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EFT in cosmology

Prolification of EFT tecniques in cosmology. Why?

Better and better data! 

E.g.  Before year 2000 ΩK < 1, now ΩK < 0.005   

1.  Explore all possible models
2.  Parametrize needed precision
3.  Parametrize uncalculable effects

Separation of scales





EFT of Large Scale Structure

Describe perturbatively 
clustering of DM
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Figure 8: Relevance of higher order perturbative correction, normalized. We plot one-
loop EFT (solid red), two-loop EFT (solid blue) and linear EFT (equivalent to linear SPT, dotted green),
normalized to the non-linear data (solid black). We also show one-loop (dashed red) and two-loop (dashed
blue) SPT, normalized to non-linear data. The dotted black line is the 2-� limit associated with 1%
agreement with the non-linear data, that we take to have a 1-� error of 1%, as in Fig. 6. The red and
blue bands show the 2-� errors on the one- and two-loop EFT parameters respectively. See Fig. 9 for
unnormalized plot.

and ⇡
S

. Notice that ⇡i has also a vorticity component ⇡i

V

= ✏ijk@
j

⇡k. This term is vanishingly
small at linear level, as vector modes decay in the early universe. Interesting, this term is not
sourced by the leading order c2

s(1)

-like terms that represent the linear response of the short scale
stress tensor from the long modes. It is however sourced by non-linear terms in its equations of
motion. Here we focus on ⇡

S

, whose predictions we compare to measurements from the same set
of simulations.

Specifically, we use simulations by Okumura et al. [25], based on a flat ⇤CDM model with
⌦

b

h2 = 0.0226, ⌦
m

h2 = 0.1367, h = 0.7, n
s

= 0.96, and �
8

= 0.807. Strictly speaking, as
we will explain later, what enters in the computation of the momentum is not only c

1

(a) at a
given redshift but also its time derivatives at the same redshift. In principle, by measuring the
matter power spectrum at various redshifts, we could reconstruct the time derivative of c

1

. We
believe that this requires precise sampling of the N -body simulations as a function of redshift,
something that is not available to our collaboration currently. We therefore leave this exploration
for future work. What we will do is to compare the prediction of the power momenta as obtained
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New terms integrating out short modes

Continuity + Euler equations

Describe perturbatively 
clustering of DM





EFT of Bias

How to relate distributions of tracers (clusters, Galaxies) to the 
underlying mass distribution?

Mc Donald 06

�h(~x, t) = b1�(~x, t) + b2�
2(~x, t) + . . .+ br2r2

�(~x, t) + . . .+ (@i@j�)
2 + . . .

•  Separation of scales object/perturbation
•  All operators compatible with symmetries (e.g. equivalence principle)
•  Composite operators, renormalization....



ä

a
= �4�G

3
(⇥ + 3p) > 0 S =

Z
d4x
p
�g

"
M2

p

2
R� 1

2
(⇥�)2 � V (�)

#

Slow-roll inflation

friction is dominant

H2 =
8⇡G

3
⇢� k

a2
Curvature redshifts away during inflation



Each inflaton Fourier mode behaves as a harmonic oscillator 
with time dependent parameters 

S =
1
2

Z
dtd3x

⇥̇2

H2

h
a3�̇2 � a(⇤�)2

i �� = 0

hij = a2(t)
⇥
e2�⇥ij + �ij

⇤

~ 6= 0



h⇣~k1
⇣~k2

i h⇣~k1
⇣~k2

⇣~k3
i h�~k1

�~k2
⇣~k3

ih�~k1
�~k2

i ....



We were born Gaussian

Slow-roll = weak coupling = Gaussianity 

⇤ � V (4) . O(�3, ⇥3)(10�5)2

Compare with Higgs: λ ∼ 0.12

NG � fNL · P 1/2
� . 3 · 10�4



Effective Field Theory of Inflation
PC, Luty, Nicolis, Senatore 06
Cheung, PC, Fitzpatrick, Kaplan, Senatore 07 

EFT: 
•  Identify relevant degrees of freedom: focus on single-field inflation
•  Identify symmetries at play

•  Write lowest dim. operators compatible with symmetries

t = const

Privileged slicing

t ! t+ ⇠

0(t, ~x) x

i ! x

i + ⇠

i(t, ~x)



Effective Field Theory of Inflation

Fully diff. invariant



Effective Field Theory of Inflation

g00 is invariant under spatial diffs.



Effective Field Theory of Inflation

coefficients are fixed by background 



Effective Field Theory of Inflation

Quadratic, cubic etc operators only affect perturbations at given order



Effective Field Theory of Inflation

Higher derivative corrections suppressed by      (unless extra symmetry) 



All the models

•  Standard slow-roll:

•  K-inflation:

•  Galileon inflation, Ghost inflation



Decoupling limit
At high energy the Goldstone decouples (like longitudinal Ws): usually 

good for inflation

Planck Collaboration: Planck 2015 Results. Constraints on primordial NG

Fig. 23. 68 %, 95 %, and 99.7 % confidence regions in the param-
eter space ( f equil

NL , f ortho
NL ), defined by thresholding �2 as described

in the text.
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Fig. 24. 68 %, 95 %, and 99.7 % confidence regions in the single-
field inflation parameter space (cs, c̃3), obtained from Fig. 23 via
the change of variables in Eq. (80).

�2 statistic given by �2(c̃3, cs) = uT (c̃3, cs)C�1u(c̃3, cs), where
vi(c̃3, cs) = f i(c̃3, cs) � f i

P (i={equilateral, orthogonal}), f i
P be-

ing the joint estimates of equilateral and orthogonal fNL (see
Table 11), C the covariance matrix of the joint estimators and
f i(c̃3, cs) is provided by Eq. (80). As an example in Fig. 23
we show the 68 %, 95 %, and 99.7 % confidence regions for
f equil
NL and f ortho

NL obtained from the T + E constraints, requiring

�2  2.28, 5.99, and 11.62 respectively, corresponding to a �2

variable with two degrees of freedom. In Fig. 24 we show the
corresponding confidence regions in the (c̃3, cs) parameter space.
Marginalizing over c̃3 we find

cs � 0.020 95 % CL (T-only) , (81)

and
cs � 0.024 95 % CL (T+E) . (82)

The constraints improve by a few % in T-only and by up to
25 % by including polarization, in comparison with those of
Planck Collaboration XXIV (2014).

Galileon models of inflation
Galileon models of inflation (Burrage et al. 2011;

Kobayashi et al. 2010; Mizuno & Koyama 2010;
Ohashi & Tsujikawa 2012) are well motivated models based
on the so called “Galilean symmetry” (Nicolis et al. 2009).
They are characterized by stability properties that are quite
well understood (ghost-free, stable against quantum correc-
tions) and can arise naturally within fundamental physics
setups (de Rham & Gabadadze 2010b,a). Moreover they are an
interesting example of models where gravity is modified on
large scales and we focus on them also as a typical example
of a more general class of modified gravity theories which is
ghost-free (the so called Horndesky theories (Horndeski 1974)).
The predictions for the primordial perturbations are very rich.
Bispectra can be generated with the same shapes as the “EFT1”
and “EFT2” bispectra (see also discussion in Creminelli et al.
2011), however the amplitude(s) scale with the fluctuation
sound speed as c�4

s , di↵erently from the general single-field
models of inflation considered in the above subsection. They
can be written as (at the lowest-order in slow-roll parameters)

f EFT1
NL =

17
972

 

� 5
c4

s
+

30
c2

s
� 40

csc̄s
+ 15

!

(83)

f EFT2
NL =

1
243

 

5
c4

s
+

30/A � 55
c2

s
+

40
csc̄s
� 320

cs

c̄s
� 30

A
+ 275

� 225c2
s + 280

c3
s

c̄s

!

. (84)

Here A, c̄s and cs are dimensionless parameters of the mod-
els. In particular cs is the sound speed of the Galileon scalar
field, while c̄s is a parameter that appears to break the stan-
dard consistency relation for the tensor-to-scalar perturbation
ratio (r = 16✏c̄s = �8nTc̄s, nT being the tensor spectral in-
dex)21. Accordingly to Eq. (80) a linear combination of these
two bispectra generate equilateral and orthogonal bispectra tem-
plates22. From the Planck constraints on f equil

NL and f ortho
NL , see

Table 11, we derive constraints on these model parameters fol-
lowing the procedure described at the beginning of this Section.
We choose log-constant priors in the ranges 10�4  A  104, and
10�4  c̄s  102, together with a uniform prior 10�4 < cs < 1.
These priors have been choosen essentially on the basis of per-
turbative regime validity of the theory and to allow for a quite

21 For the explicit expressions of these parameters in terms of the
coe�cients of the Galileon Lagrangian see Planck Collaboration XX
(2015).

22 Notice that we are neglecting O(✏1/c4
s ) corrections (where O(✏1)

means also O(⌘s, s, ...)) (Burrage et al. 2011; Ribeiro & Seery 2011).
These corrections will have a di↵erent shape associated with them and
they are not necessarily small when compared with some of the terms
displayed, e.g., the terms O(1/c2

s ).
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Relevant target:  fNL
EQ ~ 1   cs ~ 1

Planck 2015

Analogue of precision EW observables



Present and future of NGs

•  fNL
eq < 43      Th. target:  fNL

eq ~ 1

Very difficult to achieve on a 10y timescale

•  fNL
loc < 5      Th. target: fNL

loc ~ 1 
     (second-field mechanism usually gives fNL

loc > 1)
  
Possible (?) with next generation LSS probes

... dreams about 21cm 



The plane

P� = A · k�3+(ns�1)



The plane

Harrison – Zeldovich and φ2 gone



Mountains or hills ?

Around a minimum 
all functions look 

        the same…
V =

1
2
m2�2

We now know it is not as simple as that !

Landscape:





Present: r < 0.07 (BICEP-Keck 95-150 GHz + Planck) 

Future. B-modes search is ongoing by many experiments:


• Ground based telescopes: ACTpol/AdvACT, CLASS, Keck/BICEP3, 
Qubic, Quijote, Polarbear, Simons Array, Spud, SPTpol/-3G, Stage IV; 

• Balloon experiments: EBEX, Lspe, SPIDER, PIPER; 
•  Satellite missions: CMBPol, Pixie (NASA), EPIC (NASA), LiteBIRD (KEK), 

CoRE+ (ESA).

r = 0.001 achievable (?) even with ground-based and balloon borne experiments
( 100 smaller than background )

The hunt for tensor modes



Robust signature

•  It is easy to play with scalar perturbations: 

1.  choice of potential
2.  speed of propagation cS

3.  many scalars (effects on late Universe)

•  It is not easy to play with gravity ! GWs are direct probes of H



Speed of gravity

Effective field theory of inflation:

t = const

Parametrize the most general dynamics 
compatible with symmetries

S =
Z

d4x
p
�g

M2
Pl

2

h
R� 2

�
Ḣ + 3H2

�
+ 2Ḣg00 �

�
1� c�2

T (t)
��

�Kµ��Kµ� � �K2
�i

�2
T =

2
�2

H2

M2
Pl

· 1
cT (t)



•  Scale invariance without H ~ const.
•  PT does not measure energy scale
•   

�2
T =

2
�2

H2

M2
Pl

· 1
cT (t)

PC, Gleyzes, Noreña, Vernizzi 14 

nT 6= 2Ḣ/H2 < 0

Speed of gravity
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•  Scale invariance without H ~ const.
•  PT does not measure energy scale
•   

�2
T =

2
�2

H2

M2
Pl

· 1
cT (t)

gµ� 7! gµ� � (1� c2
T )⇥µ�⇥��/(⇥�)2

PC, Gleyzes, Noreña, Vernizzi 14 

nT 6= 2Ḣ/H2 < 0

Z
d4x

p
�g̃

M2
Pl

2

⇢
R̃� 2

� ˙̃H + 3H̃2
�

+ 2 ˙̃Hg̃00 + 2
�
1� c2

T

� ˙̃H ⇥
⇣
1�

p
�g̃00

⌘2
�

NG in original frame beyond decoupling!

ċT = 0

Speed of gravity

Disformal transformation:



Higuchi bound Higuchi 87

Spin-2 particles in de Sitter with m2 < 2H2 are forbidden (besides the graviton)

Group theoretical statement

Note that we only care about ✏ up to an overall scale, therefore we can generically take it to
be of this form. Then we find that the two point function in Fourier space is proportional
to (see appendix A)

h✏s.O~k ✏̃
s.O�~ki0 / k2��3I

2

(~✏, ~̃✏, k̂) , with k̂ ⌘
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�(�� 1 + s)
(3.27)

I
2

(~✏, ~̃✏, k̂) = e�is( � 0
)

2

F
1

(�� s� 1,�2s, 2� s��;�ei( � 
0
)) (3.28)

Here m indicates the angular momentum of the mode around the ~k direction. We some-
times call this the “helicity” of the mode. The factor in parenthesis in (3.26) is an un-
interesting normalization factor, see appendix (A). The I

2

(�,m) factor is a phase for
� = 3

2

+ iµ, with µ real. Note that the hypergeometric function in (3.28) is a polynomial.
This formula contains an interesting lesson. First, let us recall the formula that gives

the dimension in terms of the mass for a spin s field [21]

�± =
3

2
±
s✓

s� 1

2

◆
2

� m2

H2

=
3

2
± iµ (3.29)

where the last equality defines µ. When m = 0 we have a gauge symmetry in the bulk. In
this case, �

+

= 1 + s which is the dimension of a conserved current. Let us now consider
the massive case, but with a small enough mass so that �± are real. The leading late
time behavior of the expectation value of the field is given in terms of the component with
dimension ��, which is associated to the more slowly decaying function. An interesting
feature of the coe�cients in (3.28) is that they can change sign. First, let us see this in a
concrete example. Consider the s = 2 case

h✏2.O~k ✏̃
2.O�~ki0 / k2��3


e�2i� +

4(3��)

�
e�i� +

6(3��)(2��)

(�� 1)�
+

4(3��)

�
ei� + e2i�

�

(3.30)
with � =  � 0. Note that for any integer spin I

2

in (3.27) is a ratio of simple polynomials
of �. Let us start with � = 3

2

where all terms are positive. As � decreases we see that the
middle term changes sign at � = 1. The fact that it diverges at � = 1 is related to the
fact that the kinetic term for this mode becomes zero. This is the phenomenon of partial
masslessness discussed in [22, 23]. For �� < 1 we have a negative sign. This negative
sign is a problem because the term corresponds to the expectation value of a field and its
complex conjugate4, which should be positive. Note that here we are using that for real

4Now that for  0 =  , ~✏̃ = ~✏

⇤ in (3.25).
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Arkani-Hamed, Maldacena 15

For example one cannot have KK gravitons with a small mass

Becomes negative 
for Δ <1

Oij ⇠ ⌘�

No extra light spin-2 during inflation



Squeezed limits

The long mode is already classical when the other freeze 
and acts simply as a rescaling of the coordinates

⇥(t, ⇤x) = ⇥0(t) hij = e2�(t,⇥x)�ij

Single-field consistency relation for 3pf 
Maldacena 03
PC, Zaldarriaga 04

h
ij

= e2⇣(t,~x)
⇣
e�(t,~x)

⌘

ij

~q ! 0

fNL
local as smoking gun for multifield models

⇣�

Violated in multifield:

lim

~q!0
h⇣~q ⇣~k1

⇣~k2
i0 = �h⇣~q ⇣�~qi0h⇣~k1

⇣�~k1
i0
d log k31h⇣~k1

⇣�~k1
i0

d log k1



Same logic leads to

Tensor consistency relation for 3pf 

But this is valid also for multi-field models of inflation

see also Dimastrogiovanni, Fasiello, 
Kamiokowski 15

⇣ ⇣� ⇣ ⇣�

�

Violated if there are extra tensors

lim
~q!0

h�s
~q ⇣~k1

⇣~k2
i0 = �h�s

~q �
s
~�q

i0✏sijki1k
j
1

@

@k21
h⇣~k1

⇣�~k1
i0



Ways out

Different symmetry patterns

E.g.  Solid inflation (also Gauge-flation, Chromo-Natural...)

CR rescaling argument fails 
+ extra tensors 

8

With this identification, the computation of the
scalar two-point function on the anisotropic back-
ground is amenable to the techniques spelled out
throughout this paper. We just need the trilinear
action for one tensor and two scalar modes, which
to lowest order in slow-roll reads8:

Sγζζ =M2
Pl

∫

d4xa3H2 FY

F

{

8
9γij ∂

iπj ∂kπ
k

− 4
3γij ∂

iπk∂jπk)
}

, (47)

where we have used that for scalar modes ∂iπj is a
symmetric matrix. For a very long wavelength back-
ground γ, we can then see immediately that this
interaction term is, once again, just a renormaliza-
tion of the speed of the longitudinal modes c2L → c̃2L
where

c̃2L = c2L +
4

9

FY

F

1

ϵ
(k̂ik̂jγij) . (48)

For the γij of eq. (46), and letting θ now denote the

angle between k⃗ and the x̂ direction, this corrects
the scalar spectrum as

Pζ(k) → Pζ(k)

(

1− σ
10

9

FY

F

1

c2Lϵ
(3 cos2 θ − 1)

)

,

(49)
thus allowing us to compute the order-one factor
that was left generic in [13].
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Appendix: Tensors

The cubic part of the solid Lagrangian involving a
single tensor can be found by expanding the action
in [1]:

Lγππ =M2
Pl a

3H2FY

F

{

8
9∂kπ

kγij∂
iπj − 2

3γij∂
jπk∂kπ

i

− 1
3γij∂jπ

k∂jπ
k − 1

3γij∂kπ
j∂kπ

i
}

. (A.1)

8 This can be found by expanding the full action for solid
inflation contained in [1]. We note that working to lowest
order in the slow-roll parameters allows one to neglect δN
and N i as they will be of order ϵπ.

This yields the soft limits

⟨γλq⃗→0ζk⃗ζ−k⃗⟩
′ = −

10

9

FY

F
Pγ(q)Pζ(k)

1

c2Lϵ

(

k̂ik̂jϵλij
)

,

(A.2)

⟨γλq⃗→0πλ1,k⃗
πλ2,−k⃗⟩

′ =−
5

6

FY

F
Pγ(q)PT (k)

1

c2T ϵ

× ϵλij
(

k̂ik̂jελ1
· ελ2

+ εiλ1
εjλ2

)

,
(A.3)

for the scalar and vector cases, where the po-
larization tensors are normalized according to
ϵsij(k⃗)ϵ

s′
ji(−k⃗) = 2δss

′

, and where the power spec-
trum is given in [1]:

Pγ(q) =
H2

M2
Pl

1

q3
. (A.4)

We omit the mixed tensor-scalar-vector case, for
the same reasons as before, as well as the relations
where the two-point function for the short modes
contains a single tensor. Since Pγ(k) does not de-
pend on speed c2T to leading order in slow-roll, in
order to find the correlators ⟨ζγγ⟩, ⟨πT γγ⟩, ⟨γγγ⟩
we need to keep the next to leading corrections in
the expression in [1]:

Pγ(k) =
H2

c

M2
Pl

(k/aH)8c
2

T
ϵc/3

(k/acHc)ϵc
1

k3

∼
H2

c

M2
Pl

1

k3

{

1 +
8c2T ϵc
3

log

(

k

aH

)

− ϵc log

(

k

acHc

)}

(A.5)

where the subscript denotes the value of the param-
eter at some fiducial time (e.g. at the horizon cross-
ing time for the longest observable mode), and the
approximation is appropriate when the logarithm is
large (typically it will be of order the number of e-
foldings) but the combination ϵ × log is still small.
In this approximation, the relevant parts of the cu-
bic solid Lagrangian for calculating the leading order
contribution to the squeezed three-point function are

Lγγγ =M2
Pl a

3H2FY

F

{

− 1
9γijγjkγki

}

, (A.6)

Lπγγ =M2
Pl a

3H2FY

F

{

− 2
9 (∂ · π)γijγji + 2

3γijγjk∂
kπi

}

.

(A.7)

which yield the soft limits

⟨ζq⃗→0γ
s
k⃗
γs

′

−k⃗
⟩′ =

16

9

FY

F
Pζ(q)Pγ(k) log

(

k

aH

)

×
(

ϵsijϵ
s′

ji − 3q̂iϵsijϵ
s′

jk q̂
k
)

, (A.8)

Endlich, Nicolis, Wang 12
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The scalar tilt

Did we expect that? Can we learn something on r? 

It is of order 1/N (~ 0.02)

True in many cases: V =
1
2
m2�2 ns � 1 = � 2

N

ns � 1 = �5

3
· 1

N
V = V0

 
1�

✓
�

µ

◆�4
!

V ⇠ V0(1� e��/M ) ns � 1 = � 2

N

Planck:

Brane 
inflation

Starobinsky, 
 Higgs inflation…

ns � 1 = �0.0348± 0.0047 (& 7�)



and not in others…

•  Hybrid: V =
1

2
m2⇥2 +

1

4
�(⇤2 �M2)2 +

1

2
⇤2⇥2

ns � 1 = 2M2
Pm

2/V0 independent of N

•  Natural inflation: V = V0


1� cos

✓
�

f

◆�

ns � 1 = �a2
✓
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4

(2 + a2)ea2N � 2

◆
a ⌘ MP

f

It scales like 1/N only for a << 1

Small but not so small 
because of SUGRA 

corrections (η-problem)?
Why not ns -1 ~ 0.1 ?
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Let us take it seriously

nS -1 scales as 1/N in a window (larger than observable one)

ns � 1 = �2⇥+
d log ⇥

dN
= � �

N

⇥(N) =
1

2(�� 1)�1N +AN↵

I assume one of the two 
scalings wins in the window

PC, Dubovsky, Nacir, Simonović, Trevisan, 
Villadoro, Zaldarriaga 14 

Similar to Mukhanov 13 and Roest 13



EFT of Dark Energy

Eq. (86) M2 αM αK αB αT αH

Eq. (59) 2AK
1

H

d

dt
lnAK

2LN + LNN

2H2AK

B
4HAK

G∗

AK
− 1

G∗ + B∗
R

AK
− 1

Eq. (12) of [1] 2LS
1

H

d

dt
lnLS

2LN + LNN

2H2LS

2HLSN + LKN

4HLS

L∗
R

LS
− 1

L∗
R + L∗

NR

LS
− 1

Eq. (30) Eq. (87) M2
∗ f + 2m2

4
M2

∗ ḟ + 2(m2
4)
·

M2H

2c+ 4M4
2

M2H2

M2
∗ ḟ −m3

3

2M2H
−
2m2

4

M2

2(m̃2
4 −m2

4)

M2

Table 1: In the first row, the parameters αi introduced in eqs. (67), (68), (78) and (82), i.e. the Lagrangian
coefficients of eq. (86). These parameters are written in terms of the Lagrangian coefficients of eq. (59), defined
in eqs. (51)–(54) (second row), of the coefficients introduced in [1], where the derivative of the Lagrangian L
with respect to N , K, S = KijKij , R, Z ≡ RijRij and Y ≡ RijKij (third row) and, finally, of the EFT
Lagrangian, action (87) (fourth row). All these quantities are understood to be evaluated on the background,
with N̄ = 1.

When adding matter to the dark energy Lagrangian, the kinetic and spatial gradient terms of the
scalar fluctuations acquire new contributions that modify the expression for the sound speed [19, 20].
The final expression for the sound speed, when matter is present, reads

c2s = −2
(1 + αB)2

α

{

1 + αT −
1 + αH

1 + αB

(

1 + αM −
Ḣ

H2

)

−
1

H

d

dt

(

1 + αH

1 + αB

)

}

−
(1 + αH)2

α

ρm + pm
M2H2

.

(85)
In the simple case of k-essence field with a Lagrangian P (φ,X), where all αi coefficients vanish
except αK = (2X̄PX + 4X̄2PXX)/(M2H2), the above formula yields c2s = −2Ḣ/(αKH2) − (ρm +
pm)/(αKM2H2) and one recovers c2s = PX/(PX + 2X̄PXX) after using the Friedmann equation
Ḣ = −(2X̄PX + ρm + pm)/(2M2).

3.3 Link with the building blocks of dark energy

In the previous subsection, we have focussed our attention on Lagrangians that satisfy the conditions
(76) in order to get propagation equations with no more than two (space) derivatives. At quadratic
order, the most general action of the form (59) that satisfies these conditions can be written in the
form

S(2) =

∫

d3xdta3
M2

2

[

δKijδK
ij − δK2 + (1 + αT )

(

R
δ
√
h

a3
+ δ2R

)

+ αKH2δN2 + 4αBH δK δN + (1 + αH)R δN

]

,

(86)

where, for convenience, we summarize in Table 1 the definitions of the parameters αi introduced
in the previous subsection, in terms of the original coefficients defined in Sec. 3.2 (second row) and
those introduced explicitly in Ref. [1] (third row).

The action leading to the quadratic Lagrangian (86) can also be written in the standard EFT
form, with an explicit dependence on the four-dimensional scalar curvature, g00 and several quadratic
operators. This action reads [1]

S =

∫

d4x
√
−g

[

M2
∗

2
f(t)(4)R− Λ(t)− c(t)g00 +

M4
2 (t)

2
(δg00)2 −

m3
3(t)

2
δKδg00

− m2
4(t)

(

δK2 − δKµ
ν δK

ν
µ

)

+
m̃2

4(t)

2
R δg00

]

.

(87)

15
Same logic as for inflation but:

•  Coupling with matter is here relevant

•  Different observables

•  Usually only linear perturbation theory

PC, Luty, Nicolis, Senatore 06
Creminelli, D’Amico, Noreña, Vernizzi 07 

Parametrize ignorance about dark energy (although we know it is a c.c.!)



Era of precision cosmology à Era of EFT in cosmology

•  EFT of LSS

•  EFT of Bias

•  EFT of Inflation

•  EFT of Dark Energy

Conclusions



Back up slides



Advantages

•  Usual approach: Start with action                            à find inflating solution 

à expand in perturbations

•  Operators are what measured by experiments

•  Not obvious the same EFT also describes very different

E.g.  P(X) describes a superfluid, but only for  

•  No field redefinition ambiguity: � ! �̃(�)

�̇0 6= 0

L(�, @�, @@�, . . .)



de Sitter SO(4,1)

Inflation takes place in ~ dS

•  Translations, rotations: ok 

•  Dilations 

    à scale-invariance

assuming approximate φ  à  φ + c 



Disformed away

Blue tilt using cT  à Stable NEC violation with operator

No loss of generality in taking cT = 1
(even multifield or alternatives to inflation)

S =
Z

dt̃d3x
p
�g̃

M2
Pl

2

⇢
R̃� 2

� ˙̃H + 3H̃2
�

+ 2 ˙̃Hg̃00 +

2
�
1� c2

T

� ˙̃H� 3
2�2 �

c2
T

✓
�̇ + H̃� +

1
2
�2

◆�
⇥

⇣
1�

p
�g̃00

⌘2
+ 2� ⇥K̃

⇣
1�

p
�g̃00

⌘�

�N�K

Exceptions:    1. Different symmetry pattern (solid inflation, gauge-flation…)
   2. GWs not produced as vacuum fluctuations

PC, Luty, Nicolis, Senatore 06 



•  Running α

•  No lower bound on r

•  "Forbidden" region: exp target

•  Relevance of tilt

•  Running
          can we measure it ?

•  cS opens degeneracies

  

Zavala 14
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