.  It cannot be 
resolved into sources.  
 
It’s actually pretty bright: 400 
photons/ cubic cm; it 
contributes 1% of TV static.   

A Jaffe 

W Hu 
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The discovery of the CMB 
In 1964 Arno Penzias and Robert 
Wilson, two radio astronomers at Bell 
Labs, were working to convert an early 
satellite communications telescope to 
use it to study astronomical objects. 
 
They struggled to calibrate their 
telescope, as they saw an apparent 
noise signal where ever they pointed it.  
They assumed something was wrong 
with the telescope, but no matter what 
they did, the signal persisted.  
 
Eventually they understood the 
importance of their discovery, through 
work in Princeton (Dicke, Peebles, 
Wilkinson).  In 1965 they published their 
detection along side a Princeton paper 
interpreting what they saw as the 
cosmic microwave background.  

This helped establish the big bang theory as 
our cosmological model.  
 
Penzias and Wilson received the Nobel prize 
for their discovery in 1978.  

The CMB spectrum 

The frequency spectrum 
convinces us that it has a 
cosmological origin.   
 
As far as we can measure, it has a 
blackbody spectrum with a 
temperature of T = 2.726K.  
 
Consistent with blackbody to 50 
parts per million.  
 
Chemical potential  
 
Compton-y parameter  
 
 

Mather et al 1994 

µ < 9⇥ 10�5

|y| < 1.5⇥ 10�5
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Recombination  
The process of protons and electrons 
combining into hydrogen is called 
recombination.  
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If this were in equilibrium, the rate 
would be described by the Saha 
equation:  
 
 
 
 
Where,  
 
 
 
 
In reality, the hydrogen ground 
state falls out of equilibrium, so this 
must be calculated accounting for 
all of the excited states.  This leads 
to a small amount of free electrons 
becoming frozen in.  

xe = ne/nb ⌘ = nb/n�

B = 13.6 eV

Scattering history  

Recombination happens at a temperature of 
3000K (about a third of an eV.)  This is when 
the Universe was around 400,000 years old.  
 
Since then, the photons have travelled almost 
without scattering, though we know most 
hydrogen was reionised at some later point.  
 
 
Optical depth: 
 
 
 
Visibility function:  
 
 
Probability that photon last scattered at time t 

 =

Z
dt�Tne

g(t) = �Tnee
�(t)

Probability of 
scattering in dt 
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Patterns in the CMB 

The temperature of the CMB is very 
isotropic, despite not being in causal 
contact when it was last scattered. 
 
The first anisotropies were discovered 
in the 1970s taking the form of a 
dipole.  
 
Interpreted as due to our motion with 
respect to the CMB rest frame.  
 
Combined motion relative to CMB: 
~360km/s 
 
Direction (l,b): 264.4, 48.5 degrees 
 
 

1 part in 1000 

3.343 +-0.016 mK 

Primordial anisotropies 

First discovered by DMR instrument 
on COBE satellite in 1992.  The 
original discovery map was actually 
dominated by the galaxy and 
instrumental noise.  
 
Suppressed by 1 part in 100,000.  
Hard to explain such a small 
fluctuation without dark matter.  
 
J Mather and G Smoot won the 
Noble prize for spectrum and 
anisotropies respectively in 2006.  
 



05/02/18 

6 

25 years of progress 
Our maps of the CMB have grown in resolution as experiments 
have improved, from a couple thousand pixels in COBE to tens of 
millions in Planck.   
 
Ground based experiments have pushed to higher resolutions.  

Polarisation  

Thomson scattering is polarised, so if the scattering electron has a 
dipole in the incident radiation, the CMB light becomes polarised. 
 

Typically, this polarisation is 
5-10% of the temperature 
anisotropy.   
 
It occurs on scales that were 
inside the horizon at last 
scattering, so is suppressed on 
large scales, though reionisation 
can source late polarisation.  
 
Typically depends on gradient of 
the scatterer’s velocity, and is out 
of phase with the temperature.  
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Polarisation  
Polarisation was first detected by DASI in 2002, and it was seen to be 
correlated with the temperature anisotropy.  (First predicted by Coulson, RC, 
Turok, 1994.)    
 
The spin-2 polarization can be decomposed into two degrees of freedom, E 
and B modes.  E modes are radial or tangential around cold and hot spots, 
while B modes have a handedness.  
 
Only E modes arise from scalar modes, and B modes can indicate gravitational 
waves or non-linear physics (foregrounds, lensing.)   
 

B modes 

E modes 

Foregrounds 

There are a large number of possible foregrounds for CMB observations:  
 
Thermal dust – In our galaxy, typically of order 20K.  Frequency spectrum 
depends on the size of the dust grains (~0.05 um.)  Dominates at high 
frequencies.   Also can be spinning dust.  
 
Synchrotron -  Radiation from energetic electrons moving in magnetic 
fields near the galactic disk.  Dominates at low frequencies.  
 
Free-free – Electrons scattering off ionised atoms, also concentrated near 
disk. 
 
CO emission – Narrow frequency emission.    
 
Atmospheric emission – Thermal emission from water or oxygen in the 
atmosphere.   
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Foregrounds 

Synchrotron 

CO gas 

Free-free 

Thermal dust 

Foregrounds 
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Foregrounds 
Most foregrounds have a different frequency spectrum, and so can 
be removed by using many frequency bands:  

Foregrounds 
There is a narrow region near 100 GHz where the CMB signal stands out most 
from the foregrounds and most experiments span this range.  Combining 
multiple frequencies is often required to extract the CMB signal.  
 
Note the relative sizes depend on the angular size of the fluctuations, and 
polarisation foregrounds are smaller on smaller scales.  

C Dickinson 2016 

Polarised 
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Platforms 

CMB observations have taken three forms:  
 
Ground based:   
+ high resolution (big telescopes), can be 
maintained and updated, long duration 
observations  

- significant dynamic noise from water, oxygen 
in atmosphere, remote, dry sites (South pole, 
Atacama desert)   
   
Past: ACT, BICEP, DASI, SPT, … 
 
Present: ACTpol, SPTpol, Keck Array, Polarbear  
 
Future: Simons Array, CLASS,  Stage 4 (S4)  

SPT and BICEP 

Platforms 

CMB observations have taken three forms:  
 
Space based:   
+ No atmospheric noise, multiple 
frequency, usually stable, reasonably long 
observation time   

- Expensive, limited resolution, long 
development time 
   
Past: Relikt, COBE, WMAP 
 
Present: Planck  
 
Future: LiteBIRD, Pixie, CORE+  

WMAP 
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Platforms 

CMB observations have taken three 
forms:  
 
Balloon based:   
+ Little atmospheric noise, less expensive 

- limited resolution, less stable platform, 
limited duration, sometimes hard to 
recover data and instrument  
   
Past: MAXIMA, BOOMERanG, MSAM, 
Archeops, …  
 
Present: EBEX, Spider 
 
Future: Piper – ultra long duration  

BOOMERanG 

Quantifying the CMB 
The analog to a Fourier transform on a sphere is a spherical harmonic 
transform.   
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Spherical harmonic functions 
A set of orthogonal functions on the sphere.  Two characteristic numbers l 
(momentum) and m (azimuthal symmetry.) .  
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Individual and cumulative harmonics 

Clem Pryke animations 
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CMB power spectrum 

Theory doesn’t tell us what the CMB will look like exactly, but it 
does about its statistical expectations, in particular the expected 
power spectrum, or two point statistics, of the maps:  
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Other statistics  

In addition to the temperature maps, polarisation maps can also be 
expanded in spin-2 spherical harmonics:  
 
 
 
This leads to a number of new observable power spectra:  
                             <TT>, <TE>, <EE>, <BB>  
 
Parity invariance suggests <TB> and <EB> should be zero, but some 
models which are not parity invariant can produce them.  
 
Higher order statistics can also be measured, e.g. <TTT> or <TTTT> 
or their analogs, the bispectrum and trispectrum.   
 
These can help constrain non-linear processes in the early or late 
universe, e.g. primordial non-Gaussianity or non-linear evolution.    
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X

l,m

⇣
aElm eY E

lm + aBlm eY B
lm

⌘



05/02/18 

14 

dN = f(x,p, ⌧)d3x d3p

df

d⌧

=
@f

@⌧

+
dx

i

d⌧

@f

@x

i
+

dq

d⌧

@f

@q

+
dn̂i

d⌧

@f

@n̂i
= 0

Evolving the CMB  
Power spectra are predicted by solving the Einstein-Boltzmann for 
the photon distribution function: 
 
 
This describes how many photons of a given energy and direction 
(and polarisation state) result from a set of initial conditions.  
 
After recombination, these evolve according to:  
 
 
 
  
While scattering is still important, there is also a collision term in the 
Boltzmann equation:  

df

d⌧
=

d

d⌧
(fin � f)

f = f0(q) + f1(⌧, q, n̂,x) + ...

�(k, µ, ⌧) ⌘
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Linearised evolution   
To make these solvable, we take advantage of the small fluctuations 
to ignore non-linear terms in the evolution.  In particular, we can 
expand the distribution function as:  
 
 
 
Alternatively, we evolve the photon brightness function:  
 
 
 
 
Codes like CMBfast, CAMB, and CLASS solve these efficiently using 
a set of coupled linear differential equations.   
 
They determine how an initial mode is processed by the complex 
CMB physics, describing the result through a set of transfer 
functions. 
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The Sachs-Wolfe equation   

The power spectrum can be considered the result of a number of 
different terms (though this is somewhat gauge dependent).   

Potential fluctuations on LSS Integrated Sachs-Wolfe 
Generated along line of sight 

Density fluctuations on LSS Doppler from motion of LSS 

The shape of the power spectrum   

The ‘Doppler peaks’  

Large scale plateau 

Damping tail  
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Horizon scale at recombination 
What scale has had time to collapse at z = 1000?  
•  Scale = sound speed x age of the universe at recombination 
•             divide by angular distance to last scattering surface   
•            ~ one degree on sky (assuming a flat Universe)  
 
The scales left of the peak are outside the horizon at recombination, and 
do not evolve.  The density and potential terms partially cancel, leaving: 
 
 
 
 
For a scale invariant spectrum (n=1), this has an analytic solution for the 
power spectrum:  
 

  
This is why it appears flat in this plot (modulo effects from the ISW 
contribution.)   
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Acoustic oscillations    

Wayne Hu 

Before decoupling, the photons and electrons 
act as a single tightly coupled fluid and oscillate 
acoustically.  
 
These are captured in the power spectrum:  

�̈� + c2sk
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The shape of the power spectrum   

First compression  
First rarefication   

Second compression  

True Doppler fills in space between peaks   

Small scale damping    

Two effects cause the small scale (large ell) spectrum to be suppressed:  
 
Thickness of the last scattering surface:  The light we see originated 
from a range of redshifts and this blurs features that are on scales 
smaller than this distance.  
 
Silk (diffusion) damping: Photons and electrons are imperfectly coupled 
just prior to recombination, allowing photons to diffuse out of the 
potential wells.  This physically suppresses the power on scales smaller 
than the diffusion length.  
 
Both of these effects lead to exponential damping of small scale (large 
ell) anisotropies.    
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Standard ruler   

Template 

The effect of curvature   

Template 
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Changing the curvature   

Changing the matter density  
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Changing the baryon density   

ISW effect  

Gravitational effects 
create temperature 
anisotropies on large 
scales along the line of 
sight.  
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ISW effect 
Only on very large scales 
where crossing time is 
greatest 
 
Because of cosmic 
variance, S/N is not great, 
but highly sensitive to non 
standard models 

ISW effect  
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WMAP W band 

Luminous Red Galaxies (LRGs) 
No signal in a flat, matter dominated Universe 

ISW Effect  

ISW effect  

Giannantonio et al 2012 
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ISW effect  

Giannantonio et al 2012 

Achromatic  
4.4+/-0.4 sigma 

Sunyaev-Zel'dovich effect 

l   high energy electrons (in the centers of clusters) inverse Compton 
scatter CMB photons; give energy to photons 

l   divided into 
¡   kinetic SZ effect (energy transfer due to motion of electrons) 
¡   thermal SZ effect (energy transfer due to temperature of 

electrons) 
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Sunyaev Zeldovich effect 

ACBAR cluster at z=0.35 
Conservation of photons 

150 GHz 

220 GHz 

280 GHz 

Contributions to the Power Spectrum 
384 N. Aghanim et al.: Cosmic Microwave Background anisotropies beyond the third peak

and to their expansion). The most recent observations of very
distant quasars (z ∼ 6) are now suggesting that we have reached
the point where we are starting to observe the period of in-
homogeneous reionisation (IHR) (Becker et al. 2001; Gnedin
2001). As pointed out by Aghanim et al. (1996), inhomoge-
neous reionisation can induce secondary anisotropies of the
KSZ type, when the ionised bubbles move with respect to the
CMB rest frame. The inhomogeneous, or patchy, reionisation
has been during the few last years the subject of numerous re-
cent studies. Among these, we cite for example Benson et al.
(2001), Ciardi et al. (2001), Gnedin & Jaffe (2001) and Bruscoli
et al. (2002)

We estimate the possible contribution (in terms of the
power spectrum) of the anisotropies due to the IHR by using
the simple model proposed by Gruzinov & Hu (1998), which
we have generalised to a non-critical universe (open or flat with
non-zero cosmological constant). This is an empirical model of
the IHR based on three parameters: the redshift at which ioni-
sation starts zs, its duration δz and the typical size of the ionised
bubble R. In our case, we add the constraint that reionisation is
completed at zi = 6, i.e. for a given zs this fixes δz. In addition,
we set zs = 10 which is a reasonable assumption for the for-
mation of the first objects, i.e. when ionisation starts. However,
this simple model is limited by the fact that it gives a predicted
power spectrum for a specified bubble size that for illustration
we set to 10 Mpc. It therefore introduces an artificial cut-off at
small angular scales. A smaller (larger) size, shifts the power
spectrum to smaller (larger) angular scales and decreases (in-
creases) the amplitude.

3.3. Ostriker-Vishniac effect

Along with the IHR effect produced during the first stages of
reionisation and independently of any physical model to ex-
plain the sources of photoionisation, we have to take into ac-
count the well-studied Ostriker-Vishniac effect OV (Ostriker
& Vishniac 1986; Vishniac 1987; Hu et al. 1994; Dodelson &
Jubas 1995; Jaffe & Kamionkowski 1998) which arises during
the linear regime of the cosmological density fluctuation evo-
lution. Contrary to the IHR, this second order effect assumes
a homogeneous ionisation fraction and relies entirely on the
modulation of the Doppler effect by spatial variations of the
density field which affect the probability of scattering. Due to
its density squared weighting, it peaks at small angular scales,
typically arcminute scales in low matter-density flat models,
and produces µK rms temperature anisotropies.

To estimate its power spectrum, and therefore its contri-
bution to the temperature anisotropies, we follow the Jaffe &
Kamionkowski (1998) approach. The OV effect can be ex-
pressed as the time integral of the velocity field projection
along the line of sight modulated by the density field and
weighted by the so-called visibility function. The visibility
function gives the probability of rescattering of the photons
as a function of time (or z) and encodes all the information
relevant for reionisation. The usual approach is to consider
that the visibility function follows a Gaussian centred near
zi with a width corresponding to the interval of reionisation
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Fig. 2. Primary and secondary CMB anisotropies. The 95% confi-
dence levels for the primary anisotropies (see text) are plotted together
with the 2σ envelopes (light shaded regions) and 1σ envelopes (heavy
shaded regions) for the secondary anistropies (see text). The solid line
within the heavy shaded 1σ envelope represents, for each contribution,
the power spectrum computed for the “concordance model”.

δz. This describes an idealised model for the evolution of the
reionisation process. However, cosmological simulations
(Gnedin 2000; Gnedin 2001), supported by recent observa-
tional data from SLOAN (Becker et al. 2001), indicate a slow
first stage of reionisation, called the pre-overlap phase, fol-
lowed by a fast overlap and post-overlap periods around zi ≃ 6.
We thus propose a more realistic model for the visibility func-
tion which shape consists of a curve with a smooth growing
slope at redshifts higher than zi and a steep decrease just be-
fore zi. This approach increases the amplitude of the OV power
spectrum by 50% at all scales and produces a slight shift of its
peak to smaller multipoles (larger angular scales) as compared
to previous works. This simple but efficient analytical model-
ing of the OV effect will depend on the reionisation redshift, its
duration and the cosmological model.

4. Results

The main results of our work are plotted in Fig. 2. Constraints
on the primary anisotropies are plotted assuming the template
of models described in Sect. 2. As we can see, even if mul-
tiple oscillations in the CMB data have not been detected at
a level better than 2σ (see, e.g. Douspis & Ferreira 2001)
the actual data can constrain the region of compatible theo-
retical models. In particular, the level of primary anisotropies
for ℓ > 1000 can be well defined, suggesting that measure-
ments of the power around the first 3 peaks constrain the in-
trinsic parameters of the model template. Together with the
primary anisotropies, we have computed power spectra for
the secondary anisotropies. For each contributing signal, we
give the power spectra for the so-called “concordance model”
(Ωm = 0.3, ΩΛ = 0.7, h = 0.71) (solid line within the
heavy shaded region). Taking the values allowed by the CMB
analysis (Melchiorri & Silk 2002) and the HST measurements

Aghanim et al. 2002  
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All the data   

 Like 

CMB constraints    

Physical dark matter density  
Physical baryonic density 
Optical depth 
Amplitude 
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Planck results    

Planck results    

 Like 
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Planck non-Gaussianity 

l  Under the Inflation paradigm the temperature fluctuations are 
usually (nearly) Gaussian. 

l  If CMB is Gaussian, all information is encoded in the power-
spectrum (higher-order moments bring nothing extra). 

l  Bispectrum can probe potential non-Gaussianity: 
 

l  Current contraints (Planck): fNL = 2.7±5.8 (68% CL) 
l  Other types of NG parametrized by other numbers (gNL, fNL(non-

loc), etc). 
l  All probes of primordial potential and early-Universe theories. 

�(x) = �
L

(x) + f loc
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(�2
L

(x)� h�(x)i)

The future   

 Like 
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Future goals    

Goals of the recent Stage 4 white paper:  
•  Detecting primordial gravitational waves, using B modes  
•  Constraining neutrino mass and sterile neutrinos  
•  Constraining the energy density in light relics (N_eff)  
•  Learning about dark energy through CMB lensing, cluster counts, and 

cosmic velocities 

Stage 4:  
•  500,000 bolometers in multiple telescopes  
•  Large and small angle observations  
•  Large angle targeting reionisation bump in multiple frequencies for 

foreground removal 
•  Small angle used for delensing and constraining neutrinos and light 

relics, up to ell ~10,000?  

LiteBIRD (Japan)  
Pixie (NASA) , CORE+ (ESA)  

Stage 4 goals   

 Like 
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The end…   

 However, more detailed notes on CMB calculations can be found on 
my web page.  If there is interest, further lectures could be 
arranged.  

SZ – Measuring H0 
Planck XXIX 

Optical 
Xrau 

X-rays 

SZ 

f is for non-spherical systems 

Assuming low redshift 
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SZIII – Measure H0 
Planck XXIX 

Optical 
Xrau 

X-rays 

SZ 

f is for non-spherical systems 

Assuming low redshift 

Kinetic SZ Hand et al. 2012 (ACT+BOSS cross-correlation) 

200km/s & 1013 – 1014 Msolar 


