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Are there correlations between modes?



Inflation & cosmological perturbations

e Observations: curvature perturbation ____ ~_ ¢ ~ 10_5 almost scale-invariant.
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» Slow-roll inflation

¢ +3Hp =—-V'(p)
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¥ ==> inflaton is weakly coupled ==> Gaussian.
» Spectrum of perturbations
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Non-Gaussianity in the CMB

T . .
In cosmology or ~ ¢ ~ 107° temperature anisotropies.

T

Correlation functions

( ¢q> X 5(3)( — @Pgb( ) < Power spectrum

<¢p‘i ¢p§ ¢p‘;§ > =0 < Bispectrum

Gaussian statistics




Non-Gaussianity in the CMB

T . .
In cosmology or ~ ¢ ~ 107° temperature anisotropies.

T

O(T) = ¢g(L) + frr(¢y(Z) — (#3))

Correlation functions

<¢ﬁ¢q> X 5(3)( _ Cﬂpcb( ) < Power spectrum
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Non-Gaussian statistics



Non-Gaussianity in the CMB

The bispectrum in Fourier space is defined as

(G G ) = (2m)36®) (ky + ko + k) B(ky, ko, k3).

It scales as B()\Ela )\EQ’ )\]23) — )\—6B(E1, EQ, EB) .
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Non-Gaussianity in the CMB

The bispectrum in Fourier space is defined as

(G G ) = (2m)36®) (ky + ko + k) B(ky, ko, k3).

It scales as B()\Ela )\]22’ )\]23) — )\—6B(E1, IZQ, EB) .

Which shapes are possible!?



Non-Gaussianity in the CMB

The bispectrum in Fourier space is defined as

e

<CE1 CEQ CE3> — (27T)35(3) (El -+ EQ =+ ES) B(kla k27 k3)

Generally, models predict two types of shapes: local shape & equilateral.

Babich, Creminelli, Zaldarriaga, 04

local




Non-Gaussianity in the CMB

The bispectrum in Fourier space is defined as
(G G ) = (2m)36®) (ky + ko + k) B(ky, ko, k3).

Generally, models predict two types of shapes: local shape & equilateral.
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Single field inflation

Curvaton DBI inflation

inhomogeneous reheating Higher derivatives,.....
New ekpyrosis




Motivations
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B |nflation fNL S 10_1 J. Maldacena '03
B Curvaton and Inhomogeneous reheating i, ~ 100

B DBI, Ghost inflation, new ekpyrosis, ... fNL ~ 100

—4 < figeal <80 at 95% CL

Smith, Senatore & Zaldarriaga, ‘09

Expect NG ~O(1) independently of
primordial component!




. 2) :
Metric at second order g< —1:

Calculate second order metric at recombination (MD), A = 0.

» ~o 17100 weerereibizmess

*Propagate CMB photon in this metric _ 5T/T

*Compute the bispectrum on large scales — i\,

RECOMBINATION

Last scattering surface




Effects neglected

® Primordial non-Gaussianity.
® Plasma effects: Physics of recombination.

= Non-linear dark matter perturbations.

= Perturbed recombination.

B Need to integrate full Boltzmann eqts.

® (CC and Radiation not included.

® No tilt.



Fluid description as a scalar

LB, P. Creminelli, J. Norefna, F. Vernizzi, JCAP 0808:028,2008.

Usual description of a perfect fluid coupled to GR —> energy momentum tensor

T = (p+ p)uyty +pguy , p=wp

Naive counting —> only one degree of freedom —> scalar field description ?

A. H. Taub 54
B. Shutz ‘70

considering [ = P(X) , with X = — ugb8“¢ .and requiring perfect fluid eqt. of state

-
14w

PX)=X72u; w#0

.

00
00

Energy density p = 2P’ X — P, Pressure D = P . Velocity 4-vector: Uy =

Example: Radiation

L=X*= (_8u¢au¢)2 -



Fluid description as a scalar

7 Dubovsky, Gregoire, Nicolis and Rattazzi
To describe a fluid, we need 3 scalars ¢*, I = 1,2, 3.
Usually invariance under ¢’ — D§ o’

Lagrangian is L = F(B); B = det BIJ, where B!/ = aM¢I@M¢J

Velocity 4-vector 1

ut = 6\/§€MVPUGIJK 8ugb[8p¢‘]80¢K.

Energy density and pressure

p=—-F(B), p=F—2F(B)B.

1tw
For perfect fluids F(B) = B 3

The 2 pictures are related through a Legendre transformation

G(X)~ F(B) = 2XC/(X) = ~2BF'(B), 2F(B) = — G}(X).
G(X) =X 2o




Background dynamics

S = %/d4x\/jg[R+2P(X)]a X =-0,00"¢

C. Armendariz-Picon, T. Damour and V. F. Mukhanov
Seery & Lidsey
X. Chen, M. x. Huang, S. Kachru and G. Shiu

e With P(X) = X12+ww; w # 0 Subtelties for w = 0.

® Perform computations and then take v —— () at the end!

® Background Evolution (FRW)
2 1 /
H* = 3 (2XP' - P) ,
OH + 3H?=-P,

- 14w o
a 3(14w) .

Ouly/gP' (X)0'9] =0 = pox ¢ v

It behaves as a perfect fluid.



Cosmological Perturbations

® This description allows to study perturbations a la Maldacena!

ds® = —N?dt® + h;;(dx’ + N'dt)(da’ + N7 dt) .

e Solve for /V; and N —> action for physical degrees of freedom.

® The action reads

S = %/dt d*zvh [N(RC’)) +2P)+ N~ (E;;EY — EQ)} ,

1 /.
where Eij = 5 (h@] — V@NJ — V]N@) :

® Momentum and Energy constraint

Vi [NTH(Ej - 65E)] =0,

1 g
3 1 2
R® 2P —4XP' — — (E;EY — E?) = 0.



Cosmological Perturbations (|st order)

Uniform scalar gauge:

. 1

det h = 1, Yii — O, 5’{7@' = 0.
Perturbations at first order=—> /V; and [V at first order

_ S _ 2
Nl _ H '’ Nil — 5H82<0

put back in action at 2nd order and solve eqt. of motion.

metric at first order

4 .
ds® = —dt* — —0;(p dtdz’ + a*(1 + 2(y)dx?

S5H
where ( = (o(Z) is constant wrt. time up to (J(w ) —s initial condition from inflation.
. . | 3
On large scales, in the Poisson (Newtonian) gauge ¢ = — _CO
O




Sachs-Wolfe at | st order

-

\_

ds®> = a(7)” [~(1 4 2¢)d7* + (1 — 2¢)dz’]

~

Y
MD ==> 4 X T and ¢ = ()
Temperature anisotropies @ |st order
4 )
5T 26, b
E— | (¢e _ — c
3 Y
Sachs-Wolfe (1967).

- T/' 3
Intrinsic

F=7(1+2¢)"°

gravitational redshift



Cosmological Perturbations (2nd order)

Uniform scalar gauge:

. 1

det iL — 1, Yis — O, &L-%;j = 0.

® Perturbations at second ordre —>/V; and ]V at second order

)
goo = —1+ 25;[{2 (0:¢)°
g = 5770 [260 — 072(8,0)° + 3071 0,00(0;Co0ko)
' 50 (S 0G0) + 00800 + 5 (0:00)°)|
Lo {37;5032&) ok 3k§03250} ,
gi; = a’ {1 + 2o + 2¢¢ — =S 3_2516@(51{40@(0)} 0ij + a’ij -




Metric @ 2nd order

® |n the Poisson gauge, the metric in MD reads
ds* = a*(7) {—(1 4 2®)d7” 4 2w;dz’dT + [(1 — 2V)6;; + vis]daz*da’ } |

where
Bartolo, Matarrese & Riotto, '06

LB, P. Creminelli, J. Norefa, F. Vernizzi, ‘08.

o = ¢+ [¢°+077(0;0)" — 307 "0:0;(0:90;0)]
21;]{2 072 [2(0:0;0)* + 5(0%0)? + 10;00:0°¢)
Vo= - [0+ 2000 - 207 00,(000,6)
; 2121{2 07" [2(0:0;0)° + 5(0%¢)" + 7ai§béi82§b} ,
i = 07 [P0 — 0720:0;(0°60;0)] |
v = =20 (5 -2 0PI Guooio)




5_T@ 2nd order on large scales

T

® Temperature anisotropies @ 2nd order

In preparation with P. Creminelli, G. D’Amico, J. Norefia, F. Vernizzi.

| . Temperature related to photon frequency

4 5 p
To(ﬁ) = — e(fe) ;
We
\ J
2. Geodesic equation
f . )
Wo Ge [142d, To , , |
o a V1120, 1+/Te d’r(CI) + W —I—wn—?ywnn”)
\ . .,

e = emission Last scattering surface.

o = observation.



5_T@ 2nd order on large scales

T

® Temperature anisotropies @ 2nd order
é )

0
) = [hot e + 1072 ((0:0) — 30720,0,(0:000))]

LB, P. Creminelli, G. D’Amico, J. Norefa, F. Vernizzi. ‘09

+ [Tdr (<I>’ I . %%ﬁ%ﬂ + L& Vade.

Pyne & Carroll 95, Molerrach & Matarrese 97

.

® Various contributions that have to be added up. Can’t neglect any of them.
- Intrinsic contribution
- Integrated contribution
p ISW or Rees-Sciama
p Vector
p Tensor

- Lensing



The flat-sky approximation

For large multipoles, we can use the flat-sky formalism.

Not accurate on large scales, however expressions are more tractable.

Pick a small patch of the sky with direction 2 = (M, My, 1) and expand around it.
Work with 2d Fourier transform instead of spherical harmonics.

0T’ 0 0T’ d?/ >
ap = /d2 T ?(fﬁ,) e~ (p) = / apet™

The bispectrum reads

(ag, ag,ae,) = (2m)283) (01 + by + 03)B ({4, £s, 03)

It scales as B()\&,)\zz,)\g:}) — )\_43(61,52,53).




Intrinsic Contribution

—() = |30 +|550° + 507°((0:¢)* — 30720;0;(0;¢0;0) )] .

+  fldr <<I>’ U Wil — —%ﬁz”j) 30 Vade

® k-independent is of local type

N = —1/6

® k-dependent is of equilateral type

equil
cauil _ 1 9]

0.5 1.0



Rees-Sciama Contribution

—(n) = |30+ 150° + 507°((0:;¢)* — 30720;0;(0;¢0;¢)) | .

+  [dr (<I>’ + U4 wint — %y,gjﬁ%j) + 13- Vage,

N\

RS bispectrum is of the equilateral type. —pyrg BRS
1.0 T

equil
cauil _ (.74




Integrated Vector Contribution

—(n) = |30+ 150° + 507°((0:;¢)* — 30720;0;(0;¢0;¢)) | .

+  [dr (<I>’ + U Hwint| - %ygjﬁ%j) + 13- Vage,

Vector bispectrum is of the equilateral type.

0.0
~10.01

equil __ 0.00
NL — 0.84 ~0.01




Integrated Tensor Contribution

Tensor bispectrum is of the equilateral type.

equil
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Lensing

6T | . _ _
) =[50+ 567+ 3077((0:0)° — 307200, (9:00;0))].
+ f:: dr (CID’ + U+ win' — %%{jﬁim> 30 Viade
® |ocal

ocal — _ cos(26)

® equilateral

equil
cauil _ 9 g7




Total Bispectrum
)= [So+ 52+ 1072((0:i9)2 — 30720,0;(0:60;9))] .
+ f:eo dr (CID’ + U 4 win' — %%jﬁ%j> ™ %C_'Z Ve

® TJotal bispectrum dominated by lensing ==>mostly equilateral.

equil
equil _ 313

—rg TgBtOtal

g
.
Wy

%
4

0.6 0.8 1.0
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Conclusions and outlook

Total bispectrum dominated by lensing ==>mostly equilateral. f;%un — 3.13
Squeezed limit fll\%(jal = —1/6 — cos(20)
Out of reach of PLANCK satellite.
Refinements of computation
- Small scale plasma effects.

} Non-linear DM at short scales. (Bartolo, Matarrese, Riotto 06, Pitrou, Bernardeau, Uzan 08)

p Perturbed recombination (Khatri, Wandelt 08, Senatore, Tassev, Zaldarriaga 08)

p Full control of various effects (Nitta, Komatsu, Bartolo, Matarrese, Riotto 08)

= Inclusion of tilt.

- Full-Sky computation.
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Refinements of computation
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} Non-linear DM at short scales. (Bartolo, Matarrese, Riotto 06, Pitrou, Bernardeau, Uzan 08)

p Perturbed recombination (Khatri, Wandelt 08, Senatore, Tassev, Zaldarriaga 08)

p Full control of various effects (Nitta, Komatsu, Bartolo, Matarrese, Riotto 08)

= Inclusion of tilt.

- Full-Sky computation.

Non-Gaussianity is a powerful tool to test theories of the early universe.



