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Cosmological Inflation

@ Is a high energy phase of accelerated expansion in the early Universe ¢ > ()

@ Solves the Hot BigdiSr%g hT}rizmdaﬁ% ﬂ#cn@s% [(lib))l@}ﬂ_f 2

@ Can be implemented with a single scalar field

S =— / d*z/—¢ Bg"”amaycb +V (¢)]
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i/a =

1
o Pt = v >

@  Combined with QM, accounts for acale invariant power spectrum
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Slow-Roll Approximation

log (Hfl) , log ()\k)
During inflation, H is almost constant

o Hin
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Friedman equation: 3M32 H? = V + 42 /9 52/ (2V
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Klein Gordon equation: @fﬂ{qﬁ +Vy =0
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Scalar Power Spectrum

Cosmological Fluctuations:

@ are combined gauge invariant perturbations
of the metric and of the inflaton field v

0T
@ are the seeds of temperature anisotropies in the CMB v X d
@ Follow a parametric amplifying equation of motion
1!
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v + |k — ————— | v =0
a+/€1
Power Spectrum:
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Confronting Models with Data

An example: « large field inflation » |4 (gb) = M 4
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Confronting Models with Data
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Confronting Models with Data

T T L T T
- - - LFI
- P ~ - -
/ ~
/ LA
- N " o - 4
. _ - .18 < x
~
\ < ~. 7/ S ~
\ N X N
0.010 . e [ -
N .
= \ \ ..k \ -
[ - \ R N \ .
= \\ \ 8 \ \ .
v .o
w i \ \ ::"' \\ \ .
N \ \ 13 \
\ \ 15 \ \
| _ _ _ WMAP3 | \ \ \ A
| \ \ \
i \ \ \ \ |
\ \ \
\ \ \ \
| \ 1 \
1 \ \ \
0.001 | ‘ ) LT
i | | | \ i
i 1 1 1 1 i
L L L L I L L L L “ L Il L I L L l L L I ‘ L
-0.10 -0.05 0.00 0.05 0.10
€

Vincent Vennin

12" Workshop on Non-Perturbative QCD

5.2

4.3

3.5

2.7

1.8

1.0

P




Confronting Models with Data
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Confronting Models with Data

An example: « large field inflation » |4 (gb) = M 4
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Repeat the analysis =N )
for all single field, canonical k, @O

del?
mode 0(\

Which models? How many of them?

400F " 7

F Source: http://www.stanford.edu/spires/
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5-dimensional assisted inflation

anisotropic brane inflation

anomaly-induced inflation

assisted inflation

assisted chaotic inflation
undary inflation

l brane-assisted inflation l
Tane gas mmation

brane-antibrane inflation

braneworld inflation

Brans-Dicke chaotic inflation

Brans-Dicke inflation

bulky brane inflation

chaotic hybrid inflation

chaotic inflation

chaotic new inflation

D-brane inflation

D-term inflation

dilaton-driven inflation

dilaton-driven brane inflation
ouble inflation

double D-term inflation

extended open inflation
extended warm inflation

extra dimensional inflation
. n

F-term h ion
SISE vacuum chaotic inflation

fast-roll inflation
irst order infiation

gauged inflation

generalised inflation

generalized assisted inflation

generalized slow-roll inflation

gravity driven inflation

Hagedorn inflation

higher-curvature inflation
hybrid inflation

hyperextended inflation

induced gravity inflation

induced gravity open inflation

intermediate inflation

inverted hybrid inflation

isocurvature inflation

K inflation

kinetic inflation

lambda inflation

large field inflation

late D-term inflation

Proliferation of inflationary models’

late-time mild inflation
low-scale inflation

low-scale supergravity inflation
M-theory inflation

mass inflation

pre-Big-Bang inflation
primary inflation

natural inflation

natural Chaotic inflation
natural double inflation
natural supergravity inflation
new inflation

next-to-minimal supersymmetric

hybrid inflation

NON-CQ ative infla
onminimal chaotiC inflation

old inflation

open hybrid inflation

open inflation

oscillating inflation

polynomial chaotic inflation

polynomial hybrid inflation

power-law inflation

primordial inflation
T e TR
quintessential inflation
R-invariant topological inflation
rapid asymmetric inflation
running inflation
scalar-tensor gravity inflation
scalar-tensor stochastic inflation
Seiberg-Witten inflation
single-bubble open inflation
spinodal inflation
stable starobinsky-type inflation
steady-state eternal inflation

| stochastic inflation l
string-forming open inflation

successful D-term inflation
supergravity inflation

supernatural inflation

superstring inflation

supersymmetric hybrid inflation
supersymmetric inflation
supersymmetric topological inflatior
supersymmetric new inflation
synergistic warm inflation

TeV-scale hybrid inflation

A partial list of ever-increasing number of inflationary models!

'From E. P. S. Shellard, The future of cosmology: Observational and computational prospects, in
The Future of Theoretical Physics and Cosmology, Eds. G. W. Gibbons, E. P. S. Shellard and
S. J. Rankin (Cambridge University Press, Cambridge, England, 2003).




[1303.3787]

Encyclopedia Inflationaris

Jérdme Martin,” Christophe Ringeval’ and Vincent Vennin®

“Institut d’Astrophysique de Paris, UMR 7095-CNRS, Université Pierre et Marie Curie
98bis boulevard Arago, 75014 Paris (France)

Centre for Cosmology, Particle Physics and Phenomenology, Institute of Mathematics and
Physics, Louvain University, 2 Chemin du Cyclotron, 1348 Louvain-la-Neuve (Belgium)

E-mail: jmartin@iap.fr, christophe.ringeval@uclouvain.be, vennin@iap.fr

Keywords: Cosmic Inflation, Slow-Roll, Reheating, Cosmic Microwave Background, Aspic

= 70 models

i

700 slow roll formulas

n

320 pages




A few examples

0.20[ T - r
RCMI
0.15 i
& 0.10 i
0.05 i
w=0
ool i o N ]

0.90 092 094 096 098 1.00 1.02 1.04
Ng log,o(a)



A few examples

0.100

£ 0.010F

0.001F

0.90 0.92

| T T T T | T 0.5
%‘ _ -0.0
! ESI
g\ 1-08
9s

r -1.2

e 1-1.8

£

-zg. w=0

L1 . 19“. U NPT B -- -3.0

094 096 098 1.00 1.02 1.04 log,0(q)

Ng



A few examples

T T 3.0
2.6
0.100 & -
F DWI
2.3
“ 0.010f 4 19
1.6
0.001 F ol -
C i 1.2
NP B o N P N B P RPN .- 0.9
0.90 0.92 0.94 0.96 0.98 1.00 1.02 1.04 log,o($6/Ms)

Ng



A few examples

0.3:_ ;-‘ié':-'-'-%'-'
0.2f @t
0.1F :

:

CNAI

w=0

—] -0.2

1 -0.8

090 092 094 096 098 1.00 1.02 1.04

Ng

_14
1 21
~3.4

1 -4.0

logo(a)



A few examples

1.000 F—— 4.0
3.5
0.100 ¢
- 3.1
2.6
0.010¢E
2.1
0.001 | 1 16
- w=0 ]
PR BT M B P B PR B .- 1.1
0.90 0.92 0.94 096 098 1.00 1.02 104 o, (x )

Ng



A few examples

0.100E

~ 0.010¢

0.001 |

LMI1

£=0.001

w=0

0.90 0.92 0.94 096 0.98 1.00

Ng

1.02

1.04

0.7

0.5

0.3

0.2

0.0

7




A few examples

| L | | | | |
0.100F - =
; § LMI1
0.7
~ 0.010f -4 05
-\ \ ! s
0.001 ) _
X p=1 1 o2
: ':l' w=0 i
i TR B R N P BT PR B PR BT S | 0.0
090 0.92 094 096 098 1.00 1.02 1.04 Y

Ng



A few examples

| | | | | | |
0.100F .
F LMI2
0.7
~ 0.010F - 05
I 0.3
0.001 F _ -
: o= ] 02
] W=0 :
TR B R N A .’I . sl TR B | 0.0
090 092 094 096 0.98 1.00 1.02 1.04 ¥

Ng
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Lecteus

theory.physics.unige.ch/~ringeval/aspic.html

Accurate Slow-roll Predictions for Inflationary Cosmology

10° T T T T T T T 1.0
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Reheating consistent slow-roll predictions for a subset of inflationary models supported by aspic (left). The right panel features the Pseudo Natural Inflation (PSNI) predictions. The
annotated values show the logarithmic energy scale, log(Ereh/GeV), at which a matter dominated reheating ends (arXiv:1303.3787).

Aspic is a collection of fast modern fortran routines for computing various observable quantities used in Cosmology from definite single field inflationary models. It is distributed as a scientific library and aims at providing an efficient, extendable and
accurate way of comparing theoretical inflationary predictions with cosmological data. Aspic currently supports 64 models of inflation, and more to come!

By observable quantities, we currently refer to as the Hubble flow functions, up to second order in the slow-roll approximation, which are in direct correspondence with the spectral index, the tensor-to-scalar ratio and the running of the primordial
power spectrum. The aspic library also provides the field potential, its first and second derivatives, the energy density at the end of inflation, the energy density at the end of reheating, and the field value (or e-fold value) at which the pivot scale crossed
the Hubble radius during inflation. All these quantities are computed in a way which is consistent with the existence of a reheating phase.

or any model that would not yet be implemented.

is alwavs increasine  vou are encouraeed to add support

source file.

The code is released as a GNU software which compiles itself intg both a static and shared Ji it iona !

Please, check the MAN file for a complete documentation a|

downloa

For an exact integration of any inflationary models, without assuming slow-roll, checkout the fieldinf code and library.

For details, please read the original paper arXiv:1303.3787

Last modif 03/2013

How to quantify how good
a model fits the data ?




Preliminary Results

==+ w= s == s == » 3 BEST MODELS

J.Martin, C.Ringeval & R.Trotta [1009.4157]

: : : : 2.291+0.25
SFI, : : : : ek 2,29+0,25

: : : : ¢ 2.3820.18
: : : e : 1.20+0.26
LFl, e - : : : : -5.4510.26
LFl, >t -2.13+0.26
LFle : : : = : : 0.00
LFI, : : : D e I 1.45:0.26
LFle/g : : : D e 1,7520,26

=+ WMAP7 data

Strong Evidence ...
Moderate Evidence ..
Weak Evidence ... ...
Weak Evidence . ...
Moderate Evidence

I l I I
-4 -3 -2 -1 0 1
ln(S/SLFI.)
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Preliminary Results

w= » w= s == = == « 3 BEST MODELS
| | ! | ro ! ! ro

NI : % : : : -2
SFl, : : :X : : 0.4

SF, : : : . 2.20:0.25
SFl, ; : : : i 2,29+0.25
SFI : : : : e 2.38+0.18
LFI, : : : e : 1.20+0.26
LFl, X D - : : : : -5.4510,26
LFly ; e ; : : -2.13+0.26
LFl, : : : = "2 : : 0.00

LFI, : : : DX : 1.4510.26
LFlg/y : : : X e 1.76+0.26

== Planck coll.

== WMAP7 data

Strong Evidence
Moderate Evidence
Weak Evidence .. .........
Weak Evidence .
Moderate Evidence

l l I l I I
-7 -6 -5 -4 -3 -2 -1 0
ln(8/8m')
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Preliminary Results

==+ w= s == s == » 3 BEST MODELS

LPI1,, | I | ! . | I I | . <-2.6266
LPI1, . . - X . . -0.725£0.0103
BSUSYBI, . . . . . <12.6266
BEI . . . . )¢ . 1.481£0.0088
OSTI . . . . . 0.885£0.0084
CNBI . . . . . 0.832£0.0070
CNAI . . . NEAT . 0.566£0.0078
Al . . . . X - 224810.0071
RIPI . . . ) . . 0.18410.0106
RIPI . . . . . <-2.6268
Msshl . . - X . . -0.89510.0105
MSSMI® . . . . . <-2.6268
RGI, . . . . e . 1.72240.0077
RGI, . . . . e 2.356.£0.0069
RGI . . - - X 2.086£0.0074
MHI, . . . . X 2.509£0.0071
MHI} - - - - X . 1.685+0.0080
MHI . - . . X ot 2.173£0.0076
DWI . . - X - . 0.792£0.0085
Lloco . %. . . . . <-2.6256
Li%se . . . . X - 1.961+0.0078
LI . . . D4 . 1.195+0.0098
CWI . . . P . . -0.082+0.0105
HF11 - - - - . 0.003+0.0078
KMl - - - - X 2.4920.0069
KMII . . . . 2.484.£0.0068
PLIg . . . . <-2.6256
PLI . . . . . <-2.6256
ESl,, . . . . X 2.526£0.0069
Eglq . . . . . D¢ : 1:942:0.0075
< . <
RCMI . . . )¢ . . 0.333+0.0088
MLF| . . x - . . -1.196£0.0100
RCHI, . % . . . . <-2.6256
RCHI : : : 3 . 0.876+0.0098
HI . . . . 4 2.465+0.0069
NI . . . )¢ . b 0.251+0.0095
BEI . . X . X . 1.474.£0.0088
SFI, . . . X . e . 1.808£0.0081
SFIy . . . - X . 1.316£0.0084
SFI . . . . . 0.847+0.0090
SFI, . . . . 0.979+0.0068
SFI, . . . . 2.211+0.0076
SFI, . . . . 2.127+0.0085
Fl : : : e §16720.0008
- - - . . +0.

LFI; X — % . . X . . <-2.6256
LFly . . +>< . . . -1.77410.0079
LFL . . . —f . . 0.000+0.0079
LFIy . o . o 0.981+0.0068
LFlg3 : o . X o 1.305£0.0070

[ o . . [ =23

2t 3! ©: w: 3!

=2: =E g: o: B! ¢ Planck coll.

=F 8: 5! 3! 8:

- o (< (< © . == WMAP7 data

. s, - . . e

: - m - x - x - ” -

o o @ . © . -3 —>= Aspic with

- Q: Q- Q- Q: Planck data

| | Zh | | = | = i = i A = |

[y
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Typological Classification
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Typological Classification

==+ w= s == s == » 3 BEST MODELS
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SFI . . e . 0.979£0.0068
1
SFI| . . A . 2.211£0.0076
SFI, o . . o - 2.127£0.0085
SFI o . . o 2.185£0.0079
c - . . P
3! ©: w: 9
S (:): . g . 5 X Cat. 1,2&3
[ - O - O - Bl - X Cat. 3
o: 3. 3. o: X Cat. 2&3
- > . > . - Ca t 2
2 : [T [T E : X .
: : : : X Cat. 1&2
[ X X Q -
'g : 8 : g : 'g : X Cat. 1
| | | | | | |

-4 -3 -2 -1 0 1 2 3
ln(S/SLFI.)
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And now what?

What the first results show:

B Some models clearly are « ruled out » by the data

B The best models of inflation lie in the first category

What should be obtained very soon:

B A complete model ranking [in prep]

B A comparison among various categories: models statistics [in prep]:
phenomenological / theory bases
inflationary energy scale

higher energy embedding theory: SUGRA/SUSY/STRING/ ...
etc ...

* & o o

B Constraints on the reheating [in prep]

B efc..
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Back-up slides

June 5, 2013
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Prior Specification

on the parameters

Well specified parameters =» Flat Priors

Unknown order of magnitude = Jeffrey Priors

A phenomenological model example: « Intermediate Inflation »

p(B)
p+p=np

1—A
I=21"0) \
a(t) < exp (A tf)
o=

o [(i)

Flat prior on

Flat prioron f

—1

|

e

—B-2
) ] B B S S



Prior Specification

on the models

Theoretical Grounds?

Initial Conditions Problem?

V(g)

[Tjjas, Steinhardt & Loeb] [Clesse, Ringeval & Rocher]

Homogenization / Isotropization?
Matzner, Piran, etc...



Comparison with exact calculation

Vo =at(5e)

3 3.1 3.2
\IN[10{10} P_*]

Exact calculation (integrating the full equations of
motion for the background and for the perturbations)

ASPIC results




Comparison with exact calculation

V(6) = M (Mipl)

3 305 31 315 3.2 1 2 3 4 —40 -20 0
\IN[10A{10} P_*] P In(R)

Exact calculation (integrating the full equations of
motion for the background and for the perturbations)

ASPIC results




Comparison with exact calculation




AN. fixed by the thermal subsequent history

log (H™'), log (A\g)

oJlse

3UISS0JD-H

A

matter

radiation

inflation
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AN. fixed by the thermal subsequent history

changing radiation era lasting ...

log (H™"), log (Ax)

oJlse

3UISS0JD-H

A

inflation
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AN. fixed by the thermal subsequent history

changing radiation era lasting ...

inflation

—

log (H™"), log (Ax)

50
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Cosmological Inflation

Vincent Vennin

Solves the Horizon Problem

log (H™ '), log (Ax)

> log (i> =N
Qin

12t Workshop on Non-Perturbative QCD 51
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Cosmological Inflation

Initial
Quantum
State

Vincent Vennin

Quantized fluctuations evolved over an

expanding background

> log

inflation

radiation matter p 1207.2086

J.Martin, VV & P.Peter
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Inflationary Dynamics

10° Mp,

108 V(¢)

AN, ?

uonepul Jo pua =
X El
E
E
oJise
¢ 8ulssoao-H A
-
Q
T = A
— (=]
=
<
E
1SS042-H >y
E
_uope[jul jo pua
F < =

An example: « large field inflation »

53

uoLe|jul JO pud
=

80

60

oJise

3u1sg0J2-H )

|z

20

uonejul Jo pud

80

60

oJlse

3uigsouo-H ~ |

20

...................




AN. fixed by the thermal subsequent history

log (H™'), log (A\g)

oJlse

3UISS0JD-H

A

matter

radiation

inflation
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AN. fixed by the thermal subsequent history

o
o2
A
|
o
~—
)
0]
~—~
>
o
~—

K. H-Crossing

changing reheating history...

AN,

._A._._
today

Vincent Vennin

»log (i) =N
(in

12t Workshop on Non-Perturbative QCD

inflation radiation matter
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AN. fixed by the thermal subsequent history

changing reheating history...
log (H™'), log (A\g)

[ AN,

today

K. H-Crossing
e s

ssssedsssssssssssssdpssssssssasdosssas

»log (i) =N
(in
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AN. fixed by the thermal subsequent history

changing reheating history...
log (H™'), log (A\g)

[ AN,

today

K. H-Crossing
e s

ssssedsssssssssssssdpssssssssasdosssas

»log (i) =N
(in

Vincent Vennin 12t Workshop on Non-Perturbative QCD

inflation radiation matter
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AN. fixed by the thermal subsequent history

log (H™"), log (Ax)

changing reheating history...

=

today

K. H-Crossing

Vincent Vennin

»log (i) =N
(in

12t Workshop on Non-Perturbative QCD

inflation radiation matter
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AN. fixed by the thermal subsequent history
AN* (ﬁreha U_Jreh)

log (H™"), log (Ax)

Pnuc < ﬁreh < Pend

A [ | |
. 1
|A N o
—> * AN,
Q0 I
£ i | |
o . . ' o restrains AN. in some range
S ! I ©
2 | S
T | : g
o' 1 I
P 1
E : . -
=~ | 1 | |
& 1 1 s
I ' ! '
: ]
! i !
|
! i .
, |
: :
: !
i 1 | >
inflation radiation matter
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AN. fixed by the thermal subsequent history

T T T 1 6.0
R I,
/ 5.2
i \
\ - -
\
\ \
0.010 S \ 43
: - N \ \
iy R N 3.5
o \
| ___ WMAP3  \
i ' 2.7
- — - WMAP9
0.001 - _— Plaan 2013 \| ‘| \‘ - 1.8
[ | ! ]
N 1 | 1 1 i
T R A | N L1, 1.0
-0.10 -0.05 0.00 0.05 0.10 P

Vincent Vennin

€2

12t Workshop on Non-Perturbative QCD
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Increased Observational Constraints

COBE 2 1.21+0.57

COBE 4 1.20+0.3

WMAP 1 1.20+0.11 <0.81 -0.077+0.05 40449 <32%

WMAP 3 0.984+0.029 <0.65 -0.055+0.03 30+42

WMAP 5 0.960+0.013 <0.43 | -0.037+0.028 51+30 <16%

WMAP 7 0.968+0.012 <0.36 | -0.034+0.026 32421 <13%

WMAP 9 0.9608+0.008 <0.13 -0.019+0.025| 37.2+19.9 <15%
Planck 2013 | 0.9603+0.007 <0.11 -0.013+0.009 2.7+5.8 <3.6%
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Need for exact Formulas

Example: Radiatively Corrected Higgs Inflation

V= M4 |1 = ge—2e/(Vorp) AL O
2
1672 \/6 Mp,
[ T T T T T T 1100.0
1

[ P

L 1 .
0.100 I

M C a1 =

" RCHI R
i ’ 1 56.7

[ , i

R " \ i

. QM

= 0.010F w=0 /'Q%quﬁ H 35.0

C b o\ ]

; le c;\o‘v“\\ i
I AC S 1 13.3

[ Y '

0.001 F ey 5
TR Lo S 1-83

¥ Rt} ]

_ .* %,b(“\ i
PRl BN B A P P B L1 —-30.0

0.90 0.92 0.94 0.96 0.98 1.00
Ng

Vincent Vennin

V ~ M?* in

- Inflationary
Dynamics

end

-AN, =60
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Need for exact Formulas

Example: Radiatively Corrected Higgs Inflation

V= M (1= 920/ (VoMe) 4 AL @

1672 \/6 Mp,
. — T 11000
4 .
i ~ n
—8 < A1 < 4 ! Vi M
. 78.3 _
0.100f P - Inflationary
RCHI R Dynamics
’ 1 56.7
) ]
l' \
¢ Qb‘
£ 0.010F =0 RS Y N
: ’ \Q% ; end
\(\5\(&\ -
1133
0.001 | ] AN, =60
: ]-83
RIS S I P U oY)
0.90 0.92 0.94 0.96 0.98 1.00 A
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Need for exact Formulas

Example: Radiatively Corrected Higgs Inflation

V= M |1 - 2620/ (M) | AL 0
1672 \/éMpl
—8 < A1 < 4
- . . . T™1100.0
[ | .
S Vo V ~M* in
B - ] E
. 78.3 _
0.100f r Inflationary
F RCHI S Dynamics
i v 1 56.7
I . ]
I Re \
’ QX
- w=0 © oY Jeso
£ 0.010E ;\\\Q%Q% 1% —
r o" ]
I 1 13.3
RRANN AN 60
0.001 F {*{*"1 W o = =T Vx \UAV
: 'J{&\\S\é M ]-83
o ..'5'... .
I L ‘??\X% A ) A 1 PR -—30,0
0.90 0.92 0.94 0.96 0.98 1.00 A,
Ng
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Need for exact Formulas

Example: Radiatively Corrected Higgs Inflation e w—
1672 /6 Mp
—8 < A1 < 4
T T T T T : — 1100.0
- - ——— 1 T V ~ M4 in
-— ]
. 78.3 _
0.100 ¢ 7 - —ntaticnary
. ] ~BDyREFRTEs
’ 1 56.7
l" \
. O 010 .:,':::,,_‘_.4_: P4 q')/’\«gb( | 35 o
. § \\\0%0 1 - iy
: 13.3
A_NL Jada
0.001- — -=TVvVx —— UU
: 1-83
W ) M IR I B I I -—30,0
0.90 0.92 0.94 0.96 0.98 1.00 A
Ng :
65
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Bayesian Approach

P(AN B) = Pg(A)P(B) = P4(B)P(A)

k > Pp(A) = Pa(B)P(4) Bayes Formula

prior

posterior\
Pdata (M) —

normalization P(data) = / P(M)Py(data)
M

Evidence ratios:
updates the relative state of belief in two models
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Computational Pipeline:
The ASPIC project

KR

~ 70 models ~ 320 pages ~50,000 code lines

BAYASPIC

SR shertcut

Vincent Vennin 12t Workshop on Non-Perturbative QCD
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Typological Classification
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Summary 24

B Inflation solves the Hot Big Bang problems, and provides a causal A
mechanism for genrating cosmological perturbations from quantum fluctuations™

B [ts simplest versions (single scalar field with canonical kinetic term)
account for all the observational facts about their statistics

B The acuracy of the data has improved so much that it now allows to
distinguish between the models

B This can be achieved by means of semi analytical bayesian computation

B The ASPIC project has developed a publicly available numerical library of
slow roll routines for = 70 models, along with an Encyclopedia Inflationaris

B Itis now providing for the first time the first evidence of these models and
should allow to answer the question: What is the best model of inflation?

B Itshould be associated with complementary approaches: model
independent calculation, potential reconstruction, etc..
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