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Relevant Cosmology

• Composition
• 73 percent dark energy
• 23 percent cold dark matter
• 4 percent baryons

• CDM
• Collisionless
• Many candidates

• Gas
• 76 % hydrogen
• 24 % helium 
• D/H ~ 3 x 10-5 

• Photons
• ~ 2 billion per baryon

• Age
• 13.7 +- 0.1  billion years

• etc.
• Neutrinos, etc. irrelevant



Thermal Evolution of the Intergalactic Medium

• Residual e- fraction
• freezes out at 10-4 in number fraction

• competition of recombination with expansion time scale

• Compton Heating
• couples electron temperature to photon temperature until redshift ~ 130 

• Adiabatic Expansion

• Once sources UV radiation form

TIGM ∝ (1 + z)2

TIGM ∝ (1 + z)

TIGM ∼ 10
4
K



Relevant Molecular Physics

• H2 formation
• Gas phase

e- out of equilibrium --> solve kinetic reaction network
• 3 body reaction

• Ro-vibrational cooling
• 512 K, 809K excitation temperature of lowest levels  --> ~ 200 K minimum temperature in collapse
• Critical density ~ 104 cm-3

• Optically thick > 1012 cm-3 

• Collision Induced Emission
• Continuum radiation starting at  n ~ 1014 cm-3 and optically thick already at n ~ 1017 cm-3

3 H → H2 + H



Density Fluctuations

• One function ...
• Gaussian at any scale
• dM/M
• free streaming scale
• Turn over: Radiation vs matter dominated phase

• Gas 
• Silk damping
• Catch up after recombination



Gravo-chemo-thermal instability

• Gravitational instability
• Density perturbation only grow linearly in expanding universe
• Smallest Scale Dark Matter perturbations already non-linear 

at z ~ 100
• Dark matter grows hierarchically: non-linear merging
• Average density of halo ~ 200 of mean density at formation

• Jeans Mass 
• Gas pressure vs DM potential

   ~ 104 Mo [(1+z)/10]3/2 

• Purely adiabatic gas physics until enough H2 is formed
• 1000 Kelvin relevant temperature
• ~ 105 - 106 solar masses

δρ

ρ
∝

1

1 + z



Thermal Instability



Chemical Instability

• Three body H2 formation
• Very fast because 

• Increases H2 fraction by ~ 1000, enhances cooling at n~109 cm-3

t3H ∝

1

ρ2



Hierarchical Fragmentation

• Continuous breakup
• Until opacity limit
• Necessary condition:

• tcool < tdyn



Relevant Mass scales

• ~ 3 . 105 Mo 
•  n ~ 1; T ~ 103 K
• Chemical time scales ~ dynamical times

• ~ 100 Mo
• n ~ 105; T ~ 200 K
• Critical density of H2 and minimum temperature reachable by H2 cooling

• ~ 1 Mo 
• n ~ 109; T ~ 200 K
• three body H2 formation still at Tmin

• ~ 10-2 Mo
• n ~ 1015; T ~ 1000K; continuum transport wins over H2

MJ ∝
T 3/2

√
ρ

Predictions?



Kinetic Rate Equations

• Reactive flow problem

• Chemistry out of equilibrium
• stiff set of coupled ODEs 
• expensive to solve
• 0D or 1D models until 1995

• Fast solvers allowed 3D calculations starting mid 90ies



Numerical Techniques

• Adaptive Mesh Refinement

• Recursively refine regions of interest
• rectangular patches
• refinement factor typically 2
• has been used up to 42 to levels by my group

resulting in a dynamic range of ~1015

• Cons
• difficult to program, use, analyze



Smoothed Particle Hydrodynamics

• Kernel smoothing to
• estimate local quantities
• define differentials

• Pros
• Very robust technique

• no code crashes
• easy to use and analyze

• Takes advantage of tree gravity codes
• Lagrangian

• Cons
• Difficulty with multiphase gas
• smears shocks and contact discontinuities
• artificial surface tension

• Yields identical results despite radically different 
approach to solving hydrodynamic equations

Yoshida, Abel, Hernquist et al 2002-



Results

Abel, Bryan & Norman 2002 Science



10R!

Turk, Abel & O’Shea 2007 



Turk, Abel & O’Shea 2007 in prep

Accretion Time

ABN02

KH @ ZAMS
lifetime

Mdot=1e-2Mdot=1e-3

dynamic range: 2e13
min dx = 0.1 Rsun
16 cells per jeans length

High density, temperature, 
equation of state, radiation 
transport corrections, 
collision induced emission.



The first 100 million years  in one sentence 

Small dark matter halos form first, gas follows, hydrogen molecules form and make the gas shine, it collapses 10 
million times further, ignites hydrogen fusion, makes a massive star, radiation disperses birth-cloud, explodes in a 
supernovae which releases carbon, oxygen, etc., collapses again, makes more stars, more explosions, more than 
10 million massive stars later:  us 

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

© “The Unfolding Universe” Discovery Channel 2002



Recap

First Stars are isolated and very massive 
• Theoretical uncertainty: 30 - 300 solar mass

Many simulations with four very different numerical techniques and a large range of 
numerical resolutions have converged to this result. Some of these calculations capture over 
20 orders of magnitude in density and reach the proto-stellar accretion phase! 

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. 

Perfectly consistent with observations! 
Could have been a real problem! 

cosmological: Abel 1995; Abel et al 1998; Abel, Bryan & Norman 2000, 2002; O’Shea et al 2006; Yoshida et al 2006; Gao et al 2006, 
Yoshida et al 2007 in prep; Turk, Abel & O’Shea 2007 in prep
idealized spheres: Bodenheimer 1986; Haiman et al 1997; Omukai & Nishi 1998; Bromm et al 1999,2000,2002; Ripamonti & Abel 2004 



Galaxies, one star at a time

 John Wise & Tom Abel (KIPAC)

10,000 such 
patches make 
Milky Way
~ 1e5 first star remnants
early element enrichment



Simulation: John Wise & Tom Abel 2007

~108 solar mass galaxy
z~ 20
one star at a time
~ 20 massive stars in 
progenitor
radiative feedback only
2 kpc across

logarithm of gas 
density

logarithm of gas temperature

Making Galaxies one Star at a Time





Many new open questions

• Feedback of proto-star on its own accretion
• what physics sets the final mass of the first star?
• Further fragmentation in disk around first stars?

• Star formation in regions affected by the first stars
• Relic HII regions
• Chemically affected regions have been previously ionized and shocked by supernovae remnants
• Radiation backgrounds

• Impact on galaxy formation?
• Its all hierarchical so first galaxies will undoubtedly influence next scale in hierarchy. Just how?

• Generation of magnetic fields



Conclusions

• First luminous objects in the Universe are very massive stars
• not super massive black holes nor clusters of jupiter sized objects
• All relevant mass scales derived from molecular physics

• Immediate consequences
• Heavy element enrichment
• Beginning of cosmological reionization
• Early stellar remnant black holes
• Early magnetic field production
• etc.
• all being studied with numerical simulations

• Analytic understanding being developed
• mostly with hindsight and guided by numerical simulations
• lots to do


