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Outline

© Inflation

© Light scalars

© Dark radiation
e R2-inflation
@ Non-minimal kinetic terms
@ Non-milimal couplings to gravity
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Inflation

Slow roll inflation

Before the hot Big Bang:

t

a(t) = ap e, H ~ const

2
The inflaton perturbations are seeds for the CMB anisotropy
and all structures in the late Universe

687 = [ EPU. (@) ~ 107"

2
5= [dxvTg- "R+ 3000 - V(©)

The most important Planck observables:

P .
@ r= TT — tensor to scalar ratio
s

@ P, ~ k™! —tilt of the spectrum of scalar perturbations
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Inflation

Inflationary parame

Tensor-to-scalar ratio (79.002)
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Inflation

How should the inflaton potential look like?

For R2-inflation

R2

inflation
N.=50 - 60
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Inflation

Ways to obtain the flat potential

Inflaton from the gravity sector (R?-inflation)
Non-minimal coupling to gravity (R¢?, Ré, ...)

Non-minimal kinetic term for the inflaton (a-attractors)

e 6 o6 o

All these models are non-renormalizable.

They can be treated only as effective theories
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Light scalars

Light scalars possessing a perturbative shift symmetry

a — a -+ const

Models:
o dilaton
@ QCD axion (solution for the strong CP problem)
@ Nambu-Goldstone bosons of some broken global symmetries
@ axion-like particles
o

string axions
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Inflation
Light scalars
Dark radiation

ALPs and string landscape
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Light scalars

ALPs and string landscape

Axiverse

@ String scenarios generically predict many axions
posessing a perturbative shift symmetry

@ Each axion corresponds to a cycle in a compactification
manifold

@ Likely, the number of string axions is about 100
@ One of them can play the role of QCD axion

@ In order not to spoil the axion solution for CP problem
in QCD, other axions should have the coupling scale
F, ~ 10 GeV

@ Masses of axions are distributed homogeneously in the

logariphmic scale

Svrcek, Witten, 2006

Arvanitaki, Dimopoulos, Dubovsky et al., 2009
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R?-inflation
Non-minimal kinetic terms
Dark radiation Non-minimal kinetic terms

Planck bounds on the dark radiation

The amount of the dark radiation is measured in the number of relativistic
degrees of freedom (neutrinos) Neg

Neg = 3.15 £ 0.23.
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R2-inflation
Non-minimal kinetic terms
Dark radiation Non-minimal kinetic terms

Production of the dark radiation

Assume: after inflation the Universe reheats due to the production of the
SM particles (rate I'sp). In general, some amount of axions can also be
created (rate I,).

ANgg = NE (gBBN>4/3 a
8v 8reh rSM
g, =2-7/8, for the SM g, = 106.75, gggn = 10.75.
Observation:
If the reheating happens due to some universal mechanism, i. e. gy ~ I,
one obtains
ANg ~ 07N
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R2-inflation
Non-minimal kinetic terms
Dark radiation Non-minimal kinetic terms

The Starobinsky model

R2
m2:| + Smatter + S

Su= /d“x\/fg (ghR(HTH)+ |D*H|* — VSM(HTH)), S, = /d“x\/fgz:%(aua,-f

g — e\/2/3¢>/Mpg L, =
2

Mp
Ser = \/7 d X |:—7 auqﬁa”qb V((Z5):| + Smatter + Sa + Sint

VoM

m3(1 4 6&,)? m® 0.7N
_— ra = — = ANe = -
48T M2 1927 M2 7= 1+ 6£,)2
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R2-inflation
Non-minimal kinetic terms
Dark radiation Non-minimal kinetic terms

The Starobinsky model: extra scalar is in tension with Planck
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R2-inflation
Non-minimal kinetic terms
Dark radiation Non-minimal kinetic terms

Inflation driven by non-minimal kinetic terms

L= 5(0u5)? = 135 = 50)? + V(s — )

How can this lagrangian for the inflaton appear?
@ String moduli (the dark radiation problem was first discussed in Cicoli,
Conlon, Quevedo, 2012)

@ No-scale supergravity (Ellis, Nanopoulos, Olive, 2013)
e a-attractors (Linde, Kallosh, 2013)
° ...

After the canonical normalization:

5= [ vz (Y - vi)
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R2-inflation
Non-minimal kinetic terms
Dark radiation Non-minimal kinetic terms

General expansions

s= [d'xv=g (“fm OudF 4 5 gy ) V(¢)> ,

The most relevant interactions with the SM:
1 v T
Suc = [ XV (YOIDHE = 38O Fus” +2(0) 77D ).

In effective theory we might expect the expansions suppressed by some scale A < Mp:

2
F(8) =L+ B+ + o,
&W%ﬂ+&%+”q ﬂ@:1+7%+””
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R2-inflation
Non-minimal kinetic terms
Dark radiation Non-minimal kinetic terms

Amount of the dark radiation

In the presence of axions, the inflaton must couple to matter significantly
stronger than to the axions. In the general case this is parametrized by the
reheating temperature:

T2 2,3
Fgm ~3—reh 1, = Bm
v/ 8reh MP 1287‘1’/\2
B2m3Mp
ANeff - 0024 N /\277_2h
re

Assumptions:

@ Inflaton perturbatively decays to axions, i. e. linear term $(d,a)?/A is not
forbidden by some symmetry

@ Reheating happens due to the inflaton decay
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R?-inflation
Non-minimal kinetic terms
Dark radiation Non-minimal kinetic terms

Inflation driven by non-minimal coupling to gravity

Non-minimal coupling to gravity allows for exponentially flat potential.

= e (MR, @3

2 4

£¢?
MZ

Ser = /d4X\/j§{ - MT%:‘A?-%% - U(X)}

_ 1 £
La_EQ (Opa)’ = 5 (1+ Mé)(a a)’.

g;u/ = Q2g;u/ 5 Q =1 +

Notice: ¢ — —¢ symmetry and the absence of linear term
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R2-inflation
Non-minimal kinetic terms
Dark radiation Non-minimal kinetic terms

Large and small coupling

@ &> 1, SM Higgs inflation (Bezrukov, Shaposhnikov, 2008)

oo s U0 =2 (14 (-2 ))

After inflation: harmonic oscillations with w = \/A/3Mp /¢

Ling = —2— Opadta

V6Mp

@ ¢ < 1, light inflaton (Bezrukov, Gorbunov, 2013)

4 2
U(X) = );]_/é\ip tanh4 (%)7 Lint - § L@ a@”a.

The axion production is strongly suppressed (1/M3)
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R2-inflation
Non-minimal kinetic terms
Dark radiation Non-minimal kinetic terms

Dark radiation in Higgs inflation

Treh = 6 x 10" GeV
N axions contribute to the dark radiation as

3 13\ 2
N s w 6 x 10
ANefF ~56x 10 N (1.3 »: 10_5MP) ( Treh )

The production is inefficient because of fast reheating

* If the axion(s) have additional less suppressed couplings to the SM fields (photons)
they can be produced thermally
* QCD-axion with f, ~ 10*® — 10'2 GeV thermalizes in plasma with T > 10° GeV

providing with
ANgr = 0.026

Observable in future experiments!
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R2-inflation
Non-minimal kinetic terms
Dark radiation Non-minimal kinetic terms

Conclusions

@ Particular inflationary models might be incompatible with the presence
of extra light scalars because of overproduction of the dark radiation

@ This can not happen only if the inflaton couples to the SM much
stronger than to extra scalars

o In terms of the reheating temperature, T,ep = 10° GeV if the axion
coupling to the inflaton is suppressed by Planck mass (natural to
expect)

@ Axiverse is still compatible with the models of inflation which is
followed by the efficient reheating (as in Higgs inflation), or if the
inflaton decay to axions is forbidden by some symmetry
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Inflation R2-inflation
Light scalars Non-minimal kinetic terms

Dark radiation Non-minimal kinetic terms

Thanks for your attention!

e S
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