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CMB	
  spectral	
  distorEons	
  



No	
  spectral	
  devia1ons	
  are	
  detected	
  by	
  COBE/FIRAS	
  !	
  

PIXIE	
  proposal:	
  up	
  to	
  100	
  or	
  even	
  thousand	
  1mes	
  more	
  sensi1ve	
  !	
  

This	
  was	
  25	
  years	
  ago	
  	
  

Now:	
  	
  

THERE	
  ARE	
  MANY	
  THEORETICAL	
  MODELS	
  PREDICTING	
  SIGNIFICANT	
  
ENERGY	
  RELEASE	
  IN	
  THE	
  EARLY	
  UNIVERSE	
  and	
  CMB	
  spectral	
  distor0ons:	
  

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

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

y	
  	
  and	
  	
  
are	
  two	
  main	
  types	
  	
  



	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Black	
  body	
  photosphere	
  of	
  the	
  Universe	
  
	
  
In	
  the	
  spring	
  of	
  1966	
  Yakov	
  Zeldovich	
  asked	
  me	
  to	
  review	
  on	
  the	
  group	
  
seminar	
  the	
  preprints	
  of	
  Layzer	
  (Harvard)	
  and	
  Burbidges	
  (Caltech)	
  
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	
  free-­‐
free	
  op1cal	
  depth	
  of	
  the	
  Universe	
  for	
  CMB	
  –	
  it	
  was	
  negligibly	
  small	
  up	
  
to	
  the	
  1me	
  of	
  positron-­‐electron	
  annihila1on.	
  	
  
	
  

but	
  Thomson	
  op1cal	
  depth	
  was	
  huge.	
  
	
  
	
   ~	
  2	
  10^7	
  (z/10^8)	
  

OpEcal	
  depth	
  –	
  probability	
  for	
  the	
  photon	
  to	
  be	
  absorbed	
  or	
  scacered	
  



=========================================================	
  



Kompaneets	
  equaEon	
  describes	
  interacYon	
  of	
  a	
  radiaEon	
  field	
  with	
  free	
  hot	
  
	
  maxwellian	
  electrons	
  due	
  to	
  Compton	
  scaVering.	
  The	
  energy	
  exchange	
  	
  due	
  
to	
  Doppler	
  effect	
  and	
  recoil.	
  Thomson	
  cross-­‐secEon	
  limit.	
  

-­‐	
  occupaYon	
  number	
  ,	
  I	
  –	
  radiaYon	
  intensity	
  

-­‐	
  photon	
  frequency,	
   Yme	
  and	
  number	
  of	
  scacerings	
  

Fokker-­‐Planck	
  expansion	
  of	
  the	
  kineYc	
  equaYon	
  with	
  induced	
  scacering	
  term	
  yields	
  

Beau0ful	
  physics	
  behind	
  the	
  term	
  ~	
  	
  	
  	
  	
  	
  	
  	
  describing	
  induced	
  Compton	
  scaJering	
  

Kompaneets	
  (1956)	
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Fokker-­‐Planck	
  expansion	
  of	
  the	
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Beau0ful	
  physics	
  behind	
  the	
  term	
  ~	
  	
  	
  	
  	
  	
  	
  	
  describing	
  induced	
  Compton	
  scaJering	
  



Thomson	
  scaVering	
  does	
  not	
  change	
  amount	
  of	
  photons	
  	
  
(	
  photon	
  number	
  conserva0on	
  	
  in	
  Kompaneets	
  equa0on	
  )	
  

Sta1onary	
  solu1on	
  of	
  Kompaneets	
  equaYon	
  at	
  y	
  >>	
  1	
  



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

Sunyaev, Zeldovich, 1970 



	
  	
  	
  We	
  call	
  this	
  type	
  of	
  spectral	
  distor1ons	
  as	
  a	
  	
  	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  distor1on	
  



Cloud is invisible

At	
  small	
  y	
  <<	
  1,	
  tau	
  <<	
  1	
  

in	
  CMB	
  radiaYon	
  field	
  





~	
  900	
  clusters	
  confirmed	
  by	
  X-­‐Ray	
  	
  
	
  	
  	
  	
  	
  	
  	
  or	
  opYcal	
  observaYons	
  

SZ	
  shadow,	
  
Coma	
  cluster	
  	
  
	
  of	
  galaxies	
  
y-­‐parameter	
  map,	
  
	
  	
  	
  	
  based	
  on	
  	
  
100-­‐857	
  GHz	
  data	
  

Planck	
  	
  
+opYcal	
  	
  
image	
  

PLANCK	
  













Khatri,	
  Sunyaev,	
  2015	
  

P(y)	
  for	
  the	
  Planck	
  y-­‐map	
  of	
  the	
  
whole	
  sky	
  (Khatri,	
  2015)	
  	
  















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	
  Zok,	
  1984	
  







=	
  	
  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	
   Radia1on	
  dominated	
  Universe	
  

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





Two	
  milestones	
  in	
  the	
  life	
  of	
  the	
  Universe:	
  
	
  	
  	
  	
  	
  	
  	
  Last	
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  Surface	
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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 
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Zeldovich,	
  Kurt,	
  Sunyaev,1968;	
  Peebles,	
  1968	
  from	
  Chluba,	
  Sunyaev,	
  2009	
  



Visibility	
  func1on	
  

The	
  redshiY	
  and	
  the	
  width	
  of	
  this	
  funcEon	
  were	
  very	
  well	
  confirmed	
  by	
  WMAP	
  
and	
  recently	
  PLANCK	
  	
  

Last	
  sca7ering	
  surface	
  





Rubino-­‐MarYn,	
  Chluba,	
  
Sunyaev,	
  2005	
  



	
  	
  	
  	
  	
  	
  	
  the	
  blurring	
  of	
  primordial	
  fluctua1ons.	
  Thomson	
  tau	
  =	
  0.85	
  (WMAP)	
  

full	
  analogy	
  with	
  Gunn-­‐Peterson	
  effect,	
  but	
  Tr	
  inhomogenei1es	
  	
  on	
  the	
  sky	
  
are	
  	
  playing	
  the	
  role	
  of	
  quasars	
  and	
  submm	
  lines	
  are	
  used	
  instead	
  Ly-­‐alpha.	
  	
  

zero	
  effect	
  for	
  
monopole,	
  
polariza1on	
  from	
  
quadrupole	
  

Hot	
  and	
  cold	
  spots	
  
	
  

Basu,	
  Hernandez-­‐Monteagudo,	
  Sunyaev,	
  2004	
  



PRISM	
  
proposal	
  



Righi,	
  Hernandez-­‐Monteagudo,	
  	
  
Sunyaev,2008	
  	
  



Experiments	
  of	
  the	
  type	
  of	
  COBE/FIRAS	
  are	
  possible	
  not	
  much	
  
olen	
  than	
  once	
  in	
  25	
  years	
  	
  
	
  
The	
  goal,	
  theorists	
  are	
  dreaming:	
  	
  
	
  
a	
  sensiYvity	
  necessary	
  to	
  detect	
  	
  
	
  
a) myu-­‐type	
  distorYons	
  	
  on	
  the	
  level	
  of	
  10^-­‐9	
  (we	
  do	
  not	
  

expect	
  signal	
  below	
  few	
  Ymes	
  10^-­‐9,	
  but	
  who	
  knows?).	
  
However	
  any	
  upper	
  limit	
  will	
  be	
  useful.	
  

b)  such	
  a	
  sensiYvity	
  will	
  permit	
  to	
  study	
  recombinaYonal	
  lines	
  
of	
  hydrogen	
  and	
  helium	
  coming	
  from	
  redships	
  ~	
  1500	
  ,	
  2400	
  
and	
  6000	
  	
  

c)  It	
  will	
  be	
  possible	
  to	
  separate	
  y	
  distorYons	
  produced	
  before	
  
recombinaYon	
  from	
  generated	
  much	
  later	
  (they	
  will	
  distort	
  
the	
  recombinaYonal	
  spectrum)	
  





THANK	
  YOU	
  !!!	
  





PLANCK	
  spacecrap	
  
scans	
  the	
  sky	
  

From	
  paper	
  
Sunyaev,	
  
Zeldovich	
  
1970	
  

standing	
  sound	
  	
  
waves	
  (Lifshits,	
  
1946)	
  



Fenix	
  cluster	
  of	
  galaxies	
  discovered	
  by	
  SPT	
  at	
  z=0.596	
  and	
  observed	
  by	
  CHANDRA,	
  GALEX	
  and	
  	
  
Magellan:	
  star	
  burst	
  –	
  800	
  solar	
  masses	
  a	
  year,	
  luminosity	
  8	
  10^45	
  erg/s,	
  cooling	
  flow	
  ~	
  3000	
  
Solar	
  masses	
  a	
  year.	
  Black	
  hole	
  in	
  the	
  center	
  accretes	
  60	
  solar	
  masses	
  a	
  year.	
  







Thank	
  you	
  !!!	
  







Power	
  spectrum	
  of	
  iniEal	
  density	
  
perturbaEons	
  



	
  	
  	
  black	
  body	
  spectrum	
  

	
  	
  COBE-­‐Firas:	
  

Tr	
  =	
  2.725	
  (1+z)K	
  

prac1cally	
  isotropic	
  

 dark blue  - 200 microK red  +200 microK 

400	
  photons/cm^3	
  



No	
  spectral	
  devia1ons	
  are	
  detected	
  !!!	
  







143	
  GHz	
  

Coma	
  cluster	
  
of	
  galaxies	
  (SZ-­‐image)	
  	
  

Coma,	
  
op0cal	
  
image,	
  
central	
  
	
  	
  part	
  



PLANCK/HFI	
  

~	
  900	
  clusters	
  confirmed	
  by	
  X-­‐Ray	
  	
  
	
  	
  	
  	
  	
  	
  	
  or	
  opYcal	
  observaYons	
  

Planck	
  
143	
  GHz	
  

SZ	
  shadow	
  
Coma	
  cluster	
  of	
  galaxies	
  

Coma,	
  op0cal	
  image	
  
	
  	
  	
  	
  	
  	
  	
  	
  central	
  part	
  



PLANCK/HFI	
  

~	
  900	
  clusters	
  confirmed	
  by	
  X-­‐Ray	
  	
  
	
  	
  	
  	
  	
  	
  	
  or	
  opYcal	
  observaYons	
  

Planck	
  
143	
  GHz	
  

SZ	
  shadow	
  
Coma	
  cluster	
  of	
  galaxies	
  

Coma,	
  op0cal	
  image	
  
	
  	
  	
  	
  	
  	
  	
  	
  central	
  part	
  























,	
  2003	
  

skewness	
  

D	
  -­‐	
  devia1on	
  



Thousands	
  of	
  galaxies	
  with	
  v	
  ~	
  1000	
  km/s	
  	
  
Hot	
  intergalac1c	
  gas	
  with	
  Te	
  ~	
  3	
  –	
  10	
  KeV	
  

Gravita1onal	
  poten1al	
  defined	
  by	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  invisible	
  dark	
  ma7er	
  

Distant	
  galaxies	
  are	
  gravitaYonally	
  lensed	
  by	
  A	
  2218	
  



There	
  are	
  three	
  effects	
  which	
  make	
  cloud	
  visible:	
  

1.   Thermal	
  effect	
  (change	
  of	
  the	
  CMB	
  spectrum	
  	
  
	
  	
  	
  	
  	
  	
  	
  in	
  the	
  direc1on	
  to	
  the	
  cloud	
  with	
  hot	
  gas)	
  

2.	
  	
  Kine1c	
  effect	
  (moving	
  cloud	
  changes	
  the	
  spectrum	
  of	
  	
  
scaVered	
  CMB	
  photons	
  due	
  to	
  Doppler	
  effect)	
  
	
  
Full	
  analogy	
  with	
  the	
  origin	
  of	
  the	
  Dipole	
  Component	
  in	
  the	
  CMB	
  angular	
  distribuYon	
  
arising	
  due	
  to	
  our	
  moYon	
  relaYve	
  to	
  the	
  reference	
  frame	
  where	
  CMB	
  is	
  isotropic.	
  

3.	
  Blurring	
  effect	
  (CMB	
  in	
  reality	
  is	
  not	
  isotropic.	
  There	
  are	
  angular	
  fluctua1ons.	
  
ScaVering	
  in	
  the	
  cloud	
  removes	
  all	
  anisotropies	
  in	
  the	
  direc1on	
  to	
  the	
  cloud	
  	
  
except	
  10%	
  of	
  quadrupole	
  at	
  the	
  posi1on	
  of	
  a	
  cloud	
  

	
  (see	
  Sunyaev,	
  Zeldovich,	
  1981)	
  



Electron temperature ~ 9 KeV 

Electron density ~ 0.03 cm -3 

Sound velocity of gas is close to velocities of galaxies 

Dark matter mass –  
  up to 10^15 Msun  

Msun = 2 10^33 g 



PI: J.Carlstrom 

SOUTH POLE TELESCOPE 

Photograph	
  by:	
  Glenn	
  Grant	
  
NaYonal	
  Science	
  FoundaYon	
  

10m dish; 95, 150, 220 GHz 
1’ 



Line is broadened and effectively shifted toward higher frequencies due to second order effects in v/c 

SCATTERING OF RADIATION BY HOT MAXWELLIAN ELECTRONS 

spectral changes due to doppler-effect on moving electrons  
      with kTe~ 5 KeV and average velocity of the order of 1/7 c 

laser line laser line 

black body 



In	
  cen0meter	
  and	
  mm	
  spectral	
  bands	
  
clusters	
  should	
  be	
  observed	
  	
  
as	
  a	
  holes	
  in	
  the	
  sky	
  average	
  	
  
brightness	
  defined	
  by	
  CMB	
  intensity	
  

the	
  depth	
  of	
  this	
  hole	
  does	
  not	
  depend	
  on	
  the	
  redship	
  of	
  the	
  cluster	
  of	
  galaxies	
  

It	
  depends	
  only	
  on	
  temperature	
  of	
  the	
  electrons	
  and	
  opYcal	
  depth	
  of	
  the	
  cluster	
  

Pe	
  =	
  Ne	
  kTe	
  –	
  electron	
  thermal	
  pressure	
  



Angular	
  size	
  as	
  a	
  funcYon	
  of	
  z	
  

For	
  distant	
  clusters	
  	
  
their	
  angular	
  size	
  	
  
does	
  not	
  depend	
  	
  
on	
  redship!	
  

This	
  means,	
  that	
  their	
  total	
  flux	
  also	
  does	
  not	
  depend	
  on	
  redshil	
  	
  for	
  0.5	
  <	
  z	
  <	
  2	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (for	
  similar	
  clusters	
  at	
  different	
  redshils)	
  
because	
  observed	
  surface	
  brightness	
  also	
  does	
  not	
  depend	
  on	
  the	
  redshil	
  

It	
  is	
  close	
  to	
  1	
  arcmin	
  



Dolag	
  et	
  al,	
  2014	
  


