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Inflation

Inflation in the cosmological model

The model is described by the action,

S =

∫
dx4

√
−g

{
R

16πG
− 1

2
∇µϕ∇µϕ− V (ϕ)

}
, (1)

where ϕ is known as the inflaton.
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Inflation

Inflation in the cosmological model

The metric is written as

gab = g0ab+δgab,

where g0ab represents the background:

ds2 = a2(η)[−dη2 + δijdx
idxj ], (2)

and δgab the metric perturbations. The inflaton field is

ϕ = ϕ0(η)+δϕ(x⃗, η). (3)
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Inflation

Assumptions in this work

▶ At the beginning of the inflationary period, the only excited mode
is ϕ0.

▶ The potential is given by V = 1
2m

2ϕ2.
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Inflation

Dynamics equations

The relevant Einstein equations are:

3H(η)2 = 4πG

[(
dϕ0
dη

)2

+ 2a2V (ϕ0)

]
, (4)

and the Klein-Gordon equation is,

d2ϕ0
dη2

+ 2H(η)
dϕ0
dη

+ a(η)2
∂V

∂ϕ0
= 0, (5)

where, H(η) = a′(η)
a(η) , ′ = d/dη.
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Inflation

Slow-roll
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Inflation

Slow-roll

The slow-roll conditions are:
▶ The zero mode of the inflaton field reaches its final velocity:

d2ϕ0/dt
2 = 0 → in cosmic time

d2ϕ0
dη2

−H(η)
dϕ0
dη

= 0 → in conformal time
(6)

▶ At the beginning of inflation V (ϕ) dominates over the kinetics
terms ϕ̇2 ≪ V (ϕ0).
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Inflation

Slow-roll

Combining (6) with (5) one obtains;

dϕ0
dη

= −a(η)m
2ϕ0

3HI
. (7)

while the classical displacement is given by:

∆classϕ0 =
dϕ0
dη

dη (8)
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Eternal inflation

Eternal inflation (standard version)
This approach to address the problem is based on [A.D. Linde, 1986]
▶ The zero mode of the inflaton field, ϕ0, rolls slowly.
▶ Over a characteristic time, tchar, the field experiments a classical

displacement, ∆ϕ0 and it is subject also to “quantum fluctuations”,

δquanϕ0 =

√
⟨ϕ̂0ϕ̂0⟩ − ⟨ϕ̂0⟩

2
.

▶ Then, we have two possibilities:

|δquanϕ0| ≤ ∆ϕ0 (9)

|δquanϕ0| ≥ ∆ϕ0 (10)

▶ From (9) we can notice ϕ0 rolls towards to the minimum.
▶ From (10), two possibilities arise: in some regions, the field rolls

toward the minimum, while in others, it moves backward over the
potential.
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Eternal inflation

Eternal inflation (standard version)

▶ In regions where the field rolls upward, the cosmological expansion
rate increases.

▶ In regions where it rolls downward, the expansion rate decreases.
▶ Regions where the field went upward will grow more.
▶ Regions where it went downward will grow less.
▶ Over time, the universe will be predominantly covered by regions

where there was more expansion.
▶ Thus, the inflationary potential increases and inflation never ends.
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Eternal inflation

Eternal inflation
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Eternal inflation

Misconceptions in the standard version
The three definitions are taken as synonymous in the previous treatment
to account for the primordial cosmic structure:

Fluctuations

Statistical
fluctuations

Quantum
uncertanties

Space-time
variations

This category are linked with
an ensemble, and each
element has a different value.

These represent indefinitness
of certain operators when
the system is in a precise
quantum state.

This kind describes changes
from one point to another in
an extended wide object.
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Origin of primordial cosmic structure

Origin of primordial cosmic structure

On the classical background, perturbations are considered:

ϕ = ϕ0 + δϕ(η, x⃗) (11)

with δϕ(η, x⃗) ≪ ϕ0(η), using the perturbed metric:

ds2 = a2(η)[−(1 + 2ψ)dη2 + (1− 2ψ)δijdx
idxj ], (12)

with ψ(η, x⃗) ≪ 1.
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Origin of primordial cosmic structure

Origin of primordial cosmic structure

Usually, δϕ and ψ are described in terms of the Mukhanov-Sasaki vari-
ables:

u ≡ aψ

4πGϕ0
(13)

ν ≡ a(δϕ+
ϕ̇0
H
ψ), (14)

Quantization of the perturbations is carried out in terms of creation and
annihilation operators:

ν̂(x, η) =
1

(2π)3/2

∫
d3k

(
â
k⃗
νk(η)e

ik⃗·x⃗ + â†
k⃗
ν∗k(η)e

−ik⃗·x⃗
)
. (15)
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Origin of primordial cosmic structure

Origin of primordial cosmic structure

Modes are chosen such that in the limit η → −∞, where the expansion
rate is slow and the behavior is similar to Minkowski, they behave as
positive frequency solutions. This means:

νk(η) =
exp(−ikη)√

2k

(
1− 1

kη

)
, (16)

giving rise to the Bunch-Davies vacuum, which is defined by â
k⃗
|0⟩ = 0.

The “Power spectrum” can be extracted, ⟨0| ν2(k) |0⟩,

⟨0| ν̂(x, η)ν̂(y, η) |0⟩ =
∫
d3keik(x⃗−y⃗)P (k), (17)

resulting in P (k) ≃ Ck−3.
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Origin of primordial cosmic structure

Conceptual problems

▶ How did the Homogeneity and Isotropy of the state and of the
space-time with which I started break?

▶ Does it make sense to define an observer in a cosmological context?
We note that studying the interpretation behind the quantum theory
becomes a relevant matter, and therefore, we proceed to review interpre-
tative aspects of quantum mechanics.
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The measurement problem in quantum mechanics

Collapse theories with continous spontaeous localization

CSL theories in their simplest form represent the collapse toward one
eigenstate of the Â operator with λ as the collapse rate, and it is described

▶ Modified Schrödinger equation’s solution:

|ψ, t⟩ = T exp

(
−
∫ t

0
dt′

[
iĤ +

1

4λ
[w(t′)− 2λÂ]2

])
|ψ, 0⟩w , (18)

where T is the time order operator, w(t) a random function on
time.

▶ Probabilistic rule (Born rule):

PDw(t) ≡w ⟨ψ, t| |ψ, t⟩w Πt
ti=0

dw(ti)√
2πλ/dt

(19)
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The measurement problem in quantum mechanics

Quantum theory and gravity?

Semi-classical gravity is not a “quantum theory of gravity” but it can
work well in the inflation regime:

Gab = 8πG ⟨Tab⟩ (20)

In [A. Diez-Tejedor, D. Sudarsky, 2012], a scheme is presented to address
quantum collapse theories and semi-classical gravity.
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The measurement problem in quantum mechanics

Collapse and Primordial cosmic structure

In [P. Cañate, P. Pearle, D. Sudarsky, 2013] it is shown that using CSL
theories and semi-classical gravity it is possible explain the formation of
primordial cosmic structure

ϕk as the collapse operator: λ = λ0k. (21)
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A strategy to address the problem

Relevant modes bounded by the PH

The relevant modes are those that satisfy the condition

k ≪ kcrit =
2π

τ
(22)

and are therefore the same at all times. We focus on the average field
displacement, caused by the modes that behave similarly to the zero
mode, which is given by

∆Q = ⟨δϕ⟩2 = −4πa(η)−2τ3
(η + τ)

η3

∫ 2π
τ

0
λdk (23)
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A strategy to address the problem

Collapse rate

We employ a collapse rate that takes into account the observable modes
and, furthermore, provides a solution to the eternal inflation problem

λ = λ0

(
kα+1

(b+ k)α

)
, (24)

where b has the same units of k. Note that for α = 0 we recover λ = λ0k.
The last expression in the limit b≫ k,

λ = λ0

(
kα+1

bα

)
. (25)
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A strategy to address the problem

The theoretical prediction

P (k) = As

(
k

k∗

)ns−1

C(k), (26)
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A strategy to address the problem

The observable is given by the angular Power Spectrum
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A strategy to address the problem

Non eternal inflation condition

The non eternal inflation condition is√
⟨δϕ⟩2 < 2m2

3H2
I

ϕ0e, (27)

or equivalent:

1015
1

α+ 2

(
2π

bτ

)α

< 1. (28)
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A strategy to address the problem

Let the data speak
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A strategy to address the problem

Cosmological parameters

Parameter CSL fiducial

Ωbh
2 0.02240± 0.00015 0.02238± 0.00015

Ωch
2 0.1201± 0.0012 0.1200± 0.0012

τreio 0.0583± 0.0081 0.0545± 0.0075

ln(1010As) 3.056± 0.016 3.045± 0.014

ns 0.9601± 0.0046 0.9652± 0.0041

H0 67.34± 0.54 67.37± 0.54

α > 6.28 −−

β
(
2.20+0.63

−1.3

)
· 10−5 −−
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A strategy to address the problem

Conclusions

It is verified that the theoretical model, with a particular parametrization
of the collapse rate, λ, proposed in [R.L Lechuga, D. Sudarsky, 2024] is
supported by the data, and the parameters α and β are naturally con-
strained by the analysis.
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A strategy to address the problem
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A strategy to address the problem

Power spectrum

P (k) = As

(
k

k∗

)ns−1

C(k), (29)

C(k) ≡ λk|τ |
k

+
3

2

λk
k2

sin(2k|τ |)

+ 1−
[
2λk
k2

(
k

k∗

)ns−2

+ ζ4−ns
k cos

(
(4− ns)θk

)]−1

,

(30)

with

ζk ≡
(
1 +

4λ2k
k4

)1/4

,

θk ≡ −1

2
arctan

(
2λk
k2

)
.

(31)
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A strategy to address the problem
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