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CMB: history of non-discoveries: 1 

Gerard Herzberg (1904-1999), Nobel Prize for Chemistry 1971  
“Spectra of Diatomic Molecules”, 1950: 

noticed that from intensity of lines of CN at K=0 e K=1 it was 
possible to derive a temperature of 2.3 K, but obviously it does 
not have a particular meaning … 

So Herzberg missed his second Nobel… 
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•  Gamow (1948) predicted 
T=50 K, then (1956) T=6 K 

•  Alpher & Herman (1948) 
predicted T=5 K (!) 

•  Hoyle (1950) evaluated all of 
this not realistic suggesting 
that Big Bang theory is fully 
wrong 

•  Shmaonov (1957) 
“reobserved” CMB at 4±3 K. 
Nobody (even the author) 
recognized its meaning! 

Fred Hoyle 

George Gamow 

CMB: history of non-discoveries: 2, 3, 4 
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And finally … the discovery 
(1964) 

First Nobel Prize for the CMB!  
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1987 – Relikt-1: upper limits!  
“Standard” Big Bang model was close to be rejected … 
“The multipole analysis gave the  
estimates of (ΔT/T)2 ≤ 3×10-5 and (ΔT/T)3 ≤ 7×10-5 for the  
quadrupole and octupole respectively. “ 

Finally … 

1993 – COBE: anisotropy discovery!  
6×10-6<ΔT2/T<3.3×10-5 with 90% confidence including  
systematic errors …” 

RELIKT-1 a russian mission (launched in 1983) 
aimed at measuring the CMB at 37 GHz with 6.6 deg angular resolution.  
Galactic emisison and cosmic dipole were measured. 
In 1986 they planned RELIKT-2, never launched because of the  
URSS disgregation after 1993. 

Another “non discovery”: Relikt 
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COBE (1992) 
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COBE - DMR 

Stephen Hawking defined it as  
the most important discovery of the century if not of all times 



C. Burigana – Ferrara 7/9/2015 
8 

Mather & Smoot 
2006, second 
Nobel Prize  
for the CMB 
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John Mather 

George Smooth 
Nobel Prize for Physics 2006 

M. Maris - 09 
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Ray Back. (AGN) 

Dust 
Reproc 

10 

Adapted from de Zotti & Burigana 1992, 
Highlights of Astronomy, 9, 265 Multifrequency view of cosmic backgrounds 
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Cosmic Microwave Background Radiation 

Anisotropies Map of CMB 
anisotropies  

Angular power 
spectrum 

Polarization 

P 2 = Q 2 + U 2	



Main contribution: 

Thomson Scattering of radiation 
with quadrupole anisotropy 
generates linear polarization 

Photon distribution function 
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CMB temperature as function of redshift 

Important 
verification of  
fundamental 
principles in 
cosmology 

Recent progress:  
Muller et al. 2013,  
A&A, 551, id. A109 
Observation:  
TCMB=5.08±0.10 K  
at 68% CL @ z=0.89 
Prediction: TCMB=5.14 K 

13 
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Hot dense smooth Cool rarefied and clumpy 

Cosmic history: “early” vs “late” epochs 

[http://www.esa.int/Our_Activities/Space_Science/Planck/History_of_cosmic_structure_formation] 
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Total Intensity  
 (Temperature) 

Anisotropies of the  
Cosmic Microwave Background 
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CMB space mission experiments overview – Planck: 3rd Generation  

The oldest light or the 
first light of the 

Universe 

2009 Planck 

Discovered the remnant 
afterglow from the Big Bang. 
  2.7 K  

Blackbody radiation, 
Discovered the patterns 
(anisotropy) in the afterglow. 
  angular scale ~ 7° at a 
level  ΔT/T  of 10-5 

(Wilkinson Microwave 
Anisotropy Probe): 
 angular scale ~ 15’ 

 angular scale ~ 5’,           
ΔT/T ~ 2x10-6, 30~857 GHz    
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Planck Scientific Objectives 
The unrivalled accuracy of Planck on the whole sky will allow us to: 
–  Pin down the basic characteristics of the Universe: age, contents,

 dynamics, geometry, … 
–  Examine the origins of the Universe and test inflation 
–  Probe physics at extremely high energies, e.g. superstrings, neutrinos 
–  Probe the birth of the first stars and galaxies 
& also 
–  Understand the evolution of structures, galaxies and clusters of

 galaxies; Observe our own Galaxy as never seen before … 
  Key non-CMB science with Planck includes: 

 The Cosmic Infrared Background 
 Sunyaev-Zeldovich selected sources 
 Extragalactic sources and backgrounds 
 Maps of Milky Way at frequencies 30-1000 GHz 
… and all related science  
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Dipole and Galactic plane visible 
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The CMB seen by Planck & its cosmological implications  

2015 
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Not        Temperature anisotropy pattern 

Statistical moments 
Monopole,  Mather et al. ‘99 

they depend on scale  
(and, observationally, experiment resolution, pixel size)  

              All-sky observations  spherical harmonics expansion 

Isotropy   

               Multipoles regimes 

Low multipoles, large scales 
Acoustic peaks region, intermediate multipoles/scales 

Silk damping region 
high multipoles, small scales 
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Particle horizon 
Given a phenomena at a given (x, t) 

Is it observable by an observer at (x’, t’) ? 

It divides space into 2 regions: 
observed objects < -- > not observed objects 

causally connected regions < -- > not causally connected regions 

Observer                in 
Signal 

time 

Observer receives signals from 

If it converges  
when t1  0  
then horizon exists 

 Proper distance 
    of horizon 

distance / separation of angular distance 

N.B.:    at  
dominated  

by 

at  
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Angular scale            ≅	
 	
 	
 	
 	
  particle horizon 
at  

Large scales horizon 

keep memory of primordial perturbations 
at  

+   reionization history 
+   tensor perturbations / scalar perturbations 

velocity potential 
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               Multipole region of acoustic (or Doppler) peaks  
photon-baryon fluid 

+    gravity  acoustic oscillations in the plasma / harmonic oscillator 

gravity  ≅  force   ,    baryon  ≅  inertia   ,   photon ≅  pressure 

recombination 
≅	
 instantaneous         radiation keeps memory of the  

oscillatory state of different modes  
max overdensity     < -- >    I peak 

1 / 4   oscillation 
peak etc. 

peak etc. under-density modes 

valleys     ≅	
 	
 	
 max	
 of	
 velocity	
 	
 
	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 opposite	
 in	
 phase	
 	
 
	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 with	
 max	
 of	
 density	
     

       Structure of acoustic peaks  
          (depending on cosmological parameters, type and amplitude  

of primordial perturbations, …) 
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      Small scales 

where mechanisms of damping of perturbations operate 

non-linear dissipation 

diffusion 

distortions of  
CMB spectrum 

   A)             generation of small spectral distortions  
early, (intermediate), late type distortions 

   B)      damping of perturbations & CMB anisotropies, 
 in particular in the case of reionization  
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CMB photons are almost unperturbed in their journey from the last scattering surface … 
but not completely … LENSING EFFECT  

MATTER DISTRIBUTION DEFLECTS THE LIGHT PATH LENSING THE CMB PHOTONS 

The effect is similar to a de-focusing of the maps 

PLANCK 2013 HAS A 25 SIGMA DETECTION OF CMB LENSING! 
PLANCK 2015 HAS A 40 SIGMA DETECTION OF CMB LENSING! 
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Gravitational lensing potential power spectrum 

Planck 2015 full-mission, earlier measurements 
from Planck 2013 nominal-mission temperature 
data (Planck Collaboration XVII 2014), the South 
Pole Telescope (SPT, van Engelen et al. 2012), 
and the Atacama Cosmology Telescope (ACT, 
Das et al. 2014).  
Black solid line: fiducial ΛCDM theory power 
spectrum. 

… & cosmological parameters 
from CMB lensing alone in the ΛCDM 
model. Solid coloured contours show 
68% & 95% constraints when 
including: BAO (SDSS & 6DF - 
Anderson et al. 2014; Ross et al. 
2014; Beutler et al. 2011; blue),  
and fixing the CMB acoustic-scale 
parameter. Solid black contours: 
constraint from the Planck CMB APS. 

Planck Coll. 2015, XV 
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Planck CMB map & multipole components = 2, 3, 4 

Units:     K CMB = 
Eq. Therm.Temp. 
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multipole components = 5, 6, 7, 8 

Units:     K CMB = 
Eq. Therm.Temp. 
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multipole components = 9, 10, 11 & Planck CMB map    

Units:     K CMB = 
Eq. Therm.Temp. 
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Large scales 
Planck results: flat-decoupled-Bianchi model? 

There is an elephant 
in the room?   

Omogeneous but anisotropic 
Generalization of the standard model generated by 3-parameter Lie 
groups: Bianchi IX (closed) vs Bianchi VIIh (open)  

Biaxial symmetric Bianchi IX  
 “squashed 3-sphere” Universe 
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Geometry 
of the 
Universe 
with CMB 
anisotropy 
at about 
1 deg 
resolution 
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CMB ANISOTROPIES ARE ANALYZED IN A STATISTICAL WAY 

THE ANGULAR POWER SPECTRUM 

Waine Hu http://background.uchicago.edu/~whu/metaanim.html 



C. Burigana – Ferrara 7/9/2015 



C. Burigana – Ferrara 7/9/2015 



C. Burigana – Ferrara 7/9/2015 



C. Burigana – Ferrara 7/9/2015 



C. Burigana – Ferrara 7/9/2015 



C. Burigana – Ferrara 7/9/2015 42 

APS DEPENDENCE ON  

COSMOLOGICAL PARAMETERS 
Baryon Density  height difference 

between even and odd peaks 

DM Density  
amplitude of the 

peaks 

Theta  first peak 
position 

Optical depth  smooths peaks 

Spectral index tilts                
the spectrum                            

(strong @ small  scales) 

Planck: a single experiment 
spanning a wide multipole range! 

Large scales: outside horizon  
@ recombination – only gravity Intermediate scales: photon-baryon fluid acoustic 

oscillations - DM potential well vs radiation pressure 

Small scales: 
suppression by  
Silk damping -  

Secondary anisotropies 

1° Peak gives 
horizon scale @ 
recombination 
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In spite of such richness of information in TT  APS ...  

Degeneracy 
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Polarization 
Anisotropies of the  

Cosmic Microwave Background 
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spin spherical harmonics 
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Polarization  
with Planck:  
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Planck 2015 APS 

From Planck 2015 results. XX.   
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Systematic effects: LFI @ 70 GHz 
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PLANCK COSMOLOGICAL PARAMETERS 

The CMB anisotropy angular power spectrum shape and amplitude is strongly 
dependent on the underlying cosmological model. 

Cosmological models are characterized by cosmological parameters 

STANDARD VANILLA MODEL PARAMETERS 

• Baryon Density  today 

• Dark Matter Density today 

• Horizon @REC Angular Diameter Distance 

• Optical depth for reionization 

• Cosmological perturbation tilt P(k) = As kn 

• Cosmological perturbation amplitude   
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Some more information on parameter definition - I  
•  Evolution of cosmic scale factor a=1/(1+z) 
   H2 = [(da/dt)/a] 2 = [da / (a2 dη)] 2  

            = (8πG/3) [ρM/a3  +ρR/a4 +ρν(a) +ρΛ+ρK/a2 ] 
 where dη=dt/a, t =time, η=conformal time 
•  Ratio of energy densities relative to the total 
      Ωi=3ρi/(8πGH0

2) ;  H0 = H(@ t=today) = Hubble constant,                  
 h=H0/[100Km/s/Mpc]        1/H0   related to the age of the Universe 

                 for example:  t0= (2/3)/H0  for a simple Einstein-de Sitter model 
      ρΛ= 3Λ/(8πG) ; ρK= 3K/(8πG)  (K=0,+1,-1) 
•  Thomson optical depth due to reionization                                              

 (integral from the raising of ionization fraction after “quiescent phase”
 following recombination up to current epoch) 

•  Redshift of last-scattering, z★, such that optical depth to Thomson
 scattering from z = 0 to z = z★ is unity, assuming no reionization 
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  Angular scale of the sound horizon at last-scattering                                     
     where                                                with  

  Typically 100×θ★ is given 
  Baryon velocities decouple from the photon dipole when Compton drag

 balances the gravitational force, which happens at                 , where  

  Drag redshift zdrag   such that  
  Sound horizon at the drag epoch 
  Characteristic wavenumber for damping, kD 

  Angular damping scale                                   , DA  = comoving angular
 diameter distance to z★



Some more information on parameter definition - II  
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PLANCK COSMOLOGICAL PARAMETERS: ΛCDM model 

2015 Release 

Main difference in τ since now polarization comes from Planck 
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Planck final performance in temperature & polarization 
Average sensitivity, δT/T, per FWHM2 resolution element (FWHM in arcmin) and white noise (per 
frequency channel for LFI and per detector for HFI) in 1 sec of  integration (NET, in µK ·√s) in CMB 
temperature units. Acronyms: DT = detector technology, N of R (or B) = number of radiometers (or 
bolometers), EB = effective bandwidth (in GHz). At 100 GHz all bolometers are polarized, thus the 
temperature measure is derived combining data from polarized bolometers. 
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CMB polarization with Planck 
E & B – 30% binning, fsky=74% 

B-mode:  
“smoking gun of inflation” 
energy scale 
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  The fundamental conclusion is that 
dust is detected at high significance, 
and r < 0.12 at 95% confidence. 
○ Multi-component likelihood gives          
σ(r) ~ 0.035 -- This is a very direct 
constraint on tensors! 
○ No significant evidence for r > 0. 
Currently r = 0 and r = 0.1 are at equal 
likelihood.  
○ There may yet be a gravitational wave 
signal, but if there is it must be 
considerably smaller thanthe full signal. 

  We have checked the stability of the 
analysis under variations of the data 
selection and other details.  
○ Most variations make little difference. 
There is some difference in the results 
depending onwhether BICEP2 or Keck 
data is used but this is shown to be 
within noise fluctuation. 
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Non-Gaussianity … mainly through 

(1)  Multiple fields (local models,  
      non-linearities develop outside horizon) 
(2)  Non-canonical kinetic term of quantum 

fields (higher derivative interactions; 
Dirac-Born-Infeld, K-inflation) 

(3)  Non-vacuum initial conditions 

“smoking gun 
of inflation” 
dynamics  
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Spectrum  
(Absolute temperature) 

of the  
Cosmic Microwave Background 
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CMB spectrum: current status  
T0 = 2.725 	


        ± 0.002 °K	



Mather, J.C., 	


et al., 1999, 	


ApJ, 512, 511	



λ>1cm: typical error > 0.1 K 

        FIRAS  
      measures: 
     typical error  
       ±0.0001 K 

Measures of 
CMB spectrum 
(collected by  
C. Burigana & 
R.Salvaterra, 
1999, arXiv: 
0206350) 
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Matsumoto excess  
(1988, ApJ 329, 567) 

“So far, no fully satisfactory explanation of he sub-mm excess has been found.”  
 L. Danese, CB, L. Toffolatti, G. de Zotti, A. Franceschini, 1990, in The Cosmic  
Microwave Backgrond: 20 Years Later 

The assessement of 
Planckian spectrum 

disproved  
previous claim! 
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TRIS, ground experiment  
Gervasi, M., et al. 2008,  

ApJ, 688, 24 

ARCADE 2, 
balloon 
Fixsen, D.J., 
et al. 2011, 
ApJ, 734,  
id. 5 

Recent long wavelengths experiments (cm–dm) 
Crucial for free-free distortions 
Where Bose-Einstein like distortions are more prominent 
Complementarity of long wavelengths and short (<cm) wavelengths  

Sensitive to processes at different & common phases 
Breaking “approximate degeneracies” in constraining distortion parameters 
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Impact of various sources of errors:  
note the atmosphere relevance 
 Needs for balloon/space/Moon observations 
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Theory of Spectral Distortions 
Physical processes involved  

(+ source terms): 
Compton scattering  

Bremsstrahlung 

Radiative Compton 
The Kompaneets equation in cosmological 

context provides the best tool to compute the 
evolution of the photon distribution function, but 

a numerical code is needed. 
An extremely precise fortran based code,  

able to simulate the effects of the primordial  
physical processes that can affect the  

thermodynamic equilibrium of the CMBR (Kyprix) 
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BIG	



BANG	



z	



today	



zthermalization	

 zBE	

 zrecombination	

z	



Superposition of black bodies 

where 

Primordial distortions 
Bose-Einstein like 

with µ function of x 

+ Free-free 
distortions 

Late distortions Related (mainly) to the reionization history of the 
universe  

CMB distortions @ different cosmic times 

µ ~1.4 Δε/εi              y ~ (1/4) Δε/εi 

Late distortions 

Intermediate distortions 

B
lackbody P

hotoshpere 

Current accurate & general numerical codes, able to ingest many kinds of 
source terms: KYPRIX: P. Procopio & C. Burigana 2009, A&A, 507, 1243; 
CosmoTherm: J. Chluba & R.A. Sunyaev, 2012, MNRAS, 419, 1294 

Bose-Einstein 

Comptonization 

Free-free 

Middle age 

Zeldovich & 
Sunyaev 
1969; 
Illarionov & 
Sunyaev 
1974; 
Danese & de 
Zotti 1977; 
Burigana et 
al. 1991; Hu 
& Silk 1993 

Burigana et al. ‘04 
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Ideas of future CMB spectrum space missions 

  The current limits on CMB spectral distortions and energy
 dissipation processes in the plasma, |∆ε/εi|≤10−4, are  mainly
 set by the NASA COBE/FIRAS experiment.  

 High accuracy CMB spectrum experiments from space, like    
 DIMES at λ ≥ 1 cm (Kogut 1996) and FIRAS II at λ ≤ 1 cm
 (Fixsen & Mather 2002), have been proposed to constrain (or
 probably detect) energy exchanges 10–100 times smaller than
 the FIRAS upper limits possibly generated by heating (but
 also by cooling) mechanisms at different cosmic epochs.  

  These perspectives have been recently renewed in the context
 of a new CMB space mission like PIXIE (Kogut et al. 2011)
 proposed to NASA or even in the possible inclusion of
 spectrum measures in the context of a polarization dedicated
 CMB space mission, of high sensitivity and up to arcmin
 resolution, like PRISM proposed to ESA in 2013. 
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≈ 1 yr 

R
ecom

bination 

Z ≈ 103   

≈ 300.000 yr 

Or in the 
presence of 
detection  
of an early 
distortion  
(Bose-
Einstein  
like) 

DIMES & FIRAS II, about 
100 better than FIRAS - 
Constraints in the absence 
of detection of distortions 

Savaterra & 
Burigana ‘02; 
Burigana & 
Salvaterra ‘03 
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Toward 1000 times better than FIRAS!!! 

76 

From Khatri et al. 2011 
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Adiabatic cooling (BE condensation) 
vs perturbation dissipation  

Sketch of fractional rate of energy release 
due to Silk damping and free streaming for 
different initial power spectra.  
Also shown for comparison is the rate of 
energy loss due to adiabatic cooling of 
baryonic matter. 

µ ~1.4 Δε/εi as  
a function of  
spectral index ns  
(without running) 

Energy injection in 
µ distortions during  
5 × 104 < z < 2 × 106 
for different initial 
power spectra 
without running 
compared with 
energy losses due 
to Bose-Einstein 
condensation. 

From Khatri et al. 2012 

Chluba et al. 2012: 
also amplitude 
unknown @ small 
scales  larger 
range of µ 
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“Exotic” spectral distortions 

 Danese & Burigana ’94,  
Lecture Notes Phys., 429, 28 

Rx= (3/8)(gf/Χ) 

g! is the number of states per momentum mode and X is the effective 
number of relativistic interacting species at the decay epoch 
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Predictions in the view of extreme sensitivity projects 
80 
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Visibility functions for atomic species  
Courtesy Jeans Chluba 
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Numerical code for recombination lines 

Courtesy Yacine Ali-Haïmoud 

Current  limits 
from 
cosmology 
on A2S1S 
around 
8.22458 s−1   
(±34%) 

Hints from TT & Pol anisotropies 
Expectation from Planck  
 ±6% 

From Mukhanov et al. JCAP06(2012)040  
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Recombination lines 

Courtesy Jeans Chluba 
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As shown in the figure, where signals 
from both free-free distortion and 
Comptonization decrement are included, 
the expected excess is at ∼ mK level at 
decimeter wavelengths & a few % of 
Comptonization decrement expected in 
these models at λ < 1 cm. 

Modest but not negligible impact for 
CMB space missions, main target for 
ground-based observations.    

  Without any particular assumption 
about complex haloes physics, a 
robust lower limit to the global 
averaged free-free distortion 
signal expected from the diffuse 
ionized IGM in a given cosmological 
reionization scenario can be derived 
from fundamental arguments based 
only on density contrast evolution on 
cosmological models and well-known 
radiative emission mechanisms  
(T. Trombetti & C. Burigana 2014, 
MNRAS, 437, 2507): 

   Boltzmann codes for the 
matter variance evaluation;  
  a dedicated code for the free-
free distortion including the 
correct time and frequency 
dependence of Gaunt factor. 
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Summary of CMB spectral distortions in intensity 

Low freqs. 
Ground experiments, DIMES,  

ARCADE 2, SKA & its precursors 

High freqs.  
FIRAS II, Pixie, PRISM 

From PRISM studies 

FF excess: dashes 

Compt. decrement: solid, y=5×10-7 
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CMB spectral distortions - I 

  Very small distortions in continuum spectrum are  
  strongly predicted to be generated during late epochs (z < 104), as  

Comptonization, free-free distortions associated to reionization / structure 
formation, hot galaxy clusters: clearly detectable by PRISM (≳100σ!) 

  or may be produced or have to be produced at earlier epochs  
    (Bose-Einstein distortions, intermediate shapes, “exotic shapes”) by “exotic” 

processes, as decays, annihilation, cooling/Bose condensation, damping of 
primordial perturbations probing the power spectrum on very small scales 
(inflation): detectable by PRISM  New physics! 

  “Direct” reconstruction of thermal history & thermodyn. processes up to z ≅107 

 V 

 H & He recombination lines from z ≃ 103    

 HI Balmer & Paschen-α lines detectable with PRISM 
 additional anisotropic signal detectable with PRISM 

 Resonant scattering signals of metals during the dark ages 

 N.B.: fully analogy with CMB anisotropy before COBE/DMR: 
    Standard model would be untenable if no distortion were detected 

  Current observations consistent with Blackbody &  
    Standard Big-Bang Model … but: 
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CMB spectral distortions - II 

 Feasibility/robustness of theoretical studies 
  Accurate codes for the Kompaneets eq. & lines predictions exist,                 

versatile & fast enough  
  to ingest many physical / astrophysical processes at both high & low z 
  for implementations with different source terms 
  for comparison with future ultra-precision data (also with MCMC methods) 

 “By-products” of absolute temperature high-precision data 
  better calibration, inter-frequency calibration of all astrophysical  
    microwave/mm/sub-mm data, also of future ground-based facilities 

(@ higher resolution)  
  accurate assessment of 0-levels of microwave/mm/sub-mm maps 
  crucial link with radio & IR surveys, also for improving component 

separation results by combining imaging with spectroscopy! 
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Thanks for the attention! 


