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I. INFLATION

Success story, missing evidence
and future prospects
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CMB OBSERVATION MOTIVATES INFLATION
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» How is the universe so homogeneous?
Horizon problem

» Why is the universe so spatially flat?
Flatness problem



CMB OBSERVATION MOTIVATES INFLATION
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» How is the universe so homogeneous?
Horizon problem

» Why is the universe so spatially flat?
Flatness problem

Inflation, an era of accelerated expansion of the Universe,

Aend
solves both the horizon and flatness problems Qini
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FLUCTUATIONS OF MICRO-PHYSICAL QUANTUM ORIGIN
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MECHANICS OF INFLATION: CURRENT PARADIGM

A single scalar field in slow roll does the job for both:

A V(o)

* The classical background...

* The quantum fluctuations...

P(x,t) = p(t) + QX t)
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MECHANICS OF INFLATION: CURRENT PARADIGM

A single scalar field in slow roll does the job for both:

* The classical background... 4 V(o)

... provided the scalar potential is flat and inflation lasts long
enough

* The quantum fluctuations...

d(%,t) = p(t) + 0(%,t) with Q(%,t) < ¢(t)

/

Homogeneous background, slow roll: ¢ e

V(P 20 V(g)

; H® = CLASSICAL
3H 3M5§,
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MECHANICS OF INFLATION: CURRENT PARADIGM

A single scalar field in slow roll does the job for both:

* The classical background...

... provided the scalar potential is flat and inflation lasts long

enough

* The quantum fluctuations...

... if they emerge from the Bunch-Davies (BD) vacuum

d(E ) = ¢(t) + QE t) ~

/

Homogeneous background, slow roll: ¢ e i
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MECHANICS OF INFLATION: CURRENT PARADIGM

A single scalar field in slow roll does the job for both:

* The classical background... 4 V(o)

... provided the scalar potential is flat and inflation lasts long
enough

* The quantum fluctuations...

... if they emerge from the Bunch-Davies (BD) vacuum

4

) __— Almost scale-invariant power spectrum: ng; ~ 1

P, t) = d(t) +Q(%,t)

V(¢
3H

Homogeneous background, slow roll: ¢ e

K\
Also, P, (k) = rA; (k—) ,withr <« 1

*
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GReCO Seminar, Institut d'Astrophysique de Paris - October 10th 2022

r'0.002

0.25

0.20

0.15

0.10

0.05

0.00

1

Planck TT,TE,EE+lowE+lensing
+BK18+BAO

0.95 0.96 0:97 0.98 0.99 1.00

Ng

[BICEP-Keck 2022]
r < 0.032

12



MISSING EVIDENCE AND FUTURE PROSPECTS

» Primordial tensor modes of quantum-mechanical origin are expected at some level

Key prediction of inflation as a theory of gravity with

quantized linear fluctuations + vacuum initial conditions

Many upcoming experiments to be much more sensitive on B modes in the CMB:
Simons Observatory, LiteBIRD, CMB-S4 — r < 0(1073)

» Primordial non-Gaussianities have the same status and have not been observed yet neither

Gravitational interactions always present + non-trivial

multifield interactions give PNG at some level

More challenging: CMB limited by cosmic variance. There is hope with LSS experiments:
DESI, Euclid, SPHEREx — fni., < O(1); Brigthness temperature 21-cm maps - fy, < 0(0.1)

» Theoretical status: few theoretical motivation for single scalar field with a flat potential
Inflation with a shift-symmetry, with non-minimal coupling, multifield inflation, curved field space, etc.
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ANOMALIES / RESIDUALS / BEYOND POWER LAW

CMB temperature and polarisation maps (TT, TE, EE) contain residuals not fitted by the standard picture
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ANOMALIES / RESIDUALS / BEYOND POWER LAW

CMB temperature and polarisation maps (TT, TE, EE) contain residuals not fitted by the standard picture
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ANOMALIES / RESIDUALS / BEYOND POWER LAW

CMB temperature and polarisation maps (TT, TE, EE) contain residuals not fitted by the standard picture
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ANOMALIES / RESIDUALS / BEYOND POWER LAW

Future “B-modes” experiments (thanks to much better E-modes) like LiteBIRD, SO, CMB-S4 will tell!

» If the universe is featureless: current bestfits (turn, bump, CPSC, resonant, ...) will all be ruled out
[PRELIMINARY RESULTS]
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ANOMALIES / RESIDUALS / BEYOND POWER LAW

Future “B-modes” experiments (thanks to much better E-modes) like LiteBIRD, SO, CMB-S4 will tell!

» If the universe is featureless: current bestfits (turn, bump, CPSC, resonant, ...) will all be ruled out

Featureless fiducial

—— (CPSC
---- Resonant
—— Bump

Grey: Planck error bars (data)

Red: PL+LB+S4 error bars (forecast)

3.00 [PRELIMINARY RESULTS]
10-2 10-1

k[Mpc ']

1073
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ANOMALIES / RESIDUALS / BEYOND POWER LAW

Future “B-modes” experiments (thanks to much better E-modes) like LiteBIRD, SO, CMB-S4 will tell!
» If the universe is featureless: current bestfits (turn, bump, CPSC, resonant, ...) will all be ruled out

» If one of the current feature bestfit indeed represents our universe:

X/

s The featureless universe will always be ruled out

[PRELIMINARY RESULTS]
s We will tell apart different feature models (often)

[Braglia, Chen, Hazra, Pinol in prep.] ¥



ANOMALIES / RESIDUALS / BEYOND POWER LAW

Future “B-modes” experiments (thanks to much better E-modes) like LiteBIRD, SO, CMB-S4 will tell!
» If the universe is featureless: current bestfits (turn, bump, CPSC, resonant, ...) will all be ruled out

» If one of the current feature bestfit indeed represents our universe:

CPSC fiducial

Resonant fiducial

Resonant

¢ The featureless universe will always be ruled out

s We will tell apart different feature models (often)
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[I. PRIMORDIAL NON-GAUSSIANITIES

AS A PROBE OF THE SCALAR
CONTENT

Single-field inflation ' | 4 I
Multifield inflation |

The cosmic spectroscopy e
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Single-field inflation (and definitions)
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- “y - Sources of non-Gaussianity:
Non-linearities in the sky Y

Foreground

Late-time evolution: lensing, etc.

100 GHz 143GHz 217 GHz

Early-time evolution: gravity, interactions, etc.

353 GHz 545 GHz 857 GHz

Initial conditions:

Primordial non-Gaussianities from inflation

40" 107 -0 101 10 10° 100 10' 10° 100 107
30353 Ghz: BT WKyl 545 and B57 Ghiz: surface brighiness [klysr]

Planck CMB intensity maps T..:(0, ) = Tlnl 9, @) + flocal < [Tml(g’ Q)

Gaussian  Non-Gaussian if fy3 # 0
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PRIMORDIAL BISPECTRUM

¢ the primordial curvature perturbation

Power spectrum = 2.10 x 10~°

Vi

S
(kikzk3)?

g ™
A k, Shape function

(0%, 0%, 07.) = @m)7 8O (ky +k; + k3) x S(ky, kez, ks)
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PRIMORDIAL BISPECTRUM

¢ the primordial curvature perturbation

Power spectrum = 2.10 x 10~°

Vi

S
(kikzk3)?

g ™
A k, Shape function

< 0.0035 (fromr < 0.056)

(0%, 0%, 07.) = @m)7 8O (ky +k; + k3) x S(ky, kez, ks)

[Maldacena 2003] 5 /

€
Ex: Single-field inflation S = 5 (1 —n,)Sic + §Seq + .-« = VERY SMALL

(attractor) \

0.0015
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PRIMORDIAL BISPECTRUM

Shape templates

/ o\

Ex: Single-field inflation S = = () Siorst = St

8
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OBSERVATIONAL CONSTRAINTS

'\

N = s 09 +50
NL = —26+ 47 > [Planck 2018]
L= 38 24

Shape templates

L

5
Ex: Single-field inflation S = B (= nSianste—Say hie:
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SINGLE-FIELD EFFECTIVE THEORY OF
INFLATIONARY FLUCTUATIONS

EFT of broken time-diffeomorphisms “beyond models”:

i 4 v 00 ; ! ol :
= f dzx \/—gF(g“ 9 Ruvepr Kijr Vs t) [Cheung, Creminelli, Fitzpatrick,
Kaplan, Senatore 2007]

Goldstone boson in the unitary gauge

Tadpole cancellation
Decoupling limit, neglecting higher-order derivatives

# 1/1 A
S35 (] = f drd’% a®eMp {(i—z s (6i6)2> ] <c_2 —1 ) ((’(aiz)z + C—Z('3>}

: S o

% ¢, is the speed of sound Non-linearly realized symmetry:
Same operator produces both
% A parameterizes the relative size of cubic derivative interactions quadratic and cubic interactions

:L 29

ike a Wilson coefficient: naturally of order unity



SINGLE-FIELD EFFECTIVE THEORY OF
INFLATIONARY FLUCTUATIONS

EFT of broken time-diffeomorphisms “beyond models”:

H;
87T2€*CS*M1§1 \
=Rl cty

b 1<1 1)(/1 17)
NL__ DN R
5=<Cl—1>[56<az)2+ S,s] 0 o g
N 31
e Gt =g (z-1)a-

S
both shapes are ~equilateral
but cancel each other for
A =~ 4 — ortogonal shape

/ ng—1=—-2¢, —n,— s, withs = ¢;/(Hc)

Pt
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small speed of
sound!
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SINGLE-FIELD EFFECTIVE THEORY OF
INFLATIONARY FLUCTUATIONS
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[WMAP 2012] [Planck 2019]
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SINGLE-FIELD EFFECTIVE THEORY OF
INFLATIONARY FLUCTUATIONS

UV-completions of the low-energy EFT:

» Single-field inflation with higher-order derivatives: P(X) inflation in slow-roll
e.g. DBI inflation gives c; = 1/y “Lorentz factor” and A = —1

» Multifield inflation
e.g. 2-field inflation with one heavy fluctuation gives c,, but A not know before my work
Nfie1q-inflation but nor c, nor A known before my work

!

2
S el = f drd3X a?eMp, {(5

) T ¢ A
o (5i5)2> +ﬁ<¥ Tl > (('(aif)z +¥('3>}
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SINGLE-FIELD EFFECTIVE THEORY OF
INFLATIONARY FLUCTUATIONS

» Multifield inflation
e.g. 2-field inflation with one heavy fluctuation gives c, but A not know before my work
N ¢ie1qa-inflation but nor cs nor A known before my work

}
i pafi A
S35 [¢] = f drd’X a’eMp {(i—z 3 (6i6)2> e <c_2 —1 ) (C’(aiz)z + C—Z('3>}

S S
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Multifield inflation
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— One geodesic

MULTIFIELD INFLATION = Non-geodesic motion

— Minimum of the potential

R
D f\/jg E R zglwaabauqbaavgbb K V(¢C)
a,b

D,
Flat field space

Vanishing curvature: R = 0




— One geodesic

MULTIFIELD INFLATION = Non-geodesic motion
— Minimum of the potential

V(q)l) (I)z) A
4 A A
A A \" \’\‘\‘l\\\)‘/\ﬂ\*s £ / y

\
......

R g
a0 f o Z 9" 8ap0,9%0,@" — V()

Aligned

D,

4 e_a) Adiabatic direction (velocity ¢)

/ AL :
—~—_ 1  Background trajectory

,, (1)1
measures the bending in field space Flat field space

Covariant rate of turn: Hn, = 0

> Dy Vanishing curvature: R¢, = 0




— One geodesic

MULTIFIELD INFLATION WITH B ?ﬂ‘;:;lielfrﬂe:;ig“ti‘t’:nﬁal
CURVED FIELD SPACE 7

R
5= =93 9" 6u(@)0,8°06° — V(6"

a,b

D Ny aligned

D,

Curved field space

Scalar curvature: Rgs # 0



— One geodesic

MULTIFIELD INFLATION WITH e m:i'ﬁlel:’rﬂe:fi‘éﬁgoi‘t’:ntial
CURVED FIELD SPACE 7

R
s = [v=9(3- D 9 6u(@)0,8°06" — V(6"

a,b

Covariant rate of turn: Hn, = D;el /el

measures deviation from a geodesic in field space

Local curvature in field space

Ricci scalar R¢g constructed from G

g
Geometry Spherical Hyperbolic Curved field space

Ry 0 > () <0 Scalar curvature: Rgg # 0




GENERALIZING MALDACENA'S CALCULATION
USING INTEGRATION BY PARTS AND LINEAR EQUATIONS OF MOTION

Resulting Lagrangian, after 0(40) integrations by parts and O(10) uses of equations of motion:

L£EGF) = £DEF) + LB G2+ Liy((F)+D

Maldacena
There are two gauge-invariant scalar fluctuating degrees of freedom:

» ( the adiabatic curvature perturbation

» F the entropic perturbation
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GENERALIZING MALDACENA'S CALCULATION
USING INTEGRATION BY PARTS AND LINEAR EQUATIONS OF MOTION

Resulting Lagrangian, after 0(40) integrations by parts and O(10) uses of equations of motion:

L({,F) = L2 F)

3 2 2
(@7 =2 (26M1§1 (zz 90) ) o 4@7@5)

a? a? \

Mixing via the bending

m2 = Vs, — H?n? + eRiH? M,

T A Pk

Hessian of the potential  Bending of the trajectory  Field-space curvature
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GENERALIZING MALDACENA'S CALCULATION
USING INTEGRATION BY PARTS AND LINEAR EQUATIONS OF MOTION

Resulting Lagrangian, after 0(40) integrations by parts and O(10) uses of equations of motion:

L((' T) 5 l(\/:l;azldacena(( X)
i 00)? 1
L dacena(§ X) = a3M | (e = mE2¢ + e(e +1)¢ : a? - (g T 2); (00)(8x)9%x + 4%402((0)()2

[J. Maldacena 2003]
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GENERALIZING MALDACENA'S CALCULATION
USING INTEGRATION BY PARTS AND LINEAR EQUATIONS OF MOTION

Resulting Lagrangian, after 0(40) integrations by parts and O(10) uses of equations of motion:

3
L F) = 3G F)+D
P N
Boundary terms:
New interactions Total time derivatives

contribute to 3-pt functions
[C. Burrage, R. Ribeiro, D. Seery 2011]
[F. Arroja, T. Tanaka 2011]
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NEW INTERACTIONS LAL - :Tl ;
1

T ) I Pz
mg

1
Low @ F) = SmEF (<e + T + (26 =1 = 21)) -

1 : 1 .
" H (H?n% — eH*Mg|Ry5){F? — 6 (Vsss = 26Hn, Rps + €H?MpiRps 5 ) F?

7
Al 1 e( (73 2.1 (37'; ) ) 2z iz F(OF)(dy) Check: ( is well massless at any order as it should
2 a (Weinberg adiabatic mode)

_Mgld
ot

(=1

L]

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

GReCO Seminar, Institut d'Astrophysique de Paris - October 10th 2022 43



INTEGRATING OUT HEAVY ENTROPIC

FLUCTUATIONS

AN EFFECTIVE THEORY FOR THE OBSERVABLE CURVATURE
PERTURBATION

Theavy(z)
S[(: i 2 SEFT[(] S S[(»Theavy(()]

GReCO Seminar, Institut d'Astrophysique de Paris - October 10th 2022
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A HIERARCHY OF SCALES

WHEN ENTROPIC FLUCTUATIONS ARE HEAVY

» Equation of motion for F:

ﬁ+3HT'+<m§~+

k2

aZ

)7—" — DT

Hierarchy of scales
E

—+— M,

time l—— k/ a

o B

Energy of the "experiment”

H < mg

Integrate out the heavy
perturbation

Like in the Fermi theory:
Integrate out the heavy W, Z bosons and
consider contact interactions for fermions



A HIERARCHY OF SCALES
WHEN ENTROPIC FLUCTUATIONS ARE HEAVY

» Equation of motion for F:

XK+ PKE + (mﬁ +%)T = 217y

. 2
: LO 261, > k
When ¥ is heavy { Theavy = mzl J w?, wH,; K mg
S

Hierarchy of scales
E

time l—'

_Mp

__k/a
AR ¢ |

Energy of the "experiment”

H < mg

Integrate out the heavy
perturbation

Like in the Fermi theory:
Integrate out the heavy W, Z bosons and
consider contact interactions for fermions



A HIERARCHY OF SCALES
THE QUADRATIC EFFECTIVE ACTION

» Equation of motion for F:
K+ KL + (mﬁ +§>? = 261,

26M) ;
When F is heavy { FLO = UZL }

heavy — m2

U

Effective single-field action for the curvature perturbation

S

2
S;FT¢] = | dvd3X a®Mpe ((—2 — (@'()2)
_ N y,

| 1 4H*ni
With a speed of sound c: — =1+ 3
CS mS

Hierarchy of scales
E

—+— M,

time l—— k/ a

o B

Energy of the "experiment”

H < mg

Integrate out the heavy
perturbation

Like in the Fermi theory:
Integrate out the heavy W, Z bosons and
consider contact interactions for fermions



THE CUBIC EFFECTIVE ACTION

FULL RESULT P(X) cubic lagrangian:
41,3 (
=Rt 1
CS
92070 + b
gs¢5¢(0;0)° + Gt
S J drd3x ZMPI g with < 1
3 s gz =——1
Cia; ), AR
iR lE j &
94§'0;072¢'9;¢ + 4T ( _Z)
The only new parameter is A, 2
and depends on the UV physics \g5625(6i6‘2(’)2/ 95 Fonw
: Ls
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THE CUBIC EFFECTIVE ACTION

RECOVERING CANONICAL SINGLE-FIELD LIMIT Maldacfenz_l S result:
Non-paussmnltles ~ 0(€,1m)
i Gt
c: -1
9:'°C + g = €—1
93¢(9;0)* + gz = €+1
€
St =j drd3¥ a’Mp = with +
it %@@2 +
-<ue {1
943'0;072'0; + CETIT 7

The only ..ew par-.iueter is A,

m

and depens; on u:~ UV physics \gsazz(aia-Z(')Z/ Pl
4
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THE CUBIC EFFECTIVE ACTION €1,5—0
RECOVERING THE EFT OF INFLATION Slow-varying result:

/ &(3 1 \ Non-Gaussianities ~ l =
i
r 1 :
XZC i h e Z —-1)4
%@-6)2 ¥
SEFT[7 j drd3x ZMPI with < :

=2 5 ol e
g3Cs , 2
20000 + £
94%‘25’01-( +
The only new parameter is A, k

and depends on the UV physics \g%@ia_zf')zj

GReCO Seminar, Institut d'Astrophysique de Paris - October 10th 2022 50



THE EFT OF INFLATION
REVISITED...

/
i) = [ anazanp (- 1) (¢ 4 5¢)

1
with A = =2 (14 c?) + -

\_ e

Previously known

GReCO Seminar, Institut d'Astrophysique de Paris - October 10th 2022
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THE EFT OF INFLATION : : : VZeM,,
Bending radius of the trajectory: k =
REVISITED... L

m
N ) y
3'd derivative of the potential

(expected)
/

Self-coupling of entropic fluctuations
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THE EFT OF INFLATION : : : VZeM,,
Bending radius of the trajectory: k =

REVISITED... L

4 )

EFTI71 = | ded3% a2 M2 — ! 1 1(9.7)2 A 3
S50 [¢] = T xaMPlﬁ z_ ¢'(9;4) +¥(
1 1 KV, 2 eRi H? M}
withd = —>(1+ )~ (1= ) =3 +5(1+2c) Lakiiaie SR
N > & m

|

Scalar curvature of the field space
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THE EFT OF INFLATION
REVISITED...

Bending radius of the trajectory: k =

ZeMp

ni1

-~

SEFT¢]

S

e (1
drd3x a?M2 —[—=—1
j Tax a Plf]—[(cz

\_

1 2 eRt HZMEG, 1 KV keH2M3 R
withd = —>(1+ )+ (1+2)——5— -1 - A5+ e
2 3 m? 6 m T m ),
N

\
) (c'(aic)z + %c“)
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|

Derivative of the
scalar curvature

54



THE EFT OF INFLATION : : :
Bending radius of the trajectory: k =
REVISITED... L

4 N

ZeMp

SET) = [ deeds aZM;%l%(CiZ— 1 ) (c'wic)z +CA¥25'3)

S

1
withA=——(1+cSZ)+ (14 2c?)
\ \2 N/~ / é N/ mS / 6 RS J N\

Previously known I 3rd derivative of the potential\

ERfSHZMP] 1 Vsss KEHZMPZ’IRfS,S
L ( o Cs)

s ),

Scalar curvature of the field space LU,
Derivative of the

Then you can use the result of the EFTol: scalar curvature

_ _ [Garcia-Saenz, Pinol, Renaux-Petel]
e R A J. High Energ. Phys. 2020, 73 (2020)
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THE EFT OF INFLATION : : :
Bending radius of the trajectory: k =
REVISITED... L

4 )

ZeMp

sETi) = [ anazanp (1) (c@0r 4 5¢%)

S

1
withd = —=(1+c?) += (1+22)
\ \2 N7 J\ N7 mS / RS}\

Previously known I 3rd derivative of the potential\

ERszZMPI 1 sss KEHZMPZ’lRfs,s
- ( T CS)

)

ms

Scalar curvature of the field space LU,
Derivative of the

1 1 17 scalar curvature
S 1])(A
fNL - 1_8 2 - T All contributions matter, none is a priori negligible
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THE EFT OF INFLATION
HYPERINFLATION

An exotic case where conditions to integrate out are fulfilled

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

GReCO Seminar, Institut d'Astrophysique de Paris - October 10th 2022

E Embedding of the hyperbolic plane in 3D
B Radial trajectory
B Hyperinflation trajectory

Destabi-
\ lization

v

@  Thisis not the potential

Hyperbolic field space
4
RfS — _W’ M << Mp
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T H E E FT O F I N F L ATI O N [Fumagalli, Garcia-Saenz, Pinol,

Renaux-Petel, Ronayne 2019]
HYPERINFLATION Phys. Rev. Lett. 123, 201302

An exotic case where conditions to integrate out are fulfilled

> Our new formula enables to compute / 0 without the geometric < R¢; contribution

c:~—1 A=~—-0.33
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THE EFT OF INFLATION
HYPERINFLATION

An exotic case where conditions to integrate out are fulfilled

» Our new formula enables to compute /
c:~—1 A=~—-0.33

» Analytical prediction for the whole shape of the bispectrum:

0.8
0.7
0.6

QO'S

vs. numerical resolution for the full multified model? 0.4
0.3

0.2
0.1

0.0
GReCO Seminar, Institut d'Astrophysique de Paris - October 10th 2022

—0.5

0.5,

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

0 without the geometric < R¢; contribution

52.5
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30.0
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T H E E FT O F I N F L ATI O N [Fumagalli, Garcia-Saenz, Pinol,

Renaux-Petel, Ronayne 2019]
HYPERINFLATION Phys. Rev. Lett. 123, 201302

An exotic case where conditions to integrate out are fulfilled

> Our new formula enables to compute / 0 without the geometric < R, contribution
c:~—1 A=~—-0.33
» Analytical prediction for the whole shape of the bispectrum:
0.9 : : :
0.9 : : : 0.8 | H52.5
. . W25 ‘
08 0.7 ‘ | H45.0
0.7} 45.0 06
0.6; . 37.5 : ! 375
0.5 - . 30.0 QO'S ] 30.0
) 0.4 |
0.4' " 225 ' 22.5
0.3 15.0 03 | P1s.0
0.2} 0.2 -
7.5 * 7.5
0.1 o 0.1 -
local | 0.0 0.0
0.0 o 00l ——. . |
: -0.5 0.0 0.5




T H E E FT O F I N F L ATI O N [Fumagalli, Garcia-Saenz, Pinol,

Renaux-Petel, Ronayne 2019]
HYPERINFLATION Phys. Rev. Lett. 123, 201302

An exotic case where conditions to integrate out are fulfilled

0 without the geometric < R¢; contribution

» Our new formula enables to compute /
c:~—1 A=~—-0.33

52.5
45.0

| W37.5
Perfect fit to - : M30.0

numerics! : 1 M225

15.0
y iR
0.0
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FROM 2 FIELDS TO N FIELDS [Pinol 2020]
J. Cosm. & Astro. Phys. 04(2021)048
TOWARDS A MORE GENERAL UNDERSTANDING

Resulting Lagrangian, after 0(40) integrations by parts and O(10) uses of equations of motion:

£, F%) = LD, FO) + L&) G20+ LD@FH+D

Maldacena
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FROM 2 FIELDS TO N FIELDS [Pinol 2020]
J. Cosm. & Astro. Phys. 04(2021)048
TOWARDS A MORE GENERAL UNDERSTANDING

Resulting Lagrangian, after 0(40) integrations by parts and O(10) uses of equations of motion:

L{GFT) = £(2)((' FY) Purely entropic

mixing via the
torsion matrix

ke M 0ie e Qaﬁf'“?ﬁ>
\_'_l

3 2 a2
LD, FY) = — <ZeMl§1 (62 ) ) + 42eMpjw, F1¢ + F&° — Gl

2 a?

Adiabatic-entropic / 2

maﬁ it V;aﬁ 5 5(115’31(1)% e ('Q-Z)aﬁ i ZEHZMPZ’IRCM,BJ

mixing via the bending / V r

Covariant hessian of the potentia] Bending / torsion of the trajectory Field-space curvature
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FROM 2 FIELDS TO N FIELDS [Pinol 2020]
J. Cosm. & Astro. Phys. 04(2021)048
TOWARDS A MORE GENERAL UNDERSTANDING

: 2 € €
£ = Mgag [e(e —n)C3C +e(e+ T))C(aag) + (5 - 2) a—lél(ag)(aX)agx + 4&82((8}’()2}

'\

1 2 ) . .
+a® {\/Q—E‘MIMPI [];I ((ig) - C2 — (CH (’IH—Qul)) + Q%CCFQI

( '2 ) . 2
+ |:Emaﬁ -+ af + ng (({Q'Ya + @ ’Ya)

CFOFP 4 eQup( FOFP

3
(afa)2) > Ll(ne)w((; }-a)

f : 1 .\ 2
+ (2eH* M Roopo — Wida10p1) %]—"“Iﬁ + 5 ((F’") +— (3.10)

2 2H H H

1 : 2 )
5 (0F) () (F* + Qup P’ ) + = V26 H My Ry 7O FPF

1
/

+D,
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APPLICATIONS [Pinol 2020]

J. Cosm. & Astro. Phys. 04(2021)048
» Single-field EFT from N4 inflation as a realistic UV completion:

1 1
A= —5(L+ ) + 51+ 2> M (7)) Rinomo
L 2 (1 =2 ;.
7z 1+ ;ah (m‘ )11 — %(1 — ) (m™?)y [‘f?-m-mm + 2¢H* My Rmoma:m
S
: g ! 1 d (:rn._Q)a 1
Bending to deviate Inverse squared +4vV2e HMp | Q% + (=2 m It mamv} )
ST ce = mass matrix " -

(), (m?)

e Rmo'mO' T [(m—2)1,]2 S Raaﬁd

The whole mass matrix of entropic fields matters! (not just m#,)
The whole geometry of the non-linear sigma model matters! (not just the Ricci scalar R¢)

» Cosmological collider with Nfje14-1 entropic fields: what is the bispectrum in the squeezed limit?
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The cosmic spectroscopy (beyond single-field EFT)

GReCO Seminar, Institut d'Astrophysique de Paris - October 10th 2022
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INFLATIONARY FLAVOR AND MASS BASES

[Lucas Pinol 2020] _ : PR
J. Cosm. & Astro. Phys. 04(2021)048 ¢2 Adiabatic-entropic directions

A
Quadratic action for the extra fluctuations:

(Also the cubic action is computed)

4 The curvature perturbation

1 N-1 s .
P T o The entropic/isocurvature perturbations

-
*
*
*
*
.0
*
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INFLATIONARY FLAVOR AND MASS BASES

[Lucas Pinol 2020] _ ; MR
J. Cosm. & Astro. Phys. 04(2021)048 ¢2 Adiabatic-entropic directions

A
Quadratic action for the extra fluctuations:

a2

OF*dFF )

3
(2) e a 3 ’ 2
Lﬂavor 2R 7 lgaﬁ <:Fa~7:'8 T T Maﬁj:'“ji'ﬁ]

+ 4/2eMp; w841 F%

-
*
*
*
*
.0
*

* Non-trivial mass matrix mixing /

* Only the first extra field F! is coupled to ¢:

¢N
portal field + sterile sector 9
w g3
Flavor basis: the one in which interactions are specified ¢ — T\ Y
TN_l

Diagonalization: M,z = (0mO") _ g and 7 = 0%, o'
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INFLATIONARY FLAVOR AND MASS BASES

[Lucas Pinol, Aoki, Renaux-Petel, Yamaguchi 2021]
ArXiv:2112.05710

Quadratic action for the extra fluctuations:

l . 60‘001>
= i o L) — z m?
a .

a'¢

@

mass

+ 4\2eMp; w01 ;

 Well-defined masses
« All mass eigenstates are coupled to ¢ with:
w; = w0!; with F1 = 01,4*
Mass basis: the one in which masses are specified

and F* = 0%, o*

Diagonalization: M,z = (0mO") _ g

¢2

-
*
*
*
*
.0
*

A

Adiabatic-entropic directions

69



ANALOGY WITH NEUTRINO OSCILLATIONS

v

[
»

sy Ve i
b v 'V” it
- Ve NO INTERACTIONS = o)
P t VT > !
This is the Sun This is me
It is emitting electronic neutrinos* [ am seeing many less electronic neutrinos

i 0 d

PMNS stands for Pontecorvo-MakizlNakagawa-Sakata:
try to pronounce it ten times in a row

Entries of the PMNS matrix: mixing angles

*also some v, from MSW



ANALOGY WITH NEUTRINO OSCILLATIONS

v
v

v
<
®
v

v

v
v

NO INTERACTIONS

v
4
A 4
<
o
<
=
<
~
v
v
v

v

v
v

v
v

This is the Sun This is me

It is emitting electronic neutrinos [ am seeing many less electronic neutrinos

For us, F¢ are the flavor eigenstates and g; the free fields: the mass eigenstates.

In particular: F! = 201 o; with O, = [008(912)008(913) sin(f12)cos(613),sin(013)], , (3)

Mixing angles if Nfavor = 3

GReCO Seminar, Institut d'Astrophysique de PaiayDetobtled @theRPRY matrix one day? 7l



ANALOGY WITH NEUTRINO OSCILLATIONS

v

[
»

ey Ve G,
b v 'V” it
. Ve NO INTERACTIONS - g
B ? VT > !
This is the Sun This is me
It is emitting electronic neutrinos [ am seeing many less electronic neutrinos

What process equivalent to the missing solar

neutrinos may hint towards inflationary flavor

oscillations?




BISPECTRUM IN MULTIFIELD INFLATION

The squeezed limit as a cosmological collider

squeezed ¥
Single-field result: NL 1 s «1 [Ma]dacena 2003]
consistency relation
Two-field result: Usual curvature perturbation { + one heavy field ¢ = F (no flavor oscillation)
[Chen, Wang 2009]
T [Noumi, Yamaguchi, Yokoyama 2013]
End of [Arkani-Hamed, Maldacena 2015]
inflation
2 k
d W _ l
et (2 oo [a10g(12) 4 o)
H kg/.
TR Oscillatory pattern: massive particle
s _2 the reduced
GReCO Seminar, Institut d'Astrophysique de Paris - October 10th 2022 M o HZ2 B 4 € reauced mass 73




BISPECTRUM IN MULTIFIELD INFLATION

Single-field result:

Two-field result:

T
End of
inflation

GReCO Seminar, Institut d'Astrophysique de Paris - October 10th 2022

squeezed ¥
NI o G0 B { FHE O |
consistency relation

The squeezed limit as a cosmological collider

Usual curvature perturbation ¢ + one heavy field 0 = F (no flavor oscillation)

Super-Hubble oscillations of a massive scalar field

Squeezed:

0.2

(0.1

(0.0

0.1

—0.2

NL

squeezed

12 -




BISPECTRUM IN MULTIFIELD INFLATION

The squeezed limit as a cosmological collider

[Lucas Pinol, Aoki, Renaux-Petel, Yamaguchi 2021]
ArXiv:2112.05710

N-field result: ... this work!

T
End of
inflation ( (
+ +
| 2 5
— 00 2 w- Strength of interactions
depend on the mixing angles

GReCO Seminar, Institut d'Astrophysique de Paris - October 10th 2022




BISPECTRUM IN MULTIFIELD INFLATION

< Three fields: ¢ and 2 flavors (F1, F?)

|—> Only one mixing angle 0,

012 %]

% If 64, € {0,/2}: no mixing

o If0 < 6, < m/2: mixing

[Lucas Pinol, Aoki, Renaux-Petel, Yamaguchi 2021]
ArXiv:2112.05710 76



BISPECTRUM IN MULTIFIELD INFLATION

For heavy mass eigenstates o1, o3 < Three fields: ¢ and 2 flavors (F1, F?)

|—> Only one mixing angle 0,

— 0 =0.0 x 7/2
_— 912:7T/2

% If 64, € {0,/2}: no mixing

0_
|—> Oscillations with frequency p4 5
_1—
o If0 < 6, < m/2: mixing
— D1
o I—» Modulated oscillations with
100 10-° 104 103 102 10! 100 i
K frequencies M1 T H2
2

[Lucas Pinol, Aoki, Renaux-Petel, Yamaguchi 2021]
ArXiv:2112.05710 T Seethe paper for all cases’@nd any N




BISPECTRUM IN MULTIFIELD INFLATION

For heavy mass eigenstates o1, o3 < Three fields: ¢ and 2 flavors (F1, F?)

|—> Only one mixing angle 0,

2 0'2
F G
01, p :
12,38
.s® 0-1

% If 64, € {0,/2}: no mixing

I_. Oscillations with frequency y; ,

—0.4]
0.6 % If0 < 6;, < m/2: mixing
08 I—» Modulated oscillations with
T10°0 1077 10~* 1072 102 10! 10° i
R frequencies H1 =T H2

2
[Lucas Pinol, Aoki, Renaux-Petel, Yamaguchi 2021]

ArXiv:2112.05710 s See the paper for all cases’dnd any N




BISPECTRUM IN MULTIFIELD INFLATION

For heavy mass eigenstates o1, o3 < Three fields: ¢ and 2 flavors (F1, F?)

|—> Only one mixing angle 0,
(11, 2) = (1.5,0.5) F2

_— 912:71'/10
| —— f13=0

% If 64, € {0,/2}: no mixing

I_. Oscillations with frequency y; ,

—0.1-
09 o If0 < 6, < m/2: mixing
i i e e e s e I—» Modulated oscillations with
X frequencies M1 i“z

[Lucas Pinol, Aoki, Renaux-Petel, Yamaguchi 2021]
ArXiv:2112.05710 T Seethe paper for all cases’dnd any N




[II. PNG AND GW: AN INTERTWINED
STORY

GW anisotropies of primordial origin
Scalar-trispectrum-induced GW: a no-go theorem

ic’g = E - _‘1
Mixed bispectrum F— !
p (scalar-tensor-tensor)
inducing GW anisotropies
:0(0)
/\/\/yp" i * ‘ ‘5\/\/\ poe

Y O2) u 92 14 Fo——F+a

Tetrahedron shape
for the scalar trispectrum
inducing GW
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OTHER KINDS OF PNG

Trispectrum
> Higher-order correlation functions: \

SSSS < e >C = (2m)3 6@ (kg + Ky + k3 + k) X Tg(kl,kz,kg,kLL)

etc.

» Tensor and mixed scalar-tensor PNG

SST < L > = (21)% 6@ (kg + T3 + K3) X Bygy (k. K, k)

STT < . YT, > = (21)% 6@ (ky + ks + k3) X By (en, ez, kes)

TEE < Sl > = (2m)3 6 (ky + ky + k3) X B,y (ky, k7, k3)

All these correlators are observable and contain information

about high-energy physics and inflation
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OTHER KINDS OF PNG: CONSTRAINTS

Bounds at CMB scales

» Higher-order correlation functions:

cogs Sdueezed g1 = (—5.8 + 6.5)10* [Planck 2018]

2 from theory...
O//% [Marzouk, Lewis, Carron 2022] 6 2
Sep™ Ty = 400 + 1300 w2 (5£8) (= in single-field only)

= JNL

[Suyama, Yamaguchi 2007]
[Smith, LoVerde, Zaldarriaga 2011]

» Tensor and mixed scalar-tensor PNG

squeezed Iy

SST
NL,loc

= —48 + 28 [Shiraishi, Liguori, Fergusson 2017]

squeezed vy

A NL,loc

= 272

squeezed Yvy
- JNL,loc

TTT =220+ 170 [WMAP 2013]

... and nothing else...

Please tell me if these are outdated 82




OTHER KINDS OF PNG: CONSTRAINTS

» Higher-order cg
squeezed g1 = (=5.8 + 6.5)10

00//% [Marzouk, Lewis, Carron 2022]
Seo™~ Ty = 400 + 1300

> Tensor and mixed scalar-tensor P

Planck 2018]

SSSS

END OF THIS TALK

SST squeezed= Iy

—A48 + 28 [Shiraishi, Liguori, Fergusson 2017]

#fueezed vy

= Fa R
NL,loc AL

squeezed Yvy
- JNL,loc

=220+ 170 [WMAPZ013]
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GW anisotropies of primordial origin
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THE STOCHASTIC GRAVITATIONAL WAVE BACKGROUND

Primordial gravitational waves constitute a key prediction from inflation!
But...

Many sources! Astrophysical, cosmological... How to disentangle them?
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DISTINCTIVE FEATURES OF THE SGWB

15 — Axion Signal r, = 400, k, = 10'% Mpe=!, o = 9.1
Primordial Signal r = 0.06
1w0-7 ==+ Primordial Signal r = 0.001

Frequency profile 0% et o s LISA Having access to several
9 yp X LiteBIRD iy orders of magnitude in

frequency can help

P |

B f new (f) /E'E[
Qew () = Qg ]T o7 = SR -

[Auclair et al.,

LISA CWG 2022]
10 o
1020 107 114 101 10 ® 10°° 10?2 10!
f[HZ]
J [ Hz
103
. 10—10 L
10712 - _ 10-12 L
[Many many works, sorry §
for not showing yours] £ 014
G
TF:E 10—13
10—16
LISA PLS, SNRyy, = 1, T = 3y — L 10° 108 1012 1016 ai
SA PLS, SNRy, — 1, T = 3
10745 : KMpc~"] -

101! 10°



DISTINCTIVE FEATURES OF THE SGWB

Chirality

Often in the context of a Cherns-Simon term

 Gauge fields: g(y)F**Y Eﬁ, €L

[Anber, Sorbo 2010, 2011]

‘Barnaby, Peloso 2011]
Dimastrogiovanni, Peloso 2013]

[Adshead, Martinec, Wyman 2013]
'Dimastrogiovanni, Fasiello, Fujita 2016]

[Watanabe, Komatsu 2020]
« Beyond GR: g(y)R*Y ﬁw eEL
[Bartolo, Orlando 2017, 2018]

GReCO Seminar, Institut d'Astrophysique de Paris - October 10th 2022

Unstable polarisation that sources chiral GWs:
YL > VR

|Py—Py|
P]EOt

can be measured

Chirality y =

Also the possibility of other modes in the GWs
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DISTINCTIVE FEATURES OF THE SGWB

Anisotropies:

'Q'GW(f' ﬁ) o ﬁGW(f)(l i 6GW(fi ﬁ))

i f A0 ¥ (R) B ()

1
S S Z Aem@em
m

Different sources give
different anisotropies

GReCO Seminar, Institut d'Astrophysique de Paris - October 10th 2022

R

Ly . h?/Van

10°

107! 4

=

2
nmn

ey e e e e
o
H WO oo ~NOU e WNHE O

fa

~
I

10—3 4

10—9 i

1D—1E| 4

10—11 4

10—12

10~¢ 1073 1072 107!
Frequency [Hz]

[Bartolo et al., LISA Cosmology Working Grouf)8 2022]



SEVERAL SOURCES OF ANISOTROPIES

GWs signal from astrophysical sources expected to be anisotropic
Cusinetal.2017,2018, 2019]

Bertacca et al. 2019]
Bellomo et al. 2021]

Cosmological background propagates through structures — anisotropic
Alba, Maldacena 2015]

Contaldi et al. 2016]

‘Bartolo et al. 2018, 2019] These anisotropies inherit a non-Gaussian statistics from propagation
'Domcke, Jinno, Rubira 2020]

Primordial NGs also induce anisotropies:
Jeong, Kamionkowski 2012] Anisotropies of the LSS from the same effect
[Brahma, Nelson, Chandera 2013]

'Dimastrogiovanni et al. 2014, 2015, 2021]
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SEVERAL SOURCES OF ANISOTROPIES

Primordial NGs also induce anisotropies:

GReCO Seminar, Institut d'Astrophysique de Paris - October 10th 2022
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PNG-INDUCED ANISOTROPIES IN THE SGWB

* The idea: l\‘!\“'\ !\\\‘I % /\\MV

Consider the modulation of
two short modes by a
seen from far away the signal is anisotropic

(Ys¥s) = Ogw(A, fs) X (¥s¥Vs)y, () X (VsVs
/ /

Qew(@, f) it o f1YX

EGW (f) NL,local

Here y; is a tensor (anisotropies of the SGWB) but first introduced for scalars (anisotropies of LSS)

[Jeong, KamionkowsKi 2012]

Also X; can be {; (modulation by a soft scalar mode) or y; (modulation by a soft tensor mode) s




INGREDIENTS FOR OBSERVABLE GW ANISOTROPIES

of primordial origin!

» Having an observable monopole signal
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INGREDIENTS FOR OBSERVABLE GW ANISOTROPIES

of primordial origin!

» Having an observable monopole signal — smaller scales, requires a blue tilt: n, > 0

h*Qew (f)

CMB PTA  LISA BB
‘--“"“ .-""“ c
““““f" 0 Req ‘Y
“““““ ﬂt7
T'*=0.01 _"="'lll-....-..... nt:‘ZG: S. -fi
r* — 0001 _.................................llI.!?g.lsff?!g.flqw:foll inﬂation

f

fHz nHz mHz GHz 93




INGREDIENTS FOR OBSERVABLE GW ANISOTROPIES

of primordial origin!

» Having an observable monopole signal: n, > 0

» Having large STT or TTT bispectra in the (ultra) squeezed limit
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INGREDIENTS FOR OBSERVABLE GW ANISOTROPIES

of primordial origin!

» Having an observable monopole signal: n, > 0

» Having large STT or TTT bispectra in the (ultra) squeezed limit: fl\f{]s/q fl\}/ﬂ/ );q > 1

N

B)\ 1A2A3 (kl k2 q)
A 32 / d3q 83 (ky + ko + q)yi —
<yk1 Y Z §l<aqr ! P (q)

“heuristic” formula of the literature

[Ricciardone, Tasinato 2017]
[Dimastrogiovanni, Fasiello, Tasinato 2019]
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INGREDIENTS FOR OBSERVABLE GW ANISOTROPIES

of primordial origin!

» Having an observable monopole signal: n, > 0
vy JAESS|

» Having large STT or TTT bispectra in the (ultra) squeezed limit: fNL’Sq, NLsq

» That this squeezed limit is not due to spurious residual gauge artifacts
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INGREDIENTS FOR OBSERVABLE GW ANISOTROPIES

of primordial origin!

» Having an observable monopole signal: n; > 0
» Having large STT or TTT bispectra in the (ultra) squeezed limit: fﬁl’;q, fl\}/ﬁ/zq > 1
» That this squeezed limit is not due to spurious residual gauge artifacts

This work: < Go beyond the heuristic approach and compute the two-point function with a classical source

[Dimastrogiovanni, classical field that
Fasiello, LP 2022] quantum fields that ] cl is factored out of vevs
JCAP 09 (2022) 031 can be contracted

For a QED example see
[Peskin, Schroeder 1995]

97
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INGREDIENTS FOR OBSERVABLE GW ANISOTROPIES

of primordial origin!

» Having an observable monopole signal: n; > 0
» Having large STT or TTT bispectra in the (ultra) squeezed limit: fﬁzq, fl\}/ﬁ/’zq > 1

» That this squeezed limit is not due to spurious residual gauge artifacts
[Dimastrogiovanni,
Fasiello, LP 2022]
JCAP 09 (2022) 031
This work: < Go beyond the heuristic approach and compute the two-point function with a classical source

(Vzl §2>]cl L L= fd?ﬁ 5(3)(61 + k1 + kz )P (k1) NL sq(kpkz:CI)]Cl(CI)

|ky + ky| < kys

Non-diagonal part, El + I_()z # 0, of the 2-pt function does not vanish — anisotropies

J(q) is a statistical quantity = sois Vi,V ) = (8(71)8(A)) < (JNPJG)) # 0
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INGREDIENTS FOR OBSERVABLE GW ANISOTROPIES
of primordial origin!
» Having an observable monopole signal: n; > 0 @

» Having large STT or TTT bispectra in the (ultra) squeezed limit: fﬁ’l’fsq, f’l\',{?;q > 1 %

» That this squeezed limit is not due to spurious residual gauge artifacts {3}

[Dimastrogiovanni,
Fasiello, LP 2022]
JCAP 09 (2022) 031

This work: < Go beyond the heuristic approach and compute the two-point function with a classical source

** Prove that some already existing inflationary models verify all 3 requirements above

oy
u
Example 1: EFT of spin-2 field 4., = 9.9.0® + ¢ R
[Bordin et al. 2018] R Y ANAEe 4+ CALAVE N R
Sew(R) = 10%
Example 2: Supersolid inflation Two Scalars/(an, Ry) —— lo 7
Celoria et al. 2021 N P
[Celoria et a ] adiabatic entropic ,/,va *;VV\Y 99



Scalar-trispectrum-induced GW: a no-go theorem
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SCALAR-INDUCED GW

¢ At horizon re-entry in the radiation era: : . : :
Source term including scalar perturbations at quadratic order

Vi + 2Hyy + kv, = S,
X jd‘?’c_]) ("')(?I(E—c_j
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SCALAR-INDUCED GW

¢ At horizon re-entry in the radiation era: : . : :
Source term including scalar perturbations at quadratic order

Vi +2Hyy + kv = S
X jdsc_i ("')(C_I)(E—c_j

¢ The tensor two-point function is proportional to the scalar four-point function:

Py(k) Vi; fd351)1 fdgfiz 7((571:51)2) X ((ﬁl 76_671(—512(_@,32)

Ke(s1,t1, 52, t2)
y =1 ta=3

L 20

general kernel s ; N
| 00 10
[Adshead, Lozanov, Weiner 2021] 8 _ Z: 5
[Garcia-Saenz, LP, Renaux-Petel, Werth 2022] 10 °© we dlSCUS_S Its
ArXiv: 2207.14267 0 symmetries etc.

L 20

—20

N =0
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SCALAR-INDUCED GW

¢ At horizon re-entry in the radiation era: : . : :
Source term including scalar perturbations at quadratic order

Ye +2Hyy + Ky = Sk
ocjd%i ol

¢ The tensor two-point function is proportional to the scalar four-point function:

P, (k) = fd36_1)1 deC_I)z K (G4, q2) X (C, z_gh(—ﬁzf_@,az)

e

Disconnected (Gaussian) piece: Connected (non-Gaussian) piece:
2m)26® (G, — G2)P;(a)P;(|k — 1) Te(Gy k — 1, — G2 =k + G2)
+ perm. [Garcia-Saenz, LP, Renaux-Petel, Werth 2022]
it e el ArXiv: 2207.14267
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SCALAR-TRISPECTRUM-INDUCED GW

[Garcia-Bellido, Peloso, Unal 2017]
[Unal 2018]

[Atal, Domenech 2021]

[Adshead, Lozanov, Weiner 2021]

¢ Only a few recent works working out some scalar trispectrum effects:

% But all limited themselves to local non-linearities: { = (; + fl\lﬁffcz;

ol

- 2 2 - 4 2 p3 3
renormalizes the power spectrum: P, = P, + 3fNL(PZG) induces NGs:' $C ) oniaetad o fNLPGG - O(fNL)

... and did not check perturbative control — large effects from NGs
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NO-GO THEOREM FOR SCALAR-TRISPECTRUM-INDUCED GW

Lemma. Given real symmetric matrices A and B, with A positive definite, then C = AB ‘

is diagonalizable (over the complex numbers) and has real eigenvalues.

This work:
[Garcia- % we investigate motivated scalar trispectrum shapes
Saenz, LP,  ** AND we check perturbative control » small loops: _O— l>_ K —
Renaux-Petel,
Werth 2022 -
ArXiv: : ‘Q'connected/ 'Q'dlsconnected Perturbativity bound
2207.14267 g INL 0
Local shapes <
TNL 4 X T\, P log(kL) TnL Pz log(kL) < 1
s {2002 00" -
“Equilateral” shapes: ‘LI 'NL >< 0 or negligible
interactions from EFTol [(3] [5(55)2] zgx 2(00)2 : : 0(10—1) X (H/A*)4 H/A* « 1
~ NL NL NL Numerically computed coefficient
“Cosmo. collider” shapes: h
exchange of massive and { E}ic e 4,5) >“"‘< 4f(A,S) X NP log(kL) ?
spinning fields /f

L is the size of the Universe (IR cutoff) f(As) <1

A* 1S the SmalleSt Strong coupllng Scale GReCO Seminar, Institut d'Astrophysique de Paris - October 10th 2022 105



CONCLUSION...

» Primordial NGs contain much more information than a single number f&%cal

» Depending on the mass spectrum, mixing angles and interactions of primordial field content, scalar and
tensor PNGs are of different amplitudes and shapes

» Small-scale ultra-squeezed STT and TTT PNGs survive in the form of induced anisotropies in the SGWB

» The scalar trispectrum sources GWs at horizon re-entry but its relative contribution must remain small
IN SCALE-INVARIANT MODELS

, Warning for scale-dependent models:
compute perturbativity bounds!

Formidable opportunity to use

the non-linear Universe as a
GReCO Seminar, partiC1e dEteCtor

Institut d'Astrophysique de Paris
October 10th 2022
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.. AND PROSPECTS

» Cosmic spectroscopy computed for: T

¢ Single-exchange diagram. What about ;1-

What about exchange of spinning fields? ~ T3 [~

¢ Quadratic coupling w treated perturbatively. What about large mixing?

[Werth, Pinol, Renaux-Petel in prep.]

** Observational constraints and forecast. What are the current constraints? How better will we do
with LSS?

» PNGs and GWs:
¢ Realistic trispectrum shape for models with small-scale enhancement and GWs contribution.

¢ Anisotropies from other soft limits of higher-order correlation functions
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BACK UP SLIDES

ANISOTROPIES



SEVERAL SOURCES OF ANISOTROPIES

GWs signal from astrophysical sources expected to be anisotropic
Cusinetal.2017,2018, 2019]

Bertacca et al. 2019]
Bellomo et al. 2021]

Cosmological background propagates through structures — anisotropic
Alba, Maldacena 2015]

Contaldi et al. 2016]

‘Bartolo et al. 2018, 2019] These anisotropies inherit a non-Gaussian statistics from propagation
'Domcke, Jinno, Rubira 2020]

Primordial NGs also induce anisotropies:
Jeong, Kamionkowski 2012] Anisotropies of the LSS from the same effect
[Brahma, Nelson, Chandera 2013]

'Dimastrogiovanni et al. 2014, 2015, 2021]
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PNG-INDUCED ANISOTROPIES [Dimastrogiovanni, Fasiello, LP 2022]

ArXiv:2203.17192

 Formal derivations with the in-in formalism:

¢ We look for interactions between small and large scales — fNLyw and f NLyyC

*» A long-wavelength mode J; can be treated classicaly and has negligible derivatives:

Jo = @ag + @al, - 8@ (@ + af%) (95, 0,J5") are negligible
A3
[0, a1,| = @o*6® & - k) by, [ b1,] = 0
. —iktT 1
Ex: massless scalar perturbation @, (1) = oha QR gl i o purely real
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PNG-INDUCED ANISOTROPIES [Dimastrogiovanni, Fasiello, LP 2022]

ArXiv:2203.17192

 Formal derivations with the in-in formalism:

¢ We look for interactions between small and large scales — fl\?gyw and fy

*» A long-wavelength mode J; can be treated classicaly and has negligible derivatives:
J.=11 (Daz +J; (T)dILE - J¢ (1) (&E + &TE) (6l i t]fl) are negligible

% A 3-pt interaction involving J; becomes a 2-pt interaction times a classical source J£!

¢ 2-pt functions in the presence of a classical source are now defined:

<Vivp, > Vi, Vi, X)) = @m)3 83(Ky + ey + I3 ) BYY™

! ]Cl XI []k’ k']:'to

l ] |

A%A% AUVaW y/\/\/\#f\/\/\y

y y 111



PNG-INDUCED ANISOTROPIES [Dimastrogiovanni, Fasiello, LP 2022]

ArXiv:2203.17192

* Formal derivations with the in-in formalism:

¢ We look for interactions between small and large scales — fNLyw and f NLyyC

*» A long-wavelength mode J; can be treated classicaly and has negligible derivatives:
Jo =J.(D)az +]Z(r)a”1_L% - J¢(1) (&E + &1}) (05", 8,J5") are negligible

% A 3-pt interaction involving J; becomes a 2-pt interaction times a classical source J£!
¢ 2-pt functions in the presence of a classical source are now defined

¢ We compute both diagrams with the in-in formalism and are therefore able to relate them:

(Y%, Vi, ) xel 7 = <k f 3G 83(G + ky + ky )Py (ko) forl ag (K1, K2y ) XU
1 2 1,2

Derivation makes clear that the non-diagonal part of the 2-pt function does not vanish = anisotropies

J can be X (the formula reduces then to the one in the literature), or not but you need [f, )?] * 0



MULTIFIELD MODELS WITH LARGE ANISOTROPIES

* Spin-2 EFT of inflation: g;; = aiajam) i O'l-(jz) [Bordin et al. 2018]

ZHZ &
> g2 couples linearly to y and can enhance the tensor power spectrum: A;/ YRR ,03
plas €2

make the tilt blue: n; ~ =3 d.c,/(H ¢;)

; . - . <yy§ > (ks ks, k)
We compute anisotropies explicitly and find: \/ < 6%, (ke, M) > ~ P_o)(k
GW( S ) Py(kS)PCO-(O) (kL) g0 ( L)
¢ o
1
G.C —* ............
<yy¢> 1 SYY 2ol :’) p
P * :
b o e P AN # AN
Y &(2} f ;’}("2") y Y 02) u %@2) Y [Dimastrogiovanni,
(a) Mixed scalar-tensor-tensor bispectrum (b) Tensor two-point function in the presence of a FaSiellO’ LP 2022]
P i classical scalar source. ArXiv:22 d?l 7192




MULTIFIELD MODELS WITH LARGE ANISOTROPIES

adiabatic entropic
N g ol
* Supersolid inflation: two fundamental scalar fluctuations ({,, R;,) [Celoria et al.2021]
HZ
— Rg, couples quadratically to y and can enhance the tensor power spectrum: A/ M—gl Sk
make the tilt blue: n; = 2(ns" — 1) >0
L 5 B f 1444 ?5n?Rn0 1/2
We compute anisotropies explicitly and find: \/ < 8%, (ks, i) > ~ fNL’Sg (kg ks, k1) 7’{—1% Q_}
X & B0
Cl o N ok :
{ni R > 1 N 4%x10"
! L
<Yy >na O 0(1)
< > | R :
e 0 "0 el
Y a-, 3?v» Voan e
) (c) One-loop tensor two-point [Dimastrogiovanni,

E:I)l Sor?)i;e_::?fum scalar-tensor- function in the presence of a Fasiello, LP 2022]
P classical scalar source. ArXiv:22 0334 17192




¢-DEPENDENCE

Anisotropies: 100 — quadrupolar TTS — TTT

QGW(f’ ﬁ) i ﬁGW(f)(l o 6GW(f; ﬁ)) — monopolar TTS ~ .-.. induced '

GW
¢
o
-
e
s
~
S}
_|_ —_
N\

G = 40 Vm@Eaw@ T 1o

1 * s, 1 ]
Lo 2441 z GemAem 1079 el (£—-2)(¢-3) 1
L B A S o

L]
I--—-—q.--—-------—-—'

[Dimastrogiovanni et al. 2021}
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INDUCED




EXCHANGE OF A MASSIVE SCALARFIELD >

Qaw e 1
Qaw d L Pe log kL
101 . | I

| —t — oy

U === analytical estimation

107? 102 10! 10°
A
Qew,c a?8
. I €~ 4P [1 B €—2£~.lngk:L]
Analytical estimation: Qaw.d ¢ IA
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EXCHANGE OF A MASSIVE SPINNING FIELD ><

Qow e 1
Qaw g ™~LP¢ log kL
—_— 1
100 - — §=2
] —_— 5 =3
10°1 -
103 102 101 10°
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BISPECTRUM IN MULTIFIELD INFLATION

The squeezed limit as a cosmological collider

squeezed S e b
Remember the single-field result: | "Nt Xa) .
universal relation

Two-field result:

[Chen, Wang 2009]
[Noumi, Yamaguchi, Yokoyama 2013] (one extra heavy field my; > 3H /2, perturbatively coupled)
[Arkani-Hamed, Maldacena 2015]

[Arkani-Hamed, Baumann, Lee, Pimentel 2018]
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BISPECTRUM IN MULTIFIELD INFLATION

The squeezed limit as a cosmological collider

[Noumi, Yamaguchi, Small coupling between the two fields: np;, < 1
Yokoyama 2013] '4 k

squeezed
Two-field result: fy ~ nie ™ cos [ulog ( )] ki »

k, < ki
(kl/ks)fl/QSsq eeeee d(kg, ks; kl)
0.2

01 Oscillatory pattern: massive particle

0.0 m% 9
K= | —, thereduced mass
H

—0.11
Boltzmann suppression for heavy particles
ms

— u=15 A) Ll A
L H/2m ~Tsoe ™ ~e T

1077 103 101
kl/ks

—0.21
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BISPECTRUM IN MULTIFIELD INFLATION

Probing other regimes

» Large coupling, n, > 1 — Multifield instability — Large flattened NGs:

[Fumagalli, Garcia-Saenz, Lucas Pinol,

Renaux-Petel, Ronayne 2019] A f l\fllfl =" (50)

Phys. Rev. Lett. 123, 201302

Higher-order correlation functions are boosted in similar configurations

L .. g2 0(10%) ete | Mgg/H?

A

L =5
Clear sign of transiently unstable degrees of freedom: 0 \ / > time
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BISPECTRUM IN MULTIFIELD INFLATION

Probing other regimes

> Large mass, [m?| > H* - Single-field effective theory for ¢
(including the instability with m? < 0)

by o (——1><— sidhih A>

324 243I
Speed of sound: Single-field effective interactions
Dictated by the bilinear coupling Dictated by the multifield cubic interactions
[Achucarro, Gong, Hardeman, Palma, Patil 2012] [Garcia-Saenz, Lucas Pinol, Renaux-Petel 2019]

J. High Energ. Phys. 2020, 73 (2020)

Later extended to any number of heavy fields: [Lucas Pinol 2020] J. Cosm. & Astro. Phys. 04(2021)048



