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Axions in Inflation: . _
Particle production and thermalization The axial coupling with gauge fields : (7,) Fyy FHY
Conclusion and prospects .

Axions in inflation

e Appealing way of realizing large field inflation, their mass is protected by the
(discrete) shift symmetry. E.g.: Natural Inflation [Freese, Frieman and Olinto ‘0]

Ly=K(¢)+A'(1+cos(¢/f))

e Axions (¢) are expected to couple to gauge fields through an axial coupling

f V=g

where ¢ is the inflaton and f is the axion decay constant.

Fup

e When ¢ develops a VEV, parity is broken and the eom for the massless gauge field
(A+) during inflation becomes anber and Sorbo 067
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c.f. talks by P. Adshead, R. Caldwell, A. Maleknejad, M. Peloso, E. Sfakianakis
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o Instability band: (8¢)™! < —kn < 2€. If £ ~ constant: [anber and Sorbo 051
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e Phenomenology:

e Large loop corrections to ¢ induced through the coupling §CFF‘

2-point function : Pﬁloop = 0107 ") Phe™
non-Gaussianity: T ey = O(1077) Pypse®™*

e Large tensor modes, backreaction, preheating, ...

e Observations constraint £ < 2.5 (£ < 2.2) which imposes a lower bound on f.

[Anber&Sorbo 09, Sorbo 11', Barnaby&Peloso 11', Linde et al. 13', Bartolo et al. 14', RZF&Sloth 14’, Adshead et al. 15', Planck 15', RZF et. al 15', ...]

o (w1 =

in Axion Inflati

it
S
p
Q



Scatterings and decays
Particle production and thermalization [rzranotar 1706.00373)

Boltzmann-like system of equations
After thermalization

meaningfull.

Instability = particle production of modes
e Instability band covers subhorizon modes where particle interpretation is

1/2+ Ny (k) = ’Z((]S) = AR+ KA

N, (k) ~0,
o 2w(k) = {

k/a> H
27

N’Y(k) = 6875)

What happens when there are many particles around...?

o Gauge field effective particle number (V) per mode k:

kja < H

o (w1 =
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Scatterings and decays

Boltzmann-like system of equations
After thermalization

5

—,

Scatterings and decays involving ¢y interactions are enhanced by powers of IV,

7
¢ ¢ v 7
For example, the scatering rate of yy — vy
d3pi
Syy—yy = B /H ( Z

(2m)3(2E;)

) | My |2 (2m)2 8 (K + ply — ply — Py) Byy—snvy (K, p2, D3, pa)
Beyy—s~~(p1,D2,P3, P4)
and is Bose enhanced by N3

— M
where By~ (p1, p2, ps, pa) contains the phase space factors given by

Noy(p1)Ny(p2) [1 + Ny (p3)] [1 + Ny(pa)] = (p1 <> p3,p2 <> pa)
5
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e Scatterings and decays rates are N:?,N?,.

Scatterings and decays

Boltzmann-like system of equations
After thermalization

Therefore, when N, reaches a given threshold then

=1l
tscatterings, decays < H

=

thermalization

Boltzmann-like eqgs. for N, (k), N,_ (k) and Ny (k):

N, (k,n)

N;_(k,m)

4k Relg(k,n)
n |g(k,n)? + k2
N(;,(k,n) ~0

where g(k,n) = A’(k,n)/A(k,n).

1

e Then, add the scatterings and decays.

[m]

e To estimate the conditions for thermalization we derive, from the eom,

(N (Bym) +1/2)

(=)
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Scatterings and decays

Boltzmann-like system of equations
After thermalization

e Scatterings and decays rates are N,?, N?,.

Therefore, when N, reaches a given threshold then

tscatterings, decays < H_l = thermalization
e To estimate the conditions for thermalization we derive, from the eom,

Boltzmann-like egs. for NV, (x), N,_ (k) and Ny (k):

N,’Y+(k) — _% Re[gA(k7T)]

Ny (k) +1/2) + ST+ 4+ 5+ 4 D¢ 4 g+-
T Toale P g2 (s R+ 1/2) 4 STE 4 ST04 DT 4
N, (k) —5t,
Ny(k) =

—gt¢ _ pte,

e Solve the system numerically and verify if the distribution approaches a
Bose-Einstein distribution.

=} =
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Scatterings and decays
Boltzmann-like system of equations
After thermalization

Numerical results

e Box with O(10) modes of comoving momentum: k € [1, O(10)]H.
Duration of simulation: ~ 1 e-fold, {no = —2,n7y = —1}

e Checking thermalization by looking at the average difference to a BE distribution

AN _ 1 3 N™™ (k) — N°I(k, T))

N Niot Neda(k,T)
k
sf. 10°
Y o,
N,
1 —Ne N
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Left: Change in the particle numbers after thermalization for f = 0.1H, £ = 2. Center: Final particle number vs f/ H for £ = 3.9 Right: Average

difference to Bose-Einstein distribution vs f /H for £ = 3.9.
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Axions in Inflation: Scatterings and decays
Particle production and tt izatie Bolt: like system of equations
Conclusion and prospects After thermalization

Numerical results:

e Distribution of particles approaches a BE distribution

e Numerically the system thermalizes when
£ 2 0.441og i +3.4
~ H )

e Observations impose f¢/H > 10®. This means £ > 5.8 = backreacting and
non-perturbative regime = unclear. [RzFetal. 15, Peloso et al. 16' ]

Problem solved if gauge fields belong to the standard model

e More, fixed and unsuppressed interactions (more predictive). More realistic,
inflaton has to couple to SM.

e For v scatterings or gluon self-interactions thermalization requires

(z2pe)? () HN? e > N

yy—e~ yY—e

rag )2 2
(2355)° (£) HNGysgo > NagoggH - = €229

8+H = ¢ Z 2.9
Under control
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Axions in Inflation: Scatterings and decays
Particle production and tt izatie Bolt: like system of equations
Conclusion and prospects After thermalization

Generic properties of the thermal regime

e Thermalization shifts particles from horizon size to the UV. At horizon crossing the
gauge field particle number is much smaller than in the non-thermal case.

e Effects on ( are drastically modified!

e Loop corrections to ¢ correlators are much smaller

. <C2> o (%)4 o > instead of e!™¢ as in the non-thermal case;
° <§3> x <FF‘> is suppressed because parity symmetry tends to be restored

FF o (ny, —ny_) — EHT?

e Constraints on & become generically weaker.
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Axions in Inflation: Scatterings and decays
Particle production and thermalization Boltzmann-like system of equations
Conclusion and prospects After thermalization

Is the thermal regime stable?

e Moreover, after thermalization gauge field develops thermal mass mp ~ gT'

” 2k
AL +wi(k)Ax =0, wr (k) = (k’2 7_5 + H2r 2) :

If mpr > €H the instability disappears and thermal bath redshifts. However, the
system should reach an equilibrium (or oscillate around it): if temperature is too
small the thermal mass disappears and the instability opens again

ey

The system should reach an equilibrium temperature which balances the two terms:

2 EH
wr(k) 20 = Toqg ~ >—
)
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Scatterings and decays
Boltzmann-like system of equations
After thermalization

At T.q, ¢ is thermalized if T(T.,) > H, i.e.:

4/5
cxs(5)

Predictions for thermalized inflaton:

chermal ~
ns—1 =
r =

2T Vvac
f ¢
—6em + 20+ =2 5 = —den +n
H¢
H g
166 = 8¢
6€2T 86£

10°

SM-Thermalization
—
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° Pcthermal(

T.q) = 2.2 x 1072 gives a

condition for £(f).

e Non-Gaussianity estimated to be

5
fthermal < d& PvacO (T > =£< 0(20 — 100)
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Axions in Inflation:
Particle production and thermalization
Conclusion and prospects

Conclusions & Future Work

Done:

e Controlled setup where a thermal bath can be sustained during inflation by the
instability created due to the axial coupling.

e Couplings are shift symmetric so no thermal mass is generated for ¢.

e Predictions are changed: constraints on ¢ relaxed, spectral tilt fixed, r reduced
(large field inflation (re)compatible with datal)

To be done:

e Confirm that the system reaches, or oscillates around, the equilibrium temperature.
e Improve non-Gaussianity calculations to derive more precise constraints on &.
e Is the backreacting regime possible?

e Many different features still to study.

Can inflation be ThAI?
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