Large-N properties of Inflation and
the Inflaton Field Range

Ivonne Zavala

university of
groningen

1405.7399 + In progress
w/Garcia-Bellido, Scalisi, Roest



Contents:

CMB observations and Inflation

Large-N Inflation

- Hubble flow parameters
— Universality classes (in (ns, 7) plane)

— (non-)Universality properties in field range Ag¢
- Field range degeneracies
- On the Lyth bound and universality

Summary



Planck 2013

Tensor-to-scalar ratio (r9.002)

0.05

0.15 0.20 0.25

0.10

0.00

ns = 0.9603 -

Planck+WP+BAO
Planck+WP+-highL
Planck+WP

Natural Inflation
Hilltop quartic model
Power law inflation
Low scale SSB SUSY
R? Inflation

V x ¢?

V o ¢2/3

V x ¢

V x ¢3

N,=50

N,=60

Primordial tilt (ns)

- 0.0073, r <0.11

Ns = spectral iIndex

r =tensor 2 scalar ratio



Planck 2013 ns = 0.9603 + 0.0073, r < 0.11

0.25

Planck+WP+BAO
Planck+WP+-highL
Planck+WP

Natural Inflation Ng = SpeCTrdl Index

Hilltop quartic model

0.20

Power law inflation
Low scale SSB SUSY
R? Inflation

0.15

Tensor-to-scalar ratio (r9.002)

S Vo r =tensor 2 scalar rafio
< V x ¢?/3
V x ¢
LO
g ‘ V x ¢3
N,=50 _ _
S N _ N.—60 Field Theory Inflation models
o 0.94 0.96 0.98 1.00
Primordial tilt (ns)
(Te}
(]
o- 1 . 1 1 ] )
B Planck+WP Warped Wilson line ©
- BN Planck+WP-+highl | r' @
8 o BN Planck-+WP+BAO m2¢> O
. N-flation m2¢2 O
&: s| | brane-antibrane O
= axion monodromy @)
U O . .
= 1 D3-D7 inflation
% modulus inflation @)
O . .
2| | fibre inflation O
=
S L —— ' . a
= 0.94 0.96 0.98 1.00 String Theory Inflation Models
Primordial Tilt (n;)




BICEP 2014

0.06

r = 0.164

~0.05

Implications, if es

BN Planck+WP-+highL+BICEP2
0.4 F mmm Planck WP+ BAO (no running) |

1.00

tablished:



BICEP 2014

r = 0.16£3.98

T T T
B Planck+WP-+highL+BICEP2

0.4 F mmm Planck WP+ BAO (no running) |

1.00

Implications, If established:

¢ |nflation occurred

o (super]-Planckian field excursion A¢ 2 Mp;

e Scale of inflation ~ 1072 Mp;

e Several string models would be in tension with data
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Cosmological Inflation

An early period of quasi desitter expansion, driven by a
(single) scalar field, whose qguantum fluctuations gave rise to
the LSS we observe today: inflation

V(¢)
!

It also explains why the universe is approximately
homogeneous and spatially flat (flatness, horizon
problems). Explains absence of monopoles and
other topological defects
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Inflation In its simplest version (single field slow roll) gives
generic predictions on the properties of the density
perturbations:

They are approximately scale invariant, ng # 1
Primordial gravitational waves, r
They approximately Gaussian

Statistically isofropic and homogeneous 1o a high
degree.



Inflation In its simplest version (single field slow roll) gives
generic predictions on the properties of the density
perturbations:

They are approximately scale invariant, ng # 1

Primordial gravitational waves, r



Inflation In its simplest version (single field slow roll) gives

generic predictions on the properties of the density
perturbations:

They are approximately scale invariant, ng # 1

Primordial gravifational waves, r

These cosmological observables tfranslate info properties of
the inflationary model and thus we can use CMB data to

classifty models of inflation according to their generic
predictions for these parameters



Hubble flow parameters

Cosmological evolution encoded in Hubble parameter H, which
determines the inflationary observables (ns, r)

Can be elegantly described by Hubble flow equations, with

a [Schwarz, Terrero-Escalante, Garcia '01]
60 — H — [Schwarz, Terrero-Escalante '04]
a dlog €,
En4+1 =
dN
and their evolution as a function of number of e-folds:
(N~ 0 @ end of inflation) H 3
. 61:—ﬁ:§(1—|—W)
a e
N=N,—-N,=Iln— = Hdt
A 4 t,

In ferms of these, the observable parameters become:

n8—1:€2—2€1, 7“:1661

and are evaluated at horizon crossing N, ~ 50 — 60



Inflation at large-N

Solution of flatness/horizon problems as well as reheating
set a lower bound on N > 50

However there is no compelling reason for an upper
bound on N.

It seems natural that inflation extends a long way further
INtfo the past than the portion that we can observe.

Together with current observational values on ns and r,

this suggest 1/N as a natural small parameter to expand
the cosmological variables.




Inflation at large-N

A large-N expansion is a powerful tool to organize
different inflationary models in terms of their
cosmological predictions.

It is possible to identity a number of classes where
pohysically different inflationary scenarios would predict
the same values of ns and r in the leading 1/N
approximation

[Kallosh-Linde ’13; Mukhanov ’13]
[Roest ’13; Garcia-Bellido,Roest '14]



N-formalism of Inflation

This formulation does not depend on the mechanism that drives
the inflationary period, nor on the details of the underlying
Mmicroscopic model

However, strictly within the slow-roll approximation, the Hubble
flow functions are equivalent to the slow-roll paramefters in terms
of the potential V for a scalar field ¢:

D=VY2, O0=0 0=—-40+2n

where

LV _ Voo
2\V /7 Vv

The link between these two equivalent formulations is provided
by the relation

d
d—f@:”ﬂ
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Universality properties & degeneracies of the

Inflaton field range A¢
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Universality properties in (n,, r) plane

Universality classes of inflationary models can be identified
in the (ns,7) plane given their predictions. They divide the

plane in various regions:
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Universality and the field range

The number of e-folds is related to the scalar field excursion via

d
i = V7

Can integrate it along the entire inflationary trajectory to find the
total field range Ao :
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Universality and the field range

The number of e-folds is related to the scalar field excursion via

dN — vV2€

Can integrate it along the entire inflationary trajectory to find the
total field range Ao :

Logarithmic class:
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V2
»p =2 ¢=2, Ad= 2_6; In N(In N) universal

NON-

q>2, AQ=¢e universal



Fleld range and tensor to scalar ratio

We can unify all cases by writing the field range in terms of r:

d¢ V250 — 16
dN ~ VT Ne2(log N2

0<p<2.  Ap~ > (f)mN v g

8 chaotic, hillfop

q<2: A¢p~ : (f)l/Q Nln N Kc’ihler.infloﬁgn
(2—1¢q) \8 Starobinsky-like

B 1/2
P=24 g=2: Aqbw(g) NIn N In(ln N)

q>2: Ap~ ¢,

p>2, A ~ ¢ V g hilltop



Fleld range and tensor to scalar ratio

For p>2 there is no universality in general. Example: hilltop
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1/(n—1) 1/2
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n=3, A oc ri/4
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large fields, not small field as here.
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Universality at Large-N and the Lyth bound

Original Lyth bound was derived assuming monotonically
Increasing €1. Using Lyth '96]

dgb:\/gd]\f

one can derive the bound:

/
A = (0.502)1 2 (%)

thus for r of percent level, the field range is super-Planckian




Universality at Large-N and the Lyth bound

We can refine the Lyth bound for the full field range
using our large-N result, which can be written as

/21 N '
1 <p<?2 A¢~( T ) AV v g .ch.oohc,
0.0005 (2 —p) \ 60 I-hilltop
5. A r 12 NIn N Kahler inflation
q< =z P~ 3 % 10—5 (2—¢) \60In60/) Starobinsky-like
p=2,
_5. A r t/2 NIn N lIn(In N)
L 6 x 10—5 60 1n 60 In(In 60)

{n—2 n

N r 1/4
— A ~ —
n=3, Aa¢ (60) (3 x 10—6)

5 1/(n—1) o\ 1/2 |
p>2, AP~ P, = ( ) (n _ ) N (n=2)/2(n=1)  hillfop




Universality classes and observations

Perturbative class full integration
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Further (non-)universality relations

- Using the expression for ns we can relate further A¢ to nsandr

1 ST (1—2ns> 1][1(1—27%) " [ln<1—2ns>] @)m

e p>2, (p=2,9>2): Ap=0,

n

n — 2) 1/2 (n — 1) 27/ (n=1) (z) (n—2)/2(n—1)

A¢N¢e:< (n—2) (1 —ng) \8



Degeneracies of the field range

Given a point in the inflationary data (ns, ) is the field range
necessarily fixed?

In particular, taking quadratic inflation as a benchmark model,
Is the field range unique?¢

Chaotic inflation has p=1, A¢ = (22_2[;0) N'=PI2 — ¢, €1 = %

=~ Ag, =220 (Ni/Q—Nel/Q) with AN = N, — N, = 60
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Degeneracies of the field range
5 p

€2 = ——

~ NP’ N
We want to reproduce a pointin (ng,r) plane with different
(p, 8,AN)

Boils down to equating the Hubble parameters of each model:

e Perturbative class: €1

€ =€ i =1,2
(BT

= AN =pN, 1‘(@) N, = B + 60,
' ' Be=1/2

A¢ = 2 260 QL [Né — 502ppN*pp]
When p — oo

AN%N*IH%, A¢ — 2v/2 N}/ [Ni/Q—\/BC}

AN =290,  A¢ — 155.56



* Field range degeneracy in the perturbative class:
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e | ogarithmic class:

€1

B

T NPInI N

As before, equating the Hubble flow parameters
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e Non-perturbative class: ¢, = e 2V € = —2c

)

Same procedure now fixes the field range and number of e-folds:

c _ D _
€ — € , 1 =1,2

N
AN = N*lnf*\c ~ 290

Ad=2v2 N2 N [ 1/2 \/ﬂ . ~ 155.56

170j T T T T T T T T T T T T T T T T T T T \i
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Sub-Planckian field range?

Fixing AN=60, while letting p, g vary, it is possible to find sulbo-
Planckian field ranges, by ending inflation when slow roll stops:

62:1
out €1 =¢, €2 = —4de +2n

Accelerated expansion must end via some other mechanism:
e.qg. by a field as in hybrid inflation

14— """"""""""""""""
12}
100

Y L
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8
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Summary

Explored inflation in a (large)-N formalism. This
allows for a useful classification of models in a 1/N
expansion suggested by observation

Analyzed universality properties of the field range
at large-N for different classes of models

Refined Lyth bound and found novel relations
among field range, the tensor to scalar ratio and
the spectral index.

Studied the implications of CMB data for inflaton
field range: fo what extent one can infer A¢ from a
measurement of (ns,r)

Found an upper bound for field range and
number of efolds.
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-.__maximise field range

minimise field range

-

Cannot have both rig
e 70, thus cannot kee

AS O conseqguence,

= €(n — 3¢)

nt-hand sides vanishing at the same time when
0 € constant over a large range of e-foldings.

there is a limit on

the number of e- foldings

between horizon exit and the end of inflation, for a generic slow-roll
model and franslates into a limit on the field range during this period.



