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Questions to answer :

-Where/When do 1st stars form?
High z halos from dark matter simulations (Gao et al.)
Baryonic cooling model:  H2 production + cooling

-What happens after the 1st star? 
-feedback? metal enrichment?

-How many? (SFR?)
-Where/when do 1st galaxies form?
-Are 1st stars observable?
-How do they impact reionisation (e.g. WMAP high � e-)? 

-galaxy formation?



Where/when do the first stars form?
the simulations

Rare overdensity
Need large box



Simulating high z, massive halos
simulate cosmological  
volume with GADGET 

“ 1st” star  host halos

479 Mpc/h z=0

select cluster

resimulate region at
high resolution & high z

L. Gao



Resimulatez=0 cluster region.
� simulate largest progenitor
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Rapid halo growth

Gao et al. 2005



Mp<1Msun

Largest progenitor
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of largest progenitor
of largest progenitor
of largest progenitor

of z=0 cluster
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Dark Halo Properties

baryonic physics model



Star Formation in Metal Free Gas

Tvir>104K:

Atomic cooling
Efficient

Tvir<104 K:

H2 line cooling
Inefficient

M(104K) ~ 108((1+z)/10)-3/2



cools

H2 production in the model

“pristine”gas

H+e-� H-+h�

H-+H� H2+e-

(Tgas= Tvirial)

“pristine”
gas

?recombination 
not complete

H2 cools



How much H2
needed for 

baryon
collapse?

#1 � cool < � Hubble

#2 H2 cooling
outweighs
dyn. heating

� cool < � Hubble
until z=50

Largest halo

fH2
=nH2

/nH



How much
H2 needed?

mass doubles 106-7 yr  � Tvir rises

#2: Net cooling:  
|H2 cooling| > |Dyn. Heating| 
|QH2, cool| > |Qdyn. Heating|

..



z=49
Collapsed Halos: 0



z=45
Collapsed Halos: 2



z=40
Collapsed Halos: 13



z=35
Collapsed Halos: 45



z=29
Collapsed Halos: 80

Mhalo,cool ~ 3x105 h-1Msun



Positions of
cooled halos

z=29

M*
halo

~2.5x105 Msun

z=29

Cooled haloes (Rvir)
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cooled halos
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What happens after the 1st star?
– Strong clustering means that around 1st star are smaller haloes that 

can collapse

– Does the 1st star prevent collapse?

– Does it promote their collapse?

•Possible feedback mechanisms:

•Soft UV (Lyman-Werner) radiation - sterilises

destroys H2 – up to 1 Mpc (comoving)

•Blast waves

•Ionising radiation

•Xray radiation
free e- more H2



What happens after the 1st star?

� Worst case: All neigbour halos sterilised (~1 Mpc)

– But at end of 1st star life, 

H2 reforms in nearby halos within ~106-7 years

���� 2nd star (s) forms



z=29

If no feedback:
HII regions � local percolation in rare, widely separated regions



Positions of
cooled halos

z=29

M*
halo

~2.5x105 Msun

Stromgren spheres

z=29

If no feedback:
HII regions � local percolation in rare, widely separated regions



104K � efficient atomic cooling

Gao et al. 2005

1st galaxy by z~35???
group of galaxies by z=29???



galaxy formation at high z? 

� How does gas cool below 104K?

– H2 only? 

or

– Previous metal enrichment � metals/dust cooling 

���� efficient, fragments



how & where 1st stars form

Are 1st stars observable?



Detectable as SNe(IR) or GRB (x-ray)……. 
(Gou et al., Wise & Abel)

But how many stars? SFR???

How many halos?

• Our high res. subvolume too small for global nhalos
nhalo sensitive to � 8, small scale slope P(k)

• Sheth-Tormen mass func. good to z ~ 10
– Untested regime:

M < 1010 Msun

z >~ 15 
rare fluctuations >~ 5� (we have up to ~ 6.5� ) 



Observing the dark ages

--each halo: 1 SN (or GRB) 

--no feedback (?!?)

~1 SN per  month at z > 45 over  full sky

~10 SNeper  day at z > 29 over  full sky

Where are they???

� Other ways? -mini-QSOs, HI mapping, etc…….?



“Answered”  Questions

� Where/when do 1st stars form?

D.M simulation of rare overdense region

+ model H2 production & cooling

� H2-cooled halos by z~45 in rare regions



Open Questions – conclusions
� What happens after  the 1st star?

� positive or negative feedback? metal enrichment?

� Where/when do 1st galaxies form? 

� 1st “galaxies”  possibleby z~35 

� What is SFR of 1st stars?

– How many halos? How many stars per halos?

� Are 1st stars observable? 

� 1st SNeor GRB potentially observable z >~30

� reionisation?

� galaxy formation?
Need to understand baryon physics.

Hydro. + radiative transfer sims.


