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Thermal	
  history	
  of	
  the	
  universe	
  

•  Orders	
  of	
  magnitude	
  
•  The	
  CMB	
  
•  RecombinaEon	
  
•  OpEcal	
  depth	
  and	
  the	
  last	
  scaGering	
  surface	
  



Cosmological	
  parameters.	
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CMB	
  global	
  properEes	
  

•  Blackbody	
  with	
  T0=2.725+-­‐0.001	
  
•  T=T0(1+z)	
  preserving	
  blackbody	
  
•  Energy	
  density	
  is	
  u=4σT4/c	
  ~	
  (1+z)4	
  
•  In	
  criEcal	
  units	
  
•  This	
  is	
  the	
  majority	
  of	
  
–  	
  the	
  background	
  density	
  
– energy	
  content	
  of	
  the	
  universe	
  in	
  relaEvisEc	
  
parEcles	
  (neutrinos	
  add	
  a	
  liGe)	
  	
  

�CMB � 5 · 10�5



Basic	
  Thermodynamics	
  Recap	
  

•  Dilute	
  weakly	
  intereacEng	
  quantum	
  gas	
  in	
  
thermal	
  equilibrium	
  has	
  the	
  following	
  number	
  
and	
  energy	
  density	
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Basic	
  Thermodynamics	
  Recap	
  

•  Non	
  relaEvisEc	
  case	
  (KT<<mc2)	
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Basic	
  Thermodynamics	
  Recap	
  

•  RelaEvisEc	
  case	
  (KT>>mc2;	
  	
  kT>>μ)	
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CMB	
  global	
  properEes	
  

•  The	
  CMB	
  has	
  lots	
  of	
  photons	
  

•  Approximately	
  a	
  billion	
  photons/baryon!	
  
•  In	
  terms	
  of	
  energy	
  this	
  is	
  about	
  1Mev	
  per	
  
baryon	
  (c.f.	
  converEng	
  H-­‐>He	
  gives	
  about	
  
4Mev)	
  and	
  the	
  number	
  grows	
  with	
  (1+z)	
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Basic	
  thermal	
  history	
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Basic	
  thermal	
  history	
  

From	
  textbook	
  



RecombinaEon	
  



RecombinaEon	
  

•  Why	
  does	
  it	
  happen	
  at	
  kT<<12eV?	
  
– QualitaEvely:	
  a	
  billion	
  photon/baryon,	
  it	
  is	
  
sufficient	
  to	
  be	
  in	
  the	
  tail	
  of	
  the	
  distribuEon	
  to	
  
keep	
  H	
  ionized	
  [see	
  Longair]	
  

– QuanEtaEvely,	
  Saha’s	
  equaEon	
  [blackboard]	
  	
  



OpEcal	
  depth	
  for	
  Thompson	
  scaGering	
  
of	
  the	
  CMB	
  by	
  free	
  electrons	
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OpEcal	
  depth	
  for	
  Thompson	
  scaGering	
  
of	
  the	
  CMB	
  by	
  free	
  electrons	
  

•  In	
  pracEce	
  at	
  z>>1000	
  the	
  universe	
  is	
  opaque	
  
to	
  CMB	
  photons,	
  last	
  scaGering	
  surface	
  

•  There	
  is	
  some	
  opEcal	
  depth	
  from	
  lower	
  
redship,	
  aper	
  so-­‐called	
  cosmic	
  reionizaEon	
  
[see	
  previous	
  slides	
  table	
  by	
  Hinshaw	
  et	
  al]	
  



RadiaEon	
  dominated	
  era	
  –	
  thermal	
  
coupling	
  of	
  baryons	
  and	
  photons	
  

•  At	
  first	
  baryons	
  and	
  radiaEon	
  are	
  coupled	
  
•  Aper	
  recombinaEon	
  they	
  decouple	
  and	
  each	
  
expands	
  adiabaEcally	
  
– Photons	
  T	
  ~	
  1/a	
  
– Baryons	
  T	
  ~	
  1/a2	
  
•  Also	
  recall	
  that	
  momentum	
  scales	
  as	
  1/a	
  and	
  therefore	
  
to	
  conserve	
  maxwell	
  boltzmann	
  

	
  



RadiaEon	
  dominated	
  era	
  –	
  thermal	
  
coupling	
  of	
  baryons	
  and	
  photons	
  

•  At	
  first	
  baryons	
  and	
  radiaEon	
  are	
  coupled	
  

•  Heat	
  capacity	
  of	
  CMB	
  is	
  much	
  higher	
  so	
  changes	
  
in	
  T	
  electrons	
  occur	
  on	
  Emescales	
  

•  Shorter	
  than	
  age	
  of	
  the	
  universe	
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Aper	
  recombinaEon	
  
•  The	
  fracEon	
  of	
  free	
  electrons	
  is	
  Eny	
  ~1e-­‐5	
  
•  Energy	
  exchange	
  between	
  H	
  and	
  photons	
  is	
  
suppressed	
  by	
  free	
  electrons	
  fracEon	
  	
  

•  Compared	
  to	
  age	
  of	
  the	
  universe	
  

•  Decoupling	
  happens	
  at	
  z~150	
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The	
  end	
  	
  


