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Outline	  

•  The	  Planck	  mission	  



Inference	  from	  Large	  Scale	  
Structure:	  the	  Big	  Picture	  

Primordial perturbations as seen 
in the Cosmic Microwave Background 
anisotropies (WMAP) Dark matter 

distribution 
today 
(simulated) 
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Why	  Non-‐Gaussianity?	  

•  Primordial	  non-‐Gaussianity	  is	  a	  separate	  window	  on	  the	  very	  
early	  Universe	  

•  In	  combina(on	  with	  power	  spectrum	  a	  powerful	  limit	  on	  
infla(onary	  model	  space.	  

•  Different	  models	  of	  the	  early	  Universe	  have	  dis(nct	  
predic(ons	  regarding	  the	  type	  and	  the	  amount	  of	  non-‐
Gaussianity	  expected.	  

•  The	  search	  for	  non-‐Gaussianity	  is	  complementary	  to	  the	  
search	  for	  primordial	  gravita(onal	  waves	  
–  Primordial	  B-‐modes	  are	  the	  “smoking	  gun”	  of	  infla8on 	  	  
–  Finding	  primordial	  non-‐Gaussianity	  would	  rule	  out	  all	  single-‐field	  
models	  of	  slow-‐roll	  infla8on	  (under	  mild	  assump8ons)	  
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Why	  non-‐Gaussianity?	  

•  NG	  is	  already	  the	  highest	  precision	  test	  of	  infla(on!	  
– non-‐Gaussianity	  is	  now	  a	  <≈0.1%	  test	  (WMAP7,	  SDSS)	  
– with	  Planck	  	  ≈0.01%	  
– flatness	  in	  second	  place	  ~1.5%	  
	  

•  Already	  star(ng	  to	  rule	  out	  por(ons	  of	  infla(onary	  
parameter	  space,	  constrain	  “alterna(ves.”	  
	  

•  Second	  order	  anisotropies	  produce	  known	  bispectrum	  
signals	  which	  must	  be	  there	  (ISW-‐lensing,	  GR	  effects	  at	  
last	  scaYering,	  reioniza(on	  etc).	  	  

•  These	  are	  expected	  to	  be	  either	  small	  –	  or	  can	  act	  as	  
calibrators	  and	  provide	  a	  separate	  cosmological	  
informa(on.	  



From	  curvature	  to	  CMB	  sky	  

Elsner,	  Wandelt	  (2009)	  

You 

Gaussian 
Non-Gaussian 
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Komatsu,	  Spergel,	  Wandelt	  (2005)	  
Yadav,	  and	  Wandelt,	  PRD	  (2005)	  	  

Primordial curvature fluctuations 

Probing	  ini(al	  condi(ons	  with	  the	  CMB	  

•  The	  CMB	  T&E	  provides	  
a	  view	  of	  the	  primordial	  
curvature	  perturba(on.	  

•  Can	  “reverse”	  
processing	  by	  linear	  
physics	  and	  test	  model	  
predic(ons	  beyond	  the	  
power	  spectrum.	  



An	  example:	  local	  fNL	  

"  This non-Gaussianity creates a bispectrum signature (as well as higher order 
moments) 
<Φ(k1)Φ(k2)Φ(k3)>=2(2π)3fNLδ(k1+k2+k3)P(k1)P(k2),  
where (2π)3δ(k1+k2)P(k1)=<Φ(k1)Φ(k2)>  
	

"  This translates into a bispectrum signature in the CMB through   

Salopek & Bond 1990 
Gangui et al 1994 
Verde et al 2000 

Komatsu & Spergel 2001 



Local	  non-‐Gaussianity	  illustrated	  	  
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Local	  non-‐Gaussianity	  illustrated	  	  
	  
	  

Φ	  =	  Φlong	  +	  Φshort	  
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Local	  non-‐Gaussianity	  illustrated	  	  
	  

ΦNL	  =	  Φ	  +	  fNL(Φ2	  -‐	  <Φ2>)	  
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Structure enhanced 
in hot spots 

Structure smoothed 
in cold spots 

Note that this gives rise to both bispectrum and trispectrum signatures: fNL and τNL 



fNL=0	  



fNL=10	  



fNL=	  



fNL=103	  



fNL=104	  
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Why	  CMB	  non-‐Gaussianity?	  

•  Already	  know	  that	  any	  primordial	  non-‐Gaussianity	  is	  small,	  
but	  the	  bispectrum	  of	  primordial	  non-‐Gaussianity	  is	  
significantly	  different	  from	  late	  (me	  secondary	  effects,	  
foregrounds,	  or	  generic	  non-‐Gaussian	  instrument	  systema(cs	  

•  Search	  for	  primordial	  NG	  using	  bispectrum	  templates	  in	  the	  
CMB	  is	  more	  robust	  to	  systema(c	  error	  than	  was	  previously	  
realized	  	  

•  Non-‐Gaussianity	  is	  small	  because	  fluctua(ons	  are	  small.	  Can	  
use	  linear	  perturba(on	  theory	  –	  a	  big	  simplifica(on.	  

•  Polariza(on	  signal	  is	  orthogonal	  to	  T	  à	  Cross-‐checks!	  
•  This	  robustness	  enables	  the	  study	  of	  primordial	  non-‐

Gaussianity	  with	  current	  and	  future	  CMB	  probes.	  
	  



Current	  status:	  the	  “2-‐sigma	  hint”	  of	  
non-‐Gaussianity	  

  
 
Broadly consistent with independent 
estimates from clustering in galaxy redshift 
surveys 

WMAP 7-year (KQ75, optimal) 1.5 σ Komatsu et al. 2011 



Planck	  





CO	  from	  Planck	  









Es(mators	  



Op(mal	  cubic	  es(mator	  

For local fNL:  

Minimize 

to get 

Kom
atsu,	  Spergel	  2001;	  	  Babich	  &

	  Zaldarriaga	  2005	  



Fast	  cubic	  sta(s(cs	  

B is the Wiener Filtered reconstruction of primordial perturbations 

A picks out relevant configurations of the bispectrum 

=

Much faster: O(L3) 
scaling! 

Kom
atsu,	  Spergel	  and	  W

andelt	  2005;	  YKW
	  2007	  



Anisotropic	  sky	  coverage	  
•  The	  KSW	  and	  YKWLHM	  
es(mators	  are	  op(mal	  
only	  for	  uniform	  sky	  
coverage	  and	  noise	  
distribu(on.	  Anisotropic	  
noise	  distribu(on	  couples	  
different	  l	  and	  produces	  
excess	  variance.	  

•  For	  non-‐uniform	  noise	  
the	  addi(on	  of	  a	  linear	  
term	  reduces	  the	  
variance	  of	  the	  es(mator	  
(Creminelli	  et	  al.	  2005)	  

Simproved = Scubic+Slinear 



Non-‐Gaussian	  model	  tes(ng	  
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Non-‐Gaussian	  model	  tes(ng	  

•  Path 3: Specific model predictions within effective field 
theory, e.g. signatures from new physics during 
inflation (Jackson and Schalm 2012)  



Beyond	  local	  fNL:	  More	  general	  bispectrum	  
tests	  with	  CMB	  fingerprin(ng	  

Fergusson, Liguori, Shellard 2009; Fergusson and Shellard 2009 

In the space of local, equilateral and orthogonal bispectrum modes Planck will  
reduce the constraint volume by 70 compared to WMAP 
with a further factor of 20 possible for a next gen mission. 
 
Modal expansion (Fergusson, Liguori, Shellard) or binned bispectrum  
(van Tent, Bucher) allow further, model independent exploration. 

local equilateral Cosmic 
strings 
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Alterna(ve	  implementa(ons	  

•  Wavelets	  (Curto	  et	  al.)	  
•  Binned	  bispectrum	  (Bucher,	  van	  Tent)	  
•  Skew-‐Cl	  (Heavens,	  Munshi)	  

•  Minkowski	  func(onals	  (subop(mal)	  



Non-‐Gaussianity	  from	  space	  

•  Many	  modes	  
–  large	  sky	  coverage	  
–  high	  resolu8on	  

•  Frequency	  coverage	  
–  foreground	  removal	  

	  

•  Polariza(on	  
complementary	  to	  T	  
adds	  a	  great	  deal	  of	  
informa8on	  

Mul(ple	  sky	  coverages	  
control	  of	  systema8cs	  in	  
8me-‐domain	  

Yadav, Komatsu, Wandelt 2007 

E only 

T only 

T, E combined T, E combined 

T only 

E only 

Future Planck 
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Assump(ons	  

•  This	  assumes	  systema(cs	  are	  under	  control	  
•  Extragalac8c	  Foregrounds	  
•  Diffuse	  galac8c	  foregrounds	  
•  Instrument	  systema8cs	  
•  Analysis	  ar8facts	  

•  At	  this	  point:	  
•  The	  data	  appear	  to	  be	  useable	  as	  expected.	  
•  No	  show-‐stoppers	  so	  far.	  
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Perspec(ves	  beyond	  the	  bispectrum	  

•  Some	  model	  signatures	  have	  no,	  subdominant	  or	  
non-‐specific	  bispectrum	  signature	  

•  In	  that	  case,	  need	  higher	  order	  moments	  	  
•  Lensing	  
•  τNL,	  trispectrum	  signal	  of	  local	  NG;	  a	  modula8on	  signal	  	  
•  Cubic	  non-‐Gaussianity,	  gNL	  
•  trispectrum	  signatures	  from	  new	  physics	  during	  infla8on,	  
e.g.	  Jackson	  and	  Schalm	  2012	  

•  Power	  modula8on	  in	  the	  sky	  (e.g.,	  Ma,	  Efstathiou,	  
Challinor	  2012)	  

•  Quadra(c	  es(mators	  are	  well-‐developed,	  but	  will	  
ul(mately	  limit	  detec(on	  (Hirata	  &	  Seljak	  2004)	  
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Conclusions	  

•  Non-‐Gaussianity	  is	  an	  exci(ng	  new	  window	  on	  the	  
Physics	  of	  the	  Beginning	  

•  CMB	  robustly	  probes	  for	  primordial	  non-‐Gaussian	  
signatures	  

•  Cosmology	  results	  from	  Planck	  are	  due	  in	  spring	  of	  
2013.	  

•  No	  show-‐stoppers	  so	  far.	  
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Appendix	  



Details:	  linear	  term	  


