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I. USUAL PICTURE
OF INFLATION
A CONSISTENT COSMOLOGICAL
STORY
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CMB is the first observational consequence
of the physics in the early universe

VERYBROADPICTURE

Å Cosmology: history, content and laws of the Universe

Å Early Universe: before emissionof the CMB

Big Bang
??? Inflation

Reheating

Radiation and matter
dominated era CMB

Dark
ages

ὸ ρπ ᴼρπ s ὸ σψπȢπππyr

ὸ π

This work

‰‏ ‒ Ὕ‏ ”‏



LINKS WITH HIGH-ENERGYTHEORIES
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ÌÏÇὉȾὋὩὠ

19

16

?

3 Standard Model, LHC

Accessible experimentson Earth

H, inflation

ὓ : Grand Unified Theories(GUT):
Unification of the fundamental non-grav. forces

ὓ : Planck mass

ὓ : String theory, quantum loop gravity etc.

The exact energy scale of inflation is not known
Detectionof primordial GWsmaytell us

Inflation happensat high energies

It is sensitive to high-energyeffects

Wedo not know physicsat high energies
sowe cannot sayany thing about inflation

,ÅÔȭÓwork on inflation and hopefully
we learn about high-energyphysics

Natural units:ᴐ ὧ ρand the only dimension is energy(or mass)



CMB OBSERVATION MOTIVATESINFLATION
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ü How is the universe sohomogeneous?
Horizon problem

üWhy is the universe sospatially flat?
Flatness problem

ὝḐςȢχσὑȠ
Ὕ‏

Ὕ
Ḑρπ ȠȿɱȿḺρ
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ü How is the universe sohomogeneous?
Horizon problem

üWhy is the universe sospatially flat?
Flatness problem

ὝḐςȢχσὑȠ
Ὕ‏

Ὕ
Ḑρπ ȠȿɱȿḺρ

Inflation, an era of accelerated expansion of the Universe ,
solves both the horizon and flatness problems

ὔ ÌÎ
ὥ

ὥ
ṃυυ



OBSERVATIONAL CONSTRAINTS ü 2-point (Gaussian) statistics:

‒‒ ς“ ‏ Ὧ Ὧ ὖ Ὧ

Dimensionless power spectrum is

Ὧ
ς“

Ὧ
ὖ Ὧ ═▼

Ὧ

Ὧz

▪▼

ü 3-point (Non-Gaussian) statistics:

‒ ‒ ‒ ς“ ‏ Ὧ Ὧ Ὧ

ὄ ὯȟὯȟὯ

Dimensionlessbispectrum is

ς“

Ὧ
ὄ █╝╛

ü 4-point (Gaussian+Non-Gaussian)

▌╝╛Trispectrum

Fluctuations in the CMBare mostly adiabatic

‒†ȟᴆὼ the adiabaticcurvature perturbation 

‒ † its Fourier transform

dictatesthe statisticsof the temperatureanisotropies in the CMB
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Power spectrum Bispectrum Trispectrum

►
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Trispectrum

Large ScaleStructure (LSS) experimentssuch

as DESI or Euclid could constrainȿὪ ȿ<10

Planck constraints from the CMB

Fluctuations in the CMBare mostly adiabatic

‒†ȟᴆὼ the adiabaticcurvature perturbation 

‒ † its Fourier transform

dictatesthe statisticsof the temperatureanisotropies in the CMB



SLOW-ROLL SINGLE FIELDINFLATION

ÅQuasi de Sitter space:                                 ; 

ÅSingle-clock: only one scalardegreeof freedom

ÅCanonical kinetic term
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♠

╥

ᵼ
ὓ ὠ

ὠ
ḺρȠ

╜▬ȿ╥ȿ

╥
Ḻ

‭
Ὄ

Ὄ
Ḻρ–

‭

Ὄ‭
Ḻρ

Successand failure

V Enoughexpansion to solvethe horizon
and flatnessproblems

V Nearly scale-invariant scalarpower spectrum
on large scales

V Small tensor-to-scalarratio
Small non-Gaussianities

× Few theoretical motivation: realistic UV
completions typically predict several scalar
fields with non-canonical kinetic terms

× Sensitive to Planck scalesuppressedoperators, 
quantum loops renormalize the potential:

eta problem:
╜▬ȿ╥ȿ

╥
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II. MULTIFIELD
INFLATION WITH
CURVEDFIELDSPACE

GEOMETRICAL EFFECTS UNVEILED

♠

╥ ȟ

Curved field space



Flat field space

Ὓ Ὣ
Ὑ

ς
ȟ

Ὣ ♯╪╫‬‰‬‰ ╥ꜚ╬

♠

╥ ȟ

Non-geodesic motion
Minimum of the potential

One geodesic

MULTIFIELD INFLATION

Vanishing curvature: 2 π

Aligned



Flat field space

Ὓ Ὣ
Ὑ

ς
ȟ

Ὣ ♯╪╫‬‰‬‰ ╥ꜚ╬

♠

╥ ȟ

Non-geodesic motion
Minimum of the potential

One geodesic

MULTIFIELD INFLATION

Vanishing curvature: 2 π

Aligned
Entropic
direction

Background trajectory

▄Ɑ
▄▼

Adiabatic direction

Covariant rate of turn : Ὄ– —

Ᵽ

measuresthe bendingin field space

(velocity„)



Curved field space

Ὓ Ὣ
Ὑ

ς
ȟ

Ὣ ╖╪╫ꜚ
╬‬‰‬‰ ╥ꜚ╬

♠

╥ ȟ

Non-geodesic motion
Minimum of the potential

One geodesic

MULTIFIELD INFLATION WITH 
CURVED FIELD SPACE

Scalarcurvature: 2 π

Not aligned



Curved field space

Ὓ Ὣ
Ὑ

ς
ȟ

Ὣ ╖╪╫ꜚ
╬‬‰‬‰ ╥ꜚ╬

♠

╥ ȟ

Non-geodesic motion
Minimum of the potential

One geodesic

MULTIFIELD INFLATION WITH 
CURVED FIELD SPACE

Scalarcurvature: 2 π

measuresdeviationfrom a geodesicin field space
Not aligned

Covariant rate of turn : Ὄ– Ὀ—

Geometry Flat Spherical Hyperbolic

Ὑ 0 > 0 < 0

Local curvature in field space

Ricci scalarὙ constructed fromὋ



SOMEPREVIOUSWORKS

Copernicus Webinar, from Paris, September 11th 2020                                                                          
Lucas Pinol

20

INTERESTINGMULTIFIELD FEATURES

ü Super-Hubble evolution of adiabaticperturbations, sourcedby entropic ones:

Å Single-field (SF) consistencyrelation is modified: , with

Å Correlatedadiabatic-entropic perturbations: ÃÏÓɝ ὖ Ⱦὖ ὖ

ὶ ψὲ ÓÉÎɝ

‒ Ὓ

[Wands, Bartolo,
Matarrese , Riotto 2002]

[Langlois 1999]
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INTERESTINGMULTIFIELD FEATURES

ü Super-Hubble evolution of adiabaticperturbations, sourcedby entropic ones:

Å Single-field (SF) consistencyrelation is modified:                                          , with

Å Correlatedadiabatic-entropic perturbations: ÃÏÓɝ ὖ Ⱦὖ ὖ

ü Featuresin the power spectrum (suddenturn , fastly-evolving entropic ÍÁÓÓȣɊȡ

Å Oscillations / step at scalesthat exit the horizon when the feature happens

Å Quantum clocks: minimal oscillations evenwithout features in the background trajectory

ὶ ψὲ ÓÉÎɝ

‒ Ὓ

[Wands, Bartolo,
Matarrese , Riotto 2002]

[Langlois 1999]

[Lesgourgues 1999]

[Chen, Namjoo,
Wang 2015]
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INTERESTINGMULTIFIELD FEATURES

ü Super-Hubble evolution of adiabaticperturbations, sourcedby entropic ones:

Å Single-field (SF) consistencyrelation is modified:                                          , with

Å Correlatedadiabatic-entropic perturbations: ÃÏÓɝ ὖ Ⱦὖ ὖ

ü Featuresin the power spectrum (suddenturn , fastly-evolving entropic ÍÁÓÓȣɊȡ

Å Oscillations / step at scalesthat exit the horizon when the feature happens

Å Quantum clocks: minimal oscillations evenwithout features in the background trajectory

ü Non-Gaussianitiesare enhanced:

Å -ÁÌÄÁÃÅÎÁȭÓresultὪ ὕ‭ȟ– and SF consistencyrelation Ὢ ὲ ρare broken

Å An extra massive field affectsthe shapeand amplitude of  Ὢ dependingon its mass and spin

Quasi-Single Field: [Chen, Wang 2009] , CosmologicalCollider: [Arkani -Hamed, Maldacena 2015] , 
CosmologicalBootstrap [Arkani -Hamed, Baumann, Lee, Pimentel 2018]

ὶ ψὲ ÓÉÎɝ

‒ Ὓ

[Lesgourgues 1999]

[Chen, Namjoo,
Wang 2015]

[Wands, Bartolo,
Matarrese , Riotto 2002]

[Langlois 1999]
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INTERESTINGMULTIFIELD FEATURES

ü Multifield enablesto inflate alongsteeppotentials:                                                        if strong bending‭
ὠȟ
ςὠ
ḗ‭ρ

–

ω
ρ

[Hetz, Palma 2016]

Steep potenti al

No bending = too fast rolling to inflate

With bending = slow enoughrolling to inflate

[Garcia-Saenz, Renaux-Petel, Ronayne 2018]

[Fumagalli , Garcia-Saenz, LP, Renaux-Petel, Ronayne 2019] 
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INTERESTINGMULTIFIELD FEATURES

ü Multifield enablesto inflate alongsteeppotentials:                                                        if strong bending

Multifield helps to satisfy the dSswamplandconjectures 

‭
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ω
ρ

[Achucarro , Palma 2018]

Steep potenti al
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INTERESTINGMULTIFIELD FEATURES

ü Multifield enablesto inflate alongsteeppotentials:                                                        if strong bending

Multifield helps to satisfy the dSswamplandconjectures 

ü Inflationary ‌-attractors: supersymmetric-inspired modelswith curved field space, match well
Planck constraints

‭
ὠȟ
ςὠ
ḗ‭ρ

–

ω
ρ

[Kallosh , Linde, Roest 2013]

[Hetz, Palma 2016]

[Garcia-Saenz, Renaux-Petel, Ronayne 2018]

[Fumagalli , Garcia-Saenz, LP, Renaux-Petel, Ronayne 2019] 

[Achucarro , Palma 2018]

[Bjorkmo , Marsh 2019]
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INTERESTINGMULTIFIELD FEATURES

ü Multifield enablesto inflate alongsteeppotentials:                                                        if strong bending

Multifield helps to satisfy the dSswamplandconjectures 

ü Inflationary ‌-attractors: supersymmetric-inspired modelswith curved field space, match well
Planck constraints

ü Recentworks about curved field space:

Geometricaldestabilization of inflation

Sidetrackedinflation

Multifield ‌-attractors

Attractors and bifurcations in multifield inflation

Hyperinflation

‭
ὠȟ
ςὠ
ḗ‭ρ

–

ω
ρ

[Achúcarro , Kallosh , Linde , Wang, Welling 2017 ]

[Brown 2017 ], [Mizuno , Mukhoyama 2018 ] 
[Fumagalli , Garcia-Saenz, LP, Renaux-Petel, Ronayne 2019 ] 

[Bjorkmo , Marsh 2019]

[Christodoulidis , Roest, Sfakianakis 2019]

[Garcia-Saenz, Renaux-Petel, Ronayne 2018]

[Renaux-Petel, Turzynski 2015]

[Hetz, Palma 2016]

[Garcia-Saenz, Renaux-Petel, Ronayne 2018]

[Fumagalli , Garcia-Saenz, LP, Renaux-Petel, Ronayne 2019] 

[Kallosh , Linde, Roest 2013]

[Achucarro , Palma 2018]

[Bjorkmo , Marsh 2019]
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STABILITY OF BACKGROUND 
TRAJECTORIES

ÅA stable trajectory requiresṶlong wavelength modes to be stable: άȟ π

♠╥ ȟ

Other notation ‘

entropic perturbations on large scales
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[S. Renaux-Petel,
K. Turzynski 2015]

STABILITY OF BACKGROUND 
TRAJECTORIES

ÅA stable trajectory requiresṶlong wavelengthmodes to be stable: άȟ π

ÅGeometricaldestabilization of inflation : 
ȟ Ƞ σ– ‭Ὑὓ π

π π for hyperbolic field spaces

♠╥ ȟ
Destabilization

Hessianof the potential Bending Geometryof field-space

Other notation ‘

«bifurcation » in the languageof dynamicalsystems
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STABILITY OF BACKGROUND 
TRAJECTORIES

ÅA stable trajectory requiresṶlong wavelengthmodes to be stable: άȟ π

ÅGeometricaldestabilization of inflation : 
ȟ Ƞ σ– ‭Ὑὓ π

Second, sidetrackedphase of inflation
[O. Grocholski , M. Kalinowski , 
M. Kolanowski , S. Renaux-Petel, 
K.Turzynski , V. Vennin 2019]

♠╥ ȟ

Sidetracked
phase

[S. Renaux-Petel,
K. Turzynski 2015]

π for hyperbolic field spaces

Hessianof the potential Bending Geometryof field-space

All observables ╝ἱἶἮἴἩἼἱἷἶȟ▪▼ȟ►ȟ█ἶἴȣ affected

Other notation ‘

π



PLANCK

RESURRECTING NATURAL INFLATION?

PHYSICS OF LINEAR FLUCTUATIONS

ὠ‰ ɤ ρ ÃÏÓ
‰

Ὢ

Discreteshift symmetryprotecting
potential from quantum 

corrections

[Planck 2018]



Negativelycurved field spaces
Toy models(sofar)
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ς
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Negativelycurved field spaces
Toy models(sofar)

üMinimal metric :

Ὠ„ ρ
Ⱶ

╜
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Ὑ
τ
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RESURRECTING NATURAL INFLATION?

PHYSICS OF LINEAR FLUCTUATIONS
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Ὢ

ρ

ς
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[Garcia-Saenz, Renaux-Petel, Ronayne 2018]



Negativelycurved field spaces
Toy models(sofar)
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Ὑ
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╜
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Ὑ
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Negativelycurved field spaces
Toy models(sofar)

üMinimal metric :

Ὠ„ ρ
ς…

ὓ
Ὠ‰ Ὠ…

Ὑ
τ

ὓ ρ ς…Ⱦὓ

üHyperbolic metric :

Ὠ„ ρ
ς…

ὓ
Ὠ‰

ςς…

ὓ
Ὠ‰Ὠ…Ὠ…

Ὑ
τ

ὓ

█ Ȣ █

█

█ Ȣ

█

█

╡

╡

Hyperbolic
metric

Minimal
metric

Planck 95%

Planck 68%

CMB-S4 95%

CMB-S4 68%

F. Bouchet, L. Pinol , J. Ronayne

RESURRECTING NATURAL INFLATION?

PHYSICS OF LINEAR FLUCTUATIONS

ὠ‰ȟ… ɤ ρ ÃÏÓ
‰

Ὢ

ρ

ς
ά …

PRELIMINARY



Embeddingof the hyperbolic plane in 3D
Radial trajectory
Hyperinflation trajectory

ꜚ

Ⱶ

Ὑ
τ

ὓ
ȟ ὓḺὓ

Hyperbolic field space

This is not the potential

Setup

The scalarfields‰ȟ…live on an internal hyperbolic plane

radial angular

Destabi -
lization

HYPERINFLATION

[Fumagalli , Garcia-Saenz, Pinol , 
Renaux-Petel, Ronayne 2019]
Phys. Rev. Lett. 123, 201302

NON-GAUSSIANITIES

Spiraling trajectory enablesto inflate alongsteeppotentials:

Interesting for etaproblem and swamplandconjectures!



Interesting observationalsignatures:

Large non-Gaussianitiesin exotic flattened configurations

Embeddingof the hyperbolic plane in 3D
Radial trajectory
Hyperinflation trajectory

ꜚ

Ⱶ

Destabi -
lization

Target for upcoming LSS experiments

Ὑ
τ

ὓ
ȟ ὓḺὓ

Hyperbolic field space

HYPERINFLATION

[Fumagalli , Garcia-Saenz, Pinol , 
Renaux-Petel, Ronayne 2019]
Phys. Rev. Lett. 123, 201302

NON-GAUSSIANITIES

This is not the potential

█ἶἴ
ἭἹ

ײַ Ƞ█ἶἴ
ἮἴἩἼַײ

Setup

The scalarfields‰ȟ…live on an internal hyperbolic plane

radial angular



HYPERINFLATION
BISPECTRUMUSING

[D. Mulryne , J. Ronayne 2016]
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Transport approach to numerically
evolve 2-pt and 3-pt correlation

functions in multifield inflation with
curved field space



HYPERINFLATION
BISPECTRUMUSING

3-point function: ‒ ‒ ‒ ς“ ‏ Ὧ Ὧ Ὧ ὄ ὯȟὯȟὯ

With Ὧ ᶻρ ‌ ‍ȟὯ ᶻ ρ ‌ ‍ȟὯ ᶻ ρ ‍

equilateral local flat

Ὧ
Ὧ

Ὧ

[D. Mulryne , J. Ronayne 2016]
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HYPERINFLATION
BISPECTRUMUSING

3-point function: ‒ ‒ ‒ ς“ ‏ Ὧ Ὧ Ὧ ὄ ὯȟὯȟὯ

With Ὧ ᶻρ ‌ ‍ȟὯ ᶻ ρ ‌ ‍ȟὯ ᶻ ρ ‍

equilateral local flat

Ὧ
Ὧ

Ὧ

equil

flat

local

locallocal

[D. Mulryne , J. Ronayne 2016]
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HYPERINFLATION
BISPECTRUMUSING

3-point function: ‒ ‒ ‒ ς“ ‏ Ὧ Ὧ Ὧ ὄ ὯȟὯȟὯ

With Ὧ ᶻρ ‌ ‍ȟὯ ᶻ ρ ‌ ‍ȟὯ ᶻ ρ ‍

equilateral local flat

Ὧ
Ὧ

Ὧ

█╝╛
▄▲◊░■

█╝╛
█■╪◄

-2.0 53.8

Characteristiclarge flattened bispectrum

Single-clockinflation with Bunch-Davies 
initial states predictsequilateral non-

Gaussianities

equil

flat

local

locallocal

[D. Mulryne , J. Ronayne 2016]
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Effective single-field cubic action

Ὓ ‒ Ὠ†Ὠὼὥ
‭

Ὄ
ὓ

ρ

ὧ
ρ ‒‬‒

═

ὧ
‒

HYPERINFLATION
BISPECTRUMUSINGEFT

Justified because in this
class of models , one has: 

□▼ ḻ╗

One can « integrate out » 
entropic perturbations

ρ

ὧ
ρ
τὌ–

ά

ὃunknown (so far)

Here, ά <0 and ὧ ρ,
leading to exoticNGs

Expectedto beof order 1
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andὪ ḗυπ ὃ ρ

Ὢ Ḑὕυπ

If ὃḐρ

Effective single-field cubic action

Ὓ ‒ Ὠ†Ὠὼὥ
‭

Ὄ
ὓ

ρ

ὧ
ρ ‒‬‒

═

ὧ
‒

HYPERINFLATION
BISPECTRUMUSINGEFT

Here, ά <0 and ὧ ρ,
leading to exoticNGs
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andὪ ḗυπ ὃ ρ

Ὢ Ḑὕυπ

If ὃḐρ

Effective single-field cubic action

Ὓ ‒ Ὠ†Ὠὼὥ
‭

Ὄ
ὓ

ρ

ὧ
ρ ‒‬‒

═

ὧ
‒

HYPERINFLATION
BISPECTRUMUSINGEFT

Here, ά <0 and ὧ ρ,
leading to exoticNGs

ρ

ὧ
ρ
τὌ–

ά

═unknown (so far)
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III . REVISITING PRIMORDIAL 
NON-GAUSSIANITIES
'%.%2!,):).' -!,$!#%.!ȭ3 #!,#5,!4)/. 4/ 
CURVED FIELD SPACE

︡ⱡȟֹו ︡ ⱡȟֹו Ἑ︡ἩἴἬἩἫἭἶἩⱡ ἶ︡ἭἿⱡȟֹו שּ

Dictating the power spectrum :
2-point function

Dictating the bispectrum :
3-point function

[Garcia-Saenz, Pinol , Renaux-Petel]
J. High Energ. Phys.2020, 73 (2020)



üWeperform integrations by parts to makeexplicit the size of interactions

üLinear equationsof motion                     and                     canbe usedat any time

üResultingLagrangian, afterὕτπintegrations by parts and ὕρπuses of equationsof motion:
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EXPANDINGAND SIMPLIFYINGTHE ACTION

Ὓ‏

‒‏
π

Ὓ‏

ꞈ‏
π

USINGINTEGRATIONBY PARTS AND LINEAREQUATIONSOF MOTION



üWeperform integrations by parts to makeexplicit the size of interactions

üLinear equationsof motion                     and                     canbe usedat any time

üResultingLagrangian, afterὕτπintegrations by parts and ὕρπuses of equationsof motion:

︡ⱡȟֹו ︡ ⱡȟֹו Ἑ︡ἩἴἬἩἫἭἶἩⱡȟⱵ ἶ︡ἭἿⱡȟֹו שּ
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USINGINTEGRATIONBY PARTS AND LINEAREQUATIONSOF MOTION

Ὓ‏

‒‏
π

Ὓ‏

ꞈ‏
π

EXPANDINGAND SIMPLIFYINGTHE ACTION



ά ὠȠ Ὄ– ‭ὙὌὓ

üWeperform integrations by parts to makeexplicit the size of interactions

üLinear equationsof motion                     and                     canbe usedat any time

üResultingLagrangian, afterὕτπintegrations by parts and ὕρπuses of equationsof motion:

︡ⱡȟֹו ︡ ⱡȟֹו fl ‒ȟ… fl ‒ȟꞈ ꜠
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USINGINTEGRATIONBY PARTS AND LINEAREQUATIONSOF MOTION

Ὓ‏

‒‏
π

Ὓ‏

ꞈ‏
π

︡ ⱡȟֹו
ὥ

ς
ς‭ὓ ‒

‬‒

ὥ
ꞈ

‬ꞈ

ὥ
ά ꞈ τ„– ‒ꞈ

Hessianof the potential Bendingof the trajectory Field-spacecurvature

Mixing via the bending

EXPANDINGAND SIMPLIFYINGTHE ACTION



üWeperform integrations by parts to makeexplicit the size of interactions

üLinear equationsof motion                     and                     canbe usedat any time

üResultingLagrangian, afterὕτπintegrations by parts and ὕρπuses of equationsof motion:

︡ⱡȟֹו fl ‒ȟꞈ Ἑ︡ἩἴἬἩἫἭἶἩⱡȟⱵ fl ‒ȟꞈ ꜠
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Ὓ‏

‒‏
π

Ὓ‏

ꞈ‏
π

Ἑ︡ἩἴἬἩἫἭἶἩⱡȟⱵ ὥὓ ‭‭ –‒‒ ‭‭ –‒
‬‒

ὥ

‭

ς
ς
ρ

ὥ
‬‒‬…‬…

‭

τὥ
‬‒‬…

[J. Maldacena 2003]

⸗Ⱶ

╪
ⱡꜗ

Ɑ

╜▬
Ɫֹו

EXPANDINGAND SIMPLIFYINGTHE ACTION

USINGINTEGRATIONBY PARTS AND LINEAREQUATIONSOF MOTION



Boundary terms:
Total time derivatives

contribute to 3-pt functions

üWeperform integrations by parts to makeexplicit the size of interactions

üLinear equationsof motion                     and                     canbe usedat any time

üResultingLagrangian, afterὕτπintegrations by parts and ὕρπuses of equationsof motion:

︡ⱡȟֹו fl ‒ȟꞈ fl ‒ȟ… ἶ︡ἭἿⱡȟֹו שּ
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USINGINTEGRATIONBY PARTS AND LINEAREQUATIONSOF MOTION

[C. Burrage , R. Ribeiro,
D. Seery 2011]

Ὓ‏

‒‏
π

Ὓ‏

ꞈ‏
π

[F. Arroja ,
T. Tanaka 2011] 

EXPANDINGAND SIMPLIFYINGTHE ACTION

New interactions
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NEW INTERACTIONS
⸗Ⱶ

╪
ⱡꜗ

Ɑ

╜▬
Ɫֹו

ἶ︡ἭἿⱡȟֹו
ρ

ς
ά ‒ꞈ ‭ ‘ ꞈ ς‭– ς‗

ς„–

ά
‒

„–

ὥὌ
ꞈ‬‒

„–

Ὄ
‒ꞈ

ρ

Ὄ
Ὄ– ‭Ὄὓ Ὑ ‒ꞈ

ρ

φ
ὠȠ ς„Ὄ–Ὑ ‭Ὄὓ Ὑ ȟꞈ

ρ

ς
‭‒ꞈ

‬ꞈ

ὥ

ρ

ὥ
ꞈ‬ꞈ‬…

‗
–

Ὄ–
Ƞ‘

ά

Ὄά

Check: is well masslessat any order as it should
(Weinberg adiabatic mode)



Copernicus Webinar, from Paris, September 11th 2020                                                                          
Lucas Pinol

52

NEW INTERACTIONS

ἶ︡ἭἿⱡȟֹו
ρ

ς
ά ‒ꞈ ‭ ‘ ꞈ ς‭– ς‗

ς„–

ά
‒

„–

ὥὌ
ꞈ‬‒

„–

Ὄ
‒ꞈ

ρ

Ὄ
Ὄ– ‭Ὄὓ Ὑ ‒ꞈ

ρ

φ
ὠȠ ς„Ὄ–Ὑ ‭Ὄὓ Ὑ ȟꞈ

ρ

ς
‭‒ꞈ

‬ꞈ

ὥ

ρ

ὥ
ꞈ‬ꞈ‬…

Applications: quasi-single field, cosmologicalcollider
physics, single-field effective theory
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NEW INTERACTIONS

ἶ︡ἭἿⱡȟֹו
ρ

ς
ά ‒ꞈ ‭ ‘ ꞈ ς‭– ς‗

ς„–

ά
‒

„–

ὥὌ
ꞈ‬‒

„–

Ὄ
‒ꞈ

ρ

Ὄ
Ὄ– ‭Ὄὓ Ὑ ‒ꞈ

ρ

φ
ὠȠ ς„Ὄ–Ὑ ‭Ὄὓ Ὑ ȟꞈ

ρ

ς
‭‒ꞈ

‬ꞈ

ὥ

ρ

ὥ
ꞈ‬ꞈ‬…

Applications: quasi-single field, cosmologicalcollider
physics,single-field effective theory

Useful form of the action for 
integrating out ֹוwhen it is heavy
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IV. INTEGRATINGOUT HEAVY
ENTROPICFLUCTUATIONS
AN EFFECTIVE THEORY FOR THE OBSERVABLE 
CURVATURE PERTURBATION

Ὓ‒ȟꞈ
ꞈ

Ὓ ‒ Ὓ‒ȟꞈ ‒

[Garcia-Saenz, Pinol , Renaux-Petel]
J. High Energ. Phys.2020, 73 (2020)



üEquation of motion for ꞈ :

ꞈ σὌꞈ ά
Ὧ

ὥ
ꞈ ς„–‒

Integrate out the heavy
perturbation

A HIERARCHYOF SCALES
WHENENTROPICFLUCTUATIONS ARE HEAVY

Hierarchy of scales

Energy of theͼexperimentͼ

ὌḺά

Like in the Fermi theory:
Integrate out the heavyW, Z bosons and

considercontact interactions for fermions

E

╜▬

□▼

▓
╪

╗

time



üEquation of motion for ꞈ :

ꞈ σὌꞈ ά
Ὧ

ὥ
ꞈ ς„–‒

Whenֹוis heavy ⱷȟⱷ╗ȟ
▓

╪
Ḻ□▼

Integrate out the heavy
perturbation

A HIERARCHYOF SCALES
WHENENTROPICFLUCTUATIONS ARE HEAVY

Hierarchy of scales

Energy of theͼexperimentͼ

ὌḺά

Like in the Fermi theory:
Integrate out the heavyW, Z bosons and

considercontact interactions for fermions

E

╜▬

□▼

▓
╪

╗

time

ꞈ ‒v



üEquation of motion for ꞈ :

ꞈ σὌꞈ ά
Ὧ

ὥ
ꞈ ς„–‒

Whenֹוis heavy

A HIERARCHYOF SCALES
THE QUADRATICEFFECTIVE ACTION

ꞈ ‒v

ρ

ὧ
ρ
τὌ–

ά

Effective single-field action for the curvature perturbation

Ὓ ‒ Ὠ†Ὠὼὥ‭
‒

ὧ
‬‒

With a speed of soundὧȡ

Integrate out the heavy
perturbation

Hierarchy of scales

Energy of theͼexperimentͼ

ὌḺά

Like in the Fermi theory:
Integrate out the heavyW, Z bosons and

considercontact interactions for fermions

E

╜▬

□▼

▓
╪

╗

time
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Ὓ ‒ Ὠ†Ὠὼὥὓ
‭

ὧ

Ὣ

꞊
‒

Ὣ‒‒

Ὣὧ‒‬‒

Ὣὧ

꞊
‒‬‒

Ὣ‒‬‬ ‒‬‒

Ὣ‬‒‬‬ ‒

×ÉÔÈ

Ὣ
ρ

ὧ
ρ ═

Ὣ ‭ – ςί

Ὣ ‭ –

Ὣ
ρ

ὧ
ρ

Ὣ
ς‭

ὧ
ρ
‭

τ

Ὣ
‭

τὧ

The only new parameter is A, 
and dependson the UV physics

▼ ╬▼Ⱦ╗╬▼
THE CUBICEFFECTIVE ACTION 
FULL RESULT P(X) cubic lagrangian :
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Ὓ ‒ Ὠ†Ὠὼὥὓ
‭

ὧ

Ὣ

꞊
‒

Ὣ‒‒

Ὣὧ‒‬‒

Ὣὧ

꞊
‒‬‒

Ὣ‒‬‬ ‒‬‒

Ὣ‬‒‬‬ ‒

×ÉÔÈ

Ὣ
ρ

ὧ
ρ ═

Ὣ
ρ

ὧ
ρ

RECOVERING THE EFT OF INFLATION

ȟꜗⱢȟ▼O

The only new parameter is A, 
and dependson the UV physics

Slow-varying result :

Non-Gaussianities Ḑ
╬▼

THE CUBICEFFECTIVE ACTION 



Ὓ ‒ Ὠ†Ὠὼὥὓ
‭

꞊

ρ

ὧ
ρ ‒‬‒

═

ὧ
‒

×ÉÔÈ═
ρ

ς
ρ ὧ Ễ
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Previously known

THE EFTOF INFLATION
2%6)3)4%$ȣ



Ὓ ‒ Ὠ†Ὠὼὥὓ
‭

꞊

ρ

ὧ
ρ ‒‬‒

═

ὧ
‒

×ÉÔÈ═
ρ

ς
ρ ὧ

ρ

φ
ρ ὧ

‖ὠȠ

ά
Ễ
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ἺἬderivative of the potential
(expected)

Bending radius of the trajectory : ⱥ
╜ꜗ▬

Ɫ2%6)3)4%$ȣ

Self-coupling of entropic fluctuations

THE EFT OF INFLATION



Ὓ ‒ Ὠ†Ὠὼὥὓ
‭

꞊

ρ

ὧ
ρ ‒‬‒

═

ὧ
‒

×ÉÔÈ═
ρ

ς
ρ ὧ

ρ

φ
ρ ὧ

‖ὠȠ

ά

ς

σ
ρ ςὧ

‭ὙὌὓ

ά
Ễ
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Bending radius of the trajectory : ⱥ
╜ꜗ▬

Ɫ2%6)3)4%$ȣ

Scalar curvature of the field space

THE EFTOF INFLATION



Ὓ ‒ Ὠ†Ὠὼὥὓ
‭

꞊

ρ

ὧ
ρ ‒‬‒

═

ὧ
‒

×ÉÔÈ═
ρ

ς
ρ ὧ

ς

σ
ρ ςὧ

‭ὙὌὓ

ά

ρ

φ
ρ ὧ

‖ὠȠ

ά

‖‭Ὄὓ Ὑ ȟ

ά
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Derivative of the
scalar curvature

Bending radius of the trajectory : ⱥ
╜ꜗ▬

Ɫ2%6)3)4%$ȣ

THE EFTOF INFLATION



Ὓ ‒ Ὠ†Ὠὼὥὓ
‭

꞊

ρ

ὧ
ρ ‒‬‒

═

ὧ
‒

×ÉÔÈ═
ρ

ς
ρ ὧ

ς

σ
ρ ςὧ

‭ὙὌὓ

ά

ρ

φ
ρ ὧ

‖ὠȠ

ά

‖‭Ὄὓ Ὑ ȟ

ά
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Previously known

Scalar curvature of the field space
Derivative of the
scalar curvature

Bending radius of the trajectory : ⱥ
╜ꜗ▬

Ɫ

ἺἬderivative of the potential

2%6)3)4%$ȣ

THE EFTOF INFLATION

Then you cancomputeὪ in a slow-varying approximation



Ὓ ‒ Ὠ†Ὠὼὥὓ
‭

꞊

ρ

ὧ
ρ ‒‬‒

═

ὧ
‒

×ÉÔÈ═
ρ

ς
ρ ὧ

ς

σ
ρ ςὧ

‭ὙὌὓ

ά

ρ

φ
ρ ὧ

‖ὠȠ

ά

‖‭Ὄὓ Ὑ ȟ

ά
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Previously known

Scalar curvature of the field space
Derivative of the
scalar curvature

Bending radius of the trajectory : ⱥ
╜ꜗ▬

Ɫ

ἺἬderivative of the potential

2%6)3)4%$ȣ

THE EFTOF INFLATION

All contributions matter, none is a priori negligibleὪ ḗ
ρ

ὧ
ρ

ψυ

σςτ

ρυ

ςτσ
═
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Conditions to integrate out entropic perturbations are fulfilled

THE EFTOF INFLATION
HYPERINFLATION
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üOur new formula enablesto compute

═ḗ πȢσσ

Conditions to integrate out entropic perturbations are fulfilled

THE EFTOF INFLATION
HYPERINFLATION

0 without the geometric ᶿ╡ἮἻcontribution



Vs. Numerics?                                                                           a
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üOur new formula enablesto compute

üAnalytical prediction for the whole shapeof the bispectrum:

═ḗ πȢσσ

Conditions to integrate out entropic perturbations are fulfilled

THE EFTOF INFLATION
HYPERINFLATION

0 without the geometric ᶿ╡ἮἻcontribution
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üOur new formula enablesto compute

üAnalytical prediction for the whole shapeof the bispectrum:

═ḗ πȢσσ

equil

flat

local

locallocal

Conditions to integrate out entropic perturbations are fulfilled

THE EFTOF INFLATION
HYPERINFLATION

0 without the geometric ᶿ╡ἮἻcontribution
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üOur new formula enablesto compute

üAnalytical prediction for the whole shapeof the bispectrum:

═ḗ πȢσσ

Perfect fit to 
numerics !

HYPERINFLATION

Conditions to integrate out entropic perturbations are fulfilled

THE EFTOF INFLATION

0 without the geometric ᶿ╡ἮἻcontribution



Ὓ Ὣ
Ὑ

ς
ȟ

Ὣ Ὃ ‰ ‬‰‬‰ ὠ‰
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RECAP OF THIS PART
Generic 2-field inflationary model with curved field space

Expanding the action

to σ order

Integrations by parts
Uses of e.o.m.

︡ⱡȟֹו ︡ ⱡȟֹו Ἑ︡ἩἴἬἩἫἭἶἩⱡȟⱵ ἶ︡ἭἿⱡȟֹו שּ

Choiceof comovinggauge

fl‒ȟꞈ ︡ ⱡȟֹו fl ‒ȟꞈ )



Ὓ Ὣ
Ὑ

ς
ȟ
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Generic 2-field inflationary model with curved field space

Expanding the action

to σ order

Integrations by parts
Uses of e.o.m.

Ὓ ‒ Ὓ‒ȟꞈ ‒

︡ⱡȟֹו ︡ ⱡȟֹו Ἑ︡ἩἴἬἩἫἭἶἩⱡȟⱵ ἶ︡ἭἿⱡȟֹו שּ

Single-field effective theory

Choiceof comovinggauge

fl‒ȟꞈ ︡ ⱡȟֹו fl ‒ȟꞈ )

RECAP OF THIS PART



Ὓ Ὣ
Ὑ

ς
ȟ

Ὣ Ὃ ‰ ‬‰‬‰ ὠ‰
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ὃͯ ὕὠȠ ὕὙ ὕὙ ȟ

Generic 2-field inflationary model with curved field space

Expanding the action

to σ order

Integrations by parts
Uses of e.o.m.

Ὓ ‒ Ὓ‒ȟꞈ ‒

Canonical single-field

P(X)

Decoupling limit in EFT of inflation:
predictions for ὧȟὃand thusὪ

ὧᴼρ ‭ȟ–ȟίO π

︡ⱡȟֹו ︡ ⱡȟֹו Ἑ︡ἩἴἬἩἫἭἶἩⱡȟⱵ ἶ︡ἭἿⱡȟֹו שּ

Single-field effective theory

Choiceof comovinggauge

fl‒ȟꞈ ︡ ⱡȟֹו fl ‒ȟꞈ )

RECAP OF THIS PART



OUTLOOK 1
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Å Other signatures of multifield models

ü Production of Primordial Black Holes(PBHs) in modelswith transient turns

[G. Palma, S. Sypsas, C. Zenteno 2020]
[J. Fumagalli , S. Renaux-Petel, J. Ronayne, L. Witkowski 2020 ]
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Å Other signatures of multifield models

ü Production of Primordial Black Holes(PBHs) in modelswith transient turns

ü Production of secondaryGravitational Waves(GWs) in multifield inflation?

work in progressȣ

ü Spectral distorsions in the CMB?

just a thoughtȣ

[G. Palma, S. Sypsas, C. Zenteno 2020]
[J. Fumagalli , S. Renaux-Petel, J. Ronayne, L. Witkowski 2020 ]
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Å Other signatures of multifield models

ü Production of Primordial Black Holes(PBHs) in modelswith transient turns

ü Production of secondaryGravitational Waves(GWs) in multifield inflation?

work in progressȣ

ü Spectral distorsions in the CMB?

just a thoughtȣ

Å Extending-ÁÌÄÁÃÅÎÁȭÓcalculation from 2 to N scalarfields, integrating out N-1 entropic perturbations

[G. Palma, S. Sypsas, C. Zenteno 2020]
[J. Fumagalli , S. Renaux-Petel, J. Ronayne, L. Witkowski 2020 ]

[LP 2020] soon!



Observable adiabatic perturbation evolves on super -horizon
scales, fed by isocurvature perturbations

OUTLOOK 2

Necessarystep: study the coupling of scalarfields to cosmologicalfluids (radiation, dark
matter) during reheating, to derive reliable observable predictions!
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Å Post-inflationary dynamicsis relevant in multifields scenarios: ‒
„–

‭ὓ
ꞈ ὕ

Ὧ

ὥ



Observable adiabatic perturbation evolves on super -horizon
scales, fed by isocurvature perturbations

OUTLOOK 2

Necessarystep: study the coupling of scalarfields to cosmologicalfluids (radiation, dark
matter) during reheating, to derive reliable observable predictions!

üGeneral formalism + study of isocurvature perturbations to be releasedsoon:
[J. Martin, LP 2020] soon!

üGenericsingle-field instability at small scales-> copiousproduction of PBHs
[J. Martin , T. Papanikolaou , LP, V. Vennin 2020] JCAP 05(2020)003 
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Å Post-inflationary dynamicsis relevant in multifields scenarios: ‒
„–

‭ὓ
ꞈ ὕ

Ὧ

ὥ



OUTLOOK 3
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Å Non-perturbative results during multifield inflation:

Standard Perturbation Theory (classicalbackground + quantum perturbations)
breaks down for very light fields

Stochasticinflation
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Å Non-perturbative results during multifield inflation:

Standard Perturbation Theory (classicalbackground + quantum perturbations)
breaks down for very light fields

üHeuristic derivation of multifield stochasticinflation with curved field spaceand explanations
of so-called« Inflationary stochasticanomalies» due to the natures of SDEs
[LP, S. Renaux-Petel,  Y. Tada 2018] Class. Quantum Grav.36 07LT01

Stochasticinflation
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Å Non-perturbative results during multifield inflation:

Standard Perturbation Theory (classicalbackground + quantum perturbations)
breaks down for very light fields

üHeuristic derivation of multifield stochasticinflation with curved field spaceand explanations
of so-called« Inflationary stochasticanomalies» due to the natures of SDEs
[LP, S. Renaux-Petel,  Y. Tada 2018] Class. Quantum Grav.36 07LT01

üRigorous closed-time path integral derivation and resolution of the anomalies
[LP, S. Renaux-Petel, Y. Tada 2020] arXiv:2008.07497

Stochasticinflation
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Å Non-perturbative results during multifield inflation:

Standard Perturbation Theory (classicalbackground + quantum perturbations)
breaks down for very light fields

üHeuristic derivation of multifield stochasticinflation with curved field spaceand explanations
of so-called« Inflationary stochasticanomalies» due to the natures of SDEs
[LP, S. Renaux-Petel,  Y. Tada 2018] Class. Quantum Grav.36 07LT01

üRigorous closed-time path integral derivation and resolution of the anomalies
[LP, S. Renaux-Petel, Y. Tada 2020] arXiv:2008.07497

üMany interesting applications to come (would require another 1hr): solving Fokker-Planck, 
Langevin and non-Markovian dynamics, numerical simulations, etc.

Stochasticinflation
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CONCLUSION

üSlow-roll single-field inflation challenged: theory or model?

üMultifield inflation with curved field spaceis more genericand motivated by UV completions
(string theory compactifications, supergravityȣɊ

ü Internal geometryplaysa role alreadyat the background level: GEOmetricalDEStabilization
of Inflation (ERC working group «GEODESI» led by S. Renaux-Petelat IAP)

ü It crucially affects the physicsof linear fluctuations and canshift ὲȟὶpredictions by a lot

üNon-Gaussianitiescanbe enhanced, thus providing exotic detectablesignatures

üSteptowards the generalunderstandingof Non-Gaussianitiesof suchmodels:

Extending-ÁÌÄÁÃÅÎÁȭÓcalculation

Single-field effective theory: explicit geometry-dependentὪ

+ interesting prospects
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THANKSFOR YOURATTENTION!



OF RELEVANT ENTROPICMASS SCALES
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üEquation of motion for ꞈ :

ꞈ σὌꞈ ά
Ὧ

ὥ
ꞈ ς„–‒

ü Equation of motion for ‒on large scales:

‒
„–

‭ὓ
ꞈ ὕ

Ὧ

ὥ

üEffective equation of motion for ꞈon large scales:

ꞈ σὌꞈ ά τὌ– ꞈ ὕ
Ὧ

ὥ

Dynamics dictated by:

Åά
Å– and ‒

Dynamics dictated by:

Åάȟ

□▼ȟἭἮἮ
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GAUGE FIXING
üTwo scalardegreesof freedom canbe fixed by a choiceof gauge

üADM formalismὨί ╝Ὠὸ Ὣ Ὠὼ ╝░ὨὸὨὼ ╝▒Ὠὸ

with Ὣ ὸȟᴆὼ ὥ ὸὩⱶ ȟᴆ ‏ ‬‬╔ὸȟᴆὼ

ü ╠Ɑὸȟᴆὼ Ὡ ὸὗ ὸȟᴆὼÁÎÄ╠▼ὸȟᴆὼ Ὡ ὸὗ ὸȟᴆὼ, adiabaticand entropic perturbations

2 constrainedparameters
4 dynamicalscalard.o.f.

2 canberemoved
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GAUGE FIXING
üTwo scalardegreesof freedom canbe fixed by a choiceof gauge

üADM formalismὨί ╝Ὠὸ Ὣ Ὠὼ ╝░ὨὸὨὼ ╝▒Ὠὸ

with Ὣ ὸȟᴆὼ ὥ ὸὩⱶ ȟᴆ ‏ ‬‬╔ὸȟᴆὼ

ü ╠Ɑὸȟᴆὼ Ὡ ὸὗ ὸȟᴆὼÁÎÄ╠▼ὸȟᴆὼ Ὡ ὸὗ ὸȟᴆὼ, adiabaticand entropic perturbations

Flat gauge: ╔ ⱶ ᴼ╠Ɑ ╠Ɑ
ἮἴἩἼἩἶἬ╠▼ ╠▼

ἮἴἩἼComoving gauge: ╔ ╠Ɑ ᴼ ⱶἫἷἵ ⱡand ╠▼
Ἣἷἵ וֹ

V︡ ╠Ɑ
ἮἴἩἼȟ╠▼

ἮἴἩἼ: already known

[Elliston , Seery, Tavakol 2012]

× Correlation functions of observableperturbation ‒
computednumerically from the onesof QȭÓ

[Mulryne , Ronayne 2016]

×︡ ⱡȟֹו : not known before this work :

V Correlation functions of observableperturbation ‒
computednumerically directly

V Analytical studiespossible

2 constrainedparameters
4 dynamicalscalard.o.f.

2 canberemoved

[Garcia-Saenz, Pinol , Renaux-Petel]
J. High Energ. Phys.2020, 73 (2020)
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Ὓ ‒ Ὠ†Ὠὼὥὓ
‭

ὧ

Ὣ

꞊
‒

Ὣ‒‒

Ὣὧ‒‬‒

Ὣὧ

꞊
‒‬‒

Ὣ‒‬‬ ‒‬‒

Ὣ‬‒‬‬ ‒

×ÉÔÈ

Ὣ
ρ

ὧ
ρ ρ ς═

Ὣ
ρ

ὧ
σὧ ρ ‭ –

Ὣ
ρ

ὧ
ὧ ρ ‭ – ςί

Ὣ
ς‭

ὧ
ρ
‭

τ

Ὣ
‭

τὧ

RECOVERING P(X) THEORY

Direct mappingwith P(X):

ς‗

ɫ

ρ

ὧ
ρ═ ×ÉÔÈ

ɫ ὢὖȟ ςὢὖȟ

‗ ὢὖȟ
ς

σ
ὢὖȟ

P(X) cubic lagrangian :

Redundancy of operators

╧ ⸗Ⱨꜚ ⸗
Ⱨꜚ

[C. Burrage , R. Ribeiro, D. Seery 2011]

[X. Chen, M. Huang, S. Kachru , G. Shiu 2008]

THE CUBIC EFFECTIVE ACTION 



Copernicus Webinar, from Paris, September 11th 2020                                                                          
Lucas Pinol

89

THE CUBICEFFECTIVE ACTION 

Ὓ ‒ Ὠ†Ὠὼὥὓ
‭

ὧ

Ὣ

꞊
‒

Ὣ‒‒

Ὣ‒‬‒

Ὣ

꞊
‒‬‒

Ὣ‒‬‬ ‒‬‒

Ὣ‬‒‬‬ ‒

×ÉÔÈ

Ὣ ‭ –

Ὣ ‭ –

Ὣ ς‭ ρ
‭

τ

Ὣ
‭

τ

RECOVERING CANONICAL SINGLE-FIELD LIMIT

The only new parameter is A, 
and dependson the UV physics

╬▼ᴼ

-ÁÌÄÁÃÅÎÁȭÓ result :
Non-Gaussianities Ḑ╞ ȟꜗⱢ
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THE GELATONCHECK

ü2 fields ‰ȟ‪ , curved field-space

ü‪is very heavyand adiabatically follows the min of its effective potential

üThe full field‪canbe integrated out, giving a single-field P(X) theory

The gelatonscenario

üKeeping‪at the level of the background

ü Integrating out heavyentropic fluctuations

üGetP(X)-like cubic Lagrangian

Our procedure
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THE GELATONCHECK

ü2 fields ‰ȟ‪ , curved field-space

ü‪is very heavyand adiabatically follows the min of its effective potential

üThe full field‪canbe integrated out, giving a single-field P(X) theory

The gelatonscenario

üKeeping‪at the level of the background

ü Integrating out heavyentropic fluctuations

üGetP(X)-like cubic Lagrangian

Our procedure

SameP(X) theory !



ü A more formal solution to is

For consistency, NLO (i=1) correction must be neglible comparedto LO (i=0) in the expansion

ς„–‒Ḻά ς„–‒
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REGIME OF VALIDITY OF THE EFT
MAKING ASSUMPTIONS MORE PRECISE

ꞈ
ρ

ά ά
ς„–‒

ꞈ
ς„–

ά
‒

ά ꞈ ς„–‒



ü A more formal solution to is

For consistency, NLO (i=1) correction must be neglible comparedto LO (i=0) in the expansion

ς„–‒Ḻά ς„–‒

ü This is verified as soonas:                                                  and

Copernicus Webinar, from Paris, September 11th 2020                                                                          
Lucas Pinol

93

REGIME OF VALIDITY OF THE EFT
MAKING ASSUMPTIONS MORE PRECISE

ꞈ
ρ

ά ά
ς„–‒

Ὧὧ

ὥ
Ḻά ὧ

ꞈ
ς„–

ά
‒

[D. Baumann, D. Green 2011]‫

ά ꞈ ς„–‒



ü A more formal solution to is

For consistency, NLO (i=1) correction must be neglible comparedto LO (i=0) in the expansion

ς„–‒Ḻά ς„–‒

ü This is verified as soonas:                                                  and Adiabaticy conditions

–

–ά
Ḻρ Ƞ

ὧ

ὧά
Ḻρ

–

–ά
Ḻρ Ƞ

ὧ

ὧά
Ḻρ
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REGIME OF VALIDITY OF THE EFT
MAKING ASSUMPTIONS MORE PRECISE

ꞈ
ρ

ά ά
ς„–‒

[S. Céspedes, V. Atal, G. Palma 2012]

Ὧὧ

ὥ
Ḻά ὧ

ꞈ
ς„–

ά
‒

[D. Baumann, D. Green 2011]‫

ά ꞈ ς„–‒



ü A more formal solution to is

For consistency, NLO (i=1) correction must be neglible comparedto LO (i=0) in the expansion

ς„–‒Ḻά ς„–‒

ü This is verified as soonas:                                                  and

ü The EFT is usefulonly if it is well valid at sound

horizon crossing:
Ὄ

ά ὧ
Ḻρ

Adiabaticy conditions

–

–ά
Ḻρ Ƞ

ὧ

ὧά
Ḻρ

–

–ά
Ḻρ Ƞ

ὧ

ὧά
Ḻρ
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REGIME OF VALIDITY OF THE EFT
MAKING ASSUMPTIONS MORE PRECISE

ꞈ
ρ

ά ά
ς„–‒

[S. Céspedes, V. Atal, G. Palma 2012]

Ὧὧ

ὥ
Ḻά ὧ

ꞈ
ς„–

ά
‒

[D. Baumann, D. Green 2011]‫

ά ꞈ ς„–‒



V. HYPERINFLATION

Copernicus Webinar, from Paris, September 11th 2020                                                                          
Lucas Pinol

MULTIFIELD INSTABILITY AND
SINGLE-FIELD EFFECTIVE THEORY

96

Embeddingof the hyperbolic plane in 3D
Radial trajectory
Hyperinflation trajectory

ꜚ

Ⱶ

Destabi -
lization

[Fumagalli , Garcia-Saenz, Pinol , 
Renaux-Petel, Ronayne 2019]
Phys. Rev. Lett. 123, 201302

Hyperbolic field space

Ὑ
τ

ὓ
ȟ ὓḺὓ



HYPERINFLATION
BACKGROUND ANALYSIS
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Angular momentum ὐ ὥὓ ÓÉÎÈ…

üὐ πradial trajectory: geodesic, effectively single-field

Potentially unstable:

97

Embeddingof the hyperbolic plane in 3D
Radial trajectory
Hyperinflation trajectory

ꜚ

Ⱶ

Destabi -
lization

With steep potentials ,
geometrical destabilisation Hyperbolic field space

Ὑ
τ

ὓ
ȟ ὓḺὓ

Ὤ

άȟ ḗ
ὠ

ωὓὌ

ὠ

ὓὌ
ω



HYPERINFLATION
BACKGROUND ANALYSIS
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üὐ πspiraling (sidetracked) tajectory: hyperinflation

98

Embeddingof the hyperbolic plane in 3D
Radial trajectory
Hyperinflation trajectory

ꜚ

Ⱶ

Destabi -
lization

With steep potentials , the sidetracked
phase is the attractor

Hyperbolic field space

Ὑ
τ

ὓ
ȟ ὓḺὓ

Angular momentum ὐ ὥὓ ÓÉÎÈ…

üὐ πradial trajectory: geodesic, effectively single-field

Potentially unstable: άȟ ḗ
ὠ

ωὓὌ

ὠ

ὓὌ
ω



HYPERINFLATION
BACKGROUND ANALYSIS
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üὐ πspiraling (sidetracked) tajectory: hyperinflation

99

Embeddingof the hyperbolic plane in 3D
Radial trajectory
Hyperinflation trajectory

ꜚ

Ⱶ

Destabi -
lization

Hyperbolic field space

Ὑ
τ

ὓ
ȟ ὓḺὓ

Angular momentum ὐ ὥὓ ÓÉÎÈ…

üὐ πradial trajectory: geodesic, effectively single-field

Potentially unstable: άȟ ḗ
ὠ

ωὓὌ

ὠ

ὓὌ
ω

‭ȟ–Ḻρᵼ Ḻ1

swampland conjectures,
naturalness , eta problem

ὓὠ

ὠ
Ḻρand



▐
╥

╜╗
ḻHYPERINFLATION

LINEARPERTURBATIONS

Wecompute

ά

Ὄ
ςὬ π

άȟ

Ὄ
ςὬ π

ᵼ

Unstable, growing
sub-Hubble perturbations 

Stable, decaying
super-Hubble perturbations

– Ὤ

‭Ὑ ὓ Ὤ

ὠȠȾὌ Ḻρ
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HYPERINFLATION
LINEARPERTURBATIONS

Wecompute

ά

Ὄ
ςὬ π

άȟ

Ὄ
ςὬ π

ᵼ

Unstable, growing
sub-Hubble perturbations 
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– Ὤ

‭Ὑ ὓ Ὤ

ὠȠȾὌ Ḻρ
Stable, decaying
super-Hubble perturbations

╔

ἴἶ╪

▓
╪

╗

ȿ□▼ȿ

stable unstable stable

Entropic
mass crossing

Hubble
crossing

!
This tachyonic instability is only transient for each k-mode

Remember in the e.o.m. for ὗ , the mass term is deepunder the horizon

on super-horizon scales

Ὧ

ὥ
ά π

άȟ π

▐
╥

╜╗
ḻ



╔

ἴἶ╪

▓
╪

╗

ȿ□▼ȿ

stable unstable stable

Entropic
mass crossing

Hubble
crossing

HYPERINFLATION
LINEARPERTURBATIONS

Wecompute

ά

Ὄ
ςὬ π

άȟ

Ὄ
ςὬ π

ᵼ

Unstable, growing
sub-Hubble perturbations 
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– Ὤ

‭Ὑ ὓ Ὤ

ὠȠȾὌ Ḻρ
Stable, decaying
super-Hubble perturbations

!
This tachyonic instability is only transient for each k-mode

Remember in the e.o.m. for ὗ , the mass term is deepunder the horizon

on super-horizon scales

Ὧ

ὥ
ά π

άȟ π

▐
╥

╜╗
ḻ



HYPERINFLATION
LINEARPERTURBATIONS

▓z

╪
ȿ□▼ȿ

▓z

╪
ȿ╬▼ȿ ╗

ὠ ά ‰ with ά ὓ ρπὓ
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ὲ ρȡ

Excluded
by CMB

ὶḺπȢπρ,



HYPERINFLATION
BISPECTRUMUSING

3-point function: ‒ ‒ ‒ ς“ ‏ Ὧ Ὧ Ὧ ὄ ὯȟὯȟὯ

With Ὧ ᶻρ ‌ ‍ȟὯ ᶻ ρ ‌ ‍ȟὯ ᶻ ρ ‍

equilateral local flat

Ὧ
Ὧ

Ὧ

█╝╛
▄▲◊░■

█╝╛
█■╪◄

-2.0 53.8

Characteristiclarge flattened bispectrum

Single-clockinflation with Bunch-Davies 
initial states predictsequilateral non-

Gaussianities

equil

flat

local

locallocal

[D. Mulryne , J. Ronayne 2016]
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üEquation of motion for ꞈ :

ꞈ σὌꞈ ά
Ὧ

ὥ
ꞈ ς„–‒

isוֹ Ȭheavyȭ
and tachyonic

ꞈ ‒v

ρ

ὧ
ρ
τὌ–

ȿά ȿ
ḗ ρ

Effective single-field action for the curvature perturbation

Ὓ ‒ Ὠ†Ὠὼὥ‭
‒

ὧ
‬‒ Integrate out the heavy

perturbation

Hierarchy of scales

Energy of theͼexperimentͼ

ὌḺά

Like in the Fermi theory:
Integrate out the heavyW, Z bosons and

considercontact interactions for fermions

E

╜▬

□▼

▓
╪

╗

time

ⱷȟⱷ╗ȟ
▓

╪
Ḻ □▼

HYPERINFLATION
SINGLE-FIELDEFFECTIVE THEORY



üEquation of motion for ꞈ :

ꞈ σὌꞈ ά
Ὧ

ὥ
ꞈ ς„–‒

isוֹ Ȭheavyȭ
and tachyonic

ꞈ ‒v

ρ

ὧ
ρ
τὌ–

ȿά ȿ
ḗ ρ

Effective single-field action for the curvature perturbation

Ὓ ‒ Ὠ†Ὠὼὥ‭
‒

ὧ
‬‒ Integrate out the heavy

perturbation

Hierarchy of scales

Energy of theͼexperimentͼ

ὌḺά

Like in the Fermi theory:
Integrate out the heavyW, Z bosons and

considercontact interactions for fermions

E

╜▬

□▼

▓
╪

╗

time

ⱷȟⱷ╗ȟ
▓

╪
Ḻ □▼

HYPERINFLATION
SINGLE-FIELDEFFECTIVE THEORY

‒ †Ḑ‌Ὡ

‒ †ḐὭ‌Ὡ
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No exponentialenhancementof

andὪ
υ

υχφ

ρ

ὧ
ρ σωὃ ρ ρςὼ τὃ ρὼ

Cubic polynomial in ὼwith
ὼḐρπin hyperinflation 

Ὢ Ḑὕυπ

If ὃḐρ

Ὢ Ḑ
‒

‒

Need to contract one 
decaying mode

Growingmodes are
purely real

Ḑ‌Ὡ

ᵺ

Effective single-field cubic action

Ὓ ‒ Ὠ†Ὠὼὥ
‭

Ὄ
ὓ

ρ

ὧ
ρ ‒‬‒

═

ὧ
‒

[S. Garcia-Saenz,
S. Renaux-Petel 2018]

HYPERINFLATION
BISPECTRUMUSINGEFT

‒ Ḑ‌Ὡ



HYPERINFLATION
OTHERPHENOMENOLOGICALASPECTS

üEstimation of higher n-point functions with the EFT of inflation

Wefind enhancedflattened configurations:
‒

‒
ᶿ

ρ

ὧ
ρὼ
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HYPERINFLATION
OTHERPHENOMENOLOGICALASPECTS

üEstimation of higher n-point functions with the EFT of inflation

Wefind enhancedflattened configurations:

üPrimordial gravitational wavesare strongly suppressedat tree level

Scalarloops could induce large corrections at small scalesprobed by LISA (Work in progress)

‒

‒
ᶿ

ρ

ὧ
ρὼ
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HYPERINFLATION
OTHERPHENOMENOLOGICALASPECTS

üEstimation of higher n-point functions with the EFT of inflation

Wefind enhancedflattened configurations:

üPrimordial gravitational wavesare strongly suppressedat tree level

Scalarloops could induce large corrections at small scalesprobed by LISA (Work in progress)

ü If the large bending is only transient, then only scalesin the instability band at that time
are enhanced

If that happensafter CMB scaleshave exited horizon, could producePBHswithout affectingCMB

‒

‒
ᶿ

ρ

ὧ
ρὼ

[Fumagalli , Renaux-Petel, Ronayne, Witkowski 2020]
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