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Where do we stand? -1
• Starting with the COBE detection of the CMB anisotropy in Smoot et al. 

(1992), the mapping of the primordial CMB anisotropies in temperature 
and polarization, produced by the WMAP and, with higher precision, by 
the Planck satellite has allowed us to characterize the initial cosmological 
perturbations at about the percent level.

• Anisotropies are more conveniently studied in terms of multipoles, i.e. in 
the Legendre (for a sphere) or Fourier (on a planar surface) space.   

• Planck has determined the CMB temperature power spectrum down to 
fundamental limits up to multipoles l  1500 (few arcmin angular scales). 
The power spectrum determination has been extended up to l  3000 by 
higher resolution ground based experiments such as the South Pole 
Telescope (SPT) and the Atacama Cosmology Telescope (ACT).

• Measurements of the EE and TE power spectra have also been provided 
by Planck, ACTpol, SPTpol, PolarBear, BICEP/Keck Array…

• First estimates of  the lensing B-mode power spectrum also reported. 



Temperature power spectrum
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Is there room to improve over Planck? - 1



Is there room to improve over Planck? - 2



Planck Collaboration XV (2014)



Is there room to improve over Planck? - 3

• Cosmic variance limited high-resolution experiments do not 
require full-sky coverage, that is possible only from space. 
Thus high-l measurements can be done from the ground, 
while low-l  measurements are not.

• Note also that the high-l regime corresponds to the damping 
tail of CMB anisotropies. The CMB signal is weak and its 
recovery requires a very accurate removal of foreground 
emission, dominated by point sources. On the other hand, 
high resolution surveys have a great potential to enhance 
our knowledge of extragalactic sources (De Zotti et al. 
2016).



Carlstrom (2017)



Finelli et al. (2016)

Comparison of the error on the EE power spectrum as a function of the multi-
pole number for Planck (red line) and CORE (blue line) with the cosmic var-
iance limit for a full-sky survey (fsky=1; dashed black line) . The expectation for 
the CORE  project (blue line) is also shown for comparison.  In the polarization 
case, the higher sensitivity (compared to Planck) provided by the modern tech-
nologies allow a substantial improvement, even without  higher resolution.



The quest for information on the physics of primordial
inflation

• At the current level of sensitivity, the initial conditions of the 
universe are described by just two numbers: the amplitude of 
primordial curvature perturbations, As, and its spectral index ns. But  
the form of the power spectrum follows from the weakly broken 
scaling symmetry of the inflationary space-time and is therefore 
rather generic. 

• Only upper limits are available on other quantities that can provide 
detailed information about the microphysical origin of inflation.

• With future, much higher sensitivity information,  we expect much 
more detailed information about the physics of the inflationary era.

• In particular, crucial information is expected from primordial B-
mode polarization, produced by tensor modes.
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Carlstrom (2017)



Main goals of next-generation CMB 
experiments

• Polarization Anisotropies (with emphasis on B 
modes)

• Spectral Distortions

A lot of non-core science will come for free



CMB POLARIZATION



CMB polarization
Thomson scattering: d/d~| ’|2

where  () are the incident (scattered) polarization directions. The 
incident light sets up oscillations of the target electron in the direction of 
the electric field vector E, i.e. the polarization. The scattered radiation 
intensity thus peaks in the direction normal to, with polarization parallel to, 
the incident polarization.

N. Ponthieu, IAS
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CMB polarisation
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CMB polarisation
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Polarization: Stokes’ Parameters

- -

Q U

Q → -Q, U → -U under 90 degree rotation

Q →  U, U → -Q under 45 degree rotation

Spin-2 field Q + i U

or Rank 2 trace free symmetric tensor

θ

sqrt(Q2 + U2)

θ = ½ tan-1 U/Q

Source: A. Lewis



E & B modes

• In general, the polarization pattern has two geometrical 

components. Instead of describing it by the descriptions 

North-South and East-West (or more formally, the Stokes 

parameters) which depend on an arbitrary choice of 

coordinates, we can describe it by its orientation relative 

to itself. 

• There are two directions picked out by a polarization 

pattern: that which is picked out by its orientation and 

that which is picked out by its amplitude. The amplitudes 

of the polarization patterns  are modulated in space by 

the plane wave they are sitting on. 

Source: 

http://background.uchicago.edu/~whu/intermediate/Polarization/polar5.html



Here the plane wave is going in the up-down (North-South) 

direction. If the polarization is parallel or perpedicular to this 

direction, it is called an E-mode polarization. If it is crossed at 45 

degree angles, it is called a B-mode polarization. Density 

perturbations just generate parallel polarization and so generate 

only E-mode polarization. Gravitational waves generate both and 

so have a component of B-mode polarization. Source: 

http://background.uchicago.edu/~whu/intermediate/Polarization/polar5.html



The electric (E) and magnetic (B) modes are distinguished by their behavior 

under a parity transformation n → -n. E modes have (-1)l parity and B modes 

have (-1)l+1, i.e. the E-mode remain unchanged for even l, while the B-mode 

changes sign. The local distinction between the two is that the polarization 

direction is aligned with the principal axes of the polarization amplitude for E

and crossed (45 degrees) for B. Dotted lines represent a sign reversal in the 

polarization. Source: W. Hu



CMB and re-ionization

• As the CMB radiation possesses a primary quadrupole moment, 
Thomson scattering between the CMB photons and free 
electrons generates linear polarization. This is the case at 
recombination but in particular it is true at reionization.

• Re-scattering of the CMB photons at reionization generates a 
new polarization anisotropy at large angular scale because the 
horizon has grown to a much larger size by that epoch.

• The location of the anisotropy peak in the CMB power spectrum 
relates to the horizon size at the new ‘last scattering’ and thus 
depends on the ionization redshift zreion. A fitting formula was 
given by Liu, G. et al (2001):

lpeak0.74(1+ zreion)0.73 m
0.11

where m is the matter (baryons + DM) density in units of the       
critical density. The peak amplitude is a measure of the optical 
depth to reionization.



Modification of the 

E-mode power

spectrum by 

reionization. (a) 

reionization

histories with b =

0.02 and different

escape fractions

fesc, corresponding

to optical depths

due to reionization 

= 0.014, 0.017, and 

0.034, (b) The

fractional change in 

these power spectra

relative to the model 

with no reionization:  

boost on large 

scales and 

supression on small 

scales (Liu, G. et al. 

2001)





EE and TE power spectra for various  values ranging from 0.04 

to 0.08. Grey bands represent the cosmic variance (full-sky) 

associated with the  = 0.06 model. The low-l EE power spectrum 

dominate the constraints compared to the TE power spectrum. 

This is because of the relatively larger cosmic variance for TE 

(arising from the temperature term) and the intrinsically weaker 

dependence on  ( compared with 2 for EE), as well as the 

fact that there is only partial correlation between T and E. (Planck 

intermediate result. XLVII. 2016)



Planck intermediate results. XLVI (2016)



The quest for primordial B-modes
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Gravitational waves are

coming toward you!

What do they do to the distance between particles?•

Komatsu (2014)



Two GW modes

Anisotropic stretching of space generates•

quadrupole temperature anisotropy. How?

Komatsu (2014)
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propagation direction of GW

h+=cos(kx)

Polarisation directions perpendicular/parallel to the

wavenumber vector -> E mode polarisation

Komatsu (2014)



propagation direction of GW

hx=cos(kx)

Polarisation directions 45 degrees tilted from to the

wavenumber vector -> B mode polarisation

Komatsu (2014)



IRAP 5 Avril 2011 J. L. Puget

TB, EB = 0B : pseudo-scalar
T, E : scalar

Amplitude 

directly

connected to 

the inflation 

energy scale

Anisotropy power spectra
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Polarization from lensing

Cargèse May 2011 J.L. Puget

Source: J.-L. Puget



CMB polarization - 1

• The CMB is only a few percent polarized, so this 
signal is intrinsically fainter than the temperature 
anisotropies.

• The temperature and polarization pattern of CMB 
anisotropies form a 2x2 tensor which can be 
decomposed into a scalar field, usually referred to as 
the E mode of polarization, and a pseudo-scalar field, 
usually referred to as the B mode of polarization.  
The E and B mode definitions are chosen by analogy 
to electric and magnetic fields since B modes have 
curl and E modes are curl-free. 

• The E mode signal is dominated by contributions 
from the density perturbations in the primordial 
plasma that are in turn the dominant source of the 
temperature anisotropy signal. 



CMB polarization - 2

• The much weaker B mode signal has two sources: (i) relic 
gravitational wave radiation generated in the early universe 
by inflation and (ii) gravitation lensing of E mode 
polarization by intervening structure in the Universe. 

• Gravitational waves are described by tensor modes,  that
represent the transverse trace-free perturbations to the 
spatial metric.

• The primordial B mode is the current holy grail for 
cosmology since the ratio of the  amplitude of the tensor 
power spectrum relative to the curvature spectrum, which 
defines the tensor-to-scalar ratio, r, is a measure of the 
energy scale of inflation, denoted by V1/4.

•



Tensor-mode temperature anisotropies

• The anisotropy power spectra due to tensor  perturbations 
fall sharply on scales that are sub-Hubble at recombination 
(l > 60) since the amplitude of gravitational waves decays 
away as 1/a inside the Hubble radius (oscillations are 
damped because gravitational waves are very weakly 
coupled to photons). 

• This limits the power of temperature anisotropies to 
constrain gravitational waves since the sampling variance of 
the dominant scalar perturbations is large at low l. 

• Fortunately, CMB polarization provides an alternative route 
to detecting the effect of gravitational waves on the CMB 
which is not limited by cosmic variance.



Tensor-mode anisotropies - 2 

•

Scalar perturbations

Tensor perturbations for r=0.22, 

well above current limits

(r<0.07)

Challinor & Peiris (2009)



CMB polarization - 3



Where do we stand? -1
• Starting with the COBE detection of the CMB anisotropy in (Smoot et al. 

1992), the mapping of the primordial CMB anisotropies in temperature 
and polarization, produced by the WMAP and, with higher precision, by 
the Planck satellite has allowed us to characterize the initial 
cosmological perturbations at about the percent level. 

• Planck has determined the CMB temperature power spectrum down to 
fundamental limits up to multipoles l  1500. The power spectrum 
determination has been extended up to l  3000 by higher resolution 
ground based experiments such as the South Pole Telescope (SPT) and 
the Atacama Cosmology Telescope (ACT).

• Measurements of the EE and TE power spectra have also been provided 
by Planck, ACTpol, SPTpol, PolarBear, BICEP/Keck Array…

• First estimates of  the lensing B-mode power spectrum also reported. 
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BICEP B-mode signal



Reno Mandolesi – The Planck Legacy – New Challenges in CMB studies - ASI  30 March 2016  

Planck BB amplitude from the 353 GHz data, 
extrapolated to 150 GHz, normalized to the CMB 
expectation for r=1
The thick black contour outlines the BICEP2 deep-
field region



Baumann (2015)



Likelihood results on r 

for several steps 

between the BKP 

(previous) and BK14 

(current) analyses. 

The baseline analysis

yields r =0.028 

(+0.026, -0.025) and r 

< 0.09 at 95% conf.  

Combining with the 

constraints from 

Planck analysis of 

CMB temperature

plus BAO and other 

data, yields a 

combined limit r < 

0.07 at 95% conf. BICEP2 / Keck Array VI. (2016)



CMB probe proposal

Removal of polarized foregrounds is critical! 
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Abazajian et al., 
arXiv:1309.5383 

Current constraints and forecast sensitivity of cosmology to the neutrino mass in 
relation to the neutrino mass hierarchy (normal hierarchy: m1 < m2 << m3; inverted 
hierarchy: m1 m2 >> m3). In the case of an inverted hierarchy, with an example case 
marked as a diamond in the upper curve, future combined cosmological constraints 
would have a very high-significance detection, with 1 error shown as a blue band. In the 
case of a normal neutrino mass hierarchy with an example case marked as diamond on 
the lower curve, future cosmology would detect the lowest m at a level of  4. Also 
shown is the sensitivity from future long baseline neutrino experiments as the pink 
shaded band, which should be sensitive to the neutrino hierarchy at least at 3.



Main projects

• LiteBIRD: Lite (Light) satellite for the studies of B-mode 
polarization and Inflation from cosmic background 
Radiation Detection (http://litebird.jp/)

• CORE: Cosmic ORigins Explorer

• CMB Probe: one of the 8 Probe-Scale ($400M -
$1000M) space missions whose study is being funded by 
NASA; concept similar to CORE 

• PIXIE: Primordial InflaXIon (Inflation) Explorer

• CMB-S4: CMB-Stage IV experiment

http://litebird.jp/






CORE scientific requirements

• CORE is designed to map the full-sky CMB polarization. Its baseline 
design has a mean noise level of approximately 2 K arcmin (25 
times better than the Planck mission in amplitude), with an angular 
resolution of order 5 around 200 GHz. 

• It will have about 19 frequency channels, distributed over a broad 
frequency range spanning the 60600 GHz interval, to control 
astrophysical foreground emission. This is essential because even at 
frequencies where foreground emission is the lowest relative to the 
CMB, more than 99% of the Galactic emission must be removed 
from the observed maps, and/or the foreground emission 
contribution to the angular power spectrum of the observations 
must be modelled with 10-4 precision. 

• Another key requirement is the measurement accuracy: all 
systematic effects will be controlled so that no more than 10-4 of 
the intensity leaks into polarization maps, and that no more than 
about 1% of E-type polarization leaks into B-type modes.



CORE mission design

• The entire sky will be observed repeatedly during four years of 
continuous scanning, with a combination of three rotations of the 
spacecraft over different time scales so that each sky pixel is crossed 
frequently and from many different directions, providing polarization 
measurements at many different angles.

• With about 50% of the sky covered every few days, this scan strategy 
also provides a powerful mitigation of systematic effects, which is 
needed to convincingly extract the primordial signal on large angular 
scales.

• The required sensitivity, angular resolution, and frequency coverage 
are achieved with a single integrated focal plane instrument consisting 
of an array of 2100 cryogenically-cooled, linearly-polarized detectors 
at the focus of a 1.2m aperture telescope.



CORE will observe the sky from a large Lissajous orbit around the Sun-Earth 
L2 Lagrange point on an orbit that offers stable observing conditions and 
avoids contamination from side lobe pick-up of stray radiation originating from 
the Sun, Earth, and Moon.

Delabrouille et al. (2017)



CORE collaboration (F. Finelli et al.) Exploring Cosmic Origins with CORE: Inflation, arXiv:1612.08270



Delabrouille et al. (2017)
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Astrophysics with high-resolution CMB experiments

Carlstrom (2017)
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CMB-S4 vs CORE - 1

• The CMB-S4 programme targets a CMB sensitivity of the order of 1 
Karcmin and angular resolution of 1-3 at 150 GHz, with a sky 
fraction of around 50% (spread over regions with various levels of 
Galactic foreground contamination).

• Such sensitivity and angular resolution are better than those of CORE, 
for which the sensitivity of the full array is 1.7 Karcmin, for an 
angular resolution in the 5-10 range.

• However, ground based experiments have necessarily a limited 
number of frequency bands (the main atmospheric windows are 
centered around minima of atmospheric emission at about 30, 90, 
150, and 220 GHz) and this limits their capability of removing 
foreground emissions: to have foreground residuals below noise 
and/or cosmic variance uncertainties in bins of  l = 30%, foreground 
contamination must be reduced by at least 3 orders of magnitude in 
amplitude at l  10, 2 orders of magnitude at l  100, and 1 order of 
magnitude at l  1000. 



CMB-S4 vs CORE - 2

• This is unlikely to be doable with ground-based experiments, which 
must thus exploit only cleaner, and hence much smaller sky regions. 
With the reasonable assumption that only half or less of the 50% sky 
observed from the ground can be safely used for precision cosmology, 
a ground-based survey can at most exploit the CMB on <25% of the 
sky.

• The limited sky coverage implies a higher cosmic variance that 
dominates for l <2500 and for for l <1000 for E- and B-modes , 
respectively. 

• Ground-based experiments are more liable to systematic effects. The 
mapping speed is much lower than for a space mission by about a 
factor of 100 at fixed number of detectors because the atmosphere
contributes to the total photon background and hence the photon 
noise.  But this may introduce systematics due to the varying 
observing conditions, fluctuations in the detector response, etc.. Also 
fluctuations of atmospheric emission due to inhomogeneities in 
temperature or water vapour content generate strong parasitic 
signals, and are a  source of unstable calibration (because of varying 
airmass and opacity).



CMB-S4 vs CORE - 3

• A space mission completely avoids the complexity of atmospheric 
absorption, emission, and fluctuations, minimises sidelobe pickup of 
emission from the Earth, Sun, and Moon and fluctuations of parts of 
the instrument that are optically coupled to the detectors. Thus, a
space mission with sufficient sensitivity and angular resolution is 
vastly superior to ground-based observatories for controlling these 
main sources of error over a large fraction of the sky.

• Ground-based observations serve as a technological roadmap and 
for observing the small scales that are too costly from space. 

• However, all the major steps forward have been achieved by space 
missions. COBE confirmed the blackbody spectrum of the CMB, 
ruling-out alternatives to the hot Big-Bang scenario, and detected 
the first temperature anisotropies. WMAP set the stage for precision 
cosmology, and Planck extracted essentially all cosmological 
information available in the CMB TT spectrum, provided today's 
reference maps of CMB temperature and polarisation, of CMB 
lensing on large scales, and of polarised emission of astrophysical 
foregrounds that contaminate the CMB signal. 



LiteBIRD is selected as one of 28 highest-priority large projects by the Science 
Council of Japan.



Ishino (2017)

40 cm telescope, multipole range 2-200; total sensitivity: 2.5µK·arcmin with 
3 years all sky observation; 15 bands in the frequency range of 40 to 400 
GHz; orbit at the Sun-Earth L2 point.



LiteBIRD strengths and weaknesses

• LiteBIRD is currently is in phase A in Japan.

• It is aimed solely at detecting primordial B modes, and thus focusses 
on large scales of CMB polarization. Full success is defined as either 
detection of primordial B modes or a 3 upper limit of 0.003.

• CMB polarization science beyond primordial B modes (constraints of 
the cosmological model, the physics of fundamental particles and 
interactions, and CMB lensing studies) are not part of the LiteBIRD
science case.

• The angular resolution at low frequency does not allow synchrotron 
mapping at the  angular resolution of `cosmological channels’  
(around 100 GHz). 

• The small aperture also precludes delensing of the CMB B-mode 
maps using LiteBIRD data. 

• A technical point: LiteBIRD uses a continuously rotating half wave 
plate (that modulates the response of the instrument) as a first optical 
element to control systematic effects, but this is considered an 
element of risk.





• PIXIE is conceptually very different from all other CMB polarization 
missions. It is designed to measure not only polarization, but also the 
absolute spectrum of CMB emission, similarly to COBE-FIRAS, using a 
reference blackbody to which the absolute emission of the sky is compared 
by means of a Fourier transform spectrometer. 

• It covers the range from 30 to 6000 GHz in 400 frequency bands.

• With an overall sensitivity of about 5 Karcmin, PIXIE is the least 
sensitive of the CMB polarization space missions considered here (about 3 
times less than CORE, which directly translates into a sensitivity to the B-
mode power spectrum about 9 times worse if only noise is considered). 
This leaves open the possibility of detecting primordial B modes at the 
level r 0.01 with PIXIE alone.

• It will also measure the E-mode on the largest scales, hence can accurately 
determine the re-ionization optical depth , but its angular resolution of 
2.6 is not sufficient for a clear observation of the recombination peak of 
inflationary B modes, nor for any lensing or small-scale CMB E-mode 
science.

• However, it will improve spectacularly over the FIRAS measurement of 
the sky absolute brightness, bringing essential information about 
foreground emission that cannot be obtained in any other way. 



Conclusions

• The recent advances in the detector’s technology make possible an increase
in sensitivity by orders of magnitude.

• While Planck has already extracted the main cosmological information 
provided by CMB temperature maps, the higher sensitivity is crucial for 
make substantial progress on CMB polarization.

• Next generation projects have le capability of measuring the CMB E-mode 
polarization down to the cosmic variance limit over  a wide range of angular
scales.

• Moreover, it will be possible to push the search for primordial B-modes
down to a tensor to scalar ratio r  0.001.

• Primordial B-modes are the current Holy Grail for cosmology and 
fundamental physics because they provide a measure of the energy scale 
driving the inflation, of order of 1016 GeV (far beyond the reach of 
accelerators on the ground: the maximum collision energy reached by the 
Large Hadron Collider at CERN is 14 TeV=1.4104 GeV) at t 10-35 s.

• Lensing B-modes may provide measurements of the neutrino absolute mass 
scale, a determination of the neutrino mass hierarchy and strong 
constraints on possible light relics like axions, sterile neutrinos and 
gravitinos. 


