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NonNon--GaussianityGaussianity

�� NonNon--Gaussian PDF of the Gaussian PDF of the 

density contrast (1density contrast (1--point)point)

�� SkewnessSkewness <<δδ33> > ≠≠ 00

=> non=> non--zero zero bispectrumbispectrum

B(kB(k11,k,k22,k,k33) (3) (3--point)point)

�� NonNon--vanishing highervanishing higher--

order statistics (norder statistics (n--point)point)



Different shapesDifferent shapes

Squeezed / local equilateral flattened /enfolded

orthogonal (to the equilateral shape)

Triangle configuration for which the bispectrum peaks



Probes of nonProbes of non--GaussianityGaussianity

�� Cosmic Microwave BackgroundCosmic Microwave Background

�� LargeLarge--scale structurescale structure::
�� Abundance of very massive objects (or voids)Abundance of very massive objects (or voids)

Local: Local: ffNLNL = 449 ± 286= 449 ± 286 ((CayonCayon et al. 2010, see also Hoyle et al. 2010 et al. 2010, see also Hoyle et al. 2010 
and and EnqvistEnqvist et al. 2010)et al. 2010)

�� ScaleScale--dependent halo bias on large scalesdependent halo bias on large scales

Local:  Local:  --27 < 27 < ffNLNL <  70<  70 ((SlosarSlosar et al. 2008, see also et al. 2008, see also XiaXia et al. 2010)et al. 2010)

�� Halo Halo bispectrumbispectrum

e.g. e.g. NishimichiNishimichi et al 2009 (simulations) and et al 2009 (simulations) and BaldaufBaldauf et al. 2010 (PT)et al. 2010 (PT)

(Komatsu et al. 2010)



NonNon--Gaussian halo biasGaussian halo bias

�� ScaleScale--dependent halo dependent halo 
bias on large scales bias on large scales 
((DalalDalal et al. 2008)et al. 2008)

�� Local bias approach:Local bias approach:

�� Peak Background Peak Background 
Split (Split (SlosarSlosar et al. et al. 
2008, Schmidt et al. 2008, Schmidt et al. 
2010)2010)

(Verde and Matarrese 2009)



NonNon--Gaussian halo mass functionGaussian halo mass function

�� PressPress--SchechterSchechter for nonfor non--
Gaussian fieldsGaussian fields

�� Two different Two different 
approximations:approximations:
�� MVJ (MVJ (MatarreseMatarrese, Verde, , Verde, 

Jimenez 2000)Jimenez 2000)

�� LoVerdeLoVerde et al. 2008et al. 2008

�� SkewnessSkewness is the relevant is the relevant 
parameterparameter

�� For other analytic For other analytic 
approaches see approaches see Aseem’sAseem’s
talk talk (D’Amico et al. 2010, Ma (D’Amico et al. 2010, Ma 
et al. 2007, De Simone et al. et al. 2007, De Simone et al. 
2007)2007)
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fNL= 80

fNL= -80

local type



NN--body Simulationsbody Simulations

�� Analytic predictions have been tested with NAnalytic predictions have been tested with N--body body 
simulations by many groupssimulations by many groups

�� Papers:Papers:
�� DalalDalal et al. 2008et al. 2008

�� GrossiGrossi et al. 2007 and 2010et al. 2007 and 2010

�� DesjacquesDesjacques et al. 2009et al. 2009

�� PillepichPillepich et al. 2010et al. 2010

�� ……

�� But up to now But up to now only the local typeonly the local type was simulated!was simulated!
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Initial ConditionsInitial Conditions

�� Split the Potential into a Gaussian and a (small) nonSplit the Potential into a Gaussian and a (small) non--Gaussian Gaussian 

partpart

�� Generate a Gaussian Random fieldGenerate a Gaussian Random field

ΦΦGG
kk

~ ~ NN{0, ({0, (P(k)P(k)/2)/2)1/21/2} + } + ii NN{0, ({0, (P(k)P(k)/2)/2)1/21/2}}

P(kP(k)=A k)=A knn--44 where where nn is the spectral indexis the spectral index

�� Poisson equation and CMB physicsPoisson equation and CMB physics

�� Using Using Zel’dovichZel’dovich Approximation or 2LPT to generate Approximation or 2LPT to generate 

particle distributionparticle distribution



How to get How to get φφφφφφφφNGNG

�� AnsatzAnsatz for for ΦΦNGNG for a given for a given bispectrumbispectrum

�� Test:Test:

�� Does Does P(kP(k) change?) change?

�� Computationally very expensive: cost ~ NComputationally very expensive: cost ~ Ngg
66



If the If the BispectrumBispectrum is is factorizablefactorizable

�� Compute convolutions with the help of Fast Fourier Compute convolutions with the help of Fast Fourier 

Transforms => very significant speed up of the Transforms => very significant speed up of the 

IC generationIC generation



BispectrumBispectrum for different shapesfor different shapes



Local caseLocal case

�� local a)local a)

(in real space)(in real space)

�� local b)local b)

�� local c)local c)



Variance and Variance and skewnessskewness

R is the radius of the top-hat filter used to smooth the density field



Initial Power SpectrumInitial Power Spectrum

�� SecondSecond--order terms order terms 

for “local b)”for “local b)”

fNL = 100
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SimulationsSimulations



NonNon--linear Power Spectrumlinear Power Spectrum



Halo Mass FunctionHalo Mass Function
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NonNon--linear Power spectrumlinear Power spectrum

Time Renormalization Group (TRG) perturbation theory (Bartolo et al. 2010)



�� Here, halos are defined as bound objects with an spherical Here, halos are defined as bound objects with an spherical 

overdensityoverdensity equal to the equal to the virialvirial density density 

(instead of Friends(instead of Friends--ofof--Friends halos)Friends halos)

�� Theoretical Predictions for the ratio of Theoretical Predictions for the ratio of cumulativecumulative mass functionsmass functions

with with rrNGNG(M(M) the ratio:) the ratio:

Halo mass functionHalo mass function

MVJ LV

No ?

r r







NG halo biasNG halo bias

from a review article by Desjacques and Seljak (2010)

• NG halo bias 
depends on shape

• Effect becomes 
measurable on 

large scales

• linear in fNL



NG halo biasNG halo bias

Predtiction derived with the 

peak backgound split

approach

Schmidt & Kamionkowski

(2010)



Templates vs. physical shapesTemplates vs. physical shapes

• modified initial state 

/ enfolded (Meerburg

et al. 2009)

• orthogonal and 

equilateral (Senatore

et al. 2010)

• templates maximize 

the so-called 

“cosine”, this is 

relevant for CMB 

analysis

• for NG bias the 

correct scaling in the 

squeezed limit is 

crucial

solid lines: R=10 Mpc/h dashed lines: R=1 Mpc/h



ProblemProblem

�� SecondSecond--order contributions of our order contributions of our ansatzansatz

scale a scale a ffNLNL
22/k/k for the enfolded and orthogonal templatefor the enfolded and orthogonal template

�� The NG halos bias scales as The NG halos bias scales as ffNLNL/k/k

=> Effect is swamped by artificial power on large scales=> Effect is swamped by artificial power on large scales
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�� Generalize the transformation for the local shape:Generalize the transformation for the local shape:

�� Not Not factorizablefactorizable => computational expensive=> computational expensive

�� But physical shapes often not But physical shapes often not factorizablefactorizable anywayanyway

�� SecondSecond--order contributions to the Power Spectrum order contributions to the Power Spectrum 

are suppressed on large scalesare suppressed on large scales

Modified Modified AnsatzAnsatz

(see also Schmidt & Kamionkowski 2010)



Using a smaller grid for Using a smaller grid for φφφφφφφφkk
NGNG

�� φφkk
NGNG computation scales as ~ Ncomputation scales as ~ Ngg

66

�� Choose a grid size for Choose a grid size for φφkk
NGNG of 400 of 400 

(computation takes 2 days on 256 cores)(computation takes 2 days on 256 cores)

�� Gaussian grid size is 1024Gaussian grid size is 1024

�� Box size 1875 Box size 1875 Mpc/hMpc/h

=> “NG resolution” 5 => “NG resolution” 5 Mpc/hMpc/h ~ 3 x 10~ 3 x 101313 MMsunsun/h/h

�� One billion particles per simulationOne billion particles per simulation

=> Particle mass ~ 5 x 10=> Particle mass ~ 5 x 101111 MMsunsun/h/h

�� Numerical tests confirmed the expected lower mass Numerical tests confirmed the expected lower mass 
limit of resolved halos to be limit of resolved halos to be 3 x 103 x 101313 MMsunsun/h/h
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NG halo biasNG halo bias

fNL = 250



NG halo biasNG halo bias

fNL = -1000



NG halo biasNG halo bias

fNL = 1000



NG halo biasNG halo bias

• No significant 

additional 
dependence on 

mass or redshift
detected
• Measured fNL

values for the 
orthogonal shape 
seem to be to low 

=> is the q-
correction shape 

dependent?



Mass function for the local typeMass function for the local type

z=1.5 z=0.67

q ~ 0.9 ?

fNL=250

fNL= 60

fNL=250

fNL= 60



Mass function for the equilateral typeMass function for the equilateral type

z=1.5 z=0.67

q ~ 1 

fNL=1000

fNL=250

fNL= 60

fNL=1000



Mass function for the orthogonal typeMass function for the orthogonal type

z=1.5 z=0.67

q ~ 0.75 and redshift dependent?

fNL=-1000

fNL= -250

fNL=-1000

fNL= -250



ConclusionsConclusions

�� NonNon--Gaussian Initial Condition for NGaussian Initial Condition for N--body simulations with body simulations with 

generic generic bispectrumbispectrum possible, but in most cases possible, but in most cases 

computationally expensivecomputationally expensive

�� NN--body results for nonbody results for non--local NG are fairly consistent with local NG are fairly consistent with 

theoretical predictionstheoretical predictions

�� Mass function predictions need qMass function predictions need q--calibrationcalibration

=>=> Is there a NG shape dependence of the mass function Is there a NG shape dependence of the mass function 

which is not modeled by the which is not modeled by the skewnessskewness??

�� Halo bias for nonHalo bias for non--local shapes needs to be derived from the local shapes needs to be derived from the 

physical models, not from the CMB templatesphysical models, not from the CMB templates

�� qq--correction seems to be shape dependentcorrection seems to be shape dependent

17 December 2010, Allahabad


