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Introduction

• Which model of inflation

• non-gaussianities as a probe

• Search for large NG
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Past Models

• Single-field standard scenario: Gaussian [Maldacena ’03]

• Single-field: non standard propagation

• 0 < c2
s < 1

• k-inflation [Seery and Lidsay ’05]

• More general scalar-tensor theories?
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The Model

• Inspired by recent works

• GB-term in inflation

• Non-minimal couplings with R

L =
M 2

pl

2
F (φ)R+ P (φ,X)− ξ(φ)G −G(φ,X)�φ
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EOMs

• Expansion of L at first order (or 0th order)

E1 ≡ 3M
2
plFH

2
+ 3M

2
plHḞ + P − 2XP,X − 24H

3
ξ̇ − 6Hφ̇XG,X + 2XG,φ = 0 ,

E2 ≡ 3M
2
plFH

2
+ 2M

2
plHḞ + 2M

2
plFḢ +M

2
plF̈ + P − 16H

3
ξ̇ − 16HḢξ̇ − 8H

2
ξ̈

−G,Xφ̇
2
φ̈−G,φφ̇

2
= 0 ,

E3 ≡ (P,X + 2XP,XX + 6Hφ̇G,X + 6Hφ̇XG,XX − 2XG,φX − 2G,φ)φ̈

+ (3HP,X + φ̇P,φX + 9H
2
φ̇G,X + 3Ḣφ̇G,X + 3Hφ̇

2
G,φX − 6HG,φ −G,φφφ̇)φ̇

− P,φ − 6M
2
plH

2
F,φ − 3M

2
plḢF,φ + 24H

4
ξ,φ + 24H

2
Ḣξ,φ = 0
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plFḢ +M

2
plF̈ + P − 16H

3
ξ̇ − 16HḢξ̇ − 8H
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EOMs

• Expansion of L at first order (or 0th order)

E1 ≡ 3M
2
plFH

2
+ 3M

2
plHḞ + P − 2XP,X − 24H

3
ξ̇ − 6Hφ̇XG,X + 2XG,φ = 0 ,

E2 ≡ 3M
2
plFH

2
+ 2M

2
plHḞ + 2M

2
plFḢ +M

2
plF̈ + P − 16H

3
ξ̇ − 16HḢξ̇ − 8H

2
ξ̈

−G,Xφ̇
2
φ̈−G,φφ̇

2
= 0 ,

E3 ≡ (P,X + 2XP,XX + 6Hφ̇G,X + 6Hφ̇XG,XX − 2XG,φX − 2G,φ)φ̈

+ (3HP,X + φ̇P,φX + 9H
2
φ̇G,X + 3Ḣφ̇G,X + 3Hφ̇

2
G,φX − 6HG,φ −G,φφφ̇)φ̇

− P,φ − 6M
2
plH

2
F,φ − 3M

2
plḢF,φ + 24H

4
ξ,φ + 24H

2
Ḣξ,φ = 0

• Use them to simplify expanded action

• Not independent: φ̇E3 + Ė1 + 3H(E1 − E2) = 0
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2nd order Lag

• Introduce ADM metric for scalars in uniform field gauge
(δφ = 0)

ds2 = −
[
(1 + α)2 − a−2e−2R(∂ψ)2

]
dt2+2∂iψ dt dx

i+a2e2Rd~x2



6

2nd order Lag

• Introduce ADM metric for scalars in uniform field gauge
(δφ = 0)

ds2 = −
[
(1 + α)2 − a−2e−2R(∂ψ)2

]
dt2+2∂iψ dt dx

i+a2e2Rd~x2

• Action becomes

L2 = a3
[
−3w1Ṙ2 +

2w1

a2
Ṙ∂2ψ − w2

a2
α∂2ψ − 2w1

a2
α∂2R

+ 3w2α Ṙ+
1

3
w3α

2 +
w4

a2
∂iR ∂iR

]
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Notes on L2

• Coefficients

w1 ≡M2
plF − 8H ξ̇ ,

w2 ≡M2
pl(2HF + Ḟ )− 2φ̇XG,X − 24H2ξ̇ ,

w3 ≡ −9M2
plFH

2 − 9M2
plHḞ + 3(XP,X + 2X2P,XX) + 144H3ξ̇

+ 18Hφ̇(2XG,X +X2G,XX)− 6(XG,φ +X2G,φX) ,

w4 ≡M2
plF − 8ξ̈
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...continue
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...continue

• No self coupling ψ2

α = L1Ṙ , L1 ≡
2w1

w2

• No term R2 or αR

• No mass term for R

• ψ = −L1R+ χ, ∂2χ = a2QR/w1
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L2 = a3Q
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Ṙ2 − c2

s
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Reduced L2

• Action reduces to

L2 = a3Q

[
Ṙ2 − c2

s

a2
(∂R)2

]
• Stability conditions Q > 0, c2

s > 0

Q ≡ w1(4w1w3 + 9w2
2)

3w2
2
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Reduced L2

• Action reduces to

L2 = a3Q

[
Ṙ2 − c2

s

a2
(∂R)2

]
• Stability conditions Q > 0, c2

s > 0

Q ≡ w1(4w1w3 + 9w2
2)

3w2
2

c2s ≡
3(2w2

1w2H − w2
2w4 + 4w1ẇ1w2 − 2w2

1ẇ2)

w1(4w1w3 + 9w2
2)
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Third order action

• After expanding and integrating by parts

L3 = a3 {a1α3 + α2 (a2R+ a3 Ṙ+ a4 ∂
2R/a2 + a5∂

2ψ/a2)

+ α [a6 ∂iR∂iψ/a2 + a7 ṘR+ a8 Ṙ∂2R/a2

+ a9 (∂i∂jψ∂i∂jψ − ∂2ψ∂2ψ)/a4 +
a10
a4

(∂i∂jψ∂i∂jR− ∂2ψ∂2R)

+ a11R ∂2ψ/a2 + a12 Ṙ ∂2ψ/a2 + a13R ∂2R/a2 + a14 (∂R)2/a2

+ a15Ṙ2] + b1 Ṙ3 + b2R (∂R)2/a2 + b3Ṙ2R+ c1 Ṙ∂iR∂iψ/a2

+ c2Ṙ2∂2ψ/a2 + c3ṘR ∂2ψ/a2

+ (d1Ṙ+ d2R) (∂i∂jψ∂i∂jψ − ∂2ψ∂2ψ)/a4 + d3∂iR∂iψ ∂2ψ/a4}
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• Using α = L1Ṙ

L3 = a3{A1Ṙ3 +A2Ṙ2∂2R/a2 +A3Ṙ2∂2ψ/a2 +A4RṘ2

+ (A5Ṙ+A6R) (∂i∂jψ∂i∂jψ − ∂2ψ∂2ψ)/a4

+
A7

a4
Ṙ(∂i∂jψ∂i∂jR− ∂2ψ∂2R) +

A8

a2
R(∂R)2 +

A9

a4
∂iR∂iψ ∂2ψ}
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• Using α = L1Ṙ

L3 = a3{A1Ṙ3 +A2Ṙ2∂2R/a2 +A3Ṙ2∂2ψ/a2 +A4RṘ2

+ (A5Ṙ+A6R) (∂i∂jψ∂i∂jψ − ∂2ψ∂2ψ)/a4

+
A7

a4
Ṙ(∂i∂jψ∂i∂jR− ∂2ψ∂2R) +

A8

a2
R(∂R)2 +

A9

a4
∂iR∂iψ ∂2ψ}

• Replace ψ = −L1R+ a2X/w1, with ∂2X = QṘ

• Rewrite L3 = a3f1 + af2 + f3/a [Collins ’11]
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Final step

• Integrate by parts until

L3 =

∫
d3x

{
a3C1M2

plRṘ2 + a C2M2
plR(∂R)2 + a3C3MplṘ3

+ a3C4Ṙ(∂iR)(∂iX ) + a3(C5/M2
pl)∂

2R(∂X )2

+ aC6Ṙ2∂2R+ (C7/a)
[
∂2R(∂R)2 −R∂i∂j(∂iR)(∂jR)

]
+ a(C8/Mpl)

[
∂2R∂iR∂iX −R∂i∂j(∂iR)(∂jX )

]
+ F1

δL2

δR

∣∣∣∣
1

}
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Coefficients

• Time dependent dimensionless coeffs

C1 =
Q

M2
pl

[
3− L1H

c2s

(
3 +

Q̇

HQ

)
+
d

dt

(
L1

c2s

)]
, C2 = . . .
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Coefficients

• Time dependent dimensionless coeffs

C1 =
Q

M2
pl

[
3− L1H

c2s

(
3 +

Q̇

HQ

)
+
d

dt

(
L1

c2s

)]
, C2 = . . .

• Negligible contribution [Maldacena ’03; Arroja, Tanaka ’11]

F1 =
A5

w2
1

{(∂kR)(∂kX )− ∂−2∂i∂j[(∂iR)(∂jX )]}+ q1RṘ

+
A7 − 2A5L1

4w1a2
{(∂R)2 − ∂−2∂i∂j[(∂iR)(∂jR)]} .
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Bispectrum
• Quantize the field from L2 and use Hint = −L3

• Calculate

〈R1R2R3〉 = −i
∫ τf

τi

dτ a 〈0| [R(τf)1R(τf)2R(τf)3,Hint(τ)] |0〉

• Consider Ci const, and dS [τ ≈ −1/(aH)] for MS,
τi ≈ −∞ and τf ≈ 0. Extract the fk1=k2=k3

NL

f
equil
NL

=
40

9

M2
pl

Q

[
1

12
C1 +

17

96c2s
C2 +

1

72

H

Mpl
C3 −

1

24

Q

M2
pl

C4

−
1

24

(
Q

M2
pl

)2

C5 +
1

36c2s

(
H

Mpl

)2

C6 −
13

96c4s

(
H

Mpl

)2

C7 −
17

192c2s

H

Mpl

Q

M2
pl

C8
]
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• Assuming slow-variation

f equilNL ' 85

324

(
1− 1

c2s

)
− 10

81

λ

Σ
+

55

36

εs
c2s

+
5

12

ηs
c2s
− 85

54

s

c2s

+
5

162
δF

(
1− 1

c2s

)
− 10

81
δξ

(
2− 29

c2s

)
+
δGX
εs

[
20 (1 + λG)

81
+

65

162c2s

]
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• Assuming slow-variation

f equilNL ' 85

324

(
1− 1

c2s

)
− 10

81

λ

Σ
+

55

36

εs
c2s

+
5

12

ηs
c2s
− 85

54

s

c2s

+
5

162
δF

(
1− 1

c2s

)
− 10

81
δξ

(
2− 29

c2s

)
+
δGX
εs

[
20 (1 + λG)

81
+

65

162c2s

]

• Introduce Σ =
w1(4w1w3+9w2

2)

12M4
pl

, λG ≡ XG,XX/G,X and

δF ≡
Ḟ

HF
, δξ ≡

Hξ̇

M2
plF

, δGX ≡
φ̇XG,X
M2

plHF
, εs ≡

Qc2s
M2

plF
, s ≡ ċs

Hcs

λ ≡ F 2[X2P,XX + 2X3P,XXX/3 + φ̇H(XG,X + 5X2G,XX

+ 2X3G,XXX)− 2(2X2G,φX +X3G,φXX)/3]



16

Conclusions

• Reproduced k-infl [Seery and Lidsey 05], G-model [Mizuno,

Koyama 10]



16

Conclusions

• Reproduced k-infl [Seery and Lidsey 05], G-model [Mizuno,

Koyama 10]

• Extended to non-minimal couplings to R: BD theory

f equil
NL ≈ −5

4

φ̇

Hφ
+

5

6

φ̈

Hφ̇



16

Conclusions

• Reproduced k-infl [Seery and Lidsey 05], G-model [Mizuno,

Koyama 10]

• Extended to non-minimal couplings to R: BD theory

f equil
NL ≈ −5

4

φ̇

Hφ
+

5

6

φ̈

Hφ̇

• Extended to coupling to GB


