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Dark Matter Ubiquitous

• Zwicky 1933: Estimates 400 times 
more mass in the Coma Cluster to 
explain the large velocity 
dispersion of “nebulae” than 
estimated mass from the light 
alone. 


• Vera Rubin: Rotation Curves of 
Andromeda and many other spiral 
nebulae are flat. Dark matter must 
dominate.


• Gravitational Lenses (Walsh, 
Carswell, Weymann 1979, Lynds, 
Petrosian, Soucail 86) Strongly 
constrains mass in Clusters of 
Galaxies. Confirms Zwicky’s 
estimates.

Zwicky 1933
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Universe at 400,000 years

• Temperature 3000K,  fluctuations 1 part in 100,000


• Density 300 per cm3, fluctuations 1 part in 1,000


• Hydrogen  76% & Helium  24%.  
Ion fraction: 2 part in 100,000


• Dark Matter about 6 times more than baryons


• No observations between 400,000 and 800 million years 
of the universe! So called Dark Ages.







First Things in the 
Universe

Physics problem:

• Initial Conditions measured

• Constituents, Density Fluctuations, 
Thermal History

• Physics: Gravity: DM & Gas, HD, 
Chemistry, Radiative Cooling, 
Radiation Transport, Cosmic Rays, 
Dust drift & cooling, Supernovae, 
Stellar evolution, etc.

• Transition from Linear to Non-Linear:

• Using patched based structured 
adaptive (space & time) mesh 
refinement

• Use a computer! 
• Assume dark matter is a collisionless 

fluid made of particles heavier than 
about 40 keV (constrained from free 
streaming scale) that interact only 
gravitationally 

Ralf Kähler & Tom Abel for PBS

Origins. Aired Dec 04



Cosmological Adaptive  
Mesh Refinement

Enzo: Bryan and Norman 1997-; Abel et al 97; 
Anninos et al 97; Bryan, Abel & Norman 2002; 
O’Shea et al; Abel, Wise & Bryan 2006, Bryan et 
al. 2014 
~300,000 lines of code in C++ and F77, F90 

Cosmological Radiation Hydrodynamics 
adapting in space and time 
Dynamic range up to 1e15 using quadruple 
precision coordinates in space and time 
Dynamically load balanced parallel with MPI 
Gravity, DM, Gas, Chemistry, Radiation, star 
formation & feedback 

Developments @ KIPAC:  dimensionally unsplit hydro 
algorithms, higher order time updates, exact 3D radiation 
transport, very high density chemistry, HD & fine structure 
line cooling, relativistic hydro, MHD, new visualization toolkits



Primordial Gas Chemistry

- Reaction 8 is much faster than reaction 7. 
- I.e. (7) will continue as long as free electrons are available -> H2 formation timescale = 

recombination timescale
- However,                           hence adiabatic contraction important. Requires sufficiently 

high virial temperatures and so introduces a temperature (mass) scale based on chemistry

T
Chem
vir ≈ 10

3
K

k7 ∝ T
0.88



Making a proto-star

Simulation: Tom Abel (KIPAC/Stanford), Greg Bryan (Columbia), Mike Norman (UCSD)
Viz: Ralf Kähler (AEI, ZIB, KIPAC), Bob Patterson, Stuart Levy, Donna Cox (NCSA), Tom Abel 

© “The Unfolding Universe” Discovery Channel 2002



Formation of the very first stars very well suited to ab initio modeling
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~kpc ~200 pc ~ pc Turk et al, 2009-

Can only increase effective Reynolds number with super-computing 
Average properties such as mass and temperature profiles converge reasonably well.  
Amount of turbulence, vorticity and magnetic field generated less so. 



Mass Scales?

Kelvin Helmholtz 
time at ZAMS

Abel, Bryan & Norman 2002



~30 high res sims of different environments 
At least one out of five cases 
Binaries and even triple systems are made in first collapse.

Simulation: Matthew Turk, Tom Abel (KIPAC/Stanford), Brian O’Shea (UMich) 2009 Science
Viz: Ralf Kähler, Tom Abel 

See in Physics Today April 2011 article



Recap

First Stars are massive  
and form differently than 
present day stars 

• Theoretical uncertainty: 30 - 300 solar mass 
Many simulations with three different numerical techniques and a large range of numerical resolutions 
have converged to this result. Some of these calculations capture 20 orders of magnitude in density!  
Non-equilibrium chemistry & cooling, three body H2 formation, chemical heating, H2 line transfer, 
collision induced emission and its transport, and sufficient resolution to capture chemo-thermal and 
gravitational instabilities. 
Stable results against variations on all so far test dark matter variations, as well as strong soft UV 
backgrounds.

• Massive Binaries and multiple systems in at least 1 out of 5 cases

• Work by (Clarke, Klessen, Glover et al 2012-) claim that perhaps a small number 
of additional lower mass stars and brown dwarfs surround these big ones

cosmological: Abel et al 1998; Abel, Bryan & Norman 2000, 2002; O’Shea et al 2006; Yoshida et al 2006; Gao et al 2006
idealized spheres: Haiman et al 1997; Nishi & Susa 1998; Bromm et al 1999, 2000, 2002; Ripamonti & Abel 2004 

Tom Abel (KIPAC/Stanford), Greg Bryan (Columbia), Mike Norman (UCSD), Science 2001



Quantity Value Upper/Lower error 
estimate

Unit

Primary black hole mass 36 +5 -4 M sun

Secondary black hole mass 29 +4 -4 M sun

Final black hole mass 62 +4 -4 M sun

Final black hole spin 0.67 +0.05 -0.07

Luminosity distance 410 +160 -180 Mpc

Source redshift, z 0.09 +0.03 -0.04

Energy radiated 3 +0.5 -0.5 M sun

Estimated source parameters GW170104





Virtual Galaxies 
are starting to 
look reasonable

Modern techniques 

Large super-computers 

Billions of resolution 
elements 

thousands such early 
galaxies are now part of 
the Milky Way 

Still not as good as the 
real thing of course …

H2 fraction Density
electron fraction Temperature

Simulation: John Wise & Tom Abel 2007-



Simulation: Marcelo Alvarez & Tom Abel 
Visualization: Ralf Kähler, Alvarez & Abel 

2009



First images  
in 2 weeks ..



Formation of a Single “First” Halo 
Hahn, Kaehler & Abel

Projection of Dark Matter density. Bright is high density, dark is low density. 



Cosmological N-body simulations

• All modern cosmological simulation codes only differ in how they 
accelerate the computation of the sum over all particles to obtain the 
net force


• End result are simply the positions and velocities of all particles


• Softening of forces (add  epsilon^2 in denominator) avoids 
singularities. 


• Limit N goes to infinity must give correct answer, right? 


• Plummer softening
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Density 
Estimators



















































































Tom Abel2012

Density information everywhere in space

32



All microphysical phase space information available
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Cosmic 
Velocity  
Fields





















































































Warm dark  
matter halo with  
refinement and   

higher order elements  



Physical Review D, Volume 96, December 2017

used:



Summary

• Smallest halos/object ever formed may hold information micro-physical properties 
of dark matter.


• There have been and continue to be many subtle things to learn on the dynamics of 
the many-body dynamics of the dark matter fluid.


• Self-interactions (attractive, elastic, etc.), baryon-CDM interactions, large Compton 
wavelengths, complex dark sector, decay, large annihilation rates, etc. all modify the 
dynamics of the fluid:


• Algorithmic developments/improvements needed to calculate how microphysical 
differences manifest in large scale distributions


• Further develop the comparison of astrophysical observables and numerical 
predictions


• Simulations are essential for much of this program. 


