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CMB polarization:
scattering from sound waves
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Measuring the CMB
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Measuring the CMB

The 2018 Planck 
maps in polarization 
(Stokes Q, U, and 
polarized amplitude P) 















B modes until 2014
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Polarized Dust Foreground 
Measurements 

Map of the dust B-mode polarization, as estimated from the Planck data, in units of the signal expected from primordial gravitational waves. The green color 
corresponds to a Galactic signal comparable to the signal detected by the BICEP2 experiment over the sky patch marked with a black contour.  Blue and red 
colours identify regions of fainter and brighter dust polarization.  
The BICEP2 telescope looked at the area surrounded by the black box at right, which shows higher levels of dust than previously assumed. (Planck 
Collaboration)

http://arxiv.org/pdf/1409.5738.pdf
http://arxiv.org/pdf/1409.5738.pdf


Dust to dust



B-modes Power Spectrum













CMB Secondary Anisotropies



Epoch of Reionization

















Evidence for reionization of 
the Inter-Galactic Medium

● CMB

● Lyman alpha Forest



CMB angular Power Spectrum

● CMB photons scatter off free electrons.
● The measured quantity in CMB observations is 

the optical depth due to Thomson scattering off 
free electrons:
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● Current constraints on reionization come from 
polarization signal at large angular scales 

● (weak signal, can be confused with polarized 
foregrounds, e.g., WMAP, Planck)

● dampening of anisotropies at (almost) all 
angular scales

● (effect is degenerate with amplitude of density power 
spectrum)

● Planck and high resolution ground based 
experiments can break the degeneracy through 
lensing of the CMB

● The value of τel can related to a reionization 
redshift zre. Assume ne = nH for z < zre and ne = 
0 for z > zre, then

● (Usually a slightly generalised tanh form is 
incorporated in CMB data analysis)

● Current constraints imply zre ≈ 7.5 − 8

CMB angular Power Spectrum







Absorption lines
● The IGM is detected through the absorption 

features it produces in the spectrum of a 
background bright source of light (typically a 
QSO).

















Observations of low-z quasars show a clear Gunn-Peterson effects, suggesting that reionization ended 
around z~6 (rapid increase in optical depth at z>6).



Perspectives

● Epoch of reionization? When did the sources 
produce enough photons to ionize the 
Universe? z = 20 or z = 6?

● Nature of reionization? Sudden or Gradual? 
Homogeneous or Inhomogeneous?

● What are the sources responsible? Stars, 
quasars, Exotic Particles?

● Confusing statements while interpreting the 
data:
− Quasar absorption spectra imply that “redshift of 

reionization” is z ∼ 6? 

● No, they only imply that xHI > 10−4 at z ∼ 6!

− CMB experiments imply that “redshift of 
reionization” is z ∼ 8?

● But they assume an instantaneous reionization 
(or a tanh model) which is clearly too simplistic!

− There is a tension between quasar and CMB data? 
● The data only imply that reionization is an 

extended process, starting at z > 8 and 
completing at z ∼ 6.

● Challenge is to build a reionization model that 
matches all the data sets simultaneously, i.e.,
− reionization should start early enough to give a 

sufficiently (but not too) high τel

− reionization must end before z ∼ 6
− the model should produce the right number of 

photons such that xHI > 10−4 at z ∼ 6

Extremely active field of research in Trieste!!
(Fontanot, Cristiani, Dodorico, Feruglio,..)
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H0 constraints from
X-ray and SZE observations

● Very simple idea that 
traces back to the 
work Cavaliere et al. 
(1977)

● It is based on a 
distance-measuring 
techniques that 
depend on a 
comparison of 2 
observables:

● A2/E is a 
‘Density-weighted’ 
measure of the 
path-length through 
the gas [dimensions 
of a length]

● If the structure of the 
gas is known, and if 
we can measure the 
angular size θ then 
the angular diameter 
distance is 
Da(z)=A2/(E Θ)



Bonamente et al. 2006



● Birkinshaw (1979)
● Reese et al. (2000)
● Patel et al. (2000)
● Mason et al. (2001)
● Reese et al. (2002)
● Sereno (2003)
● Udomprasert et al. 

(2004)
● Reese et al. (2004)
● Schmidt et al. (2004)
● Jones et al. (2005)
● Bonamente et al. 

(2006)
● Kozmanyan et al. 

(2019)

SZ 
measureme
nts from RT, 
OVRO and 
BIMA, X-ray 
from ROSAT
26 clusters z 
< 0.78
H0 = 
61±3(stat.)
±18(sys.) 
km/s/Mpc

SZ 
measureme
nts from 
OVRO, 
BIMA and 
X-ray from 
Chandra 
38 clusters 
0.14< z< 
0.89
H0 = 76.9
±4(stat.) 
±9(sys.) 
km/s/Mpc

Three 
regular 
clusters
z=0.088, 
0.2523, and 
0.451
H0 = 
68±8(stat.) 
km/s/Mpc

SZ 
measurment
s from 
Planck and 
X-ray from 
XMM
61 nearby 
systems 
(z<0.5)
H0 = 67± 
3km/s/Mpc



61 galaxy clusters with redshifts up to z < 0.5 observed 
with Planck and XMM-Newton: H0 = 67 ± 3km s−1 Mpc−1

Kozmanyan et al. 2019





Planck 2013 results. XXI
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SPT-SZ Sample
Song+12, Bleem+15

� 2500 deg2 sample 
� 516 at ξ>4.5
� 387 at ξ>5.0

Bleem+15

� High z subsample
� ~150 (80) > 0.8
� ~ 70 (40) at z>1
� Max zspec=1.47 

Bayliss+13, Khullar+19
� Highest phot-z

Strazzullo+19

� Clean sample with M500>3x1014 Mo to z~1.8
� Easy to use it for Cosmology and Astrophysics!!


