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VERYBROADPICTURE

A Cosmology history, content andlaws of the Universe

A Early Universe: before emissionof the CMB
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B Inflation /‘ Radiation andmatter Dark

Reheating dominated era ages
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Y
This work

CMBis the first observational consequence
of the physics in the early universe
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LINKSWITH HIGH-ENERGYTHEORIES

I T@OoQw Natural units:o @ p and theonly dimensionis energy (or mass)

19

16

A

0 : Planck mass

U : Stringtheory, quantumloop gravity etc.

0 : GrandUnified Theories (GUT):
Unification of the fundamental non-grav. forces

/
H, inflation ‘

The exact energy scale of inflation is not known

Inflation happensat high energies \
It is sensitive to high-energy effects

We do not know physicsat highenergies
sowe cannot sayany thing about inflation

, A @vorlOon inflation and hopefully
we learn about high-energy physics /

Detectionof primordial GWsmaytell us
Standard Model, LHC
Accessibleexperimentson Earth
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CMB OBSERVATIOMOTIVATESINFLATION
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U How is the universe sohomogeneou®
Horizon problem

U Why is the universe so spatially flat?
Flatness problem

———————————
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U How is the universe sohomogeneou®
Horizon problem

U Why is the universe so spatially flat?
Flatness problem

e

Inflation, an era of accelerated expansion of the Universe, 5 (2 Nat
solves both the horizon and flatness problems WA

C
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Fluctuationsin the CMBare mostly adiabatic
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Fluctuations in the CMBare mostly adiabatic
Dimensionless powerspectrumis

— thi the adiabatic curvature perturbation :
¥, C ) A Lol Q o
(Q By L (Q —v<7g>

— (1) its Fourier transform

dictatesthe statisticsof thetemperature anisotropies in the CMB _ _ ST
U 3-point (Non-Gaussiar statistics:

Power spectrum Bispectrum Trispectrum MES IR |
“ieneh L il o 8 OB ERO)
A A A R e o
{ \ Y R o QhQhQ
‘Y r Es s 5 St | .
> Dimensionlessbispectrum is
o® p T |0.965+0.004 | <0.10 | <50 <p T ” %
T B ()

Planckconstraints from the CMB

: U 4-point (Gaussian+NorGaussia
Large ScaleStructure (LSS)experimentssuch DO )

as DESI or Eucli¢ould constrain $Q <10 Trispectrum Joa i



SLOWROLL SINGLE-IELD INFLATION

: A ()
A Quasi de Sitt i = L T B0
itteispace — e kR
p "O = p OT @
D W 0D W S
} A e L
L Pl aNT e P
A Single-clock: only one scalardegreeof freedom

* 2

A Canonicalkinetic term
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SLOWROLL SINGLE-IELD INFLATION

A Quasi de Sitt T OL T 6
uasi de Sitterispace — e kR
p "O = p OT g
o ’ _|.|
U W
} sk e O = QL
o) T
A Single-clock: only one scalardegreeof freedom

A Canonicalkinetic term

Successand failure

V Enoughexpansion tosolvethe horizon
and flatnessproblems

V Nearly scaleinvariant scalarpower spectrum
on largescales

V Smalltensor-to-scalarratio
Small non-Gaussianities

x Fewtheoretical motivation: realistic UV
completionstypically predict several scalar
fields with non-canonical kinetic terms

x Sensitive to Planckscalesuppressedoperators,
guantum loops renormalize the potential:

Al o
etaproblem: _5
T

c 2



. MULTIFIELD
INFLATION WITH
CURVEDFIELD SPACE

GEOMETRICAL EFFECTS UNVEILED
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— Onegeodesic ‘ |
MULTIFIELD INFLATION — Non-geodesic motion |

— Minimum of the potential
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Flat field space

Vanishingcurvature: 2 The |l




MULTIFIELD INFLATION

v

Y ]
— 0 #1) %ot % (M

h

-:]Adlabatlc direction (velocity,, )

%‘*" Background trajectory

Covariant rate ofturn: 'O- £

measureghe bendingin field space

>

— Onegeodesic

= Non-geodesic motion

— Minimum of the potential

Flat field space

Vanishingcurvature: 2
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— Onegeodesic

MULTIFIELD INFLATION WITH v NQ”_-QGOdefSiﬁmotion y
CURVED FIELD SPACE — Minimum of the potentia

I ]
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S Not aligned

Curved field space

Scalarcurvature: 2 Tt




— Onegeodesic

MULTIFIELD INFLATION WITH — Non-geod=TICHI.
CURVED FIELD SPACE p

Q qap T %l %o (T

g

Covariant rate ofturn: 'O- (@t

measuregeviationfrom a geodesian field space

Ricciscalar'’Y constructedfrom O

[ Localcurvature in field space ]

Geometry Flat Spherical Hyperbolic Curved field space

Y 0 >0 <0 Scalarcurvature: 2 T




INTERESTINGMULTIFIELD FEATURES

SOMEPREVIOUSNORKS

- | e 3 5 n . . “Y

U SuperHubble evolution of adiabatic perturbations, sourcedby entr(?plchones [Wands, Bartolo,
A Singlefield (SF)consistencyrelation is modified: i je OE(@) ,with Matarrese , Riotto 2002]
A Correlated adiabatic-entropic perturbations: AT(® 0 T./0 0 [Langlois 1999]
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INTERESTINGMULTIFIELD FEATURES
SOMEPREVIOUSNORKS

e ¥ B4

U SuperHubble evolution of adiabatic perturbations, sourcedby entropic ones [Wands, Bartolo,

A Singlefield (SF)consistencyrelation is modified: i ¢ OE®) with, Matarrese,Riotto 2002]
A Correlated adiabatic-entropic perturbations: AT(® 0 T./0 0 [Langlois 1999]

U Featuresin the power spectrum (suddenturn, fastly-evolving entropici A OO 8 qd,
A Oscillations / step at scalesthat exit the horizon when the feature happens [Lesgourgues 1999]

A Quantumclocks minimal oscillations evenwithout featuresin the backgroundtrajectory [Chen, Namjoo,
Wang 2015]
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INTERESTINGMULTIFIELD FEATURES

SOMEPREVIOUSNORKS
00 . . . it . . “Y
U SuperHubble evolution of adiabatic perturbations, sourcedby entro,plchones [Wands, Bartolo,
A Singlefield (SF)consistencyrelation is modified: i Je OE(M®) with, Matarrese , Riotto 2002]
A Correlated adiabatic-entropic perturbations: AT(® 0 T./0 0 [Langlois 1999]
U Featuresin the power spectrum (suddenturn, fastly-evolving entropici A OO 8 qd,
A Oscillations / step at scalesthat exit the horizon when the feature happens [Lesgourgues 1999]
A Quantumclocks: minimal oscillations evenwithout featuresin the backgroundtrajectory [Chen, Namjoo,
Wang 2015]
U Non-Gaussianitiesare enhanced
A - Al AA AdIItAB Q) ( h-) and SFconsistencyrelation "Q ¢  parebroken
A An extra massivefield affectsthe shapeand amplitude of "Q dependingon its mass and spin

QuastSingle FieldChen, Wang 2009] , CosmologicalCollider: [ Arkani -Hamed, Maldacena 2015] ,
CosmologicaBootstrap [Arkani -Hamed, Baumann, Lee,Pimentel 2018]
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INTERESTINGMULTIFIELD FEATURES [Hetz, Palma 2016]

FURTHERDEVELOPMENTS [Garcia-Saenz Renaux-Petel, Ronayne 2018]
[Fumagalli , Garcia-Saenz LP,Renaux-Petel, Ronayne 2019]

U Multifield enablesto inflate along steeppotentials: c%é‘r (p B) P strongfbending

@ G Steep potenti al

No bending =too fastrolling to inflate

With bending = slowenoughrolling to inflate
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INTERESTINGMULTIFIELD FEATURES [Hetz, Palma 2016]

FURTHERDEVELOPMENTS [Garcia-Saenz Renaux-Petel, Ronayne 2018]
[Fumagalli , Garcia-Saenz LP,Renaux-Petel, Ronayne 2019]

U Multifield enablesto inflate along steeppotentials: c%é‘r (p B) P strongfbending

[Achucarro , Palma 2018]

Multifield helpsto satisfy the dSswampland conjectures :
[Bjorkmo , Marsh 2019]

@ G Steep potenti al

No bending =too fastrolling to inflate

With bending = slowenoughrolling to inflate
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INTERESTINGMULTIFIELD FEATURES [Hetz, Palma 2016]
FURTHERDEVELOPMENTS [Garcia-Saenz Renaux-Petel, Ronayne 2018]

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

U Multifield enablesto inflate along steeppotentials: c%é‘r (p B) P strongfbending

[Achucarro , Palma 2018]
[Bjorkmo , Marsh 2019]

U Inflationary | -attractors: supersymmetric-inspired modelswith curved field space matchwell
Planckconstraints [Kallosh, Linde, Roest 2013]

Multifield helpsto satisfy the dSswampland conjectures

-
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INTERESTINGMULTIFIELD FEATURES [Hetz, Palma 2016]
FURTHERDEVELOPMENTS [Garcia-Saenz Renaux-Petel, Ronayne 2018]

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

U Multifield enablesto inflate along steeppotentials: c%é‘r (p B) P strongfbending

[Achucarro , Palma 2018]
[Bjorkmo , Marsh 2019]

U Inflationary | -attractors: supersymmetric-inspired modelswith curved field space matchwell
Planckconstraints [Kallosh, Linde, Roest 2013]

Multifield helpsto satisfy the dSswampland conjectures

U Recentworks about curved field space

Geometricaldestabilization of inflation [Renaux-Petel, Turzynski 2015]
Sidetrackedinflation [Garcia-Saenz, Renaux-Petel, Ronayne 2018]
Multifield | -attractors [Achlcarro , Kallosh, Linde , Wang, Welling 2017 ]
Attractors and bifurcations in multifield inflation [Christodoulidis , Roest, Sfakianakis 2019]
Hyperinflation [Brown 2017], [Mizuno, Mukhoyama 2018]

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

| B!'orkmo . Marsh 2019|
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STABILITY OF BACKGROUND T h ) 4 .
TRAJECTORIES !

GEOMETRICAIDESTABILIZATIONOF INFLATION

Other notation*

A A stabletrajectory requires U long wavelength modes tobe stable: &
\ )
Y

entropic perturbations on largescales

Tt
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Destabilization

STABILITY OF BACKGROUND e i)
TRAJECTORIES P i

GEOMETRICAIDESTABILIZATIONOF INFLATION

Other notation’
A A stabletrajectory requires U long wavelengthmodes tobe stable: &

-
£
A"
P
,/‘
&
p
A

Hessianof the potential Bending Geometryof field-space

o ' ; [S.R Petel
. . . . T h ks 2 . 3 . Renaux-Petel,
A Geometricaldestabilization of inflation: i O ; RGN TT <. Turzynski 2015]
Y WD, G
Tt 1t for hyperbolic field spaces

« bifurcation » in thelanguageof dynamicalsystems
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STABILITY OF BACKGROUND G N
TRAJECTORIES t //,Si’c’lfétracked

GEOMETRICAIDESTABILIZATIONOF INFLATION il

Other notation’
A A stabletrajectory requires U long wavelengthmodes tobe stable: &

Hessianof the potential Bending Geometryof field-space

o ' ; [S.R Petel
. . . . T h ks 2 . 3 . Renaux-Petel,
A Geometricaldestabilization of inflation: i O ; T8 YER0 TT <. Turzynski 2015]
Y I G
Tt 1t for hyperbolic field spaces
[O. Grocholski , M. Kalinowski |,

> Secondgidetrackedphase of inflation . kolanowski ;| S.Renaux-Petel,
K.Turzynski , V.Vennin 2019]

All observables 4l 1« i il 8 affected
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Tensor-to-scalar ratio (rp.002)

0.05
-

PHYSICS OF LINEAR FLUCTUATIONS
RESURRECTING NATURAL INFLATION?

A Discreteshift symmetryprotecting
S potential from quantum

corrections

0.20

TT,TE EE+lowE—+lensing

TT,TE,EE+lowE~lensing
+BK15

TT,TE EE+lowE~lensing
+BK15+BAO

Natural inflation

0.15
o
Q?b
>
P 4
-
- -

0.10
-

. =
\ | @ N.=60

0.00

091 0.96 0.98 4% [Planck 2018]

Primordial tilt (ns)
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RESURRECTING NATURAL INFLATION?
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PHYSICS OF LINEAR FLUCTUATIONS | Negativelycurved field spaces
RESURRECTING NATURAL INFLATION? :

% 0 0 Minimal metric :
w(%b..) ¥ (p AI(@Q) Ed
L0k (p C.‘.;)’%o Q..
PRELIMINARY| - O
~1.25' _ i
Hyperbolic a% X i
~1.50] metric B2 (o ot P 105
~1.75- v _ ]
T 1 U Hyperbolic metric :
g 4 Minimal
. metric Q (p C_) o
—  Planck 95% U
~2.50]
=== Planck 68% \/_
‘ ’ MG G o
~2.751 : — CMB-S4 95% U
! --- CMBS468% | T
0.955 0.960 0.965 0.970 0.975 Y D

F. Bouchet, L.Pinol, JRonayne s



NON-GAUSSIANITI E% umagalli, Garcia-Saenz, Pinol ,

enaux-Petel, Ronayne 2019]

HYPERINFLATION PhysRevLett. 123, 201302

Setup radia\[ angular

¥
The scalarfields %oh.. live on aninternal hyperbolic plane

Spiraling trajectory enablesto inflate along steeppotentials:

Interesting for eta problem and swampland conjectures!

L. Embeddingof the hyperbolic plane in 3D
B Radialtrajectory
B Hyperinflation trajectory

Destabi -
lization

Thisis not the potential

Hyperbolic field space

Tl § 2
B —nh 1ga st
U



NON-GAUSSIANITIE SFumagalii, Garcia-Saenz, Pinol,

enaux-Petel, Ronayne 2019]

HYPERINFLATION PhysRevLett. 123, 201302

Setup radia\[ angular

¥
The scalarfields %oh.. live on aninternal hyperbolic plane

Interesting observational signatures:

Large nonGaussianitiesn exotic flattened configurations

A | K O i sl

Target for upcoming LSSexperiments

L. Embeddingof the hyperbolic plane in 3D
B Radialtrajectory
B Hyperinflation trajectory

Destabi -
lization

Thisis not the potential

Hyperbolic field space

Tl § 2
B —nh 1ga st
U



Transport approach to numerically

HYPERINFLATION evolve 2-pt and 3-pt correlation
BISPECTRUMJSING PyTransport 2.0 functions In multifield inflation with
[D. Mulryne , J.Ronayne 2016] curved field space
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HYPERINFLATION

BISPECTRUMJUSING PyTransport 2.0
[D. Mulryne , J.Ronayne 2016]

3-point function: — — —

z

with Q (e DR 0 Z

Copernicus Webinar, from Paris, September 11th 2020
Lucas Pinol
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equilateral local
R Ig) 6l OheHe
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HYPERINFLATION
BISPECTRUMUSING PyTransport 20

[D. Mulryne , J.Ronayne 2016]

3-point function: — — — (CR¥S ()(ﬁ) Q
With 'Q ©-—(p- | "fOhQ" —Z(p | . f)h'Q
0.9
0.8} 52.5
0.7} 45.0
0.6} 37.5
O 30.0
0.4y 22.5
0.3 15.0
0.2}
7.5
0.1
0.0
0.0
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v
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HYPERINFLATION
BISPECTRUMUSING PyTransport 20

A TN

[D. Mulryne , J.Ronayne 2016] equilateral local flat

3-point function: — — — (RES ()(ﬁ) Q E)) 6 ‘QhQhQ = 0o}
e (A N Qs (P PN Qe E(pk ) = o)

0.9

0.8} 52.5

0.7} 45.0 Characteristiclarge flattened bispectrum

0.6} 37.5
N 03 =  P3oo0

0.4 < 22.5 E——)

0.3} 5o -2.0 53.8

0.2; _

0.1 local 1 O'O Singleclockinflation with Bunch-Davies

0.0 '

Copernicus Webinar, from Paris, September 11th 2020
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Initial states predictsequilateral non-
Gaussianities
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HYPERINFLATION
BISPECTRUMJSINGEFT

Effective singlefield cubic action

. SR B P =
Y [ Qfloo%u (5 p)(—(T -) T )/

Here,d <0 and® D,
leading toexoticNGs

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

Justified becausein this
class of models, one has

Oy g

One can «integrate out »
entropic perturbations

o) 10 -
W a

0 unknown (sofar)

Expectedo beof order 1
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HYPERINFLATION
BISPECTRUMJSINGEFT

v 4

Effective singlefield cubic action

we sl o [P
QQOO%U ((I)_ p)(—(T —)

e |

)

/

Here,d <0 and®
leading toexoticNGs

[ Q éevm (O p) }

QL D0 TT

IfoDp
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HYPERINFLATION
BISPECTRUMJSINGEFT

/
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|

|

|

=unknown (so far)}
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Il . REVISITING PRIMORDIAL
NON—GAUSSIANITIES

e oy PN oa e @ e
CURVED FIELD SPACE

[Garcia-Saenz Pinol , Renaux-Petel]
J. HighEnerg Phys2020, 73 (2020)

L TN \'(E')H’l' iy 'H\ig ')Hﬁ*ﬁ I

\ NN J
B S

Dictating the power spectrum : Dictating the bispectrum :
2-point function 3-point function
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EXPANDINGAND SIMPLIFYINGTHE ACTION
USINGINTEGRATIONBY PARTS ANLLINEAREQUATIONSOF MOTION

U We perform integrations by parts to make explicit the size of interactions

U Linear equationsof motion 7% — aﬂlde_ n canbe usedat any time

U ResultingLagrangian after 0 1 mintegrations by parts andU p Ttuses ofequationsof motion:
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EXPANDINGAND SIMPLIFYINGTHE ACTION
USINGINTEGRATIONBY PARTS ANLLINEAREQUATIONSOF MOTION

U We perform integrations by parts to make explicit the size of interactions

U Linear equationsof motion (](]“L — alj]%:'i‘Y_ r canbe usedat any time

U ResultingLagrangian after 0 T mintegrations by parts and0 p Ttuses ofequationsof motion:

AR \'(E')H'l' "HH' |—F|1”)—| \i£ ')Hﬂ*ﬁ JEey
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EXPANDINGAND SIMPLIFYINGTHE ACTION
USINGINTEGRATIONBY PARTS ANLLINEAREQUATIONSOF MOTION

U We perform integrations by parts to make explicit the size ofinteractions
U Linear equationsof motion (](]“L — alj]%'i‘Y_ r canbe usedat any time

U ResultingLagrangian after 0 T Tintegrations by parts and0 p Ttuses ofequationsof motion:

A7 B SR G i

ettt Bt Wi ﬁ) ; 0‘") i S
C W W o \
a ) 0= (YO Mixing via the bending

T T

Hessianof the potential  Bendingof the trajectory ~ Field-spacecurvature

Copernicus Webinar, from Paris, September 11th 2020
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EXPANDINGAND SIMPLIFYINGTHE ACTION
USINGINTEGRATIONBY PARTS ANLLINEAREQUATIONSOF MOTION

U We perform integrations by parts to make explicit the size of interactions

U Linear equationsof motion (](]“L — alj]%'i‘Y_ r canbe usedat any time

U ResultingLagrangian after 0 T Tintegrations by parts and0 p Ttuses ofequationsof motion:

G pnpen ol

2 b ¢ >
Chr wnedbib) 60 |10 -— 16 = [ cJz0 N X ..

]
TéT %!
[J. Maldacena 2003]
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EXPANDINGAND SIMPLIFYINGTHE ACTION
USINGINTEGRATIONBY PARTS ANLLINEAREQUATIONSOF MOTION

U We perform integrations by parts to make explicit the size of interactions

U Linear equationsof motion (](]“L — alj]%:'i‘Y_ r canbe usedat any time

U ResultingLagrangian after 0 T mintegrations by parts and0 p Ttuses ofequationsof motion:

Y A GR) W
N Boundaryterms:
New interactions Total time derivatives
contribute to 3-pt functions

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

[F. Arroja ,
T. Tanaka 2011]

Copernicus Webinar, from Paris, September 11th 2020
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NEW INTERACTIONS £= o N

Ao P ‘ & Cn__
gt ) =a A<G ERIDg (h Gy ) wOAG}

LY %("o_ 700 Y )- %(c}p, G O e HEONO SRR

P ( u> i ¢ )g ). Check: iswell masslessatany order asit should
i W (i (Weinberg adiabatic mode)
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Applications: quastsinglefield, cosmologicalkollider
physics singlefield effectivetheory

NEW INTERACTIONS

L i AR ‘ b | T
P dth ) —a A<G il e ey ) e U7

C
L Ay P e SRR NSO R S )
"O ~ "O A (p ” 0
P ¢ ) P
5 { w) e
Copernicus Webinar, from Paris, September 11th 2020 57
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NEW INTERACTIONS Applications: quastsinglefield, cosmologicalkcollider
physicssingle-field effective theory

s ‘ 8 AR
Copt ) 3 A<(T ) I fey= > wOA(T}
(P e ST T T e R < NSO SR TS S
o~ O - p : ;
P u ﬂ Useful form of the action for
s : e h 48 . . . 3t
W w " integrating out I when it is heavy

Copernicus Webinar, from Paris, September 11th 2020
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IV. INTEGRATINGOUT HEAVY
ENTROPICFLUCTUATIONS

AN EFFECTIVE THEORY FOR THE OBSERVABLE
CURVATURE PERTURBATION

el R L e | (=)

N

[Garcia-Saenz Pinol , Renaux-Petel]
J. HighEnerg Phys2020, 73 (2020)
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A HIERARCHYOFSCALES it
WHENENTROPICFLUCTUATIONS ARHEAVY £ 550

U Equation of motion for_:

; ( 752)
A o Q a i is G
i time l——

Energy of theecexperimente

oL i

Integrate out the heavy

perturbation

Like in the Fermitheory:
Integrate out the heavyW, Z bosons and
considercontact interactions for fermions
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A HIERARCHYOFSCALES it
THE QUADRATICEFFECTIVE ACTION £ 550

U Equation of motion for_:

2o <d %> B timel—

When | is heavy { R —— J o A e
@ ~ Energy of theecexperimente
Effective singlefield action for the curvature perturbation (8]
Y [ Q10 awof <(I)_ 7 - ) Integrate out the heavy

.

% perturbation

o) 10—

; v Integrate out the heavyW, Z bosons and
With a speed osoundwd, — P

considercontact interactions for fermions

Like in the Fermitheory:
W Q }
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THE CUBICEFFECTIVE ACTION MELL
FULL RESULT P(X) cubic lagrangian :

Theonly new parameteris A,
and dependson the UVphysics
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THE CUBICEFFECTIVE ACTION ' LhvO

RECOVERING THE EFT OF INFLATION Slow-varying result :

Q
/ —— \ Non-Gaussianities D e

W

Theonly new parameteris A,
and dependson the UVphysics
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THE EFTOF INFLATION
2 %6) 3) 4 %$ 8
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THE EFT OF INFLATION
2 %6) 3) 4 %$ 8
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1 Jerivative of the potential

/

(expected)

Selfcoupling of entropic fluctuations
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THE EFTOF INFLATION
2 %6) 3) 4 %$ 8

Scalar curvature of the field space
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THE EFTOF INFLATION
2 %6) 3) 4 %$ 8
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THE EFTOF INFLATION
2 %6) 3) 4 %$ 8

4 I (P
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==
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x E &EF g(p %) %(p H)— (%(p oo)( :f' T g h)
\_ — —\ - J S N — )
Previously known l 1 Werivative of the potential \

Scalar curvature of the field space Al
Derivative of the

scalar curvature
Thenyou cancompute™Q in a slowvarying approximation
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THE EFTOF INFLATION
2 %6) 3) 4 %$ 8

4 I (P
Yo [ QR wo v :—(&)— p)(—(T -)

==
LA s - . TYOD o | TOUL Y ¢
x E &EF g(p %) %(p H)— (%(p oo)( :f' g h)
\_ — —\ - J S N — )
Previously known l 1 Werivative of the potential \

Scalar curvature of the field space oAl
7 Derivative of the

scalar curvature
”n £ p LlJ U p U . 4 ) £ X P ey
Q e|= p = All contributions matter, noneis a priori negligible
W OCTCTO
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THE EFTOF INFLATION
HYPERINFLATION

Conditions tointegrate out entropic perturbations are fulfilled
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THE EFTOF INFLATION
HYPERINFLATION

Conditions tointegrate out entropic perturbations are fulfilled

L] - . e ~ . . N
U Our new formulaenablesto compute e 0 without the geometric © 5 4gontribution

T® O

I
MDn
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THE EFTOF INFLATION
HYPERINFLATION

Conditions tointegrate out entropic perturbations are fulfilled

U Our new formulaenablesto compute /

=6 T® O

U Analytical prediction for the whole shapeof the bispectrum:
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THE EFTOF INFLATION
HYPERINFLATION

Conditions tointegrate out entropic perturbations are fulfilled

U Our new formulaenablesto compute /

=@ TW®Oo

U Analytical prediction for the whole shapeof the bispectrum:

0.8
0.7
0.6
Perfect _fit to o 05

numerics | 04
0.3
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Generic 2-field inflationary model with curved field space

RECAP OF THIS PART |
% ! QO %1 %ol %o  X%o)

o«

Expanding the action| Choiceof comovinggauge
too order

fICER YOYG B Dyl )

~n

Integrations by parts
Uses ofe.o.m

NGIDEEREEIC \’(E’)H'l' HHQIEI}_)—I \ii ')Hﬁ*ﬁ ) W
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Generic 2-field inflationary model with curved field space

RECAP OF THIS PART |
% ! QO %1 %ol %o  X%o)

Single-field effective theory C

o«

Y o[- Y-h (=)

Expanding the action\ Choiceof comovinggauge

Rt too order
\\ ,
i fICER YOYG B Dyl EAY
\ %
\
\\% 3 3 . Integrations by parts
W Uses ofe.0.m

NGIDEEREEIC \’(E’)H'l' HHQIEI}_)—I \ii ')Hﬁ*ﬁ ) W
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Generic 2-field inflationary model with curved field space

RECAP OF THIS PART
o ! a0 o 0 (%
Single-field effective theory v C - Q0 %o T %ol %o %)
Y [ Y-h (=) . . _ |
Expanding the action| Choiceof comovinggauge
l X 2 too order
\\ L7 3 % ¥ J
P(X) : E A AN MGRE T R S L)
lwOp Th—hon\g%’ .
Canonical singlefield A i \ Integ;aetlsogfsebglrgarts
! ¥
Decouplinglimit in EFT of inflation: . ~ () ~() - ~() p
predictions for & d andthus "Q (th) th) ETTERTITR 21 o PR SR LR L RO I

0 Y

0 Y f
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OUTLOOK 1

A Other signatures ofmultifield models

U Production of Primordial BlackHoles(PBH9S in modelswith transient turns

[G. Palma, SSypsas C.Zenteno 2020]
[J. Fumagalli, S.Renaux-Petel, J.Ronayne, L.Witkowski 2020]
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OUTLOOK 1

A Other signatures ofmultifield models

U Production of Primordial BlackHoles(PBH9S in modelswith transient turns

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

U Production of secondaryGravitational Waves(GWS3 in multifield inflation?
work in progress8
U Spectral distorsions in the CMB?

just athought8
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OUTLOOK 1

A Other signatures ofmultifield models

U Production of Primordial BlackHoles(PBH9S in modelswith transient turns

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

U Production of secondaryGravitational Waves(GWS3 in multifield inflation?
work in progress8

U Spectral distorsions in the CMB?
just athought8

A Extending- Al A A Ad&dldulAion®rom 2 to Nscalarfields, integrating out N-1 entropic perturbations
[LP 2020] soon
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OUTLOOK 2

1 o (4 ~Q
A Postinflationary dynamicsis relevant in multifields scenarios: — s SC W A (—)

Observable adiabatic perturbation evolves on super-horizon

scales, fed by isocurvature perturbations

Necessarystep: study the coupling of scalarfields to cosmologicalfluids (radiation, dark
maitter) during reheating, toderive reliable observablepredictions!

Copernicus Webinar, from Paris, September 11th 2020

LucasPinol 7



OUTLOOK 2

-2 1550)
A Postinflationary dynamicsis relevant in multifields scenarios: — s SC W A (—)

Observable adiabatic perturbation evolves on super-horizon

scales, fed by isocurvature perturbations

Necessarystep: study the coupling of scalarfields to cosmologicalfluids (radiation, dark
maitter) during reheating, toderive reliable observablepredictions!

U Generalformalism + study of isocurvature perturbations to be releasedsoon:
[J. Martin, LP 2020] soor

U Genericsingle-field instability at small scales-> copiousproduction of PBHs
[J. Martin, T. Papanikolaou , LP, V. Vennin 2020] JCAP 05(2020)003
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OUTLOOK 3

A Non-perturbative results during multifield inflation:

Standard Perturbation Theory ¢lassicalbackground + quantum perturbations)

breaks down forvery light fields
\> Stochasticinflation
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OUTLOOK 3

A Non-perturbative results during multifield inflation:

Standard Perturbation Theory ¢lassicalbackground + quantum perturbations)

breaks down forvery light fields
\ Stochasticinflation

U Heuristic derivation of multifield stochasticinflation with curved field spaceand explanations
of so-called « Inflationary stochasticanomalies» due to the natures o6DES
[LP, S.Renaux-Petel, Y.Tada 2018] Class Quantum Graw36 07LTO1
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OUTLOOK 3

A Non-perturbative results during multifield inflation:

Standard Perturbation Theory ¢lassicalbackground + quantum perturbations)

breaks down forvery light fields
\ Stochasticinflation

U Heuristic derivation of multifield stochasticinflation with curved field spaceand explanations
of so-called « Inflationary stochasticanomalies» due to the natures o6DES
[LP, S.Renaux-Petel, Y.Tada 2018] Class Quantum Graw36 07LTO1

U Rigorous closedtime path integral derivation and resolution of the anomalies
[LP, S.Renaux-Petel, Y.Tada 2020] arXiv:2008.07497
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OUTLOOK 3

A Non-perturbative results during multifield inflation:

Standard Perturbation Theory ¢lassicalbackground + quantum perturbations)

breaks down forvery light fields
\ Stochasticinflation

U Heuristic derivation of multifield stochasticinflation with curved field spaceand explanations
of so-called « Inflationary stochasticanomalies» due to the natures o6DES
[LP, S.Renaux-Petel, Y.Tada 2018] Class Quantum Graw36 07LTO1

U Rigorous closedtime path integral derivation and resolution of the anomalies
[LP, S.Renaux-Petel, Y.Tada 2020] arXiv:2008.07497

U Many interesting applications to come (vould require another 1hr): solving Fokker-Planck,
Langevin and nonMarkovian dynamics, numerical simulations, etc.
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CONCLUSION

U Slowroll single-field inflation challenged theory or model?

U Multifield inflation with curved field spaceis more genericand motivated by UVcompletions
(string theory compactifications, supergravityd

U Internal geometry playsarole already at the backgroundlevel: GEOmetricalDEStabilization
of Inflation (ERCworking group « GEODESH led by S.RenauxPetelat IAP)

U It crucially affects thephysicsof linear fluctuations andcanshift € A predictions by a lot
U Non-Gaussianitiescanbe enhanced thus providing exotic detectablesignatures

U Steptowards the generalunderstanding of Non-Gaussianitiesof suchmodels:
Extending- Al A A AdldulationO
Singlefield effectivetheory: explicit geometry-dependent™Q

+ interesting prospects
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Lucas Pinol 83



THANKSFORYOURATTENTION!
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OF RELEVANTENTROPICMASSSCALES

U Equation of motion for_ :

O a 0
0) e ST

GO (T T Ol )
J

\

Y
L WiHHH
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Dynamicsdictated by:

Bac
A S e

Dynamicsdictated by:

ACXF]
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2 constrainedparameters

GAUGE FIXING 4 dynamicalscalard.o.f

U Two scalardegreesof freedom canbe fixed by achoiceof gauge 2 canberemoved

ii ADMformalism Ci A0 (Qw di0 @(Qw g Qg,
with 'Q () & @R (P 11 Row)

i [fg(hm) Q@O0 (Al Ko Q00 (ohw),adiabaticand entropic perturbations
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2 constrainedparameters

GAUGE FIXING 4 dynamicalscalard.o.f

U Two scalardegreesof freedom canbe fixed by achoiceof gauge 2 canberemoved

0 ADMformalism Qi 4 o 4§l 4%
with Q () @ ©@Q' (P 11 Row)

i [fg(hm) Q@O0 (Al Ko Q00 (ohw),adiabaticand entropic perturbations

Flat gauge: F + o |kg [ WY H, |F5T HComoving gauge: | |Fq o HU T 4 and Y HE T
V ™ O L AEH Y Aiready known x ~O)@ A ): notknown before this work:
[Elliston , Seery, Tavakol 2012] [Garcia-Saenz Pinol , Renaux-Petel]

J. HighEnerg Phys2020, 73 (2020)
x Correlation functions of observableperturbation —
computed numerically from the onesof Q6 O V Correlation functions of observableperturbation —

[Mulryne , Ronayne 2016] computed numerically directly

T V Analytical studies possible




THE CUBIC EFFECTIVE ACTION
RECOVERING P(X) THEORY

; p
Q (7— p) VR
Redundancy of operators @
P x
Q = =
=llo(W L SRS
& P »
A e ROl Pt
x EQE
4 ]
)= xEOE 0 ——(p )
¢ Ux Q) T—~
{ W

o6
o h

[X. Chen, M. Huang, SKachru, G.Shiu 2008]
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THE CUBICEFFECTIVE ACTION
RECOVERING CANONICAL SINGEEELD LIMIT

o

ALY

- Al AAA®RIUAG O
Non:Gaussianities D E( L)

Theonly new par=.ueteris A,
and depencson uie UVphysics
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THE GELATONCHECK

The gelaton scenario

A4

U 2fields %& ,curvedfield-space

U [ isvery heavyand adiabatically follows the min ofits effective potential

U The fullfield] canbeintegrated out, giving a singlefield P(X)theory

Our procedure

U Keepingl atthelevel of the background
U Integrating out heavyentropic fluctuations

U GetP(X)-like cubic Lagrangian
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THE GELATONCHECK

The gelaton scenario

A4

U 2fields %& ,curvedfield-space

U [ isvery heavyand adiabatically follows the min ofits effective potential

U The fullfield] canbeintegrated out, giving a singlefield P(X)theory

Our procedure /
U Keepingl atthelevel of the background
SameP(X) theory !
U Integrating out heavyentropic fluciwatiy
U GetP(X)-like cubic Lagrangian
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REGIME OF VALIDITY OF THE EFT e
MAKING ASSUMPTIONS MORE PRECISE A o

U A moreformal solution to (& R 3 o e (743 i (_> LS
a a

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

(6o =) L g
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REGIME OF VALIDITY OF THE EFT e
MAKING ASSUMPTIONS MORE PRECISE A o

U A moreformal solution to (& R 3 o e (743 i (_> LS
a a

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

(C” e _) |: d C” L
U Thisis verified assoonas: Q_oo L
A

[D. Baumann, D. Green 2011]1

0 and

a
/
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REGIME OF VALIDITY

OF THE EFT

MAKING ASSUMPTIONS MORE PRECISE

U A moreformal solution to (&

).

Cn_ _ISA

P

e

a

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

Qo

e

W
[D. Baumann, D. Green 2011]1

U Thisis verified assoonas:

(G = =) L g

®

&
7
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[S.Ceéspedes V. Atal, G. Palma 2012]

Adiabaticy conditions

~
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REGIME OF VALIDITY

OF THE EFT

MAKING ASSUMPTIONS MORE PRECISE

U A moreformal solution to (&

).

Cn_ _ISA

P

a

e

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

Qo

e

W
[D. Baumann, D. Green 2011]1

U Thisis verified assoonas:

(G = =) L g

Fdat G

7

U The EFTis usefulonly if it is well valid at sound

O

horizon crossing. -
a W

L p

Copernicus Webinar, from Paris, September 11th 202
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[S.Ceéspedes V. Atal, G. Palma 2012]

Adiabaticy conditions

~

)Lp n(%)m

~
€

Lo N —1L
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V.HYPERINFLATION

MULTIFIELD INSTABILITY AND
SINGLEFIELD EFFECTIVE THEORY

[Fumagalli , Garcia-Saenz, Pinol ,
Renaux-Petel, Ronayne 2019]
PhysRevlLett. 123, 201302

Copernicus Webinar, from Paris, September 11th 2020
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k. Embeddingof the hyperbolic plane in 3D

B Radialtrajectory
B Hyperinflation trajectory

. Destabi-
L lization

Hyperbolic field space

v -[ Nt " "
N —nh B )
U
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HYPERINFLATION
BACKGROUNDANALYSIS

Angularmomentum 0 ®0O OE T(E)

U U Tt radial trajectory : geodesic effectively single-field

W )
DO N

\ 74
Y

0

(DI\

Potentially unstable: @

With steep potentials ,
geometrical destabilisation

k. Embeddingof the hyperbolic plane in 3D

B Radialtrajectory
B Hyperinflation trajectory

" Destabi -
U lization

Hyperbolic field space

1 -[ % 1 ™
Y —h OLWU
U
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HYPERINFLATION
BACKGROUNDANALYSIS

Angularmomentum 0 ®0O OE T(E)

U U Tt radial trajectory : geodesic effectively single-field

. : £ W W
Potentially unstable: a p € e Mo W

wLO \v O

U U T spiraling (sidetracked) tajectory: hyperinflation

With steep potentials , the sidetracked
phase is the attractor
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k. Embeddingof the hyperbolic plane in 3D

B Radialtrajectory
B Hyperinflation trajectory

" Destabi -
U lization

Hyperbolic field space

1 -[ % 1 ™
N —nh B )
U
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HYPERINFLATION
BACKGROUNDANALYSIS

Angularmomentum 0 ®0O OE T(E)

U U Tt radial trajectory : geodesic effectively single-field

. : £ W W
Potentially unstable: a p € e Mo W

wLO \v O

U U T spiraling (sidetracked) tajectory: hyperinflation

swampland conjectures,

naturalness , eta problem

Th-L pt — —L1 and ”L:*"Lp

Copernicus Webinar, from Paris, September 11th 2020
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k. Embeddingof the hyperbolic plane in 3D

B Radialtrajectory
B Hyperinflation trajectory

. Destabi-
A\ lization

Hyperbolic field space
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N —nh B )
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HYPERINFLATION
LINEARPERTURBATIONS

r 14
e 5
Wecompute T°Y U Q t <é( ]
) h
w O L p 0

Copernicus Webinar, from Paris, September 11th 2020
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Unstable growing
sub-Hubble perturbations

Stable,decaying
super-Hubble perturbations
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HYPERINFLATION
LINEARPERTURBATIONS

0
Wecompute Y U Q

Unstable growing
(& g / sub-Hubble perturbations
e GRS T
O
o gl N Stable,decaying
70 CQ ™ super-Hubble perturbations

w O L p

A\

{ .
|

Remember in the.o.m for0 , the masserm is

This tachyonic instability is only transient for each k-mode

fo,
&

0 > 7t deepunderthe horizon

n on superhorizon scales

3

Q
W

ﬂ

stable

unstable

| stable

Entropic
masscrossing

Hubble
crossing
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HYPERINFLATION

LINEARPERTURBATIONS s
: / sub-Hubble perturbations

3 a
o M 0
Wecompute T°Y U Q B s |
el a i y Stable,decaying
@ O L p 0 CQ ™ super-Hubble perturbations

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

Remember in the.o.m for0 , the masserm is (g A > 1t deepunderthe horizon
W

=
I |
Rl\ l A = TT ;
SH: \ h on superhorizon scales
ﬂ x\.\
I
|

. b
stable | unstable T stable i+

Entropic Hubble
masscrossing| | crossing
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HYPERINFLATION
LINEARPERTURBATIONS

1014
Al 5
1012 l‘ I: T[8T p
D0l
1010
o Excluded
% 108+ by CMB
106+ |
104.\'/ . PC
Ps
2 . . . ;
102,23 =3 1 0 i >

N
W -0 %owthdad 0 pTmoO
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HYPERINFLATION
BISPECTRUMUSING PyTransport 20

A TN

[D. Mulryne , J.Ronayne 2016] equilateral local flat

3-point function: — — — (RES ()(ﬁ) Q E)) 6 ‘QhQhQ = 0o}
e (A N Qs (P PN Qe E(pk ) = o)

0.9

0.8} 52.5

0.7} 45.0 Characteristiclarge flattened bispectrum

0.6} 37.5
N 03 =  P3oo0

0.4 < 22.5 E——)

0.3} 5o -2.0 53.8

0.2; _

0.1 local 1 O'O Singleclockinflation with Bunch-Davies

0.0 '

Copernicus Webinar, from Paris, September 11th 2020
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Initial states predictsequilateral non-
Gaussianities
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HYPERINFLATION
SINGLEFIELD EFFECTIVETHEORY

U Equation of motion for_:
| is @eavyd B
and tachyonic | * |
U

Effective singlefield action for the curvature perturbation

2 = N o} o X 1) (‘53— q—))

N\ J

Hierarchy of scales

Energy of theecexperimente
OL a

Integrate out the heavy

perturbation

Like in the Fermitheory:
Integrate out the heavyW, Z bosons and
considercontact interactions for fermions



HYPERINFLATION Hierarchy of scales
SINGLEFIELD EFFECTIVETHEORY v

£l Ksls |

U Equation of motion for_:

time l——-

| is GBeavyd _ o I A
and tachyonic | * |
@ ~ Energy of theecexperimente
Effective singlefield action for the curvature perturbation (8]
Y [ Q10 awof <JJ_ 7 - ) Integrate out the heavy
\_ J perturbation
0 — ¥ @R wl Like in the Fermitheory:
~£ D é n |— ’ Integrate out the heavyW, Z bosons and

W SO QS - 13 ¥ DI, @Rk S considercontact interactions for fermions




HYPERINFLATION b L
BISPECTRUMJSINGEFT

\
Effective singlefield cubic action DHISHO)
T 0 _ 74(3)
V. 0B oo—b (2 e =
-] 0 w gL (w p)( t- = )
o /

Needto contract one

decaying mode

— Noexponentialenhancementof "Q D :
. Growingmodes are

purelyreal

) L [ p ) ‘ . ‘
Q UX(ﬂ&” p)(oc@o P) P T(O\p)w)

Q Duum gy Cubic polynomial inowith  [S- Garcia-Saenz,
f6 Dp ®D p 1in hyperinflation S Renaux-Petel 2018]
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HYPERINFLATION
OTHERPHENOMENOLOGICAASPECTS

U Estimation of higher n-point functions with the EFT of inflation

We find enhancedflattened configurations: i 0 K% p) oo]
= W
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HYPERINFLATION
OTHERPHENOMENOLOGICARSPECTS

U Estimation of higher n-point functions with the EFT of inflation

@

U Primordial gravitational wavesare strongly suppressedat tree level

We find enhancedflattened configurations: 8

Scalarloops could induce large corrections atsmall scalesprobed by LISA Work in progress)
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HYPERINFLATION
OTHERPHENOMENOLOGICARSPECTS

U Estimation of higher n-point functions with the EFT of inflation

@

U Primordial gravitational wavesare strongly suppressedat tree level

We find enhancedflattened configurations: 8

Scalarloops could induce large corrections atsmall scalesprobed by LISA Work in progress)

U If the largebendingis only transient, then only scalesin the instability band at that time
are enhanced

If that happensafter CMBscaleshaveexited horizon, could produce PBHswithout affecting CMB
[Fumagalli , Renaux-Petel, Ronayne, Witkowski 2020]
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