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Why inflation?

Hot big bang

Horizon problem

Flatness problem

Monopole problem

Initial perturbations

Inflation

Single causal patch

Locally flat

Diluted away

Quantum fluctuations

1 Initial conditions for hot big bang

2 A certain amount of expansion is required:

Number of e-folds : N = log

(
ae

ai

)
∼ 60 is necessary

3 Consistent with most recent observations, but...
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Why bothering about extra structure?

Observations seem to prefer SR inflation with large field excursion...

L eff[φ] = L0[φ]︸ ︷︷ ︸
slow-roll

+ ∑
n

cn
On[φ]

Λn−4︸ ︷︷ ︸
EFT allows these

Smooth structure over a few

Constructing EFT typically introduces sub-Planckian structure that
generally prevents long enough SR inflation without anything else
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Why bothering about extra structure?

Observations seem to prefer SR inflation with large field excursion...

Leff[φ] = L0[φ]︸ ︷︷ ︸
slow-roll

+ ∑
n

cn
On[φ]

Λn−4︸ ︷︷ ︸
EFT allows these

Smooth structure over a few

Structure beyond a cutoff

Constructing EFT typically introduces sub-Planckian structure that
generally prevents long enough SR inflation without anything else
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Why features in the primordial spectrum?

Intervening structure gives deviations from otherwise smooth
spectrum: features
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Already signaled in observations?

(See Dhiraj’s presentation)
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Why features in the primordial spectrum?

Intervening structure gives deviations from otherwise smooth
spectrum: features
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Already signaled in observations? (See Dhiraj’s presentation)
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Why correlated features in the primordial spectra?

Leading EFT may well be described by single field

Effects of heavy physics permeate the mode function solution

They manifest themselves in the coupling of EFT expansion

All correlation functions are correlated

How are they correlated and how are they described?
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Effective single field theory: recipe

1 Write the action in terms of R (along traj) and F (off traj)

2 Integrate out F : eSeff[R] = ∫
[DF ]eS[R,F ][

= equiv to plugging linear sol:
(−2+M2

eff

)
F =−2θ̇

(
φ̇0/H

)
Ṙ

]
3 Effective single field action Seff[R]

4 ,

Effects of heavy physics in “speed of sound”

c−2
s ≡ 1+ 4θ̇2

M2
eff

(
θ̇ : angular velocity of traj

) 

Single field theory with non-trivial c2
s : footprint of heavy physics

(Achucarro et al. 2012a)
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Digression: “effective field theory”

Truncation in 2/M2
eff when feeding back the solution of F :

F = (−2+M2
eff

)−1 −2θ̇φ̇0

H
Ṙ = 1

M2
eff

(
1+ 2

M2
eff

+·· ·
)
−2θ̇φ̇0

H
Ṙ

(b)

φ1

φ2 η⊥

t

φ1

φ2 η⊥

t

φa
0(t)

φa
0(t)

κ

(a)

∆φ

(b)

φ1

φ2 η⊥

t

φ1

φ2 η⊥

t

φa
0(t)

φa
0(t)

κ

(a)

∆φ

φ1

φ2

φa
0(t)

η⊥

tT⊥
∆φ ∼ κ∆h

Valid for “adiabatic traj”: |2F |¿ M2
eff |F |

(∣∣∣θ̈/θ̇
∣∣∣¿ Meff

)
→

Creation of heavy quanta suppressed (Achucarro et al. 2012b)

EFT remains valid even for c−2
s = 1+ 4θ̇2

M2
eff

À 1 (strong turn)

As Meff → H derivative terms become important (JG, Seo & Sypsas 2014)
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Correlation of correlation functions

In the low-energy regime with π=−R/H (Cheung et al. 2008)

Sπ =
∫

d4x
p−g

{
m2

Pl

2
R−m2

PlḢ

[
π̇2 − (∇π)2

a2

]
−→ standard SR

+2M4
2

[
π̇2 + π̇3 − π̇ (∇π)2

a2

]
+·· ·

}
−→ departure from SR

M2 describes c2
s : explicit correlation between correlation functions
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Correlation sourced by cs

If u ≡ 1−1/c2
s ¿ 1 is the only source of features

∆PR

PR
(k) = k

∫ 0

−∞
dτu(τ)sin(2kτ) ↔ u(τ) = 2i

π

∫ ∞

−∞
dk

k

∆PR

PR
(k)e−2ikτ

BR is completely correlated with PR

BR is fixed in terms of PR , nR and αR (Achucarro et al. 2013)

Directly translated into templates: ∆ being shape dependence,

f ∆NL ∼ c∆0 (k)
∆PR

PR
+ c∆1 (k)

(
∆PR

PR

)′
+ c∆2 (k)

(
∆PR

PR

)′′
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General slow-roll approximation

Curvature pert R̂k(τ) = de Sitter piece + departure from dS
Treating all corrections equally: no hierarchies bet SR para
(Stewart 2002, Choe, JG and Stewart 2004)

Mode equation: z2 ≡ 2a2m2
Plε, y ≡p

2kzR̂k, dx =≡−kcsdt/a, f ≡ 2πxz/k

d2y

dx2 +
(
1− 2

x2

)
y︸ ︷︷ ︸

de Sitter solution

= 1

x2

f ′′−3f ′

f︸ ︷︷ ︸
≡g(logx)

y

︸ ︷︷ ︸
departure from dS

(
f ′ ≡ df

d logx

)
→ y0(x) =

(
1+ i

x

)
eix

Green’s function solution (JG & Stewart 2001)

y(x) =y0(x)+ i

2

∫ ∞

x

du

u2 g(logu)
[
y∗0 (u)y0(x)−y∗0 (x)y0(u)

]
y(u)

≡y0(x)+L(x,u)y(u)

=y0(x)+L(x,u)y0(u)+L(x,u)L(u,v)y0(v)+·· ·
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Power spectrum and correlated features

We may invert PR =PR(f ) to find (Joy, Stewart, JG and Lee 2005)

log

(
1

f 2

)
=

∫ ∞

0

dk

k
m(kτ) logPR w/ m(x) = 2

π

[
1

x
− cos(2x)

x
− sin(2x)

]
f ′

f
= 1

2

∫ ∞

0

dk

k
m(kτ)(nR −1)

g =−1

2

∫ ∞

0

dk

k
m(kτ) [αR +3(nR −1)]+

[
1

2

∫ ∞

0

dk

k
m(kτ)(nR −1)

]2

f , f ′/f and g (i.e. sources of PR) = functions of PR , nR and αR

→ All correlation functions are manifestly correlated i.t.o. PR

N.B. valid regardless of whether there are features or not
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Sample correlation: power- and bispectra

Ṙ3 and Ṙ2R : cumbersome to compute with many derivatives∫
Ṙ3 ∼

∫ (
ẏ0 + L̇y0 +Lẏ0 +·· ·)3 ∼/

Using partial int and linear eq to reduce the # of derivatives
→ Field redefinition with more terms involved (JG, Schalm & Shiu, 2014)
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In general the source should be specified model by model
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Beyond 3-point function

Seemingly most representative term in n-th order Lagrangian

L (n)
eft ∝

[(
1+g00) M2

M2 −2

]n−1 (
1+g00)

From the mediation of massive particles of mass M

To leading order L (n)
eff ∝ (

1+g00
)n

Explicit correlations between n-th and (n+1)-th functions

But questionable at the same time
Is this kind of term most dominant?
What is the relevant configurations of the correlation functions?
and more...
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Features or not?

Including features makes things...

... richer and more artistic (or, just more horrible)
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Conclusions

Features?
Maybe already signaled in observations
Theoretically not implausible
Not only in the power spectrum but also other functions

Integrating a heavy mode

General slow-roll

Features manifest themselves in all correlation functions in
a specific correlated manner, which may serve as a useful
and possibly unique approach for detection
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