
The Shock-in-Time : Generating the Entropy of
the Early Universe

Jonathan Braden

University College London

The Information Universe, Groningen, Oct. 8, 2015

in collaboration with Dick Bond, Andrei Frolov and Zhiqi Huang (in preparation)





Starting the Big Bang

Inflation

I Cold (T ∼ 0), S
V ≈ 0

I Few active d.o.f.

	

Hot Big Bang

I Hot (T > MeV ),
S
V ∝ geff (T )T 3

I Many active d.o.f.

Huge entropy production (information processing)

But how does it happen?



Lightning Review of Inflation and Preheating

L = −GIJ(~φ)

2
∂µφ

I∂µφJ − V (~φ)

During Inflation

I Subhorizon Homogeneity

I (Small) Superhorizon
Inhomogeneity

End of Inflation

[
δφ, δφ̇

]
6= 0

=⇒ 〈|δφ̃k|2〉, 〈|δ ˜̇
φk|2〉 > 0

I Variety of instabilities



Numerical Approach is Essential [JB, in preparation]

Hybrid MPI/OpenMP Lattice Code

I Solve field equation (e.g.)

φ̈i + 3
ȧ

a
φ̇i −

∇2φi
a2

+ V ′(~φ) = 0

I 10th order Gauss-Legendre
integration (general) or 8th order
Yoshida (nonlinear sigma models)

I Finite-difference (fully parallel) or
Pseudospectral (OpenMP)

I Optional absorbing boundaries

I Quantum fluctuations →
realization of random field

I Energy conservation
O(10−9 − 10−14)



Numerical Approach is Essential [JB, in preparation]

Hybrid MPI/OpenMP Lattice Code

I Solve field equation (e.g.)

φ̈i + 3
ȧ
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Developing Complexity of ln(ρ/ρ̄)
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Entropy and Information

Shannon

(or von Neumann)

Entropy

Sshannon ≡ −
∫
Dϕf [ϕ] ln f [ϕ]

SvN = −Trρ̂(ϕ̂) ln ρ̂(ϕ̂)

Relative Entropy (KL-Divergence) - Continuum Variables

SKL ≡
∫
Dϕf [ϕ] ln

(
f [ϕ]

Q[ϕ]

)
=

〈
ln

(
f

Q

)〉
f

I What is Q? (phase space partitioning)

I What is f [ϕ]?

I What fields ϕ should we use?
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Entropy : Expectation Value of Information
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Coarse Graining Prescription : Maximum Entropy

Maximise S Subject to Measured Cϕϑ(x, y) = 〈ϕ(x)ϑ(y)〉

SME =
1

2
ln det(C) +

Ndof

2
+
Ndof

2
ln 2π

NonCanonical Variables (Q → J )

Snc
ME =

1

2
ln

(
detC
J 2

)
+ . . .

detC ∼ V 2
fluc J 2 =

∣∣∣∣ ∂ϕ

∂ϕcan

∣∣∣∣2 ∼ V 2
quantum

∆2 = det(C̃ij(k)) C̃ij(k) =
〈
ϕi(k)ϕ∗j (k)

〉
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Information Processing → Generation of Higher Order
Correlators

Information spreads into the reservoir of higher n-point
functions

dS

dt
∝
∑
k

d ln ∆(k)

dt

d ln ∆(k)

dt
= a23〈3− pt〉+ a24〈4− pt〉+ . . .

Note : dS/dt = 0 for linear evolution equations.



The Shock-in-Time

ln ρ Phonon DOF
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Phonons as Collective Variables : During Shock

ln ρ Phonons
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Phonons as Collective Variables : Post Shock

ln ρ Phonons
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Density Perturbations from the
Shock-in-Time



Ultra Large Scale Modulating Isocurvature Field



ζ = ζinf + FNL(χ) ζ = (δ ln a) |ρ
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In-Shock Modulation [Bond, JB, Frolov, Huang]



Shock Surface Modulation [Bond, JB]
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FNL(χ) on the CMB Sky

[Couresty of Andrei Frolov]
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