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The	
  cosmic	
  microwave	
  background	
  

•  Last	
  scaAering	
  “surface”	
  
•  Relevant	
  scales	
  
•  AcousGc	
  peaks	
  
•  ObservaGons	
  
	
  



Before	
  CMB:	
  RedshiK	
  space	
  distorGons	
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The	
  thickness	
  of	
  the	
  	
  last	
  scaAering	
  
surface	
  

Reioniza(on	
  
v(z)dz = e�� d�

dz
dz

Chluba	
  &	
  Sunyaev	
  2006	
  



Relevant	
  scales	
  

•  Thickness	
  of	
  last	
  scaAering	
  Dz~200	
  at	
  
z~1000-­‐1200:	
  ~40	
  Mpc	
  comoving	
  ~	
  3	
  arcmin	
  

•  Silk	
  damping	
  scale	
  at	
  recombinaGon:	
  sqrt(1/3	
  
lct)	
  ~	
  9Mpc	
  

•  Sound	
  	
  horizon	
  ~cs	
  t	
  ~	
  56	
  Mpc	
  
•  Jeans	
  length	
  before	
  recombinaGon	
  is	
  much	
  
larger	
  than	
  sound	
  horizon	
  ~	
  900	
  Mpc	
  

•  ParGcle	
  horizon	
  3ct	
  ~	
  500	
  Mpc	
  (at	
  
recombinaGon)	
  ~	
  40	
  Mpc	
  (at	
  equivalence)	
  



StaGsGcal	
  descripGon	
  of	
  CMB	
  power	
  
spectrum	
  

•  Expand	
  DT/T	
  in	
  spherical	
  harmonics	
  
•  For	
  symmetry,	
  coefficients	
  of	
  spherical	
  
harmonics	
  are	
  related	
  to	
  power	
  on	
  each	
  
angular	
  scale	
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A	
  simple	
  guide	
  to	
  interpret	
  CMB	
  
power	
  spectra:	
  large	
  scales	
  

•  On	
  scales	
  larger	
  than	
  the	
  parGcle	
  horizon	
  
(~2deg)	
  	
  will	
  be	
  close	
  to	
  iniGal	
  perturbaGons.	
  

•  For	
  Harrison-­‐Zeldovich	
  iniGal	
  perturbaGons	
  we	
  
expect	
  

•  	
  In	
  addiGon	
  photons	
  will	
  have	
  to	
  climb	
  out	
  or	
  
down	
  from	
  iniGal	
  large	
  scale	
  perturbaGons	
  
(Sachs-­‐Wolf	
  effect)	
  +	
  and	
  then	
  through	
  
perturbaGons	
  along	
  the	
  line	
  of	
  sight	
  (ISW	
  and	
  
Rees-­‐Sciama)	
  	
  

P (k) = Ak � Cl =
8�A
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WMAP9	
  

BenneA	
  et	
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Flat	
  for	
  Harrison-­‐Zeldovich	
  



A	
  simple	
  guide	
  to	
  interpret	
  CMB	
  
power	
  spectra:	
  intermediate	
  scales	
  

•  Between	
  sound	
  horizon	
  and	
  Silk	
  damping	
  
scale	
  

•  Sound	
  horizon	
  is	
  much	
  smaller	
  than	
  jeans	
  
length	
  so	
  	
  you	
  have	
  standing	
  waves.	
  Modes	
  
that	
  are	
  integer	
  fracGons	
  of	
  the	
  inverse	
  
horizon	
  sound	
  wavelength	
  

•  	
  locaGon	
  of	
  the	
  peaks	
  depends	
  most	
  strongly	
  
on	
  t	
  recombinaGon	
  (so	
  maAer	
  density)	
  and	
  
also	
  weakly	
  on	
  baryon	
  to	
  photon	
  raGo	
  
(through	
  sound	
  speed)	
  	
  



A	
  simple	
  guide	
  to	
  interpret	
  CMB	
  
power	
  spectra:	
  intermediate	
  scales	
  

Challinor	
  2005	
  



A	
  simple	
  guide	
  to	
  interpret	
  CMB	
  
power	
  spectra:	
  small	
  scales	
  

•  Silk	
  damping	
  (exponenGal)	
  
•  StaGsGcal	
  damping	
  on	
  scalles	
  smaller	
  than	
  the	
  
thickness	
  of	
  the	
  scaAering	
  layer	
  

•  SZ	
  thermal	
  and	
  kineGc	
  effect	
  adds	
  extra	
  power	
  
on	
  cluster	
  scales	
  (subarcmin)	
  

	
  



AddiGonal	
  effects:	
  CMB	
  and	
  
reionizaGon	
  

•  AddiGonal	
  
opGcal	
  depth	
  
due	
  to	
  	
  
reionizaGon	
  
aAenuates	
  
fluctuaGons	
  
but	
  not	
  exactly	
  
so	
  that	
  one	
  
can	
  measure	
  z	
  
of	
  reionizaGon	
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WMAP9	
  

Hinshaw	
  2012	
  

Sound	
  horizon	
  

RaGo	
  	
  odd/even	
  peaks	
  is	
  sensiGve	
  to	
  baryon	
  content	
  

Silk	
  damping	
  l>1000	
  



WMAP9	
  –	
  six	
  parameter	
  model	
  

Hinshaw	
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WMAP9	
  –	
  six	
  parameter	
  model	
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WMAP9	
  –	
  BBN	
  and	
  neutrinos	
  

Hinshaw	
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WMAP9	
  –	
  BBN	
  and	
  Neff	
  

Hinshaw	
  2012	
  

•  Extra	
  rel	
  species	
  
change	
  expansion	
  
speed	
  hence	
  sound	
  
horizon	
  

•  Change	
  epoch	
  of	
  
equality	
  changing	
  ISW	
  

•  Increases	
  silk	
  damping	
  
so	
  more	
  suppression	
  of	
  
high	
  l	
  peaks	
  

•  	
  Anisotropic	
  stress	
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•  Extra	
  rel	
  species	
  change	
  
expansion	
  speed	
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  sound	
  
horizon	
  

•  Change	
  epoch	
  of	
  equality	
  
changing	
  ISW	
  

•  Increases	
  silk	
  damping	
  so	
  
more	
  suppression	
  of	
  high	
  l	
  
peaks	
  

•  	
  Anisotropic	
  stress	
  



WMAP9	
  –	
  neutrino	
  masses	
  

Hinshaw	
  2012	
  

•  Neutrino	
  mass	
  if	
  high	
  makes	
  them	
  not	
  relaGvisGc	
  (hard	
  upper	
  bound)	
  
•  At	
  lower	
  mass,	
  changes	
  slightly	
  sound	
  horizon	
  and	
  angular	
  diameter	
  distance.	
  Both	
  

are	
  degenerate	
  with	
  H0	
  so	
  one	
  needs	
  addiGonal	
  measurements	
  to	
  break	
  it.	
  
•  Also	
  on	
  small	
  scales	
  neutrinos	
  have	
  high	
  speeds	
  compared	
  to	
  CDM	
  so	
  reduce	
  

clustering	
  (degeneracy	
  with	
  sigma8),	
  



CMB,	
  flatness	
  and	
  dark	
  energy	
  

Challinor	
  2005	
  

flat	
  

Through	
  angular	
  diameter	
  distance	
  and	
  ISW	
  (limited	
  by	
  cosmic	
  variance)	
  



CMB,	
  flatness	
  and	
  dark	
  energy	
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WMAP9	
  –	
  flatness	
  degeneracy	
  

BenneA	
  et	
  al	
  2012	
  



WMAP9	
  –	
  adding	
  w	
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The	
  end	
  	
  


