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Complexity in the early universe

Does the simplicity of the data reflect the simplicity of the 
underlying theory, or does it emerge from complexity?
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Complexity in the early universe

Inflation

• Near scale invariant: ∆2
ζ ∼ kns−1

• Near Gaussian
• Weak self-interaction (slow roll)

Particle theory

• SM UV completions NF ≫ 1
• Coupling to ϕ weakly constrained
• Non-trivial field manifolds

ϕ

χ
m2

eff(t) = m2
χ + g2(ϕ(t)− ϕi) + · · ·
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Complexity in the early universe

(axion monodromy)

(flipped SU(5))

(flipped SU(5))

m2
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χ + g2(ϕ(t)− ϕi) + · · ·
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[ J. Ellis, MG, N. Nagata, D. Nanopoulos, K. Olive, ’17]

[R. Flauger, M. Mirbabayi, L. Senatore, E. Silverstein, ’16]
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Complexity in the early universe
.

background dynamics particle production curvature fluctuations
⟨χk1χk2 · · · ⟩ ⟨ζk1ζk2 · · · ⟩

m2
eff(t) = m2

χ + g2(ϕ(t)− ϕi) + · · ·
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Conformal Spectator in dS

S =
1
2

∫ √
−g d 4x

[
c(t + π)∂µπ∂

µπ + ∂µχ∂
µχ−

(
M 2 + m2(t + π)

)
χ2

]
≃ 1

2

∫ √
−g d 4x

[
c(t)∂µπ∂µπ + ∂µχ∂

µχ−
(

M 2 + m2(t)
)
χ2 − dm2

dt χ2π + · · ·
]

c = 2M 2
P|Ḣ|

Marcos A. G. García. Bilbao webinar 20/05/2020 3/12



Conformal Spectator in dS

S =
1
2

∫ √
−g d 4x

[
c(t + π)∂µπ∂

µπ + ∂µχ∂
µχ−

(
M 2 + m2(t + π)

)
χ2

]
≃ 1

2

∫ √
−g d 4x

[
c(t)∂µπ∂µπ + ∂µχ∂

µχ−
(
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M 2 = 2H 2y
Xk ≡ aχk

= αk,j
e−ikτ
√

2k
+ βk,j

eikτ
√

2k

m2(t) =
∑

j mjδ(t− tj)

⟨mj⟩ = 0
⟨mimj⟩ = σ2δij

Ns ≡
⟨Ns⟩
Ne

χ π

OS ∼ ⟨χ4⟩

OD ∼ ⟨[χ2, χ2]⟩

→↚
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Conformal Spectator in dS
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Conformal Spectator in dS
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Conformal Spectator in dS
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Conformal Spectator in dS

0

20

40

ln
|X

k
|2

P
(ln|X

k | 2,t)

106 103 1 10−3 10−6

|kτ |

m
2
(t

)

Marcos A. G. García. Bilbao webinar 20/05/2020 4/12



Conformal Spectator in dS
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Conformal Spectator in dS
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Conformal Spectator in dS
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One parameter atNs ≫ 1
Ns(σ/H)2
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Conformal Spectator in dS
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Conformal Spectator in dS
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Conformal Spectator in dS
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Conformal Spectator in dS
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1 + 2 + 3 + 4 = geometric (Brownian) random walk of |Xk|2

Zk ≡ ln |Xk|2 − ⟨ln |Xk|2⟩
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Curvature power spectrum

To lowest order in π, with ζ ≃ Hπ and ⟨ζ(k)ζ(k′)⟩ = 2π2

k3 ∆2
ζ(k) δ(3)(k + k′),

π̂′′(x, τ) + 2Hπ̂′(x, τ)−∇2π̂(x, τ) = − a(τ)
2c(τ)

dm2(τ)

dτ χ̂2(x, τ) ,

y
δ∆2

ζ(k) = 4π2(∆2
ζ,0)

2 k3

H4

∫
dτ ′dτ ′′ τ ′τ ′′Gk(τ, τ

′)Gk(τ, τ
′′)

dm2(τ ′)

dτ ′
dm2(τ ′′)

dτ ′′

×
∫ Λ(τ) d 3p

(2π)3

[
Xp(τ

′)X∗
p(τ

′′)
]

AS

[
X|p−k|(τ

′)X∗
|p−k|(τ

′′)
]

AS

• OAS ≡ O −Ovac

• Λ(τ) ≡ (Hw τ)−1

• Start: |k0τ | = 1. End: |kf τ | = 1
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Curvature power spectrum
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Curvature power spectrum

⟨
δ∆2

ζ(k)
⟩

=
(
∆2

ζ,0

)2
Ns

( σ
H

)2
eF(k,Ne,Ns(σ/H)2)

10−2 10−1 1 10 102 103 104 105 106 107 108 109

k/k0

10−12

10−9

10−6

10−3

1

103

106

〈δ∆
2 ζ
〉/

∆
2 ζ
,0

Ns(σ/H)2 = 4

2.5

1

always
super-horizon

cross horizon
during scatterings

always
sub-horizon

∼ k3
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Curvature power spectrum

(Ne = 20,Ns(σ/H)2 = 25)
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Curvature power spectrum
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Curvature power spectrum

(Ne = 20,Ns(σ/H)2 = 25)
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Curvature power spectrum

(Ne = 20,Ns(σ/H)2 = 25)

105
107

109
1011

1013

0
5

10
15

ln
(
δ∆2

ζ

∆2
ζ,0

)

−15

−10

−5

0

5

10

15

N
k/k0

P
[
ln
(
δ∆2

ζ

∆2
ζ,0

)]

time →
wavenumber →

Marcos A. G. García. Bilbao webinar 20/05/2020 9/12



Observational implications
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Observational implications
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→ Higher point correlators

→ Biasing by long-wavelength background

→ Primordial black holes

→ CMB spectral distortions
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Observational implications
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Conclusions

• Stochastically excited spectator fields undergo geometric random walks
• Lead to features in the curvature power spectrum → constraints
• Look for enhancement in the N-point function

⟨ζn⟩ − ⟨ζn⟩χ=0 ∼ ⟨ζ2⟩n
χ=0 × exp

[
n2

2 F
(
Ns

σ2

H 2

)]
• Higher spin spectators / higher spin observables
• Stochastic preheating
• Backreaction regime→ dissipation

Thank You
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