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• Newtonian gravitational fields, on an FLRW 

background

• Non-linear Eulerian equations of 
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Formally, the leading-order part 
of a post-Newtonian expansion

Not a valid assumption in the 

presence of non-linear structures
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• Cosmological perturbation theory is not valid in the presence of 

non-linear density contrasts.

See e.g. Carlson, White & Padmanabhan, arXiv:0905.0479

• The two expansions are required at all points in space-time, and so 

cannot be matched at an intermediate region.

c.f. the “near zone” and the “wave zone”, from gravitational wave theory 

Perform each of the expansions simultaneously, at

every point in space-time. Use post-Newtonian gravity

to model small-scale fluctuations, and cosmological

perturbation theory to model large-scales.

Solution:
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Our proposed solution requires perturbing a background geometry in both 

post-Newtonian and cosmological perturbation theory formalisms:

Two-parameter Perturbations

Goldberg, TC, Malik, arXiv:1610.08882

Can be viewed as post-Newtonian
gravity operating on a perturbed
FLRW background.

Or, equivalently, as cosmological
perturbation theory operating on
an FLRW background with post-
Newtonian perturbations.
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Results
• Perturbations appear at new unexpected orders, not just at the orders of

perturbations from each of the individual expansions.

• Most of the gauges used in cosmological perturbation theory are not valid in

the presence of non-linear structures.

• Gauge-invariant quantities can be constructed, in analogy with the procedure

described by Bardeen, including at non-linear orders.

• Gravitational fields on small and large scales interact and source each other in

non-trivial ways.

• Vector gravitational potentials are found to have leading-order contributions

that are 100 times larger than standard estimates.

• Large-scale gravitational potentials are sourced at leading-order by terms that

are quadratic (or higher) in small-scale gravitational fields.

• The large-scale gravitational potentials can no longer be decomposed in non-

interacting scalar, vector and tensor parts.
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in progress…



Thanks for listening


