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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
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Cosmological Observables Encoded in ⇣ = � ln a
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Required Evolution

0 50 100 150 200

H
I

x/
p

3

�0.06

�0.04

�0.02

0.00

0.02

0.04

0.06

l
n

a

0 50 100 150 200

H
I

x/
p

3

0.934

0.936

0.938

0.940

0.942

0.944

0.946

�
/M

P

0 50 100 150 200

H
I

x/
p

3

0.000000

0.000002

0.000004

0.000006

0.000008

0.000010

0.000012

0.000014

H

+5.773⇥10�1

Initial Conditions (⌧ = 0)



Required Evolution
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Solving Einstein’s Equations for a Self-Gravitating Inflaton

Machine precision accuracy

I
Gauss-Legendre time-integrator (O(dt10), symplectic)

I
Fourier pseudospectral discretisation (exponential

convergence)

Fast to allow sampling

I
Adaptive time-stepping

I
Adaptive grid spacing

O(1s � 10s) to evolve through 60 e-folds of inflation
Machine precision convergence and constraint preservations



Observational Constraints
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Observer Weighting
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Evaluation of CMB Quadrupole
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Evaluation of CMB Quadrupole
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Dependence of C
2

on Model Parameters
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Dependence of C
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Final Posterior
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Marginalised Constraints on Model Parameters: Amplitude
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Heuristic Explanation: Initial Conditions



Heuristic Explanation: End-of-Inflation



Analytic Approximation

⇣ and comoving derivatives nearly Gaussian
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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
Inflation is e↵ective at hiding large amplitude initial

fluctuations

I
Gaussianity of ⇣ in comoving coordinates suggests analytic

approach in 3D


