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The ACDM model of cosmology

® Homogeneous + isotropic Friedmann—Lemaitre scenario

B dlna

d52 b— —dt2 —+ a2 <t>"}/zjdl‘zd£€‘7, H(t) dt

4+ Gravitation: G, + Ag,, = /iQTW

4+ Contains: cold dark matter, baryons, photons

Pecri
ad’

Pcri _
Pmat — (Qdm + Qb) Prad = Qrad?a Pcri — 3K 2Z_]OZ

® Plus linear perturbations: origin of CMB and galaxies

4 Need some initial conditions

(X*(K, ting) X (K tini)) = (27)° Px (k)6 (k — k')

4+ A priori as many Px (k) as species are required!
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@ The flatness problem

® Evolution of the curvature

Introduction
< The ACDM model of

cosmology 4+ Friedmann-Lemaitre equations for a perfect fluid
< Unadressed questions ¢ 5 5 ,0 ]C
within ACDM — _
< The inflationary TIU’V T ('0 —|_ P)uMuV Pg:u’V H — KR = — _2
paradigm drrz — < 3 a
< Motivations ; ) 2 2 2
jdr'dr’ = r<d(2 a K
Slow-roll inflation T 1 — K292 o - — 6 (:0 + 3P)
Primordial power spectra
Comparison with
observations
Using the ASPIC library . ,C
4+ Curvature density parameter: ), = —
a?H?
() dlnw P
w=——— = =1+3—
1 -0, dlna P

4+ For a constant equation of state P = wp = w o< a'T3¥

® Flatness is instable during matter (w = 0) and radiation (w = 1/3) eras
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Unadressed questions within ACDM

® \We see causally disconnected regions from the past at any time

t /

dt
4+ Distance to the particle horizon: dy, = a(t)/ ) =a(n)n oxt
o a

+ (0, /Nems)? =~ 10° causally disconnected patches: CMB?

Past light cone

Position

® Acausal initial conditions for structure formation

A X a(t) X t2/(3+3w) — >\ini > dh(tini)

® Monopole problem: m3(G/H) # 1 for U(1) C H
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The inflationary paradigm

® Proposed in the 80's to solve these issues

[Grishchuk ,Starobinsky, Sato, Guth, Linde, Albrecht, Steinhardt, Sasaki, Mukhanov]

® Flatness, horizon and monopole problems solved for w < —1/3

® Structure formation from quantum fluctuations

inflation = accelerated expansion of the scale factor

4+ Quasi de Sitter: w ~ —1 = H is constant = a(t) o et

dh (tend)
dn (tini)

Isotropy: Bianchi smoothed out during inflation (— FLRW)

H2

K

2

~eHAt 5 T 1028 = N = HAL > 60

WD

TPl

o f(aa:7ay7az)7

S

1

(a,aya.)273
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@ Motivations from current observations

® Planck 2013 measurements in favour of inflation

< The ACDM del of . . . .
cosmology 4+ Flatness (2, = 0) is instable during decelerated expansion

R Q. =1 — Qe — Uy — O, — Qpaq = 0.00070-0066 (P ANCK-+WP+BAD)
within ACDM K dm b A rad — V- —0.0067

< The inflationary

paradigm

4 Adiabatic initial conditions: isocurvature modes are constrained
Slow-roll inflation VX PX(k) — P(k)

Primordial power spectra

Comparison with

observations 4 Quasi scale invariance
Using the ASPIC library

k‘ ng—1
BP(k) = A (k—> — ng = 0.9619 + 0.0073

4+ Dark energy?

4+ Gaussianity of the CMB anisotropies
O =27+58, ful=-42+75 f3"°=-25+39
NL : *~ NL ) NL

® [he simplest framework: single-field inflation

+ Makes extra-predictions: fio¢ = O(ng — 1) and 3r > 0 o /55
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@ Basic theoretical assumptions

® Dynamics given by (k% = 1/M?2)

Introduction

Slow-roll inflation 1 1

% Basic theoretical 4 . v

assumptions S = /dw V=g [2—2R—|— ﬁ(cb)] with  L(¢) = —59"70,60,6 = V(¢)
« Self-gravitating scalar K

field

< Decoupling field and .

space-time evolution ® Can be used to describe:

< Background evolution

 oowerell spprosimation 4+ Minimally coupled scalar field to General Relativity

< Example: large fie

inflation

% Reheating: from . . . . .

inflation to radiation 4+ Scalar-tensor theory of gravitation in the Einstein frame

< A phenomenological

example the graviton’ scalar partner is also the inflaton (HI, RPI1,...)

« Redshift at which
reheating ends

% Redshift at which
inflation ends

® Everything can be consistently solved in the slow-roll approximation

Primordial power spectra
Sl + Background evolution ¢(t) (attractor)

Using the ASPIC library

4+ Linear perturbations for the field-metric system ((t,x), dp(t, x)

® Inclusion of the reheating era at the background level

4+ A new parameter R.q

12 / 58



@ Self-gravitating scalar field

® Stress tensor for a homogeneous scalar field in a flat FLRW metric

Introduction

2 68,

** Basic theoretical T
[12%

assumptions

1 2
= 0,900 — g |5 (V)" =V
T = 8008 a3 (997 - V16)

< Decoupling field and ( 1

-ti luti _ 42
& Background evclution ) p=5¢" +V(d)
+ Slow-roll approximation ¢(£B ) — ¢(t) = < 1 )
i'ir:fllf;eil;ple: large field \ P _ §¢2 o V(¢>

« Reheating: from

inflation to radiation

< A phenomenological

el 4+ Potential dominated regime: P~ —p=w>~—-1=a > 0
« Redshift at which

reheating ends

< Redshift at which

inflation ends

® Friedmann-Lemaftre equations: §5/dg*” =0

Primordial power spectra

Comparison with
observations

1 . . .
Using the ASPIC library 3H2 — KJQ (§¢2 —I_ V) 9 H — __¢2

® Klein-Gordon equation: §5/d¢ =0

d+3Hp+Vy=0
13 / 58
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Decoupling field and space-time evolution

® T[ime measured in e-fold: N =1lna

® Deviations from de-Sitter measured by Hubble flow hierarchy [Schwarz 01]

Hini o 1Il|€i’
o 9 €i+1 — AN

€0 —

® Friedmann-Lemaitre equations in e-fold time (with M? = 1)

r v
( 1 /1. H* = A v
. | = < 2 \dN & 9 |/ dé 2
@ _ L2 _ 2 N
@ 3<¢ V) _dhnH_ 1 Fdo C 2<dN>
ANV 2 \an

® Klein-Gordon equation in e-folds: relativistic kinematics with friction

d2¢ dinH\ dé V | &% d¢  dlnV
dN2+(3+ dN)dN+H2_O 7 3_qdNZ AN T g
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@ Background evolution

® [he friction term ensures the existence of a “terminal velocity”

Introduction

Slow-roll inflation

% Basic Fheoretical dq5 d ln V ]. d 111 V 2 ng ’ quqﬁ
assumptions - — 61 ~ . : 62 ~ 2 ’ T
« Self-gravitating scalar dN d¢ 2 d¢ V V

field

< Decoupling field and
space-time evolution

4+ As for a “sky diver” it does not depend on the initial conditions
< Slow-roll approximation

< Example: large field

inflation .

et o 4+ Inflation occurs for €; < 1 < In[V(¢)] should be flat enough
inflation to radiation

< A phenomenological y .

example - lnH o H o 1 ]_ a

% Redshift at which 1 — = " Tx7r — T 370 — L+ 7T T

rehee;at?ng ezds ‘ dN H2 H2 a

% Redshift at which
inflation ends

® Deviations from terminal velocity behaviour are encoded in €5

Primordial power spectra

Comparison with

observations dln 61 d2¢ 62 d¢
Using the ASPIC librar €O = ——— = - —
; : AN 7 dN2 2 dN

4+ Kilein-Gordon equation also reads
% B 3—€¢; dlnV

dN 3—614—% do
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@ Slow-roll approximation

® Assume that all ¢, = O(e) and ¢; < 1

Introduction

4 The trajectory can be solved for N (taking Ni,; = 0)

** Basic theoretical
assumptions

;ti;IS;If—gravitating scalar 0 V ('Qb)
« Decoupling field and N — I(¢ini> o I(¢) Wlth I(¢) = / dw
space-time evolution Vw (¢>

< Background evolution

+ Slow-roll approximation

+E le: | field . . .
fation 4+ In terms of the field values at the end of inflation
« Reheating: from

inflation to radiation

% A phenomenological N - Nend — I(¢end> - I<¢)
example

« Redshift at which
reheating ends

& Redzhift at which ® The end of inflation

inflation ends

T e — 4+ Inflation naturally ends when €; > 1: ¢eng is solution of the
Comparison with algebraic equation €1(¢enq) = 1

observations

Using the ASPIC library

4+ Or, there is another mechanism ending inflation (tachyonic
instability) and ¢enq is @ model parameter that must be specified

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

16 / 58
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Example: large field inflation

® LTI potential has two-parameters: V(¢) = M*¢P

+ M* do not affect the background evolution (see KG)

10—

1.4

1.2

-

0.8F

€

In[V(¢)/M*]

-20
0.4F .
-30

0.2F

T T T T R S I AT T TTTTT T[T T T TTT7T

400 E 00, .. L L Fr—
0.0 0.5 1.0 1.5 2.0 2.5 3.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0
¢/mp ¢/mp,

® Field trajectory

¢ WEDE 2
Wy O 1
MApypp—1 2p 2p

1(¢) =

® End of inflation at €1 (¢enq) =~

Qbend =~ = Cb(N) — \/Qp(Nend — N) +

Sl
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@ Reheating: from inflation to radiation

® Example V = M*¢? (LFI)

Introduction

.
 Basic theoretical 4+ Harmonic oscillator (w > H)

assumptions

« Self-gravitating scalar

fti*(al[()jecoupling field and < 1 2 > <IO> — <¢,2t> 922_ é

space-time evolution

< Background evolution

¢ Slow-roll approximation E v Lo Lev N T Lo

< Example: large field
inflation

< Reheating: from

inflation to radiation 4+ Coherent oscillations: ¢ — radiation

< A phenomenological

example (non pert. decay)

« Redshift at which
reheating ends

+« Redshift at which _
inﬂaetiosn enZs : * Last ANreh p— Nreh - Nend e_f0|ds

Primordial power spectra

Comparison with
observations

® Total energy density at the end of reheating pren
([ p=-3H(P+p)

{ B 1 Nren (N) qN — In (preh) = —3(1‘|‘U_Jreh)ANreh
. A]\freh / fend

Using the ASPIC library

Neond P(N)
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A phenomenological example

® |Inflaton decay rate I' [Turner 83]

Introduction

Slow-roll inflation d
N Prad

e eoreticl o+ (BH+T)p+ Vg =0, vt Aprad =

P

< Self-gravitating scalar
field

% Decoupling field and
space-time evolution

< Background evolution

% Slow-roll approximation ® |Inflaton energy is converted into radiation fluid
< Example: large field
inflation
% Reheating: from — Y —————— —
inflation to radiation 102 i Lor ]
% A phenomenological : P raa
example L
. . 1074 |
% Redshift at which 0.5 ]
reheating ends r /
% Redshift at which I (U . 5 I BN
inflation ends = ® ook / i
~ < /
< 5 I /
. . 10718 — =z
Primordial power spectra /
Comparison with 105l | _05l -
observations s
Using the ASPIC library 102 _
-1.01 N
L L L 1 L L L 1 L L L 1 L o L L L L 1 L L L 1 L L L 1 L L L
60 62 64 66 68 60 62 64 66 68
E-fold number N E-fold number N

® At the end of reheating pren = pPg(Nreh) + Prad(Nreh) =~ Prad(Nreh)
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@ Redshift at which reheating ends

® At N = N, the Universe is radiation dominated

Introduction

+ If thermalized, and no extra entropy production: a2, syen = a°s,

** Basic theoretical
assumptions

% Self-gravitating scalar 1/3 1/4 1/4

field / 5 a
< Decoupling field and 27'(' T3 o qreh gO preh

space-time evolution Sreh = {reh 45 reh Qreh o 1/3 1/4 1/4
< Background evolution < — 0 reh Y

<+ Slow-roll approximation 7-‘-2 4 IO ]_/4
< Example: large field — _ h
inflation \ Preh = Yreh 30 Tien or 14 zpep = ( e )

+ Reheating: from IO’Y
inflation to radiation

< A phenomenological

example

+» Redshift at which ~

P ® Depends on preh and py = Qrenpy

% Redshift at which

inflation ends 2

Primordial power spectra 4+ Energy density of radiation today: p, = 3ﬁ029rad (CMB photons)
Comparison with P
observations

L ki i Bl 4+ Change in the number of entropy and energy relativistic degrees of
freedom (small effect compared to pren/p~)

GJreh q 14
Qreh = — ( . )
9 Qreh
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(U  Redshift at which inflation ends

® Depends on how the reheating proceeds

Introduction

Slow-roll inflation

= . 1/4 1/4
< Basic Fheoretlcal a’O Ayeh Qyeh preh ]_ pend
assumptions 1 —+ Zend — = (]- + Zreh) — ~ — R -
« Self-gravitating scalar
e (end Qend Qend P~ rad P~
« Decoupling field and

space-time evolution

< Background evolution Qend p d 1 /4
< Slow- Xi i . en en

A 4+ The reheating parameter R,.q ( )

< Example: large field a

inflation reh \ Preh

+ Reheating: from
inflation to radiation

& A phenomenological 4+ Encodes any deviations from a radiation-like or instantaneous

example

SRR 2wl reheatmg Riaqg =1

reheating ends
% Redshift at which
inflation ends

Primordial power spectra

® R,.q can be expressed in terms of (pren, Wrenh) Of (ANyeh, Wren)

Comparison with

observations B ANreh B B 1 . Su_)reh preh
Using the ASPIC library In Rrad - T(Swreh - 1) — 12(1 T U_Jreh) In Dend

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

21 /58
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Cosmological perturbations of inflationary origin

Inflation Reheating Radiation Matter

Introduction e

Slow-roll inflation N* ~ 50-70 efolds Nreh ? P(k)

Primordial power spectra

A
\

% Cosmological

perturbations of
inflationary origin

% Relic vacuum energy

density from inflation

< Linear perturbations !

during inflation Nobs ~ 10 efolds
< Scalar and tensor modes -1l 5 < | >
evolution

< Slow-roll expansion for
the perturbations

< Quantum initial

conditions

< Scalar primordial power .
spectrum _- ::
< Primordial power Y ' v, - :::’
spectrum 5 ,;_;:' -

e e N S

1R SR N 5 W N
i i i

during inflation >
< Solving for the time of T B
pivot crossing \/ \/ N=In(a)

+« Power law parameters Y
. P d - 1
% Observable quantities s ;
Z. L
a

Beng Sen %q

Comparison with
observations

Using the ASPIC library

® Primordial power spectra for tensor and scalar perturbations are
generated during inflation from quantum fluctuations T'= H/(27)
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@ A toy example: test scalar fields in de Sitter

® Test = field fluctuations only (m < Hius): p(t,x) = ¢(t) + do(t, x)

Introduction

Slow-roll inflation

® Homogeneous part (N = 1Ina “e-folds number”)

Primordial power spectra

% Cosmological

perturbations of ¢,tt + 3Hinf¢,t + m2¢ — 0= ¢(N) — ¢0€_Nm2/(3H12nf) — 0

inflationary origin

% Relic vacuum energy
density from inflation

< Linear perturbations . F|UCtuatIOnS in Fourier Space ILL — a/5¢k (CLHmf — _1/77>

during inflation

< Scalar and tensor modes

e.vgllution | - 5 H 5 k2 2 5 /7 2 k'2 2

« Slow-roll expansion for . — - —
the perturbatizns ¢k7tt+3 inf ¢k7t+< _|_ m ) ¢k o O :> ’LL + m _|_ 2 ’u o O
< Quantum initial /’7

conditions

< Scalar primordial power

spectrum

“ Primordial power . i i ..

spectrum ® Free field quantization: positive energy waves for kn > 1

< Power law parameters

< Observable quantities
during inflation 2

< Solving for the time o (v T (s 9 m
oo crosing po= e T [ (k) v =4[]~ g

inf

Comparison with
observations

Using the ASPIC library

® Power spectra after Hubble exit: Psy = 11mkn<<1 ‘,u|
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Scale invariant primordial power spectrum

® For light fields m < Hin¢

2

Hi B\ Ot _ Hi
472 \ aHint

775¢ =

® Does not depend on k (scale invariant) and Gaussian

® Could explain the amplitude of CMB anisotropies 67/T ~ 10~° for
Hine ~ 107> M, (GUT scale)

® But test scalar fields cannot induce gravity perturbations, by definition

® Gravity perturbations must be included!

4+ However, this is the right result for primordial gravity waves (up to
a polarization factor)

® And ultra-light test scalar field could explain dark energy

26 / 58




@ Relic vacuum energy density from inflation

® Field variance in physical space after NV e-folds

Introduction

ow-roll inflation a’HlIl 3 4 4
(6¢%) = / ok i [1 — e~ N@m®)/(BH i ] S
az-Hinf ( ) 87T m2 87T2m2

< Cosmological
perturbations of
inflationary origin

® Energy density expectation value (does not depend on m)

density from inflation

< Linear perturbations 4
during inflation 1 2 2 3H1nf
4 Scalar and t d V(p)) = =m~(00p”) =

evolcuatizj)rnan e < ( )> 2 < > 167T2

« Slow-roll expansion for
the perturbations

D ® Universal, does not even depend on V' (for test fields)

conditions

< Scalar primordial power 5

spectrum 8 3H’

< Primordial pow , “ "inf
i e P(66| Hinr) o exp [ 3HE, (5@] W= g

< Power law parameters

« Observable quantities

during inflation

« Solving for the time of
pivot crossing

® This is dark energy provided: Hi,s = (QA)1/4 ArHo M

Comparison with
observations

Using the ASPIC library Hlnf ~ 6 > 10 eV’ pllr{fél _ (3M3H12nf>1/4 ~ 5 TeV
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@ Linear perturbations during inflation

® Perturbed FLRW metric (longitudinal gauge): d¢, @, ¥, h;;

Introduction

Slow-roll inflation

Primordial power spectra

< Cosmological
perturbations of
inflationary origin

& Relic vacuum energy ® Perturbed Einstein + Klein-Gordon equations: G, = k20T,

density from inflation

# Linear perturbations 4+ Equations of motion (" = 9,)

during inflation

d82 = a2(1 + 2@)(1772 — CL2 [(1 — 2\11)513 -+ hzj] dZCzdeJ

I

«» Scalar and tensor modes

i:/glll;:c/\i/‘—):oll expansion for h R4 2Hh ! Ah o O q) o \Ij ! 2CLH A\Ij
the perturbations 1] + ) [/ o ) C o /12
< Quantum initial qs

conditions

< Scalar primordial power

spectrum Whel”e C — \Ij —

< Primordial power Hl - HQ

spectrum

(\If’+H<I>):\IJ+H%¢

< Power law parameters

« Observable quantities

during inflation 4+ Comoving curvature perturbation ( and h are conserved on large
g o thetme of scales A ~ k? (single-field only!)

pivot crossing

Comparison with
observations

Using the ASPTC library ® Primordial power spectra can be evaluated anytime after Hubble exit

2k3
Pe(k) = 27r2 |C| Pr(k) = |h| < 2 polarizations
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@ Scalar and tensor modes evolution

® Parametric oscillators

Introduction

Slow-roll inflati _
ro nflation ,LLT — ah B ) (a 61)//
= phg + [k? — = | prs =0
% Cosmological — a\/§¢ C a+/€1
perturbations of ILLS — ,N

inflationary origin
< Relic vacuum energy
density from inflation

# Linear perturhations ® Can be recast in terms of Hubble flow functions ¢;(7)

during inflation

¢ Scalar and tensor modes . !/
+ Using f'=aH fn...

« Slow-roll expansion for

the perturbations 2 /!

< Quantum initial 4 <n> o 1/4 _ (a’ V 61) o HZ 2 3 1 2 1 1
conditions 5 = = — €1+ €2+ —€5 — S€1€2 T ;€263
% Scalar primordial power n (a/\ / 61) 2 4 2 2
spectrum

“ Primordial power . . .
spectrum 4+ Expanding the conformal time in terms of ¢;
< Power law parameters

« Observable quantities
during inflation

. / dt _ / bda L fldd7, 1 4
a
1

a2 H  aH a da _§+ a’H

Comparison with
observations

H aoH a da H

1
Using the ASPIC library — 1 €1 _|_ l d <€]‘H ) da — _ﬂ _|_ /




@ Slow-roll expansion for the perturbations

® Within the slow-roll approximation ¢; < 1 and ¢; = O(e)

Introduction
Slow-roll inflation 4+ Consistent expansion at first order in slow-roll

- Cosmol.ogical 1 _|_ 9 3
perurbadons of H=—— 4 0() = () = 7 +3a(n) + Sealn) + O(?)

inflationary origin 4
< Relic vacuum energy 77
density from inflation

< Linear perturbations
during inflation

+ Expanding Hubble flow functions around a particular time 7, (IV,)

< Scalar and tensor modes
evolution

% Slow-roll expansion for d
the perturbations 6@'

< Quantum initial ) ) dN
conditions
¢ Scalar primordial power NO > — 67: (N) — 67; (N<>>_|_O (62)

spectrum

< Primordial power N — ]\]'<> — — (1 + 610) ln (E) + (9(62)

\

O
=
|
O
=
-
B
&

spectrum

J

< Power law parameters

« Observable quantities
during inflation

« Solving for the time of

pivot crossing ® At first order (only) in slow-roll v(n) = v, + O(€?) is constant

Comparison with

observations ( 2
v:—1/4
Using the ASPIC library 9 3 /! —|— (kQ — © ) g =
Vo, = Z+3610+§€2<> = < 1 772 :

this is a Bessel equation
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Quantum initial conditions

Canonical quantization of ug (and pr) + Bunch-Davies vacuum

d3k . ;
p(n,x)= [ — [Ck(ﬁini)fk(n)ezkx + ClT<<nini>€Z(77)e_ka}

V2k

fk(n) § — 1 x e—ik(n—mni) + 0 x e—i—ik(n—nini)
Mini—> 00

For each mode, we set the equivalent classical initial conditions

1 . k
:uTS(nini) — 5\/5\/—2—]{7 /L'/I‘S(nini) — _Zﬁﬂ\/;

The solution is uniquely determined and depends on 7,

4+ 1, should be chosen for each mode &k around Hubble exit:

kn, = —1. Other choices are possible, for instance k = a(n,)H (n,)

The power spectra are obtained in the super-Hubble limit: &7 — 0
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Scalar primordial power spectrum

In the super-Hubble limit £ — 0 one gets a time-independent
expression (C' =~ +1n2 — 2)
H? 5
Pc(n,) = S M2y, [1 —2(C 4+ 1)e1, — Cegy + C’)(e )}

Dependency in k is hidden in the definition of n, = —1/k

Can be made explicit with a pivot expansion around £,

+ For instance k, = 0.05Mpc™ " = n, = —1/k,

4+ All f, quantities can be slow-roll expanded around 7,

H,=H, + (N, — N,) —

dN |y Mo
€1, = €1x + €14€2, In e + 0(63)
Pivot expanded scalar power spectrum
Py = — [ o0 1)ers — Cemn — (2e1s + cp) I | F
= — €15 — Ceoy — (2614 + €94 ) In | —
¢ 8W2M§el* ! 2 ! 2 k.

+...=H, (1 61*11177*)—"0(62)
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- Primordial power spectrum

® At second order, after pivot expansion, one gets

2

T 5 2 C?\ , w2  C?
Lo - * C 2% __1 A - * C3%
+(12 §) C+C>€1 €2 +(8 + 2 )62*—'_(24 2 )62 €3

P¢

2
{1 —2(14+C)er — Ceas + (% — 3+ 20+ 202) €1,

k
4+ | — 2614 — €0 + (24+4C)e7, + (=1 4 2014695 + Ces, — 062*63*] In <—)

- k'*
I 1 1 k
+ 263* + €1x€25 T 563* T _62*63*] 1Il2 <_) }7

2 k.
2H? m? 2| 2 m 2
Pr = W2M§{1_2(1+O)61*+ [—3+7+2C'—|—2C’ ]€1*+ [—2‘|‘1_2 —20-0C ] €1x €2+

k k
' [_261* (2 +4AC0)e, + (=2 - 20)61*62*] v (1?) + (23, — erer,) In? (z?) }
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@ Power law parameters

dinpy| - _ dlnP

dlnk |, dlnk |,

Introduction ® Amplitude and spectral indices: n =

Slow-roll inflation

Primordial power spectra

i o P, =Pe(ks), ne=—2€1 —2¢t, —2(1 4+ C)eriens + O(€?)
inflationary origin
< Relic vacuum energy nS o ]_ —_ (261* —|— 62*) —_ 26%* — (3 —|— 20)61*62* — 062*63* —|_ 0(63)

density from inflation

< Linear perturbations
during inflation

% Scalar and tensor modes d2 ln 73

evolution

 Slow-roll expansion for ® Running of the spectral index: a = ————
the perturbations d(ln k’) k

% Quantum initial

conditions

¢ Scalar primordial power . 3 _ 3
spectrum Qg — _261*62* — €24€3x + 0(6 ) ) Qp — _261*62* + (9(6 )
< Primordial power

spectrum

< Power law parameters

« Observable quantities

o s Tl e ® Ilensor-to-scalar ratio r =
« Solving for the time of Ph (k* )

pivot crossing

M = 16€14(1 4+ Ceas) + 0(63)

Comparison with

observations . - d3 ln 7) 5
Using the ASPIC library ® Running of the running: 5 = W . — (’)(e )

Br = —2€1.€24 (€24 + €3.) + O(¢")
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Comparison with
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Observable quantities during inflation

All quantities entering P (k) are evaluated at 7, such that k,n, = —1
4+ Hubble flow functions: €;. = €;(¢,) where n(¢,) = —1/k,

N*_Nend %—nd a
a

At leading order in slow-roll: k£, = a.H, =€ H,

0
0

—1/4
B _ e H, = e¢*M Ria (Pend> | ( - ) €1
- kT ra ~ %
a, 1+ Zend P €1

This is a non-trivial integral equation: penq(¢s) through M*?

2
3Vend HZ Vena 3 — €14
— 361*
3 — €lend €1x V* 3 — €lend

+ FL equation: penq = 3HZ 4 =

ke 1
4 Defining N, =In | — 7
@ b

1 3 Venda 3 — €14 1 H?
AN*:_]. Rra N _1 __1 *
. a7 0+4 n(el* V* 3_elend) + n(€1*>

(number of e-folds of deceleration)
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@ Solving for the time of pivot crossing

® Depends on: model + how inflation ends + reheating + data

Introduction

Slow-roll inflation

P V() 1
_ d| =Ry — N. + = In(872P,
« Cosmological /%end V/(w) w Il d 0 + 4 n( ﬂ- )

perturbations of
inflationary origin

senty o oot ~ 1ln{ 9 4 (qsend)}
% Linear perturbations 4 €1 (¢*) [3 — €1 (¢end)] V(¢*)

during inflation

«» Scalar and tensor modes

evolution

< Slow-roll expansion for

the perturbations . ]_

 Quantum inia ® The rescaled reheating parameter: In Ryen, = In Ryaq + 1 In pend
conaitions

< Scalar primordial power

spectrum

+ Primordial power P V(w) 1 9 V(¢ d)
ssectrum o —d — ln Rre o N - 111 en
< Power law parameters /end V/ (¢) w h 0 2 { 3 — €] (¢end) V(¢*) }

« Observable quantities
during inflation

% Solving for the time of
pivot crossing

Comparison with

observations o Assuming _1/3 < wreh < ]. and pnuc = (].0 MeV)4 < preh < pend < ].

Using the ASPIC library

1
—46 < In R,ep, < 15 + 3 In pend
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Outline

Comparison with observations

Constraints on the slow-roll parameters
Comparison with model predictions

Most generic reheating parametrization

The Encyclopaedia

Purpose

Model predictions with ASPIC

Schwarz Terrero-Escalante classification
Using the slow-roll approximation as a proxy
Accuracy of the slow-roll approximation
Bayesian model comparison

Jeffreys’ scale

Bayes factor for hundred of models
Narrowing down the simplest with complexity
Data constraining power
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Constraints on the slow-roll parameters

® From the slow-roll expanded expression of P¢(k) and Py, (k)

Introduction

Slow-roll inflation + Constraints on ¢;, and P, (or H?/e1,)

Primordial power spectra

SRS iy 4+ Example from Planck 2013 and BICEP2

observations

< Constraints on the
slow-roll parameters

< Comparison with model 0.08[ : : ‘ ‘ 016
predictions _16k | -
. . . -2.4} . ’
< Most generic reheating 0.06 , 0.08
parametrization 24k = 1 el
< The Encyclopzdia o T32r 0.04} 5 ! \H 0.00
5 S % T S 0.00F
< Purpose & &g -32f INK ]
1
% Model predictions with —4.00 | 0.02 o _o.08l
. r n (/|
ASPIC —4.0F ! 1
% Schwarz h o6l
Terrero-Escalante e | i 0001, ‘ ‘ ‘ i R P A S\
classification 3.00 3.05 310 3.15 3.20 3.00 3.05 310 315 3.20 2.75 3.00 3.25 3.50 3.75 4.00 2.75 3.00 3.25 3.50 3.75 4.00
< Using the slow-roll In(10'°P,) In(10'° P,) In(10°P,)
approximation as a proxy
< Accuracy of the 0.16f 0.16f
slow-roll approximation 2.4l | -1.6
< Bayesian model 0.08f 0.08f
comparison -2.4
= -3.2b ] —~
< Jeffreys’ scale - & 0.00} . = & 0.00
) S —3.2
< Bayes factor for hundred - =
!
of models —4.0f 1 —0.08} ; o —0.08}
. -4.0¢ ]
% Narrowing down the I
simplest with complexity o _0.16l il ! —0.16]
—4.8} d —4.8- (| i
< Data constraining power * ‘ w w w \ \ e ‘ T ‘
y gp 0.00 0.02 0.04 0.06 0.08 0.00 0.02 0.04 0.06 0.08 -0.16 -0.08 0.00 0.08 0.16 -0.16 —0.08 0.00 0.08 0.16
€ € € €

Using the ASPIC library
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Comparison with model predictions
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Using the ASPIC library

Can only be done from the input of Ryen, of Riad, of (Wyeh, Preh)

4 One can scan various reheating histories: AN, is not arbitrary!

4+ Example: LFIs with wyen = 0 and pnuc < pren < Pend

w

reh

=0

10

10

10 &

-0.04

=~

m—————

-0.02

\
\
\
\
|
\
}
1
[}
1
1
|
1
|
|
1
1
I
1
1
I

1
1
1
1
1
|
1
|
I
|
I
I
I
|
1
1

log(E,, / GeV)

WMAP9 + HST
— PLANCK 2013 | |

0

002 0.04

82D

0.06

0.08 0.1 012 014
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Using the ASPIC library

Most generic reheating parametrization

® In the abscence of any information on the reheating, one should use

Rreh (Or Rrad )

® Same example: LFI; without assuming wye, = 0

InRreh

10 &

81D

10

- WMAP9+HST|
— PLANCK 2013

0.02

0.04 0.06
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The Encyclopadia

® With J. Martin and V. Vennin

Introduction

Slow-roll inflation

Primordial power spectra

Comparison with
observations

< Constraints on the
slow-roll parameters

«» Comparison with model
predictions

« Most generic reheating
parametrization

s The Encyclopadia

< Purpose

< Model predictions with
ASPIC

< Schwarz
Terrero-Escalante
classification

< Using the slow-roll
approximation as a proxy

< Accuracy of the
slow-roll approximation

http://arxiv.org/abs/1303.3787
http://cp3.irmp.ucl.ac.be/~ringeval/aspic.html
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Using the ASPIC library

Purpose

® Quasi-exhaustive analysis to derive reheating consistent observable
predictions for all slow-roll single-field inflationary models

® Comes with a public code (ASPIC)

® Currently supports more than 50 motivated classes

of potential

Name || Parameters || Sub-models V(o)
HI 0 1 M (1= e VRO
RCHI 1 1 M (1 2em VB —L;m
LFI 1 1 M (ﬁ%)
MLFI 1 1 Mg 1+ ads]
RCMI 1 1 M (35) [1-208 0 (5]
RCQI 1 1 ar AZ,) [1-am ()]
NI 1 1 M1+ cos (9]
EST 1 1 MT (1 — e~/
PLI 1 I Mie o
KMIT 1 2 M (1= agge i)
HF1T 1 1 Mt (1 + A1%I) [1 _z (TA.AWW.)Z]
w1 1 1 g [1+u(%)4ln(%)]
Ll 1 2 M1+ ain (5]
Rpl 1 3 M e—2/2T30/Mer | /2750 M1 _ 1|2,, e
DWI 1 1 M4 [(%)2 - 1]
MII 1 1 M1 = sech (£)]
RGI 1 1 M4%
MSSMI 1 1 M [(;";)2— 2 (;";)6+§(;;";)10]
et | v @ )]
Al 1 1 M1 = Zarctan (2)]
CNAT 1 1 M3 (3+ 0?) rank? (35|
CNBI 1 1 M (3 —a) ran? (S72) - 3]
0STI 1 1 =y (%)zln [(fﬂﬂ
WRI 1 1 M (%)2
SFI 2 1 - (2]

I 1 Mt () o (T”&)fuf
KMITI 1 M1 - agsexp ( )]
LMI 2 M (3) exp [-(9/Mn)')
TWI 1 Mt [1 —A (%)2 e*v/%]
GMSSMI 2 M4 [(%)2 ~Za (%)b +g (%)w]
GRIPT 2 M {(f) —da (%)3 +3 (5)4]
BSUSYBI 1 M (e‘@%x + e/ )
I 3 M1+ cos 2+ asin? 2)
BEI 1 Miexp,_s ( A ,m)
PSNI 1 M i+ aln (cos9)]
NCKI 2 M [1 +amn(g5) +0 (ﬁ‘)z]
CSI 1 ﬁ,
ot 1 Mt (2 ) [(1%&)27&]
CNCI 1 M [(3+02) coth® (52) - 3]
SBI 2 1\14{ [ a+/}1n(%)] (%)4}
SSBI 6 M4 [1+a(MH)2+ﬂ(%H)4]
I 1 m () -
BI 2 M [1 - (g)_"]
RMI 1 M- (-h+md) ]
VHI 1 i+ (%)”
DSI 1 M [1 + (%),p]
GMLFI 1 () Trva (2)]
LPI 3 m(2) (mz)
CNDI 3 — M
{2}
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Model predictions with ASPIC

® For all Encyclopaedia Inflationaris models

potential parameters + reheating — €;. —> ng, 7, as. .. (with

consistency relations)

® Easy to check for which reheating history a model is compatible with
the data

Martin, Ringeval, Vennin (arXiv:1303.3787)

101

1072

0.96 0.98
ng

410

loe(T . /GeV)

Martin, Ringeval, Vennin (arXiv:1
T

303.3787)

101

102}

' aspic)][ |
114
1| {12
BSUSYBI
110
000

‘0000 =} 8

000000 | 6

‘W,

2

Il
=5

0.92 0.94 0.96 0
g

.98

1.00
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<+ D nstrainin

Schwarz Terrero-Escalante classification

® Based on the relative energy evolution at the pivot scale (¢)

1 .
K:§¢2 p=K+V P=K-V~—p

ST class 1 ST class 2 is ST class 3
1.4F 144
4.0+
1.2} Plateau inflation 12+ 350 Vacuum dominated inflation

Large field inflation

&/ Mp, &/ Mp, #/Mp,

® In terms of slow-roll parameters

ST1: €94 > 2€14, ST2: 0 < €9y < 2614, ST3: €9, <0

® This is not exactly the color of P¢: ng — 1 = —2€1, — €9, + O(€?)
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Using the slow-roll approximation as a proxy

® o constrain the fundamental inflationary parameters: 6;,¢

Pe(k)

—— CAMB +— CMB data
Pr (k)

(Oint, Ryenn) —> ASPIC — €, —

® Example: Planck 2013 data analysis with LF1

3.04 3.12 3.20 -45 -30 -15 0 1 2 3 4
In[10'° P ] In(R) p

® Confidence intervals are on the relevant parameters (95% CL)

p < 2.3, —37 <InRyep <6
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Accuracy of the slow-roll approximation

® First order quantities marginalized over second order

Introduction

— All exact: large field power spectra (FieldInf) + Planck likelihood (CamSpec)
— - Fast: slow roll power spectra + large field Hubble flow functions (aspic) + £
-+ figurel

Slow-roll inflation

Primordial power spectra

Comparison with

observations

< Constraints on the S\ A
slow-roll parameters
«» Comparison with model : :
predictions

L

% Most generic reheating ' 0.0‘216 0.0‘222 0.0‘228 '0.1‘14 0.120 0126 ' 1.640 1.642 0.050 0.675 o.ioo 0.125 3.64 3.‘12 3.50 1 2 3
. - 2 2 1008, T 10 P
parametrization Qh Qh e In[10"° P,]

% The Encyclopadia N
< Purpose ) .
+ Model predictions with ; \

ASPIC ) .
% Schwarz y ‘ | |
Terrero-Escalante —45 -30 -15 0 0 80 160 240 320
classification
< Using the slow-roll
approximation as a proxy

< Accuracy of the

slow-roll approximation

< Bayesian model

comparison 2 4 6 8 10 0.60 0.75 0.90 02 04
tSZ PS CIB
Aygs T'143 x217 T'143 %217 v

. . . .
0.6 0.8 1.0 0.2 0.4 0.6 0.8 1.000 1.001 1.002 0.9925 0.9950 0.9975 1.0000
CIB €100 Ca17

< Jeffreys’ scale

< Bayes factor for hundred
of models

< Narrowing down the
simplest with complexity

< Data constraining power

. .
0.2 0.4 0.6 0.8 1.0 2 4 6 8 10

Using the ASPIC library gismxem A2
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@ Bayesian model comparison

® Bayesian evidence

Introduction

Slow-roll inflation 4+ For each model M, marginalisation over all parameters

Primordial power spectra

£(DIM) = / 40.L(6)r (6| M)

< Constraints on the
slow-roll parameters

«» Comparison with model
predictions

< Most generic reheating
parametrization

& The Encyclopaedia 4 Gives the posterior probability of M to explain the data D

< Purpose

:SIF\)/II%deI predictions with (M ‘D) B (C/’ (D | M)ﬂ'(./\/l)
:I::esr:ehrgflgzcalante p N p (D )

classification
< Using the slow-roll
approximation as a proxy

where  p(D) = Zé‘(/\/lz\D)w(/\/lz)

< Accuracy of the

slow-roll approximation () Bayes’ factor

+ Bayesian model
comparison

4+ Gives the posterior odds between M and a reference model M,

< Bayes factor for hundred

'otfl\rlr:::j:vljingdownthe p(M‘D) . B W(M) = B - g(D|M)
simplest with complexit - VRN -

<& DI:ta constraininpg poj\,/er p(MO |D) ﬂ-(MO) g (D‘MO)

Using the ASPIC library

< Jeffreys’ scale

4+ Measure of how much the prior information has been updated
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Using the ASPIC library

Jeffreys’ scale

Strength of evidence of M compared to M

Jeffreys' scale

Inconclusive

Weak -

Moderate

Strong|

ASPIC allows to fastly do that for all the Encyclopaedia Inflationaris

models

Ul o= oo oo oo oo

o

=}
—~

Sy
~—

NG J U gy i g

&)

i ) [ S i S
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Bayes

-5

factor for hundred of models

AT
BI,
B,
B,
BI,
B,
Bl
UBI,
B,
CWI,
CWT,
DWI

CESI

'ESI,

ESI,
Eslﬁ

. BSlam
- GMSSMI,,
GMSSMI,,
GMSSMI,
| GRIPLg
GRIPI,,

| GRIPIL,,
| GRIPL;
| HI
KKLTI
KKLTI,

| KKLTL,,
KMIT
KM
KM,
. S
L.,
MHI
MHI,
Ml—ns
MSSMI,
MSSMI,

| NCKL;o
0STI
RCHI
RCHI,
RGI
RGL, 6
Ray,
RGI,
RIF,.
RIPI,

-25 -1.1

opB

1.1 25

RIPT,
RMI,
RMI,
RMI,
RMI,
|SBI
SBI%M
| SFI
SFI,
SFI,
SFI,
SFI,
SFI,
SFI,,
SFI,
SFI,
SFI,.
'SFI,
SFI,
SSBI2
SSBI2;
SSBI3
SSBI3;
SSBI4
SSBI4
SSBI5
SSBI5,
WRI,
WRI,
'BEL
CNAI
HF1L
U,
LM,
Lu,
LMI2,
L:MIZP
LPI2,
LPI2,
LPI2,
LPI3,
LPI3,
LPI3,
RPI1
RPI2
RPI3
GMLFI
. GMLFI,
| GMLFL,,

-25 -1.1 1.1 25

J.Martin, C.Ringeval, R.Trotta, V.Vennin
ASPIC project

Bayesian Evidences In(&/&y)

GML:FI, 5
' GMLFI,,
MLFI

| GMLFIL,
GMLFLj5 /5
GMLFL5 45
| GMLFI,,
. GMLFI,
| GMLFI;,
\LF1

LFI,

LFIL,
L1,
LFL,

LFI,

LPII
LPIL,,
LPIL,,
©OLPI,
| NCKIy.,
CNI

o1
PSNLyx
PSNI
PSNI,c
PSNI,,
PSNIg,
PSNT,,
PSNI,,
PSNI,,
PSNI,
PSNI,.
ROMI
RCQI
SSBIL
SIBIL,
SSBIG
SSBI6
Ty
Tty

TI
T
T

TI 1
I
FI:‘I[H»

LTI,

T,

-5 -25 -1.1

TI
TI 1
Tl
TWL,,
TWL,
TWI
TWI
L,

i

i

'PLI

PLI,

. BSUSYBI,
| BSUSYBI,
. onar
dNDI
‘oSt

‘DSI

DS,

Dsl,

‘IMI

™I

IMI2

M3

iMIa

M5

MI6
RMI
RMI,,
RMI,
RMI,,
VHI

VHI,
VL,
VHI,
‘:«'HI3
VHI,
VHI,
CNBI

| GMSSMI,
‘GMSSML,,,
GMSSMI,, \
GMSSMI, 5
GRIPT,

| GRIPL,,
. GRIPI,,,
| GRIPL,,;

| GRIPL,,

1.1 25 -5 -25 -1.1

1.1 25

Displayed Evidences: 0

50 / 58



Introduction

Slow-roll inflation

Primordial power spectra

Comparison with

observations

< Constraints on the
slow-roll parameters

«» Comparison with model
predictions

< Most generic reheating
parametrization

% The Encyclopadia

< Purpose

< Model predictions with
ASPIC

< Schwarz
Terrero-Escalante
classification

< Using the slow-roll
approximation as a proxy
< Accuracy of the
slow-roll approximation
< Bayesian model
comparison

< Jeffreys’ scale

+ Bayes factor for hundred

of models
< Narrowing down the
simplest with complexity

< Data constraining power

Using the ASPIC library

Bayes

WMAP7

-5

factor for hundred of models

WMAP7: Martin, Ringeval & Trotta

Bayesian Evidences In(&/&y)

arXiv:1009.4157

oAl ! ComeL ‘ Lo !
Blu| : e I : | GMLFL, o
Bho| o ! I ! | GMLFL, Tl
BL| : SRy : CMLEI Thou
‘Bl . . . . RMIy | GMLFL; TWI,,
(BL . . . . \SBI GMLELy5, 5 TWL,
‘BI;, . . . . SBL,, . . GMLFLy5 45 TWI
‘Bl . . . . SFI []-0.24 ) . . GMLFI;, TWI
. BIL . . . . SFI, . . . | GMLFL, I
B, ) ) ) ) SFI, ) ) ) | GMLFIL I
CWI, . . . . SFI, . i
oW, . . . . SFI; 'PLI
DWI ) ) . . SFI, PLI,
"EST . . . . SFI, | BSUSYBI,
'ESI, . . . . SFI, | BSUSYBI,
ESI, . . . . SFI, . onar
Bla| 3 0 : T 3 o
oo BSem) o : SFL 146 : AR : Lo
[GMSSMI, | ! CosLloss : L ! LSt
GMSSMIy | : LS| : DRI : . Dsp
GMSSMI sspiz | : UNCRL | : oS,
| GRIPLg . . . . SSBI3 . . . . . N . . . . ML
GRIPL, . . . . SSBI3 . . . . . o1 . . . . julis
. GRIPL,, . . . . SSBM ) . . . PSNI, . . . . IMI2
. GRIPL,; . . . . SSBI4 . . . . PSNI . . . . I3
| HI . . . . SSBI5 . . . | PSNIe . . . . iMI4
KKLTI . . . . SSBI5 . . . . PSNI . . . . M5
KKLTI, . . . . WRI, . . . . PSNI, . . . . MI6
| KKLTL,, . . . . WRI, . . . . PSNIy . . . . RMI,
KMIT . . . . 'BEI . . . . PSNI, . . . L RMI,
KM . . . . ONAT . . . . PSNI, . . . . RML
KM, . . . . HFI . . . | PSNI . . . . RMI,
L . . . . L, ., . . . . PSNI, . . . . VHI
U, . s, | . . romt| . L
MHI . . . . L‘an . . . . RCQL . . . L VHIL,
MHL | . Y1 . ©ossen| . ©vHL
| i T i Do i Lo,
MSSMI, . . . . LPI2, . . . . SSBI6 | | . . VHI,
MSSMI, . . . . LPI2, . . . . SSBIG . . . . VHL
| NCKLy . . . . LP12 . . . . Tl . . . . CNBI
QSTI . . . . LPI3, . . . LTI . . . . GMSSMI,
RCHI . . . . LPI3, . . . LTl . . . (GMSSMI,,,,
RCHI, . . . . LPI3; . . . LTI, . . GMSSMI,,,,4
RGI . . . . RPI1 . . . LT, . . . GMSSMI,
RGIy 5 . . . . RPI2 . . . LT, . . . | GRIPI,
RGI . . . . RPI3 . . . LT, . . . . GRIPL,,
RGI, ) ) . . GMLFI . . ) ) T, ) ) ) | GRIPL,,,,
RIPL,,,, . . . . GMLFI, . . . . LTI, . . . | GRIPL,,;
RIPI, . . . | GMLFI,, . . . . I, . . . | GRIPI,,

-2.5 -1.1 1.1 2.5 -5 -2.5 -1.1 11 25 -5 -2.5 -1.1 1.1 25 -5 -2.5 -1.1 1.1 25

J.Martin, C.Ringeval, R.Trotta, V.Vennin
ASPIC project

Displayed Evidences: 9

50 / 58



Introduction

Slow-roll inflation

Primordial power spectra

Comparison with

observations

< Constraints on the
slow-roll parameters

«» Comparison with model
predictions

< Most generic reheating
parametrization

% The Encyclopadia

< Purpose

< Model predictions with
ASPIC

< Schwarz
Terrero-Escalante
classification

< Using the slow-roll
approximation as a proxy
< Accuracy of the
slow-roll approximation
< Bayesian model
comparison

< Jeffreys’ scale

+ Bayes factor for hundred

of models
< Narrowing down the
simplest with complexity

< Data constraining power

Using the ASPIC library

Bayes

PLANCK

-5

factor for hundred of models

AT
BI,
B,
B,
BI,
B,
Bl
| BIL
B,
CWI,
CWT,
DWI

CESI

'ESI,

ESI,
Eslﬁ

. BSlam
- GMSSMI,,
GMSSMI,,
GMSSMI,
| GRIPLg
GRIPI,,

| GRIPIL,,
| GRIPL;
| HI
KKLTI
KKLTI,

| KKLTL,,
KMIT
KM
KM,
S
L.,
MHI
MHI,
Ml—ns
MSSMI,
MSSMI,

| NCKL;o
0STI
RCHI
RCHI,
RGI
RGL, 6
Ray,
RGI,
RIF,.
RIPI,

-25 -1.1

opB

1.1 25

Bayesian Evidences In(&/&y)

RIPT,
RMI,
RMI,
RMI,
RMI,
|SBI
SBIMmm

| SFI

SFI,

SFI,

SFI,

SFI,

SFI,

. SFI,
st
. SFI,
SFI,.

'SFI,

SFI,
SSBI2
SSBI2;
SSBI3
SSBI3;
SSBI4
SSBI4
SSBI5
SSBI5,
WRI,
WRI,
'BEL
CNAI
HF1L
U,
LM,
Lu,
LMI2,
L:MIZP
LPI2,
LPI2,
LPI2,
LPI3,
LPI3,
LPI3,
RPI1
RPI2
RPI3
GMLFI

. GMLFI,
| GMLFL,,

-5 -25 -1.1

1.1 25

GML:FI, R
' GMLFL,,

MLFI
' GMLFL,
GMLFLy51/5
GMLFLy5 45
| GMLFI,
. GMLFI,
| GMLFI;,
. \LFI

PSNT,,;5
PSNI,c
PSNT,,
PSNIg,
PSNT,,
PSNI,,
PSNI,,
PSNL
PSNI,.
ROMI
RCQI
SSBIL
SIBIL,
SSBIG
SSBI6
™,
Tty
T
T
Thp
TI 1
I
oo
LTI,
T,

-5 -25 -1.1

J.Martin, C.Ringeval, R.Trotta, V.Vennin

ASPIC project

1.1 25

Planck collaboration
arXiv:1303.5082

TI
TI 1
Tl
TWL,,
TWL,
TWI
TWI
L,

i

i

'PLI

PLI,

. BSUSYBI,
| BSUSYBI,
. onar
dNDI
‘oSt

‘DSI

DS,

Dsl,

‘IMI

™I

IMI2

M3

iMIa

M5

MI6
RMI
RMI,,
RMI,
RMI,,
VHI

VHI,
VL,
VHI,
‘:«'HI3
VHI,
VHI,
CNBI

| GMSSMI,
‘GMSSML,,,
GMSSMI,, \
GMSSMI, 5
GRIPT,

| GRIPL,,
. GRIPI,,,
| GRIPL,,;

| GRIPL,,

-5 -25 -1.1 1.1 25

Displayed Evidences: 5

50 / 58



Bayes factor for

PLANCK

Introduction

Slow-roll inflation

Primordial power spectra 02
-0.21
Comparison with 008
observations oot
« Constraints on the o0
slow-roll parameters | | 000333
«» Comparison with model CC‘;&II ‘
predictions © ow
< Most generic reheating ‘ s 000534
parametrization Bo1e 008
ESLa7 |0.0

« The Encyclopadia 11111 Gssu,
< Purpose

< Model predictions with
ASPIC

< Schwarz
Terrero-Escalante
classification

< Using the slow-roll
approximation as a proxy
< Accuracy of the
slow-roll approximation

MSSMI,

< Bayesian model

comparison

< Jeffreys’ scale ;
-0.39

+ Bayes factor for hundred 016
-0.77

of models o1i

+« Narrowing down the o8

simplest with complexity 5 25 11

< Data constraining power

Using the ASPIC library

1.1 25

Schwarz-Terrero-Escalante Classification:

SSBI5;

hundred of models

Bayesian Evidences In(&/&y)

GMLFI,

-1.41 . GMLFL, EXH
: . MLFI 377
114 GMLFL,, EFE]
-0.37 . . GMLFLyg,
-0.85 . | GMLFL,; [N
031 GMLFI, ;| ~4.83
. . GMLFI, 5.6
: GMLFI, 7.43
-1.47 . j LFL. 2.36
123 LF1, R
.0_8? LFI, 2.62]
. LFI,
053 LF, I
041 LFI, 6.2
079 LPTI EXH
-0.3; ' ‘LPIL, -3.27
-0.4' ' LPILj, -4.42
054 LPIL 5 5.99
. NCKI,.g -3.91
. NI 2.3
o1 6.52
07" 'PSNI,
. PSNI,,;
. PSNI,c
. . PSNIg,
12 | PSNl,
-1.09 | PSNIy,
099 PSNI, -5.62
. . . PSNI,,
| PSNI
. . | PSNI¢
099 - rovt [IEER
136 RCQI 5.36
. SSBIL 4.27
SSBI, 6.24
" SSBIG EX]
SSBI6 6.08
. T, -1.9
TIhLi -4.37
T 5.19
TL 76.99
. S 152
T 4,64
TIE 7
GMLFT . Tl 2.65
TL, — 5.6
: : : I, <-7.78
-5 -2.5 -1.1 1.1 25 -5 -2.5 -1.1

J.Martin, C.Ringeval, R.Trotta, V.Vennin
ASPIC project

-3.64

TS ‘ ~ <16.99

I <12 <-16.33]
1111 e
o ! (WL 073
-1.27 . . W [l -0-83
. . LTWI -2.74 ]
Twr [JEEH
11, -7.61
T, -7.56]
T, <7.79
PLI -7.04]
. . PLI, — 723
119 ) BSUSYBI, 6.65
. . BSUSYBI, -6.44
CNCI -7.72
CNDI <-7.9]]
CSI <-7.8]
DSI <-8.51
DSI, =84
DSI, <-8.47|
VI
' ' TMI1
-0.65 N IMI2
-0.83 . IMI3
2113 IMI4
-0.42 . MI5
-0.41 . TNIG
064
,0_43 IR
-0.42 : [T
L0.43 . VHI
. VAL,
12
VI,
VHI,
VI, <-7.82]
VHI,_, <-7.8]
. [EN 168
| GMSSMI, 2.54
GMSSMI,,, 6.4
GMSSMI,, 537
GMSSMI,, 5 <-7.82
GRIPI, -2.77
GRIPL,, -5.05
GRIPL,, -4.29
GRIPL,; — 2.9
. GRIPI,,, (. 4.62
1.1 25 -5 -2.5 -1.1 1.1 25

Displayed Evidences: 194

50 / 58




Introduction

Slow-roll inflation

Bayes factor for hundred of models

PLANCK

Bayesian Evidences In(€£/&y;) and In(L,,../Em)

Primordial power spectra 02« . : : : : L L
019 <« R GMLFI, -3.64 I [TTITIES <-16.99 RS
. . -0.21 <! -141 ! GMLFI,, -3.05 T <2 <-16.33 N
Comparison with 008 <’ s MLFI 377 M- PSE <
. -0.02 <. 114 <! GMLFIL; -5:23 . CTWL, 073 <!
observations BI; [0.01 <! -0.37 <. GMLFly 5,3 -1.23 (TWI -0.83 <
+ Constraints on the Bl [0.02 <. 085 <. | GNPl W < ™ N <
Bl |0.04 <. -031 <. GMLFIL, ;| 4.83 . Ul -1.55 Lo
slow-roll parameters BLj0.03 <! ] < GMLFI, S u, 71
o ) . 033 . D GMLFL, 7.43 | I, 7.56
«» Comparison with model & 147 <! U R < I 779
P < 123 < LFL, [EIEE] <1 PLI
predlctlons g 087 < LFIL, 262 PLI,
o Q 0 ESI[0.03 <1 EXE] < . LFL; 119 BSUSYBI, -6.65
o ] . . . . . ’
% Most generic reheating 054 < 053 < L, | BSUSYB, a4
parametrization 001 <A 041 < Ll o7 SO 77
ESIy3 ]0.05 <A -0.79 < LPI1 -3.95 R CNDI <-7.91]
*, = ESI,; 0 . 0.3 . 'LPIL = . [ 7.
% The Encyclopadia VB 00 < 03, < LPIL, 327N : <78
: : 04" < LPIly,y -4.42 ' ' DS <-8.51f
o - 0.54 <! LPTL 590 RN ST, Py
% Purpose o Lo« NCKL,. o1 DST, <547
o, . e . -0.96 <! ey : NI' ) P ™ML <-7.79|
<4
% Model predictions with T i o = — —
ASPIC s 07 <! PSNLy, [065 < TR =738 :
. GRIPI,, ' ' Ly PSNI, -0.83 <. IMI3 <-7.8] .
% Schwa rz 0 <« g PSNI 0 113 <) TMIZ PERT .
2034 <. SSBI5; Lo . PSNIy, -0.42 <. IMI5 <-7.79] )
Terrero-Escalante KKLTL |0.02 < 120 < | PSNI, 041 <. TMIG <7.78 .
classification Lufl-032 < e Pon [ll-0.64 <. ;o ML EEER <
i KMIT (0.0 <A 0.99 < PSNIgy -5.62 [ : - RMI -2.84 <
< Using the slow-roll KM J0.07 <! al TP, o4l <t T — ‘
. . KMIly. |0.01 < ' ' © PSNI; [J-042 < ML <-9.26
approximation as a proxy 087 <« o U PSNL. Bl-043 < T =1
051 <« 099 < rovt EEE < VI, B <
% Accuracy of the 03 <« 136 < RCQI By < e BE <
- i i 0.82 <, RS SSBIL -4.27 ' VI, <78 '
slow-roll approximation Ao < o - — . i =78 |
K3 2 ' ' ' 'S 3 ' ' VI, 2 '
** Baye5|an model Co S * SSBIG EE] < ! T, =787 :
. < . . SSBIG; -6.08 N ! VHI, <-7.8] RN
comparison | | | . . < . onel BT < |
P P s, ~257 [T | GMSSMI, B <
< Jeffreys’ scale R Dot T So [ GMSSML, X <
. . Lo T, ), -6.99 NP GMSSMI,,,, -5.37 LA
+ Bayes factor for hundred 038 <! L Do, SRR < GMSSML,, =E <
RGlLy [|-0.16 <4 - R T, -4.64 RSN GRIPI, -2.77 RS
of models 077 ! L TI 7.12 [ GRIPL,, L
o - 011 <1 i < : Tl L GRIPI,,,, g
L X4 " ' ' SIS ' ' v ' '
%! Narrowmg down the 0.96 <A © GMLFL,; g <t TI,, 526 [ENERER GRIPL,; Rk
simplest with complexity Lo L onuEn, IR < L <775 IR GRIPL, <
-5 25-11 11 25 5 25-11 11 25 5 25 -11 11 2. 5 25-11 11 25

< Data constraining power

Schwarz-Terrero-Escalante Classification:

Using the ASPIC Iibrary J.Martin, C.Ringeval, R.Trotta, V.Vennin

ASPIC project

Displayed Evidences: 194

50 / 58




Introduction

Slow-roll inflation

Primordial power spectra

Comparison with
observations

< Constraints on the
slow-roll parameters

«» Comparison with model
predictions

< Most generic reheating
parametrization

% The Encyclopadia

< Purpose

< Model predictions with
ASPIC

< Schwarz
Terrero-Escalante
classification

< Using the slow-roll
approximation as a proxy
< Accuracy of the
slow-roll approximation
< Bayesian model
comparison

< Jeffreys’ scale
< Bayes factor for hundred
of models

+* Narrowing down the
simplest with complexity

« Data constraining power

Narrowing down the simplest with complexity

® Bayesian complexity ~ the number of constrained parameters

C = <_2 In £> + 21n »Cmax = Nunconstrained — Nparam —C

Displayed Models: 66/193

In(&/Ey) ‘

0.‘5 1.‘0 1.‘5
Number of unconstrained parameters

I STE, @ STE, , , STE, Q STE, Q ste;, @ STEI,Z,sl




Introduction

Slow-roll inflation

Primordial power spectra

Comparison with
observations

< Constraints on the
slow-roll parameters

«» Comparison with model
predictions

< Most generic reheating
parametrization

% The Encyclopadia

< Purpose

< Model predictions with
ASPIC

< Schwarz
Terrero-Escalante
classification

< Using the slow-roll
approximation as a proxy
< Accuracy of the
slow-roll approximation
< Bayesian model
comparison

< Jeffreys’ scale

< Bayes factor for hundred
of models

< Narrowing down the
simplest with complexity

+« Data constraining power

Using the ASPIC library

N, models

200

50

Data constraining power

® Comparison between PLANCK and future CMB experiments

[ strong

[ moderate

[ weak

23 inconclusive

Planck

PrismESIfd

PrlsmMHIﬁd

LiteBIRD

LiteBIRDpy;

LiteBIRDy;

LiteBIRDyg;

LiteBIRDyyy;




Introduction

Slow-roll inflation

Primordial power spectra

Comparison with
observations

Using the ASPIC library

*» Automated installation

« Importing the library

< More options

Using the ASPIC library

53 / 58




@ Outline

Using the ASPIC library

Automated installation
Primordial power spectra Importing the “brary
Comparison with MOI’e Opt|0ns

bservation .
E— A toy program with LFI
Using the ASPIC library

*» Automated installation

Introduction

Slow-roll inflation

« Importing the library

< More options

A toy program with
LFI

54 / 58




@ Automated installation

® Released as a GNU software (license GPLv3)

Introduction

Slow-roll inflation 4+ Requirements: an Unix-like system (Linux, Mac,...) + fortran 08
Primordial power spectra com p||er

Comparison with

observations

4+ Download the source code at:
http://cp3.irmp.ucl.ac.be/~ringeval/aspic.html

< Importing the library
< More options

A S I N 4+ Unpack the archive, configure, compile and install in PREFIX

tar -zxvf ./aspic-0.3.1.tar.gz
cd aspic-0.3.1/

./configure --prefix=/home. ..
make

make install

® \Within PREFIX, standard Unix tree
4+ Library in 1ib/

4 Include files in include/ and documentation in man/
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@ Importing the library

® Into your source code

Introduction

Slow-roll inflation 4+ Import everything or particular modules and functions
Primordial power spectra
Comparison with include ’aspic.h’ use lfisr, only : 1lfi_epsilon_one,
observations .
_ _ 1fi_epsilon_two
|
% Automated installation use srflow, only : scalar_spectral_index
4 i he lib .
use srflow, only : tensor_to_scalar_ratio

< More options

< A toy program with
LFI

® Link your code toy.f90 to the (already) installed library
4 ASPIC is in the library path of your system

gfortran -c toy.f90
gfortran toy.o -o toy -laspic

4 ASPIC installed in PREFIX=/home/. ..

gfortran -I/home/.../include/aspic -c toy.f90
gfortran toy.o -o toy -L/home.../lib -laspic
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More options

® Exhaustive documentation

Introduction

Slow-roll inflation 4+ http://cp3.irmp.ucl.ac.be/~ringeval/man/libaspic.html

Primordial power spectra

Comparison with 4+ Installed on your system: man libaspic and man aspic_777

observations

Using the ASPIC library

% Automated installation

<% Im porti ng the libra ry liblpi(3) Module convention liblpi(3)
«» More options NAME
< A toy program with Ipil Ipi2 Ipi3 - the logarithmic potential inf ation modules
LFI
SYNOPSIS
Physical potential V(phi) =M"4 x"p log(x)"q
Routine units real(kp) :: x = phi/phi0
Parameters real(kp) :: p,q,phi0
DESCRIPTION

The Ipi1 module is used for the logarithmic inf ation at large f eld values, namely in the region for which ’x
> 1°. In this regime, inf ation proceeds at decreasing f eld values and naturally ends at "xend’ returned by
the function Ipil_x_endinf(p,q,phi0).

The Ipi2 module is used for the logarithmic inf ation at intermediate f eld values, namely in the region for
which ’xVmax < x < 1’. In this regime, inf ation proceeds at increasing f eld values and naturally ends at
’xend’ returned by the function Ipi2_x_endinf(p,q,phi0).

Finally, the Ipi3 module is used for the logarithmic inf ation at small f eld values, namely in the region for
which ’0 < x < xVmax’. In this regime, inf ation proceeds at decreasing f eld values and naturally ends at

’xend’ returned by the function Ipi3_x_endinf(p,q,phi0).

Shared functions can be found in a module named lpicommon. The value of ’xvMax’ is returned by
Ipi_x_potmax(p,q,phi0) accessible through
use Imicommon, only : Imi_x_potmax

AUTHORS
Jerome Martin, Christophe Ringeval, Vincent Vennin

® Checkout the README file for more options and troubleshootings
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A toy program with LFI

program toy
use infprec, only : kp
use Ifisr, only : [fi_epsilon_one, Ifi_epsilon_two
use Ifisr, only : [fi_epsilon_three, Ifi_x_endinf
use lIfireheat, only : Ifi_x_rreh, Ifi_x_star
use srflow, only : scalar_spectral_index, tensor_to_scalar_ratio
use cosmopar, only : InMpinGeV, PowerAmpScalar
inplicit none

real (kp) :: InR
real (kp), dimension(3):: eps

real (kp) :: DeltaN
real (kp) :: p, xstar, xend
real (kp)::ns,r

real (kp) :: ErehGeV, wreh,InRhoReh
p=2

Iradiation-like reheating
InR =0._kp

xend = Ifi_x_endinf(p)
xstar = Ifi_x_rreh(p,InR,DeltaN)

print *' xend= xstar= DeltaN%xend,xstar,DeltaN
eps(1) = Ifi_epsilon_one(xstar,p)
eps(2) = Ifi_epsilon_two(xstar,p)
eps(3) = Ifi_epsilon_three(xstar,p)

ns = scalar_spectral_index(eps)
r = tensor_to_scalar_ratio(eps)

print *' ns=r=',nsr
read(*,*)
Imatter like reheating at Ereh=10"8 GeV
ErehGeV = 1e8
wreh =0
InRhoReh = 4._kp*( | og(ErehGev)-InMpinGev)
xstar = Ifi_x_star(p,wreh,InRhoReh,PowerAmpScalar,DeltaN)
print *’ xend= xstar= DeltaN5xend,xstar,DeltaN
eps(1) = Ifi_epsilon_one(xstar,p)
eps(2) = Ifi_epsilon_two(xstar,p)
eps(3) = Ifi_epsilon_three(xstar,p)

ns = scalar_spectral_index(eps)
r = tensor_to_scalar_ratio(eps)

print *' ns=r='ns,r

end program toy

FC=gfortran

FCFLAGS=-g
LFLAGS=-L/home/chris/ustr/lib —laspic

INCLUDE=-I/home/chris/usr/include/aspic
default: toy

%.0: %.f90
$(FC) $(FCFLAGS) $(INCLUDE) -c $<

toy: toy.o
$(FC) $(FCFLAGS) toy.0 -0 $@ $(LFLAGS)

clean:
rm toy *.0 *.mod
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