
Detec%on(of(NG(would(prove(wrong(at(least(one(of(these(assump%ons:((

!  single(scalar(field(infla%on(

!  slow(roll(

!  canonical(kine%c(term(

!  Bunch>Davies(vacuum(
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Measurements(so(far(leave(room(for(some(local(non>Gaussianity(

�10 < fNL < 74 at 95% level

�29 < fNL < 70 at 95% level
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!  Galac%c(foregrounds(

!  SZ(effect(

!  Cosmic(reioniza%on(

!  Detector>induced(noise(

!  Lensing(–(ISW(correla%on(

!  etc.( e.g.(Komatsu,(CQG,(2010(
((((((((Liguori(et(al.,(AiA(2010(

Any(non>linearity(naturally(produces(non>Gaussian(features(
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Any(non>linearity(naturally(produces(non>Gaussian(features(

(

We(shall(focus(on(par%cularly(tricky(one(
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At(first(order(the(ini%al(condi%ons(are(linearly(propagated:&

alm = �(k) T l(k) Ylm(k)

Non5Gaussianity&is&in&the&poten;al&
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At(first(order(the(ini%al(condi%ons(are(linearly(propagated:&

alm = �(k) T l(k) Ylm(k)

h�(k1)�(k2)�(k2) i = 0 h al1m1 al2m2 al3m3 i = 0

...(non(vanishing(bispectrum(linked(to(primordial(non>Gaussianity(.&

Non5Gaussianity&is&in&the&poten;al&
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At(second(order:&
Quadra;c&in&the&
primordial&fluctua;ons&

a(2)lm(k) = K
h
Tlm(k, k1, k2) �(1)(k1)�

(1)(k2)
i

Second5order&transfer&func;on&
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At(second(order:&

h�(k1)�(k2)�(k2) i = 0 h al1m1 al2m2 al3m3 i = 0

...(Gaussian(ini%al(condi%ons(are(propagated(nonlinearly(into(the(observed(
CMB(anisotropies(.&

Quadra;c&in&the&
primordial&fluctua;ons&

a(2)lm(k) = K
h
Tlm(k, k1, k2) �(1)(k1)�

(1)(k2)
i

Second5order&transfer&func;on&
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Exis%ng(approxima%ons(either(neglect(part(of(the(source(terms(or(focus(
on(a(par%cular(configura%on(

Approximation Reference f NL 
contamination 

Perturbed(recombina%on( Khatri(et(al.(2009( >(1(

Perturbed(recombina%on( Senatore(et(al.((2009( >(3.5(

Only(quadra%c(terms( Niaa(et(al.(2009( +(1(

Squeezed(limit( Bartolo(et(al.(2011!

negligible(for(LLONG(<(100(Squeezed(limit( Creminelli(et(al.(2011!

Squeezed(limit( Lewis(2012(
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...(found(by(Pitrou(et(al.(2010,(who(wrote(the(Mathema%ca(code(CMBQuick&
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...(found(by(Pitrou(et(al.(2010,(who(wrote(the(Mathema%ca(code(CMBQuick&

Recently(
corrected(to(
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" Derive(Boltzmann(equa%on(at(2nd(order(
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!  Tetrad(formalism(for(Boltzmann(equa%on(

Theore%cal(complica%ons((oeen(forgoaen(at(first(order):(

Beneke(&(Fidler,(2010(
Pitrou(et(al.(2009(
Senatore,(Tassev(&(Zaldarriaga,(2009(
Bartolo,(Matarrese(&(Rioao,((2006>7(
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!  Tetrad(formalism(for(Boltzmann(equa%on(

!  Fluid(limit(&(mul%poles(
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!  Tetrad(formalism(for(Boltzmann(equa%on(

!  Horrible(angular(projec%ons(

!  Fluid(limit(&(mul%poles(

Theore%cal(complica%ons((oeen(forgoaen(at(first(order):(

Beneke(&(Fidler,(2010(
Pitrou(et(al.(2009(
Senatore,(Tassev(&(Zaldarriaga,(2009(
Bartolo,(Matarrese(&(Rioao,((2006>7(



" Solve(the(Einstein>Boltzmann(differen%al(system(at(2nd(order(
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" Derive(Boltzmann(equa%on(at(2nd(order(



Purely(second>order(terms(

Convolu%on(of(quadra%c(
source(terms(

=(
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A(x)B(x) ! K
h
Ã(k1) B̃(k2)

i

At(second(order,(convolu%on(integrals(appear:(

Typical(equa%on:(
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Example((Anisotropic(stresses(in(Newtonian(gauge(

 (k)� �(k) = 0
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Example((Anisotropic(stresses(in(Newtonian(gauge(

 (k)� �(k) = K
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!  Four(rela%vis%c(hierarchies((I,(E,(B,(N)(with(custom((LMAX(
(((((((((((+(2(non>rela%vis%c(ones((baryons(and(CDM)(

!  Approx.((100(equa%ons(on(a(grid(in(((k1,(k2,(k)(
((((((((
!  We(use(the(first>order(sources(&(integrator(from(CLASS(

!  Full(Boltzmann(equa%on,(including(collision(term(&(lensing(
((((((((

!  Same(results(using(transfer(func%ons(or(Green(func%ons(

Blas,(Lesgourgues(&(Tram,(JCAP(2011(
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�̇lm + i k · n�lm + ̇�lm = Slm
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�̇lm + i k · n�lm + ̇�lm = Slm



" Solve(the(Einstein>Boltzmann(differen%al(system(at(2nd(order(

" Derive(transfer(func%ons(using(the(line>of>sight(formalism(
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" Derive(Boltzmann(equa%on(at(2nd(order(
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At(first(order(is(a(convolu%on(over(spherical(Bessels:( Seljak(&(Zaldarriaga,(1996(

T l(k) =

⌧0Z

0

d⌧ e�(⌧,⌧0) jl(k(⌧ � ⌧0)) S(k)

First5order&
line5of5sight&sources&
One&scalar&func;on!&
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Oscillatory(integral(over(complicated(projec%on(func%ons(

T lm(k, k1, k2) =

⌧
0Z

0

d⌧ e�(⌧,⌧
0

)
l
maxX

L=0

JLlm(k(⌧ � ⌧0)) SLm(k, k1, k2)

Second5order&
line5of5sight&sources&

Beneke,(Fidler(&(Klingmuller,(2011(

Combina;on&of&spherical&
Bessels&and&3j’s&
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Oscillatory(integral(over(complicated(projec%on(func%ons(

T lm(k, k1, k2) =

⌧
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l
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Second5order&
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" Solve(the(Einstein>Boltzmann(differen%al(system(at(2nd(order(

" Derive(transfer(func%ons(using(the(line>of>sight(formalism(

20/08/2012& Guido&W.&Pe0nari&

" Compute(the(temperature(full>sky(bispectrum(

" Derive(Boltzmann(equa%on(at(2nd(order(
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Convolu%on(of(an(oscillatory(func%on(with(the(smooth(power(spectrum(

Cl /
1Z

0

dk k2 P (k) |Tl(k) |2
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Involved(integral(on(6(highly(oscillatory(func%ons((

b l1l2l3 =

Z
dr r2

Z
dk1 k

2
1 Tl1(k1)P (k1) jl1(r k1)

Z
dk2 k

2
2 Tl2(k2)P (k2) jl2(r k2)

Z
dk3 k

2
3 Tl3(k1, k2, k3) jl3(r k3)

Second5order&transfer&func;on&

Fergusson(&(Shellard,(2007,(2009(
Fregusson,(Regan(&(Shellard(2011(
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" Solve(the(Einstein>Boltzmann(differen%al(system(at(2nd(order(
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20/08/2012& Guido&W.&Pe0nari&

" Compute(the(temperature(bispectrum(

" Derive(Boltzmann(equa%on(at(2nd(order(
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" Compute(the(temperature(bispectrum(

" Derive(Boltzmann(equa%on(at(2nd(order(

Compute(((fNL(((contamina%on(✗ 
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" Compute(the(temperature(bispectrum(

" Derive(Boltzmann(equa%on(at(2nd(order(

Compute(((fNL(((contamina%on(✗ 



!  The(full(second>order(transfer(func%on((is(needed(to(properly(
subtract(the(effect(

!  We(have(wriaen(a(fast,(parallel(and(flexible(second>order(Boltzmann(
code(in(Newtonian(gauge(

!  Second>order(correc%ons(to(the(CMB(bispectrum(need(to(be(
computed(

!  From(cosmology(to(bispectrum(in(less(than(2(hours(
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!  Expect(the(first(science(results(on(fNL(in(October(2012(
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!  Perform(covergence(tests(on(the(bispectrum(

!  Check(the(bispectrum(against(squeezed(analy%cal(solu%ons(

!  Compute(the(bias(on(fNL(

!  Include(ISW(in(the(line>of>sight(sources(

!  Include(lensing(terms(in(the(line>of>sight(sources(

!  Implement(a(%ght>coupling(scheme(

!  Compute(the(bispectrum(in(a(smarter(way((e.g.(make(the(integral(
separable(using(decomposi%on)(

!  Implement(synchronous(gauge(



Thank  you  for  your  attention! 
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