
Numerical simulations
in cosmology:

Review + cookbook

C Pichon
 

(largely inspired by lectures of Teyssier,Springel,White...)
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Outline

- What are cosmo sim?
- Why do cosmo sim?
- How is it done?
- Where we are today?
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What?
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Baryonic light cone

Why?
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Illustris
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Why simulate structure formation ?

* to understand effects of non-linear processes on cosmology/galaxies

* to connect the early universe to statistical surveys at low redshifts

* to validate upcoming instruments via mocks

* to explore the subtle effect of alternative theory of gravity  
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Why?
PROS

- properly account for scale coupling/ anisotropy

- allow for visualisation of the effect of complex
 processes

- decide quantitatively which non-linear process 
dominates 

- make (large) virtual data sets/ surveys;

- validate inverse methods;

- build realistic estimators/ model biases; 

- calibrate new instrument:  

    how well can we measure things from 

      a given incomplete survey?

- estimate error bars/covariance matrices;

- validate perturbation theory

CONS

- Most players present a very skewed view of 
success/failure

- Simulations can easily be Garbage In Garbage Out
      *Sometimes, domain of scientific interest =0

- Misleading because too convincing compared to 
thought experiments

- Chaotic solution possibly driven by algorithmic 
limitation

- Sociologic bias towards runaway: code validation 
sporadic

- A lot of work !

  * write a code
  * validate the code 
  * run the simulations : big mock data (@ IAP ~ PB)
  * validate the simulation
  * produce virtual observables
  * write the estimator
  * validate the estimator
  * explore domain of relevance
  * study biasses
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How?
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Martel & Shapiro (1998)

Account for cosmic expansion

• voids repel, 
• gas shocks
• if collapse, fate final 
(cooling catastrophy)

super co-moving variables
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Dynamics is 
Hamiltonian 
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long range force /short timescale limit  (mean free path ~ system)

short + long range force /long timescale limit

Liouville (N point PDF conservation)

BBGKY hierarchy

N point function

...
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Collisions : 

Ideal gas :    

P = p(⇢, T )1

p(⇢, T ) = (� � 1)⇢u

trace of second moment equation

Closure
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One challenge is  to separate the important from the unimportant
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Currently  N ~ 1010 on very large scales
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Flow Chart for N-body

Diagnostics
(e.g. energy)
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Optimal (DM+hydro) code

Discretize + control errors

Bias Variance

Efficiency Accuracy

Sweet
spot

From the point of view of the theory of estimation/numerical analysis/computational geometry....

e.g. too 
smooth or anisotropic

force field

e.g. too 
noisy

force field

e.g. too slow
integrator

e.g. unstable
integrator:

regularization schemes

Text

?

?

?
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- Dynamics in a expanding universe 
- Cosmological initial conditions
- Multi-scale dynamics 
- Multigrid Poisson solver
- Symplectic integrators
- Zoom simulations

Dark matter evolution
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Initial conditions for LSS
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or equivalently filter white noise (phases) with 
p
Pk

Hanning Filter:avoid anisotropic long waves
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Initial conditions for LSS
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Force field estimation
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Baryons

- Multi-scale, multi timescale hydro-dynamics
- Optimal discretization of partial differential equations

- SPH & finite volume methods
- Shock preserving algorithms

- Subgrid physics: effective laws for unresolved scales

- Subgrid physics: effective laws for unresolved processes: 
                star formation,dust, magnetic fields, AGN, cosmic  rays...
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grid refine if  necessary volume of sphere decreases if necessary
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Quantifiable 
error budget
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Unlike dark matter,  perfect fluid cannot shell cross

Let's look at a 1D toy model of 2 cells    

contact/rarefaction/shock waves are created

@tfcol 6= 0

Friday, 19September, 14



Friday, 19September, 14



finite volume scheme = field variables are constant/cell
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Shock wave
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respect causality via sets of sound wave.
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Where we are?
• produce good looking galaxies  :-)

• get correctly the stellar mass of galaxies :-(
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A universe made of MWs
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A universe made of MWs
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E / M2

Feedback / M
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E / M2

Feedback / M
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Clusters?
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Clusters?
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Effect of AGN feedback
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Effect of AGN feedback
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Milky ways?
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MW?
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Dwarfs?

The pb of feedback is local energy deposit 
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Many interacting physical processes are important and span 
a very wide range of physical scales

Many cannot be resolved and so must be handled by 
phenomenological “subgrid” models

 These are typically highly simplified, incomplete and 
uncertain, involving various undetermined parameters

Parameter tuning may give a good fit to observation but 
this does not necessarily imply correctness of model

CONCLUSION
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•  Galaxy formation is still poorly understood in 
details: even one point function such as stellar 
mass in galaxies is a challenge.

• Galaxy formation is highly nonlinear and 
sensitive to sub-grid recipes, to numerical 
implementations, and to cosmology. These are 
not easily separated.

•  Feedback effects in a galaxy formation affect 
the mass power spectrum at ~ percent level 
even at λ ~ 10 Mpc : “precision” cosmology??

CONCLUSIONS
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Why?
PROS

- properly account for scale coupling/ anisotropy

- allow for visualisation of the effect of complex
 processes

- decide quantitatively which non-linear process 
dominates 

- make (large) virtual data sets/ surveys;

- validate inverse methods;

- build realistic estimators/ model biases; 

- calibrate new instrument:  

    how well can we measure things from 

      a given incomplete survey?

- estimate error bars/covariance matrices;

- validate perturbation theory

CONS

- Most players present a very skewed view of 
success/failure

- can be Garbage In Garbage Out

- Misleading because too convincing compared to 
thought experiments

- Sometimes, domain of scientific interest of zero 
measure 

- Chaotic solution possibly driven by algorithmic 
limitation

- Sociologic bias towards runaway: code validation 
sporadic

- A lot of work !

  * write a code
  * validate the code 
  * run the simulations : big mock data (@ IAP ~ PB)
  * validate the simulation
  * produce virtual observables
  * write the estimator
  * validate the estimator
  * explore domain of relevance * study biasses
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http://www.ics.uzh.ch/~teyssier/Teaching.html
http://www.astro.iag.usp.br/~xiiieaa/talks/springel-1.pdf

http://arxiv.org/pdf/astro-ph/0411730v1.pdf
http://www.scholarpedia.org/article/N-body_simulations_(gravitational)

http://horizon-simulation.org 
http://www.cosmicorigin.org 

http://illustris-project.org
http://projet-horizon.fr

http://icc.dur.ac.uk/Eagle/ 
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