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The CMB and LSS

Inflation: Only a few parameters

Pζ(k) = Akns−1 r = 16ε fNL

I Nature of Inflaton?

I Initial Conditions?



What About Ultra-Large Scales

Evolve long wavelength modes dynamically
CMB scales see locally homogeneous background



Ultra-Large Scale Structure

Local Remnants of Ultra-Large Scale Structure?

I Structure present at start of inflation

I Conversion of structure during or after inflation
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Modelling Initial Conditions

Monte Carlo Sampling: Planar Symmetry

ds2 = −dτ2 + a2‖(x , τ)dx2 + a2⊥(x , τ)
(
dy2 + dz2

)

Inflaton on a‖(τ = 0) = 1 = a⊥(τ = 0)

φ(x) = φ̄+ δφ̂

φ̄ gives N e-folds 3H2
I ≡ V (φ̄)

Field Fluctuations

δφ̂(xi ) = Aφ
∑

n=1

Ĝ e iknxi
√
P(kn) Ĝ =

√
−2 ln β̂e2πiα̂

P(k) = Θ(kmax − k) H−1I kmax = 2π
√

3
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Observational Constraints

Pr(Aφ,HILobs|C obs
2 , . . . ) ∝ L(Aφ,HILobs)Pr(Aφ,HILobs| . . . )
L = Pr(C obs

2 |Aφ,HILobs, . . . )

I Aφ : Fluctuation Amplitude P(k) ∝ A2
φ

I HILobs : Uncertain post-inflation expansion history
I . . . : V (φ), spectrum shape, IC hypersurface, Chigh−`

2 , etc.

Planck measured C`

C obs
2 = 253.6µK 2 Chigh−`

2 = 1124.1µK 2

Numerical GR Input

Pr
(
Ĉ2|Aφ,HILobs, . . .

)



Required Evolution
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Required Evolution
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Observer Weighting



Observer Weighting



Evaluation of CMB Quadrupole

Ĉ2 = 1
5
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Evaluation of CMB Quadrupole
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Dependence of C2 on Model Parameters
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Final Posterior
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Significant deviations from Gaussian approximation



Heuristic Explanation: Initial Conditions



Heuristic Explanation: End-of-Inflation



Distribution of a20 with δζ dependence
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Analytic Approximation

ζ and comoving derivatives nearly Gaussian
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Large-Scale Approximation for a20

a20(x0) ∼ −Ae−2ζ(x0)
(
ζ ′′(x0)−O(ζ ′(x0)2)

)
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Anaytic a20 Distributions
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Recall The Numerical Result
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Conclusions

I Numerical relativity is a useful framework for making
cosmological predictions

I Sometimes it is a necessary tool (deviations from Gaussianity)

I Robust qualitative conclusions over a variety of inflationary
models

I Constraining large amplitude superhorizon structure is hard
even in the most optimistic case

I Inflation is effective at hiding large amplitude initial
fluctuations

I Gaussianity of ζ in comoving coordinates suggests analytic
approach in 3D


