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large scales small scales

𝑘 ≈ 𝑎𝐻 ≈0.002 h/Mpc

𝜆 ≈ 3000 𝑀𝑝𝑐/ℎ

super-horizon scales

𝑘 ≈ 0.1 ℎ/𝑀𝑝𝑐

𝜆 ≈ 60 𝑀𝑝𝑐/ℎ

linear scales
mildly
non-linear scales

𝑘 ≈ 0.3 ℎ/𝑀𝑝𝑐

𝜆 ≈ 20 𝑀𝑝𝑐/ℎ

strongly
non-linear scales

relativistic
corrections

linear pert. theory non-linear 
pert. theory

N-body simulations

The structure of the large scale structure
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Recap: Zel’dovich approximation
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position of a particle at instant t

density field

formation of pancakes,
filaments, halos



Recap: Spherical Collapse
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shell equation

solution

relation with densit contrast

density of
virialized halos



Roadmap for today
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• Eulerian Standard Perturbation Theory
• Convolution kernels
• Bias and redshift distortion



Back to the linear fluidodynamical equations
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General form for the
growth rate

We obtain an eq. for 𝛿



Back to the linear fluidodynamical equations
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Assuming v Is irrotational

At the linear level, we can use v,𝜃, 𝛿 interchangeably



Back to the linear fluidodynamical equations
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Same steps as in linear theory, but we keep second order terms

Define density contrast

Define peculiar velocity

Insert in the cont. eq.

Adopt conformal time and comoving coordinates…



Full fluidodynamical equations
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Same steps as in linear theory, but we keep second order terms

Linear equations

Non-linear equations
for pressureless fluid
and  EdS



Back to the linear fluidodynamical equations
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Fourier transforms

Apply the Nabla

Integrate over  
the LHS…

…and the RHS
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Then we get this:

Now we expand:

…and write the eq order by order in 𝜀
At first order we get the linear eq. 

At the second:

𝜃

Mode coupling!

Perturbation expansion: continuity
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Adopt log a as time
variable

present value

Symmetrization of the kernel

Final form of continuity eq.

Perturbation expansion: continuity
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Euler equation

…in log a time

Perturbation expansion: Euler

expanding in Fourier
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Perturbation expansion: Euler

on the RH we can use linear theory:

so we get

with a symmetrized kernel
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Perturbation expansion: Euler

real space

Integrate over 
to get Fourier transf.
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Summary

and the time derivative of the first:
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Summary

then we get

growth of the second order 
density contrast

Ansatz:
(valid only in EdS)

NL terms
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Summary

LHS:

EdS

all together

7/2

new combined kernel
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Final expression

final expression 

new EdS kernel
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and for 𝜃…

final expressions
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and so on to higher orders…

(to be symmetrized)
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Recursion relation

(Bernardeau et al. 2001)



Quiz time
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1. Is the EdS assumption necessary?
2. What is missing in order to compare to observations?
3. Up to which order do we need to go?
4. Which random variable is Gaussian?
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is the assumption 𝐺(") = 𝐴𝐺" necessary?

trial solution
(no longer separable)

now we don’t assume
anything
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is the assumption 𝐺(") = 𝐴𝐺" necessary?

we get two equations!

…to be solved numerically!
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Bias and RSD

back to the 
real space-redshift space mapping

we obtained
this expression

but now, we don’t
linearize it!

velocity along LOS
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Bias and RSD

in Fourier space

we used

Redshift Space Distortion
(RSD)

Fingers-of-God
(FoG)
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Bias and RSD
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Bias and RSD

expand the exponential
and replace every
factor by its Fourier series
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Bias and RSD

full
expansion
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Bias and RSD

now we introduce a bias
expansion… 

but unbiased velocities! 
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Bias and RSD

real space

Fourier space

first-order term
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Bias and RSD

real space

Fourier space

first-order term


