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Make your own CMB experiment!
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• Design experiment to measure  

• Find component amplitudes 

• Plot                            against l (where l is inverse of angular scale, l ~ π / θ )
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Generating theoretical Cl

3

OUTPUT
INPUT

Fit to data

Favorite
cosmological

model:
Ωm, ΩΛ, σ8, H0, ..

Boltzmann
solvers
powerful

cosmological
codes

(CMBFAST, CAMB)

Codes like CMBFAST or CAMB evolve the perturbations 
in different species (CDM, baryons, photons, 
neutrinos) independently and then add them up. The 
perturbations are small so linear theory suffices. 
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Calculation of the Cl-s
(e.g. CMBFast)
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Reference: Seljak & Zaldarriaga (1996)
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Calculation of the Cl-s
(e.g. CMBFast)
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‣ We know how the intensity distribution 
for a single k-mode looks like!

‣ Choose one single k-mode and evolve 
that from before the recombination until 
today (coupled & linearized Boltzmann 
and Einstein equations)

‣ Compute the contribution of that k-
mode to the power spectrum (Cl-s) by 
line of sight integration 

‣ Average over all possible phases, and 
sum up the contributions from all the k-
modes!
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Online Cl  calculators
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CMB Toolbox:  http://lambda.gsfc.nasa.gov/toolbox/

CAMB website:  http://camb.info/
CMBFast website:  http://www.cmbfast.org/

http://lambda.gsfc.nasa.gov/toolbox/
http://lambda.gsfc.nasa.gov/toolbox/
http://www.cmbfast.org
http://www.cmbfast.org
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We will use online CMB tools, e.g.
https://lambda.gsfc.nasa.gov/toolbox/tb_camb_form.cfm

Parameter estimation (Exercise)

para
mete

r

constr
ain

ts

http://lambda.gsfc.nasa.gov/toolbox/tb_cmbfast_form.cfm
http://lambda.gsfc.nasa.gov/toolbox/tb_cmbfast_form.cfm
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Parameter estimation (Exercise)
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Cosmic variance            Noise per beam

Plot your own power spectra
(two for each parameter and 
the fiducial). Then add-in the 

noise term and sum up!
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Check the LAMBDA website
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SECONDARY temperature anisotropies
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Integrated Sachs-Wolfe effect
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Temperature anisotropies due to density change and 
associated gravitational potential (scaler perturbations)

at a given point x along the direction n
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Integrated Sachs-Wolfe effect
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• The early ISW effect is caused by the small but non-negligible 
contribution of photons to the density of the universe

• The late ISW effect:

• Gravitational blueshift on infall does not cancel redshift on climb-out

• Contraction of spatial metric doubles the effect: ΔT/T ~ 2ΔΦ

• Effect of potential hills and wells cancel out on small scales
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Integrated Sachs-Wolfe effect

ISW effect

δ ∝ t2/3 ∝ a for δ << 1  
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ISW effect as Dark Energy probe
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The ISW effect constraints the dynamics of acceleration, 
be it from dark energy, non-flat geometry, or non-linear growth.

Cosmic evolution of dark energy is parametrized by  w(a) ≡ pDE/ρDE

For a cosmological constant, w=-1. In general, ρDE ~ a -3(1+w)

In the absence of curvature, measurement of ISW is measurement of DE. 
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Cosmic variance problem
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Cosmic variance problem

16

Solution: Cross-correlate with other probes 
         of dark energy, which has large sky 
         coverage (e.g. optical, X-ray or radio 
         surveys of galaxies, tSZ signal)

thermal SZ effect⎯ISW cross-correlation
 (Creque-Serbinowski et al. 2016)
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ISW optical-survey correlation
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SECONDARY temperature anisotropies
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    Re-scattering of CMB photons damps 
anisotropy power (ΔT2) as e-2τ, with τ the 
optical depth to Thomson scattering.

    For τ = 0.095, this means a 20% reduction 
from initial power.

    New perturbations are generated on small 
scales due to the bulk motion of electrons 
in over-dense regions (Ostriker-Vishniac 
effect)
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ΔT from reionization

19
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Other small effects..

20

Resonant scattering by atoms and molecules (CMB spectroscopy!)

OI 63 µm line

Basu, Hernandez-Monteagudo
 & Sunyaev 2004
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Lensing of the CMB power

21

One result of CMB lensing is 
blurring of temperature 
anisotropies, as the angular 
scales associated with the 
peaks are distorted.

Another result is the mixing of 
different polarization modes (E 
modes into B modes).

CMB photons get deflected by the 
intervening large scale structure.
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Lensing of the power spectrum

22

Lensing smooths the temperature power spectrum (and E mode 
polarization) with a width ∆l~60

This is a small, subtle effect, reaching ~10% in the damping tail. However, 
it is easier to measure at large angles (Planck) due to low foregrounds.
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CMB lensing measurements

23

Planck 2015 results
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CMB lensing measurements

24
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Power at small angular scales

25

The signal is actually Cl  ⎯ our power spectrum plots boosts the 
apparent variance at large l by a factor l2 ! Observations at high-l 
therefore requires far greater sensitivity.
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 Recent large-l measurements

26

Keisler et al. 2011

Lensed CMB
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Local y-distortion: thermal SZ effect

27
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tSZ power spectrum

28

IR galaxies
foreground

Simulation and observation
of high-resolution CMB sky

at 150 GHz.
 

Clusters in the SZ effect show
up as dark shadows!

Ramos-Ceja, Basu et al. 2014

real data

simulation + noisesimulation



SZ power spectrum is a powerful probe of cosmology,
primarily through its strong dependance on σ8 
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SZ power spectrum

29

SPT constraints
assuming 

different tSZ
templates
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kSZ effect from reionization
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Anisotropies at ell ≈ 1000 - 10000 receives a substantial contribution from kSZ anisotropy due to 
patchy reionization (“patchy kSZ”), which arises again from ne∗vpec but, during this epoch, the 
fluctuations in ne are fractionally large due to the inhomogeneous nature of reionization. The 
amplitude of the power spectrum of patchy kSZ scales with the duration of the epoch of 
reionization (EoR), but there is much more information about the bubble size and velocity field 
during reionization to be obtained if the power spectrum’s shape (and possibly the higher 
moments of the field) can be measured.
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How to go further with CMB?

31

Cosmic Variance

› We only have one 
realization (our sky), 
i.e., one event.

› TT at small l (incl. 
first peak) is now 
cosmic variance 
limited.

To go further: 

› TT at large l 

› Polarization
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Polarization of the CMB

32
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Polarization of the CMB

CMB radiation is linearly polarized, which 
means that at each point on the sky we 
have a vector orthogonal to the direction 
of CMB propagation.

Mathematically, this is a spin 2 field on a 
sphere:



• We can break down the polarization 
field into two components which 
we call E and B modes. This is the 
spin-2 analog of the gradient/curl 
decomposition of a vector field.

• E modes are generated by density 
(scalar) perturbations via Thomson 
scattering.

• Additional vector modes are created 
by vortical motion of the matter at 
recombination - this is small

• B modes are generated by gravity 
waves (tensor perturbations) at last 
scattering or by gravitational 
lensing (which transforms E modes 
into B modes along the line of sight 
to us) later on. 
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E and B modes

34

E-mode
(“gradient-like”)

B-mode
(“curl-like”)

Two flavors of CMB polarization:

Density perturbations: curl-free, “E-mode”
Gravity waves: curl, “B-mode”



The Helmholtz's Theorem on Vector Fields
Helmholtz's theorem is also called as the fundamental theorem of vector 
calculus. It is stated as
“A sufficiently smooth, rapidly decreasing vector field in three dimensions can 
be decomposed into the sum of a solenoidal (divergence-less) vector field 
and an irrotational (curl-less) vector field.”
The theorem is also called as Helmholtz decomposition, it breaks a vector 
field into two orthogonal components.
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E and B modes: 2D vector analogy

Instead of decomposing the vector field into E and B modes, one could also use the 
original Stokes Q and U parameters, but the disadvantage is that the distinction 
between Q and U depends on the choice of the coordinate frame.
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E and B modes

(Credit: Jonathan Aumont)
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Quadrupole + Thomson scattering

37

Polarization is induced by Thomson 
scattering, either at decoupling or during 
a later epoch of reionization.

For scattering at Θ=π/2 only one 
component of the initially unpolarized 
radiation field gets scattered.



Two things:

“Normal” CDM:  Density perturbations at z=1100 lead to 
velocities that create local quadrupoles seen by 
scattering electrons.


 =>  E-mode polarization  (“grad”)

Gravity waves:  create local quadrupoles seen by the 
scattering electrons.


 => B-mode polarization (“curl”)
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What causes the CMB quadrupole?

38

The problem of understanding the polarization pattern of the CMB
thus reduces to understanding the quadrupole temperature 

fluctuations at the instant of last scattering.
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From velocity gradients to polarization

39

When gravity overwhelms pressure, matter flows towards the overdense regions. But 
these overdense regions are also colder initially, as photons must climb out of the 

potential well. Hence flows are established from hot to cold regions locally, and these 
velocity gradients create the polarization signal.

 Velocity gradients in the photon-baryon fluid lead to a quadrupole 
component of the intensity distribution, which, through Thomson 

scattering, is converted into polarization!
(See Zaldarriaga, astro-ph/0305272)
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Polarization from the last scattering

40

We saw that polarization pattern created at the last scattering can only come 
from a quadrupole temperature anisotropy present at that epoch.

In terms of multipole decomposition of a radiation field in terms of spherical 
harmonics, Ylm (θ,φ), the five quadrupole moments are represented by
l = 2; m = 0, ±1, ±2.

The orthogonality of the spherical harmonics guarantees that no other 
moment can generate polarization from Thomson scattering!

The problem of understanding the polarization pattern of the CMB thus 
reduces to understanding the quadrupolar temperature fluctuations at the 
epoch of last scattering.
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Polarization patterns

41

There are three sources to the quadrupole  
temperature anisotropy at recombination:

 - scalers (m=0) for velocity perturbation
 - vectors (m=1) for vorticity (negligible)
 - tensors (m=2) for gravity waves
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Visualization of the polarization pattern
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The scaler quadrupole 
moment, l=2, m=0. Note 
the azimuthal symmetry in 
the transformation of this 
quadrupole anisotropy into 
linear polarization.
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Polarization patterns

Scaler mode
(l=2, m=0)

Vector mode
(l=2, m=±1) Tensor mode

(l=2, m=±2)

Animations by Wayne Hu. Thick and thin lines are E and B-mode patterns.

(negligible)
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Parity of E & B modes

44
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Polarization power spectra

45

TT

Tensors

TE

EE

Lensing

BB for r=0.5

BB for r=10-4

E & B modes have different reflection 
properties (“parities”):

Parity: (-1)l for E and (-1)l+1 
for B (here l=2) 

The cross-correlation between 
B and E or B and T vanishes 
(unless there are parity-
violating interactions), because 
B has opposite parity to T or E.

We are therefore left with 4 
fundamental observables.

r = T/S: Tensor to scaler ratio, 
generated by the primordial 
gravity waves at last scattering

⇒ B has negative parity
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Detecting polarization is difficult!

46

Power spectra of CMB temperature anisotropies (black), grad polarization (red), and curl polarization due to 
the GWB (blue) and due to the lensing of the grad mode (green), all assuming a standard CDM model with 

T/S = 0.28. The dashed curve indicates the effects of reionization on the grad mode for τ = 0.1.

×100
smaller

Polarization signal 
amplitude is much 
smaller than the 

temperature, since it 
requires a scattering 
event and hence can 
only be produced in 

optically thin condition.
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Polarization power spectra

47

The polarization power 
also exhibits acoustic 
oscillations since the 
quadrupole anisotropies 
that generate it are 
themselves formed from 
the acoustic motion of 
the fluid.  

The EE peaks are out of 
phase with TT peaks 
since scaler perturbation 
effect is maximum when 
the velocity field is 
maximum.
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Shape of the power spectra

48

reionization
bump

• Primordial E-mode signal peaks at small 
scales, corresponding to the width of the 
epoch of last scattering  

• The primordial B-mode signal (due to a 
stochastic background of gravitational 
waves) dominates only at large angular 
scales

• On similarly large angular scales, the E-
mode polarization signal is dominated by 
secondary fluctuations imprinted by 
reionization

• The lens-generated signal grows at smaller 
scales (turning E modes into B modes!)

Shape and amplitude of EE are predicted by ΛCDM.
Shape of BB is predicted “scale-invariant gravity waves”.
Amplitude of BB is model dependent, and not really constrained from theory.
Measuring this amplitude would provide a direct handle of the energy scale of inflation!
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EE power spectrum

49

MCMC simulations from K. Vanderlinde

The intermediate to small scale EE polarization signal is sensitive only to the 
physics at the epoch of last scattering (unlike TT which can be modified). 

The EE spectrum is already well constrained from the cosmological models, 
but it provides additional checks and helps to break some degeneracies. 
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BB spectrum uncertainties
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Lensing

BB mode can tell us about a lot of new physics (energy scale at inflation, 
neutrino mass, etc.), but its prediction is still very uncertain.

Latest (2015) Planck+BICEP results put r<0.08 at 95% confidence.
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Scaler-to-Tensor ratio
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1. Scaler power spectrum

The scaler perturbations are Gaussian, so all information about them is contained in the two-point 
correlation function:

The mean square value of the initial perturbation amplitude is

Where                                is also called the power spectrum, and is approximated as follows:

In 1960’s, Zel’dovich and Harrison independently predicted the flat spectrum of perturbations (i.e. 
ns = 1). The WMAP5 values for a fixed k∗ = 500 Mpc-1 are:



Observational Cosmology K. Basu:  CMB  theory and experiments

Scaler-to-Tensor ratio
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2. Inflation and tensor power spectrum

Actually, the derivation of approximately flat power spectrum does not depend on whether we deal 
with scalar or tensor fields. So inflation also generates tensor perturbations (transverse traceless 
perturbations of spatial metric hij, i.e. gravitational waves). 

We have the same picture for tensor perturbations: primordial perturbations are Gaussian random 
field with almost flat power spectrum. In this case we have

It is convenient to introduce the parameter                      which measures the ratio of tensor to 
scalar perturbations.

For simple inflation theories with power-law potentials (last slide), prediction is  r ~ 0.1 − 0.3

➜ these are now practically ruled out by Planck data 
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Scaler-to-Tensor ratio

53

3. Inflation and the spectral index, ns
Inflation occurs if the universe is filled with a scalar field φ, which has non-vanishing scalar 
potential V(φ). The homogeneous field φ then satisfies the equation

For a relatively flat potential (dV/dφ small), the acceleration term can be neglected. The Friedmann 
equation in this case is H2 = 8π/3 G V(φ). So if φ varies slowly, then V(φ) and thus H also varies 
slowly, and the parameters of inflation are almost time independent (slow-roll inflation).

Yet, the parameters are not exactly time-independent at inflation, so the predicted value of the 
spectral tilt (ns - 1) is small but non-zero. It can be positive or negative, depending on the scalar 
potential V(φ). In particular, it is negative for the simplest power-law potentials like

Here one can have a very simple relation (for
specific slow-roll inflation models):

r = −8ns



• The DASI experiment at the South Pole 
was the first to detect E-mode CMB 
polarization

• It was followed by WMAP’s measurement 
of CTE(l) for l<500

 
• Both the BOOMERANG and the CBI 

experiments have reported 
measurements of CTT, CTE , CEE and a 
non-detection of B modes

• E-mode has also been measured by 
CAPMAP and Maxipol

• B-mode polarization has not been 
detected yet (current noise level for 
ground-based experiment is below        
1 μK in Q and U))
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Detection of E-mode polarization

54

DASI collaboration, 2002
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WMAP measurement of E-mode

55

Re-scattering of the CMB 
photons during and after 
reionization added to the 
polarized power on large 
angular scales 

(scale comparable to the 
horizon, H-1, at the epoch of 
scattering)
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Prediction (Planck bluebook)

Measurements of Planck TE, EE

Measurements (Planck 2015)
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Planck limits from Temperature data

57

From precise TT measurements, 
Planck could already exclude a lot of

parameter space.
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Other measurements of EE, BB
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BICEP-2 result in 2014

59
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BICEP-2 observation of the CMB
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BICEP-2 observation of the CMB
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BICEP2 E- and B-mode CMB maps

62
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BICEP2 power-spectra and null tests

63
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BICEP2 scaler-to-tensor ratio

64

Comparison with
Planck 2013 result
→ a clear tension!
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Then... proved wrong by Planck!

65

Planck Collaboration XXX (2014)

Dust polarization at high galactic 
latitudes

BICEP-2 severely
underestimated
the dust polari-
-zation power at
low multipoles
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Planck’s 
view of 

the 
BICEP2 
field

colors ➝ dust 
intensity

“engravings” ➝ 
magnetic fields

66
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Planck results on the B-mode
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Dust polarization map
(Planck collaboration 2015)

Lensing B-mode
(Planck collaboration 2015)
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Planck 2015 + BICEP2

68

Lensed ΛCDM

After dust correction

BICEP2 + Planck joint analysis (2015)
Current 95% upper limit: r < 0.08
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Several new experiments

69
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The Planck satellite
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Credit: ESA
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PLANCK launched May 2009

71

Destination L2: the second
Lagrangian point

(getting crowded there!)

Credit: ESA
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Planck revolutionizing CMB science

72

l<26, θ~7°

l<780, θ~0.2°

l<2160, θ~0.1°
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CMB sky seen from Planck

73

Measurement from Planck, dipole and Galaxy subtracted.

We learned in the last lecture how to do science from this 2D map.



Observational Cosmology Lectures 2+5 (K. Basu):  CMB  theory and experiments 74

Planck detectors
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Planck detectors

75
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Planck HFI

76
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Planck Focal Plane Unit with
polarization sensitive bolometers

(spiderweb bolometers). Here one has 
two bolometers back-to-back

with orthogonal grids.

HFI polarization sensitivity
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Planck scanning strategy

78
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• Much better resolution (5′ compared to 14′ for WMAP), 
combined with μK sensitivity (about an order of magnitude 
lower than WMAP at 100 GHz)

• Much wider frequency coverage (30-857 GHz) ­ better 
foreground removal

• By-product: all-sky cluster catalogue, radio source 
catalogue, Galactic foreground maps

Planck power spectrum
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Planck power spectrum
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Planck 2013 cosmological parameters

81
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Planck 2013 cosmological results

82

Planck collaboration (2013)

Dark
 en

erg
y

H0

Infl
ati

on

Infl
ati

on

Infl
ati

on

Infl
ati

on

Infl
ati

on

Neu
tri

no
 m

as
s



Observational Cosmology Lectures 2+5 (K. Basu):  CMB  theory and experiments

Planck cosmological results

83

Planck collaboration (2013)

Infl
ati

on

ns = 0.960±0.007
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Other Planck 2015 results

Mass d
istri

bution from CMB 

lensing

All-sky Comptonization (y)

map



Observational Cosmology Lectures 2+5 (K. Basu):  CMB  theory and experiments

Planck 2015 CMB power spectra

85
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Low multipole “anomaly”

86
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Low multipole “anomaly”

WMAP “fingers”

WMAP cold spot
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CMB “anomalies”
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“pi” in the sky

89

Ali Frolop & Douglas Scott, arXiv:1603.09073
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“pi” in the sky

90

Ali Frolop & Douglas Scott, arXiv:1603.09073

Result from Planck 2015 data, showing 
the first 30 multipoles. There is a clear

asymmetry towards lower values!

Asymmetry of odd and even digits
in π
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CMB instrumentation and
Map-making



Since 3 K << 300 K, CMB measurements are sensitive 
to thermal emission from their environments

CMB telescopes are specially designed to be very 
directional, but 300 K in the sidelobes is always a 
worry

     A receiver has system temperatre Tsys

       Tsys = Trec + TCMB + Tatm + Tground + ...

The radiometer equation is:
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Ground-based measurement
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Atacama Cosmology Telescope

QUaD at south pole



Planck spectrum:

Example:    
• Beam FWHM = 8°, beam aperture = 8 cm2

• ν0 = 90 GHz,  Δν = 10 GHz

The CMB flux (2.7K) on the horn is then: 2.5 x 10-13 Watts

Temperature anisotropy:  ~10 -18 Watts

Polarization anisotropy:  ≤ 10 -19 Watts
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CMB flux
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Coherent receivers:
     Phase-preserving amplification 
     Correlation of different polarization

• Correlation/Pseudocorrelation receiver (e.g. WMAP, CAPMAP)
• Interferometer (e.g. DASI, CBI)

Incoherent receivers (bolometers):
     Direct detection of radiation, 
     No phase information kept
     Large arrays!

• Bolometers (e.g. ACBAR, Boomerang, BICEP, Clover, Planck)
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CMB receivers
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Interferometers

95

DASI in South Pole                             CBI in Atacama desert

Coherent receivers: Can be configured 
so that the output is the correlation of 
two input signals.
HEMT (High Electron Mobility 
Transistor) allow coherent amplification 
with low noise and high gain.
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Interferometric measurements
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Properties of interferometers that make them 
ideally suited for CMB observation:

• Automatic subtraction of the mean signal

• Intrinsically stable (no skynoise)

• Beamshape is easy to obtain (and is not 
as important as in single dish observations)

• Direct measurement of visibilities (which 
are very nearly the Fourier transform of sky 
brightness distribution)

• Precision radiometry and polarimetry

• Repeated baselines allow variety of 
instrumental checks
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C(θ) from interferometers
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Left: Illustration of two multipole components of sky brightness over a 1.5° 
× 1.5° field of view. An interferometer measures directly these components 
multiplied by the primary beam, shown in the right. For CBI, (a) and (b) 
corresponds to 1-meter baselines, and (c) and (d) represents 5-meter 
baselines.
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Bolometer and HEMT sensitivities
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Fluctuations in the arrival rate of CMB photons impose a fundamental limit of 
~30 μK√(sec) for detection of a single mode of radiation in a fractional 

bandwidth of 25% from ~30 to 220 GHz.

(CMB Task Force Report, 2005)
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Bolometers (heat detectors)
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Ground- and space-based
experiments
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From Delabrouille et al., CORE mission paper

A single space-borne detector can reach a sensitivity equivalent 
to 100-200 ground-based detectors (depending on frequency).
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Ground- and space-based
experiments
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Planck HFI focal plane, showing the 
feed horns for 32 bolometer detectors

SPT-3G focal plane, with over 15 000 
detectors (0.5 m diameter)
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Detectors for the ground-based 
telescopes
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Evolution of the SPT detector assembly

(Credit: SPT collaboration)
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Next generation ground-based 
telescopes

CCAT-prime
6 meter aperture extreme field-of-view

sub-millimeter telescope on Cerro 
Chajnantor at 5600m, Chile

2.5 meter diameter receiver design

Partners: Cornell, Bonn-Cologne-Munich, Canadian universities

Starting 2
021
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CMB Data Analysis
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Data time-stream
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De-striping
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Common to get 
stripes in the 

scan direction.

Removal easy in 
Fourier space.

Fourier 
transformation 
also helps to 

separate signal 
and noise better 

(different 
temporal signal).
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De-glitching
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Map making
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Figure taken from 
Samtleben et al. 2007.
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Planck TOI data & differential noise
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Planck sky maps
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Removing the (Galactic) foregrounds
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Galaxy vs. the CMB
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CMB vs. foreground anisotropies (Bennett et al. 2003, WMAP 1st year)

Left: Spectrum of the CMB and foreground emissions (models). WMAP 
frequencies were chosen such CMB mostly dominates.

Right: Foreground power spectra for each WMAP band. The dashed lines 
at the right are estimated point source contributions. 
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Polarized foregrounds
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(CMB Task Force Report)

RMS fluctuations in the polarized 
CMB and foreground signals as 
function of frequency
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How to remove CMB foregrounds?
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CMB

Foregrounds

Observation

+            =

K band
23 GHz

Ka band
33 GHz

Q band
41 GHz

V band
61 GHz

W band
94 GHz

Credit: L. Colombo
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Component Separation: general
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S1

S2

Two observing frequencies: ν1, ν2

x1 = a11 s1 + a12 s2 + n1
x2 = a21 s1 + a22 s2 + n2

x = As + n

Invert for s
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Component separation: ILC method
The Internal Linear Combination (ILC) method aims to combine different 
frequency maps with specific weights, such that contributions from all 

the contaminating signals (plus noise) are minimized.

This works especially well when we have poor knowledge of the 
foregrounds (but assumes foreground and the signal are independent).

But we must have a precise knowledge of the signal spectrum! Also ILC 
should be used separately on different spacial scales.

+ =

multipole, l

Smica weights



Observational Cosmology Lectures 2+5 (K. Basu):  CMB  theory and experiments

Component separation: ILC method
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Example: Extraction of Compton-y (SZ effect) map
(Master’s thesis work by Jens Erler) 



Observational Cosmology Lectures 2+5 (K. Basu):  CMB  theory and experiments

Component separation: ILC method
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Example: Extraction of Compton-y (SZ effect) map
(Master’s thesis work by Jens Erler) 
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Component separation: ILC method
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Planck all-sky y-map (Planck collaboration 2015)



Observational Cosmology Lectures 2+5 (K. Basu):  CMB  theory and experiments

Questions?
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