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First Stars: Two mass scales
(1) Overall mass of the “microgalaxy” (Mcloud)

– Gas must be able to cool
• No “heavy” atoms/molecules
• No H line cooling

– Tvir~ M2/3(1+z) < 104 K
• H2 is the primary coolant

– catalyzed by free electrons
– cooling strongly T dependent

• Minimum H2 fraction for
efficient cooling:

– f(H2) ~ 10-3

– Tvir ~ 1000 K

• Mcloud ~ 106 Msun
• z ~ 20 Minimum mass

For cooling via H2

Barkana & Loeb 2001
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First Stars: Two mass scales

(2) Stellar Mass (M*) or IMF
– More difficult

• substructure, fragmentation, H2, multi-scale

– Requires full numerical simulation
• 1D: Haiman et. al (1996)
• 2D: Nakamura & Umemura (2000)
• 3D: Abel et. al (1998), Bromm et. al (1999),

– Abel, Bryan & Norman (2000,2002), Bromm et. al (2003)
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First star formation: simulation
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What are the masses of the first stars?
Mass accreted
When core “frozen”
(n > 1013 cm-3)

This mass scale is 
set by the Jeans 
mass at
ncrit~104 cm-3

For H2 cooling:
n < ncrit → tcool ~ n-1

n > ncrit → tcool ~ constant

Kelvin-
Helmholtz
time-scale
(GM/RL)



Greg Bryan - First Stars

Feedback from the first stars
1. H2 Photo-dissociating flux (11-13 eV)

– Suppresses new “first” star formation
2. Ionizing radiation from the first stars:

– Positive? (more stars, leading to runaway)
• Ionization → free e- → more H2 → more cooling

(Haiman, Rees & Loeb 1996)

– Negative? (fewer stars, self-suppression)
• Ionization → heating → outflows → lower density gas

3. Impact of the first supernovae
– Metals: “regular” star formation mode ( [Zcrit] = -3.5)

• Produces smaller stars (like sun)
• Due to more efficient cooling (particularly Carbon)

– Energy
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The impact of ionization on the first stars

No ionizing flux With ionizing flux 
(F21 = 10 for 3 Myr at z=25)
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Impact of Reionization

No ionizing flux With ionizing flux
(F21 = 10 for 3 Myr at z=25)

Total gas fraction Total gas fraction

Cooled gas fraction Cooled gas fraction
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Cooling rate
For gas with Z = 10-3 solar

Impact of Heavy Elements
from the First Stars

“First” Supernovae 
produce metals 
which enhances the 
cooling rate.

This generates 
lower temperatures 
and decreases the 
Jeans mass.
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Primordial star formation
with Z = 10-3 solar with no metals
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Metal cooling reduces the resulting masses

Kelvin-
Helmholtz
time-scale
(GM/RL)

Mass
accreted
in metal-free
case

Mass accreted
with Z = 10-3

of solar
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Visualization: Kaehler (Discovery Channel)

QuickTime™ and a
YUV420 codec decompressor

are needed to see this picture.
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First star results (so far)
• Results:

– Microgalaxy forms at t ~ 150 Myr (z~20)
– Mcloud ~ 106 M
– When stopped, one fragment: M* > MH2 ~ 2 Msun

• Implications:
– M* ~ 100 Msun (2-500?)

• Probable stellar lifetime ~ 3 Myr
• Ionizes cloud, SN unbinds cloud

– IMF: only one massive cloud
– Star generates:

• Supernova (Hypernova?): directly observable?
• BH remnant?
• Heavy element production -> changes future star formation
• Ionizing radiation -> early reionization?
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What is the “Initial Mass Function”
of the first stars?

• What about other objects in cloud?
– Can they form before 1st goes SN?
– No: only one object per cloud

• Only 1 clump in cloud after a few Myr
• 1 Supernova can unbind cloud

• Only one (massive) star produced per microgalaxy!

6 000 yrs 22 000 
yrs

44 000 
yrs

100 light years
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First star HII regions
• M ~ 100 Msolar
• lifetime ~ 2 Myr
• ionizing flux from zero

metallicity stellar models

• 1D radiation transfer
calculation

• Radiation from first star
ionizes the microgalaxy!

• heats gas to ~104 K
• unbinds gas in entire cloud

Whalen, et al. 2003
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Radius (pc)

Initial profile

profile after 2 Myr
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Have pop III stars been found locally?

• Extremely low metallicity stars have been found
– [Fe/H] = -5.2 (HE0107-5240; Chriestleb et al 2002)
– [Fe/H] = -5.4 (HE1327-2326; Frebel et al. 2005)
– Both are low mass stars

• Is this star:
– Pop III with accretion (binary?)
– Pop II with a small amount of pre-enrichment

• (e.g. Iwamoto et al 2005)

• Both stars have relatively high C abundance
– Cooling comes mostly from CII
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Reionization by the First stars?

Sokasian et al (2003)
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WMAP Temperature-Polarization 
Spectrum

Kogut et al. (2003)
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WMAP Temperature-Polarization 
Spectrum

Kogut et al. (2003)
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This τ value was larger than expected

• Pre-WMAP predictions 
around τ∼0.08

• Difficult to get τ=0.17
with standard IMF

• One way to get earlier
reionization is with
a top-heavy IMF as 
produced by the first 
stars

Ciardi, Ferrara & White (2003)
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Reionization by the First stars?

Sokasian et al (2003)



Greg Bryan - First Stars



Greg Bryan - First Stars



Greg Bryan - First Stars



Greg Bryan - First Stars



Greg Bryan - First Stars

The equations

1. Fluid 
equations

2. Ideal Gas

3. Gravity

4. Dark matter

5. nine species: H, H+, He, He+, He++, e-, H-, H+, H2

6. Radiative cooling/heating
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The simulation: focus on one (2.5σ) halo

• L = 128 kpc, SCDM, zinit = 100
• 4 levels of AMR pre-refined:

– MDM = 1 Msun, Mgas = 0.07 Msun
• Refine up to 30 levels
• DM, gas, gravity

– Non-equilibrium chemistry for 9 species
– Cooling/heating from H2, Compton, etc

• Refinement criteria:
– (1) dm density, (2) gas density (3) ∆x < LJ/16
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What happens to them?

• 10 M < M < 130 M
– “regular” Supernova

• 130 M < M < 300 M
– Pair production SN
– No BH remnant

• M > 300 M
– BH remnant
– No metal production

Heger et al. (2001)



Greg Bryan - First Stars

Adaptive Mesh Refinement:
Example

(projected) gas density(projected) grid structure



Greg Bryan - First Stars

Density slice (z=18.2)

600 pc 6 pc 0.06 pc
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Temperature slice (z=18.2)

600 pc 6 pc 0.06 pc
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Gamma Ray Bursts from the first stars?

QuickTime™ and a
TIFF (Uncompressed) decompressor

are needed to see this picture.

QuickTime™ and a
TIFF (Uncompressed) decompressor

are needed to see this picture.

QuickTime™ and a
TIFF (Uncompressed) decompressor

are needed to see this picture.

Source: SOAR (Reichart 2005)

• Bright, short-lived 
explosions probably from 
massive stars

• E.g., GRB050904 
– Sept 4, 2005
– Most distant observed

• z = 6.3
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What do Pop III stars look like?

• No CNO cycle (PP only)
– Teff ~ 105 K       many ionizing photons/baryon

• Tumlinson & Shull 2000
– Peculiar colours 

• Schaerer 2001, Heger et al. 2000

• Unusual nucleosynthetic yields
– Heger et al. 2001

• Detection of H2 and HD lines
– Kamaya & Silk 2000

• None observed to date
– (lowest metallicity ~ 10-4 solar)

Early reionization?
(z ~ 15)
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Dark matter vs. gas

gas

dark matter

• First Stars form
• Dark matter clumps on all scales
• Gas resists clumping

below Jeans length
(when thermal pressure 
balances gravity)

– MJ ~ 104 Msun
• Mcloud > MJ necessary 

but not sufficient
• Cloud must also cool: 

H2
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Evolution of the Cloud

300 pc comoving

gas

dark matter
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Microgalaxy structure
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