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formation of the first mini-haloes via molecular cooling
transition from pop-III to pop-II star formation

formation of the first galaxies and their contribution to reionization
early enrichment of the universe



SIMULATIONS

Gadget-2, OWLS

L [Mpc] (NGAS)1/3 (NDM) 1/3

FiBY 8 1368 1368
FiBY-S 4 684 684
FiBY-M 8 684 684
FiBY-X 16 684 684
FiBY-XL 32 684 684
FiBY-LW 4 684 684
FiBY-EQ 4 684 1521



SIMULATIONS

Gadget-2, OWLS

L [Mpc]
FiBY 8

FiBY-S 4
FiBY-M 8
FiBY-X 16

FiBY-XL 32
FiBY-LW 4
FiBY-EQ 4

1.25⇥ 103 M�

1.00⇥ 104 M�

8.02⇥ 104 M�

6.42⇥ 105 M�

4.7⇥ 101 pc

9.4⇥ 101 pc

1.9⇥ 102 pc

3.7⇥ 102 pc

2hmgas



FiBY Simulations

Tuesday, June 25, 13

Finlator et al.
Nagamine et al.

Wise et al.

S. Khochfar



FiBY Simulations

Tuesday, June 25, 13

Finlator et al.
Nagamine et al.

Wise et al.

S. Khochfar



SIMULATION CODE

Gadget-2, OWLS/GIMIC
(Schaye et al, 2010)

pressure dependent SFR
(Schaye & Dalla Vecchia, 2008)

enrichment by SN Ia, SN II, AGB
(Wiersma et al, 2009)

metal line cooling 
(Wiersma, Schaye & Smith, 2009)

kinetic SN II feedback
(Dalla Vecchia & Schaye, 2008)



SIMULATION CODE

H2/HD formations and cooling
self-shielding

pop-III star formation, yields
thermal PISN/SN II feedback

(Dalla Vecchia & Schaye, 2012)

dust yields, sputtering
pop-III BH remnants



THERMAL PISN/SN II 
FEEDBACK

Total SN II energy from a SSP
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THERMAL PISN/SN II 
FEEDBACK

Total SN II energy from a SSP

only parameter in the model
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THERMAL PISN/SN II 
FEEDBACK

Avoiding over-cooling
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THERMAL PISN/SN II 
FEEDBACK

Avoiding over-cooling

density criterion
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more details in
Creasey, Theuns et al. (2011)
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gas mass density metal mass density

region centred on the most massive galaxy, evolved from z~30 to z=6
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Stellar Mass Function

Khochfar et al 2013

� ⇠ �1.65 ↵ ⇠ �1.7
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GALACTIC OUTFLOWS
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GALACTIC OUTFLOWS
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GALACTIC OUTFLOWS
log10 ⌘ = �2

log10 ⌘ = 2

z=6



GALACTIC OUTFLOWS
lo
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FUNDAMENTAL PLANE (?)



METALLICITY-MASS RELATION
(Maiolino et al., 2008)

(Savaglio et al., 2005)



METALLICITY-MASS RELATION

(fit from Maiolino et 
al., 2008, z=3.5)

(rescaled to Chabrier IMF)



METALLICITY-MASS RELATION

(fit from Maiolino et 
al., 2008, z=3.5)

(rescaled to Chabrier IMF)
12 + log(O/H) = A0(logM⇤ � logM0)

2 +K0



METALLICITY-MASS RELATION

(fit from Maiolino et 
al., 2008, z=3.5)

(rescaled to Chabrier IMF)





METALLICITY-MASS RELATION



METALLICITY EVOLUTION
(Møller et al., 2013)

(fits from Maiolino et al., 2008)



METALLICITY EVOLUTION



FUNDAMENTAL METALLICITY 
RELATION

(Mannucci et al., 2010)



FUNDAMENTAL METALLICITY 
RELATION

z=4 12 + log(O/H) = 8.75

12 + log(O/H) = 7.00



FUNDAMENTAL METALLICITY 
RELATION

z=4

log10 SFR/(M�/yr) = 2

log10 SFR/(M�/yr) = �3



FUNDAMENTAL METALLICITY 
RELATION

z=4log10(M⇤/M�) = 6.5

log10(M⇤/M�) = 10.5



SUMMARY

Feedback model is parameter-free
Hint of a feedback fundamental plane

No evolution of the metallicity-mass relation
FMR is established at z>4


