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!!!black!body!spectrum!

!!COBEEFiras:!

Tr!=!2.725!(1+z)K!

prac0cally!isotropic!

 dark blue  - 200 microK red  +200 microK 

400$photons/cm^3$



No!spectral!devia0ons!are!detected!by!COBE!!!

COBE/!
FIRAS!

PIXIE!

PIXIE:!up!to!thousand!0mes!more!sensi0ve!!!





THERE!ARE!MANY!THEORETICAL!MODELS!PREDICTING!SIGNIFICANT!
!ENERGY!RELEASE!IN!THE!EARLY!UNIVERSE!

I$WILL$SPEAK$TODAY$ONLY$ABOUT$UNAVOIDABLE$SPECTRAL$FEATURES,$
WHICH%ARE%PREDICTED%WITHIN%STANDARD%COSMOLOGICAL%MODEL%

SEVERAL$EXAMPLES:$

Great!progress!in!the!technology!of!experiments!and!especially!of!detectors!

Improvement!–!7!orders!of!magnitude!aZer!1970!!
!



1000!0mes!more!
sensi0ve!than!COBE/FIRAS!
for$CMB$spectral$distorCons$



Two$milestones$in$the$life$of$the$Universe:$
$$$$$$$Last$Sca6ering$Surface$and$$$
$$$$$$$$Black$Body$Photosphere$$
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with!Rishi!Khatri!and!Jens!Chluba!



$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$Black$body$photosphere$of$the$Universe!
!
In!1966!Yakov!Zeldovich!asked!me!to!review!on!the!group!seminar!!
!the!papers!of!Layzer!and!Burbidges!staYng!that!CMB!spectrum!is!just!!
the!stellar!light!thermalized!by!the!dust.!!
I!decided!to!check!in!addiYon!the!usual!mechanism!responsible!for!!
black!body!spectrum!producYon!inside!hot!stars:!the!Rosseland!freeE
free!op0cal!depth!of!the!Universe!for!CMB!–!it!was!negligibly!small!up!
to!the!0me!of!positronEelectron!annihila0on.!!
!

but!Thomson!op0cal!depth!was!huge.!
!
! ~!2!10^7!(z/10^8)!

OpCcal$depth$–!probability!for!the!photon!to!be!absorbed!or!scadered!



=========================================================!











PI: J.Carlstrom 

SOUTH POLE TELESCOPE 

Photograph!by:!Glenn!Grant!
NaYonal!Science!FoundaYon!

10m dish; 95, 150, 220 GHz 
1’ 







Dolag$et$al,$2014$





,!2003!

skewness!

D!E!devia0on!



Khatri,!Sunyaev,!2015!

P(y)!for!the!Planck!y'map!of!the!
whole!sky!(Khatri,!2015)!!
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In equilibrium with 
free electrons 

Out of equilibrium 
with free electrons 

Recombination goes 
much more slow, чем 
Saha formula predicts; 
the rate is defined by 
the two photon decay 
of the 2S level and the 
slow loss of photons in 
the wing of  Ly-α line 

„freeze out� 
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Saha-Equation for ionization degree 

Zeldovich,!Kurt,!Sunyaev,1968;!Peebles,!1968!



Visibility!func0on!

The$redshi[$and$the$width$of$this$funcCon$were$very$well$confirmed$by$WMAP$
And$recently$PLANCK$(few$percent$precision)$

Last$sca6ering$surface$





PLANCK!spacecrag!
scans!the!sky!

From!paper!
Sunyaev,!
Zeldovich!
1970!





AcYve!GalacYc!Nuclei!and!the!spectrum!of!the!
X'ray!background!

!!
!Sei,!G.;!Woltjer,!L.!

Astronomy!and!Astrophysics,!vol.!224,!!
!!!!!!!!Oct.!1989,!p.!L21'L23!



PLANCK!spacecrag!
scans!the!sky!

From!paper!
Sunyaev,!
Zeldovich!
1970!

standing$sound$$
waves$(Lifshits,$
1946)$



=!!400!cm'3!(1+!z)^3!!

Number!density!of!!barions!and!electrons!!=!!2!10^'7!cm'3!(1!+!z)^3!!

Nph/!Ne!=!2!10^9! Radia0on!dominated!Universe!

Silk!damping!of!standing!sound!waves!due!to!radiaYve!!
viscosity!and!thermal!conducYvity!





Power$spectrum$of$iniCal$density$
perturbaCons$





















myu-type CMB distortions 
due to energy release in the  
early Universe  10^5 < z < 210^6 

Sunyaev, Zeldovich, 1970 

















Analitical solution(Sunyaev, Zeldovich, 1970 

Where a and k are scattering (Comptonisation)  and real  
absorption coefficients correspondently 

In the case of Double Compton (emission of second photon 
during scattering) spectral deviations decrease with time 
 

Danese,!de!Zoi,!1984!



















Thank$you$!!!$



!!!!!!!the!blurring!of!primordial!fluctua0ons.!Thomson!tau!=!0.85!(WMAP)!

full!analogy!with!GunnEPeterson!effect,!but!Tr!inhomogenei0es!!on!the!sky!
are!!playing!the!role!of!quasars!and!submm!lines!are!used!instead!LyEalpha.!!

zero!effect!for!
monopole,!
polariza0on!from!
quadrupole!

Hot!and!cold!spots!
!





 0.001

 0.01

 0.1

 1

CI CII NII NIII OI OIII

X
io

n
/X

so
la

r 
1

µ
K

2
/(
ℓ
2
C
ℓ

C
a

lib
ra

tio
n
)

Ion

Possible limits on abundance of Ions from Planck, 130<ℓ<290
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z=35.6

z=23.4

z=32.2

z=21.2

z=22.8

z=14.8

143 GHz
217 GHz

COrE!mission!with!internal!calibrator!?!and!angular!resoluYon!<!20’!!will!be!able!!
to!provide!C_l!!on!the!level!of!10^'2!microK^2!and!detect!O!III!ions!!
with!4!10^'5!of!solar!abundance!of!oxygen!

Khatri,!Sunyaev,!2012!





too!high!spectral!!
resoluYon!is!useless!!
!!for!correlated!!
!!!!!contribuYon!

Poisson!contribuYon!
!!(dashed!lines)!
behaves!differently!

Correlated!contribuYon!
!!!!(solid!curves)!







!k(Te!–!Tr)/mc^2!!*!dz/H(1+z)!!!Y(z)!=!!

!describes!the!broadening!and!shiZ!of!the!spectrum,!
i.e.!redistribu0on!of!photons!along!frequency!axis!

describes!!the!devia0on!of!the!condi0ons!from!equilibrium,!
energy!release!leads!to!Te!>!Tr!and!spectral!distor0ons!
!
In!the!case!of!Te!<!Tr!comptoniza0on!leads!to!BoseEEinstein!!
condensa0on!of!photons!–!their!flow!toward!low!frequencies!



(FockerEPlanck!approxima0on)!

recoil! diffusion!

(1956)!





100-shell hydrogen atom and continuum 
 
 

CMB spectral distortions 

freeEbound:!
!!

'  only!a!few!features!
disYnguishable!

'  slope!~!0.6!

boundEbound!&!2s:!
!!

'  at ν>1GHz:!disYnct!
features!!

'  slope!~!0.46!

Total:!
!!

'  f'b!contributes!!~30%!
and!more!

'  Balmer!cont.!!~90%!

'  Balmer:!1γ per!HI!

'  in!total!5γ!per!HI!!

Chluba!&!RS,!2006,!A&A,!458,!L29!(astroEph/0608120)! PIXIE!SHOULD$DETECT$THESE$LINES$ON$THE$LEVEL$OF$5A6$SIGMA$

!HYDROGEN$LINES$FROM$COSMOLOGICAL$RECOMBINATION$ARE$REDSHIFTED$1500$TIMES$INTO$RADIOBAND$!!!$$



A!possibility!of!the!BoseEEinstein!
condensa0on!of!CMB!photons!





This!fact!was!recognized!long!ago:!Zeldovich,!Kurt,!Sunyaev,!1968!!in!the!paper!!
about!recombinaYon!of!hydrogen!in!the!Universe!showed!that!e'p!collisions!and!
ComptonizaYon!!are!able!to!keep!Te!=!Tp!=!Tr!up!to!!z!~!150.!!At!z!<!150,!Te!<<!Tr.!!
This!defines!the!behavior!of!the!hydrogen!hyperfine!structure!spin!temperature.!
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Possible limits on abundance of Ions from Planck, 130<ℓ<290
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COrE!mission!with!internal!calibrator!?!and!angular!resoluYon!<!20’!!will!be!able!!
to!provide!C_l!!on!the!level!of!10^'2!microK^2!and!detect!O!III!ions!!
with!4!10^'5!of!solar!abundance!of!oxygen!

Khatri,!Sunyaev,!2012!



!!!!!!!the!blurring!of!primordial!fluctua0ons.!Thomson!tau!=!0.85!(WMAP)!

full!analogy!with!GunnEPeterson!effect,!but!Tr!inhomogenei0es!!on!the!sky!
are!!playing!the!role!of!quasars!and!submm!lines!are!used!instead!LyEalpha.!!

zero!effect!for!
monopole,!
polariza0on!from!
quadrupole!

Hot!and!cold!spots!
!



Basu,!HernandezEMonteagudo,!Sunyaev,!2004!



Adiaba0c!cooling!!due!to!Universe!expansion!'!different!indices!!
!!!!!!!!!!!!!!

Radia0on!E!!!Tr!~!(1+z)!
!
Barions!and!electrons!–!!Te!~!(1+z)^2!

Electrons!colder!than!radia0on!!!!!!!Te!<!Tr!

ComptonizaYon!!(the!energy!exchange!between!plasma!and!radiaYon!due!to!
Compton!scaderings!on!thermal!electrons,!Doppler!and!recoil!effects)!is!trying!
to!establish!new!thermodynamic!equilibrium!with!Te=Tr.!

When!Tr!!>!Te,!we!have!black!body!radiaYon!with!excess!of!photons.!Due!to!recoil!!
and!induced!recoil!frequencies!photons!move!toward!lower!frequencies!

Kompaneets!equaYon,!1956!



Y!

Zeldovich,!Sunyaev,!1969!





from!Y!





Annihila0on!crossEsec0on!corresponding!to!the!recent!Fermi!spacecraZ!
upper!limits!



Experimental!prospects!








