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Motivation: Dark Energy

Planck collaboration 2014
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Clustering Dark Energy

⇢ = ⇢̄+ �⇢

Background Perturbations
p = ⇢̄(w + c2s�)EoS

cs2 = 1

Quintessence:

perturbations are allowed to grow 

only at the horizon scale

cs2 = 0

K-essence or DE interactions:

perturbations are allowed to collapse 

on all scales

(
@⇢
@⌧ + 3H(⇢+ p) + ~r · [(⇢+ p)~v] = 0
@~v
@⌧ +H~v + (~v · ~r)~v = � 1

⇢+p

⇣
~rp+ ~v @p

@⌧

⌘
� ~r�

Sefusatti and Vernizzi 2011



Clustering Dark Energy
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Goal: hi-resolution cosmological simulations of Dark Matter + 
Dark Energy perturbations (+ baryons)



Euler equations in quasi-conservative form

Dark Energy:

Baryonic fluid:
(
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Numerical methods

Source splitting Godunov method
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Fi+1/2 = F (Ui+1/2(0))

where Ui+1/2(0) is the exact 
similarity solution U(x/t) of the 
Riemann problem:
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Riemann Problem

K± =
�
1 + c2s,�±

�
�± = v ± cs

p
1� v2

Genuinely non linear

Rarefaction: Riemann Invariants 
Shock: Rankine-Hugoniot conditions
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Results - exact solution of the Riemann problem

Test 𝚫 v 𝚫 v

1. Rarefaction - rarefaction 1 -0.05 1 0.05

2. Rarefaction - shock 0.1 0 1 0

3. Shock - rarefaction 1 0 0.1 0

4. Shock - shock 1 0.05 1 -0.05
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Approximate Riemann Solvers

HLL Acoustic
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Future prospects

• Testing Riemann Solvers 

• Implement Riemann Solvers in Ramses 

• First cosmological runs

Thank you!


