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cosmological zoom-in simulation 
to achieve high resolution

86 Mpc
6 Mpc
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High resolution to capture structure                                                 
of multi-phase inter-stellar medium 

mgas/star = 7070 Msun 

hgas = 1 pc (min) 
hstar = 4 pc 
hdm = 20 pc 

Gas cooling from atoms, molecules, and 9 metals down to 10 K 

Star formation only in self-gravitating molecular clouds with       
n > 1000 atom/cm3

model for gas and star formation

http://www.astrophoto.com/M82.htm

Feedback In Realistic Environments
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star-forming regions
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Heating: 

Supernovae: core-collapse (II) and Ia 

Stellar Winds: massive O-stars & AGB stars 

Photoionization (HII regions) + photoelectric heating

Explicit Momentum Flux: 

Radiation Pressure 

Supernovae 

Stellar Winds

Ṗrad ⇠ L

c
(1 + �IR)

ṖSNe ⇠ ĖSNe v
�1
ejecta

ṖW ⇠ Ṁ vwind

model for stellar feedback

http://www.astrophoto.com/M82.htm
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Galaxy evolution: interplay 
between infall and outflows

-Outflow of material from galaxies regulate their growth. Outflows are easy to 
see observationally (at least at high-z)!

low-z (emission) high-z (absorption)

Steidel+2010
(see also Rubin+’10 ,Weiner+’09)

NASA (HST, Chandra, Spitzer)

Stacked spectrum of LBGs at z~2.5
M82 starburst

30 Doradus

stellar scale galaxy scale



6Mstar = 7x1010 Msun

host galaxy at z = 0
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Ma, Hopkins, Wetzel et al 2016
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Latte
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thin = 300 pc

hthick =1100 pc

successful formation of ‘thin’ and ‘thick’ stellar disk  
similar to Milky Way
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thick —> thin disk formation

stars at formation

Ma, Hopkins, Wetzel et al 2016
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stellar disk was flared at formation 
because gas disk is flared

Ma, Hopkins, Wetzel et al 2016
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population of  
satellite dwarf  
galaxies
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Flat White 
M200=1.8e12

Macchiato 
M200=1.6e12

Latte 
M200=1.3e12

300 kpc
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stellar masses of satellite galaxies

Flat White simulation

Wetzel et al, in prep

Latte
Flat White
Macchiato
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Wetzel et al 2016
stellar velocity dispersions of satellites

Flat White simulation
Latte
Flat White
Macchiato
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Wetzel et al 2016
velocity dispersion - mass relation
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mass - metallicity relation
Wetzel et al 2016
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star-formation histories of satellite galaxies
Wetzel et al 2016
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What causes the lack of (massive) 
satellite dwarf galaxies?

1. Stellar feedback drives significant gas 
outflows/inflows that dynamically heat dark 
matter, reducing the inner density (cores) 

2. Stellar disk of Milky Way-mass host galaxy 
destroys satellites (via tidal shocking, etc)

http://www.astrophoto.com/M82.htm

Feedback In Realistic Environments
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Flat White MacchiatoLatte

300 kpc

with Robyn Sanderson (Caltech) and Sanjib Sharma (Sydney): 
using Galaxia (Sharma et al 2011) to generate synthetic stellar catalogs 
to mock of your favorite survey (Gaia, Gaia-ESO, APOGEE, GALAH, etc)

FIRE-2: Numerics vs. Physics 5

Figure 4. PFH: Probably won’t include this in the paper since there are a lot of images already, but happy to if people think some of these are worth
showing. This is m12m (Latte-level resolution), which is rather interesting in its structural evolution. More lenticular-like than the other simulations.
The two top are face-on, one at z = 0.04 (left), one at z = 0 (right) – a grand-design barred spiral is triggered and present in the first and has already
gone by the latter. Bottom images are z = 0, one within the disk (left), the other from outside, without dust (right). In the bottom-right, you can clearly
see the X-shaped/boxy/peanut bulge left behind, from the dissolution of the bar. ???

(2014), it is possible to reproduce some of the properties above,
but this does not, obviously, demonstrate that known stellar feed-
back mechanisms actually act in this way, nor can it correctly pre-
dict many ISM and CGM-scale properties that depend explicitly on
e.g. the phase-structure of feedback-driven outflows (see Hummels
et al. 2013).

Accurate treatment of star formation and galactic winds ul-
timately requires realistic treatment of the stellar feedback pro-
cesses that maintain the multi-phase ISM. Observationally, many

stellar feedback processes – SNe, protostellar jets, photo-heating,
stellar mass loss (O-star and AGB winds), and radiation pressure
– act efficiently on the ISM (see Evans et al. 2009; Lopez et al.
2011, and references above). Simulations of either single molecu-
lar clouds/star clusters or the “first stars,” which resolve individual
stars and can treat these microphysics in detail, have universally
found that the non-linear interaction of these feedback mechanisms
successfully suppress star formation, pre-process giant molecular
clouds (GMCs) before SNe explosions (so that SNe occur in rar-

c� 0000 RAS, MNRAS 000, 000–000
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mass - metallicity 
relation

star-formation 
histories

satellite 
stellar 
masses 

satellite 
velocity 
dispersions


