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Recall of Cosmology

 Cosmological principle: Our Universe results to be homogeneous and

Isotropic at sufficiently large scales.

 Idea: Homogeneous and isotropic background+ small perturbations

-Background

-Perturbations    

-Cosmic and conformal time:  

𝑑𝑠2 = ҧ𝑔𝜇𝜈 𝑑𝑥
𝜇𝑑𝑥𝜈 = −𝑑𝑡2 + 𝑎 𝑡 2

𝛿𝑖𝑗

1 − 𝑥2𝜒 2 𝑑𝑥
𝑖𝑑𝑥𝑗

𝑔𝜇𝜈 = ҧ𝑔𝜇𝜈 𝑡 + 𝑔𝜇𝜈
1
𝑡, 𝑥 +. . .

𝑔00 = −1 + 2𝛹; 𝑔0𝑖 = 𝑎𝜕𝑖𝐹 + 𝐺𝑖;

𝑔𝑖𝑗 = 𝑎2 1 + 2𝛷 𝛿𝑖𝑗 + 𝜕𝑖𝑗𝐸 + 𝜕𝑗𝐶𝑖 + 𝜕𝑖𝐶𝑗 + ℎ𝑖𝑗 ;

𝟏𝑑𝜏 = 𝑎 𝑡 𝑑𝑡
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Statistical properties of Cosmological

Perturbations

 At the linear level we have no phase-correlation among different modes…

Gaussianity

< Φ 𝑥1 . . Φ 𝑥2𝑛 >= 

𝑃𝑒𝑟𝑚.

ෑ

𝑃𝑎𝑖𝑟𝑠

< Φ 𝑥𝑖 Φ 𝑥𝑗 > ,

< Φ 𝑥1 . . Φ 𝑥2𝑛+1 >= 0.

 At the non-linear level we get coupling among different modes…

non-Gaussianity

< Φ 𝑥1 . . Φ 𝑥2𝑛+1 >≠ 0.

𝟐

< Φ 𝑥1 . . Φ 𝑥2𝑛 > −< Φ 𝑥1 . . Φ 𝑥2𝑛 > ቚ
𝐺
≠ 0.



What observations 
suggest..

 The FLRW Universe is a good 

approximation for

 First: CMB observations.. an 

almost perfect black body..

𝑘𝑝 ∼ 0.05𝑀𝑝𝑐−1

𝑇0 ∼ 2.7𝐾;
𝛿𝑇

𝑇0
∼ 10−5;

<
𝛿𝑇

𝑇

𝑁

>

< 𝛷𝑝𝛷𝑞 >= 2𝜋 3𝑃𝛷 𝑞 𝛿 3 𝑞 + 𝑝 ,𝑁 = 2:

𝑃𝛷 = 𝐴𝛷
𝑞

q∗

𝑛𝑠−4

𝟑

A𝛷 = 2.4 10−9

n𝑠 = 0.9652 |f𝑁𝐿| = 0/50
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What observations 
suggest..

𝑘𝑝 ∼ 0.05𝑀𝑝𝑐−1

A𝛷 = 2.4 10−9

n𝑠 = 0.9652 |f𝑁𝐿| = 0/50

𝑟 ≤ 0.06

n𝑇 = 1 ± 0.6

ℎ𝑖𝑗 = 

𝑠=−2

2

ε𝑖𝑗
(𝑠)

ℎ𝑘
(𝑠)

< ℎ𝑝
(𝑠)

ℎ𝑞
(𝑟)

>= (2𝜋)3δ𝑠
𝑟 𝑃ℎ 𝑞 𝛿 3 𝑞 + 𝑝 ,

r=
𝑃ℎ

𝑃𝛷
, 𝑃ℎ = 𝐴ℎ𝑞

𝑛𝑇−4.

𝟒

 The FLRW Universe is a good 

approximation for

 First: CMB observations.. an 

almost perfect black body

 Second: CMB and the tensor 

sector



What observations 
suggest..

𝑘𝑝 ∼ 0.05𝑀𝑝𝑐−1

A𝛷 = 2.4 10−9

n𝑠 = 0.9652 |f𝑁𝐿| = 0/50

𝑟 ≤ 0.06

n𝑇 = 1 ± 0.6

𝟒

ℎ𝑖𝑗 = 

𝑠=−2

2

ε𝑖𝑗
(𝑠)

ℎ𝑘
(𝑠)

< ℎ𝑝
(𝑠)

ℎ𝑞
(𝑟)

>= (2𝜋)3δ𝑠
𝑟 𝑃ℎ 𝑞 𝛿 3 𝑞 + 𝑝 ,

r=
𝑃ℎ

𝑃𝛷
, 𝑃ℎ = 𝐴ℎ𝑞

𝑛𝑇−4.

TTT < ℎ𝑝
(𝑠)

ℎ𝑞
(𝑟)

ℎ𝑘
(𝑜)

> 𝑓𝑇𝑇𝑇 =
𝐵𝑇𝑇𝑇

𝑃ℎ 𝑝 𝑃ℎ 𝑘

SQ: 300 ± 200

TTS < ℎ𝑝
(𝑠)

ℎ𝑞
(𝑟)
Φ𝑘> 𝑓𝑇𝑇𝑆 =

𝐵𝑇𝑇𝑆
𝑃ℎ(𝑝)𝑃Φ(𝑘)

??

TSS < ℎ𝑝
(𝑠)
Φ𝑞Φ𝑘> 𝑓𝑇𝑆𝑆 =

𝐵𝑇𝑆𝑆
𝑃ℎ(𝑝)𝑃Φ(𝑘)

SQ: 90 ± 40

 The FLRW Universe is a good 

approximation for

 First: CMB observations.. an 

almost perfect black body

 Second: CMB and the tensor 

sector



WHY INFLATION???

 Problems: 1) Background: The hot big bang drawbacks

2) Perturbations:  How to reproduce anisotropies with the

observed properties?  

 Definition: - A period of sudden expansion

𝛿t ∼ 10−9 − 10−54s

𝑉 → 𝑉𝑒60

𝟓



Single-field linear predictions

 Action:

 SR limit:

𝑆 = 𝑀𝑝𝑙
2 ∫ 𝑑𝑥4 −𝑔 𝑅 +

1

2
𝑔𝜇𝜈𝜕𝜇𝜑 𝜕𝜈𝜑 + 𝑉 𝜙

𝜖 = −
ሶ𝐻

𝐻2 ≪ 1 → 𝑝 ≈ −𝜌, 휂 =
ሶ𝜖

𝜖𝐻
≪ 1,

𝟔
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 SR limit:

 Famous equivalent fields..
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𝜖𝐻
≪ 1,

Com. curvature:  𝑅 = −Φ− 𝐻 𝑣 1 , 𝑣 = 𝑐𝑜𝑛𝑠𝑡.

Uniform curvature: 휁 = −Φ− 𝐻
𝛿𝜌 1

ሶ𝜌
, 𝜌 = 𝑐𝑜𝑛𝑠𝑡.

𝟔



Single-field linear predictions

 Action:

 SR limit:

 Famous equivalent fields..

Results

𝑆 = 𝑀𝑝𝑙
2 ∫ 𝑑𝑥4 −𝑔 𝑅 +

1

2
𝑔𝜇𝜈𝜕𝜇𝜑 𝜕𝜈𝜑 + 𝑉 𝜙

𝜖 = −
ሶ𝐻

𝐻2 ≪ 1 → 𝑝 ≈ −𝜌, 휂 =
ሶ𝜖

𝜖𝐻
≪ 1,

𝑃𝑅 𝑞 ≡ 𝑃𝜁 𝑞 =
2 𝜋2

𝑞3
𝓟(q); 𝓟 q = 𝓟𝑆𝐹 𝑞

𝑛𝑠−1 ൞
𝓟𝑆𝐹 =

𝐻2

8𝜋2 𝑀𝑝𝑙
2 𝜖

,

𝑛𝑠 = 1 − 2𝜖 − 휂.

𝑟 = 8 𝜖; nT = 1 − 2 𝜖 <∼ 1

𝟔

Com. curvature:  𝑅 = −Φ− 𝐻 𝑣 1 , 𝑣 = 𝑐𝑜𝑛𝑠𝑡.

Uniform curvature: 휁 = −Φ− 𝐻
𝛿𝜌 1

ሶ𝜌
, 𝜌 = 𝑐𝑜𝑛𝑠𝑡.



Breaking the model degeneracy..

 Single-field inflation:

A special sym. pattern

Validity of the consistency relation[a,b]

 Something more exotic:

A different sym. Pattern

Violation of the consistency relation

 Plenty of models in agreement with data.. 

PNG Predictions: 

𝐵𝑅 𝑘1 ≪ 𝑘2 ∼ 𝑘3 = −
1

2
𝑛𝑠 − 1 𝑃𝑅 𝑘1 𝑃𝑅 𝑘2 𝐵𝑋 𝑘1 ≪ 𝑘2 ∼ 𝑘3 =

5

6
𝑓 𝑘1, 𝑘2 𝑃𝑋 𝑘1 𝑃𝑋 𝑘2

𝟕

5

6
𝑓𝑁𝐿
𝑆𝑄

[a] Maldacena, 2003. Non-Gaussian features of primordial fluctuations in single-field inflationary models.

[b] Acquaviva et al. 2003. Second order cosmological perturbations from inflation.



PNG detection… 

 Improving CMB (LiteBIRD) …

21/04/2021

<
δ𝑇

𝑇

δ𝑇

𝑇

δ𝑇

𝑇
>

𝟖
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[c] Verde, Matarrese, 2009. Detectability of the effect of Inflationary non-Gaussianity on halo bias

𝛿 ≡
δρ

ρ
∼ … ∇2Φ− 2 Φ ∇2Φ+

1

2
∇Φ 2 +

δ𝑔 ∼ b0 + …
𝑓𝑁𝐿
𝑠𝑞

𝑘2
𝑐 𝛿



PNG detection… 

 Improving CMB (LiteBIRD) …

 Galaxy clustering.. The scale dependent halo bias

<
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𝑇
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[c] Verde, Matarrese, 2009. Detectability of the effect of Inflationary non-Gaussianity on halo bias

[e] Akhshik, 2015. Clustering fossils in Solid Inflation

[d] Jeong, Kamionkowski 2012. Clustering Fossils frome the Early-Universe. 

𝛿 ≡
δρ

ρ
∼ … ∇2Φ− 2 Φ ∇2Φ+

1

2
∇Φ 2 + … ℎ𝑖𝑗 𝜕

𝑖𝑗Φ

δ𝑔 ∼ b0 + …
𝑓𝑁𝐿
𝑠𝑞

𝑘2
𝑐 + … 𝑓𝑇𝑆𝑆

𝑠𝑞
휀𝑖𝑗
𝑠 𝑘𝑖𝑘𝑗

𝑘2
[𝑑, 𝑒] 𝛿



PNG and primordial GWs

in the future… 

 Detection of GWs background [f]

Ω𝐺𝑊 ∼ 𝑘𝑛𝑇−1

𝟗

[f]: Bartolo et al., 2016. Probing inflation with gravitational waves.  



PNG and primordial GWs

in the future… 

 Detection of GWs background [f]

 Local non-linear corrections of tensor PS [g][h]..

Ω𝐺𝑊 ∼ 𝑘𝑛𝑇−1

𝟗

< ℎ2 > ቚ
Non−𝐿𝑖𝑛.

∼ [1 + … Φ𝐿 𝑓𝑇𝑇𝑆
𝑠𝑞
] < h2 >

[g]: Malhotra, Dimastrogiovani, Fasiello, Shiraishi, 2020. Cross-correlations as a Diagnostic Tool For PGWs.  

[h]: Adshead, Afshordi, Dimastrogiovani, Fasiello, Lim, Tasinato, 2020. Multimessanger Cosmology: 

Correlating CMB and SGWB measurements.

[f]: Bartolo et al., 2016. Probing inflation with gravitational waves.  



Part I: Single-field 

Inflation

Outline:

1- Is the consistency rel. Trivial?

2- The k=0 world

3- Outside the k=0 world

[a]= Matarrese, Pilo, Rollo, 2020, 

Resilience of long modes in cosmological observables



Question: is the consistency relation

trivial?

[b]= Pajer, Schmidt, Zaldarriaga, 2013, The Observed Squeezed Limit of

Cosmological Three-Point Functions;

[c]= Dai, Pajer, Schmidt, 2015, Conformal Fermi Coordinates;

[d]= Dai, Pajer, Schmidt, 2015, On Separate Universes;

In literature: The consistency relation can be 
cancelled with a spatial diff. [b, c, d...]

𝟏𝟎



Question: is the consistency relation

trivial?

In literature: The consistency relation can be 
cancelled with a spatial diff. [b, c, d...]

The action is a scalar under a spatial 
diffeomorphism:  

If R is a scalar

The aim of the discussion: to show that R is a 

good scalar  

𝐵𝑅
′ 𝑥1, 𝑥2, 𝑥3 − 𝐵𝑅 𝑥1, 𝑥2, 𝑥3 ≡ 0

𝑥𝑖
′ = 𝑥𝑖 + ε𝑖(𝑥)

𝟏𝟎

{𝑅′ 𝑥′ = 𝑅(𝑥)} 



k=0 world

 Validity of the Cosmological principle: Universe homogeneous and isotropic

at k=0;

 so(4,1) algebra: Spatial translations; Spatial rotations;

Dilatations:

Special conformal transformations

𝑥𝑖 → 1 + 𝜆 𝑥𝑖

𝑥𝑖 → 𝑥𝑖 + 2𝑏𝑗𝑥𝑗𝑥
𝑖 − 𝑏𝑖𝑥2

𝟏𝟏



k=0 world

 FUNDAMENTAL : Let us apply a dilatation, we can impose a gauge redundancy! 

 For instance:
Initial gauge: comoving E=v=0  

𝑔00 = −1 + 2𝛹, 𝑔0𝑖 = 𝑎 𝜕𝑖𝐹, 𝑔𝑖𝑗 = 𝑎2 1 − 2𝑅 𝛿𝑖𝑗 .

𝟏𝟐



k=0 world

 FUNDAMENTAL : Let us apply a dilatation, we can impose a gauge redundancy! 

 For instance:
Initial gauge: comoving E=v=0  

Final gauge: comoving

𝑔00 = −1 + 2𝛹, 𝑔0𝑖 = 𝑎 𝜕𝑖𝐹, 𝑔𝑖𝑗 = 𝑎2 1 − 2𝑅 𝛿𝑖𝑗 .

𝑥𝑖 → 1 + 𝜆 𝑥𝑖

𝟏𝟐



k=0 world

 Redundancy:

 Applications:

-The Weinberg Theorem ;

-The Consistency Relation.

ΔE = E′(x) − 𝐸(𝑥) = 0, Δ𝑣 = 𝑣′(x) − 𝑣(𝑥) = 0,

𝛿𝑅𝜆 = 𝜆.Δ𝑔𝑖𝑗 = −2𝑎2𝜆 𝛿𝑖𝑗 ,

𝟏𝟑



The Weinberg Theorem [e]

 Hypothesis : At sufficiently large scales , let us consider

-No entropy perturbations (one DoF);

-No anisotropic stress tensor on large scales;  

𝑘 → 0

δσ = 0

 Thesis : - ζ and R are equivalent and conserved in time 

at superhorizon scales

[e]= S. Weinberg, Adiabatic modes in Cosmology. 2003.

𝟏𝟒



Demonstrating the Theorem

 Matching the k=0 world with the Adiabatic mode (physics)

 We can extract physics from a gauge redundancy!

𝜆 = lim
𝑘→0

𝑅𝑘 = ∫ 𝑑3𝑘 𝛿(3) 𝑘 𝑅𝑘

𝑘 = 0: Δ𝑔 ቚ
𝑟𝑒𝑑𝑢𝑛𝑑𝑎𝑛𝑡

= Solution 𝑘 ≠ 0: kikj(Ψk −Φk) = 0

𝟏𝟓

𝑅𝑘→0ቚ
𝑇𝑜𝑡𝑎𝑙

= 𝜆 + 𝐶
𝐻

𝑎
;

Ψk ≡ Φk



The Consistency Relation

𝟏𝟔

[f]: Hui et al. An Infinite Set of Ward Identities for Adiabatic Modes in Cosmology. 2014 .

 Single-field: Spontaneous breaking of so(4,1) global symmetries [e][f][g]

de Sitter: so(4,1)   → rotations + translations.

[g]: Hui et al. Conformal Symmetries Adiabatic Modes in Cosmology. 2012 .

[e]: Creminelli, Norena, Simonovich. Conformal consistency relation for single-field inflation. 2012 .



The Consistency Relation

 Dilatation is a symmetry non-linearly realized. This implies a Norther current 

and charge:

𝑄 = ∫𝑑𝑥3 𝑃𝑅, 𝛿𝑅𝜆 ;

𝟏𝟔

[f]: Hui et al. An Infinite Set of Ward Identities for Adiabatic Modes in Cosmology. 2014 .

 Single-field: Spontaneous breaking of so(4,1) global symmetries [e][f][g]

de Sitter: so(4,1)   → rotations + translations.

[g]: Hui et al. Conformal Symmetries Adiabatic Modes in Cosmology. 2012 .

 Using Ward identities, one can extract the consistency relation[f]:

lim
k→0

𝑅𝑘𝑅𝑘1 . . . 𝑅𝑘𝑁 = 𝑃 𝑘 3 𝑁 − 1 +

𝑎=1

𝑁

𝑘𝑎 𝜕𝑘𝑎 𝑅𝑘1 . . . 𝑅𝑘𝑁

[e]: Creminelli, Norena, Simonovich. Conformal consistency relation for single-field inflation. 2012 .



The Consistency Relation

 Dilatation is a symmetry non-linearly realized. This implies a Norther current 

and charge:

𝑄 = ∫𝑑𝑥3 𝑃𝑅, 𝛿𝑅𝜆 ;

𝟏𝟔

[f]: Hui et al. An Infinite Set of Ward Identities for Adiabatic Modes in Cosmology. 2014 .

 Single-field: Spontaneous breaking of so(4,1) global symmetries [e][f][g]

de Sitter: so(4,1)   → rotations + translations.

[g]: Hui et al. Conformal Symmetries Adiabatic Modes in Cosmology. 2012 .

 Using Ward identities, one can extract the consistency relation[f]:

 Applying a second dilatation:

lim
k→0

𝑅𝑘𝑅𝑘1 . . . 𝑅𝑘𝑁 = 𝑃 𝑘 3 𝑁 − 1 +

𝑎=1

𝑁

𝑘𝑎 𝜕𝑘𝑎 𝑅𝑘1 . . . 𝑅𝑘𝑁

𝑅𝑘 → 𝑅𝑘 − 𝜆 = 0

0? ? ?

[e]: Creminelli, Norena, Simonovich. Conformal consistency relation for single-field inflation. 2012 .



Outside k=0 world

 Are the CFC-like transformations purely constant dilatations?

 NO!...Take a the lambda function

 Necessary condition to get scalar-tensor decomposition

𝜆 𝑥𝑖 = 𝜕𝑖𝜖 ⇒ 𝑥𝑗𝜕𝑖𝜆 − 𝑥𝑗𝜕𝑖𝜆 = 0.

𝜆𝑘 = 𝑊𝑘𝐿
0 𝑘 𝑅𝑘 , 𝑥𝑖 = 1 + 𝜆 𝑥𝑖 ,

𝟏𝟕



Outside k=0 world

 A standard gauge transformation:

 Basic element

 Final result

Δ𝑔𝑖𝑗 = −𝑎2 2𝜆𝛿𝑖𝑗 + 𝑥𝑗𝜕𝑖𝜆 + 𝑥𝑖𝜕𝑗𝜆

𝑥𝑖𝜕𝑗𝜆 =
−1

2𝜋 Τ3 2
න𝑑𝑘3 𝑒𝑖𝑘𝑥𝜕𝑘𝑖 𝑘

𝑗𝜆𝑘 + 𝐵𝑇.

Δ𝑔𝑖𝑗 = 2𝑎2
𝑘𝑖𝑘𝑗

𝑘
𝜕𝑘𝜆𝑘

Δ𝑅𝑘 = 0, Δ𝐸𝑘 =
−2

𝑘
𝜕𝑘𝜆𝑘

𝟏𝟖



Outside k=0 world

 A standard gauge transformation:

 Basic element

 Final result

Δ𝑔𝑖𝑗 = −𝑎2 2𝜆𝛿𝑖𝑗 + 𝑥𝑗𝜕𝑖𝜆 + 𝑥𝑖𝜕𝑗𝜆

𝑥𝑖𝜕𝑗𝜆 =
−1

2𝜋 Τ3 2
න𝑑𝑘3 𝑒𝑖𝑘𝑥𝜕𝑘𝑖 𝑘

𝑗𝜆𝑘 + 𝐵𝑇.

Δ𝑔𝑖𝑗 = 2𝑎2
𝑘𝑖𝑘𝑗

𝑘
𝜕𝑘𝜆𝑘

Δ𝑅𝑘 = 0, Δ𝐸𝑘 =
−2

𝑘
𝜕𝑘𝜆𝑘

0? ?

𝟏𝟖



Outside k=0 world

 A standard gauge transformation:

 Basic element

 Final result

Δ𝑔𝑖𝑗 = −𝑎2 2𝜆𝛿𝑖𝑗 + 𝑥𝑗𝜕𝑖𝜆 + 𝑥𝑖𝜕𝑗𝜆

𝑥𝑖𝜕𝑗𝜆 =
−1

2𝜋 Τ3 2
න𝑑𝑘3 𝑒𝑖𝑘𝑥𝜕𝑘𝑖 𝑘

𝑗𝜆𝑘 + 𝐵𝑇.

Δ𝑔𝑖𝑗 = 2𝑎2
𝑘𝑖𝑘𝑗

𝑘
𝜕𝑘𝜆𝑘

Δ𝑅𝑘 = 0, Δ𝐸𝑘 =
−2

𝑘
𝜕𝑘𝜆𝑘

𝟏𝟖

∼ 𝜆𝑘



Outside k=0 world

 A standard gauge transformation:

 Basic element

 Final result

Δ𝑔𝑖𝑗 = −𝑎2 2𝜆𝛿𝑖𝑗 + 𝑥𝑗𝜕𝑖𝜆 + 𝑥𝑖𝜕𝑗𝜆

𝑥𝑖𝜕𝑗𝜆 =
−1

2𝜋 Τ3 2
න𝑑𝑘3 𝑒𝑖𝑘𝑥𝜕𝑘𝑖 𝑘

𝑗𝜆𝑘 + 𝐵𝑇.

Δ𝑔𝑖𝑗 = 2𝑎2
𝑘𝑖𝑘𝑗

𝑘
𝜕𝑘𝜆𝑘

Δ𝑅𝑘 = 0, Δ𝐸𝑘 =
−2

𝑘
𝜕𝑘𝜆𝑘

𝟏𝟖

𝐴 𝑔𝑎𝑢𝑔𝑒 𝑐ℎ𝑎𝑛𝑔𝑒!



Outside k=0 world

 Assuming: 𝜆𝑘 ≈ 𝑅𝑘 = 𝐴𝑅 𝑘
𝑚, 𝑊𝑘𝐿

0 = 휃 𝑘 − 𝑘𝐿 𝐻−1 ,

𝟏𝟗



Outside k=0 world

 Assuming:

 The 3-metric: Δ𝑔𝑖𝑗 = 2𝑚 𝑎2
𝑘𝑖𝑘𝑗

𝑘2
𝑅𝑘.

𝜆𝑘 ≈ 𝑅𝑘 = 𝐴𝑅 𝑘
𝑚, 𝑊𝑘𝐿

0 = 휃 𝑘 − 𝑘𝐿 𝐻−1 ,

𝟏𝟗



Outside k=0 world

 Assuming:

 The 3-metric:

 Trace and out diagonal part are of the same order!

People confused a gauge redundancy with a discontinuous

gradient expansion..

Δ𝑔𝑖𝑗 = 2𝑚 𝑎2
𝑘𝑖𝑘𝑗

𝑘2
𝑅𝑘. ∼ 𝑅𝑘

𝜆𝑘 ≈ 𝑅𝑘 = 𝐴𝑅 𝑘
𝑚, 𝑊𝑘𝐿

0 = 휃 𝑘 − 𝑘𝐿 𝐻−1 ,

xi𝜕i O(𝜕i)

𝟏𝟗



R is a good scalar ⇒ Δ𝐵𝑅 = 0? ?

 In [a] we give two independent demonstrations:

-1) Using the in-in formalism;

-2) Using field redefinitions.

𝟐𝟎

⇒ Δ𝐵 =< 𝑅′ 𝑥 3 >−< 𝑅 𝑥 3 >≡ BT = 0.

 Such effects are physical and observable in principle by future high-sensitivity 
experiments!



Future developments

 The ambiguity is quite diffused…

- In [a] we analyzed the scalar sector only

- A more detailed study of the halo bias scale dependence [l][m]

𝑥′ = II + 𝜆 𝑥 + 𝜔. 𝑥 𝑆𝑝𝑖𝑛-2 [b,h,i]

Δ𝑏 𝑘 𝑘2∝ 𝑓𝑁𝐿
𝜌
= −

5

3
+ fNL → 0??

𝟐𝟏
[l]: Cabass, Pajer, Schmidt, 2018. Imprints of oscillatory Bispectra on Galaxy Clustering.

[m]: de Putter, Dorè, Green, 2015. Is there scale-dependent bias in single-field inflation?

[i]: Adshead et al., 2020. Multimessanger Cosmology: Correlating CMB and SGWB measurements.

[h]: Dimastrogiovanni et al., 2015.Inflationary tensor fossils in LSS.



 “It is perhaps surprising that a physical statement follows from what 

is a gauge redundancy. We know the consistency relations are physical 

(i.e., not trivial identities) because they can be broken; explicit 

examples exist, such as when additional light fields are present during 

infation” [f]

[f]:  Hui et all. An Infinite Set of Ward Identities for Adiabatic Modes

in Cosmology. 2014 .



Part II: EFT of 

Inflation

Outline:

1- The Effective field theory

2- Supersolid Inflation: linear theory

3- Primordial non-Gaussianity

[a]=Celoria, Comelli, Pilo, Rollo, 2019, 

Adiabatic Media Inflation;
[b]=Celoria, Comelli, Pilo, Rollo, 2020, 

Boosting Gws in Supersolid Inflation;
[c]=Celoria, Comelli, Pilo, Rollo, 2021, 

Primordial NG in Supersolid Inflation.



EFT of Inflation

 Single-field inflationary models: time diff. Breaking 𝜏 → 𝜏 + 𝜋0(𝑥, 𝜏), [d]

𝟐𝟐[d] Cheung, Creminelli, Fitzpatrick, Kaplan, Senatore, 2008; EFT of Inflation.



EFT of Inflation

 Single-field inflationary models: time diff. Breaking

 Solid inflation: spatial diff. Breaking 𝑥𝑖 → 𝑥𝑖 + 𝜋𝑖(𝑥, 𝜏), [e]

[d] Cheung, Creminelli, Fitzpatrick, Kaplan, Senatore, 2008; EFT of Inflation.

[e] Endlich, Nicolis, Wang, 2012; Solid Inflation.

𝜏 → 𝜏 + 𝜋0(𝑥, 𝜏), [d]

𝟐𝟐



EFT of Inflation

 Single-field inflationary models: time diff. Breaking

 Solid inflation: spatial diff. Breaking

 Let us break both : Supersolid inflation

Φ0 = 𝜑0 𝜏 + 𝜋0 𝑥, 𝜏 ,

Φi = 𝑥𝑖 + 𝜕𝑖𝜋𝐿 𝑥, 𝜏 + 𝜋𝑇
𝑖 (𝑥, 𝜏),

𝑥𝑖 → 𝑥𝑖 + 𝜋𝑖(𝑥, 𝜏), [e]

𝜏 → 𝜏 + 𝜋0(𝑥, 𝜏), [d]

[d] Cheung, Creminelli, Fitzpatrick, Kaplan, Senatore, 2008; EFT of Inflation.

[e] Endlich, Nicolis, Wang, 2012; Solid Inflation. 𝟐𝟐



EFT of Inflation

 Single-field inflationary models: time diff. Breaking

 Solid inflation: spatial diff. Breaking

 Let us break both : Supersolid inflation

Φ0 = 𝜑0 𝜏 + 𝜋0 𝑥, 𝜏 ,

Φi = 𝑥𝑖 + 𝜕𝑖𝜋𝐿 𝑥, 𝜏 + 𝜋𝑇
𝑖 (𝑥, 𝜏),

Two scalar DoF

Vector

Sym. Breaking pattern: 4 Diff. → 1. ) Φ𝜇→ Φ𝜇 + 𝐶𝜇

2. ) Φl→ 𝑅𝑗
𝑙Φ𝑗

𝑥𝑖 → 𝑥𝑖 + 𝜋𝑖(𝑥, 𝜏), [e]

𝜏 → 𝜏 + 𝜋0(𝑥, 𝜏), [d]

𝟐𝟐



EFT of Inflation

 Basic operators: 𝐶AB = g𝜇𝜈𝜕𝜇Φ
𝐴𝜕𝜈Φ

𝐴, 𝐵lm = g𝜇𝜈𝜕𝜇Φ
𝑙𝜕𝜈Φ

𝑚,

𝑊lm = Blm +
𝐶0𝑙𝐶0𝑚

𝐶00

𝟐𝟑



EFT of Inflation

 Basic operators:

 Lagrangian:

𝐶AB = g𝜇𝜈𝜕𝜇Φ
𝐴𝜕𝜈Φ

𝐴, 𝐵lm = g𝜇𝜈𝜕𝜇Φ
𝑙𝜕𝜈Φ

𝑚,

𝑊lm = Blm +
𝐶0𝑙𝐶0𝑚

𝐶00

𝑆 =
𝑀𝑝𝑙

2

2
∫ 𝑑4𝑥 −𝑔 𝑈(𝑏, 𝑦, 𝜒, 𝜏𝑌, 𝜏𝑍, 𝑤𝑌, 𝑤𝑍),

𝟐𝟑



EFT of Inflation

 Basic operators:

 Lagrangian:

𝐶AB = g𝜇𝜈𝜕𝜇Φ
𝐴𝜕𝜈Φ

𝐴, 𝐵lm = g𝜇𝜈𝜕𝜇Φ
𝑙𝜕𝜈Φ

𝑚,

𝑊lm = Blm +
𝐶0𝑙𝐶0𝑚

𝐶00

𝑆 =
𝑀𝑝𝑙

2

2
∫ 𝑑4𝑥 −𝑔 𝑈(𝑏, 𝑦, 𝜒, 𝜏𝑌, 𝜏𝑍, 𝑤𝑌, 𝑤𝑍),

b = 𝐷𝑒𝑡[𝐵], 𝑦 = 𝑢𝜇 𝜕𝜇Φ
0, 𝜒 = −𝐶00 ,

𝜏𝑌 =
𝑇𝑟[𝐵2]

𝑇𝑟 𝐵 2 , 𝜏𝑍 =
𝑇𝑟[𝐵3]

𝑇𝑟 𝐵 3 , 𝑤𝑌=
𝑇𝑟[𝑊2]

𝑇𝑟 𝑊 2 , 𝑤𝑍 =
𝑇𝑟[𝑊3]

𝑇𝑟 𝑊 3 ,

8 independent operators

𝟐𝟑



EFT of Inflation

 Basic operators:

 Lagrangian:

𝐶AB = g𝜇𝜈𝜕𝜇Φ
𝐴𝜕𝜈Φ

𝐴, 𝐵lm = g𝜇𝜈𝜕𝜇Φ
𝑙𝜕𝜈Φ

𝑚,

𝑊lm = Blm +
𝐶0𝑙𝐶0𝑚

𝐶00

𝑆 =
𝑀𝑝𝑙

2

2
∫ 𝑑4𝑥 −𝑔 𝑈(𝑏, 𝑦, 𝜒, 𝜏𝑌, 𝜏𝑍, 𝑤𝑌, 𝑤𝑍),

b = 𝐷𝑒𝑡[𝐵], 𝑦 = 𝑢𝜇 𝜕𝜇Φ
0, 𝜒 = −𝐶00 ,

𝜏𝑌 =
𝑇𝑟[𝐵2]

𝑇𝑟 𝐵 2 , 𝜏𝑍 =
𝑇𝑟[𝐵3]

𝑇𝑟 𝐵 3 , 𝑤𝑌=
𝑇𝑟[𝑊2]

𝑇𝑟 𝑊 2 , 𝑤𝑍 =
𝑇𝑟[𝑊3]

𝑇𝑟 𝑊 3 ,

𝜋𝑖-dependent

𝟐𝟑



EFT of Inflation

 Basic operators:

 Lagrangian:

𝐶AB = g𝜇𝜈𝜕𝜇Φ
𝐴𝜕𝜈Φ

𝐴, 𝐵lm = g𝜇𝜈𝜕𝜇Φ
𝑙𝜕𝜈Φ

𝑚,

𝑊lm = Blm +
𝐶0𝑙𝐶0𝑚

𝐶00

𝑆 =
𝑀𝑝𝑙

2

2
∫ 𝑑4𝑥 −𝑔 𝑈(𝑏, 𝑦, 𝜒, 𝜏𝑌, 𝜏𝑍, 𝑤𝑌, 𝑤𝑍),

b = 𝐷𝑒𝑡[𝐵], 𝑦 = 𝑢𝜇 𝜕𝜇Φ
0, 𝜒 = −𝐶00 ,

𝜏𝑌 =
𝑇𝑟[𝐵2]

𝑇𝑟 𝐵 2 , 𝜏𝑍 =
𝑇𝑟[𝐵3]

𝑇𝑟 𝐵 3 , 𝑤𝑌=
𝑇𝑟[𝑊2]

𝑇𝑟 𝑊 2 , 𝑤𝑍 =
𝑇𝑟[𝑊3]

𝑇𝑟 𝑊 3 ,

𝜋0-dependent

𝟐𝟑



EFT of Inflation

 Basic operators:

 Lagrangian:

𝐶AB = g𝜇𝜈𝜕𝜇Φ
𝐴𝜕𝜈Φ

𝐴, 𝐵lm = g𝜇𝜈𝜕𝜇Φ
𝑙𝜕𝜈Φ

𝑚,

𝑊lm = Blm +
𝐶0𝑙𝐶0𝑚

𝐶00

𝑆 =
𝑀𝑝𝑙

2

2
∫ 𝑑4𝑥 −𝑔 𝑈(𝑏, 𝑦, 𝜒, 𝜏𝑌, 𝜏𝑍, 𝑤𝑌, 𝑤𝑍),

b = 𝐷𝑒𝑡[𝐵], 𝑦 = 𝑢𝜇 𝜕𝜇Φ
0, 𝜒 = −𝐶00 ,

𝜏𝑌 =
𝑇𝑟[𝐵2]

𝑇𝑟 𝐵 2 , 𝜏𝑍 =
𝑇𝑟[𝐵3]

𝑇𝑟 𝐵 3 , 𝑤𝑌=
𝑇𝑟[𝑊2]

𝑇𝑟 𝑊 2 , 𝑤𝑍 =
𝑇𝑟[𝑊3]

𝑇𝑟 𝑊 3 ,

(𝜋0, 𝜋
i)-dependent

𝟐𝟑



Fluid-Superfuilds, Solid-Supersolids.. 

 Symmetries imply a medium-classification

Fluids: 𝑈(𝑏, 𝑦), invariance under VsDiff. and Φ0 → Φ0 + 𝑓(Φ𝑎),

S-Fluids: 𝑈(𝑏, 𝑦, 𝜒), invariance under VsDiff. (entropy prop.)

𝟐𝟒
𝑇ij = p gij + 𝜌 + 𝑝 ui uj



Fluid-Superfuilds, Solid-Supersolids.. 

 Symmetries imply a medium-classification

Fluids: 𝑈(𝑏, 𝑦), invariance under VsDiff. and Φ0 → Φ0 + 𝑓(Φ𝑎),

S-Fluids: 𝑈(𝑏, 𝑦, 𝜒), invariance under VsDiff. (entropy prop.)

Solids: 𝑈(𝑏, 𝑦, 𝜏𝑌, 𝜏𝑍), the most general Lag. with only Φ𝑙 present 

S-Solids: 𝑈(𝑏, 𝑦, 𝜒, 𝜏𝑌, 𝜏𝑍, 𝑤𝑌, 𝑤𝑍), the most general Lag. with 2 sclar DoF

(entropy prop.) 

𝟐𝟒
𝑇ij = p gij + 𝜌 + 𝑝 ui uj + 𝛼 𝜕𝑖𝑗 𝜋𝐿



Defining parameters in unitary gauge..

 Unitary gauge:

 Extract parameters:

 Masses parameters:

Φ0 = 𝜑0 𝜏 , Φi = 𝑥𝑖 ,

−𝑔𝑈 ∼ 𝑓1 𝑈, 𝑈𝐴 g(1)→ ҧ𝜌, ҧ𝑝

∼ 𝑓2 𝑈,𝑈𝐴, 𝑈𝐴𝐵 g 2 → 𝑀𝑙=0,1,2,3,4

∼ 𝑓3 𝑈,𝑈𝐴, 𝑈𝐴𝐵, 𝑈𝐴𝐵𝐶 g 3 → 𝜆𝑙=1,….,10

𝟐𝟓



Defining parameters in unitary gauge..

 Masses parameters:

𝟐𝟔

Fluids and superfluids



Defining parameters in unitary gauge..

 Masses parameters:

𝟐𝟔

Fluids and superfluids

solids and s.solids

= 6 (𝜌 + 𝑝) 𝑐𝑇
2 it defines the transverse speed of

Longitudinal speed:  𝐜𝐋
𝟐 = −1 +

4

3
𝑐𝑇
2



Defining parameters in unitary gauge..

 Masses parameters:

𝟐𝟔

Fluids and superfluids

solids and s.solids

= 6 (𝜌 + 𝑝) 𝑐𝑇
2 it defines the transverse speed of

Not indepenent
𝑝′

𝜌′
= cs

2 ≈ −1

= −cb
2𝑀0

Longitudinal speed:  𝐜𝐋
𝟐 = −1 +

4

3
𝑐𝑇
2



Too many fields..

 Fundamental fields:

- n=const. curvature: 휁𝑛 =
𝑘2

3
𝜋𝐿 = −Φ+

𝐻

ሶ𝑛
𝛿𝑛 휁, in absence of 𝜋0 (solids)

𝟐𝟕



Too many fields..

 Fundamental fields:

- n=const. curvature:

- Comoving superfuild curvature:

휁𝑛 =
𝑘2

3
𝜋𝐿 = −Φ+

𝐻

ሶ𝑛
𝛿𝑛

𝑅𝜋0 = −Φ+
𝐻

ሶ𝜑
𝜋0

휁, in absence of 𝜋0 (solids)

𝑅, in absence of 𝜋𝐿

𝟐𝟕



Too many fields..

 Fundamental fields:

- n=const. curvature:

- Comoving superfuild curvature:

- Uniform and comoving curvature:

휁𝑛 =
𝑘2

3
𝜋𝐿 = −Φ+

𝐻

ሶ𝑛
𝛿𝑛

𝑅𝜋0 = −Φ+
𝐻

ሶ𝜑
𝜋0

휁 휁𝑛, 𝑅𝜋0
′ , 𝑅(휁𝑛′, 𝑅𝜋0 )

휁, in absence of 𝜋0 (solids)

𝑅, in absence of 𝜋𝐿

𝟐𝟕



Too many fields..

 Fundamental fields:

- n=const. curvature:

- Comoving superfuild curvature:

- Uniform and comoving curvature:

- Entropy perturbations:

휁𝑛 =
𝑘2

3
𝜋𝐿 = −Φ+

𝐻

ሶ𝑛
𝛿𝑛

𝑅𝜋0 = −Φ+
𝐻

ሶ𝜑
𝜋0

휁 휁𝑛, 𝑅𝜋0
′ , 𝑅(휁𝑛′, 𝑅𝜋0 )

𝛿𝜎 = −2 a3𝜌
1

ሶ𝜑
(휁 − 휁𝑛)

휁, in absence of 𝜋0 (solids)

Strictly related to 𝜋0 propagation

𝑅, in absence of 𝜋𝐿

𝟐𝟕



Reheating phase

 Sizable entropy perturbations+ Anisotropic stress: 

The option of inflating and forgetting is not available! 

𝟐𝟖



Reheating phase

 Sizable entropy perturbations+ Anisotropic stress: 

The option of inflating and forgetting is not available! 

 Consider the instantaneous reheating approximation:  

Junction conditions: n=const. reheating surface

휁n|Inf − 휁n |Rad = 0

ΓΛCDM ∼ 𝜖 𝑅𝜋0 , 𝛿𝑝 = 𝑐𝑠
2𝛿𝜌 + Γ

𝟐𝟖



Reheating phase

 Sizable entropy perturbations+ Anisotropic stress: 

The option of inflating and forgetting is not available! 

 Consider the instantaneous reheating approximation:  

Junction conditions: n=const. reheating surface

휁n|Inf − 휁n |Rad = 0

ΓΛCDM ∼ 𝜖 𝑅𝜋0 , Small isocurvature

𝟐𝟖



Reheating phase

 Sizable entropy perturbations+ Anisotropic stress: 

The option of inflating and forgetting is not available! 

 Consider the instantaneous reheating approximation:  

Junction conditions: n=const. reheating surface

휁n|Inf − 휁n |Rad = 0

ΓΛCDM ∼ 𝜖 𝑅𝜋0 , Small isocurvature

 What is constrained by CMB?? 

Φ𝑅𝑎d = −
2

3
휁𝑛 Red tilt and 10−9 amplitude.

𝟐𝟖



Supersolid Inflation

 SR quadratic action

𝐾 =
4 1 + 𝑐1

2 𝑘2 0

0 8 𝑐0
2 𝜑−2

𝐷𝜋 = −2𝑘2 2 𝑐0
2𝑐𝑏

2 + 𝑐1
2 0 1

−1 0

𝑀𝜋 = 4 𝑘2
𝑘2(𝑐𝐿

2 − 2 𝑐0
2 𝑐𝑏

4)
3

2 𝜏
1 + 𝑐𝑏

2 𝜑−1

3

2 𝜏
1 + 𝑐𝑏

2 𝜑−1 −𝑐1
2𝜑−2

𝑆 = ∫ 𝑑𝜏 𝑑3𝑘
1

2
𝜋𝑡

′
𝐾 𝜋′ + 𝜋′𝑡𝐷𝜋 𝜋 −

1

2
𝜋𝑇𝑀𝜋 𝜋 𝑀𝑝𝑙

2 𝐻2 𝑎 𝜏 4 𝜖, 𝜋 =
𝜋𝐿
𝜋0

𝟐𝟗

 Masses parameterization:
𝑀0,1,2 = ൞

4 𝐻2𝜖 𝑐0
2

4 𝐻2𝜖 𝑐1
2

4 𝐻2𝜖 𝑐𝑇
2



Quantization

 Canonical fields:

21/04/2021

𝟑𝟎

𝑘 → +∞

Π =
𝑀𝑝𝑙

𝐻 𝜏2
𝜖
1
2𝐾

1
2
𝜋𝐿
𝜋0



Quantization

 Canonical fields:

21/04/2021

1- Analytical solutions

𝟑𝟎

𝑘 → +∞

Π =
𝑀𝑝𝑙

𝐻 𝜏2
𝜖
1
2𝐾

1
2
𝜋𝐿
𝜋0



Quantization

 Canonical fields:

21/04/2021

1- Analytical solutions

3- Impose the BD vacuum

2- Sub-horizon

quantization

k t>> 1

𝟑𝟎

𝑘 → +∞

Π =
𝑀𝑝𝑙

𝐻 𝜏2
𝜖
1
2𝐾

1
2
𝜋𝐿
𝜋0



Quantization

 Canonical fields:

21/04/2021

1- Analytical solutions

3- Matching

𝟑𝟎

𝑘 → +∞

𝚷𝑫 ∼ (𝒆𝒊 𝒌 𝒄𝒔𝟏𝝉, 𝒆𝒊 𝒌 𝒄𝒔𝟐𝝉)

Π =
𝑀𝑝𝑙

𝐻 𝜏2
𝜖
1
2𝐾

1
2
𝜋𝐿
𝜋0

2- Sub-horizon

quantization

k t>> 1



Analytic solutions

𝟑𝟏

 From quantization: 1) 𝐸𝑖𝑔𝑒𝑛𝑣𝑎𝑙𝑢𝑒𝑠: 𝑐𝑠𝑙 𝑀𝐴 ; 𝐵𝐷: Π𝐷 ∼ 𝑒𝑖 𝑐𝑠𝑙 𝑘 𝜏 𝑙 = 1, 2.

2) 𝑆𝑡𝑎𝑏𝑖𝑙𝑖𝑡𝑦 ∶ 0 < 𝑐𝑠2 < 𝑐𝐿 < 𝑐𝑠1.



Analytic solutions

 Canonical fields Eq. Of motion:

Π𝐿
′′ − 2 𝑘 𝑑 Π0

′ −
𝑘

𝑡
𝜆 Π0 + Π𝐿 𝑘2 𝜆𝐿

2 −
6

𝜏2
= 0

Π0
′′ + 2 𝑘 𝑑 Π𝐿

′ −
𝑘

𝑡
𝜆 ΠL + Π0 𝑘2 𝜆0

2 −
1 + 3 𝑐𝑏

2 2 + 3 𝑐𝑏
2

𝜏2
= 0

𝟑𝟏

 From quantization:

2) 𝑆𝑡𝑎𝑏𝑖𝑙𝑖𝑡𝑦 ∶ 0 < 𝑐𝑠2 < 𝑐𝐿 < 𝑐𝑠1.

1) 𝐸𝑖𝑔𝑒𝑛𝑣𝑎𝑙𝑢𝑒𝑠: 𝑐𝑠𝑙 𝑀𝐴 ; 𝐵𝐷: Π𝐷 ∼ 𝑒𝑖 𝑐𝑠𝑙 𝑘 𝜏 𝑙 = 1, 2.



Analytic solutions

 Canonical fields Eq. Of motion:

 Solutions at 𝑐𝑏
2= 0,−1:

Π𝐿
′′ − 2 𝑘 𝑑 Π0

′ −
𝑘

𝑡
𝜆 Π0 + Π𝐿 𝑘2 𝜆𝐿

2 −
6

𝜏2
= 0

Π0
′′ + 2 𝑘 𝑑 Π𝐿

′ −
𝑘

𝑡
𝜆 ΠL + Π0 𝑘2 𝜆0

2 −
1 + 3 𝑐𝑏

2 2 + 3 𝑐𝑏
2

𝜏2
= 0

Π𝐿 = 

𝑗=1,2

𝑎
𝑘

(𝑗)
𝐴𝐿
(𝑗)

−𝑘 𝜏 𝐻5
2

1
−𝑐𝑠𝑗 𝑘 𝜏 + ℎ. 𝑐.

Π0 = 

𝑗=1,2

𝑎
𝑘

(𝑗)
𝐴0
(𝑗)

−𝑘 𝜏 𝐻3
2

1
−𝑐𝑠𝑗 𝑘 𝜏 + ℎ. 𝑐.

Determined by quantization when −𝑘 𝑡 ≫ 1

𝟑𝟏

 From quantization:

2) 𝑆𝑡𝑎𝑏𝑖𝑙𝑖𝑡𝑦 ∶ 0 < 𝑐𝑠2 < 𝑐𝐿 < 𝑐𝑠1.

1) 𝐸𝑖𝑔𝑒𝑛𝑣𝑎𝑙𝑢𝑒𝑠: 𝑐𝑠𝑙 𝑀𝐴 ; 𝐵𝐷: Π𝐷 ∼ 𝑒𝑖 𝑐𝑠𝑙 𝑘 𝑡 𝑙 = 1, 2.



Power spectra in supersolid inflation

 Formally…

𝟑𝟐

𝓟𝑅𝜋0
= 𝓟𝑆𝐹 𝐹𝑅

1
𝑐𝑏
2, 𝑐𝐿

2, 𝑐𝑠1
2 , 𝑐𝑠2

2 + 𝐹𝑅
2

𝑐𝑏
2, 𝑐𝐿

2, 𝑐𝑠1
2 , 𝑐𝑠2

2

𝓟𝜁𝑛𝑅𝜋0
= 𝓟𝑆𝐹 𝐹𝜁𝑅

1
𝑐𝑏
2, 𝑐𝐿

2, 𝑐𝑠1
2 , 𝑐𝑠2

2 + 𝐹𝜁𝑅
2

𝑐𝑏
2, 𝑐𝐿

2, 𝑐𝑠1
2 , 𝑐𝑠2

2

𝓟𝜁𝑛 = 𝓟𝑆𝐹 𝐹𝜁
1

𝑐𝑏
2, 𝑐𝐿

2, 𝑐𝑠1
2 , 𝑐𝑠2

2 + 𝐹𝜁
2

𝑐𝑏
2, 𝑐𝐿

2, 𝑐𝑠1
2 , 𝑐𝑠2

2



Power spectra in supersolid inflation

 Formally…
𝓟𝜁𝑛 = 𝓟𝑆𝐹 𝐹𝜁

1
𝑐𝑏
2, 𝑐𝐿

2, 𝑐𝑠1
2 , 𝑐𝑠2

2 + 𝐹𝜁
2

𝑐𝑏
2, 𝑐𝐿

2, 𝑐𝑠1
2 , 𝑐𝑠2

2 = Ƹ𝑐𝐿
−5 ∼ 10−9

𝓟𝑅𝜋0
= 𝓟𝑆𝐹 𝐹𝑅

1
𝑐𝑏
2, 𝑐𝐿

2, 𝑐𝑠1
2 , 𝑐𝑠2

2 + 𝐹𝑅
2

𝑐𝑏
2, 𝑐𝐿

2, 𝑐𝑠1
2 , 𝑐𝑠2

2

𝓟𝜁𝑛𝑅𝜋0
= 𝓟𝑆𝐹 𝐹𝜁𝑅

1
𝑐𝑏
2, 𝑐𝐿

2, 𝑐𝑠1
2 , 𝑐𝑠2

2 + 𝐹𝜁𝑅
2

𝑐𝑏
2, 𝑐𝐿

2, 𝑐𝑠1
2 , 𝑐𝑠2

2

𝓟𝜁𝑛 = 𝓟𝑆𝐹 𝐹𝜁
1

𝑐𝑏
2, 𝑐𝐿

2, 𝑐𝑠1
2 , 𝑐𝑠2

2 + 𝐹𝜁
2

𝑐𝑏
2, 𝑐𝐿

2, 𝑐𝑠1
2 , 𝑐𝑠2

2 = Ƹ𝑐𝐿
−5 ∼ 10−9

𝟑𝟐



Power spectra in supersolid inflation

 Formally…

 Imposing reheating ⇒ 𝓟𝜁𝑛 = 𝑐𝑜𝑛𝑠𝑡. and 𝓟𝑅𝜋0
very sensitive to 𝑐𝑠2

𝓟𝜁𝑛 = 𝓟𝑆𝐹 𝐹𝜁
1

𝑐𝑏
2, 𝑐𝐿

2, 𝑐𝑠1
2 , 𝑐𝑠2

2 + 𝐹𝜁
2

𝑐𝑏
2, 𝑐𝐿

2, 𝑐𝑠1
2 , 𝑐𝑠2

2 = Ƹ𝑐𝐿
−5 ∼ 10−9𝓟𝜁𝑛 = 𝓟𝑆𝐹 𝐹𝜁

1
𝑐𝑏
2, 𝑐𝐿

2, 𝑐𝑠1
2 , 𝑐𝑠2

2 + 𝐹𝜁
2

𝑐𝑏
2, 𝑐𝐿

2, 𝑐𝑠1
2 , 𝑐𝑠2

2 = Ƹ𝑐𝐿
−5 ∼ 10−9

𝟑𝟐

𝓟𝑅𝜋0
= 𝓟𝑆𝐹 𝐹𝑅

1
𝑐𝑏
2, 𝑐𝐿

2, 𝑐𝑠1
2 , 𝑐𝑠2

2 + 𝐹𝑅
2

𝑐𝑏
2, 𝑐𝐿

2, 𝑐𝑠1
2 , 𝑐𝑠2

2

𝓟𝜁𝑛𝑅𝜋0
= 𝓟𝑆𝐹 𝐹𝜁𝑅

1
𝑐𝑏
2, 𝑐𝐿

2, 𝑐𝑠1
2 , 𝑐𝑠2

2 + 𝐹𝜁𝑅
2

𝑐𝑏
2, 𝑐𝐿

2, 𝑐𝑠1
2 , 𝑐𝑠2

2



Power spectra in supersolid inflation

 Formally…

 Imposing reheating ⇒ 𝓟𝜁𝑛 = 𝑐𝑜𝑛𝑠𝑡. and 𝓟𝑅𝜋0
very sensitive to 𝑐𝑠2

 𝑐𝑠2 ≪ 𝑐𝑠1 limit

𝓟𝜁𝑛 = 𝓟𝑆𝐹 𝐹𝜁
1

𝑐𝑏
2, 𝑐𝐿

2, 𝑐𝑠1
2 , 𝑐𝑠2

2 + 𝐹𝜁
2

𝑐𝑏
2, 𝑐𝐿

2, 𝑐𝑠1
2 , 𝑐𝑠2

2 = Ƹ𝑐𝐿
−5 ∼ 10−9

𝓟𝑅𝜋0
≈ 𝓟𝑅𝜋0

2
∼

𝓟𝑆𝐹

1

𝑐𝑠2
6 + 𝑂 𝑐𝑠2

−5 𝑖𝑓 𝑐𝑏
2 = −1;

𝓟𝑆𝐹

1

𝑐𝑠2
2 + 𝑂 𝑐𝑠2

−1 𝑖𝑓 𝑐𝑏
2 = 0;

𝓟𝜁𝑛 = 𝓟𝑆𝐹 𝐹𝜁
1

𝑐𝑏
2, 𝑐𝐿

2, 𝑐𝑠1
2 , 𝑐𝑠2

2 + 𝐹𝜁
2

𝑐𝑏
2, 𝑐𝐿

2, 𝑐𝑠1
2 , 𝑐𝑠2

2 = Ƹ𝑐𝐿
−5 ∼ 10−9

𝓟𝜁𝑛𝑅𝜋0
∼ 𝓟𝜁𝑛𝑅𝜋0

(2)
∼ ൞

𝓟𝑆𝐹
1

𝑐𝑠2
3 + 𝑂 𝑐𝑠2

−1 𝑖𝑓 𝑐𝑏
2 = −1;

𝓟𝑆𝐹
1

𝑐𝑠2
+ 𝑂 𝑐𝑠2

0 𝑖𝑓 𝑐𝑏
2 = 0; 𝟑𝟐

𝓟𝑅𝜋0
= 𝓟𝑆𝐹 𝐹𝑅

1
𝑐𝑏
2, 𝑐𝐿

2, 𝑐𝑠1
2 , 𝑐𝑠2

2 + 𝐹𝑅
2

𝑐𝑏
2, 𝑐𝐿

2, 𝑐𝑠1
2 , 𝑐𝑠2

2

𝓟𝜁𝑛𝑅𝜋0
= 𝓟𝑆𝐹 𝐹𝜁𝑅

1
𝑐𝑏
2, 𝑐𝐿

2, 𝑐𝑠1
2 , 𝑐𝑠2

2 + 𝐹𝜁𝑅
2

𝑐𝑏
2, 𝑐𝐿

2, 𝑐𝑠1
2 , 𝑐𝑠2

2



Power spectra in supersolid inflation

 Formally…

 Imposing reheating ⇒ 𝓟𝜁𝑛 = 𝑐𝑜𝑛𝑠𝑡. and 𝓟𝑅𝜋0
very sensitive to 𝑐𝑠2

 𝑐𝑠2 ≪ 𝑐𝑠1 limit

𝓟𝜁𝑛 = 𝓟𝑆𝐹 𝐹𝜁
1

𝑐𝑏
2, 𝑐𝐿

2, 𝑐𝑠1
2 , 𝑐𝑠2

2 + 𝐹𝜁
2

𝑐𝑏
2, 𝑐𝐿

2, 𝑐𝑠1
2 , 𝑐𝑠2

2 = Ƹ𝑐𝐿
−5 ∼ 10−9

𝓟𝑅𝜋0
≈ 𝓟𝑅𝜋0

2
∼

𝓟𝑆𝐹

1

𝑐𝑠2
6 + 𝑂 𝑐𝑠2

−5 𝑖𝑓 𝑐𝑏
2 = −1;

𝓟𝑆𝐹

1

𝑐𝑠2
2 + 𝑂 𝑐𝑠2

−1 𝑖𝑓 𝑐𝑏
2 = 0;

≫ 𝓟𝜁𝑛

𝓟𝜁𝑛 = 𝓟𝑆𝐹 𝐹𝜁
1

𝑐𝑏
2, 𝑐𝐿

2, 𝑐𝑠1
2 , 𝑐𝑠2

2 + 𝐹𝜁
2

𝑐𝑏
2, 𝑐𝐿

2, 𝑐𝑠1
2 , 𝑐𝑠2

2 = Ƹ𝑐𝐿
−5 ∼ 10−9

𝓟𝜁𝑛𝑅𝜋0
∼ 𝓟𝜁𝑛𝑅𝜋0

(2)
∼ ൞

𝓟𝑆𝐹
1

𝑐𝑠2
3 + 𝑂 𝑐𝑠2

−1 𝑖𝑓 𝑐𝑏
2 = −1;

𝓟𝑆𝐹
1

𝑐𝑠2
+ 𝑂 𝑐𝑠2

0 𝑖𝑓 𝑐𝑏
2 = 0;

≫ 𝓟𝜁𝑛

𝟑𝟐

𝓟𝑅𝜋0
= 𝓟𝑆𝐹 𝐹𝑅

1
𝑐𝑏
2, 𝑐𝐿

2, 𝑐𝑠1
2 , 𝑐𝑠2

2 + 𝐹𝑅
2

𝑐𝑏
2, 𝑐𝐿

2, 𝑐𝑠1
2 , 𝑐𝑠2

2

𝓟𝜁𝑛𝑅𝜋0
= 𝓟𝑆𝐹 𝐹𝜁𝑅

1
𝑐𝑏
2, 𝑐𝐿

2, 𝑐𝑠1
2 , 𝑐𝑠2

2 + 𝐹𝜁𝑅
2

𝑐𝑏
2, 𝑐𝐿

2, 𝑐𝑠1
2 , 𝑐𝑠2

2



Slow-roll corrections

 All fields are almost scale free in the range −1 < 𝑐𝑏
2 < 0 ( 𝑘 𝑡 → 0)

휁𝑛
(𝑙)

= 𝐴𝜁
(𝑙)

−𝐻 𝑡
4
3𝑐𝑇

2𝜖 𝑘
1
2(𝑛𝜁−4), 𝑛𝜁 = 1 + 2 𝜖 𝑐𝐿

2 − 휂 < 1

Violation of the W. Theorem

𝟑𝟑



Slow-roll corrections

 All fields are almost scale free in the range −1 < 𝑐𝑏
2 < 0 ( 𝑘 𝑡 → 0)

 For 𝑅𝜋0
(𝑙)

: enhanced in the 𝑐𝑠2 ≪ 1 when 𝑐𝑏
2 → −1

휁𝑛
(𝑙)

= 𝐴𝜁
(𝑙)

−𝐻 𝑡
4
3𝑐𝑇

2𝜖 𝑘
1
2(𝑛𝜁−4), 𝑛𝜁 = 1 + 2 𝜖 𝑐𝐿

2 − 휂 < 1

Violation of the W. Theorem

𝑅𝜋0 ≈
𝐴𝑅

2

𝑐𝑠2
3 −𝐻 𝑡 3 1+𝑐𝑏

2 +𝜖 1+3 𝑐𝑏
2 +𝜂 𝑘

1
2(𝑛𝑅−4),

𝑛𝑅 = 7 + 6 𝑐𝑏
2 1 + 𝜖 + 휂 > 1 ⇒ 1 + 𝑐𝑏

2 > 𝜖 −
휂

6

𝟑𝟑



One-loop: Boosting Gws in Supersolids

 𝓟𝑅0 ≫ 𝓟𝜁𝑛 but not transmitted to radiation.. However..

𝐿ℎ𝑅𝑅 = −𝑀𝑝𝑙
2 𝑎2 𝜖 𝐺 ℎ𝑖𝑗𝜕𝑖𝑅𝜋0𝜕𝑗𝑅𝜋0

𝟑𝟒



One-loop: Boosting Gws in Supersolids

 𝓟𝑅0 ≫ 𝓟𝜁𝑛 but not transmitted to radiation.. However..

 Non-linear Eq. of M.
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One-loop: Boosting Gws in Supersolids

 𝓟𝑅0 ≫ 𝓟𝜁𝑛 but not transmitted to radiation.. However..

 Non-linear Eq. of M.

 Corrected PS

𝐿ℎ𝑅𝑅 = −𝑀𝑝𝑙
2 𝑎2 𝜖 𝐺 ℎ𝑖𝑗𝜕𝑖𝑅𝜋0𝜕𝑗𝑅𝜋0

ℎ𝑖𝑗
′′ −
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𝑡
ℎ𝑖𝑗
′ − 𝜕2ℎ𝑖𝑗 = 𝑇𝑖𝑗
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One-loop: Boosting Gws in Supersolids

 𝓟𝑅0 ≫ 𝓟𝜁𝑛 but not transmitted to radiation.. However..

 Non-linear Eq. of M.

 Corrected PS

𝐿ℎ𝑅𝑅 = −𝑀𝑝𝑙
2 𝑎2 𝜖 𝐺 ℎ𝑖𝑗𝜕𝑖𝑅𝜋0𝜕𝑗𝑅𝜋0

ℎ𝑖𝑗
′′ −

2

𝑡
ℎ𝑖𝑗
′ − 𝜕2ℎ𝑖𝑗 = 𝑇𝑖𝑗

𝑙𝑚 𝜖 𝐺 𝜕𝑙𝑅𝜋0𝜕𝑚𝑅𝜋0

𝓟ℎ = 𝓟ℎ
(1)

+𝓟ℎ
(2) 𝐺2𝜖2

2 𝜋2

𝑐𝑠2
(𝓟𝑅𝜋0

2
)2 −𝐻 𝑡 12 1+𝑐𝑏

2 −10 𝜖 𝑘2(𝑛𝑅−1)

𝑛𝑇 − 1 = 12 1 + 𝑐𝑏
2 + 𝑐𝑏

2 𝜖 + 2 휂

𝟑𝟒
𝑛𝑇 − 1 = 2 𝑐𝐿

2𝜖

∼
𝜖2

𝑐𝑠2
13𝓟𝜁𝑛

2

𝑟 ∼ 𝑐𝐿
5𝜖



PNG in Supersolid Inflation

 In-In formalism and the Dyson formula

< 𝑊 𝑡 > = < 𝑒−𝑖 ∫
𝑡
𝑑𝑡′𝐻𝐼(𝑡

′)
+
𝑊 𝑡 𝑒−𝑖 ∫

𝑡
𝑑𝑡′𝐻𝐼(𝑡

′) >

= 𝑖 න
−∞

𝑡

𝑑𝑡′ < 0| 𝑊 𝑡 , 𝐻𝐼 𝑡
′ |0 >

−∫ 𝑑3𝑥 𝐿 3 (𝑥, 𝑡)

𝟑𝟓



PNG in Supersolid Inflation

 In-In formalism and the Dyson formula

 All possible interactions:

< 𝑊 𝑡 > = < 𝑒−𝑖 ∫
𝑡
𝑑𝑡′𝐻𝐼(𝑡

′)
+
𝑊 𝑡 𝑒−𝑖 ∫

𝑡
𝑑𝑡′𝐻𝐼(𝑡

′) >

= 𝑖 න
−∞

𝑡

𝑑𝑡′ < 0| 𝑊 𝑡 , 𝐻𝐼 𝑡
′ |0 >

−∫ 𝑑3𝑥 𝐿 3 (𝑥, 𝑡)

𝑊 = 휁𝑛 𝑥1 휁𝑛 𝑥2 휁𝑛 𝑥3 ⇒ 𝐿𝑆𝑆𝑆
3

= ℎ 𝑥1 휁𝑛 𝑥2 휁𝑛 𝑥3 ⇒ 𝐿𝑇𝑆𝑆
3

= ℎ 𝑥1 ℎ 𝑥2 휁𝑛 𝑥3 ⇒ 𝐿𝑇𝑇𝑆
3

= ℎ 𝑥1 ℎ 𝑥2 ℎ 𝑥3 ⇒ 𝐿𝑇𝑇𝑇
3

= 𝐿(3)

𝟑𝟓



PNG in Supersolid Inflation

 Typical interaction
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 Typical interaction
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PNG in Supersolid Inflation

 Typical interaction

𝑐𝑏
2 = −1: no dangerous interactions

Spatial derivativesDepends on 𝑀𝑙 , 𝜆𝑙
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PNG in Supersolid Inflation

 Typical interaction

 Our color code.. Let us count the number of 𝑅𝜋0 in 𝐿3

- Violet: No 𝑅𝜋0 field

- Blue: One 𝑅𝜋0 field

- Green and Orange: Two 𝑅𝜋0 fields

- Red: Three 𝑅𝜋0 fields

𝟑𝟔

𝜉 = {휁𝑛, 𝐻
−1휁𝑛

′ , 𝑅𝜋0 , 𝐻
−1𝑅𝜋0′}
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PNG in Supersolid Inflation

 Typical interaction

 Our color code.. Let us count the number of 𝑅𝜋0 in 𝐿3

- Violet: No 𝑅𝜋0 field

- Blue: One 𝑅𝜋0 field

- Green and Orange: Two 𝑅𝜋0 fields

- Red: Three 𝑅𝜋0 fields

 Three scalar SQUEEZED bispectrum:

𝐿(3) = 𝐻2𝑀𝑝𝑙
2 𝑋 𝜖 𝑎𝑛 𝑐𝑏 𝐷 𝑘, 𝑘′, 𝑘′′ 𝜉𝑘𝜉𝑘′𝜉𝑘′′

𝑓𝑁𝐿
(𝑋)

=
𝐵

𝓟𝜁𝑛
2 = 𝑋

𝟑𝟔

𝜉 = {휁𝑛, 𝐻
−1휁𝑛

′ , 𝑅𝜋0 , 𝐻
−1𝑅𝜋0′}



PNG in Supersolid Inflation

 Typical interaction

 Our color code.. Let us count the number of 𝑅𝜋0 in 𝐿3

- Violet: No 𝑅𝜋0 field

- Blue: One 𝑅𝜋0 field

- Green and Orange: Two 𝑅𝜋0 fields

- Red: Three 𝑅𝜋0 fields

 Three scalar SQUEEZED bispectrum:

𝑓𝑁𝐿
(𝑋)

=
𝐵

𝓟𝜁𝑛
2 = 𝑋 # + #𝐶𝑜𝑠 휃 2
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PNG in Supersolid Inflation

 Typical interaction

 Our color code.. Let us count the number of 𝑅𝜋0 in 𝐿3

- Violet: No 𝑅𝜋0 field

- Blue: One 𝑅𝜋0 field

- Green and Orange: Two 𝑅𝜋0 fields

- Red: Three 𝑅𝜋0 fields

 Three scalar SQUEEZED bispectrum:

𝜉 = {휁𝑛, 𝐻
−1휁𝑛

′ , 𝑅𝜋0 , 𝐻
−1𝑅𝜋0′}

𝑓𝑁𝐿
(𝑋)

=
𝐵

𝓟𝜁𝑛
2 = 𝑋 # + #𝐶𝑜𝑠 휃 2 ൞

𝑐𝑠2
0 , 𝑐𝑠2

−3

𝑐𝑠2
−5, 𝑐𝑠2

−6

𝑐𝑠2
−8 𝟑𝟔

𝐿(3) = 𝐻2𝑀𝑝𝑙
2 𝑋 𝜖 𝑎𝑛 𝑐𝑏 𝐷 𝑘, 𝑘′, 𝑘′′ 𝜉𝑘𝜉𝑘′𝜉𝑘′′



PNG in Supersolid Inflation

 Violation of the consistency relation:

 First source: «solid-anisotropy»           Tij ∼ 𝜕𝑖𝑗𝜋𝐿 ∼ 휁𝑛

 Second source: «non-adiabaticity»

𝑓𝑁𝐿
(𝑆𝑄)

=
𝐵

𝓟𝜁𝑛
2 =

𝑋

𝑋 # + #𝐶𝑜𝑠 휃 2 ൞

𝑐𝑠2
0 , 𝑐𝑠2

−3

𝑐𝑠2
−5, 𝑐𝑠2

−6

𝑐𝑠2
−8

< 𝑓𝑁𝐿
(𝑆𝑄)

>𝜃≠ 𝑛𝑠 − 1.

𝟑𝟕[d]: Bordin, Creminelli, Mirbabayi and Norena, 2017. Solid Consistency



Gravitational PNG (squeezed) 

 Purely tensor correlators

𝟑𝟖

𝑓𝑇𝑇𝑇 =
𝐵𝑇𝑇𝑇

𝑃ℎ(𝑘𝐿)𝑃ℎ(𝑘𝑠)
∼ 𝑉 𝜖 3 𝛾𝑒 − 7 + 3 log −2 𝑘𝑠𝑡 sin 휃 2



Gravitational PNG (squeezed) 

 Purely tensor correlators

 Two gravitons and one scalar:

𝑓𝑇𝑇𝑇 =
𝐵𝑇𝑇𝑇

𝑃ℎ(𝑘𝐿)𝑃ℎ(𝑘𝑠)
∼ 𝑉 𝜖 3 𝛾𝑒 − 7 + 3 log −2 𝑘𝑠𝑡 sin 휃 2

𝑓𝑇𝑇𝑆 =
𝐵𝑇𝑇𝑆

𝑃ℎ(𝑘𝑆)𝑃𝜁𝑛(𝑘𝐿)
= 𝑓𝑇𝑇𝑆

(𝑉)
+ 𝑓𝑇𝑇𝑆

(𝐵)

𝑓𝑇𝑇𝑆
(𝐵)

∼ 𝐵 3 𝛾𝑒 − 7 + 3 log −2 𝑘𝑠𝑡 𝜖
𝓟𝜁𝑛𝑅𝜋0

𝓟𝜁𝑛

∼ 𝑐𝑠2
−3

𝟑𝟖



Gravitational PNG (squeezed) 

 Purely tensor correlators

 Two gravitons and one scalar:

 One graviton and two scalars:

𝑓𝑇𝑇𝑇 =
𝐵𝑇𝑇𝑇

𝑃ℎ(𝑘𝐿)𝑃ℎ(𝑘𝑠)
∼ 𝑉 𝜖 3 𝛾𝑒 − 7 + 3 log −2 𝑘𝑠𝑡 sin 휃 2

𝑓𝑇𝑇𝑆 =
𝐵𝑇𝑇𝑆

𝑃ℎ(𝑘𝑆)𝑃𝜁𝑛(𝑘𝐿)
= 𝑓𝑇𝑇𝑆

(𝑉)
+ 𝑓𝑇𝑇𝑆

(𝐵)

𝑓𝑇𝑇𝑆
(𝐵)

∼ 𝐵 3 𝛾𝑒 − 7 + 3 log −2 𝑘𝑠𝑡 𝜖
𝓟𝜁𝑛𝑅𝜋0

𝓟𝜁𝑛

∼ 𝑐𝑠2
−3

𝑓𝑇𝑆𝑆 =
𝐵𝑇𝑆𝑆

𝑃ℎ(𝑘𝐿)𝑃𝜁𝑛(𝑘𝑆)
= 𝑓𝑇𝑆𝑆

(𝑉)
+ 𝑓𝑇𝑆𝑆

(𝐵)
+ 𝑓𝑇𝑆𝑆

(𝐺)

𝑓𝑇𝑆𝑆
(𝐺)

∼ 𝐺 𝜖 𝑐𝑠2 sin 휃 2
𝓟𝜁𝑛𝑅𝜋0

𝓟𝜁𝑛

2

∼ 𝑐𝑠2
−5

𝟑𝟖



Phenomenolgy

 Two main scenarios

-1.) Not considering too small 𝑐𝑠2 values 

- SSS sector under control with all the colors..

- TTS and TSS will receive a «mitigated» boost
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Phenomenolgy

 Two main scenarios

-1.) Not considering too small 𝑐𝑠2 values 

- SSS sector under control with all the colors..

- TTS and TSS will receive a «mitigated» boost

-2.) Considering small 𝑐𝑠2 values (sizable oneloop correction)

- Can we take SSS under control with a red contribution? Yes! 

- TTS and TSS will receive a «very sizable» boost!

𝟑𝟗



Phenomenolgy

 TTS, TSS

𝟒𝟎



Phenomenolgy

 TTS, TSS

𝟒𝟎
∼ 10 − 103

∼ 105 − 106

𝝐 = 𝟏,



Future developments

 We studied tree-level NG… However, we know that TSS generates one-loops



Future developments

< ℎ2 >∼< h2 >One−loop+< h2 >Linear [1 + … fTTS R𝜋0 x ]

 We studied tree-level NG… However, we know that TSS generates one-loops: 

TTT and TTS corrections;

 A maximized TSS sector ⇒ Tensor fossils in LSS;

 We have the GWs initial conditions let us propagate and study SGWB… 

 The same EFT in different contexts..



Thank you!


