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What is primordial inflation?

® A yet to be proven theoretical paradigm describing the early Universe:

4+ Our Universe should have undergone a
phase a exponentially fast accelerated
expansion

4+ Length scales xe® with N > 60
(e-folds)

+ Occured at a redshift: z,¢ > 1019

4+ Could have lasted from 107325 to an
infinite amount of time

® Energy involved: 10MeV < Eiyr < 101° GeV
+ 10 GeV = 1000 billion times the energy of the LHC (7.5 billion €)
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@ Motivations for inflation

® Originally proposed to solve the “monopole” problem [cuth10e1;, inflation
: : - : A
Q/\/hat = primordial ends up adressing various issues of the Friedmann-Lemaitre
lation?
cosmology [Linde:1982].

Making observable . . . .
predictions - ® Unexplanable or inconsistent with the standard Big-Bang model:

The new parametrizations

o 4+ Flatness of the spatial sections: €2, = 0.0008 %+ 0.004
4+ Statistical isotropy of the observable Universe (horizon problem)
- o o 4+ Origin of the CMB anisotropies and large scale structures
O O 4+ Gaussianity of the CMB fluctuations: fxz, = 0.8 £ 5.0
= 4+ Adiabaticity of the cosmological perturbations: isocurv. < 4%
. OO 4+ Almost scale invariance of the primordial perturbations:
- O ns = 0.9667 £ 0.004
c 0 O ® Within General Relativity (GR) inflation requires “repulsive gravity”
o O O 4+ Negative pressure
4+ Or deviations from GR?
)0
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(U Ssingle field inflation

® Dynamics given by (k% = 1/M?2)

Introduction

Making observable
1 | 1
S= [ da*/=g|55R+L(¢)| with L(§)=—5¢""0u¢d¢d — V()
« The end of inflation and QH 2
8fter O
:;::T\irai?;nagr;ﬁeds ® Can be used to describe:
perturbations in slow-rolD
& Soing for the time of 4+ Minimally coupled scalar field to General Relativity

e . o . :
Ghe new parametrizations 4+ Scalar-tensor theory of gravitation in the Einstein frame
Conclusion()

o5 the graviton' scalar partner is also the inflaton (HI, RPI1,...)

O

OO . . " = "

5 O ® Everything can be consistently solved in the slow-roll approximation
O O @ + Background evolution ¢(N) where N =1na

A 4+ Linear perturbations for the field-metric system ((¢,x), dop(t, x)

: ® Slow-roll = expansion in terms of the Hubble flow functions ischwarz o1

O
Hiy; dIn [¢; o _
€)= —— <il measure deviations from de-Sitter

HooME TN
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@ Decoupling field and space-time evolution

N ® Friedmann-Lemaitre equations in e-fold time (with M2 = 1)

Making observable
( V

< Single field inflation ( 1 ( 1

S The end of inflation and H2 —

H2 = ( V
~ 1/ de\’ H? =
after 3 2¢ —|_V> 3_ — <—¢ 3_61
« Reheating effects < — < 2 dN = <
1
2

2
':~Inflatior.1ary. a, o 1 "9 2 o 1 %
perturbations in slow-roll a_—— <¢ —V) dlnH % \ 61_ 2 (dN
dN

« Solving for the time of \ 3
® Kilein-Gordon equation in e-folds: relativistic kinematics with friction

pivot crossing L dN

The new parametrizations

Conclusion

o 1 d2¢+d¢__dlnv o do_ 3-ea dV
3—edN2 AN d¢ AN 3_¢ 4+ 2 do
2

® Slow-roll approximation: all ¢, = O(¢€) and €; < 1 is the definition of
inflation (d > 0)

4 The trajectory can be solved for N

Pt V(4)
o end = d
N Nend /qb V() Y
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@ The end of inflation and after

® Accelerated expansion stops for €; > 1 (4 < 0) at N = Nepg

Introduction

4+ Naturally happens during field evolution (graceful exit) at ¢ = ¢denq

< Single field inflation
% The end of inflation and 61 (¢end> — 1
after

% Reheating effects

Oty 4+ Or, there is another mechanism ending inflation (tachyonic
. perturbations in slow-ro . L . .
9 Solving for the time of instability) and ¢enq is @ model parameter that has to be specified

pivot crossing

The new parametrizations

® The reheating stage: everything after N.,q till radiation domination

Conclusion

- 4+ Basic picture —

Inflationary part

4+ But in reality a very
complicated process,
microphysics dependent

Reheating stage

4+ Reheating duration is
unknown:

AA]Vreh = Nreh - Nend
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@ Redshift at which reheating ends

® Denoting N = N, the end of reheating = beginning of radiation era

3 _ .3
rehSreh - CLO So

Introduction

4+ If thermalized, and no extra entropy production: a
predictions

« Single field inflation O
1/3 1/4 1/4

% The end of inflation and
ftr . = ( 27-‘-2 CLO _ qreh gO reh
'.’eealngeecs _ _—
o % Inflationary Sreh — qI‘eh 45 TI‘eh Qreh q1/3gl/4 1/4
Operturbatan in’ slow-roll < 5 — 0 reh Y
% Solving for the time of T 1/4
Opivot crossing I 4 10 h
Preh — greh_T h o re
The new pafdmetrizations \ 30 re or 1 _|_ Zreh o ~
) O IO’Y
Conclusion
O
° O 4 ® Depends on preh and py = Qrenpy
O H2
: 4+ Energy density of radiation today: p, = SMOQQI.M
O) P
4+ Change in the number of entropy and energy relativistic degrees of
freedom (small effect compared to pren/p~)
()
1/4
O _ Yreh d,
() Qreh =
9 Qreh
O)
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(U  Redshift at which inflation ends

® Depends on the redshift of reheating

Introduction

Making observable
S 1/4 1/4
aO a/reh axreh preh / ]. pend /
(1 4 zren) = — 7 —

+ Single field inflation 14+ zeng = — —
« Reheating effects
< Inflati
per:ufba?cri]jr?s/ in S|O\QO” a d p d 1/4
. . . . n n
* Solving for the time of + The reheating parameter R .q = — :
pivot crossing Clreh ,Oreh
The new parametrizations
Conclusion 4+ Encodes any observable deviations from a radiation-like or
O instantaneous reheating R,.q = 1
O O
: ® R,.q can be expressed in terms of (pren, Wren) OF (ANyeh, Wreh )
O -
° A]\freh S 1 — 3?Ureh Preh
ln Rrad — (Swreh - 1) — — ln
4 12(]— + wreh) Pend
O
8 o 1 Nren P(N)
where W, = ——=dN
ANren Neond p(N)
O

® A fixed inflationary parameters, z.nq can still be affected by R,.q

11 /26
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«» Single field inflation"

% The end of inflatiBn and
after

*» Reheating effects

O< Inflationary
perturbations in slowroll
< Solving for the time of
pivot crossing

The new parametrizations
()

Conclusion
O
O
O Oc¢
O
O
O
O
O
(O (") O

Reheating effects on inflationary observables

Inflation Reheating Radiation

N* ~ 50-70 efolds Nreh ?

<L >

Pk)

Matter

— : >
\/ N=In(a)
a Beng Qen Beq
® Model testing: reheating effects must be included!
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Introduction
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predictions

O»:~Sir@e field inflation
% The @ of inflation and
afterO

** Reheating (ffects O
 Inflationary
perturbations in slow-roll

< Solving for the time of

O 0 ssing
(@)
The new parametrizations
O
donclusion
O
O O
O
O
o O
O

Inflationary perturbations in slow-roll

® Equations of motion for the linear perturbations

'uT = ah /! 2 (a\/a)//
= e+ K2 — =0
ps=av2gnef T ave |1

® Can be consistently solved using slow-roll and pivot expansion [stewart:1993,

Gong:2001, Schwarz:2001, Leach:2002, Martin:2002, Habib:2002, Casadio:2005, Lorenz:2008, Martin:2013, Beltran:2013]

2 2 2
P, = A 1—2(14+C c i 34 2C 4+ 202 | &2 [ 6 —C 4+ C?
¢ = T 55 1720+ Clery — Ceg + | — —3+2C+ It | —— —6-C+ €1 €2x
87 MPel* 2 12

7r2 C’2 2 71'2 C2
+ | — 14+ — | B+ [ — — — | c2uesn
8 2 24 2

k
+ [— 2e14 — €24 T (2 + 40)6%* + (=1 +2C)e1 €4 + C’e%* - 062*63*} In <k—>

S

2 1 5 1 2 k
+ [261* + €14€24% + —€5, — —62*63*] In — ,
2 2 k x
2H 2 2] 2 2 2
Py, = {1—2(1+C)61*+[—3+—+20+20 }61*4- —24 — —2C — C°| €194
7T2M1:2) 2 12

k k
+ [—261* +(2+4C)e2, + (-2 — 20)61*62*} In <—> + (26%* — 61*61*> 1n2 <_>}

* k x

® Notice that: H, = H(AN,) and €. = ¢;(AN,) with k.n(AN,) = —1
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@ The power law parameters

® From the observable point of view, one defines spectral index, running,

Introduction

T—— tensor-to-scalar ratio, ...
ing observable
% Single fiéld inflation dIn P, d2InP ¢ Py,

% The end of inflation and — —
Nae — 1 — Nae — T = —

after S 9 S 2 9

< Reheating effects dlnk ki* d(ln k) k* Ph’ ki*

% Inflationary

< Solving for the time of ] ]

pivot crossing ® They are read-off from the previous slow-roll expression
~, The new parametrizations
"/

Conciion ng =1 —2€1, — €2 — (3+2C) €146, — 267, — Ceanegy + O(€)

O @) s — 1% 2% 1% €2x% 1% 2% C3x
3
g Qg = —2€14€25 — €24€35 + (’)(e )
3
r = 16€1, (1 + Ceoy) + (’)(e )
O ® One has to know the functions ¢;(AN,) and the value of AN, to make

5 predictions

s O
()
O o
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@ Solving for the time of pivot crossing

® To make inflationary predictions, one has to solve k.n, = —1

Introduction

Making observable
predictions

1
# Single field inflation k al( N a eAN « 1
% The end of inflation and o — ( *> H — eN* — Nend end H — * — eAN* R d Pend H
after a a * a * 1 —|_ Zond ra ﬁ *
« Reheating effects 0 0 0 en Y

< Inflationar
perturbations in slow-roll

% Solving for the time of k 1
iv rossin .. k .
e ® Defining N, =1In | — (number of e-folds of deceleration)

Ié

The new parametrizations a ~1/4
Conclusion ’ IOFY
o 4+ This is a non-trivial integral equation that depends on: model +
how inflation ends + reheating + data
0 V() 1
= dy| =InRyaq — N, + = In(87%P,)
O [/¢end V/(w) ’ 4
1 1 { 9 V(Cbend) }
o — —1In
4 Ler(d4)[3 — e1(dena)] V()
()
5 4+ Result: one gets ¢,, or equivalently AN,, as a function of
O

inflationary model parameters and R, .q
15 / 26
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% The end of inflation and

afoer

< Reheating effects

¥ Inflationary

perturbations in slow-roll

< Solving for the time of
pivot crossing

The new parametrizations

Conclusion

Hubble-flow functions from the potential

® One would prefer a “slow-roll” hierarchy based on V' (¢) only

3 dIn ey, (@) , d dlnV d
€y =/ =, €v, 1 Q) = = with — = —
® Can be mapped with the Hubble flow hierarchy
2
€vg = i ) €vy — €1 (1 + ﬂ)
1 — 61/3 1 — 61/3
62/6+€3/3 6163
€v, = €2 |1+ + , €y =
’ [ l—ea/3  (3—a) ’

® Inversion can only be made perturbatively

1 1 5 1
€1 = €v; ~ F€u, vy — §e§1% + %EWE%Q + g €v1 €vs €us + (9(64)
1, 1 I 1 5 1 5 o
€2 = €y, — 6€v2 — §€U26U3 — 66,)16,02 + 1—86,02 — §€U16U26U3 + 1—86U2€U3
1 1
+ 561}2633 + g €va €va s + 0(64)
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% Single field inflation
% The-end of ianatior@nd

Oafter 8)

« Reheating effects

< Inflationary
perturbations in sIc@rolD

% Solving for the time of
pivot crossing

The e Qagmetrizagons
Conclusion O

® Same potential but not the same reheating

V(9) o (1 - V2o )

L e >2¢
0<er <26
T e<0

107
0.00 0.01

0.02

0.03
€2

I Planck 2015 + BKP
[ CORE-M5 HI Delensed

0.04

0.05

Example with Higgs and Starobinski inflation

0.06
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Operturbative class
« Hydrodynamical
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O

=

Conclusign ~
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< Universality classes

% Not universal
% Inflation of the number
of classes

< Insufficiently accurate

< Equation-of-state
inflation

< Example for the
perturbative class

< Hydrodynamical
cosmological perturbations

Conclusion I

NS

Universality classes

Because hundred of inflationary models have been proposed since the
80s = some desire to avoid specifying a potential, its parameters, the
reheating, ...

Are there “universality classes” favoured by Planck?
4+ Proposals of Refs. [arXiv:0706.2215, arXiv:1309.1285,
arXiv:1412.0678]: the large AN, limit is somehow universal

B

61*:——1—...

(AN.)"

4+ Order one: €1, o< 1/AN, (currently under pressure), motivates to
search of next order €1, o 1/ANZ (typical of Starobinski inflation)

Universality classes would avoid specifying a model (bottom to top
approach)
4+ Only two parameters to fit: « and the order 3

4+ Effective approach as in Particle Physics [arxiv1407.0820)

Unfortunately. . .




@ Not universal

® One of the most favoured models by Planck is Khaler Moduli Inflation

Introduction

Making observable 4+ Two parameters « and ﬁ

predictions
O

The new parametrizations
CJ

< Universality classes
.nl rsality class

s 4/3 4 4/3
e Vig)ocl-a (ﬁ) exp | = (ﬁ )

P P

o)
of classes o
< Insufficiently accurat%

< Equation-of-state
inflation O

% Example for the 4+ Slow-roll parameter in the large AN, limit

perturbative class

< Hydrodynamical

cosmological pegturbations _1/2
O /
Conclusiony O 1115/2 ]_60_4 —9/8 AN*
O 8 1

O
€v T = —|_ O
o . ! 324/33/2AN,? (AN*3 )
O O
0O ® Many models are not in 1/(AN,)“!
G
O S~ ® Proposal of [1402.2059]: there are more than one “Universality Classes”
®
4+ Perturbative (the original one), “logarithmic” (see above) and
O “non-perturbative” (exponentials in €,,)
®) O O

° ® Unfortunately. .. 20 / 26




@ Inflation of the number of classes

Introduction

Making observable
predictions

The new parametrizations
<& Uni\@sality classes

% Not universal®

«» Inflation of the number
of classes

< Insufficiently accurate

< Equation-of-state

inflation ©

% Exampgle for the

perturbative cla .
< Hydrodynamical

cosmological perturbations

Conclusion™
i

The simplest inflationary model at next-to-leading order (SI):

3 9] 2 2 4 1
— — —1 14+ — 1 —AN,
“u- = JAN? SAND [ﬁ “( +¢§)+“(3 )]w(mw)

4+ Sl belongs to the “perturbative class” at leading order but becomes
“logarithmic” at next-to-leading order!

Other big troubles: 1/AN, expansion may not make sense!
+ Quadratic small field model: V(¢) oc 1 — (¢/p)?

2 M2 2 2
M4 2 - <4AN*—|—1—|—“—— 1+2“—>
f<\/1+2]\22_1> - eV o)

€y, =
U1 IU, 2

M? M
€p,, =4 M2P + O(f.) where f.=e 5z AN

+ Expansion makes sense for AN, M?/p? >> 1 in which p < M,
breaks slow-roll!
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Making observable
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The new parametrizations
< Universality classes

% Not universal
% Inflation of the num@r
of classes

Insufficiently accurate

® The large AN, limit (when it exists) leads to inaccurate predictions

Starobinski Inflation

V(6) o (1 V20 )

Quartic Small Field Inflation

V(g) x1—(¢/p)*

™ - 0.008 n r ‘ ‘ ‘ ‘ ‘ ‘ 90
Insuffllently accurate = Pianck 2015 . s
% Equation-of-state 3 LiteBird SFI, with = 10Mp, = LiteBird
inflation 0.007 1 — Lite;ore 120 (| [ LiteCore 120 85
% Example for the limit AN, 1 == Optimal Core 64 o 1 Optimal Core
perturbative class limit AN, >1 80
# Hydrodynamical 0.006 slow roll
cosmological perturbations 60 ¢
75
Conclusien 0.005 | slow roll
56 . 1072 M
= i « 7051
0.004 5>
O 65
0.003f // ]
° 48 60
°
o
0.002f 1| P9 . 55
0001 I I I I I I I 40 10'3 I I I I I I I I 50
0.940 0.945 0.950 0.955 0.960 0.965 0.970 0.975 0.980 0.940 0.945 0.950 0.955 0.960 0.965 0.970 0.975 0.980
ng ns

® AN, without a potential is unpredictable: an additional model

parameter? 22 /26
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Equation-of-state inflation

® Instead of V(¢), one fixes w(AN,) = P(AN,)/p(AN,)

4+ Hydrodynamical approached proposed by Mukhanov jaxiv:1303.3925].

4+ It is not an expansion = does not suffer from the previous
Inconsistencies

® At the background level, ends up being equivalent to a scalar field

4+ Hydrodynamical Friedmann-Lemaitre equations

p(N) dH 3
T 2w B

H? = I
dN 2

4+ By comparison with the ones coming from a scalar field, one gets:

3

a(N)=s[1+wN)],  ¢(N)=¢,£V3M, N V1+w(n)dn

2

V(N) =V, exp {3/ 1+ w(n)] dn}

No
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@ Example for the perturbative class

® Assuming inflation is driven by:

Introduction

Making observable 6
predictions

— w(AN,) + 1= a
The new parametrizations (C —|— AN*)

. - O
< Universality classes

% Not universal
% Inflation of tthmber

s + End of inflation at w(AN, =0) = —1/3 = ¢ = (33/2)!/°

+ Insufficieftly accurate

 Equation-of-state 4+ Solving for ¢(N), V(N) and V[N (¢)]:

inflation
< Example for the
perturbative class _ -

< Hydrodynamical

cosmol%gical perturbations
Conclusion
V<¢) X 1 o 2«

2—a ¢ \?2“
211+
i ( 238 MP> |
4 )
O O 2(1—a)

30 2—a ¢ 2-a
1 — 1
<ot 20| (1 v

"~

o ® Ends up being a particular inflationary potential!
24 / 26



@ Hydrodynamical cosmological perturbations

® For the Bardeen potential

Introduction

Making observable 2
redictibhs
O +3H (L+c2) @), + [2H +H? (14 3¢2)] @p + 2k Py = e ——0P,ad

:) “*Universality classes

< Not universal 5Pnad = 5P o C§5p

< Inflation of the number
of classes (O
< Insufficiently accurate
(O + Equation- o&state

inflation o ® For a fluid, ¢2(AN,) and §P,.q4(AN,) should also be specified

< Example for the
perturbative class

S Hydiodynamical ® Cosmological perturbations during inflation would evolve as in scalar
cosmological perturbations . . . .
field inflation provided

a O
Conclusion

4 dIn[1 — w(N)]
+ Z=1- 3+ 3w(N) —
o8 =1 g P - Ty
o k2
2 4+ O0Ppaa = —2M2(1—¢%) 5Py
a
O = 4+ This is implicitely assumed when one uses the standard expressions
° : for the power spectra
e. 4+ How to justify these relations if the gravitating fluid is not a scalar
. : field?
() 25 / 26
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@ Conclusion

® New parametrizations of inflation fail in

Introduction

Making obsenvable g 4+ Being universal: number of classes blow-up at higher orders
The new parametrzations 4+ Being predictive: AN, becomes an arbitrary parameter
4+ Being accurate: already obsoleted by the Planck satellite accuracy
4+ Being useful?
® Equation-of-state inflation is
i 4+ Consistent
O 4+ Equivalent to scalar field inflation (or incomplete)
- O 4+ A new way to construct exact solutions
- O

® How to be model independent?

4 Use slow-roll. ..

® Why being model independant?
4+ Planck 2015 has already ruled-out 30% of all inflationary models

4+ Theoreticians should do their job: making observable predictions ,;
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