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From J. Zavala

Structure formation in a nutshell
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The signatures of the DM depend sensitively on: 

→ the detailed distribution of dark matter
 → the precise impact of DM properties on cosmic structure
 → the physics of galaxy formation

All this from gigaparsecs down to subgalactic scales

Computer simulations offer the most accurate path 
towards these goals
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All these require sophisticated numerical simulations



  

→ Dark Matter Simulations

→ Current State of the Art

→ The next decade
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The evolution of the fine and coarse grained 
distribution functions are NOT equivalent.

Softening Length

It prevents forces to 
diverge, which would 
lead to large-angle 
scattering events 

Anisotropic compression in 
triaxial collapse

(also causes large-scale noise)



  

→ Dark Matter Simulations

→ Current State of the Art

→ The next decade
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Kuhlen, Vogelsberger, Angulo 2012
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14 orders of magnitude in mass

Current State of the Art
A simulation of the full DM hierarchy might require 1e21 particles

  WIMP
Mx = 100 GeV 

A simulation of the full DM hierarchy might require 1e21 particles

Angulo & White 2010



  

→ Dark Matter Simulations

→ Current State of the Art
    What we know

→ The next decade
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The abundance of CDM collapsed structures

Angulo et al 2012 Despali et al 2015

Simulations resolve the mass range relevant for galaxy formation
If written in the adequate variables, the abundance is universal
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Springel et al 2008

The inner structure of Dark Matter halos

Smooth distribution

Springel et al 2008

Density profile is described by NFW/Einasto
functional form, independent of mass

slope = -1

slope = -3
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Springel et al 2008

The inner structure of Dark Matter halos

Smooth distribution

Hierarchy of substructures
→ Abundance

Springel et al 2008
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Springel et al 2008

Smooth distribution

Hierarchy of substructures
→ Abundance
→ Radial distribution 

Springel et al 2008
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The inner structure of Dark Matter halos
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Springel et al 2008

Smooth distribution

Hierarchy of substructures
→ Abundance
→ Radial distribution
→ Density profile 

The inner structure of Dark Matter halos



  

→ Dark Matter Simulations

→ Current State of the Art
    What we don't know

→ The next decade
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The abundance of CDM collapsed structures

Simulations

EPS predictions
for a 100GeV WIMP

Angulo & White 2010

20% of the mass in the 
Universe is still diffuse today!

Most of the mass is still diffuse 
by redshift 10

Numerical simulations only resolve a fraction of the CDM halos



  

Mass fraction in subhalos of a MW halo
Uncertainties in the extrapolation introduce a factor of 2 in the
Amount of mass in substructures for a 100GeV WIMP
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Alpha = -1.9

Alpha = -2

Springel et al 2008



  

DM annihilation boosts
Annihilation rate scales as density squared, thus any unresolved
clumpiness (e.g. subhalos) should result into an enhanced signal

Kuhlen, Vogelsberger, Angulo 2012
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Substructure boostSubstructure boost

Cosmic halo boost
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Structure formation at the free streaming mass
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Structure formation at the free streaming mass
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The flattening of the mass variance implies a very diverse 
First-generation halo mass distribution

→ First generation halos of most particles is not at
high z not it happens at the free streaming mass 

median

→ 10% of the MW halo was accreted diffused
→  Most of the mass experienced 5 accretion events 



  

Ludlow et al 2014

Structure formation at the free streaming mass
The flattening of the mass variance implies similar formation
redshifts and thus concentrations

Kuhlen, Vogelsberger, Angulo 2012
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Extrapolation to z=0

But note that a single boost factor exists!
→ it depends on the host halo mass, distance
from the center, etc



  

Structure formation at the free streaming mass
The density profile of microhalos is steeper than a NFW

Ishiyam
a 2014



  

Structure formation at the free streaming mass
The density profile of microhalos is steeper than a NFW
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→ Dark Matter Simulations

→ Current State of the Art

→ The next decade



  

Hahn+2013; Angulo, Hahn, Abel 2013b; Hahn & Angulo 2015

Structure formation in the continuous limit
Discretization of the DM fluid using adaptively refined 
phase-space lagrangian elements

Advantages

→ Full information about the phase-space
structure is retained 
→ No discreteness noise (2-body effects)
→ No need for a softening length
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200,000 1.5e7 Msun flow tracers
700,000,000 final (600 Msun) flow tracers
100,000,000,000 (2 Msun) mass carriers
1024^3 + 4093^3 PM force mesh

The hexahalo Project
A zoom in simulation of the formation of a MW size halo in WDM
With adaptively refined hexahedra

Angulo et al (in preparation)
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Observations are way ahead of theory

→ No simulation, even DMO, can simultaneously resolve the volume and 
host halos of current surveys

→ We have a reasonable theory of galaxy formation and nonlinear structures, 
but it is computationally slow...

The next decade...
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The next decade...

Can we  resolve the full hierarchy of structures
for a 100GeV WIMP?

→ Maybe, after 2050...

→ Resolve the kinematic of stars in the smallest dwarf galaxies
→ Understand the subhalo/cosmic boost factor
→ Improved predictions for the phase-space structure
→ Improved modelling of the microphysical properties of DM
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The next decade...

Can we  resolve the full hierarchy of structures
for a 100GeV WIMP?

→ Maybe, after 2050...

→ Resolve the kinematic of stars in the smallest dwarf galaxies
→ Understand the subhalo/cosmic boost factor
→ Improved predictions for the phase-space structure
→ Improved modelling of the microphysical properties of DM

  → Under what conditions do baryons affect the central density of galaxies
  → What is the net effect for the survival of DM substructure? 
  → How realistic are current implementations of stellar/AGN feedback 
       (hydrodynamical decoupling, energy injection) of what happens in 
        molecular clouds?
  →  Better treatment of radiation/non-thermal pressure support, 
         non resolved turbulence, etc.

The impact of hydrodynamics
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