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Polarisation

• What is polarisation? 


• How does the CMB get polarized?


• Polarisation patterns: E and B modes


• Tensor perturbations and gravitational waves


• What can we learn from the polarisation of the CMB?



Polarisation

We can observe this using a simple polarisation filter (right)

Polarization describes the orientation of the light 
perpendicular to the direction of propagation


Unpolarized light = no particular orientation


Polarisation can be generated via scattering
Reflection of light on a surface

Incident unpolarized light "shakes" the electrons.  This 
“shaking” re-radiates the outgoing reflected light.  

Since the electrons shake most easily in the plane of the 
surface, the outgoing light is mainly polarized 
perpendicular to the plane of the scattering. 



Polarisation in the CMB
Thomson scattering provides a similar means of polarizing CMB light

A photon scattering 
off a photon 

Linear polarisation

Photons come from all 
direction 

No net polarisation

Plots: Wayne Hu

Only if intensity of the radiation varies at 90 degrees (i.e. distribution has a 
quadrupole pattern), do we get a net linear polarization  

Quadrupole distribution 
 Net polarisation

Hot

Cold



How do we generate a 
quadrupole?

Near the end of recombination a quadrupole moment can form by the 
diffusion of photons into and out of the originally hot and cold regions

Characteristic scale: diffusion (damping) scale. Polarisation 
expected to be large around L ~ 1000 (and very small for small L)

A quadrupole anisotropy is generated by the diffusion of photons close to LSS
In tight coupling the quadrupole is practically zero



Reionization
Scattering around the LSS causes ~10% of the CMB to 

gets polarized 

At late times the Universe gets reionized. Photons start 
to scatter a bit again 

Generates a (tiny) large scale polarisation signal!

…but can be modelled very simply in  
CMB codes as a “jump” from ~10^-4 -> 1 in  

the free electron fraction

Causes a plateau in the 
optical depth

Complicated process…



Thompson scattering
How does polarisation enter in the math we have been through? 

The scattering cross section depends on the polarisation vector  
(we ignored this dependence in the lectures)

Taking this into account gives  
us Boltzmann equations 

for the polarisation perturbations

Π = Θ2 + ΘP
0 + ΘP

2The source  
is the quadrupole term 

of the temperature 
distribution



Types of polarisation 
patterns

We won’t go into the math, but we can decompose  
the polarisation patters in  

CMB maps into two types: E and B modes

How the pattern look like in  
CMB maps 

around a cold spot (blue)  
and hot spot (red)

Important thing to note: 
Thompson scattering produces only E modes



How it looks like in actual 
CMB maps

In observed maps (stacked hot/cold spots) from BICEP/Keck



How it looks like in actual 
CMB maps



E and B modes seen in the BICEP/Keck experiment

How it looks like in actual 
CMB maps



E and B mode spectra

EE has peaks 
where TT has troughs

Gravitational lensing of  
E modes gives B modes 

- Tells us about how much 
matter is clustered (As etc.) 

Reionization bump at low  
ell - tells us about the optical depth 

and can break the As-tau degeneracy

Peaks around the  
diffusion scale 

ell ~ 800

B modes from gravity waves 
This is not yet detected!

Total B mode spectra 
is the sum of these



Tensor perturbations
• Thompson scattering generates E modes. How do we get B modes? Gravity waves! 

• Perturbations can be decomposed into scalars, vectors and tensors 

• Evolves independently of each other at the linear level 

• Tensor perturbations to the metric = Gravitational waves 

• The math is very much the same, but with the 3-metric (for a GW in the z-direction):

CALCULATE 
Christoffel, 

Ricci, …

Einstein equation gives a  
wave equation for its evolution

Damping due to 
expansion



Tensor perturbations
Frozen outside  

the horizon

Enters and  
starts to oscillate

Damped oscillations  
due to expansion

Anisotropies on small angular scales will not be affected by gravity waves
Only the large-scale anisotropics are impacted by gravity waves



How do GW affect the 
CMB?

The metric determines how photons move 

Tensor perturbations in the metric sources tensor perturbations in the radiation field 

Affects both temperature and polarisations 

Calculation very similar to what we have been through for scalar perturbations

Unique in that it leads to B modes!



What generates gravity 
waves?

B modes from inflation 
A key prediction of inflation!

We don’t know how strong the signal is: we need a new parameter r
r is the amplitude of tensor modes to that of scalar modes 

We know how it evolve if it is there, but we still need something to source it.  
This is what inflation gives us!



Tensor to scalar ratio
The amplitude of the power spectrum is a (model-
independent) measurement of the energy scale of 

inflation.

Currently we know r < 0.1 

Values of r of the order of 0.01 or larger would imply 
that inflation occurred at the GUT scale

We are probing physics at energy scales that are 10-12 orders  
of magnitude larger than those achievable at LHC!



CMB Polarisation 
Experiments

Detection of inflationary B modes with r=0.2 in 2014 
…but turned out to be due to a foreground!

Very hard to get this right! Many orders of magnitude smaller than TT 
Require very good knowledge of foregrounds etc.

Compilation of  
polarisation experiments

Many ongoing ground-based experiments focusing on polarisation 
(South Pole a good location for doing this)



How big is the polarisation signal?



Plot: Benjamin Racine
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What is polarisation really 
good for?

As a consistency check for  
the theory of the CMB created  

from acoustic oscillations

Helps to constraint our models better 
(e.g. different degeneracies)

Good probe of new physics like inflation,  
gravity waves ++

Planck data



Summary
Temperature

E cross T

E mode B mode  
(from lensing)

Signal of B modes from inflation 
(Roughly r = 0.1)

Reionization 
Bump

Detection of (non-lensing) B-modes would provide  
strong evidence that inflation happened!

What generated E and B modes:

6-7 orders of 
magnitude!!!


