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Consider a tiny universe of a smallest possible size 1032 cm at the
Planck density. If the potential energy of the scalar field in this domain
was greater than its kinetic and gradient energy, it starts growing fast.

Within 102 s the universe becomes homogeneous and completely
dominated by the potential energy of the scalar field.

, o
e G+ SH = —m

Einsteinas equatHﬁ%

The solution shows that the universe grows approximately exponentially.
At the end of inflation, the universe grows up by a factor

L$2/4

Here fo IS the initial value of the field.



A newborn universe could be as small
as 103% cm and as light as 10> g
(it could be born from nothing at all...)

[ ~ 1073 cm

m~ 107" g



Inflationary universe 10° seconds old




The universe after inflation becomes huge and almost
absolutely uniform, but quantum fluctuations make it slightly
non-uniform. This leads to formation of galaxies and tiny
perturbations of the temperature of the universe




Origin of structure:

In this theory, original iInhomogeneities are
stretched away, but new ones are produced from
guantum fluctuations amplified during the
exponential growth of the universe.

Galaxies are children of quantum fluctuations
produced in the first 103> seconds after the birth

of the universe.



Planck satellite: Perturbations of temperature

This is an image of quantum fluctuations produced by inflation
1073° seconds after the Big Bang. These tiny fluctuations were
stretched by inflation to incredibly large size, and now we can
observe them using all sky as a giant photographic plate




Planck satellite: Perturbations of temperature (red
dots) and predictions of inflationary theory (green line)
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Inflation and Planck 2018
(2 = 1.009 £ 0.0018  scciracy about 10°

Planck + SPT + BAO

n, = 0.965 £+ 0.004 Spectrum of perturbations

IS nearly flat

According to Planck 2018, non-inflationary HZ spectrum with ng = 1 is
ruled out at a better than 6s level, just as predicted in 1981 by
Mukhanov and Chibisov. (This is an important prediction of inflation,
similar to asymptotic freedom in QCD.)

local __ L Agrees with predictions of the simplest
NL = 0915 inflationary models with accuracy O(107%).

An impressive success of inflationary theory



Can we test inflation even better ?

B-modes: a special polarization pattern which can be
produced by gravitational waves generated during inflation.
A discovery of the gravitational waves of this type could
provide a strong additional evidence in favor of inflation.

A.A. Starobinsky, Pis'ma Zh. Eksp. Teor. Fiz. 30 (1979) 719
V.A. Rubakov, M.V. Sazhin, A.V. Veryaskin, Phys.Lett.B 115
(1982)

BICEP/Keck, LiteBIRD and other experiments

A non-discovery of B-modes is fine too: many models
predict gravitational waves with a tiny amplitude.

A discovery of inflationary gravitational waves is NOT
required for proving inflation, but it would be a great gift
Indeed, and not only for inflation, but for investigation of

guantum gravity and processes at energies many orders
above LHC.



Testing predictions of inflation

1) The universe is flat, W=1.(Inthemid-90as, the conse
that W= 0.3, until the discovery of dark energy confirming inflation.)

2) The observable part of the universe is uniform (homogeneous).

3) Itis isotropic. In particular, it doesnotrotate. ( Back 1 n th
did not know that it is uniform and isotropic at such an incredible level.)

4) Perturbations produced by inflation are adiabatic

5) Unlike perturbations produced by cosmic strings, inflationary
perturbations lead to many peaks in the spectrum

6) The large angle TE anti-correlation (WMAP, Planck) is a distinctive
signature of superhorizon fluctuations (Spergel, Zaldarriaga 1997),
ruling out many alternative possibilities



7) Inflationary perturbations should have a nearly flat (but not exactly
flat) spectrum. A small deviation from flatness is one of the
distinguishing features of inflation. It is as significant for inflationary
theory as the asymptotic freedom for the theory of strong interactions

8) Inflation produces scalar perturbations and tensor perturbations
with nearly flat spectrum, and it does not produce vector
perturbations.

9) In the early 804as it could seem
scalar perturbations are not observed at the expected level 103

required for galaxy formation. Thanks to dark matter, smaller

perturbations are sufficient, and they were found by COBE.

10) Scalar perturbations are Gaussian. In non-inflationary models, the
parameter fy, '°°@ describing the level of local non-Gaussianity can be as

large as 104, but it is predicted to be O(1) in all single-field inflationary
models. Confirmed by Planck. Prior to the Planck2013 data release,

there were rumors that fy, '°¢@ >> O(1), which would rule out all single
field inflationary models
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FIG. 5. Many favorite string inflation models from a decade ago,
with very low r, are now ruled out by precision data on ns. 7-year
WMAP results [37] are in red, Planck 2018 results [12] are in blue.



Tensor-to-scalar ratio (r9.002)
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One can fit all Planck data by a polynomial,
with inflation starting at the Planck density

Destri de Vega, Sanchez, 2007

m2 ng 5 Nakayama, Takahashi aivdnagida2013
V = (1 —a® + bo ) Kallosh AL, Westphal 2014
2 Kallosh AL ,Roest Yamadal705.09247

No problem with initial conditions

3 observables: A, N, I

O
3 parameters:m, a, b /
Example: m =18 a = 0.12, o
b=0.29

AN b



https://arxiv.org/abs/1705.09247

A simple polynomial superpotential with 3
parameters can describe the full range of all possible

values of A_, ngand r, all theway tor=0and ng =1
Kallosh AL, Westphal 2014
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FIG. 3. Predictions for ns(a) and r(a) in at 55 e-folds the

model with V (¢) = # (1—a¢+ab ¢2))2 for various values of
b =0.334...5. All curves have a running from 0.001 to 0.2. The red
(b = 0.34) and green (b = 5) balls correspond to a = 0.01...0.13



List of models favored by Planck2018

| npat maae ar y Potential V(0) Parameter range a2 InB
R+ R/ (6M2) 24 17 & Z30iMg
Power-law potential oMY 3?3 28 126
Power-law potential aM3 25 119
Power-law potential oM 33 104 145
Power-law potential aM3 (42 223 171
Power-law potential aMp (3 409 1192
Power-law potential al* 89.1 1333
Non-minimal coupling 0% + sl’R/ 2 14<log,y§<4 31 116
Naturdi np at i on z4ql+ cos(U/ f) 0.3<10g,5(f/Mp) < 2.5 94 142
Hilltop quadratic model z4 11 6 ... 0.3<logy(G/Mp) <485 1.7 120
Hilltop quartic model z4 11 @M O ... 12<log,y(Q/Mp)<2 103 114
D-branei np a(p# 2) n 72411 G IGP+... 16<10g,)(Q2/Mp) <03 123 1.6
D-branei np a4 n z4 11 &, 0P+, 16<109,)(Qa/Mp) <03 722 0.8
Potential with exponential tails zZ 4ali exp (1 qi/ Mp) + ...Z 13<log,,q<3 105 110
Spontaneously broken SUSY 244+ 5, log (6/Mpp) + .. 2 7 25<logy,ds < 1 90 150
( p_ 94— & 1’7’:9 2n
E-model (n= 1) z* 11 exp1 20 3EMp 12<log,df<4 02 110
( " p_ ng— & 11:'9 2n
E-model (n = 2) z* 11 expT1 20 3¥EMp 12<log,%5<4 101 0.7
"ng— 4,7
T-model (m= 1) z%anh®™ (G 65T Mp 12<l0gy, %7 <4 10.1 0.1
ng— § %id
T-model (m= 2) z%tanh™ G 65 Mp 12<log,,d] <4 104 0.1




Tensor-to-scalar ratio (79.002)
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Subsequent developments:

| npat maletar y Potential V(0) Parameter range a2 InB
R+ R?/ (6M?) z* 11 € eI

wer-law potential oMY 323 28 126

oM3 (i 25 119

aM¥3g43 104 145

a7 i@ 223 171

aoMp (3 409 119.2

Power-law potentl al* 89.1 1333

Non-minimal coupling 0% + si’R/ 2 T4<log,s<4 31 116

—NettFa—ap At | on 249 + cos (il ) 03<logy(f/Mp) <25 94 142

“HMttopemaskatic model z4 11 6% O ... 0.3<log,(&/Mp) <485 17 120

Hilltop quarticTmesel— z4 11 G4 O ... 12<log;o(Q/Mp)<2 703 17114

D-branei_n b a(b £ 2 n z4 11 G, /GP+ ... 16<109,5(&2/Mp) <03 123 1.6

D-branei np a(p+ 4 n z4 11 &, ar+ ... 16<109,)(Gha/Mp) <03 122 0.8

Potential with exponential tails z“qli exp (1 ql/ Mp) + ...Z 13<log,,q<3 T05 7110

Spontaneously broken SUSY ( Z 4aEL+'§ nlog (4/ Mp) + ..,.Z#g 125<l0g,,%h<1 90 150

ng___
E-model (n = 1) z4 1T exp 1 pil'j_q 35§Mp|al 12<log,,0f <4 02 110
( " p_ ngqg — éﬁ% 2n

E-model (n = 2) z* 1T exp1 20 3PEMp 12<log, %5 <4 101 0.7
g 4.7

T-model (m=_1) z4tanh®™™ G 6°1Mp 12<log, 3] < 4 101 0.1
g 4.7

T-model (m = 2) z%tanh™ i 657 Mp 12<l0g,%) <4 104 0.1




Natural inflation, new inflation, and monomial potentials
are disfavored by Planck + BICEP/Keck 2021
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Updated constraints on amplitude and tilt of the tensor primordial spectrum

Giacomo Galloni,1’2’|i| Nicola Bartolo,®%?® Sabino Matarrese, 4 5:6

Marina Migliaccio,!*? Angelo Ricciardone,># and Nicola Vittorio!>?
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FIG. 12. 2D 68 and 95% CL intervalsin the (ro.002, Ns)-plane
for PL18 (publicly available MCMC chainsE}, PL18+ BK15
and PL21+ BK18+ LV21. rg.002 IS Obtained from our chains
assuming ny = 0. For more details on the various inpationary
models, see |13].



Constraining Cosmological Physics with DESI BAO Observations

Deng Wang|

Instituto de Fisica Corpuscular (CSIC-Universitat de Valéncia), E-46980 Paterna, Spain
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FIG. 1: The two-dimensional marginalized posterior distribu-
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cal predictions of selected inflationary models. Here ¢ denotes
the inflationary scalar field and N = Ina is the e-folding num-
ber.

2404.06796



How do we park H, ?

George Efstathiou, April 2024




Planck2018 — BICEP/Keck2021 constraints
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Parking Inflation:

Predictions for n_ in a-attractor models at a< O(1) practically

do not depend on the choice of the potential

0.25 -

Starobinsky model and Higgs inflation

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

T-models for ¢?

a-attractorsi|saving
monomial potentials




o~attractors

To match observations, the simplest chaotic inflation model

1 1 1 1
L L — IR 2802 — Zm242
Tk Tt g0 mgme
should be modified:

1 2
L Ly 10 1
vV —9g 2 2(1_2?_&)2 2
2

Switch to canonical variables ¢ = Vv 6« tanh \/6_
Qo

Kallosh, AL, Roest 2013

m2 ¢2

The potential becomes
V = 3am? tanh? £

V6o

This model (a-attractor T-model) is consistent with observational
data for m ~ 10 and any value of a smaller than O(5).



What is the meaning of a-attractors?

More generally:

L R_ (@0 _ ., .
p— = —1 —>— 1 V(U)

g 2 2011 &)

In canonical variables
L _R_ (@ ).
;QT—_g—EI 5 I V( 69 tanh p—)
Asymptotically at large values of the field .
P o7 2

V()= Vol 2 69V2e 3

Here V) = @V|;-Pgs This factor can be absorbed in the
redefinition (shift) of the field. Therefore, at small a yalues of
n, and r depend only on V,and a, not on the shape of V( f ) .

2 12«

—1_ = _ ea
e N, T N?



E-models of a-attractors

_ Kallosh, AL, Roest 2014
Start with the model

L R 3a (0p)?

= 7 —V
Switch to canonical variables
L R 1 5 /2
\/—_—g ~ 5 2(590) Ve ).

In particular, for V(p) = Vo(1 — p)* the potential becomes
_./2,\2
V=W (1 — € 30#9)

This model (E-model) coincides with the Starobinsky
model for a =1. In general case these models predict

2 12«
nS=1—E, T:NQ

e




Planck2018 — BICEP/Keck2021 constraints
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Inflation In supergravity

Main problem:

V(g) =e" (Kgg [DaW[* = 3[W[?)

Canonical Kahler potentialis /X = ®®

Therefore, the potential blows up at large |F |, and slow-roll
Inflation is impossible:

V ~ el®l?

Too steep, no I nfl at.



A general solution

Kallosh, A.L. 2010, Kallosh, A.L., Rube, 2010

W =X f(®)

Superpotential must be a real holomorphic fufiztion. The Kafider potential is
any function of the type

K(@ — )%, XX)
The potential as a function of the real part of @ at X =0 s
_ 2
V= [f(®)]
FUNCTIONAL FREEDOM In choosing inflationary potential

This method and its generalizations are especially powerful if X is

a nilpotent field, X2=0.
Antoniadis, Dudas, Ferrara, Sagniotti 2014
Ferrara, Kallosh, A.L. 2014



Model-building Paradise

Kallosh, A.L, Roest, Yamada 1705.09247;
Gunaydin, Kallosh, A.L, Yamada 2008.01494,
Kallosh, A.L, Wrase, Yamada 2108.08491,
2108.08492

Consider a theory with a Kahler potential
K(T,T) = Ko(T,T) + X XX
andsuperpotential
W= (Wy+ FxX) e "(1)/2

Here X is a nilpotent field, and
/<;(T) = KO(T, T)|T%

Then the potential along the directich
V:cotal(T) = A + Vvinﬂ (Ta T)

and the cosmological constant is

A=F% —3W;

|
~|
|

t IS given b

|T:T:t



Example: single-field o-attractor

_ _ 2 _
K(T,T) = —3alog(T +T) + X XX
W(T) = (Wy+ FxX)Vv2T
Viea = m?*(1 =T)(1 = T)

In canonical variables, along the real T flat direction one has the a-attractor
potential

Viotal (8) = A +m? (1 - e_\/%¢)2




The same results remain true in the theory with many modguli
If we add to thesuperpotentialany function such that

along the direction

In the absence of the nilpotent field X, this theory would descril
supersymmetridlinkowskiflat directions but in our construction
the potential along the flat (inflaton) directions is given by

Importantly, this potential does NOT depend on the value of the
superpotential outside of the flat inflaton directions.

This dowsto disentangle, sequester, dynamics of inflation from
the large energy scale encoded in



