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The	
  Planck	
  satellite	
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•  The	
  "ul(mate"	
  measurement	
  of	
  CMB	
  temperature	
  

–  Down	
  to	
  the	
  "smallest	
  CMB	
  scales"	
  (5	
  arcminutes)	
  
 	
  Large	
  telescope	
  (1.5	
  m	
  projected	
  diameter)	
  
 	
  Some	
  channels	
  at	
  small	
  wavelengths	
  (θ	
  ≈	
  λ/D)	
  

–  Sensi;vity	
  (frac;on	
  of	
  a	
  µK	
  per	
  square	
  degree)	
  	
  
 	
  Not	
  limited	
  by	
  instrumental	
  noise	
  
 	
  In	
  some	
  channels,	
  photon	
  noise	
  dominates	
  
 	
  Cryogenic	
  mission	
  (100	
  mK	
  bolometers,	
  20K	
  radiometers)	
  
 	
  Intrinsic	
  limita;ons	
  due	
  to	
  foreground	
  emissions	
  

–  Full	
  sky	
  survey	
  at	
  9	
  frequencies	
  from	
  30	
  to	
  850	
  GHz	
  
 	
  Iden;fy	
  unambiguously	
  CMB	
  by	
  its	
  spectral	
  emission	
  law	
  
 	
  Subtract	
  foreground	
  contamina;on	
  to	
  Planck	
  accuracy	
  (!)	
  
 	
  Two	
  instruments	
  LFI	
  (radiometers)	
  and	
  HFI	
  (bolometers)	
  

•  A	
  very	
  good	
  measurement	
  of	
  CMB	
  polarisa(on	
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The	
  Planck	
  design	
  



•  52	
  bolometers	
  (HFI)	
  et	
  22	
  radiometers	
  (LFI)	
  

•  Off-­‐axis	
  Gregorian	
  telescope:	
  primary	
  1.5m,	
  secondary	
  1m,	
  main	
  
axis	
  poin;ng	
  at	
  85	
  degrees	
  away	
  from	
  the	
  spin	
  axis	
  

•  Cryogenic	
  mission:	
  	
  
–  warm	
  launch	
  
–  passive	
  cooling	
  of	
  the	
  telescope	
  
–  complex	
  cryogenic	
  chain	
  	
  
–  2	
  cryo-­‐coolers	
  (	
  20	
  and	
  4	
  K)	
  
–  open-­‐cycle	
  dilu;on	
  3He-­‐4He	
  fridge	
  fo	
  1.6K	
  and	
  0.1K	
  (48.000	
  litres	
  of	
  

Helium)	
  

•  2kW	
  power	
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  fact	
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  -­‐	
  1	
  



The	
  Payload	
  
Spiderweb	
  
bolometer	
  

Telescope	
  

Focal	
  
plane	
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Planck	
  HFI	
  and	
  global	
  view	
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Planck	
  scanning	
  the	
  sky	
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Measure	
  3	
  Stokes	
  parameters	
  

	
  	
  I	
   	
  =	
  	
  	
  	
  |E02|	
  	
  +	
  	
  	
  |E902|	
  
	
  Q	
   	
  =	
  	
  	
  	
  |E02|	
  	
  	
  -­‐	
  	
  	
  	
  |E902|	
  
	
  U	
   	
  =	
  	
  	
  |E452|	
  	
  -­‐	
  	
  	
  |E1352|	
  



•  1900	
  kg	
  at	
  take-­‐off	
  	
  
–  (Ariane	
  5,	
  14	
  may	
  2009)	
  

•  Small	
  halo	
  orbit	
  	
  
–  around	
  Lagrange	
  point	
  L2	
  

•  Scanning	
  at	
  1	
  rpm	
  

•  4	
  complete	
  maps	
  of	
  the	
  con;nuum	
  sky	
  at	
  9	
  frequencies:	
  
30-­‐850	
  GHz	
  (1	
  cm	
  -­‐	
  350	
  microns)	
  

•  Telemetry:	
  100	
  kbit/s	
  (3	
  hours	
  download	
  per	
  day),	
  2	
  TBytes	
  
per	
  year	
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Kourou,	
  14th	
  May	
  2009	
  !	
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En	
  route	
  to	
  L2	
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Planck	
  cooling	
  down	
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May	
  20th	
   May	
  27th	
   June	
  3rd	
   June	
  10th	
   June	
  17th	
   June	
  24th	
   July	
  1st	
  

10	
  K	
  

1	
  K	
  

0.1	
  K	
  



•  Made	
  by	
  	
  
–  Agencies:	
  ESA,	
  CNES,	
  ASI,	
  NASA	
  
–  Industry:	
  Thales-­‐Alenia	
  Space,	
  Air	
  Liquide	
  
–  Research	
  and	
  higher	
  educa;on:	
  CNRS,	
  CEA,	
  universi;es,	
  13	
  labs	
  

•  The	
  scien;sts	
  
–  29	
  laboratories,	
  300-­‐600	
  scien;sts	
  

•  Cost	
  
–  About	
  650	
  M€	
  total	
  (mission	
  +	
  instruments)	
  

–  450	
  M€	
  ESA	
  cost	
  (M	
  mission)	
  

–  HFI	
  instrument:	
  150	
  M€,	
  (56%	
  France)	
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Observed	
  maps	
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44	
  GHz	
   70	
  GHz	
  30	
  GHz	
  

143	
  GHz	
   217	
  GHz	
  100	
  GHz	
  

545	
  GHz	
   857	
  GHz	
  353	
  GHz	
  



The	
  sub-­‐millimetre	
  sky	
  seen	
  by	
  Planck	
  

Virgo	
  A	
  (M87)	
  
Virgo	
  cluster	
  

Tau	
  A	
  
(Crab)	
  

Coma	
  cluster	
  

Andromeda	
  
M	
  31	
  

CMB	
  and	
  CIB	
  anisotropies	
  
Free-­‐free	
  emission	
  
in	
  the	
  Gum	
  nebula	
  

Cen	
  A	
  

SMC	
  &	
  LMC	
  

Dust	
  emission	
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Component	
  separa;on	
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Synchrotron	
  
Brehmstrahlung	
  

Spinning	
  dust	
  
Thermal	
  dust	
  

CMB	
  
Galaxy	
  clusters	
  

CIB	
  
CO	
  lines	
  

Emission	
  laws	
  



Different	
  methods	
  give	
  similar	
  maps	
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Planck	
  2013	
  results.	
  XII.	
  	
  



Differences	
  exist	
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Valida;on	
  on	
  simula;ons	
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CMB	
  map	
  (SMICA)	
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Planck	
  2013	
  results.	
  XII.	
  	
  

Method:	
  Delabrouille	
  et	
  al.	
  2003,	
  Cardoso	
  et	
  al.	
  2008	
  



The	
  Planck	
  CMB	
  power	
  spectrum	
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Predic;on	
  (2005)	
  

Measurement	
  (2013)	
  

Planck	
  2013	
  results.	
  XV.	
  	
  



6-­‐parameter	
  model	
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Approx.	
  to	
  acous;c	
  scale	
  
Reionisa;on	
  op;cal	
  depth	
  

For	
  k0=0.05	
  Mpc-­‐1	
  

Derived	
  parameters	
  



6-­‐parameter	
  model	
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1%	
  
2%	
  
0.06%	
  
15%	
  
0.8%	
  
0.9%	
  



Infla;onary	
  constraints	
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Ruled	
  out	
  
Ruled	
  out	
  

Planck	
  2013	
  results.	
  XXII.	
  



Polarisa;on	
  spectrum	
  in	
  agreement	
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TE	
  

EE	
  

Red	
  curves:	
  predic;on	
  based	
  solely	
  
on	
  the	
  temperature	
  best	
  fit.	
  



Consistency…	
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…and	
  discrepancy	
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WMAP	
  power	
  spectrum	
  2.5	
  –	
  3%	
  higher	
  than	
  Planck	
  



Tensions	
  ?	
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The	
  measured	
  CMB	
  spectrum	
  on	
  
large	
  scales	
  is	
  lower	
  than	
  expected	
  



Significance	
  ?	
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99%	
  CL	
  

2.5σ	
  



Lensing	
  in	
  good	
  general	
  agreement	
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Intermediate	
  conclusion	
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Very	
  good	
  fit	
  of	
  the	
  CMB	
  TT	
  spectrum	
  	
  
With	
  a	
  6-­‐parameters	
  ΛCDM	
  

-­‐-­‐-­‐-­‐	
  
No	
  compelling	
  need	
  for	
  extensions	
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Lensing	
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Lensing	
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Reconstruc;on	
  of	
  the	
  lensing	
  poten;al	
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The	
  reconstruc;on	
  is	
  noisy	
  (S/N	
  ≈0.6	
  –	
  more	
  noise	
  than	
  signal	
  here)	
  

Planck	
  2013	
  results.	
  XVII.	
  	
  



Noise	
  in	
  the	
  lensing	
  poten;al	
  map	
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Noiseless	
  simula;on	
  	
  
of	
  lensing	
  poten;al	
  
for	
  ΛCDM	
  matching	
  	
  
Planck	
  CMB	
  

ΛCDM	
  lensing	
  

Reconstructed	
  	
  
lensing	
  poten;al	
  



Lensing	
  poten;al	
  power	
  spectrum	
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Correla;on	
  lensing	
  –	
  galaxies	
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z	
  ≈	
  1.1	
  

z	
  ≈	
  0.4-­‐0.8	
   z	
  ≈	
  0.1	
  

z	
  ≈	
  0.1-­‐0.3	
  



Cosmic	
  infrared	
  background	
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CIB	
  fluctua;ons	
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Masked	
  regions	
  



CIB	
  –	
  545	
  GHz	
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A	
  correla;on	
  lensing	
  –	
  CIB	
  is	
  expected	
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Origin	
  of	
  CIB	
  

Béthermin	
  (2012)	
  model	
  
(sharp	
  features	
  are	
  artefacts)	
  

Origin	
  of	
  lensing	
  poten;al	
  

Béthermin	
  (2012)	
  model	
  
(sharp	
  features	
  are	
  artefacts)	
  



Correla;on	
  lensing	
  –	
  CIB	
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Correla;on	
  lensing	
  –	
  CIB	
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Planck	
  2013	
  results.	
  XVIII.	
  	
  



SZ	
  effect	
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  06/06/2013	
  

Clusters	
  of	
  galaxies	
  are	
  the	
  largest	
  

gravita(onally	
  bound	
  structures	
  

γcmb	
  

γsz	
  

143	
   217	
   353	
   	
   	
  	
  	
  	
  	
  	
  	
  GHz	
  

•  Gas	
  frac;on	
  Mg	
  /Mtot	
  	
  	
   	
  (universal)	
  ra;o	
  between	
  atoms	
  and	
  mayer	
  (Ωb/Ωm)	
  

•  Angular	
  size	
  vs.	
  Physical	
  size	
   	
  DA(z)	
  

•  Number	
  counts	
  dN/dMdz	
  	
   	
  P(k)	
  (depends	
  in	
  parZcular	
  on	
  Ωm,	
  and	
  σ8)	
  

•  Sunyaev	
  and	
  Zel'dovich	
  
–  Compton	
  Interac;on	
  on	
  hot	
  electron	
  gas	
  
–  Detec;on	
  possible	
  at	
  high	
  redshi{	
  z	
  

–  The	
  SZ	
  distor;on	
  is	
  a	
  very	
  good	
  mass	
  proxy	
  



Map	
  of	
  Sunyaev	
  Zel’dovich	
  clusters	
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20° -20° 0° Galaxy	
  
clusters	
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The	
  clusters	
  detected	
  by	
  Planck	
  are	
  farther	
  away	
  
and	
  more	
  massive	
  than	
  previously	
  known	
  clusters.	
  	
  

1227	
  +	
  5	
  detec;ons	
  
683	
  +	
  5	
  already	
  known	
  
178	
  new	
  and	
  confirmed	
  
366	
  candidates	
  not	
  yet	
  confirmed	
  

EsZmated	
  mass	
  [M]	
  

Redshi_	
  

N
um

be
r	
  o

f	
  c
lu
st
er
s	
  

Clusters	
  of	
  galaxies	
  
N
um

be
r	
  o

f	
  c
lu
st
er
s	
  



Cluster	
  number	
  counts	
  and	
  cosmological	
  parameters	
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Cosmological	
  parameters	
  form	
  the	
  CMB	
  
best	
  fit	
  overpredict	
  the	
  number	
  of	
  
observable	
  clusters	
  !	
  

Two	
  possible	
  explana;ons	
  
1)  Possible	
  error	
  on	
  connec;on	
  

between	
  flux	
  and	
  mass	
  of	
  clusters.	
  	
  	
  
Revise	
  cluster	
  physics	
  !	
  

2)  Cluster	
  physics	
  is	
  well	
  understood,	
  
but	
  the	
  connec;on	
  between	
  	
  
fluctua;ons	
  at	
  z=1000	
  et	
  at	
  z<1	
  is	
  
not!	
   	
   	
  	
   	
   	
   	
   	
   	
  	
  
Revise	
  maAer	
  and	
  energy	
  content	
  at	
  
late	
  Bmes.	
  

Using	
  189	
  well	
  detected	
  clusters	
  



Cluster	
  counts	
  and	
  cosmological	
  constraints	
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Clusters	
  

CMB	
   Joint	
  constraint	
  with	
  free	
  Y	
  –	
  M	
  
rela;on	
  

(find	
  Mpredicted	
  =	
  0.55	
  Mtrue)	
  

Other	
  way	
  to	
  reconcile	
  CMB	
  and	
  SZ	
  
Σ	
  mν	
  ≈	
  0.3	
  eV	
  

Énergie	
  
noire	
  

Ma;ère	
  
noire	
  

Atomes	
  

Neutrinos	
  
massifs?	
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  Planck	
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•  The	
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Planck	
  polarisa;on	
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30	
  GHz	
   44	
  GHz	
   70	
  GHz	
  

100	
  GHz	
   143	
  GHz	
   217	
  GHz	
  

353GHz	
  

Polarised	
  foreground	
  emission	
  

Foreground	
  polarisa;on	
  frac;on	
  is	
  larger	
  than	
  that	
  of	
  CMB	
  
-­‐	
  Synchrotron	
  (up	
  to	
  75%	
  theore;cally,	
  20-­‐30%	
  in	
  prac;ce)	
  
-­‐	
  Dust	
  (10-­‐20%	
  -­‐	
  more	
  than	
  expected	
  at	
  high	
  galac;c	
  lat.)	
  

PLANS:	
  Final	
  data	
  delivery	
  +	
  polarisa;on	
  analysis	
  mid	
  2014	
  

06/06/2013	
  



A{er	
  Planck	
  ?	
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Two	
  instruments:	
  
-­‐ 	
  An	
  imager	
  with	
  32	
  broad	
  frequency	
  bands	
  and	
  
300	
  narrow	
  bands	
  from	
  30	
  GHz	
  to	
  6	
  THz	
  
-­‐ 	
  A	
  spectrophotometer	
  to	
  measure	
  the	
  absolute	
  
spectrum	
  in	
  the	
  same	
  freq.	
  range	
  



A{er	
  Planck	
  ?	
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