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• Standard slow-roll infl.: very Gaussian

• DBI inflation 

• Large non-Gaussianities

• Shape of non-Gaussianities

• What are the generic signatures?

Large non-Gaussianities

Alishahiha, Silverstein and Tong, 
Phys.Rev.D70:123505,2004
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2 + Ḣ) + M
4
2 (t)(δg00)2 + M3(t)

3(δg00)3

−M̄1(t)
3
δg

00
δK

i
i − M̄2(t)

2
δK

i
i

2 + . . .
�

p = wρ

ζ ∼ δT

T
∼ δρ

ρ
(16)

�
Ω =

2π2

3

φ̇
2

H4
< 1

�
(17)

1

2
< p < pc (18)

�δφ(x, t)2�Λ ∼ H
3
t (19)

φ̇ ∼ V
�

H
(20)

fNL � 5 (21)

φ

fNL ∼ 10−2 (1)

2σ (2)

Θ(2)
∼ δX

∂Θ(1)

∂ log X
(3)

∆f
loc
NL ∼ 10�s (4)

∆f
loc
NL ∼ 1 (5)

∆f
loc
NL ∼ 3 (6)

n
(0)
e (δ̇e + θe − 3Φ̇) = a(ΨQ

(0) + δQ)− δeaQ
(0) (7)

w < −1 (8)

τ
�(η) = −ne(η)σT (9)

∆f
loc
NL � 3 (10)

Φ = Φ(g)(x) + f
loc.
NL (Φ(g)(x)2

− �Φ(g)(x)�2) (11)

∆f
loc.
NL ∼ 4 (12)

−29 < f
loc.
NL < 93 (13)

δng(M) = f(δc/σ(M)) (14)

δng(k) = b δDM(k) (15)

δng(k) = b(k, fNL) δDM(k) (16)

f
loc.
NL � −3.5±O(1) (17)

δkD (18)

cos(csksηr) → csks sin(csksηr) (19)

δηr (20)

δne (21)

ks (22)

kD (23)

, k
2
D ∼ σT ne(η)a(η)/η (24)

ke (25)

S
(1)(k, η) ∼ Θ(1)

0 (k, η) ∼ ζ cos(cskη) e
− k2

kD(η)2 (26)

δe = −
ṅe
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The Effective Field Theory

Inflation: theory of the Goldstone.

• Analogous of the (more important!) Chiral Lagrangian for the Pions  S.Weinberg PRL 17, 1966

• All single field models are unified (Ghost Inflation, DBI inflation, ...); prove theorems:
• Theorem: In single clock models, only Inflation can produce more than 10 e-foldings of scale 

invariant fluct.
• What is forced by symmetries and large signatures are explicit:

• The spatial kinetic term: pathologies for :                add              .

• Connection between cS and Non-Gaussianities:                                   ,                                                       

NG:

• Large interactions are allowed:                  Large non-Gaussianities!
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PlḢ(∂µπ)2 + M

4
2

�
π̇

2 + π̇
3 − π̇(∂iπ)2

�
−M

4
3 π̇

3 − M̄
2(∂2

i π)2 + . . .

�
(25)

Sπ =

�
d

4
x
√
−g

�
M

2
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Large non-Gaussianites

φ φ

with Smith and Zaldarriaga, 
JCAP1001:028,2010

A function of two variables: we are measuring the interactions!
(and the coefficient of the Lagrangian!)
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~No detection 

:( :(

Optimal analysis  of WMAP data (foreground template corrections) are ~ compatible with Gaussianity

Optimal limits on NG

-10 < fNL
local < 74   at 95% C.L.                                         

(-5 < fNLlocal < 59   at 95% C.L.) after combining with LSS 
Slosar et al. JCAP 0808:031, 2008

With Smith and Zaldarriaga, 
JCAP0909:006,2009
JCAP1001:028,2010
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Komatsu et al. WMAP 7yr

Komatsu et al. WMAP 7yr
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(Optimal) Limits on the parameters of the Lagrangian

For comparison, in the bottom panel of Fig. 8, we show 68%, 95% and 99.7% confidence
regions using an analysis which discards f orthog.

NL and obtains constraints from f equil.
NL alone.

More precisely, we define an “equilateral” χ2 by:

χ2(cs, c̃3)equil =
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NL )WMAP)2
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(60)

and define confidence regions by converting to a p-value using χ2 statistics with one degree
of freedom. Using f equil.

NL alone, it is seen that there is a degeneracy which allows models with
arbitrarily small cs and negative c̃3. As we move along the degeneracy line in the cs → 0
direction, we get large contributions to f equil.

NL (proportional to (1 − 1/c2
s) and c̃3/c2

s) which
nearly cancel. If f orthog.

NL is included in the analysis (top panel), the degeneracy is broken for
sufficiently small cs, because a detectably large f orthog.

NL is generated.
We can also ask: what is the WMAP constraint on the sound speed cs during inflation?

The answer is different depending on what assumptions we make about the parameter c̃3. In
the context of ghost inflation (c̃3 = 0) or DBI inflation (c̃3 = 3(1 − c2

s)/2), we can discard
f orthog.

NL and constrain cs using f equil.
NL alone. This is because the bispectrum is always highly

correlated to the equilateral shape, so that including f orthog.
NL would not increase the statistical

power. We find the following lower bounds:

cs � 0.048 (ghost inflation, 95% CL) (61)

cs � 0.054 (DBI inflation, 95% CL) (62)

To get the most conservative constraint on cs, we would marginalize c̃3 instead of assuming
a specific value. More precisely, we define a one-variable χ2 statistic by evaluating the two-
variable χ2(cs, c̃3) at the value of c̃3 which minimizes the χ2 for a given cs:

χ2(cs)marg = min
c̃3

�
χ2(cs, c̃3)WMAP

�
(c̃3 marginalized) (63)

Converting this χ2 to a lower limit using χ2 statistics with one degree of freedom, we find:

cs � 0.011 (c̃3 marginalized, 95% CL) (64)

This very general lower limit applies to all single-field inflation models regardless of the value
of the coupling c̃3. To obtain it, it is necessary to include the new shape f orthog.

NL in the analysis.
Using f equil.

NL alone, there is no lower limit on cs when c̃3 is marginalized, due to the degeneracy
seen in the bottom panel of Fig. 8.

5 Summary

The non-Gaussianities produced by the most general single-field inflation, in the case where an
approximate shift symmetry protects the Goldstone boson, are described by two independent
parameters. The resulting shape of the signal in Fourier space can vary from being peaked

25

c̃3

c2
s

(1)

ns − 1 (2)

p
i : (3)

F (xi
, p

i
, t) (4)

fNL ∼ 10−2 (5)

2σ (6)

Θ(2)
∼ δX

∂Θ(1)

∂ log X
(7)

∆f
loc
NL ∼ 10�s (8)

∆f
loc
NL ∼ 1 (9)

∆f
loc
NL ∼ 3 (10)

n
(0)
e (δ̇e + θe − 3Φ̇) = a(ΨQ

(0) + δQ)− δeaQ
(0) (11)

w < −1 (12)

τ
�(η) = −ne(η)σT (13)

∆f
loc
NL � 3 (14)

Φ = Φ(g)(x) + f
loc.
NL (Φ(g)(x)2

− �Φ(g)(x)�2) (15)

∆f
loc.
NL ∼ 4 (16)

−29 < f
loc.
NL < 93 (17)

δng(M) = f(δc/σ(M)) (18)

δng(k) = b δDM(k) (19)

δng(k) = b(k, fNL) δDM(k) (20)

f
loc.
NL � −3.5±O(1) (21)

δkD (22)

cos(csksηr) → csks sin(csksηr) (23)

δηr (24)

δne (25)

ks (26)

kD (27)

, k
2
D ∼ σT ne(η)a(η)/η (28)

ke (29)

S
(1)(k, η) ∼ Θ(1)

0 (k, η) ∼ ζ cos(cskη) e
− k2

kD(η)2 (30)

δe = −
ṅe
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Figure 8: Top panel: 68%, 95% and 99.7% confidence regions in the single-field inflation param-
eters (cs, c̃3) from five-year WMAP data, obtained from an analysis which uses f equil.

NL and forthog.
NL

(eq. (81)). Bottom panel: Confidence regions obtained from an analysis using f equil.
NL alone (eq. (82)),

showing weaker constraints.
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PlḢ(π̇2 − (∂iπ)2) + M

4
2

�
π̇

2 + π̇
3 − π̇(∂iπ)2

�
−M

4
3 π̇

3 − M̄
2(∂2

i π) + . . .

�

Sπ =

�
d

4
x
√
−g

�
M

2
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Figure 9: WMAP constraints in the (d1, c̃3(d2 + d3)−4)-plane, for the near de Sitter model with
d1 � 4(d2 + d3)1/2.

4.4 WMAP constraints: near de Sitter models with d1 � 4(d2+d3)1/2

We can also use the two-template WMAP analysis to put constraints on the near de Sitter
parameter spaces described in sec. 2.1. In this subsection, we will consider the case d1 �
4(d2 + d3)1/2.

We take the parameters of the model to be (d1, c̃3(d2 + d3)−4). As in the preceding
subsection, we define a χ2 statistic which quantifies agreement between the model parameters
and the WMAP data, using eq. (63) above for the expectation values of the fNL estimators.
In detail, χ2 is defined as a function of (d1, c̃3(d2 + d3)−4) by:

�
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(88)

χ2 = vT C−1v (where C = Cov(f̂ equil.
NL , f̂ orthog.

NL )) (89)

In Fig. 9, we show 1σ, 2σ, and 3σ contours in the (d1, c̃3(d2 +d3)−4) plane obtained using this
χ2 statistic. The non-interacting model (d1 � 1, c̃3(d2 + d3)−4 = 0) is consistent with the
data at 2σ. (This is the case for all parameter spaces considered in this paper, since the χ2 of
the non-interacting model is independent of the parameter space into 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
inflation limit |d1| � 4(d2 + d3)1/2. Note that the range on the y-axis has been chosen so that only
models which satisfy this inequality are shown. As described in the text, a 1σ region does not appear
in the plot because this parameter space does not include any model whose χ2 gives better than 1σ

agreement with the WMAP data.

It is worth to notice that if we imposed d2 + d3 to saturate the bound d1 � 4(d2 + d3)1/2 and
we also imposed c̃3 not to be too large, then many of the most extreme values of the y-axis
in Fig. 9 would be excluded. Using eq. (41), the sound speed is given by cs ≈ (0.00993)d4/5

1 ,
and lower limits on cs are given by:

cs � 0.073 (95% CL, c̃3(d2 + d3)−4 = 0) (90)

cs � 0.0189 (95% CL, c̃3(d2 + d3)−4 marginalized) (91)

Note that the requirement that cs ≤ 1 implies d1 � 319 in this model.
So far we have neglected metric fluctuations. Following [20, 11] it is straightforward to see

that this is a good approximation for d1 � (MPl/(30M))5. For the parameter space we are
interested in, this translates in M � MPl/10 to a good approximation. When this inequality
is violated, as shown in [20, 11] the squared speed of sound c2

s of the fluctuations becomes
negative and the modes begin to grow exponentially before crossing the horizon. In this case
these models become similar to the ones shown in the next sec. 4.6, and, as we will see, are
generically very disfavored by the data.

4.5 Near-de-Sitter models with |d1| � 4(d2 + d3)1/2

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

relevant for Ghost inflation. In this case, we take the model parameters to be (d1, d2 + d3).
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ḢM
2
Pl(∂iπ)2 (10)

g
00 → g

µν
∂µ(t + π)∂ν(t + π) (11)

V̄ =
Vcl

Vin
Vcl (12)

d1

|cs|7/4
(13)

−ḢM
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Figure 11: Analysis of the near de Sitter model with c
2
s < 0 and d1 � 4ḢM

2
Pl/(M3

H). We show
the region of parameter space consistent with the WMAP upper limit f

equil.
NL � 435 (95% CL), and

the parameter constraints that must be satisfied in this model (eq. (95)). Notice that f
equil.
NL must be

positive in this model. Using loose constraints (taking K = 1 as defined below eq. (95)), a very small
region of parameter space is consistent with WMAP. Using slightly more conservative constraints
(K = 2), the entire parameter space is ruled out at 95% CL.

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

in this case f
equil.
NL has to be positive.

From eq. (44), the absolute value of the speed of sound is bounded to be

|c2
s| ≤

1

6
. (94)

The consistency of the calculation (see [19]) forces the model parameters to satisfy the fol-

lowing constraints:
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The first constraint follows from the expression for the power spectrum in eq. (49) and the

requirement that d1 � −4(d2 + d3)
1/2

in this model, which just comes from imposing that

the dispersion relation at horizon crossing is dominated by the term is csk. The second

requirement comes from imposing that the cutoff of the model is much larger than Hubble.

To make the constraints precise, let us introduce a “threshhold” parameter K > 1, and

define the symbol � in eq. (95) to mean that the ratio between the left-hand and right-hand

35

|cs| (1)

(1− 6|cs|2)d1 (2)

c2
s (3)

d1

(d2 + d3)1/2
(4)

(d2 + d3) (5)

ω2 = c2
sk

2 (6)

d1 (7)

cs (8)
c̃3

(d2 + d3)4
(9)

(10)

1

|cs| (1)

(1− 6|cs|2)d1 (2)

c2
s (3)

d1

(d2 + d3)1/2
(4)

(d2 + d3) (5)

ω2 = c2
sk

2 (6)

d1 (7)

cs (8)
c̃3

(d2 + d3)4
(9)

(10)

1

d1 < 0 (1)

π̇(∂iπ)2 ⇒ �ζ�k1
ζ�k2

ζ�k3
� (2)

ζ = Hπ + Ḣπ
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Figure 12: Analysis of the near de Sitter model with c
2
s < 0 and |d1| � 4ḢM

2
Pl/(M3

H). Notice that
this model has Ḣ > 0. We show the regions consistent with WMAP, defined using a χ

2 statistic
which includes f

equil.
NL

and f
orthog.

NL
, and the regions that are disallowed by the constraints in eq. (97).

Using loose constraints (taking K = 1 as defined below eq. (97)), there is a large region of parameter
space which is consistent with WMAP, including the “branch” in the upper right part of the plot
where f

orthog.

NL
is generated. Using somewhat more conservative constraints (K = 4), the entire

parameter space is ruled out.

If we use loose constraints (K = 1), then there is a large region of parameter space which
is consistent with WMAP, including an extended “branch” which points toward the upper
right corner in Fig. 12. This branch corresponds to models in which the contributions to the
bispectrum from the operators π̇(∂π)2 and (∂2

π)(∂π)2 have opposite signs and nearly cancel,
so that the orthogonal shape is generated instead of the equilateral shape. Because our
analysis includes f

orthog.

NL
, the branch is cut off and arbitrarily large values of the parameters

are not allowed.
If we use somewhat more conservative constraints (K = 4), then the entire parameter

space is ruled out, including the branch.
As in the former cases, we have neglected metric fluctuations. Following [20, 11] it is

straightforward to see that this is a good approximation for d2 + d3 � (MPl/(30M))10. When
this inequality is violated, as shown in [20, 11] the squared speed of sound c

2
s
of the fluctuations

is still negative. In this case the model is still very similar to the one just shown, and, as we
are seeing, it is generically very disfavored by the data.

5 Summary

The non-Gaussianities produced by the most general single-field inflation with an approximate
shift symmetry protecting the Goldstone boson are described by two independent parameters.

37

d1

|cs|7/4
(1)

−ḢM
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−ḢM
2
Pl(1 + |cs|2)
H4|cs|

(2)
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Figure 8: Top panel: 68%, 95% and 99.7% confidence regions in the single-field inflation param-
eters (cs, c̃3) from five-year WMAP data, obtained from an analysis which uses f equil.

NL and forthog.
NL

(eq. (81)). Bottom panel: Confidence regions obtained from an analysis using f equil.
NL alone (eq. (82)),

showing weaker constraints.
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Another New Signature: 
A large 4-point function without a larger 3-point function

with M. Zaldarriaga
JCAP 2011

• Large 4-point: Symmetries forces to have a leading 3-point function but for one case:

• Protected by a approximate symmetry

• Huge amount of information: function of 5 variables
• Looking it in the data 
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In the same Unitary Gauge, 
consider another massless scalar field
[Classification:
approximate shift symmetry: 
- Abelian
- Non-Abelian
- Supersymmetry]

The add conversion into curvature perturbations
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The Effective Field Theory for Multifield Inflation
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• Quadratic Lagrangian

• Cubic Lagrangian ...
• Quartic Lagrangian ....
• Notice:

- Small      speed of sound: Large coupling
- Small      speed of sound: Large coupling
- Time-kinetic mixing      -    .
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where the dots mean higher derivative or higher order terms. We see that we can have all

possible interactions involving the σ fields and the π fields. Many of these interactions are

unconstrained, but we notice that the presence of a spatial kinetic mixing fixes univocally the

coefficient of the operator π̇∂iπ∂iσJ ; while, similarly to the single filed case, the presence of

a different from one speed of sound for the σ fixes the coefficient of the operator ∂iπ∂iσI σ̇J .

————————————Hopefully, with an infinite amount of data, one could

distinguish the shapes.——————————————–

0.1 Quadratic Lagrangian

The π field can have a speed of sound different from one. The σ fields can have their own

speed of sound. Further, there can be mixing at level of the time-kinetic part.
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where the dots mean higher derivative or higher order terms. We see that we can have all

possible interactions involving the σ fields and the π fields. Many of these interactions are

unconstrained, but we notice that the presence of a spatial kinetic mixing fixes univocally the

coefficient of the operator π̇∂iπ∂iσJ ; while, similarly to the single filed case, the presence of

a different from one speed of sound for the σ fixes the coefficient of the operator ∂iπ∂iσI σ̇J .

————————————Hopefully, with an infinite amount of data, one could

distinguish the shapes.——————————————–

0.1 Quadratic Lagrangian

The π field can have a speed of sound different from one. The σ fields can have their own

speed of sound. Further, there can be mixing at level of the time-kinetic part.

0.2 Cubic Lagrangian

The cubic Lagrangian is also very interesting. There are many possible interaction terms,

but some are unequivocally by the quadratic Lagrangian. Similarly to what happens for the

Goldston boson π, where a speed of sound different from one fixes the operator the presence

of a time-kinetic mixing fixes the operator π̇(∂iπ)2:

M
4
π̇

2 → M
4
π̇(∂iπ)

2
, (9)

so we have that some cubic operator, with one or two legs associated to σ fluctuations, and
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• Quadratic Lagrangian

• Cubic Lagrangian ...
• Quartic Lagrangian ....
• Notice:

- Small      speed of sound: Large coupling
- Small      speed of sound: Large coupling
- Time-kinetic mixing      -    .
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where the dots mean higher derivative or higher order terms. We see that we can have all

possible interactions involving the σ fields and the π fields. Many of these interactions are

unconstrained, but we notice that the presence of a spatial kinetic mixing fixes univocally the

coefficient of the operator π̇∂iπ∂iσJ ; while, similarly to the single filed case, the presence of

a different from one speed of sound for the σ fixes the coefficient of the operator ∂iπ∂iσI σ̇J .

————————————Hopefully, with an infinite amount of data, one could
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where the dots mean higher derivative or higher order terms. We see that we can have all

possible interactions involving the σ fields and the π fields. Many of these interactions are

unconstrained, but we notice that the presence of a spatial kinetic mixing fixes univocally the

coefficient of the operator π̇∂iπ∂iσJ ; while, similarly to the single filed case, the presence of

a different from one speed of sound for the σ fixes the coefficient of the operator ∂iπ∂iσI σ̇J .

————————————Hopefully, with an infinite amount of data, one could

distinguish the shapes.——————————————–

0.1 Quadratic Lagrangian

The π field can have a speed of sound different from one. The σ fields can have their own

speed of sound. Further, there can be mixing at level of the time-kinetic part.

0.2 Cubic Lagrangian

The cubic Lagrangian is also very interesting. There are many possible interaction terms,

but some are unequivocally by the quadratic Lagrangian. Similarly to what happens for the

Goldston boson π, where a speed of sound different from one fixes the operator the presence

of a time-kinetic mixing fixes the operator π̇(∂iπ)2:

M
4
π̇
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4
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2
, (9)

so we have that some cubic operator, with one or two legs associated to σ fluctuations, and

the others to π fluctuations are fixed by the quadratic Lagrangian. This is so for the term

which changes the speed of sound of the σ fluctuations:

(−e1 + e2) σ̇
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and for the term that induces a time-kinetic mixing between the π and the σ field
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2
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New Signatures: new 3-point and 4-point functions 

• In  multifield inflation: 
-Impose symm.                                     
-Approximate Lorentz invariance                 kill           terms

• Large 4-point function 

• and it is a function of 5 variables!                 

• Analysis in progress 
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On the non-Abelian case with M. Zaldarriaga
1009.2093 hep-th

• Not exactly a shift symmetry:
• Building Blocks:

•. 

• Good Transformation Properties:

• Lagrangian:
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On the non-Abelian case with M. Zaldarriaga
1009.2093 hep-th

• Usual operators and maybe something else:
• No 
• Sensitive to only one field (for adiabatic fluctuations):

• Easy to suppress the standard opt’s:

• Mixed iso-adiabatic becomes large:

• A remarkable Signature 
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ḢM

2
Pl (∂π)

2
+ M

4
1

�
π̇

2
+ π̇ (∂iπ)

2�
(7)

+ M
4
2 π̇

3
+ . . .

�
(8)

x1 (9)

x2 (10)

x3 (11)

�δT (�k, ηrec)� ∼ δT
2
k cos(k ηrec)

2
(12)

⇒ w < −1 (13)

δE
2 ⇒

�
∂

2
i π

�2
(14)

δφ ⇒ δtinflation ⇒ δOverall Expansion ∼ Hδt ⇒ δρ

ρ
∼ H

2

φ̇
∼ H√

�MPl

(15)

�
H

k

�2

(16)

b(fNL = 0)→ k
2

as k → 0 (17)

bfNL → const as k → 0 (18)

k x� 1 (19)

b(k, fNL) ∼ b0

�
1 + fNL

H
2

k2

�
(20)

b→ +∞ as k → 0 (21)

δ̈ ∼ δΦ ⇒ δ
(2)

=

�
d

3
k δ

(1)
Φ

(1) → ∞ (22)

⇒ (23)

π̈ + 3Hπ̇ ∼ π̇π̈ (24)

Error ∝ 1√
Nmodes

(25)

δρ

ρ
∼ δT

T
∼ ζ ∼ Hπ (26)

� H
−1

(27)

Nc (28)

�ζζζζ� ⇒ (∂σ)
4

(1)

(∂σ)
3

: (2)

σ(∂σ)
2

: Cabcσa(∂σb)(∂σc) = 0 (3)

σ
2
(∂σ)

2
(4)

δ (5)

Φ ∼ δ

k2
(6)

∼M
4
2 (7)

∼M
4
1 (8)

S =

�
d

4
x
√
−g

�
ḢM
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SuperSymmetric case with M. Zaldarriaga
1009.2093 hep-th

• Chiral Multiplet                             , with shift symmetry
• In dS, propagator modified at

• Because of week coupling, radiative corrections stop at                      with
• no relevant mass is generated
• Leading interaction                          with no

• Another way to get detectable                and no      
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Operator Dispersion Type Origin Squeezed L.

w = csk w ∝ k2

σ̇4 , σ̇2(∂iσ)2 , (∂iσ)4 X Ad., Iso. Ab., non-Ab.

(∂µσ)4 X Ad., Iso. Ab., non-Ab.

σ4 X X Ad., Iso. Ab.s, non-Ab.s, S.� X

σ̇σ3 X X Ad., Iso. Ab.†s, non-Ab.†s. X

σ2σ̇2 , σ2(∂iσ)2 X X†� Ad.†�, Iso. non-Ab, Ab.†s
�, non-Ab.†s

�, X

σ2(∂µσ)2 X Ad.†�, Iso. non-Ab, Ab.†s
�, non-Ab.†s

�, S.� X

σ(∂σ)3 X Iso. non-Ab.�s. X

σ̇3 , σ̇(∂iσ)2 X Ad., Iso. Ab., non-Ab.

σ̇(∂iσ)2 , ∂2
j σ(∂iσ)2 X Ad., Iso. Ab.

σ3 X X Ad., Iso. Ab.s, non-Ab.s, S, R X

σ̇σ2 X X Ad., Iso. Ab.s, non-Ab.s X

σσ̇2 , σ(∂iσ)2 X X Ad., Iso. Ab.†s
�, non-Ab.†s

� X

σ(∂µσ)2 X Ad., Iso. Ab.†s
�, non-Ab.†s

�. X

Table 1: Signatures in Multi-field Inflation. In the first column we give the operator generating the

non-Gaussian signal: operators quartic in the σ’s lead to a four-point function, operators cubic in the

σ’s 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.) fluctuations. 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 subscript s 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 effective 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 φ(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 constant t, i.e. δφ(�x, t) = 0. In

this ‘unitary’ gauge there are no explicit scalar perturbations but only metric fluctuations. As

time diffeomorphisms have been fixed 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 effective action with operators that are functions

of the metric fluctuations and that are invariant under the linearly-realized time-dependent

spatial diffeomorphisms. As usual with effective field theories, this can be done in a low energy

expansion in fluctuations of the fields and derivatives. We obtain the following Lagrangian
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 New Signatures: new 3-point and 4-point functions 
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Table 2: Signatures in Single-Clock Inflation with a continuous shift symmetry. The signal associ-
ated to the four-point function when the dispersion relation is of the form ω ∝ k

2 is quite rich, and
we refer to [5] for a discussion abut it.

[1, 6]:
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�
, (1)

where we denote by δKµν the variation of the extrinsic curvature of constant time surfaces
with respect to the unperturbed FRW: δKµν = Kµν − a

2
Hhµν with hµν being the induced

spatial metric, and where M2,3 and M̄1,2,3 represent some time-dependent mass scales.
Let us comment briefly on (1). The first term is the Eistein-Hilbert term. The first

three terms are the only ones that start linearly in the metric fluctuations. The coefficients
have been carefully chosen to ensure that when combined the linear terms in the fluctuations
cancel. The action must start quadratic in the fluctuations. The terms in the second line start
quadratic in the fluctuations 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 field inflation 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
diffeomorphism (Stückelberg 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 fluctuations 4.

As anticipated, we reintroduce the Goldstone boson (π) by performing a broken time-diff.,
calling the parameter of the transformation −π, and then declaring π to be a field that under
time diff.s of the form t→ t + ξ

0(x) transforms as

π(x) → π̃(x̃(x)) = π(x)− ξ
0(x) . (2)

4Equivalently, the neglected effects are suppressed by slow-roll parameters or by powers of H/MPl.
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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 fluctuations 4.

As anticipated, we reintroduce the Goldstone boson (π) by performing a broken time-diff.,
calling the parameter of the transformation −π, and then declaring π to be a field that under
time diff.s of the form t→ t + ξ

0(x) transforms as

π(x) → π̃(x̃(x)) = π(x)− ξ
0(x) . (2)

4Equivalently, the neglected effects are suppressed by slow-roll parameters or by powers of H/MPl.
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(∂µσ)4 X Ad., Iso. Ab., non-Ab.

σ4 X X Ad., Iso. Ab.s, non-Ab.s, S.� X

σ̇σ3 X X Ad., Iso. Ab.†s, non-Ab.†s. X

σ2σ̇2 , σ2(∂iσ)2 X X†� Ad.†�, Iso. non-Ab, Ab.†s
�, non-Ab.†s

�, X

σ2(∂µσ)2 X Ad.†�, Iso. non-Ab, Ab.†s
�, non-Ab.†s

�, S.� X

σ(∂σ)3 X Iso. non-Ab.�s. X

σ̇3 , σ̇(∂iσ)2 X Ad., Iso. Ab., non-Ab.

σ̇(∂iσ)2 , ∂2
j σ(∂iσ)2 X Ad., Iso. Ab.

σ3 X X Ad., Iso. Ab.s, non-Ab.s, S, R X

σ̇σ2 X X Ad., Iso. Ab.s, non-Ab.s X

σσ̇2 , σ(∂iσ)2 X X Ad., Iso. Ab.†s
�, non-Ab.†s

� X

σ(∂µσ)2 X Ad., Iso. Ab.†s
�, non-Ab.†s

�. X

Table 1: Signatures in Multi-field Inflation. In the first column we give the operator generating the

non-Gaussian signal: operators quartic in the σ’s lead to a four-point function, operators cubic in the

σ’s 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.) fluctuations. 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 subscript s 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 effective 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 φ(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 constant t, i.e. δφ(�x, t) = 0. In

this ‘unitary’ gauge there are no explicit scalar perturbations but only metric fluctuations. As

time diffeomorphisms have been fixed 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 effective action with operators that are functions

of the metric fluctuations and that are invariant under the linearly-realized time-dependent

spatial diffeomorphisms. As usual with effective field theories, this can be done in a low energy

expansion in fluctuations of the fields 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 ω ∝ k
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have been carefully chosen to ensure that when combined the linear terms in the fluctuations
cancel. The action must start quadratic in the fluctuations. The terms in the second line start
quadratic in the fluctuations 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 field inflation 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
diffeomorphism (Stückelberg 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 fluctuations 4.

As anticipated, we reintroduce the Goldstone boson (π) by performing a broken time-diff.,
calling the parameter of the transformation −π, and then declaring π to be a field that under
time diff.s of the form t→ t + ξ

0(x) transforms as

π(x) → π̃(x̃(x)) = π(x)− ξ
0(x) . (2)

4Equivalently, the neglected effects are suppressed by slow-roll parameters or by powers of H/MPl.
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relation the signal can be generated. In the third we explain if the signal can appear in the Adiabatic

(Ad.) or the Isocurvature (Iso.) fluctuations. 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 subscript s 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 effective 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 φ(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 constant t, i.e. δφ(�x, t) = 0. In

this ‘unitary’ gauge there are no explicit scalar perturbations but only metric fluctuations. As

time diffeomorphisms have been fixed 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 effective action with operators that are functions

of the metric fluctuations and that are invariant under the linearly-realized time-dependent

spatial diffeomorphisms. As usual with effective field theories, this can be done in a low energy

expansion in fluctuations of the fields and derivatives. We obtain the following Lagrangian
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where we denote by δKµν the variation of the extrinsic curvature of constant time surfaces
with respect to the unperturbed FRW: δKµν = Kµν − a
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Hhµν with hµν being the induced

spatial metric, and where M2,3 and M̄1,2,3 represent some time-dependent mass scales.
Let us comment briefly on (1). The first term is the Eistein-Hilbert term. The first

three terms are the only ones that start linearly in the metric fluctuations. The coefficients
have been carefully chosen to ensure that when combined the linear terms in the fluctuations
cancel. The action must start quadratic in the fluctuations. The terms in the second line start
quadratic in the fluctuations 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 field inflation 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
diffeomorphism (Stückelberg 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 fluctuations 4.

As anticipated, we reintroduce the Goldstone boson (π) by performing a broken time-diff.,
calling the parameter of the transformation −π, and then declaring π to be a field that under
time diff.s of the form t→ t + ξ

0(x) transforms as

π(x) → π̃(x̃(x)) = π(x)− ξ
0(x) . (2)

4Equivalently, the neglected effects are suppressed by slow-roll parameters or by powers of H/MPl.
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non-Gaussian signal: operators quartic in the σ’s lead to a four-point function, operators cubic in the

σ’s 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.) fluctuations. 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 subscript s 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 effective 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 φ(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 constant t, i.e. δφ(�x, t) = 0. In

this ‘unitary’ gauge there are no explicit scalar perturbations but only metric fluctuations. As

time diffeomorphisms have been fixed 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 effective action with operators that are functions

of the metric fluctuations and that are invariant under the linearly-realized time-dependent

spatial diffeomorphisms. As usual with effective field theories, this can be done in a low energy

expansion in fluctuations of the fields and derivatives. We obtain the following Lagrangian
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Hhµν with hµν being the induced

spatial metric, and where M2,3 and M̄1,2,3 represent some time-dependent mass scales.
Let us comment briefly on (1). The first term is the Eistein-Hilbert term. The first

three terms are the only ones that start linearly in the metric fluctuations. The coefficients
have been carefully chosen to ensure that when combined the linear terms in the fluctuations
cancel. The action must start quadratic in the fluctuations. The terms in the second line start
quadratic in the fluctuations 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 field inflation 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
diffeomorphism (Stückelberg 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 fluctuations 4.

As anticipated, we reintroduce the Goldstone boson (π) by performing a broken time-diff.,
calling the parameter of the transformation −π, and then declaring π to be a field that under
time diff.s of the form t→ t + ξ

0(x) transforms as

π(x) → π̃(x̃(x)) = π(x)− ξ
0(x) . (2)

4Equivalently, the neglected effects are suppressed by slow-roll parameters or by powers of H/MPl.
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calling the parameter of the transformation −π, and then declaring π to be a field that under
time diff.s of the form t→ t + ξ

0(x) transforms as

π(x) → π̃(x̃(x)) = π(x)− ξ
0(x) . (2)

4Equivalently, the neglected effects are suppressed by slow-roll parameters or by powers of H/MPl.
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What is next?

Theory
• Adding Gauge Bosons and Fermions

• Higher derivative interactions in         , ex:

• Relaxing the shift-symmetry of 

• Backreaction from additional Fields on       , EFT for thermal and trapped Inflat.
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ḢM

2
Pl (∂π)

2
+ M

4
1

�
π̇

2
+ π̇ (∂iπ)

2�
(10)

+ M
4
2 π̇

3
+ . . .

�
(11)

x1 (12)

x2 (13)

x3 (14)

�δT (�k, ηrec)� ∼ δT
2
k cos(k ηrec)

2
(15)

⇒ w < −1 (16)

δE
2 ⇒

�
∂

2
i π

�2
(17)

δφ ⇒ δtinflation ⇒ δOverall Expansion ∼ Hδt ⇒ δρ

ρ
∼ H

2

φ̇
∼ H√

�MPl

(18)

�
H

k

�2

(19)

b(fNL = 0)→ k
2

as k → 0 (20)

bfNL → const as k → 0 (21)

k x� 1 (22)

b(k, fNL) ∼ b0

�
1 + fNL

H
2

k2

�
(23)

b→ +∞ as k → 0 (24)

δ̈ ∼ δΦ ⇒ δ
(2)

=

�
d

3
k δ

(1)
Φ

(1) → ∞ (25)

⇒ (26)

π̈ + 3Hπ̇ ∼ π̇π̈ (27)

Error ∝ 1√
Nmodes

(28)

(∂
4
π)

3
(1)

π (2)

�ζζζζ� ⇒ (∂σ)
4

(3)

(∂σ)
3

: (4)

σ(∂σ)
2

: Cabcσa(∂σb)(∂σc) = 0 (5)

σ
2
(∂σ)

2
(6)

δ (7)

Φ ∼ δ

k2
(8)

∼M
4
2 (9)

∼M
4
1 (10)

S =

�
d

4
x
√
−g

�
ḢM
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Conclusions
Exploring the beginning of the Universe

• Many observational data, and many more to come

• Power Spectra: scalar and gravity waves
• Non-Gaussianities: Richness of information

• Smoking Gun
• Interactions

• Learning about the origin of the Universe and the high energy physics
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PlḢ(∂µπ)2 + M

4
2

�
π̇

2 + π̇
3 − π̇(∂iπ)2

�
−M

4
3 π̇

3 − M̄
2(∂2

i π)2 + . . .

�
(25)

Sπ =

�
d

4
x
√
−g

�
M

2
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Figure 8: Top panel: 68%, 95% and 99.7% confidence regions in the single-field inflation
parameters (cs, c̃3) from five-year WMAP data, obtained from an analysis which uses f equil.

NL

and f orthog.
NL (Eq. (59)). Bottom panel: Confidence regions obtained from an analysis using

f equil.
NL alone (Eq. (60)), showing weaker constraints.
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