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@ Planck 2013 results for inflation summarized

® Favour minimal assumption scenarios

Introduction

% Planck 2013 results for

inflation summarized * Flatness (QK — O)

% Basic theoretical

assumptions o o o o o _ +0.0066

4 Decoupling field and QK =1—Qqm — W QA — O'00—0.0067 (PLANCK+WP+BAO)

space-time evolution
< The end of infl@ion and

after 4 Adiabatic initial conditions: isocurvature modes are constrained
<& éeheating effects

< Inflationary —

perturbations in slow-roll VX PX (k) P<k>

620 Solving for the time of
pivot crossing

O The optimal reheating 4 Quasi scale invariance of the scalar modes
parameter k ne 1
Comparison with
observations k3P(k) — A (—) :> ns — 09619 :l: 00073
Data analysis in model k*
space ®
3 i 4+ Gaussianity of the CMB anisotropies
O .
Perspective 11\?1(3 — 27 -+ 58, 1%% — 49 + 757 1C\}Iﬂ:ho — —25 + 39
O
O () oy
O O

3/36




@ Planck 2013 results for inflation summarized

\.
® Favour minimal assumption scenarios b

Introduction ® @
« Planck 2013 results for Py \

inflation summarized * Flatness (QK — O) \
% Basic theoretical
emetions Q. =1— Qg — O, — Q, =0.001 2  (PLANCK+WP+BAQ)

< Decoupling field and

space-time evolution

% The end of infl§ion and . . . e . - . .
after 4 Adiabatic initial conditions: ispcuMéture modes are constrained

<& 5eheating effects
VX ) = P(k)
620 Solving for the time of Q
pivot crossing . . .
O The optimal reheating 4 Quasi scale invaria nce% e scalar modes

parameter

Q l f ng—1

Comparison with k

obsefvations ' k3P(k) _> — ns p— 09619 :l: 00073
Data analysis in model k*

space .

Planck%nstraingn . . .

reheating + Gaussmr?g the CMB anisotropies

5 758, f9 = 42475, foho — o5 4 39

< Inflationary
perturbations in slow-roll

Perspective IV

O O
O O

3/36




@ Planck 2013 results for inflation summarized
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® Favour minimal assumption scenarios . @b
AR
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inflation summarized * Flatness (QK — O)
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o O o5 ® Thisis also called: single-field slow-roll inflation
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+ Makes extra-predictions: fi2¢ = O(ng — 1) and 3r > 0
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@ Basic theoretical assumptions

® Dynamics given by (k% = 1/M?2)

% Planck 2013 results for
inflation summarize 1

1
5= [ @' vTa [gaR L0 with L) = 0.6~ V(0
% Decoupling field and)

e

space-time evolution

% 'he end of inflation and .

+0 ' ® Can be used to describe:

< Reheating effects L . L

¢ Inlationary. ” 4+ Minimally coupled scalar field to General Relativity

ertur aglons In SIOW-ro

e o e tiget 4+ Scalar-tensor theory of gravitation in the Einstein frame

% (The optimal reheating . . . .

parameter O the graviton' scalar partner is also the inflaton (HI, RPI1,...)
Comparison with

observations

Diata anilysis in modés ® Everything can be consistently solved in the slow-roll approximation
Gpace

)i e + Background evolution ¢(N) where N =1na
o%fspea‘go — 4+ Linear perturbations for the field-metric system ((¢,x), dop(t, x)
O)
O ® Slow-roll = expansion in terms of the Hubble flow functions [schwar: o1]
O
O
Hip; In |¢; . .
€9 = . €41 = <il measure deviations from de-Sitter
o H dN
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Introduction

% Planck 2013 results for
inflation summarized

< Basic theoretical
assumptions

% Decoupling field and

space-time evolution

The end of inflation and
after O

% Reheating effects

<& Inflationarp
perturbations in slow-roll

« Solving for the time of
pivot crossing

< The optimal reheaw
parameter

Comparis%n with
servations
O

Data analysis ind’nodel
space

Planck const@aigs on
reheating

Perspective

()
s O

O

O

O

Decoupling field and space-time evolution

.

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

H2: s V
wetfiee) | e
3 \2 = < 2 \dN = ' 2
a 1/, 5 1 /do
L dN 2 \dN

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

%__ 3—e¢; dlnV
dN 3—61-|-6—2 do
2

1 d2¢
3—61 dN2

L do _ dhv
AN~ d¢

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

4 The trajectory can be solved for N

B N $end V()
" Ne“d—/¢ Vi)
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@ The end of inflation and after

— ® Accelerated expansion stops for e; > 1 (@ < 0) at N = Nepq

< Planck 2013 results for . . . .
S ——— 4+ Naturally happens during field evolution (graceful exit) at ¢ = ¢peng

< Basic theoretical (O

assumptions o
Oé DecouPling fieJd_and €1 (¢end) T ]‘

space-time evol n
D

% The end of inflation and

4+ Or, there is another mechanism ending inflation (tachyonic

e effects (5 instability) and ¢enq is @ model parameter that has to be specified

< Inflationary
perturba@ns in slow-roll

« Solving for the time of

pivot,crossing ® [he reheating stage: everything after N.nq till radiation domination
< The optimal reheating

parameter

Compéfison with 4+ Basic picture —

observations

Data analysis@ model

Inflati t
space. nflationary par

4+ But in reality a very
) .
PIanE:(IZ)constraintSQ Comp|lcated process,
reheating @) . .
microphysics dependent

Perspectivqy Reheating stage
o O 4+ Reheating duration is
unknown:
O
o ° AN,ep, = Ny, — N, |
0O ® O reh = 4{Vreh end  fena ¢
b °
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@ Redshift at which reheating ends

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

Introduction

% Planck 2013 results for

inflation summarized *
+ Basic theoretical O

assumptions,

. . 3 — 43
If thermalized, and no extra entropy production: a; j Sren = a>s,

% Decoupling field arfe 1/3 1/4 1/4
space-time evolution ( 27-‘-2 3 CLO L qreh go/ IOI'eh
R Nl Vo b

- 45 e Qo Yren Py
+ Reheating effects < 9 — /
< Inflationary Tr 4 1/4
perturbations in slow-roll o —T o ,Oreh
+ Solving for the time of \ preh greh 30 reh or 1 _|_ Zreh — ( ~ )
pivot crossing pfy
< The optimal Qmating
parameter
Comparison with ® Depends on pren and py = Qrenps
observations
Data analysis in model 2
== 4+ Energy density of radiation today: =3—=0
Planck constraints on gy y y p'y M2 rad
reheating P
Perspective 4+ Change in the number of entropy and energy relativistic degrees of

freedom (small effect compared to pren/p~)
O
1/4
_ Yreh dy
() Qreh =
9 Qreh
O
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(U  Redshift at which inflation ends

® Depends on the redshift of reheating

Introduction
% Planck 2013 results for

inflation summarized 1/4 1/4
*» Basic theoretical afo afreh afreh preh 1 pend
assumptions 1 —+ Zend — — (]- + Zreh) — ~ — ~
% Decoupling field and Aend Aend Aend P~ Rrad P~

space-time evolution

% The end of inflation and
after

(% Reheating effects Aend

T 4+ The reheating parameter R,..q =
perturbations @Iow—roll Qreh
< Solving for the time of

Oyt crosshe 4+ Encodes any observable deviations from a radiation-like or
< The optimal reheating

parameter instantaneous reheating R,,q = 1

Comparison with
observations

1/4
pend) /
Preh

Dflzaaeanalysis in moc&:é? o Rrad can be expressed in terms Of (preh,wreh) or (ANreh,mreh)
Plan:k constraints on
reheatin A]\[1" ]- - 3_1" r
S g ° In Rrad — —eh(gwreh — 1) — uj_eh In (p eh)
Perspective 4 12(1 _|_ wreh) pend
OO
1 Nren P N
O where W, = —/ Ld]\f
() Ci AN:en Nend p(N)
) ® A fixed inflationary parameters, z.nq can still be affected by R,.q
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Introduction

% Planck 2013 results for
inflation summarized

< Basic theoretical
assumptions

< Decoupling field and
space-time evolution

% The end of@ﬂation and

after

< Reheating effects

< Inflationary

perturbations in slow-roll
« Solving for the time of
pivot crossing

& TR optimal reheatyy

parameter

Com parisonowitIO
observations O O

Data analysis in model
space

Planck constraints on
reheating

o
Perspective @)

O

Reheating effects on inflationary observables

Inflation

N* ~ 50-70 efolds

A

\

Nobs ~ 10 efolds

Reheating

Nreh ?

e e N S

1R SR N 5 W N
i i i

Radiation

Pk)

Matter

J
— : >
N \/ A4 7 N=In(a)
a Beng Ben Beq
® Model testing: reheating effects must be included!
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Inflationary perturbations in slow-roll

® Equations of motion for the linear perturbations

Introduction
% Planck 2013 results for

inflation summarized

< Basi retich urT ah Q. /€ 1"

e e R P VAV
aV2¢ N ay/€1

< Decoupling field and MS
space-time evolutio

% The end of inflation and
after

<& Reheatir?g effects . . . .
% Inflationary ® Can be consistently solved using slow-roll and pivot expansion [stewart:1993,

perturbations in slow-roll

% Solving for the time of Gong:2001, Schwarz:2001, Leach:2002, Martin:2002, Habib:2002, Casadio:2005, Lorenz:2008, Martin:2013, Beltran:2013]

pivot crossing

< The optimal reheating . Hz 12014 0 o N 2 34 20 + 002 2 N 72 6— C + o2
= — — e1x — Ceg —_ = € — — 6 — €1% €2
parameter C 871-2M1:2)61* * * 5 1= 19 * €2 %
Comparison with
observations w2 c? ) w2 c?
14— -
Data analysis in model * 8 * 2 2% T 24 2 €2 €3
space ~
L 2 2 k
Planck. constraints on + [— 2€14 — €24 +(2+4C)e], + (=1 +2C)eqye4 + Ceqy, — 062*63*i| In [ —
reheating k
Perspective (O 2 L o 1 2 k
= + 261*+€1*€2*—|——€2* — —€9,€3,|In —_ ,
2H 2 2] 2 2 2
Pr = — 2{1—2(1+C)61*+[—3+—+20+20]61*—1— —24 — —2C — C?| €1, €04
4 M 2 12
5 P
S 2 k 2 2 [k
+ [—261* + (24 4C)e, + (-2 — 20)61*62*} In [ — | + (261* - 61*61*> In — }
>k >k

O ® Notice that: H, = H(N,) and €;, = ¢;(V,) with kE.n(N,) = —1 1036
U
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Introduction
% Planck 2013 results for
inflation summarized

< Basic theoretical
assumptions

< Decoupling field and
space-time evolution

** The end)of inflatiop—and
after

< Reheating effects

< Inflationary

ons in slow-roll

% Solving for the time of

pivot crossing

< The optimal reheating

para meterO

Comparison with©
observations

Data analysis in model
space

Planck constraints on

reheating O
O

Perspective

Solving for the time of pivot crossing

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

1
k a(N. a e~V | s
= = ( *)H* — eN*_Nend end H* — - = BAN* Rrad (p?nd> H*
a, Qg a, 1+ Zend P

- ke 1 _
® Defining N, =In| — 71 (number of e-folds of deceleration)
@ b

4+ This is a non-trivial integral equation that depends on: model +
how inflation ends + reheating + data

o V() B 1 5
) /qs Vi) | T flea = Mot g G

_ 1 In J V(gbend) }

4 { €1 <¢*)[3 — €1 (¢end>] V(¢*>

4+ Arbitrarily fixing AN, (or ¢.) = postulating a generally wrong

solution to this trivial equation!
11/ 36



@ The optimal reheating parameter

Introduction

% Planck 2013 results for

inflation summarized
30& asic theoretical

mpt@s

< Decoupling field and

space-time evolution

** The end of inflation and

after

% Reheating e%ects

“»Inflationary

perturbations in slow-roll

« Solving for the time of

% The optimal reheating
parameter

mparison with
observations  ~

O
Data analysis in model
space

Planck constraint@on
) reheating O

Perspectiveo

Defining the rescaled reheating parameter (astro-ph/0605367)

1
In Reep, = In Rypag + 1 In pend

4+  Within a given model, one-to-one correspondance between R,.q
and Rreh

“Magic" cancellation in the reheating equation (also valid out of
slow-roll)

1 9 V(bend)

P V() - o1
- /cbend V’(w)dw = I fren = Ny an 3 —€1(Pena) V(dx)

Using R, avoids correlations with P, in performing data analysis
Assuming —1/3 < Wyen < 1 and ppue = (10 MeV)* < pren < Pend

1
—46 < In Rye, < 15+ 3 In pend
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Introduction
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< Planck 2013 constraints
on slow-roll

«» Comparison with model
predictions

< Most generic reheating
parametrization

I’t'fIIEnc.:ycIo;.)aedia O
‘2'9urpose - ® L
#ASPIC sanple Comparison with observations
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parameterizations
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Planck 2013 constraints on slow-roll

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

Introduction

Comparison with + Constraints on ¢;, and P, (or H?/e1,)

observations

% Planck 2013 constraints
on slow-roll
«» Comparison with model
predictions

. . 0.08F 3
% Most generic reheating

arametyization
paramed) : -2.4f 1
& Encyc|o©d|a 0.061 i
Inflationari
< Pu@se
« ASPIC example
progrym with LF1 ~
% ASPIC and alternative —4.0t | 0.02
parameterizatio%s

~ 0.04}

€

log(e, )

< Model predictions with
ASPIC —4.8 . 0.00} .

# Schwarz 3.00 3.05 3.10 3.15 3.20 3.00 3.05 3.10 3.15 3.20

Terrero-Escalante 10 10
Elassification In(107" P,) In(10™ P,)

Data analysis in model

o 0.16

Planck constraints on

reheating 0.08

Perspective

& 0.00

log(¢; )

-0.08

-0.16 4

) 0.00 0.02 0.04 0.06 0.08 0.00 0.02 0.04 0.06 0.08
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Introduction

Comparison with
observations

% Planck 2013 constraints

on slow-roll
< Comparison with model
predictions

% Most genefi¢ rehe@ing
parametrization @)

< Encxslopae@
Inflationaris

< Purpose

% ASPIE example
program with LE'T
 ASPIQ)and alternative
parameterizations

< Model predictions with
ASPIC

'Schwar.
Terrero-Escalante
classifieation

() Data a(glaly5|s in model
space

Planck constraints on
reheating

—~, Perspective
-/

Comparison with model predictions

® Can only be done from the input of Ryen, of Ryad, O (Wren, Pren)

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

4+ Example: LFIy with Wen = 0 and prue < Preh < Pend

Wrel"l

=0

_|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
S e log(E,, / GeV)
10°E . w0
O | \\\\ \\\\
w \
10_3:_ \‘\ _:
L “-- WMAP9 + HST
- L : — PLANCK 2013 | ]
10'4_— .: |'. ; :. =
_||||||||||||||||||||||:|||||||||||||||||||| |||||||||||‘|||| ||||||||||||||||||||||||||||||||||||||||||_
-0.04 -0.02 0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
5

20
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Introduction

Comparison with
observations

< Planck 2013 constraints
on slow-roll

«» Comparison with model
predictions

s Most generic reheating
parametrization

O‘i‘ Encyclopadia
Inflationaris
< Purpose
« ASPIC example
program w&h LFI
< ASPIC and alternative
parameterizations
«» Model predictions with
ASPIC
< Schwarz
Terrero-Escalante
classification

Data analysis in model
space

Planck constraints orO
reheating

Perspective

Most generic reheating parametrization

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

Rreh (Or Rrad )

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

InFereh

---- WMAP9 + HST
— PLANCK 2013

0.06
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Encyclopadia Inflationaris

® With J. Martin and V. Vennin

Introduction

Comparison with
observations

< Planck 2013 constraints
on slow-roll

«» Compafison with model
predictions

< Most generic reheating
pa@metrization

« Encyclopaedia

< Purpose

« ASPIC example

program with LFI

< ASPIC and alternative

parameterizations

< Model predictions with
O aspIC

< Schwarz

Terrero-Escalante

classification

Data analysis in model
space O

Planck constraints on

SN
" e
-l

—— e

http://arxiv.org/abs/1303.3787
http://cp3.irmp.ucl.ac.be/~ringeval/aspic.html
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Purpose

® Quasi-exhaustive analysis to derive reheating consistent observable

Introduction

predictions for all slow-roll single-field inflationary models

observations

% Planck 2013 constraints ® Comes with a public code (ASPIC)

on slow-roll
< Comparison with model . .
(Fyeliction ® Currently supports more than 50 motivated classes of potential

% Most generic reheating
parametrization

5 ) Name Parameters || Sub-models - Vi(f‘/)m‘/M = N 1 ut ( Mpl ) Y (T“Q) —B=
< Encyclopzedia HI 0 ! T G kD) KMIIL 2 1 M1 - agex ( )]
i ; RCHI 1 1 M* (1 — 2e~V2/36/Mer |- A L) i o (At
Inflationaris ' (2 :E"L’\/EM LMI 2 2 M (5)" exp[=6(o/Mn)']
LFI w
L0 N I
% ASPIC examp|e RCMI 1 1 M“( o ) [1 2a—1n(M )] GMSSMI 2 2 M [(%)nga(%)%r%(%)m]
. Ipy p1 -
program with LF'I RO . 1 21 (3) [t — o ()] pu— 5 5 " K%)z’%a(%)J*%(%)A]
< ASPIC and alternative NI 1 1 M1 cos (9)] BSUSYBL ) . o (e\/g%m +e\/gwﬁ)
parameterizations - : - M Aﬂ%;i;":,:”) o 2 3 M (14 cos 2+ asin? £)
< Model predictions with KMIT 1 2 Mt (1*&%6_‘#/’“"') BEI 2 1 Mlexp_g *%)
D ASPIC HFL L 1 it (HAI%I) [17§(1+A:‘&> Mp.)z] PSNI 2 1 M1+ aln (cos%)]
% Schwarz owl ; : " [1 . (2)411]( )] NCKI 2 2 M [1 talh (Mp.) +5 (%) ]
Terrero-Escalante o Gst 3 1 ey
lassification LI 1 2 M1+ am (58] i)
classifica - ; e e or ) 1 e (2) [(mz) -]
Data analysis in model DWI L ! e [(01)271] oNet 2 1 A [(3+ o) coth? (50 ) — 3]
0 4
space = MHI 1 1 M1 seeh (2)] SBl 2 § M4{1+ [Fa s ()] () }
. 2 g 4
Planck constraints on s ! ! fﬁ%l _ i ’ ’ " [Ha(:”"‘z t:(% ]
reheating MSSMI 1 1 Mt [(3”;) “3(2) +1(2) ] ™I 2 1 M (32) .
wn | [ [ e[ i@ @] w | 2 ]| o G EON
Perspective Al 1 1 M1 = Zarctan (2)] RMI 3 4 M- g (-f+md) ]
o CNAI 1 1 M3 (3+ 0?) rank? (5535)| VHI 3 ! i ()]
CNBI 1 1 M (3 —a) ran? (S72) - 3] DSI 3 1 a [1 4 (%)ﬁ]
0STI 1 1 e (fa) In [(fﬂﬂ GMLFI 3 1 M () i+a ()]
@) WRI 1 1 aim(2)° LPt 3 3 () (mg)”
SFI 2 1 - (2 CNDI 3 3 U T RN
S L2l

O 15— —16 -
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Introduction

ASPIC example program

Comparison with

observations

< Planck 2013 coréraints
on slow-roll

«» Comparison with model
preéctions

+ Most’generic rehgating

parametrization

< Encyclopzaedia
Inflationaris

O

< Purpose

« ASPIC example

program with LEF'I

< ASPIC and alternative
parameterizations

«» Model predictions with
ASPIC

< Schwarz
TerrefoyEscalante
claésification Cj) O O
Data agysis in modeIO
space

Planck constraints on
reheating o

Perspective

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 *' nssr='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= 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 *' nssr='ns,r

end program toy

with LFI

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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Introduction

Comparison with
observations

< Pfanck 2013 constraints
on slow-roll

< Comparison with model
predictions

< Most generic reheating

parametrizati

< Encyclopzaedia
Qnflationaris O

< Purpose O

# ASPIC examfld

program with LFI

< ASPIC and alternative

parameterizations

< Model predictior6 with

ASPIC

< Schwarz

Terrero-Escalante

classification

OData analysis in model
space

Planck constrﬁts 6n
reheating

Perspective

O

ASPIC and alternative parameterizations

. . P(N) 2
® Postulat lution f N)=——~F=—-€¢1(N)—1
ostulating an evolution for w(N) (V) 361( ) &
( %_i\/g(l—l— )1/2 1/2
AN v ¢=¢end$\/§/(1+w) AN
| dinV din(1 —w)
— _ _ —3 [(1+w)dN
T 3(1+w)+ N Vox(l-—w)e

4+ Strictly equivalent to specify V(¢) up to the normalisation M*
M*, AN, are obtained from P, + Ry, + solving w(Nepq) = 1/3

® Expanding ng(N) and r(IN) around N, < choosing V(¢) around ¢,

S

dN /8
danN r(

ne = 1 — 2¢y —62—|—0(62>

r = 16€; + (9(62) e

. dN 8

1 — —r/8
N nsg —r/
6—1r/8

+ But M*, AN, have to be postulated, reheating consistency lost

® A given parameterization = 1 model in ASPIC

20 / 36



Introduction

Comparison with
observations

‘3‘danck 2013 constraints
ohglow-roll

«» Comparison with model
predictions

% Most generic reheating
parametri@tion

& Eoncyclopaedia
Inflationaris

< Purpose

« ASPIC example
program with LE'T

< ASPIC and élte6ative
parameterizations

* Model predictions with
ASPIC

< Schwarz
Terrero-Escalante
classification

Data analysis in model
space

Planck constraints on
deheating
J

Perspective ©

Model predictions with ASPIC

® For all Encyclopaedia Inflationaris models

consistency relations)

Martin, Ringeval, Vennin (arXiv:1303.3787}

(=)

0.92 0.94 0.96 0.98 1.00

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

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

k'g (’1-1'(-l|..""I GE‘V)
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Schwarz Terrero-Escalante classification

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

Introduction

1

observations .

< Planck 2013 constraints K — _¢2 p — K —|_ V P — K - V ~ _p
on slow-roll 2

< Comparison with meoglel
predictions

ST cIass 1 | | ST class 2

1.4} 14}

| ST class 3

< Most generic r@‘%at&?
parametrization

< Encyclopzedia
Inflationaris 1.2} Plateau inflation 12|
< Purpose
 ASPIC exampllQ
program with L

< ASPIC and alternative
parameterizations

350 Vacuum dominated inflation

Large field inflation

< Model predictionsdlith
ASPIC

«» Schwarz
Terrero-Escalante

o classification

O
Data analysis in%odeb)

space 1 2 3 4 5

Planck chgtraints op ¢/ M, ¢/Mp, ¢/ Mpy
reheating

Parspective ¢ O ® In terms of slow-roll parameters

®

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

% Jeffreys’ scale

< Spegting up evidence

caIcuIQ)n

< Accur of ASPIC +
Fective@elihood

% Bayes factor for hundred

@ models

< And, the winners are. ..

< Narrowing down the
simplest with complexity

Planck constraints on
reheating

Perspective

Using the slow-roll approximation as a proxy

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

Pe(k)

—— CAMB +— CMB data
Pr(k)

(Oint, Ryen) —> ASPIC — €, —

® Example: Planck 2013 data analysis with LFI

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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@ Bayesian model comparison

® Bayesian evidence

Introduction

CargrErtEer i 4+ For each model M, marginalisation over all parameters

observations

Usingtheslow—roll 8(D|M) — /d@ﬁ(e)ﬂ'(el,/\/l)

approximation as a proxy

< Bayesian model
comparison

N O
< Jeffreys' scale
< Speeding up evidence

Salculoion 4+ Gives the posterior probability of M to explain the data D

< Accuracy of ASPIC +
effective likelihood (7))

% Bayes factor for hundred B 5(D’M)7T(./\/l) o
.:ﬁnddﬂl\sgvizners(%e... p<M‘D) o p(D) Where p(D) o Z 8(M2|D>7T(MZ)
< Narrowing down the 1

simplest with complexity

O
ﬂanck constraints on

reheating —— () Bayes' faCtOr
Persrg(csve 0 4+ Gives the posterior odds between M and a reference model M,
()
% pMID) _ pn(M) . E(DIM)
O p(./\/l0|D) W(Mo) S(D‘Mo)
O @)
@)

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

O 25 / 36
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Jeffreys’ scale

® Strength of evidence of M compared to M,

Introduction

Confiparison with O
observations

Data analysis in model
space
& Usin@he Slow-roll Inconclusive-

approximation as a proxy

Jeffreys' scale
i

< Bayesian model
comparison

% Jeffreys’ scale

< Speeding up evidence
calculation

« Accuracy of ASPIC +
effective likelihood

+* Bayes factof Jor hundred
of models

Weak -

< And the winners are. . .
< Narrowing down the
simplest with complexity

Moderate

Planck constrainCPs on
reheating oha

O
Pers@tive

®

Strong|

O

Ul == - - - - -
N - [SESESESESES — SESESESR=E— —

(9]

|
i ) [ S i S

O
|
o

=3
—~
S|
~ |

® ASPIC allows to fastly do that for all the Encyclopaedia Inflationaris
models
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@ Speeding up evidence calculation

® Marginalisation over all parameters is numerically challenging!

Introduction

Comparison with ® Effective likelihood for slow-roll inflation

observations

Data analysis in model
space

4+ Requires only one complete data analysis to get

< Using the slow-roll
approximation as a proxy

:;iapy:rsiisiz meds Eeff(D|P>x<7 6@'*) — /p(D|9cosm07 P*7 ei*)ﬂ(ocosmo)dgcosmo

% Jeffreys’ scale

< Speeding up evidence
« Accuracy of ASPIC +
effective likelfbdod O
«» Bayes factor for hundred

of els

% And the winners are. .. 4+ For each model M and their parameters 0;,¢, R,ch

< Narrowing down the
simplest with cejlplexity

4+ Use machine-learning algorithm to fit its multidimensional shape

D) :Ezgl(incgonstraints onA p(einf Rreh ‘D M) _ »Ceff [D‘P* (Hinfa Rreh)7 €% (einfy Rreh)]ﬂ-(einfa Rreh |M)
PerspectQ - 7 ’ p<D‘M)

® All posteriors and evidences can be obtained by integrating Lqg

® In practice: ASPIC + MultiNest + L.g = 1 hour per model
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< Using the slow-roll
approximation as a proxy
< Bayesian model
comparison

% Jeffreys’ scale

< Speeding up evidence
calculation

< Accuracy of ASPIC +
«» Bayes factor for hundred
of models

< And the winners are. ..

< Narrowing down the
simplest with complexity

Planck constraints on
reheating

Perspective

Accuracy of ASPIC + effective likelihood

® First order quantities marginalized over second order

— All exact: large field power spectra (FieldInf) + Planck likelihood (CamSpec)
Fast: slow roll power spectra + large field Hubble flow functions (aspic) + L.
figure 1

| !
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IMI4 <-7.79
IMI5 <-7.79
IMI6 <-7.78
RML, [T
RMI,, 2.84
R <-25.9
(1T R <-9.26
VHI <-7.81
VI, <-7.§
VHT, , <-7.8|
VI, <-7.§]
VL, <-7.8]]
VI, <-7.82)
VHL _, <-7.8]
: ONBI [JERE]
| GMSSMI, -2.54
GMSSMI,, 6.4
GMSSMI,, -5.37
GMSSMI, 5 <-7.82|
GRIPI, -2.77
GRIPL,, -5.05)
GRIPL,, -4.29
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GRIPL, . -4.62]
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And the winners are. ..

® From non-commital priors: w(M) = 1/Nyodel

Introduction

Comparison with ® Posterior-to-prior ratio: Planck 2013

observations

Data analysis in model _ ' ' . _
space posterior-to-prior ratio of inflationary models N, 4. B/ZBZ.

< Using the slow-roll
approximation as a proxy
< Bayesian m&?el
comparison

< Jeffreys' scale O

& Spee@ up evidence
calculation

< Accuracy of ASPIC +
effective likelihood

«» Bayes factor for hundred
of models

«» And the winners are. ..

< Narrowing down the
simplest with complexity

Plang)( Constraints on arera C aat J.Martin, C.RﬁsgP:\?ar,r;J:::ottta, V.Vennin Displayed Models: 93/193
reheating
Perspective — ® Some numbers

. 4+ 52 models are in the inconclusive region “Some Good": Al, BI, ESI,

o HI, KKLTI, KMII, KMIII, LI, MHI, PSNI, RGI, SBI, SFI, SSBI2,
5 TWI

+ 66 models are strongly disfavoured (some “Bad” others “Ugly”)




Narrowing down the simplest with complexity

® Bayesian complexity ~ the number of constrained parameters

Introduction

OCompariso@ with

observatiéns C = <—2 In £> + 21n Emax — Nunconstrained — Nparam —C

Data analysis in model
space
< Using the slow-roll . Pla an 2013

approximation as a proxy Displayed Models: 66/193
<& Bayes@ model

@omparisgl arX|V13123529

< Jeffreys’ scale

% Speeding up evidence

calculation For the most probable and
#Accuracy of ASPIC + . .

st Heehoos simplest scenarios —

«» Bayes factor for hundred

of models O

< And the winners are. ..
< Narrowing down the
simplest with complexity

Planck constraints on
reheating

In(&/&y) .

Perspective 5

O

O

O os 1o
Number of unconstrained parameters
()
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*» Posteriors on the
reheating parameter

< Prior-to-posterior width
ratio

+ Reheating constraints
versus evidence

Perspective

Posteriors on the reheating parameter

® For each model, we use the most generic parameterization: R, cn

4 Prior choice: Jeffreys' on R, < flat on In R.c;, with:

1
—46 < In Ryep, < 15 + g In pend

4+ Planck 2013 data put non-trivial constraints on many models

® Examples: LI with V(¢) = M* (1 + aln @)

prior posterior
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Planck constraints on
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*» Posteriors on the
reheating parameter

< Prior-to-posterior width
ratio

+ Reheating constraints
versus evidence

Perspective

Posteriors on the reheating parameter

® For each model, we use the most generic parameterization: R, cn

4 Prior choice: Jeffreys' on R, < flat on In R.c;, with:

1
—46 < In Ryep, < 15 + g In pend

4+ Planck 2013 data put non-trivial constraints on many models

® Examples: SBI with V(¢) = M* |1+ ¢* (—a+ Slng)]

prior posterior
| | | | I I I [
|

a5 30 —1s 0 —45  -30  -15 0
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@ Prior-to-posterior width ratio

® Reheating is constrained < posterior of In R}, is peaked

Introduction

LT 4+ The most probable value of R,y is model-dependent
Ep;tjea“a'ys‘s n mogs! 4+ We introduce the ratio between the prior and posterior standard

Planck constraints on deViation Of In Rreh
reheating
O

< Posteriors on the
/ (In Ryen — (In Ryen) )’ 7(In Ryen| M)d In Ryen

(¥eheating parameter

< Prior-to-posterior width

ratio Aﬂ-ln Rreh
& Reheat.i(rjlg constraints AP — 5
versus evidence o 1 e
Perspective o e M \ /(ln Rreh o <1n Rreh>l)) p(ln Rreh‘D7 M>dln Rreh
o ® Disfavoured models exhibit larger values for Amy, g, /AP R,..,
: 4+ In the space of models, a fair estimate of the Planck’s constraining
power on reheating is
= : A A
TIn Rye _ Tn Rye
(G’ = 37 palD) Jpets
O In Rch M. In Rren | M,
O (]
o 0 AT R

O ® For Planck 2013: < reb > ~ 1.66 — prior cut by 40%

A731[1 Ricn
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Reheating constraints versus evidence

® No assumption on reheating (= using Rop)

Introduction
Comparison with Displayed Models: 170/193
() observations
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Reheating constraints versus evidence

® Assuming the equation of state w.e, to be fixed
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Novel and efficient approach applicable to any cosmological data set
4+ Reheating is included and already constrained by Planck 2013

4+ Provides new insights in the most difficult to disambiguate
situation: slow-roll inflation

After Planck 20147
4 Future CMB missions: See V. Vennin's talk
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@ Perspective

® Novel and efficient approach applicable to any cosmological data set

Introduction

CEITIRERERT ts 4+ Reheating is included and already constrained by Planck 2013

observations

o analysts fn mod] 4+ Provides new insights in the most difficult to disambiguate
Plonck consraints or situation: slow-roll inflation
® After Planck 20147
4+ Future CMB missions: See V. Vennin's talk
: 4+ Galaxy surveys: Euclid
From Basse et al., arXiv:1409.3469 Courtesy of S. Clesse (in prep.)
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