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What	  the	  Big	  Bang	  Theory	  can	  do	  for	  us	  ?	  	  

Expanding	  Freidmann-‐Lemaître	  Universe	  	  	  	  	  	  	  	  	  	  	  	  	  	  expansion	  confirmed	  by	  observaDons	  (e.g.	  SNIa)	  

confirmed	  by	  the	  CMB	  Black	  Body	  spectrum	  

the	  primordial	  light	  element	  abundances	  are	  correctly	  predicted	  

Cosmological	  principle	  as	  a	  starDng	  hyp.	  	  	  	  	  	  	  	  	  	  	  	  	  	  validated	  by	  the	  observed	  CMB	  temperature	  map	  

Hot	  and	  dense	  primordial	  plasma	  in	  thermal	  equilibrium	  allowing	  nuclear	  reacDons	  	  
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…and	  cannot…	  

1)	  What	  is	  the	  origin	  of	  the	  weak	  inhomogeiDes	  in	  the	  CMB	  temperature	  map	  ?	  

2)	  Why	  the	  CMB	  temperature	  so	  homogeneous	  on	  the	  whole	  sky	  ?	  

3)	  Why	  the	  Universe	  density	  so	  close	  to	  the	  criDcal	  density	  ?	  

[non	  exhausDve	  list]	  

something’s	  missing	  	  :	  cosmic	  inflaDon	  	  

1)	  inhomogeneity	  origin	  problem	  

2)	  horizon	  problem	  

3)	  flatness	  problem	  

[	  	  	  4)	  historically	  (around	  1980)	  lack	  of	  monopoles	  problem	  	  	  ]	  
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Flatness	  problem	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  is	  an	  unstable	  point	  if	  the	  Universe	  is	  dominated	  by	  a	  fluid	  of	  w>-‐1/3	  

Ensuring	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  today	  and	  compensaDng	  the	  derive	  during	  the	  universe	  evoluDon	  
require:	  	  	  	  

This	  is	  a	  so-‐called	  fine-‐tuning	  problem	  

IniDal	  condiDons:	  	  



Horizon	  problem	  

• 	  Horizon	  :	  in	  any	  points,	  there	  is	  a	  maximum	  distance	  to	  which	  an	  observer	  can	  receive	  
signal	  (past	  light	  cone)	  	  	  

• 	  Distance	  travelled	  by	  2	  photons	  emibed	  in	  opposite	  direcDon	  (using	  ds=0)	  

For	  t1	  -‐>	  0,	  it	  defines	  the	  causal	  horizon	  

• 	  Angular	  size	  of	  the	  causal	  horizon	  at	  CMB	  decoupling	  

At	  CMB	  decoupling,	  MD	  :	  	  

constant	  Hubble	  radius	  

The	  homogeneous	  CMB	  temperature	  map:	  about	  4x104	  non-‐causaly	  connected	  patches	  !	  	  

In	  RD	  or	  MD	  universe	  :	  the	  horizon	  size	  is	  about	  the	  Hubble	  radius	  



Early	  stage	  of	  acceleraDng	  expansion	  

These	  problems	  are	  solved	  if	  the	  Universe	  experiences	  an	  early	  stage	  of	  acceleraDng	  
expansion	  before	  the	  RadiaDon	  DominaDon.	  

• 	  if	  w<-‐1/3	  	  :	  the	  scale	  factor	  expansion	  rate	  is	  accelerated	  and	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  is	  an	  abractor	  

• 	  if	  w=-‐1	  	  	  	  	  :	  	  the	  energy	  density	  is	  constant;	  
the	  horizon	  size	  exponenDally	  increases	  
while	  the	  Hubble	  radius	  is	  constant.	  

At	  the	  end	  of	  inflaDon,	  2	  points	  
much	  more	  distant	  than	  the	  
Hubble	  radius	  can	  be	  in	  causal	  
contact.	  

The	  physical	  horizon	  encompasses	  the	  whole	  observable	  Universe.	  
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InflaDon	  duraDon	  

The	  flatness	  problem	  is	  solved	  if	  	  

The	  scale	  factor	  at	  the	  end	  of	  inflaDon	  is	  mulDplied	  by	  1030.	  	  	  

number	  of	  «	  e-‐fold	  »	  
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What	  is	  the	  inflaDon	  ?	  	  

An	  homogeneous	  scalar	  field	  	  has:	  	  

InflaDon	  model	  is	  based	  on	  scalar	  field(s)	  «slowly	  rolling»	  in	  a	  flat-‐ish	  potenDal	  

if	  	  
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Origin	  of	  primordial	  inhomogeneiDes	  

• 	  The	  inflaDon	  washes	  out	  mabers	  

• 	  In	  vacuum,	  quantum	  fluctuaDons	  arise	  (e.g.	  parDcle-‐anDparDcle	  pairs	  creaDon)	  	  

Distance	  on	  which	  an	  event	  happening	  at	  t=te	  can	  influence	  laber	  events	  

• 	  These	  quantum	  fluctuaDons	  are	  stretched	  by	  expansion	  and	  then	  freeze-‐out	  

Expansion	  exponenDally	  increases	  wavelengths	  of	  any	  fluctucDons,	  when	  they	  become	  >	  RH	  	  freeze-‐out	  	  

• 	  InflaDon	  predicDons:	  

same	  amount	  of	  primordial	  density	  fluctuaDons	  at	  all	  scale	  (Harison-‐Zel’dovitch	  flat	  spectrum)	  

a	  background	  of	  primordial	  gravitaDonal	  waves	  with	  amplitude	  depending	  on	  the	  energy	  scale	  at	  the	  
end	  of	  the	  inflaDon.	  



The Standard Model of the Cosmology : Hot Big Bang + Structures growth 
–  Cosmic Inflation  
–  A pinch of phenomenology of the cosmological perturbations 
–  observables (LSS, CMB, BAO) 

Part	  II:	  Inhomogeneous	  Universe	  



Laurence Perotto                                                                                                        GRASPA, 16-22 July 2015 

Inhomogeneous	  Universe	  

• 	  Large	  scales	  structures	  stem	  from	  quantum	  fluctuaDons	  made	  real	  by	  exponenDal	  expansion	  

• 	  The	  primordial	  density	  inhomogeneiDes	  progressively	  grow	  by	  gravitaDonal	  collapse	  
(starDng	  from	  the	  smallest)	  

• 	  up	  to	  recent	  epoch	  (z>1)	  and	  at	  large	  enough	  scales	  (larger	  than	  galaxy	  clusters),	  the	  large	  
scale	  structures	  of	  the	  Universe	  can	  be	  described	  as	  perturbaDons	  on	  an	  homogeneous	  
background:	  a	  linear	  perturbaDon	  theory	  	  

• 	  The	  late	  Universe	  and	  smaller	  scales	  are	  described	  using	  N-‐body	  numerical	  simulaDons	  



Linear	  perturbaDon	  theory	  (just	  general	  ideas)	  

• 	  energy	  density	  with	  small	  inhomogeneiDes	  expands	  as	  

homogeneous	  background	   perturbaDon	  

• 	  Full	  treatment,	  linearized	  Einstein	  equaDons	  	  

• 	  Density	  and	  pressure	  evoluDon	  are	  described	  by	  the	  Boltzmann	  equaDon	  (CDM	  can	  be	  
described	  as	  perfect	  fluid)	  

• 	  need	  to	  follow	  pertubaDon	  evoluDons	  for	  the	  radiaDon,	  baryon,	  CDM	  and	  spaceDme	  
curvature	  (almost	  equivalent	  to	  Newtonian	  potenDal)	  

the	  density	  contrast	  is:	  

• 	  inflaDon	  predicts	  adiabaDc	  iniDal	  condiDons	  



The	  qualitaDve	  evoluDon	  emerges	  from	  the	  Newtonian	  approach	  
–  Start	  from	  the	  equaDons	  governing	  a	  NR	  fluid	  moDon	  :	  	  

•  Euler	  equaDon	  
•  Energy	  conservaDon	  
•  Poisson	  equaDon	  

–  Linearity,	  comoving	  wavemodes	  	  	  	  	  	  evolve	  independently:	  pracDcal	  in	  Fourier	  space	  	  

–  The	  gravitaDonal	  amplificaDon	  of	  the	  density	  perturbaDon	  is	  described	  by	  :	  	  

Newtonian approach 

The	  Jeans	  length	  

limit	  scale	  at	  which	  the	  radiaDon	  pressure	  becomes	  efficient	  to	  compensate	  gravitaDonal	  collapse	  
–  large	  wavelengths	  	  	  	  	  :	  possible	  growth	  
–  small	  wavelengths	  	  	  	  :	  gravitaDonal	  collapse	  is	  conterbalanced	  by	  pressure	  

depending	  on	  wavemodes	  size,	  acousDc	  oscillaDons	  can	  occur	  with	  sound	  speed	  cs	  

Jeans	  length	  is	  Dme	  dependent,	  larger	  and	  larger	  wavemodes	  can	  oscillate	  	  
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Transfer	  funcDons	  

• 	  All	  the	  physics	  is	  enclosed	  in	  a	  transfert	  funcDons:	  	  

damping	  	  
(small-‐scales	  perturbaDons	  
are	  suppressed)	  	  

acousDc	  oscillaDons	  
(when	  a	  perturbaDon	  
enters	  the	  sound	  horizon)	  

super-‐horizon	  plateau	  	  
(before	  they	  enter	  the	  horizon,	  
pertubaDons	  are	  frozen)	  	  



Outlines	  

•  Part I: The Big Bang Theory 
–  Homogeneous Universe  

•  (Metric, Friedmann Eqs, Distances, Hubble law, SNIa) 
–  Hot Big Bang Model  

•  (thermal history, BBN ) 

•  Part II: The Standard Model of the Cosmology 
–  Cosmic Inflation  
–  A pinch of phenomenology of the cosmological perturbations 
–  observables (LSS, CMB, BAO) 

•  Part III: Recent results 
–  Planck 2013 
–  BICEP (2014-2015) 
–  perspectives 



•  The primordial perturbations come from quantum fluctuations 
•  Each δk is a Gaussian random variable   

•  All the information is encoded in the power spectrum : 

•  function of the primordial power spectrum and the transfer function : 

The need of a stochastic description 
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 Tegm
ark	  et	  al.	  (2004)	  arXiv:astro-‐ph/0310725	  

Maber	  power	  spectrum	  measurements	  

From	  the	  damping	  of	  small-‐scales	  wavemodes,	  
	  we	  infer	  that	  the	  dark	  maber	  is	  cold	  (NR	  at	  decoupling)	  	  



•  Within the perturbation theory, 4 contributions : 

–  The intrinsic temperature 

–  The Sachs-Wolfe effect (« Gravitational Doppler effect» ) 

–  The Doppler effect 

–  The Integrated SW effect 

Cosmic Microwave Background 

Description of the temperature anisotropies 



•  A random Gaussian field : 
–  All the information is encoded in the 2-points correlation function :  

•  Spherical harmonic decomposition 

•  The angular power spectrum 

Cosmic Microwave Background 

The angular power spectrum of the anisotropies 

linear theory isotropy 

T T TT 
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Cosmic Microwave Background 

Cl phenomenology 
•  Evolution of the perturbations : 

–  largest perturbations :  
     growth factor only 
–  perturbations in the Hubble radius : 
     acoustic oscillations 
–  smallest perturbation :  
      photon diffusion erasing  

Plateau Sachs-Wolfe 

Pics acoustiques 

Silk damping 
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•  The first acoustic pic : a standard ruler 
–  the last perturbation entered in the sound horizon 
–  The size of the sound horizon at decoupling is both :  

•  calculable  
•  observed 

Cosmic Microwave Background 

Constraints on the Universe geometry 



Parameter	  degeneracy	  breaking	  
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Recent	  results	  (in	  Planck	  Collab.	  2015)	  

Planck	  TT,	  TE,	  EE	  C_ell:	  

Planck	  TT,	  TE,	  EE	  C_ell	  
+	  CMB	  lensing	  	  

Planck	  TT,	  TE,	  EE	  C_ell	  
+	  CMB	  lensing	  (	  ~P(k)	  )	  	  
+	  BAO	  (standard	  ruler)	  	  

Our	  Universe	  is	  spaDally	  flat	  to	  a	  0.5%	  accuracy	  



Baryonometer	  
From	  Wayne	  Hu	  website:	  	  

Odd	  peaks	  (compression	  
maxima)	  enhancement	  
over	  even	  peaks	  
(dilluDon	  maxima)	  



En ajustant le modèle sur les données, on trouve la valeur des paramètres 

16 

différence d’amplitude entre pics impairs (max. 
de compression) et pairs (max. de dilution)  
-> contribution de la matière ordinaire 
(baryons)  

Peu de différence -> les baryons ne contribuent 
que pour 4,6 % de la densité d’énergie 

not	  much	  
difference	  

Baryonometer	  
models	   data	  

The	  baryon	  density	  is	  measured	  at	  1%	  accuracy	  level	  using	  
Planck	  data	  alone	  
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The	  Planck	  Satellite	  

The Planck Satellite in Kourou  
a month before the launch  

Crédit : ESA 

Designed	  in	  the	  90’s	  to	  provide	  the	  definiDve	  measure	  
of	  the	  CMB	  temperature	  anisotropies	  

Launch	  in	  May	  2009,	  and	  End	  of	  data	  integraDon	  in	  autumn	  2012	  

also	  sensiDve	  to	  the	  CMB	  polarisaDon	  

full-‐sky	  	  (large	  angular	  scales)	  	  
resoluDon	  of	  5	  arcmin	  	  (small	  angular	  scales)	  
9	  frequency	  observaDon	  channel	  (foregrounds	  control)	  
cooling	  at	  0.1K	  (cosmic	  variance	  limited)	  

Planck	  Collab.	  2013	  
Planck	  Collab.	  2015	  
final	  release	  is	  imminent	  



18 

PLANCK	  temperature	  individual	  frequency	  band	  maps	  	  	  



Foreground	  cleaned	  
temperature	  map	  

19 

nominal mission 
(2013) 



19 

full mission 
 (2015) 

Map of the temperature anisotropies  
(crédit: Planck Collaboration XIII, 2015) 

Foreground	  cleaned	  
temperature	  map	  



Improvement	  of	  TT	  power	  spectrum	  measurements	  

BEFORE PLANCK (2010) 

dans le modèle 

21 

PLANCK RESULTS (2015) 

the goal (simulation) 
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ImplicaDons	  for	  Cosmology	  

BEFORE	  (2010)	   AFTER	  (2013)	  

The	  simpliest	  6-‐parameters	  LCDM	  model	  suffices	  to	  describe	  the	  data	  	  

These	  parameters	  are	  measured	  at	  the	  1%	  accuracy	  level	  

It	  imposes	  constraints	  on	  any	  exoDc	  extensions	  to	  the	  model	  



B<0 B>0 

E<0 E>0 

odd parity 

even parity 

Gravitational waves 

Cosmic Microwave Background 

CMB polarisation (intuitive introduction)  

Thomson scattering: 



Cosmic Microwave Background 

CMB polarisation (mathematical introduction) 
•  Coherence matrix 

•  Stockes parameters 
–  depend on the local basis 
–  spin 2 quantities 

•  E and B modes 
–  Scalar fields 
–  Independant of  
    the choice of the basis 



•  E- and B-modes are Gaussian scalar random fields 

•  The observables of the CMB 

•  Power spectrum estimates 

•  Errorbars  

Cosmic Microwave Background 

Polarized angular power spectra 

cosmic variance 
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4 angular power spectra 
TT,	  TE,	  EE,	  BB	  

the	  primordial	  B-‐mode	  power	  spectrum	  depends	  on	  the	  amplitude	  of	  the	  
gravitaDonal	  waves	  that	  were	  emibed	  during	  the	  cosmic	  inflaDon.	  
their	  amplitude	  is	  parametrized	  by	  the	  tensor-‐to-‐scalar	  raDo	  r.	  



     
  I. l’annonce  



DetecDon	  of	  the	  primordial	  B-‐mode	  !	  

simulaDon	  assuming	  r=0	  	  

A	  B-‐mode	  excess	  is	  observed	  !	  

observaDon	  of	  about	  1%	  sky	  area	  at	  150GHz	  
(with	  the	  same	  sensiDvity	  than	  PLANCK	  on	  the	  full-‐sky)	  

36 

data	  



• 	  2	  papers	  argued	  that	  the	  polarized	  dust	  contaminaDon	  can	  be	  of	  importance…	  

Best	  fi}ng	  primordial	  B-‐mode	  model	  

17	  March	  2014	  
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DetecDon	  of	  the	  primordial	  B-‐mode	  !	  

model	  without	  gravitaDonal	  waves	  (r=0)	  	  

Between	  the	  end	  of	  March	  and	  the	  beginning	  of	  May:	  

• 	  about	  75	  papers	  discussed	  inflaDonary	  models	  that	  can	  describe	  the	  measured	  excess	  

BICEP2	  Collab.	  arXiv:1403.3985v1	  



The	  polarized	  galacDc	  dust	  (=killjoy)	  
mi-mai 2014 : Planck publie une carte de l’émission polarisée de la poussière galactique 

lignes de champ magnétique galactique tracées par l’émission des poussières 

 et une loi pour extrapoler la contamination de la poussière aux fréquences 
d’observation de BICEP2 

38 

June,	  23rd:	  slightly	  updated	  version	  of	  the	  BICEP2	  

In	  May,	  Planck	  releases	  informaDon	  on	  the	  polarized	  galacDc	  dust	  at	  intermediate	  laDtudes	  

BICEP2	  Collab.	  arXiv:1403.3985v3	  

Planck	  Collab.	  arXiv:1405.0871	  
Planck	  Collab.	  arXiv:1405.0874	  



BICEP2	  B-‐mode	  excess	  explained	  by	  the	  dust	  

September	  2014:	  PLANCK	  	  releases	  the	  full-‐sky	  map	  of	  the	  polarized	  galacDc	  dust	  	  
and	  esDmates	  the	  B-‐mode	  amplitude	  due	  to	  the	  dust	  

N	  hemisphere	  

Significant	  contribuDon	  from	  the	  dust	  even	  at	  high	  galacDc	  laDtudes	  
that	  suffices	  to	  explain	  the	  B-‐mode	  excess	  seen	  by	  BICEP2	  

S	  hemisphere	  

Planck	  Collab.	  arXiv:1409.5738	  



The	  joint	  BICEP2-‐Keck	  Array-‐PLANCK	  analysis	  

Feb.	  2015:	  The	  BICEP2-‐Keck	  Array	  and	  PLANCK	  teams	  re-‐analyse	  all	  the	  data	  together	  

B for BICEP2 
K for Keck Array 
P for PLANCK at 353GHz   

r=0	  ΛCDM	  model	  

If	  the	  polarized	  dust	  is	  corrected	  for,	  no	  need	  of	  primordial	  B-‐modes	  anymore…	  

Autumn	  2014:	  The	  Keck	  Array	  (same	  field,	  same	  frequency	  band)	  completes	  a	  data	  analysis	  
based	  on	  the	  2012-‐2013	  observaDon	  campaign.	  

BICEP2-‐Keck	  Array	  Collab.	  arXiv:1502.00643	  
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The	  joint	  BICEP2-‐Keck	  Array-‐PLANCK	  analysis	  

BICEP2-‐Keck	  Array	  Collab.	  arXiv:1502.00643	  



This	  is	  not	  the	  end	  of	  the	  story	  

BICEP3	  

Advanced	  ACTpol	  

South	  Pole	   crédit:	  Page,	  Ferrara,	  2014	  

POLARBEAR	  2	  /	  Simons	  Array	  
QUIJOTE	  
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Advanced	  SPTpol	  



Soon:	  PLANCK	  CMB-‐dominated	  polarizaDon	  maps	  release	  

Only	  Planck	  can	  acess	  the	  reionisaDon	  bump	  

PLANCK	  provides	  a	  precise	  measure	  of	  the	  lensing	  induced	  B-‐mode	  	  
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Impact	  of	  the	  baryons	  

Baryon	  OscillaDon	  
Spectroscopic	  Survey	  
(BOSS)	  of	  the	  SDSS	  
Anderson	  et	  al.	  (2014)	  

In	  the	  early	  universe,	  baryons	  are	  Dghly	  coupled	  to	  
radiaDon	  and	  experience	  acousDc	  oscillaDons.	  
A�er	  decoupling,	  they	  fall	  into	  the	  dark	  maber	  
potenDal	  well.	  
In	  return,	  it	  lets	  an	  imprint	  in	  the	  maber	  distribuDon	  


