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or all structuree

10 billion yrs.
|

13.7 billion yrs.
|

18 October 2023

[Planck]

A ; .
\ - . o "
. " . :
-~ .. : ..' "‘ 5 .
< S . i
* . .? 3
v ke . ‘
. - - i
‘ -«
. .‘
B
i .

- 7

[ESA/Hubble & NASA]

L
¥ . -
s 5 ;
. 2y ' 5 5
X? i . 2
. >
3
. e . -
- - o 2 L
¢ v -4y + e B "s: -
i 18 W ': \

Oksana larygina



Om fluctuations! \.

5

quantum fluctuations

0¢(t, )
—>

[Baumann]

OP(x) = op(zr) =——=n  §T(z)

Quantum vacuum ...fropslofe info _ which become
fluctuations around Classical . the CMB anisotropies.
the inflaton vev density fluctuations
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orobably) inflation \‘

quantum fluctuations

0¢(t, )
—>

A simple mechanism: scalar field with a flat potential.

v' Solves horizon, flatness problems

v Explains fluctuations as stretched quantum
perturbations - seeds for all structure

v' Predicts a nearly scale invariant spectrum
together with Gaussian perturbations

OP(x) = op(zr) =——=n  §T(z)

Quantum vacuum ...fropslofe info _ which become
fluctuations around classical the CMB anisotropies.
the inflaton vev density fluctuations

18 October 2023 after inflation
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K’ E\™ dln A (k
AR (k) = g2 T RIE) = As(k) (k_> ns —1= dlrﬁ:( |
amplitude of scalar spectral index

the scalar power spectrum
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18 October 2023

A
A

fensor-to-
scalar ratio

T =

Planck TT,TE,EE+lowE+lensing

scalar spectral index

+BK18+BAO

r <0.036

ng =0.9603 &= 0.0073
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Result of non-linear evolution of
initially Gaussian flucfuations.

14 'J.“'.. : f "’
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Result of non-linear evolution of
initially Gaussian fluctuations. FLTR A sy 35 -~
: -5'""%‘..‘.: \oi A
"“"("_lm b'm:’; “‘ )'“v £ &

N

BR(kla k?) k3) X Z flt]yﬁ)estype(kh k27 k3) R LSS ' ’ o\ ' :.i

type
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' .. ..‘/‘f*x;;l‘.: .‘ ... . "
X .ﬁ.i'. v h J '.q n~ ‘
t N\ - P 5 'M_d ‘e
BR(k17k27k3) X E :fNyIIJ)eStype(kth?kg) : )

type

The amount of non-Gaussianity is quantified by
the parameter

6, Br(k1, ks, ks3)
——fNL = = ,
5 Pr(k1)Pr(k2) + (k cyclic perms)
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Bi-spectrum

t
NyII,)e = 0(67 77)

[Maldacena, 2002]

loc __
N =0

[Tanaka & Urakawa, 2011]
[Pajer, Schmidt, Zaldarriaga, 2013]

Single-field models of inflation most strongly couple momenta of similar wavelengths and result in bispectra that are
highly suppressed in the ‘squeezed limit’ where one long-wavelength-mode couple to two short-wavelength-modes.
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Bi-spectrum

t
NyII,)e = 0(67 77)

[Maldacena, 2002]

loc __
NL —

[Tanaka & Urakawa, 2011]
[Pajer, Schmidt, Zaldarriaga, 2013]

CMB constraint: fi%¢ = —0.9 £ 5.1

Detection of fllﬁ’f ~ O (1) would rule out all attractor models of single-field inflation!
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Al g frajectory .

M2
PR 0" Gun($)0u80u8" — V(6°)

| |

field-space metric multi-field potential

S = /d‘*m\/?g
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Al g frajectory .

M2
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| |

field-space metric multi-field potential
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M2
PR 0" Gun($)0u80u8" — V(6°)

| |

field-space metric multi-field potential

S = /d4m\/jg

H
“H ="
) _ My (9,
V7 9 %

18 October 2023 Oksana larygina



18

M2
PR 0" Gun($)0u80u8" — V(6°)

| |

field-space metric multi-field potential

S = /d4m\/jg

generic potentials: €y ~ O(1)
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- Mull g frajectory .

2
g / day=g | PR~ L Con(6)9,6°0,6" V(6"

| |

field-space metric multi-field potential

In multi-field inflation

can coexistwhen 71 > 1

€y = €g (1 —|—7ﬁ_/9)

[Achucarro at al, arXiv: 1807.04390]
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- Mult S rojecfory .

2
g / day=g | PR~ L Con(6)9,6°0,6" V(6"

| |

field-space metric multi-field potential

In multi-field inflation

can coexistwhen 71 > 1

€y = €g (1 —|—7ﬁ_/9)

[Achucarro at al, arXiv: 1807.04390]

Rapid-turn inflation!
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= rojec’rbry .

21

2
5= [dv o R LG (8)0,0%0,8" - V(6)

| |

field-space metric multi-field potential

Turn-rate: 11

a a
DN€|| — 7’]J_€J_

Trajectory turns couple the fluctuations and modify their dispersion relations and correlators.
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= rojec’rbry .

22

2
5= [dv o R LG (8)0,0%0,8" - V(6)

| |

field-space metric multi-field potential

Two types of field perturbations:

- Adiabatic (curvature) ==& along frajectory R

« Non-Adiabatic (isocurvature) ==& orthogonal to trajectory S
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[L Amendolo C Gordon D Wcmds M. Sasaki, 2002]
[D. Wands, N. Bartolo, S. Matarrese, A. Riotto,2002]

-
2

aHS

.
12

BHS

®2 1 ‘
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N K.Malik th, A. Luddle QOOO]
[L Amendolct C Gordon D Wands, M. Sasaki, 2002]

[D. Wands, N. Bartolo, S. Matarrese, A. Riofto,2002] {7-\';/ ~ aHS
)
b 1 \S ~ BHS
0/
B— 9 g n My
|4 |4

The sourcing of curvature perturbations
by isocurvature perturbations is proportional
fo the turn-rate!l
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K.Malik th, A. Luddle QOOO]
[L Amendolct C Gordon D Wands, M. Sasaki, 2002]

[D. Wands, N. Bartolo, S. Matarrese, A. Riofto,2002] R ~aHS
\
b 1 \S ~ BHS
” a=2n
4
ﬁ = —2¢ g (TIJ_)Q

M = GV V.V — Rip ¢ ¢!

Determined by potential & geometry of field-space.
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Malik T A Luddle QOOO]
[L Amendolct (S Gordon D Wands, M. Sasaki, 2002] p

[D. Wands, N. Bartolo, S. Matarrese, A. Riotto,2002] P~ oS
<
\S ~ BHS
a =201
e M My

1
N » — Power spectrum of
<Rk1Rk2> 2€ <5¢”k16¢”k > = Pr curvature perturbations,
1
<R1218;5'2> — 2_<5¢||k15¢lk- ) = CRrs  cross-comelation,
1
<S;5’18];'2> = 2_<5¢Lk 5¢Lk ) = Ps isocurvature perturbations.
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____________ ' Sl gpid-turn inflation -

[C. Peterson, M. Tegmark, 2011] Slow-turn: N1 <K 1
3

5} T
loc D = i RS 01«InTrg

NL
6V 8 W1+ T3
R\  [(1Trs) [ R.
S /)] \0Tss S,
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~Non-Gau ' Slow=tu apid-turn inflation -

[C. Peterson, M. Tegmark, 2011] Slow-turn: N1 <K 1
3
5) T
ll\?f 2 6 g RS 8J_* In TRS
W1+ T3

(5)-(7) (%)

What is different in the rapid-turn regime2 111 > 1
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————————— ity in ation

Slow-turn: 11 < 1

(005, 002 ,) = (2m)6' (k1 + k) Pj (k1)5™
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““““““ ity inr | ation
Slow-turn: 11 < 1

(5025, 665 7,) = (25 (By + o) P (k5%

PR*:PS*7 CRS*:O
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- Non-Gc ity inrap ation

Slow-turn: 11 < 1
(6037 0005 ) = (2m)26%) (k1 + k) Py (k)6

PR*:PS*7 CRS*:O

Rapid-turn: 11 > 1

<5¢Zlgl5¢i;;'2> = (2m)36®) (k1 + Ezquab(kl)

PR*#PS*%CRS*#O
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== : /’ﬁ‘
S— SN -formalism

33

[Sasaki and Stewart, (1996)]
[Wands, Malik, Lyth, Liddle (2000)]

gij = a?(t)yi €10

uniform density hypersurface C(t,x) =0N = N(t,x) — No(t)
77bUD (t7 X) =

1
SN = Ndo? + > Nab 526l +

wﬂat (ta X) =0

initial flat hypersurface
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[D.H. Lyth and Y. Rodriguez, (2005)] Slow-turn: 1] <K 1

6 e — Ny NN
5N T (N,Ne)2

[Ol, D. Marsh, G. Salinas, 2023] Rapid-turn: 1| > 1
6 NoNyN,q [P;‘“c (k1) P;bd (ko) + (k cyclic perms)]
—=/NL = =
D NeN¢NyNy, [P;ef(kl)P;gh(kg) + (k cyclic perms)}
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Rapid-turn: 11 > 1

[Ol, D. Marsh, G. Salinas, 2023]

Z IJ P! (K1) Pj(kz) + (/_icyclic perms)
[LJ=R.C P’R(kl)P’R(k2) (k cyclic perms)

L

’ NL?fNL NL

__fNL kl) k27 k3

RR

PR(k) = Pr(k) , P°(k) = Crs(k)
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- Non-G¢ ity inrap ation -

Rapid-turn: 11 > 1

[Ol, D. Marsh, G. Salinas, 2023]

Z IJ P! (K1) Pj(kz) + (/_icyclic perms)
[LJ=R.C PR(kl)PR(k2) (k cyclic perms)

L

RR pRC pCR gCC
NL s JNL»JNL»JNL

__fNL kl) k27 k3

PR(k) = Pr(k) , P°(k) = Crs(k)

Shape functions!

18 October 2023 Oksana larygina



ation

Rapid-turn: 11 > 1
[Ol, D. Marsh, G. Salinas, 2023]

Assuming the scale-invariant power spectrum, it reduces to:
FNL D Nis Dy + My I5 + MJ_H* Is

I’i — Iz (TR57CR57PS/PR)

New model-independent potentially large contributions to the non-Gaussianity parameter!
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SStakianakis, 2019]
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ANGUia,

[Ol, D. Marsh, G. Salinas, 2023]
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[Ol, D. Marsh, G. Salinas, 2023]

isocurvature perturbations.

cross-correlation,

Power spectrum of curvature perturbations,
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[Ol, D. Marsh, G. Salinas, 2023]

5
fxr =~ (0.006 I, + 1.89 I, +0.004 I, — 2.35 Ly — 0.015 I5, + 2.3 I5.)
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e ¢ Wy =~

—Natelmire

s Y

[Ol, D. Marsh, G. Salinas, 2023]

5
fxr =~ (0.006 I, + 1.89 I, +0.004 I, — 2.35 Ly — 0.015 I5, + 2.3 I5.)

L =0.93~0(1)
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1. Extended the &N -formalism to rapid-turn inflation.

2. ldentified new model-independent potentially large contributions to the non-Gaussianity

parameter.
loc

3. Detection of Non-Gaussianity fp >~ O (1) signals:

« New particles = inflation with more than one field, curved field-space, steep potentials,
UV competions...

* OR non-inflationary perturbationse

LSS experiments |

CMB-S4

Next Generation CMB Experiment
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Thank you! ““

1. Extended the &N -formalism to rapid-turn inflation.

2. ldentified new model-independent potentially large contributions to the non-Gaussianity
parameter.

3. Detection of Non-Gaussianity 226 ~ @ (1) signals:

« New particles = inflation with more than one field, curved field-space, steep potentials,
UV competions...

* OR non-inflationary perturbationse

| MLSS experiments

CMB-S4

Next Generation CMB Experiment
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Back up slides
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The effective mass of isocurvature perturbation:

1? = e5 el Vo ViV + eH*R + 3H?77
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-------- ity frory F=formalis

[D.H. Lyth and Y. Rodriguez, (2005)]

a b c
(Ri R, Re, ) = NaNoNe (664, 6% 665, )

1 - :
+§NaNchd <5¢zl—<§1 5¢5)<EQ (59152 * 5¢il) IZ3> + (k cyclic perms) T

6, _ 6.3 _ 6.
—z/NL R = fnn 2N
5) 5} 5}
“ N
horizon crossing super-horizon
contribution evolution
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The end
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