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Primordial	
  non-­‐Gaussianity:	
  	
  
a	
  new	
  route	
  to	
  falsify	
  InflaDon	
  ...	
  

 Strongly	
  non-­‐Gaussian	
  iniDal	
  condiDons	
  studied	
  in	
  
the	
  eighDes	
  

 New	
  era	
  with	
  fNL	
  models	
  from	
  inflaDon	
  (Salopek	
  &	
  
Bond	
  1991;	
  Gangui	
  et	
  al.	
  1994:	
  fNL~	
  10-­‐2;	
  Verde	
  et	
  al.	
  
1999;	
  Komatsu	
  &	
  Spergel	
  2001;	
  Acquaviva	
  et	
  al.	
  
2002;	
  Maldacena	
  2002;	
  +	
  many	
  models	
  with	
  (much)	
  
higher	
  fNL).	
  	
  	
  

 Primordial	
  NG	
  emerged	
  as	
  a	
  new	
  “smoking	
  gun”	
  of	
  
(non-­‐standard)	
  inflaDon	
  models,	
  which	
  complements	
  
the	
  search	
  for	
  primordial	
  GW	
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Simple-­‐minded	
  NG	
  model	
  ...	
  	
  
has	
  become	
  reality	
  

	
  	
  	
  	
  	
  	
  	
  Many	
  primordial	
  (inflaDonary)	
  models	
  of	
  non-­‐Gaussianity	
  can	
  be	
  represented	
  in	
  
configuraDon	
  space	
  by	
  the	
  simple	
  formula	
  (Salopek	
  &	
  Bond	
  1990;	
  Gangui	
  et	
  al.	
  1994;	
  
Verde	
  et	
  al.	
  1999;	
  Komatsu	
  &	
  Spergel	
  2001)	
  

                   Φ	
  =	
  φL	
  +	
  fNL	
  *	
  (	
  φL2	
  -­‐	
  <φL2>)	
  +	
  gNL	
  *	
  (φL3	
  -­‐	
  <φL2>	
  φL	
  )	
  +	
  …	
  	
  

   where	
  Φ is	
  the	
  large-­‐scale	
  gravitaDonal	
  potenDal	
  (more	
  precisely	
  Φ	
  =	
  3/5	
  ζ	
  on	
  
superhorizon	
  scales,	
  where	
  ζ	
  is	
  the	
  gauge-­‐invariant	
  comovign	
  curvature	
  perturbaDon),	
  
φL	
  its	
  linear	
  Gaussian	
  contribuDon	
  and	
  fNL	
  the	
  dimensionless	
  non-­‐linearity	
  parameter	
  
(or	
  more	
  generally	
  non-­‐linearity	
  func1on).	
  The	
  percent	
  of	
  non-­‐Gaussianity	
  in	
  CMB	
  data	
  
implied	
  by	
  this	
  model	
  is	
  

   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  NG	
  %	
  ~	
  10-­‐5	
  	
  |fNL|	
  

   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ~	
  10-­‐10	
  |gNL|	
  

< 10-4 from 

CMB & LSS 

< 10-4 from  CMB & LSS 

“non-Gaussianity = non-dog”  
(Ya.B. Zel’dovich)  
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Planck	
  2013	
  results	
  XXIV:	
  	
  
ScienDfic	
  target	
  

•  Constrain	
   (with	
  high	
  precision)	
  and/or	
  detect	
  primordial	
  non-­‐
Gaussianity	
  (NG)	
  as	
  due	
  to	
  (non-­‐standard)	
  inflaDon	
  	
  

•  NG	
   amplitude	
   and	
   shape	
   measure	
   deviaDons	
   from	
   standard	
  
inflaDon,	
   perturbaDon	
   generaDng	
   processes	
   aher	
   inflaDon,	
  
iniDal	
  state	
  before	
  inflaDon,	
  ...	
  	
  

•  We	
  test:	
  local,	
  equilateral,	
  orthogonal	
  shapes	
  (+	
  many	
  more)	
  
for	
   the	
   bispectrum	
   and	
   constrain	
   the	
   primordial	
   trispectrum	
  
(test	
  of	
  mulD-­‐field	
  models)	
  parameter	
  τNL	
  	
  

S.	
  Matarrese	
  on	
  behalf	
  of	
  Planck	
  collabora3on	
   4	
  Planck	
  2013	
  constraints	
  on	
  primordial	
  non-­‐Gaussianity	
  



CMB	
  bispectrum	
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a 

Gaunt integrals 



the	
  NG	
  shape	
  informaDon	
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... there are more shapes of non-Gaussianity  
(from inflation) than ... stars in the sky 

+ many more 



Planck	
  2013	
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  non-­‐Gaussianity	
  

Shapes	
  

Local Equilateral 

Orthog. ISW-l. 
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Bispectrum	
  shapes	
  

 local	
  shape:	
  MulD-­‐field	
  models,	
  Curvaton,	
  EkpyroDc/cyclic,	
  
etc.	
  ...	
  

 equilateral	
  shape:	
  Non-­‐canonical	
  kineDc	
  term,	
  DBI,	
  K-­‐inflaDon,	
  
Higher-­‐derivaDve	
  terms,	
  Ghost,	
  EFT	
  approach	
  

 orthogonal	
  shape:	
  DisDnguishes	
  between	
  variants	
  of	
  non-­‐
canonical	
  kineDc	
  term,	
  higher-­‐derivaDve	
  interacDons,	
  Galilean	
  
inflaDon	
  

 flat	
  shape:	
  non-­‐Bunch-­‐Davies	
  iniDal	
  state	
  and	
  higher-­‐derivaDve	
  
interacDons,	
  models	
  where	
  a	
  Galilean	
  symmetry	
  is	
  imposed.	
  The	
  
flat	
  shape	
  can	
  be	
  wrimen	
  in	
  terms	
  of	
  equilateral	
  and	
  orthogonal.	
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OpDmal	
  fNL	
  bispectrum	
  esDmator	
  

The theoretical template needs to be written in separable form. This can be 
done in different ways and alternative implementations differ basically in terms 
of the separation technique adopted and of the projection domain. 

o    KSW (Komatsu, Spergel & Wandelt 2003) separable template fitting + Skew-Cl  

      extension (Munshi & Heavens 2010)  

o    Binned bispectrum (Bucher, Van Tent & Carvalho 2009)  see Bartjan Van Tent  
     talk  

o    Modal expansion (Fergusson, Liguori & Shellard 2009)  see Michele Liguori  
     and Paul Shellards talks 

Sub-optimal estimators also applied:  
Wavelet decomposition (Martinez-Gonzalez et al. 2002; Curto et al. 2009) & 
Minkowski Functionals (Ducout et al. 2013)  see also B. Wandelt talk 
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ISW-­‐lensing	
  bispectrum	
  from	
  Planck	
  

The coupling between weak lensing and 
Integrated Sachs-Wolfe (ISW) effects is the 
leading contamination to local NG. We have 
detected the ISW lensing bispectrum with a 
significance of 2.6 σ  (see Anna Mangilli’s poster) 

SMICA 

Results for the amplitude of the ISW-lensing bispectrum 
from the SMICA, NILC, SEVEM, and C-R foreground-
cleaned maps, for the KSW, binned, and modal 
(polynomial) estimators; error bars are 68% CL. 

The bias in the three primordial fNL parameters due to 
the ISW-lensing signal for the 4 component-separation 
methods. 

Skew-Cl detection of ISW-lensing signal 

SMICA 
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Point-­‐sources	
  (Poissonian)	
  bispectrum	
  

  Results	
  for	
  the	
  amplitude	
  of	
  the	
  point-­‐source	
  (Poisson)	
  bispectrum	
  (in	
  
dimensionless	
  units	
  of	
  10-­‐29)	
  from	
  the	
  SMICA,	
  NILC,	
  SEVEM,	
  and	
  C-­‐R	
  
foreground-­‐cleaned	
  maps,	
  for	
  the	
  KSW,	
  binned,	
  and	
  modal	
  (polynomial)	
  
esDmators;	
  error	
  bars	
  are	
  68%	
  CL.	
  Note	
  that	
  the	
  KSW	
  and	
  binned	
  
esDmators	
  use	
  lmax	
  =	
  2500,	
  while	
  the	
  modal	
  esDmator	
  has	
  lmax	
  =	
  2000.	
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Skew-Cl detection of Poissonian point-
source bispectrum 

Skew-Cls are optimised statistics which 
retain information on the nature of any  
NG (Munshi & Heavens 2010) 

SMICA 



Results	
  for	
  3	
  fundamental	
  shapes	
  (KSW)	
  

  Results	
  for	
  the	
  fNL	
  parameters	
  of	
  the	
  primordial	
  local,	
  equilateral,	
  and	
  
orthogonal	
  shapes,	
  determined	
  by	
  the	
  KSW	
  esDmator	
  from	
  the	
  SMICA	
  
foreground-­‐cleaned	
  map.	
  Both	
  independent	
  single-­‐shape	
  results	
  and	
  
results	
  marginalized	
  over	
  the	
  point-­‐source	
  bispectrum	
  and	
  with	
  the	
  ISW-­‐
lensing	
  bias	
  subtracted	
  are	
  reported;	
  error	
  bars	
  are	
  68%	
  CL.	
  

  See	
  Ben	
  Wandelt’s	
  talk	
  for	
  validaDon	
  o	
  simulaDons	
  and	
  on	
  Planck	
  data	
  

  Union	
  Mask	
  U73	
  (72%	
  sky	
  coverage)	
  used	
  throughout.	
  Diffusive	
  inpainDng	
  
pre-­‐filtering	
  procedure	
  applied.	
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Results	
  for	
  3	
  fundamental	
  shapes	
  

  Results	
   for	
   the	
   fNL	
   parameters	
   of	
   the	
   primordial	
   local,	
   equilateral,	
   and	
  
orthogonal	
  shapes,	
  determined	
  by	
  the	
  KSW,	
  binned	
  and	
  modal	
  esDmators	
  
from	
   the	
   SMICA,	
   NILC,	
   SEVEM,	
   and	
   C-­‐R	
   foreground-­‐cleaned	
  maps.	
   Both	
  
independent	
  single-­‐shape	
  results	
  and	
  results	
  marginalized	
  over	
  the	
  point-­‐
source	
  bispectrum	
  and	
  with	
  the	
  ISW-­‐lensing	
  bias	
  subtracted	
  are	
  reported;	
  
error	
  bars	
  are	
  68%	
  CL.	
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fNL	
  from	
  Planck	
  data	
  

Planck	
  2013	
  constraints	
  on	
  primordial	
  non-­‐Gaussianity	
  

SMICA 

NILC 

SEVEM 

C-R 

S.	
  Matarrese	
  on	
  behalf	
  of	
  Planck	
  collabora3on	
  



The	
  Planck	
  modal	
  bispectrum	
  

15	
  

SMICA	
   NILC	
   SEVEM	
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Full	
  3D	
  CMB	
  bispectrum	
  recovered	
  from	
  the	
  Planck	
  foreground-­‐cleaned	
  maps,	
  including	
  SMICA,	
  
NILC	
  and	
  SEVEM,	
  using	
  hybrid	
  Fourier	
  mode	
  coefficients,	
  These	
  are	
  plomed	
  in	
  three-­‐dimensions	
  
with	
  mulDpole	
  coordinates	
  (l1,l2,l3)	
  on	
  the	
  tetrahedral	
  domain	
  out	
  to	
  lmax	
  =	
  2000.	
  Several	
  density	
  
contours	
   are	
   plomed	
   with	
   red	
   posiDve	
   and	
   blue	
   negaDve.	
   The	
   bispectra	
   extracted	
   from	
   the	
  
different	
  foreground-­‐separated	
  maps	
  are	
  almost	
  indisDnguishable	
  

 see Michele Liguori’s talk 



The	
  Planck	
  binned	
  bispectrum	
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 watch movie in Bartjan van Tent’s talk 



Results	
  with	
  sub-­‐opDmal	
  esDmators	
  

 Wavelets	
  

 Minkowski	
  FuncDonals	
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Results for fNL parameters of local, equilateral, 
and orthogonal shapes, determined by the 
suboptimal wavelet estimator (as described in 
Martinez-Gonzalez et al. 2002; Curto et al. 2009) 
from the SMICA foreground-cleaned map. Both 
independent single-shape results and results 
marginalized over the point source bispectrum 
and with the ISW-lensing bias subtracted are 
reported; error bars are 68% CL. Our current 
wavelets pipeline performs slightly worse in terms 
of error bars and correlation to primordial 
templates than other bispectrum estimators, but it 
provides an independent cross-check of other 
techniques. 

Minkowski Functionals estimates of fNL local (method as in Ducout et al. 2013) obtained with MFs. 
Foreground and secondary effects evaluated in terms of fNL local. Results for SMICA at Nside = 1024 
and lmax = 2000. 



Some	
  non-­‐standard	
  shapes:	
  	
  
excited	
  iniDal	
  states	
  	
  see	
  also	
  P.	
  Shellard’s	
  talk	
  

Non-­‐Bunch-­‐Davies	
  vacua	
  from	
  trans-­‐Planckian	
  effects	
  or	
  features	
  

Five	
  exemplar	
  flamened	
  models	
  constrained	
  	
  

NBD	
  case	
  

 Note	
  we	
  also	
  constrained	
  inflaDon	
  with	
  gauge	
  fields	
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aa 
aa 

Planck	
  τNL	
  constraint	
  

  τNL	
  power-­‐spectrum	
  of	
  a	
  modulaDon	
  in	
  the	
  temperature	
  fluctuaDon	
  (Hanson	
  &	
  
Lewis	
  2009;	
  Pearson,	
  Lewis	
  &	
  Regan	
  2012)	
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Dipole signal strongly detected! 
This is expected due to kinematic 
dipole, see 
Planck 2013 results. XXVII: “Eppur si muove” 

After subtracting expected kinematic  
dipole, modulation consistent with zero 

but octopole is still anomalous compared 
to Gaussian simulations 

Avoid noise bias  quadratic estimator 
for f using noise-independent maps  



Planck	
  τNL	
  constraint	
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Conclusions	
  I	
  

  We	
  have	
  detected	
  the	
  Integrated-­‐Sachs-­‐Wolfe-­‐lensing	
  bispectrum,	
  as	
  expected	
  in	
  
the	
  ΛCDM	
  scenario.	
  	
  

  We	
  have	
  derived	
  constraints	
  on	
  early-­‐Universe	
  scenarios	
  that	
  generate	
  primordial	
  
NG,	
   including	
  general	
   single-­‐field	
  models	
  of	
   inflaDon,	
  excited	
   iniDal	
   states	
   (non-­‐
Bunch-­‐Davies	
  vacua),	
  and	
  direcDonally-­‐dependent	
  vector	
  models.	
  

  We	
   have	
   provided	
   an	
   iniDal	
   survey	
   of	
   scale-­‐dependent	
   feature	
   and	
   resonance	
  
models.	
   These	
   results	
   bound	
   both	
   general	
   single-­‐field	
   and	
   mulD-­‐field	
   model	
  
parameter	
  ranges,	
  such	
  as	
  the	
  speed	
  of	
  sound,	
  cs	
  ≥	
  0.02	
  (95%	
  CL),	
  in	
  an	
  effecDve	
  
field	
  theory	
  parametrizaDon	
  (cs	
  ≥	
  0.07	
  for	
  DBI	
   infla1on),	
  and	
  the	
  curvaton	
  decay	
  
fracDon	
  rD	
  ≥	
  0.15	
  (95%	
  CL).	
  

  We	
  have	
  constrained	
  the	
  amplitude	
  of	
  the	
  four-­‐point	
  funcDon	
  in	
  the	
  local	
  model	
  
τNL	
   <	
   2800	
   (95%	
   CL),	
   using	
   an	
   esDmator	
   introduced	
   by	
   Hanson	
   &	
   Lewis	
   2009,	
  
which	
  is	
  based	
  on	
  large-­‐scale	
  modulaDon	
  of	
  small-­‐scale	
  power.	
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Conclusions	
  II	
  	
  

 The	
  simplest	
  inflaDon	
  models	
  (single-­‐field	
  slow-­‐roll,	
  
standard	
  kineDc	
  term,	
  BD	
  iniDal	
  vacuum	
  state)	
  are	
  
favoured	
  by	
  Planck	
  data	
  

 MulD-­‐field	
  models	
  are	
  not	
  ruled	
  out	
  but	
  also	
  not	
  
detected.	
  

 EkpyroDc/cyclic	
  models	
  either	
  ruled	
  our	
  or	
  under	
  
severe	
  pressure	
  

 Taken	
  together,	
  these	
  constraints	
  represent	
  the	
  
highest	
  precision	
  tests	
  to	
  date	
  of	
  physical	
  
mechanisms	
  for	
  the	
  origin	
  of	
  cosmic	
  structure.	
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Future	
  prospects	
  

 short	
  term	
  goals	
  
–  Improve	
  fNL	
  limits	
  with	
  polariza1on	
  &	
  full	
  data	
  
–  Look	
  for	
  more	
  non-­‐Gaussian	
  shapes,	
  scale-­‐dependence,	
  etc.	
  ...	
  

–  constrain	
  gNL	
  

 long	
  terms	
  goals	
  
–  reconstruct	
  infla1onary	
  ac1on:	
  are	
  models	
  with	
  large	
  gNL	
  and	
  
small	
  fNL	
  preferred	
  by	
  laws	
  of	
  nature?	
  

–  if	
  (quadra1c)	
  NG	
  turns	
  out	
  to	
  be	
  small	
  for	
  all	
  shapes	
  (?)	
  go	
  on	
  
and	
  search	
  for	
  fNL	
  ~	
  1	
  non-­‐linear	
  GR	
  effects	
  and	
  second-­‐order	
  
radia1on	
  transfer	
  func1on	
  contribu1ons	
  	
  

–  what	
  about	
  intrinsic	
  (fNL	
  ~	
  10-­‐2)	
  NG	
  of	
  standard	
  infla1on?	
  CMB	
  
polariza1on	
  +	
  LSS	
  +	
  21cm	
  background	
  +	
  ???	
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