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Cosmological Inflation2

Defined as an early accelerated expansion dominated by vacuum energy
density and driven by a fluid with negative pressure:

ä > 0, p < −ρ/3 ⇒ Inflation

ds2 = −dt2 + e2Htdx2, H ' cte

Solves:

horizon problem
flatness problem
monopole problem (and other relic problems)
i.e., explains why the Universe is so large, so flat, and so empty

Predicts:

scalar fluctuations in the CMB temperature

nearly but not exactly scale-invariant (> 5σ !)
approximately Gaussian (at the 10−4 level !)

2(Starobinsky ’80; Guth ’81; Albrecht, Steinhardt ’82; Linde ’82)
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Different Pictures of Inflation: Cold and Warm Inflation

Cold Inflation:

Inflaton interactions with other d.o.f. only important during reheating
and considered negligible during inflation:

ρ̇r + 4Hρr = 0, (H = ȧ/a ∼ cte)

⇓
The radiation density during inflation redshifts away: ρr ∼ 1/a4

⇓
Universe supercools during inflation

⇒ density perturbations sourced by inflaton’s quantum fluctuations

⇒ Radiation must be produced (connection with the radiation
dominated cosmological regime): decay of the inflaton’s vacuum energy

Inflation =⇒ Reheating =⇒ Radiation =⇒ Matter
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Warm Inflation3:

Inflaton =⇒ Decay =⇒ Radiation =⇒ Matter

Interactions of the inflaton with other d.o.f. are important during
inflation, generate dissipation/viscosity terms ⇒ small fraction of
vacuum energy density can be converted to radiation

ρ̇r + 4Hρr = Υφ̇2

⇒ The radiation density during inflation might stabilize:
⇒ ρr ∼ Υφ̇2/(4H)

⇒ Adiabatic curvature perturbations sourced by thermal fluctuations

3Ian G. Moss PLB154 1985, Yokoyama and Maeda PLB207 1988, A. Berera and
L. Z. Fang PRL74 1995, Berera PRL75 1995
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Warm Inflation

Extra friction term: Q = Υ
3H .

Q � 1, T � H =⇒ Standard Cold Inflation
Q < 1, T > H =⇒ Weak Dissipative Regime of Warm Inflation
Q > 1, T > H =⇒ Strong Dissipative Regime of Warm Inflation

⇒ allow for smaller φ values during inflation:

smaller inflationary scale =⇒ lower tensor-to-scalar ratio (r)
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Models of Inflation: Forms of potentials for the inflaton

Small field models: Large field models:

Small field models (Starobinsky modified gravity R2 inflation
model, Higgs inflation, string motivated inflation models, etc),
they all predict a small tensor-to-scalar ratio r � 0.1.

Large field models (power law φp (p ≥ 2 potentials), chaotic
inflation, etc), predict a large tensor-to-scalar ratio r > 0.1.
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Trajectories in the (ns , r) plane for λφ4 potential4

4S. Bartrum, M. Bastero-Gil, A. Berera, R. Cerezo, ROR and J. G. Rosa, PLB
732 (2014) 116
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Eternal Inflation and the Multiverse

Current fundamental theories do not predict a unique vacuum.

False vacuum decay can lead to inflation.

False vacuum decay can happen in different parts of the universe.

Pockets of inflation universe are constantly been created.

Strongly motivates that we inhabit an eternally inflating universe.
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False vacuum decay can happen in different parts of the universe:
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False vacuum decay can happen in different parts of the universe:
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Occasional quantum jumps in localized regions can raise the scalar field
to a higher value of the energy density, leading to regions of faster
inflation.
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Consider any particular time-like geodesic line at the stage of inflation.
One can show that for any given observer following this geodesic, the
duration ti of the stage of inflation on this geodesic will be finite.

One the other hand, eternal inflation implies that if one takes all such
geodesics and calculate the time ti for each of them, then there will be
no upper bound for ti , i.e. for each time T there will be such geodesic
which experience inflation for the time ti > T .
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Is eternal inflation (or the multiverse) a problem ?
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Is there an eternal warm inflation ?

1) Start from effective stochastic equation for the inflaton in WI:

φ̈+ (3H + Υ)φ̇− 1

a2
∇2φ+ V ′(φ) = ξq + ξT

ξq and ξT are stochastic Gaussian noise terms. In particular

〈ξT (x, t)ξT (x′, t ′)〉 = 2ΥTa−3δ(x− x′)δ(t − t ′)

2) Write the equivalent Fokker-Planck equation for the homogeneous
inflaton field:

∂

∂t
P(ϕ, t) = − ∂

∂ϕ

[
D(1)P(ϕ, t)

]
+

∂2

∂ϕ2

[
D(2)P(ϕ, t)

]
= − ∂

∂ϕ

{
D(1)P(ϕ, t)− ∂

∂ϕ

[
D(2)P(ϕ, t)

]}
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D(1) and D(2) are the drift and diffusion coefficients:

D(1) = − V,ϕ(ϕ)

3H(1 + Q)
, Q =

Υ

3H

D(2) =
H3
√

1 + 4πQ/3

8π2(1 + Q)2

[
1 + 2nk +

(
T

H

)
2πQ√

1 + 4πQ/3

]

If diffusion dominates over drift, a fluctuation dominate regime (FDR)
is present ⇒ self-reproduction of H-regions occurs.
3) Transform the FP equation into a Sturm-Liouville problem:

σ →
∫

dϕ√
D(2)(ϕ)

∂

∂ϕ
→ 1√

D(2)(ϕ)

∂

∂σ

Pn(ϕ)→ 1

D(2)(ϕ)3/4
exp

[
1

2

∫
dϕ

D(1)(ϕ)

D(2)(ϕ)

]
ψn(ϕ)
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∂2

∂σ2
ψn(σ)− VS(σ)ψn(σ) = Λnψn(σ)

where the effective potential VS is defined in terms of the drift and
diffusion coefficients:

VS(σ) =
3

16

(D
(2)
,ϕ )2

D(2)
− D

(2)
,ϕϕ

4
− D

(2)
,ϕ D(1)

2D(2)
+

D
(1)
,ϕ

2
+

(D(1))2

4D(2)

4) We can write for the volume weighted distribution:
PV (φ, t) =

∑
n PVn(x)eΛ′nt .

If Λ′0 > 0 (E ′0 < 0), the physical volume of the inflating regions grows
with time and eternal self-reproduction is present.

Λ0 = −minψ(σ)

∫
dσ

[(
dψn

dσ

)2
+ VS(σ)ψ2

n

]
∫
dσ ψ2

n

5) Λ0 is obtained by solving (numerically) the equation in WI.
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Summary

Inflation is the most strong and well supported scenario of early
Universe solving the outstanding standard Big-Bang cosmological
model problems

Two pictures: Cold and Warm Inflation. Warm inflation fully
includes the effects of interactions in the inflaton dynamics.
Dynamics that emerges is naturally dissipative (as most of the
dynamics of systems in Nature !).

Dissipative effects due to decaying fields during inflation can
strongly influence the dynamics and modify the inflationary
predictions (r , ns , fNL, etc).

Inflation is predicted to be eternal. Once inflation starts, it can
self-reproduce indefinitely.
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Summary

Warm inflation can also be eternal, but dissipative effects can
suppress the self-reproduction of inflating H-regions.

Eternal inflation might even be suppressed entirely if n′s < 0 (in
warm inflation5, n′s = −(ns − 1)2 ' −0.0016).

In Warm inflation: larger number of efolds and larger (chaotic) or
much smaller field amplitudes (hilltop) required for initiating EI.

5S. Bartrum, M. Bastero-Gil, A. Berera, R. Cerezo, ROR and J. G. Rosa, PLB
732 (2014) 116
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