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Stars in the Early Universe ςFirst Stars!!



Dark Ages and Reionization

Â End of dark ages ïreionization ïis only 
observed indirectly

Ç WMAP result : Need for high - redshift reionization 
sources

Ç Gunn -Peterson Effect

Ç Lya Forest Temperature

Â First Stars (zero -metallicity, Pop III)

Ç Prime candidate for early reionization sources

Ç Forms by H 2 cooling

Ç Feedback effects may be self - regulating (e.g. 
Haiman, Abel, Rees 2000)



Â How stars form

Ç Basic physics: Self -gravity of gas should overcome 
the internal pressure force 

Ç Cooling by some coolants needed

Ç Collision Ą excitation Ą radiation leak

Ç ñMetalsò work as coolants (Population I, Population 
II stars) to cool gas down to ~ 100 K

Â Zero -Metallicity Stars (Population III stars)

Ç No m etals in the early universe ïOnly H & He (and 
a very small fraction of light species) species exist

Ç We need stars, anthropically speaking.



Â H2 is the 
answer! 



Â Formation of Zero -Metallicity Stars (Population 
III stars, First stars)

Ç Typically 10 -4 - 10 -3 H2 fraction is good enough

Ç In high -density regions such H 2 fraction is achieved

Ç High -density regions naturally exist as cosmological 
halos with M~10 4 ï10 8 Msun (MINIHALOS)

Ç Halos with M > 10 8 Msun can cool gas (mostly) 
through atomic cooling of hydrogen, followed by H 2

cooling

Ç Minihalos form much earlier than heavier ones, 
serving as the host of the first stars



Abel, Bryan, NormanAbel, Bryan, Norman (2002)



Bromm, Coppi, Larson (2002)



Â Predicted Properties of Zero -Metallicity Stars

Ç High -mass (M>~100 Msun)

Ç Strong UV source ïionizes environment quickly

Ç Short lifetime (a few million years)

Ç One, or a few stars per minihalo (Weird, yes) ïif 
true, this is a cosmological problem.



Yoshida, Abel, Hernquist, Sugiyama (2003)



Yoshida et al. (2008)



Yoshida et al. (2008)



Fate of First Stars (given mass freedom)

Heger & Woosley



Complexity ςSmall Scale Feedback



Feedback effects of the First Stars

Â Feedback Effects (positive vs. negative for 
further star formation)

Ç Negative ïstar formation quenched

Â H2 is fragile: dissociation by Lyman -Werner band 
photons (Haiman, Abel, Rees 2000; Machacek, 
Bryan, Abel 2001)

Ç Positive ïstar formation promoted

Â Hard photons partially ionize IGM to create H 2

(Haiman, Rees, Loeb 1996; Ricotti, Gnedin, Shull 
2002)



H2 is the Key

Â Feedback Effects (positive vs. negative for 
further star formation)

Ç Negative ïstar formation quenched

Â H2 is fragile: dissociation by Lyman -Werner band 
photons (Haiman, Abel, Rees 2000; Machacek, 
Bryan, Abel 2001)

Ç Positive ïstar formation promoted

Â Hard photons partially ionize IGM to create H 2

(Haiman, Rees, Loeb 1996; Ricotti, Gnedin, Shull 
2002)



Feedback effects of the First Stars

Â Feedback Effects of the First Stars onto Nearby 
Collapsed Objects (study by 3 -D simulations)
Ç O'shea et al. (2005)

Â Assume full ionization of nearby halos of M~5*10 5 M
solar

Â Quick formation of H
2

after source dies

Â Inner core collapses; Outer region evaporates

Ç Alvarez, Bromm, Shapiro (2005)

Â Track I - front propagation through nearby halos of 
M~5*10 5 M

solar

Â I - front slows down and being trapped.

Â I - front fails to reach the center: Center remains neutral

Â Neutral center: no further formation of H 2 after source 
dies at the center

Â Negative feedback then??



Feedback effects of the First Stars
Â Alvarez, Bromm, Shapiro (2005)

Fig. 8. ð Volume visualization at z = 20 of neutral density field (blue ïlow density, red ïhigh density) and I -
front (translucent white surface). Top row panels show a cubic volume 13.6 kpc (proper) across, middle row 

6.8 kpc, and bottom row 3.4 kpc. Left column is at the initial time, middle column shows simulation at t =z 

3 Myr for the run with stellar mass M =z 80M , and the right column shows simulation at t =z 2.2 Myr for the 
run with stellar mass M =z 200M . The empty black region in the lower panels of middle and right columns 
indicates fully ionized gas around the source, and is fully revealed as the volume visualized shrinks to exclude 
the I - front that obscures this region in the larger volumes above.



Feedback effects of the First Stars
(Ahn, Shapiro 2007)

Â Feedback Effects of the First Stars onto Nearby 
Collapsed Objects (study by 1 -D simulation)
Ç Use 1 -D radiation, hydrodynamics code

Â Full treatment of primordial chemistry, radiative transfer, 
cooling/heating, hydrodynamics

Â 1-D spherical geometry

Ç Ultra high resolution possible

Ç Analysis relatively easier than 3 -D

Ç Follow I - front propagation of the radiation from outer 
source in detail

Â Is I - front trapped?

Â What happens to the center?

Â Any H
2

formation/dissociation interesting?

Â Is it positive or negative feedback effect? 



1-D Spherical, Radiation -Hydro Code

Â Gravity
Ç Dark matter: use fluid approximation. Better than radial 

shells. Ocasionally frozen gravity is not a bad 
approximation.

Ç Baryon: Gravity involved hydrodynamics.

Â Chemistry
Ç Solve primordial chemistry, neglecting HD and HLi. H, H - , 

H+ , H
2
, He, He + , He ++ , e

Ç ionization, dissociation, recombination, radiative transfer

Â Cooling/Heating
Ç excitation, recombination, free - free, H

2

Ç photoheating

Ç adiabatic compression/rarefaction



Rule of Thumbs

Â H atomic cooling : down to ~10000K

Â collisional ionization : at > ~10000K

Â photo - ionization front : thickness ~ mean free path of 
ionizing photons

Â R- type ionization front: I - front moves supersonically into 
neutral region; gas doesnôt respond dynamically

Â D- type ionization front: I - front moves subsonically into 
neutral region; gas responds, shock - front develops

Â Primary H 2 formation mechanism

H + e Ą H- + g; H- + H Ą H2 + e

Â H2 cooling : down to ~100K at H 2 /H >~ 10 - 4

Â Low temperature, T <~ 1000K, required to have H 2 /H >~ 
10 - 4 to be safe from collisional dissociation

Â H2 self -shielding effective at N(H 2 )>~10 14 cm - 2 in static .



Initial Setup
Â Experiment 2 (Realistic)



Result: collapse failing

Â 10 5 Msolar

target halo

Â Movie during 
the lifetime of 
star (2.5 Myr)

Â Enet =kinetic 
energy + 
thermal energy 
+ potential 
energy

Â Enet <0 Ą
collapse

Â Enet >0 Ą
exodus



Â 10 5 Msolar

target halo

Â Movie after the 
lifetime of star

Result: collapse failing



Result: collapse successful

Â 4x10 5 Msolar

target halo

Â Movie during 
the lifetime of 
star (2.5 Myr)



Â 4x10 5 Msolar

target halo

Â Movie after the 
lifetime of star

Â Cooling at the 
center & in H 2

precursor shell 
leads to 
negative net 
energy Ą
collapse of 
neutral region.

Result: collapse successful



Result: Features to note

Â I - front slows down, finally gets trapped.

Â Transition to D - type front

Â Precursor H 2 shell formation

Ç Long mean - free -path of ionizing photons

Ç Partial ionization -> H - formation -> H 2 formation

Ç Shielding + H 2 molecule cooling

Â Shock - front is driven, with T~1000 - 10000 K

Ç Heating!!

Ç Shock - front accelerates in constant -density core

Ç Accelerates up to >~ 10000K Ą heated enough to lead to 
collisional ionization Ą electron, H 2 formation: Basically 
identical to Shapiro & Kang 1987, with v s~15 km s - 1

Ç H atomic cooling + H 2 molecule cooling

Â Roughly feedback is ñneutralò

Ç Compare to Susa & Umemura (2007)





Complexity ςLarge Scale Feedback



Â First star (Pop III, zero-metallicity) formation requires  H2 as coolants.

Â H2-dissociating  background emerges before ionizing radiation arrives. 
(Omukai & Nishi 1999; Haiman, Abel & Rees 2000; Omukai 2001) 

Ç H2 dissociating photons (11-13.6 eV) propagate further than H-ionizing 
photons (>13.6 eV)

Â One needs to calculate UV background, especially in the H2 Lyman-
Werner (LW) band (dissociating H2)

Ç Usually done with parameterized J21

Ç Self-consistent calculations are from uniformly distributed sources 
(Haiman, Abel, Rees 2000), or averaged over a small box and neglecting 
large-scale clustering (Ricotti, Gnedin, Shull 2001; Yoshida, Abel, Hernquist, 
Sugiyama 2003)

Â DŜǘ ǘƘŜ άƳƛƴƛƳǳƳέ I2ςdissociating  background at epoch of 
reionization from sure-to-form radiation sources (stars in atomic 
cooling halos, with Tvir>104 K)

Â At least, atomic cooling halos are highly clustered (e.g. Iliev et al. 2006, 
2007) with mean separation of clusters about a few - ~20 comoving 
Mpc

Soft UV background (Ahn, Shapiro, Iliev, Mellema, Pen 2009)



Ç Based upon uniformly distributed sources

Ç LW band photons attenuated by HI Lyman resonance lines

Ç Assume infinite opacity for every HI Lyman resonance line

Ç Observing frequency sets its own horizon (see figure)

Ç Different horizons for different Lyman resonance lines   

Sawtooth-Modulation (Haiman, Abel, Rees 2000)



Â Sources distributed inhomogeneously: Need to sum individual 
contribution 

Â There are a handful of H Lyman resonance lines.

Â There are at lease ~70 H2 ro-vibrational lines (ground Ą excited Ą
dissociated). 

Â Radiative transfer calculation with one-band is already expensive

Â Do we need multi-band calculation?

5ƛŦŦƛŎǳƭǘȅΧ



Χ !ƴŘ Ƙƻǿ ǿŜ ǎƻƭǾŜ ƛǘΥ tƛŎƪŜǘ-Fence Modulation Factor

Â Example of observedspectrum in [11.5 ς13.6] eV, from flat emitted 
spectrum
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