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What did we learn from Planck?
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¥ Distribution of dark matter in the universe

¥ I will only talk about what we learned about inßation

Lensing

Tuesday, November 12, 13



Slow Roll Inßation
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¥ Tilt versus 

Status of Slow Roll Inßation
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¥ Tilt versus 

Status of Slow Roll Inßation

Convex

!

V(! )
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A new scale
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How do we really probe Inßation?
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¥ The only observable we are testing from the background solution is 

¥ All the rest, comes from the ßuctuations

¥ For the ßuctuations

Ðthey are primordial

Ðthey are scale invariant

Ðthey have a tilt

Ðthey are quite gaussian

¥ Is this enough to buy slow-roll Inßation? or even Inßation?

Ðand we even got anomalies!

What are we seeing?
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¥ We need a description that allows us

Ðto state what we are really learning from data and what is assumed

Ðin doing so, we will also explore all possible signatures

Ðand allow us to know what we are swallowing when we say `it is slow-roll 

inßationÕ

¥how to get conÞdent of slow-roll inßation, even in absence of additional 

information/detection

¥ To do that, link to observations. 

Ðtherefore, link to the ßuctuations

An essential description
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¥ Turn to particles physics

ÐIf we are probing a system at energy        , we describe the system only with 

the degrees of freedom accessible up to that energy. Effects of inaccessible 

physics are encoded in a few higher dimension operators, that we call indeed 

irrelevant.

ÐWe change description, only when new degrees of freedom become 

accessible, and therefore relevant.

The bottom-up approach
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¥ In Inßation

ÐFluctuations modes

ÐBackground

ÐTo describe obs, background is no needed!

¥ Higher energy effects:

Ð           is unitarity bound: something happens by then.

Ð By testing interactions (or their absence) limits

ÐIf we could conclude that

¥then we would know that slow-roll inßation is an allowed UV complition

¥but not guaranteed this is the one

The bottom-up approach
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¥ .

¥ As I will show, currently

¥ We do not really know that the inßationary background is driven by a scalar 

Þeld!

ÐWe will never know

ÐBut we really do not know now

¥ We just know that Inßation is a weakly coupled Þeld theory

The bottom-up approach
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¥ Fluctuations scalar          fundamental scalar

ÐAs you change energies, the correct description can change radically

¥ Example: Pions

ÐGoldstone boson of

ÐEasy UV complition: scalar Þeld with mexican hat potential

Particles Physics examples of fake scalars
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¥ Fluctuations scalar          fundamental scalar

ÐAs you change energies, the correct description can change radically

¥ Example: Pions

ÐGoldstone boson of

ÐEasy UV complition: scalar Þeld with mexican hat potential

ÐWRONG!!

ÐThere is no fundamental scalar Þeld.

ÐQCD is the UV complition, with Chiral Condensation of quarks

Particles Physics examples of fake scalars
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¥ Longitudinal Polarization of Standard Model              boson 

¥ Described by this Lagrangian by Goldstone Boson Equivalence Theorem

¥ Higgs: UV complition with fundamental scalar 

¥ Technicolor: not scalar at all (same as Pions)

Particles Physics Example of fake scalars
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¥ Longitudinal Polarization of Standard Model              boson 

¥ Described by this Lagrangian by Goldstone Boson Equivalence Theorem

¥ Higgs: UV complition with fundamental scalar 

¥ Technicolor: not scalar at all (same as Pions)

¥ Higgs was correct!

ÐBut he was lucky (in a sense). The Higgs particle could have not been the 

right UV complition.

¥ and in fact the Higgs could be composite itself.

¥ What is fundamental... itÕs all relative

Particles Physics Example of fake scalars
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Most generic Lagrangian built by metric operators invariant only under

¥ Generic functions of time

¥ Upper 0 indices are ok. E.g.
¥ Geometric objects of the 3d spatial slices: e.g. extrinsic curvature           and covariant derivatives

The Effective Field Theory
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The Effective Field Theory of Inßation

¥ Analogous of the Chiral Lagrangian for the Pions and W bosons  S.Weinberg PRL 17, 1966
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Cosmological perturbations probe 
the theory at E ~ H
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The Effective Field Theory of Inßation

¥ Used in WMAP9 and Planck papers (thanks!, but attributed to Weinberg)
¥ Maybe because Weinberg is the true scientiÞc father of all of us?

¥ There is more than used by WMAP and Planck!
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The Effective Field Theory of Inßation
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The tilt

¥ This Lagrangian is Þne to make all predictions

¥ The tilt

¥ No potentials terms

Ðjust how history of a mode depends on time
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The tilt

¥ This Lagrangian is Þne to make all predictions

¥ The tilt

¥ No potentials terms

Ðjust how history of a mode depends on time
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Technically Natural

¥ The EFT is technically natural

Ðtime-independence of coefÞcients leads to

¥            relevant operators are naturally small

¥Only irrelevant operators

¥As natural as the theory of true pions.            

¥           Inßation is not tuned (maybe some UV complition is, but not the EFT) 
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Non-Gaussianities

¥ Large non-Gaussianities are possible and technically natural

ÐHaving these operators large is not in contrast with de Sitter epoch

ÐDemystiÞcation of non-Gaussianities (after 25 years!)

¥NG do not need to be tiny, but just small

ÐSmallness of NG simply corresponds to weakly coupled Þeld theory at 

ÐEFT automatically gives operators and size:

¥Canonically normalize, and get NG: Example:

Èas for dim=6 operators
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Large non-Gaussianites

! !

with Smith and Zaldarriaga, 
JCAP2010

A function of two variables: like a scattering amplitude
There are two templates

With this, we could prove inßation
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Symmetries

¥ Connection between speed of sound and non-Gaussianities

ÐInvariant block

ÐIf dispersion relation is non-relativistic, non-linear terms account for it 

¥with interaction term:

ÐThis has nothing to do with Quantum Mechanics, just Lorentz symmetry.

f equil ., orthog .
NL !

1
c2

s
(1)

Invariant block ! ú! 2 + ú! 3 + ú! (" i ! )2 + ( " i ! )4 (2)

k/k NL (3)
ú! 3

c

! 2
U

" NG # f NL # !
H 2

! 2
U

(4)

" (5)

! $ ! + c (6)

ú! 3 , ú! (" i ! )2 , (" 2! )("! )2 (7)

$2 = c2
sk2 +

k4

M 2
(8)

W, Z (9)
!

d4x
"
("%)2 + ( " ÷%)2 + V(%, ÷%)

#
(10)

SU(2) %SU(2) $ SU(2) (11)

&= (12)

! 2
U ! ! 2

min # 104H 2 " ! 2
min ' 105H (13)

! 4
U ! úHM 2

Pl ! ú%2
slow! roll (14)

!
d4x

$
("! )2 +

1
! U

! 2("! )2

%
(15)

E ! H (16)

ú%slow! roll !
&

úHM 2
Pl

' 1/ 2
! 105H 2 ( H 2 (17)

NG !
)#3*

)#2*3/ 2
" 10! 3 (18)

ns + 1 # + 0.04 ! O
(

1
Ne

)
(19)

" K " 10! 2 (20)

! U ! úHM 2
Pl ! ú%2

slow roll (21)

f equil ., orthog .
NL ! 5 " cs ! 0.2 (22)

cs ! 0.2 (23)

f loc.
NL # 1 (24)

New Improvement#
75
35

! 15 (25)

(
kmax

EFT

kmax
old

) 3
2

!
(

0.5
0.15

) 3
2

# 6 (26)

ú!
H

,
" 2!

a2H 2
(24)

! (25)

f equil ., orthog .
NL "

1
c2

s
(26)

Invariant block N.1 " ú#2 # (" i #)2 (27)

Invariant block N.2 " ú#2 + ú#3 + ú#(" i #)2 + ( " i #)4 (28)

k/k NL (29)
ú#3

c

! 2
U

! NG $ f NL ! "
H 2

! 2
U

(30)

! (31)

# % # + c (32)

ú#3 , ú#(" i #)2 , (" 2#)("# )2 (33)

$2 = c2
sk2 +

k4

M 2
(34)

W, Z (35)
!

d4x
"
("%)2 + ( " ÷%)2 + V(%, ÷%)

#
(36)

SU(2) & SU(2) % SU(2) (37)

'= (38)

! 2
U ! ! 2

min $ 104H 2 ! ! 2
min ( 105H (39)

! 4
U ! úHM 2

Pl " ú%2
slow! roll (40)

!
d4x

$
("# )2 +

1
! 2

U
#2("# )2 + . . .

%
(41)

E " H (42)

ú%slow! roll "
&

úHM 2
Pl

' 1/ 2
" 105H 2 ) H 2 (43)

NG "
*! 3+

*! 2+3/ 2
" 10! 3 (44)

ns # 1 $ # 0.04 " O
(

1
Ne

)
(45)

" K " 10! 2 (46)

! U " úHM 2
Pl " ú%2

slow roll (47)

f equil ., orthog .
NL " 5 ! cs ! 0.2 (48)

cs ! 0.2 (49)

f loc.
NL $ 1 (50)

New Improvement$ 2.5 % 15 (51)

1

Tuesday, November 12, 13



Consistency Condition

¥ Connection between 3-point function and 4-point function

ÐIf we see                             predicted  

¥ A new consistency condition

ÐIn principle positively testable
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Small squeezed limit
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¥ In single clock inßation long mode is locally un-observable

¥ Physical effect in                                  and so small

¥ Series of only-falsiÞable (non-positively veriÞable) consistency conditions  

¥ Originate from EFT, by using spatial diff. invariance on slice where clock is uniform

Maldacena 2003
Creminelli and Zaldarriaga 2004
....
Khoury et al 2013 
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Consistent w<-1

¥ Phantom dark energy is not consistent

¥ w<-1 is consistent, but only with the above theory

¥ w<-1 is not theoretically impossible (from low energy point of view)

¥ Null Energy Condition can be violated

Ðand all ways found in this context

¥ If possible, let us not call it phantom. Call it `w<-1-dark-energyÕ or anything you 

like.

S =
!

d4x
!

" g
"
" úHM 2

Pl (! µ" )2 + M 4 ú" 2 + øM 3H (! i " )2 + ÷M 2(! 2" )2
#

(1)

H (t + " ) # ¬H " 2 (2)

M 2
Pl

$
V !

V

%2

, M 2
Pl

V !!

V
(3)

! K ! 3 $ 10" 3 (4)

#($x) = %e! ciency

&
&($x)
M

+ c2

$
&($x)
M

%2

+ . . .

'

# f loc.
NL %

1
%e! ciency

" 1 (5)

ns " 1 =
úH

H 2
+

¬H
úHH

+
úcs

csH
(6)

!
d4x

(
(!' )2 + V(' )

)
(7)

# f NL %
(
H

(8)
!

d4x M 4 ú" 4 (9)
!

d3x
*
(!' )2 +

1
M 4n

(! n ' )4

+
(10)

NG %
H 2

" 2
U

# " min , Planck
U & 2 " min , WMAP

U (11)

f equil ., orthog .
NL % 1 # " 4

U " úHM 2
Pl % ú' 2

slow" roll (12)

" U, threshold " H (13)

" U ! " U, threshold # f NL "
H 2

" U, threshold
(14)

f NL , minimal % %% 10" 2 ' 10 % f NL , Planck (15)

)mHiggs, quantum % " new
U # New Physics (or new principle) guaranteed (16)

" U ! 1 TeV # mHiggs % gweak $ 1 TeV ' 1 TeV (17)

cs " 0.02 (18)
ú#

H
,

! 2#
a2H 2

(19)

# (20)

f equil ., orthog .
NL %

1
c2

s
(21)

Invariant block % ú" 2 + ú" 3 + ú" (! i " )2 + ( ! i " )4 (22)

k/k NL (23)
ú" 3

c

" 2
U

# NG & f NL # %
H 2

" 2
U

(24)

Tuesday, November 12, 13



Then Planck came...
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Limits in terms of parameters of a Lagrangian
¥.

¥ These are contour plots of parameters of a fundamental Lagrangian

¥ Same as in particle accelerator Precision Electroweak Tests.

¥ Thanks to the EFT: A qualitatively new (and superior) way to use the cosmological data
¥ Universal limit cs ! 0.02 (1)
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with Smith and Zaldarriaga, JCAP2010
Planck Collaboration 2013
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showing weaker constraints.
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With Smith and Zaldarriaga, 
JCAP2010

Very similar in spirit to
Precision Electroweak Tests
(Complete Connection to 
Particle Physics)
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(Optimal) Limits on the parameters of the Lagrangian

¥ Close to de Sitter.

¥ Dispertion relation:

Figure 9: WMAP constraints in the (d1, ÷c3(d2 + d3)! 4)-plane, for the near de Sitter model with
d1 ! 4(d2 + d3)1/ 2.

4.4 WMAP constr aints: near de Sitter models with d1 ! 4(d2+ d3)1/ 2

We can also usethe two-template WMAP analysis to put constraints on the near de Sitter
parameter spacesdescribed in sec.2.1. In this subsection,we will consider the cased1 !
4(d2 + d3)1/ 2.

We take the parameters of the model to be (d1, ÷c3(d2 + d3)! 4). As in the preceding
subsection,we deÞnea ! 2 statistic which quantiÞesagreement betweenthe model parameters
and the WMAP data, using eq. (63) above for the expectation valuesof the f N L estimators.
In detail, ! 2 is deÞnedas a function of (d1, ÷c3(d2 + d3)! 4) by:
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N L )) (89)

In Fig. 9, we show 1" , 2" , and 3" contours in the (d1, ÷c3(d2 + d3)! 4) planeobtained using this
! 2 statistic. The non-interacting model (d1 % 1, ÷c3(d2 + d3)! 4 = 0) is consistent with the
data at 2" . (This is the casefor all parameterspacesconsidered in this paper, sincethe ! 2 of
the non-interacting model is independent of the parameterspaceinto which it is embedded.)
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Figure 10: WMAP constraints in the (d1, d2 + d3) plane, for the near de Sitter model in the ghost
inßation limit |d1| ! 4(d2 + d3)1/ 2. Note that the range on the y-axis has beenchosen so that only
modelswhich satisfy this inequality are shown. As described in the text, a 1! region doesnot appear
in the plot becausethis parameter spacedoesnot include any model whose" 2 givesbetter than 1!
agreement with the WMAP data.

It is worth to notice that if we imposedd2 + d3 to saturate the bound d1 " 4(d2 + d3)1/ 2 and
we also imposed ÷c3 not to be too large, then many of the most extreme valuesof the y-axis
in Fig. 9 would be excluded. Using eq. (41), the soundspeedis given by cs ! (0.00993)d4/ 5

1 ,
and lower limits on cs are given by:

cs " 0.073 (95% CL, ÷c3(d2 + d3)! 4 = 0) (90)

cs " 0.0189 (95% CL, ÷c3(d2 + d3)! 4 marginalized) (91)

Note that the requirement that cs " 1 implies d1 ! 319 in this model.
Sofar we have neglectedmetric ßuctuations. Following [20,11] it is straightforward to see

that this is a good approximation for d1 ! (MPl / (30M ))5. For the parameter spacewe are
interestedin, this translatesin M ! MPl / 10 to a good approximation. When this inequality
is violated, as shown in [20, 11] the squaredspeedof sound c2

s of the ßuctuations becomes
negative and the modesbegin to grow exponentially beforecrossingthe horizon. In this case
thesemodels become similar to the onesshown in the next sec.4.6, and, as we will see,are
genericallyvery disfavored by the data.

4.5 Near -de-Si tter models with |d1| ! 4(d2 + d3)1/ 2

The next spaceof models we consider is the near de Sitter limit with |d1| ! 4(d2 + d3)1/ 2

relevant for Ghost inßation. In this case,we take the model parametersto be (d1, d2 + d3).
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(Optimal) Limits on the parameters of the Lagrangian

¥ Close to de Sitter.

¥ Negative        due to 

¥ Ruled out at 95% CL. 
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Figure 11: Analysis of the near de Sitter model with c2
s < 0 and d1 ! 4 úH M 2

Pl / (M 3H ). We show
the region of parameter spaceconsistent with the WMAP upper limit f equil .

N L ! 435 (95% CL), and
the parameter constraints that must be satisÞedin this model (eq. (95)). Notice that f equil .

N L must be
positive in this model. Using looseconstraints (taking K = 1 asdeÞnedbelow eq. (95)), a very small
region of parameter spaceis consistent with WMAP . Using slightly more conservative constraints
(K = 2), the entire parameter spaceis ruled out at 95% CL.

the WMAP constraint f equil .
N L ! 435 (95% CL) from sec.4.2 is shown in Fig. 11. Notice that

in this casef equil .
N L has to be positive.

From eq. (44), the absolutevalue of the speedof soundis boundedto be

|c2
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1
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. (94)

The consistencyof the calculation (see[19]) forcesthe model parametersto satisfy the fol-
lowing constraints:
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The Þrst constraint follows from the expressionfor the power spectrum in eq. (49) and the
requirement that d1 ! " 4(d2 + d3)1/ 2 in this model, which just comesfrom imposing that
the dispersion relation at horizon crossing is dominated by the term is csk. The second
requirement comesfrom imposingthat the cuto# of the model is much larger than Hubble.

To make the constraints precise,let us introduce a ÒthreshholdÓparameter K > 1, and
deÞnethe symbol $ in eq. (95) to meanthat the ratio betweenthe left-hand and right-hand
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(Optimal) Limits on the parameters of the Lagrangian
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Figure 12: Analysis of the near de Sitter model with c2
s < 0 and |d1| ! 4 úH M 2

Pl / (M 3H ). Notice that
this model has úH > 0. We show the regions consistent with WMAP, deÞnedusing a ! 2 statistic
which includes f equil .

N L and f orthog .
N L , and the regionsthat are disallowed by the constr aints in eq. (97).

Using looseconstraints (taking K = 1 asdeÞnedbelow eq. (97)), there is a large region of parameter
spacewhich is consistent with WMAP , including the ÒbranchÓin the upper right part of the plot
where f orthog .

N L is generated. Using somewhat more conservative constraints (K = 4), the entire
parameter spaceis ruled out.

If we uselooseconstraints (K = 1), then there is a large region of parameterspacewhich
is consistent with WMAP, including an extendedÒbranchÓwhich points toward the upper
right corner in Fig. 12. This branch correspondsto models in which the contributions to the
bispectrum from the operators ú! (" ! )2 and (" 2! )(" ! )2 have opposite signsand nearly cancel,
so that the orthogonal shape is generatedinstead of the equilateral shape. Becauseour
analysisincludesforthog .

N L , the branch is cut o! and arbitrarily large valuesof the parameters
are not allowed.

If we use somewhatmore conservative constraints (K = 4), then the entire parameter
spaceis ruled out, including the branch.

As in the former cases,we have neglectedmetric ßuctuations. Following [20, 11] it is
straightforward to seethat this is a good approximation for d2 + d3 ! (MPl/(30M ))10. When
this inequality is violated, asshown in [20,11]the squaredspeedof soundc2

s of the ßuctuations
is still negative. In this casethe model is still very similar to the one just shown, and, as we
are seeing,it is genericallyvery disfavored by the data.

5 Summar y

The non-Gaussianitiesproducedby the most generalsingle-Þeldinßation with an approximate
shift symmetry protecting the Goldstonebosonaredescribedby two independent parameters.
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Limits in terms of parameters of a Lagrangian
¥ The Effective Field Theory of Inßation

¥ This is great, but the phenomenology is reacher

¥ Cutoff
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What has Planck done to NG?

(that is to one of two main ways to test inßation)
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¥ Two thresholds for detection. Awesome!

¥ By unitarity of WW scattering

ÐSomething was guaranteed

¥ If Higgs found, then tuning problem:

¥ So, with LHC, huge learning guaranteed

Ð                  was a threshold for discovery

Let us look at LHC
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¥ Thresholds for detections

¥ We do not have a compelling threshold (we have just made them possible!)

¥ We have lower bound:                                          

ÐThis is the only correct prediction of Inßation on NG: weakly coupled Þeld theory

¥ Minimal size of NG: from gravity

¥ Another threshold is 

ÐWith this we would be allowed to glue the EFT to slow-roll inßation

¥the bottom-up `veriÞcationÕ of slow-roll inßation (with assumption)

Ðthis is more than a factor of 10 far away.

Let us go to NG
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¥ Planck improve limits wrt WMAP by a factor of ~3.

¥ Since

¥ Given the absence of known or nearby threshold, this is not much.

¥ Planck is great

¥ but Planck is not good enough

Ðnot PlankÕs fault, but NatureÕs faults

¥Please complain with Nature

¥ Planck was an opportunity for a detection, not much an opportunity to change the 

theory in absence of detection

¥ On theory side, little changes

Ðcontrary for example to LHC, where any result is changing the theory

What has Planck done to theory?
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¥ .

Energy Scales to probe

f equil, orthog.
NL ! 1 Energy

scale implied by absence of NG

scale probed by obs.

! unitarity > 30H

Hubble

ú! slow" roll scale to say we are in slow-roll inßation
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¥ Thresholds for multiÞeld inßation

¥ Fluctuations in second Þeld get transferred to curvature.

Ðneed conversion mechanism. It will be inefÞcient and non-linear

¥ .

¥ Another threshold, and we are still quite below.

Let us go to NG

Figure 23: Plot of typical multi Þeld inßationary potential. Fluctuations of the second ! Þeld a! ect
the duration of inßation and therefore the curvature perturbation of the universe at reheating. If the
relationship between! and " is non-linear, then non-Gaussianities of the local kind are produced.

Since the non-gaussianities are quite small, the linear term must dominate. We can
taylor expand f :

! ("x) ! a0 + a1#("x) + a2#("x)2 " ! gaussian ("x) +
3
5

f local
NL

!
! gaussian ("x)2 # $! gaussian ("x)2%

"

(268)

¥ Particle Physics Knowledge

Limits on non-Gaussian signatures get translated into limits onto limits of the parame-
ters of the inßationary Lagrangian. See Fig. 24. Cosmological observations are mapped
directly into parameters of a fundamental physics Lagrangian. . . the sky is like a particle
accelerator! This approach was developed in [39].

There is really a lot more to say about non-Guassianities and the EFT of Inßation. Non-
Gaussianities have really become a large Þeld in inßationary cosmology, and maybe this is
happening also for the EFT of inßation, as this is the ideal set up to study interactions. Indeed,
many additional developments have been made in this Þeld, that I have no time to mention:
EFT of multi Þeld inßation, impose additional symmetries on$. such as Supersymmetry,
discrete shift symmetry, parity, etc. .. roughly, all what we have been doing in Beyond
the Standard Model physics has now motivation to be applied to inßation and the EFT of
inßation o! ers the simple connection.

I leave you with the current WMAP 9yr constraints at 2# [12]:
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Are we done with Planck?
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¥ Apart for improvement from polarization

¥ More 3-point functions

ÐThis theory is technically natural

ÐApply this to the EFT of Inßation: many new shapes: 3pt                                          

(i.e. different for not-small part of parameter space).

¥ One 4-point function

Ðhuge information

¥ Any of these changes Planck press release

There is more to look for!

! 4"

! 4"

! 4"

! 4"

! 4"

! 4"

! 4"

! 4"

!
d3x

"
(!" )2 +

1
M 4n

(! n" )4

#
(1)

NG !
H 2

! 2
U

" ! min , Planck
U # 2 ! min , WMAP

U (2)

f equil ., orthog .
NL ! 1 " ! 4

U ! úHM 2
Pl ! ú" 2

slow! roll (3)

! U, threshold ! H (4)

! U " ! U, threshold " f NL !
H 2

! U, threshold
(5)

f NL , minimal ! # ! 10! 2 $ 10 ! f NL , Planck (6)

$mHiggs, quantum ! ! new
U " New Physics (or new principle) guaranteed (7)

! U " 1 TeV " mHiggs ! gweak %1 TeV $ 1 TeV (8)

cs ! 0.02 (9)
ú%

H
,

! 2%
a2H 2

(10)

" (11)

f equil ., orthog .
NL !

1
c2

s
(12)

Invariant block ! ú&2 + ú&3 + ú&(! i &)2 + ( ! i &)4 (13)

k/k NL (14)
ú&3

c

! 2
U

" NG # f NL %!
H 2

! 2
U

(15)

" (16)

& & & + c (17)

ú&3 , ú&(! i &)2 , (! 2&)(!& )2 (18)

' 2 = c2
sk2 +

k4

M 2
(19)

W, Z (20)
!

d4x
$
(!" )2 + ( ! ÷" )2 + V(" , ÷" )

%
(21)

SU(2) %SU(2) & SU(2) (22)

'= (23)

! 2
U ! ! 2

min # 104H 2 " ! 2
min $ 105H (24)

! 4
U ! úHM 2

Pl ! ú" 2
slow! roll (25)

!
d4x

"
(!& )2 +

1
! U

&2(!& )2

#
(26)

E ! H (27)

With Berbabany, Mibabaye, and Smith 
in completion 

!
d4x M 4 ú! 4 (1)

!
d3x

"
("# )2 +

1
M 4n

(" n#)4

#
(2)

NG !
H 2

! 2
U

" ! min , Planck
U # 2 ! min , WMAP

U (3)

f equil ., orthog .
NL ! 1 " ! 4

U ! úHM 2
Pl ! ú#2

slow! roll (4)

! U, threshold ! H (5)

! U " ! U, threshold " f NL !
H 2

! U, threshold
(6)

f NL , minimal ! $ ! 10! 2 $ 10 ! f NL , Planck (7)

%mHiggs, quantum ! ! new
U " New Physics (or new principle) guaranteed (8)

! U " 1 TeV " mHiggs ! gweak %1 TeV $ 1 TeV (9)

cs ! 0.02 (10)
ú&

H
,

" 2&
a2H 2

(11)

" (12)

f equil ., orthog .
NL !

1
c2

s
(13)

Invariant block ! ú! 2 + ú! 3 + ú! (" i ! )2 + ( " i ! )4 (14)

k/k NL (15)
ú! 3

c

! 2
U

" NG # f NL &!
H 2

! 2
U

(16)

" (17)

! & ! + c (18)

ú! 3 , ú! (" i ! )2 , (" 2! )("! )2 (19)

' 2 = c2
sk2 +

k4

M 2
(20)

W, Z (21)
!

d4x
$
("# )2 + ( " ÷#)2 + V(#, ÷#)

%
(22)

SU(2) %SU(2) & SU(2) (23)

'= (24)

! 2
U ! ! 2

min # 104H 2 " ! 2
min $ 105H (25)

! 4
U ! úHM 2

Pl ! ú#2
slow! roll (26)

!
d4x

"
("! )2 +

1
! U

! 2("! )2

#
(27)

With Zaldarriaga
JCAP2010

Tuesday, November 12, 13



What about additional Þelds?
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The EFT of multiÞeld inßation
¥ If they are observed, just couple to the Inßaton

¥ Find signatures

¥ large quartic interactions

With Zaldarriaga, 
JHEP2012
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Table 1: Signatures in Multi-Þeld Inßation. In the Þrst column we give the operator generating the
non-Gaussian signal: operators quartic in the! Õs lead to a four-point function, operators cubic in the
! Õs lead to a three-point function. In the second and third columns we explain with which dispersion
relation the signal can be generated. In the third we explain if the signal can appear in the Adiabatic
(Ad.) or the Isocurvature (Iso.) ßuctuations. In the fourth we state the potential origin of the signal.
Here Ab. stands for Abelian; non-Ab. stands for non-Abelian, S stands for supersymmetry, and
R stands for generated by non-linearities at reheating. The subscripts indicates that the term is
generated by soft-breaking terms. The symbol  represents that such a signal can be generated in the
case the soft symmetry breaking term is such that it forbids some of the lowest dimensional terms.
The symbol ! represents the fact that the signal is in general subleading, but still possibly detectable.
In the last column we explicitly mention if the induced signal has a non-vanishing squeezed limit
and is therefore detectable also in clustering statistics of collapsed objects.

The construction of the e! ective theory is based on the following consideration. In a quasi de
Sitter background with only one relevant degree of freedom, there is a privileged spatial slicing
given by the physical clock which allows us to smoothly connect to a decelerated hot Big Bang
evolution. The slicing is usually realized by a time evolving scalar#(t), but this does not need
necessarily to be the case. To describe perturbations around this solution one can choose a
gauge where the privileged slicing coincides with surfaces of constantt, i.e. $#(%x, t ) = 0. In
this ÔunitaryÕ gauge there are no explicit scalar perturbations but only metric ßuctuations. As
time di! eomorphisms have been Þxed and are not a gauge symmetry anymore, the graviton
now describes three degrees of freedom: the scalar perturbation has been eaten by the metric.
One therefore can build the most generic e! ective action with operators that are functions
of the metric ßuctuations and that are invariant under the linearly-realized time-dependent
spatial di! eomorphisms. As usual with e! ective Þeld theories, this can be done in a low energy
expansion in ßuctuations of the Þelds and derivatives. We obtain the following Lagrangian
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MultiField

Single Field Operator Dispersion Squeezed L.
w = csk w ! k2

ú! 4 X
(" 2

j ! )4 , ú! (" 2
j ! )3 , . . . X

ú! 3 , ú! (" i ! )2 X
ú! (" i ! )2 , " 2

j ! (" i ! )2 X

Table 2: Signatures in Single-Clock Inßation with a continuous shift symmetry. The signal associ-
ated to the four-point function when the dispersion relation is of the form ! ! k2 is quite rich, and
we refer to [5] for a discussion abut it.

[1, 6]:

SE.H. + S .F. =
!

d4x
"

# g
" 1

2
M 2

Pl R + M 2
Pl

úHg00 # M 2
Pl (3H 2 + úH ) +

+
1
2!

M2(t)4(g00 + 1) 2 +
1
3!

M3(t)4(g00 + 1) 3 +

#
øM1(t)3

2
(g00 + 1) #K µ

µ #
øM2(t)2

2
#K µ

µ
2 #

øM3(t)2

2
#K µ

! #K !
µ + ...

#
, (1)

where we denote by#K µ! the variation of the extrinsic curvature of constant time surfaces
with respect to the unperturbed FRW: #K µ! = K µ! # a2Hhµ! with hµ! being the induced
spatial metric, and whereM2,3 and øM1,2,3 represent some time-dependent mass scales.

Let us comment brießy on (1). The Þrst term is the Eistein-Hilbert term. The Þrst
three terms are the only ones that start linearly in the metric ßuctuations. The coe! cients
have been carefully chosen to ensure that when combined the linear terms in the ßuctuations
cancel. The action must start quadratic in the ßuctuations. The terms in the second line start
quadratic in the ßuctuations and have no derivatives. The terms in third line represent higher
derivative terms. Dots represent operators that start at higher order in the perturbations or in
derivatives. This is the most general action for single Þeld inßation and in fact it is unique [1].

The unitary gauge Lagrangian describes three degrees of freedom: the two graviton he-
licities and a scalar mode. This mode will become explicit after one performs a broken time
di" eomorphism (St¬uckelberg trick) to reintroduce the Goldstone boson which non-linearly
realizes this symmetry. In analogy with the equivalence theorem for the longitudinal com-
ponents of a massive gauge boson [18], the physics of the Goldstone decouples from the two
graviton helicities at high enough energies, equivalently the mixing can be neglected. The
detailed study of [1] shows that in most situations of interest this is indeed the case and one
can neglect the metric ßuctuations4.

As anticipated, we reintroduce the Goldstone boson (! ) by performing a broken time-di" .,
calling the parameter of the transformation# ! , and then declaring! to be a Þeld that under
time di" .s of the formt $ t + $0(x) transforms as

! (x) $ ÷! (÷x(x)) = ! (x) # $0(x) . (2)

4Equivalently, the neglected e! ects are suppressed by slow-roll parameters or by powers ofH/M Pl .
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The EFT of multiÞeld inßation
¥ If they are observed, just couple to the Inßaton

¥ Find signatures

¥ large quartic interactions
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Table 1: Signatures in Multi-Þeld Inßation. In the Þrst column we give the operator generating the
non-Gaussian signal: operators quartic in the! Õs lead to a four-point function, operators cubic in the
! Õs lead to a three-point function. In the second and third columns we explain with which dispersion
relation the signal can be generated. In the third we explain if the signal can appear in the Adiabatic
(Ad.) or the Isocurvature (Iso.) ßuctuations. In the fourth we state the potential origin of the signal.
Here Ab. stands for Abelian; non-Ab. stands for non-Abelian, S stands for supersymmetry, and
R stands for generated by non-linearities at reheating. The subscripts indicates that the term is
generated by soft-breaking terms. The symbol  represents that such a signal can be generated in the
case the soft symmetry breaking term is such that it forbids some of the lowest dimensional terms.
The symbol ! represents the fact that the signal is in general subleading, but still possibly detectable.
In the last column we explicitly mention if the induced signal has a non-vanishing squeezed limit
and is therefore detectable also in clustering statistics of collapsed objects.

The construction of the e! ective theory is based on the following consideration. In a quasi de
Sitter background with only one relevant degree of freedom, there is a privileged spatial slicing
given by the physical clock which allows us to smoothly connect to a decelerated hot Big Bang
evolution. The slicing is usually realized by a time evolving scalar#(t), but this does not need
necessarily to be the case. To describe perturbations around this solution one can choose a
gauge where the privileged slicing coincides with surfaces of constantt, i.e. $#(%x, t ) = 0. In
this ÔunitaryÕ gauge there are no explicit scalar perturbations but only metric ßuctuations. As
time di! eomorphisms have been Þxed and are not a gauge symmetry anymore, the graviton
now describes three degrees of freedom: the scalar perturbation has been eaten by the metric.
One therefore can build the most generic e! ective action with operators that are functions
of the metric ßuctuations and that are invariant under the linearly-realized time-dependent
spatial di! eomorphisms. As usual with e! ective Þeld theories, this can be done in a low energy
expansion in ßuctuations of the Þelds and derivatives. We obtain the following Lagrangian
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ated to the four-point function when the dispersion relation is of the form ! ! k2 is quite rich, and
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where we denote by#K µ! the variation of the extrinsic curvature of constant time surfaces
with respect to the unperturbed FRW: #K µ! = K µ! # a2Hhµ! with hµ! being the induced
spatial metric, and whereM2,3 and øM1,2,3 represent some time-dependent mass scales.

Let us comment brießy on (1). The Þrst term is the Eistein-Hilbert term. The Þrst
three terms are the only ones that start linearly in the metric ßuctuations. The coe! cients
have been carefully chosen to ensure that when combined the linear terms in the ßuctuations
cancel. The action must start quadratic in the ßuctuations. The terms in the second line start
quadratic in the ßuctuations and have no derivatives. The terms in third line represent higher
derivative terms. Dots represent operators that start at higher order in the perturbations or in
derivatives. This is the most general action for single Þeld inßation and in fact it is unique [1].

The unitary gauge Lagrangian describes three degrees of freedom: the two graviton he-
licities and a scalar mode. This mode will become explicit after one performs a broken time
di" eomorphism (St¬uckelberg trick) to reintroduce the Goldstone boson which non-linearly
realizes this symmetry. In analogy with the equivalence theorem for the longitudinal com-
ponents of a massive gauge boson [18], the physics of the Goldstone decouples from the two
graviton helicities at high enough energies, equivalently the mixing can be neglected. The
detailed study of [1] shows that in most situations of interest this is indeed the case and one
can neglect the metric ßuctuations4.

As anticipated, we reintroduce the Goldstone boson (! ) by performing a broken time-di" .,
calling the parameter of the transformation# ! , and then declaring! to be a Þeld that under
time di" .s of the formt $ t + $0(x) transforms as

! (x) $ ÷! (÷x(x)) = ! (x) # $0(x) . (2)

4Equivalently, the neglected e! ects are suppressed by slow-roll parameters or by powers ofH/M Pl .
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¥ If they are not observed (but they are light)

¥ Dissipative Effects

ÐUsual relation

Ð~orthogonal template
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The EFT of multiÞeld inßation
¥ If they are not observed (but they are light)

¥ Conformally coupled sector (strong coupling)
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¥ Thresholds for multiÞeld inßation

¥ Conversion mechanism

¥ This is the threshold to `rule-outÕ natural multi-Þeld inßation

Ðwe should target it!

Conversion to adiabatic mode
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Figure 23: Plot of typical multi Þeld inßationary potential. Fluctuations of the second ! Þeld a! ect
the duration of inßation and therefore the curvature perturbation of the universe at reheating. If the
relationship between! and " is non-linear, then non-Gaussianities of the local kind are produced.

Since the non-gaussianities are quite small, the linear term must dominate. We can
taylor expand f :

! ("x) ! a0 + a1#("x) + a2#("x)2 " ! gaussian ("x) +
3
5

f local
NL

!
! gaussian ("x)2 # $! gaussian ("x)2%

"

(268)

¥ Particle Physics Knowledge

Limits on non-Gaussian signatures get translated into limits onto limits of the parame-
ters of the inßationary Lagrangian. See Fig. 24. Cosmological observations are mapped
directly into parameters of a fundamental physics Lagrangian. . . the sky is like a particle
accelerator! This approach was developed in [39].

There is really a lot more to say about non-Guassianities and the EFT of Inßation. Non-
Gaussianities have really become a large Þeld in inßationary cosmology, and maybe this is
happening also for the EFT of inßation, as this is the ideal set up to study interactions. Indeed,
many additional developments have been made in this Þeld, that I have no time to mention:
EFT of multi Þeld inßation, impose additional symmetries on$. such as Supersymmetry,
discrete shift symmetry, parity, etc. .. roughly, all what we have been doing in Beyond
the Standard Model physics has now motivation to be applied to inßation and the EFT of
inßation o! ers the simple connection.

I leave you with the current WMAP 9yr constraints at 2# [12]:

# 221< f equil .
NL < 323 , (269)

# 445< f orthog .
NL < # 45 ,

# 3 < f loc.
NL < 77 .
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Developing the Phenomenology of Inßation
¥ Higher derivative interactions,  ex:
¥ Discrete shift-symmetry

¥ Collective Breaking

¥ Soft limits

¥ Effects of massive Þelds

¥ Susy

¥ Loops

¥ EFT of acceleration

¥ Workshops on Effective Field Theory in Inßation

¥ Other groups joining in (Princeton, Stanford, Geneva, Paris, Cambridge, Amsterdam, Japan, 

UCSD...)

¥ Already taught in Summer Schools and Graduate Classes at Harvard, Princeton, 

Stanford, TASI, Taiwan, India (Arkani-Hamed, Silverstein, Zaldarriaga, ...)
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Are we done with Cosmology?
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¥ Plank will increase by a factor of less than 2.

¥ B-modes experiments at South Pole:  very important

¥ Next are Large Scale Structures

¥ Like moving from LEP to LHC

What is next?
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¥ Forecasts

¥ They use

¥ But the theory is probably wrong 

Ð(to me)

What is next?

Sefusatti and Komatsu 2007
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¥ How does our universe looks like?

¥ Non-linear on short scales

¥ Linear on large-scales

¥ Similar to Chiral Lagrangian

¥ Similar to a dielectric material

¥ Universe as an Effective Fluid with higher derivative stress-tensor in expansion in 

Our Universe as a Chiral Lagrangian
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¥ So far predictions studied with the wrong theory

¥ A generalized ßuid

¥ At 2-loops:

¥ We reach

A much higher kmax
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Figure 5: Comparison of PEFT-2-loop normalized to non-linear data. The blue curve is the best Þt value
of c2

s(1) (with c2
s(2) Þt to PEFT-1-loop , as described in the main text) and the blue band shows the 2-! error

on c2
s(1) and c2

s(2) . The black solid line shows the non-linear data. The red shaded regions are di! erent
error estimates described in Section4.2. The dotted and dashed black lines are the 2-! limits associated
with 1 and 2 percent agreement (1-! ) with the non-linear data. We Þnd that it is possible to obtain 1
percent agreement with the non-linear power spectrum after having Þt only one new parameter,c2

s(1) , and

furthermore that the agreement stretches well past the range,0.15h Mpc! 1 < k < 0.25h Mpc! 1 , where
the parameter was Þt.

there is still uncertainty in the precise order one factors. As a result, which of the three-loop
bands (if any) represents the real breakdown cannot be determined at this level. Alternatively,
we could estimate the maximumk up to which we can trust our calculation using the scale at
which PEFT-2-loop deviates from the non-linear data12. We see from Þgure5 that the prediction
of the EFTofLSS at 2-loop agrees with the non-linear data at redshiftz = 0 at percent level
up to k ! 0.6h Mpc! 1 . This is a very remarkably high wavenumber given the results of former
perturbative calculations, as we discuss next.

Now, let us remove to our assumption of locality in time. As we discussed in the previous

12 One possible concern in using this criterion of convergence is that we might be over Þtting. But this is clearly
not the case for two reasons. First, we are Þtting only one parameter in the range 0.15h Mpc! 1 < k < 0.25h Mpc! 1 ,
which is quite below the values ofk where our calculation begins to fail. Second, we expect the maximumk to be
quite close to the value ofk where the 3-loop term becomes important, which is indeed the case.

23

!
kmax

EFT

kmax
old

" 3
2

!
!

0.5
0.15

" 3
2

" 6 (52)

Improvement ! 7 (53)

kmax " 0.6h Mpc! 1 (54)

kmax " 0.1h Mpc! 1 (55)

! f equil ., orthog .
NL (Planck) ! 75 (56)

! f equil ., orthog .
NL (Euclid) ! 10 (57)

! T("k, #) = ! Tin ("k) # cos(k # + $!k) $ ! T("k, #now) = ! Tin ("k) # cos(k #rec + $!k) (58)

k (59)

%%2
i [&("r + "r ")]l ! l ("r ")& (60)

%' 3& '= 0 (61)
%' 3&

%' 2&3/ 2
! 10! 2 !

1

N 1/ 2
pix

(62)

¬! l ! c2
s%2! + %2 ! &

( b
(63)

!(
(

(64)

k [h/ Mpc] (65)

!( / ( " 1 (66)

Small cs $ Large non( Gaussianities (67)

k3
max (68)

$ %! 2
l &stoch. !

!
k

kNL

" 4

(69)

k ) kNL : (70)

! l,stoch. !
%2

H 2

! &
( b

$ %! 2
l &stoch. !

!
k
H

" 4

%! &2& (71)

%! 2
l &cs !

!
k

kNL

" 2

%! 2
l &tree (72)

%! 2
l &tree !

!
k

kNL

" n

, %v2
l &tree !

H 2

k2
%! 2

l &tree , %$2&tree !
H 4

k4
%! 2

l &tree (73)

%! 2
l &L! loops ! %! 2

l &L +1
tree ! %! 2

l &tree #
!

k
kNL

" n# L

(74)

k
kNL

,
1

kMF P
! vDM H ! 1 !

1
kNL

(75)

Sint !
#

ú) O (76)

2

spectrum as a piecewise scaling universe to estimate the relevance of loop-order and counterterm
corrections. In Sec.4 we carry out the two-loop calculation, present a reÞnement of the physical
meaning of the EFT parameters established in [1, 2] given the theoryÕs expected non-locality in
time, and compare the results of these calculations with simulated non-linear power-spectra. In
Sec.5 we present 1-loop results for a di! erent observable: the momentum, which is related to
the matter power spectrum. We close in Sec.6 with a discussion of the results and the challenge
they pose to the LSS community. Namely, can the LSS community overcome the technical and
conceptual barriers to realizing the promise of such a potential reach into the UV?

2 Review of Perturbation Theory in LSS

In this section, we brießy review the perturbative approach to the clustering of matter on large
scales. We start from the assumption that dark matter is described by collisionless dark matter
particles described by a Boltzman equation. By taking moments of the smoothed equation and
expectation values over the short modes, one obtains equations of motion for the long-wavelength
density and velocity Þelds,! l and vl respectively, sourced by an e! ective stress-energy tensor" ij ,
which is just a function of the long-wavelength Þelds and that encodes the small-scale physics that
has been Òintegrated outÓ by the smoothing and averaging procedure. This gives a set of e! ective
equations of motion for the long-wavelength Þeld that goes under the name of EFTofLSS [1, 2].
The e! ective stress-energy plays several important roles, and so it is vital that it be retained in the
equations of motion. Standard perturbation theory (SPT, [3]) is recovered in the limit in which
this e! ective stress tensor is neglected. This is however inconsistent as a matter of principle, as
can be shown for particular initial conditions for the universe where the initial power spectrum
is a simple power law [6, 7]. It is a quantitative question how much they are important for the
speciÞc initial conditions that describe our universe. We will argue that they are quantitatively
important in the current universe.

These equations are given by [2] as
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3
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where#l is the gravitational potential sourced by the smoothed density, ú= d /dt , H = úa/a , " m

is the present-day matter fraction, anda0 is the present-day scale factor. From now on, we will
drop the l subscript on ! and v, since we will only refer to the smoothed Þelds.

At the perturbative level we are concerned with in this work, there is no generation of vorticity,
so the velocity Þeld can be described solely in terms of its divergence,&# $i vi . In Fourier space,

5

with Carrasco, Foreman, Green 1310
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¥ So far predictions studied with the wrong theory

¥ A generalized ßuid

¥ At 2-loops:

¥ We reach
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Figure 5: Comparison of PEFT-2-loop normalized to non-linear data. The blue curve is the best Þt value
of c2

s(1) (with c2
s(2) Þt to PEFT-1-loop , as described in the main text) and the blue band shows the 2-! error

on c2
s(1) and c2

s(2) . The black solid line shows the non-linear data. The red shaded regions are di! erent
error estimates described in Section4.2. The dotted and dashed black lines are the 2-! limits associated
with 1 and 2 percent agreement (1-! ) with the non-linear data. We Þnd that it is possible to obtain 1
percent agreement with the non-linear power spectrum after having Þt only one new parameter,c2

s(1) , and

furthermore that the agreement stretches well past the range,0.15h Mpc! 1 < k < 0.25h Mpc! 1 , where
the parameter was Þt.

there is still uncertainty in the precise order one factors. As a result, which of the three-loop
bands (if any) represents the real breakdown cannot be determined at this level. Alternatively,
we could estimate the maximumk up to which we can trust our calculation using the scale at
which PEFT-2-loop deviates from the non-linear data12. We see from Þgure5 that the prediction
of the EFTofLSS at 2-loop agrees with the non-linear data at redshiftz = 0 at percent level
up to k ! 0.6h Mpc! 1 . This is a very remarkably high wavenumber given the results of former
perturbative calculations, as we discuss next.

Now, let us remove to our assumption of locality in time. As we discussed in the previous

12 One possible concern in using this criterion of convergence is that we might be over Þtting. But this is clearly
not the case for two reasons. First, we are Þtting only one parameter in the range 0.15h Mpc! 1 < k < 0.25h Mpc! 1 ,
which is quite below the values ofk where our calculation begins to fail. Second, we expect the maximumk to be
quite close to the value ofk where the 3-loop term becomes important, which is indeed the case.
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spectrum as a piecewise scaling universe to estimate the relevance of loop-order and counterterm
corrections. In Sec.4 we carry out the two-loop calculation, present a reÞnement of the physical
meaning of the EFT parameters established in [1, 2] given the theoryÕs expected non-locality in
time, and compare the results of these calculations with simulated non-linear power-spectra. In
Sec.5 we present 1-loop results for a di! erent observable: the momentum, which is related to
the matter power spectrum. We close in Sec.6 with a discussion of the results and the challenge
they pose to the LSS community. Namely, can the LSS community overcome the technical and
conceptual barriers to realizing the promise of such a potential reach into the UV?

2 Review of Perturbation Theory in LSS

In this section, we brießy review the perturbative approach to the clustering of matter on large
scales. We start from the assumption that dark matter is described by collisionless dark matter
particles described by a Boltzman equation. By taking moments of the smoothed equation and
expectation values over the short modes, one obtains equations of motion for the long-wavelength
density and velocity Þelds,! l and vl respectively, sourced by an e! ective stress-energy tensor" ij ,
which is just a function of the long-wavelength Þelds and that encodes the small-scale physics that
has been Òintegrated outÓ by the smoothing and averaging procedure. This gives a set of e! ective
equations of motion for the long-wavelength Þeld that goes under the name of EFTofLSS [1, 2].
The e! ective stress-energy plays several important roles, and so it is vital that it be retained in the
equations of motion. Standard perturbation theory (SPT, [3]) is recovered in the limit in which
this e! ective stress tensor is neglected. This is however inconsistent as a matter of principle, as
can be shown for particular initial conditions for the universe where the initial power spectrum
is a simple power law [6, 7]. It is a quantitative question how much they are important for the
speciÞc initial conditions that describe our universe. We will argue that they are quantitatively
important in the current universe.

These equations are given by [2] as

! 2#l =
3
2

H 2
0 " m

a3
0

a
! l , (1)

ú! l = "
1
a

$i
!
[1 + ! l ]vi

l

"
,

úvi
l + Hvi

l +
1
a

vj
l $j vi

l +
1
a

$i #l = "
1

a%l
$j " ij

#
#
! l

,

where#l is the gravitational potential sourced by the smoothed density, ú= d /dt , H = úa/a , " m

is the present-day matter fraction, anda0 is the present-day scale factor. From now on, we will
drop the l subscript on ! and v, since we will only refer to the smoothed Þelds.

At the perturbative level we are concerned with in this work, there is no generation of vorticity,
so the velocity Þeld can be described solely in terms of its divergence,&# $i vi . In Fourier space,

5
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ÈWe would be allowed to believe in slow-roll!

¥ And most importantly,

ÐA very decent shot at a detection!

Ðwhich of course is revolutionary

¥ With this, we improve even with DES, HEDTEX, that are happening now.

Big Improvement!
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¥ .
Energy Scales to probe
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¥ This is the  potential

ÐIf not more.

¥ The problem of Dark Matter clustering is being successfully addressed

ÐThanks to the EFT of LSS

¥ Can we manage the other ASTRO problems:

ÐHalo Bias, Galaxy Bias, non-local Bias, Finger of God, Baryons, etc, etc, etc, 

etc, etc, etc, etc, etc, etc, etc, etc, etc, etc, etc, etc, etc, etc, etc, etc, etc, etc, etc, 

etc, etc, etc.

¥ A lot to understand, but this is what is at stakes

¥ An opportunity and a challenge for us.

A challenge for you, theorists!
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¥ At low-l signal is a bit low

¥ Natural signal from steepening

¥ Steepening natural if inßation happens after                                                                                  

bubble nucleation

¥ LSS can help by seeing more low-l modes, to increase signiÞcance relevantly

¥ Similar story exists for the dipolar asymmetry

The low-l anomaly with Bousso and Harlow 1310

with DÕAmico, Kleban,... 1306
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¥ Thank you Planck, thank you Planck team.

Ðthe universe is clearly understandable, and so very beautiful.

¥ What are we learning of inßation?

Ðinitial perturbations are super-Hubble

Ðthe tilt is perfect

¥ The the EFT of Inßation, allows to to talk only of relevant information

¥ B-modes: great, but we have not seen them

¥ Non-Gaussianities

Ðthey would really prove inßation

Ðnot seen, and could have shown up, constrain couplings

¥ LSS offers a great window of potential improvement.

Ðhow much information is there for us to extract? possible factor of 110!

ÐAn opportunity and a challenge for the theorists.

Conclusions
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Thank you!
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