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When do galaxies have large disks, and why?
irregular dwarfs

blue disks

red ellipticals

DM halos have invariant AM profiles ⇒ something other than AM conservation 
must be important (cf. Fall & Efstathiou 80; MMW98, …)



What drives observed redshift evolution?

Guo+15; R. Gendler

disks increasingly common with decreasing z

HST



Roman: HST resolution but 100x FoV
→ greatly improved ability to test disk formation models, especially at high redshift



FIRE: Feedback in Realistic Environments
red=106 K 

green=104 K 
magenta=102 K

‣ Cosmological “zoom-ins" 

resolving GMCs

‣ Stellar feedback (SNe II&Ia, 

stellar winds, radiation) 

based on STARBURST99

‣ Metal and molecular 

cooling to T~10 K; SF in 

dense, self-grav. gas

‣ ISM properties, SF regulation, outflows, etc. 

emerge from energy injection on the scale 

of star-forming regions

Gas Stars

50 kpcProject web site: http://fire.northwestern.edu

Res. (dwarfs to >L*):  
30-3×104 Msun, 

0.1-10 pc       

←MW-mass by z=0       

http://fire.northwestern.edu


z=0 mock Hubble images from FIRE

edge-on 
thin disk

Hopkins..FG+18



Multiple transitions occur at the same time, at ~L*
(1) (2)

(3) (4)

Muratov+15

FG18
Hopkins+14

(3)

Muratov+15

Galactic winds



Three circumgalactic medium (CGM) regimes

Stern+20a, building on classic theory by Rees, White, Ostriker, Silk, Binney, Dekel, Birnboim, …
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low gas density


slow cooling (tcool>tff) 
all the way galaxy


(“cooling flow”)


~hydrostatic


transition at ~1012 Msun, when tcool/tff~1 at 0.1Rvir



Mh(z=0)~1012 Msun

Outside-in CGM virialization in FIRE
z=1 z=0

@0.1Rvir

under-pressurized channels prior to ICV

Stern, FG+20b

disk well confined by inner CGM pressure



Inner CGM virialization (ICV) ➞ disk formation

time

diskiness

Mh(z=0)~1012 Msun Mh(z=0)~1012 Msun Mh(z=1)~4×1012 Msun

Stern+20b



Inner CGM virialization (ICV) ➞ disk formation

time

diskiness
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Figure 1. Gas in a representative simulation of a Milky Way-mass halo (m12i in Table ). Image shows the projected gas density, log-weighted (∼4 dex stretch).
Magenta shows cold molecular/atomic gas (T < 1000 K). Green shows warm ionized gas (104 ! T ! 105 K). Red shows hot gas (T " 106 K).2 Each image
shows a box centred on the main galaxy. Left: box 200 kpc (physical) on a side at high redshift. The galaxy has undergone a violent starburst, leading to strong
outflows of hot and warm gas that have blown away much of the surrounding IGM (even outside the galaxy). Note that the ‘filamentary’ structure of cool gas
in the IGM is clearly affected by the outflows. Right: near present-day, with a ∼50 kpc box. A more relaxed, well-ordered disc has formed, with molecular gas
tracing spiral structure, and a halo enriched by diffuse hot outflows.

to z = 0. Our simulations utilize a significantly improved numerical
implementation of SPH (which has resolved historical discrepancies
with grid codes), as well as the full physical models for feedback
and ISM physics introduced and tested in Paper I–Paper III. Here,
we explore the consequences of stellar feedback for the inefficiency
of star formation, perhaps the most basic consequence of stellar
feedback for galaxy formation. In companion papers, we will in-
vestigate the properties of outflows and their interactions with the
IGM, the effect of those outflows on dark matter structure, the dif-
ferences between numerical methods in treating feedback, the role
of feedback in determining galaxy structure, and many other open
questions.

In Sections 2–4, we describe our methodology. Section 2 de-
scribes the initial conditions for the simulations; Section 3 out-
lines the implementation of the key baryonic physics of cooling,
star formation, and feedback (a much more detailed description
is given in Appendix A); Section 4 briefly describes the improve-
ments in the numerical method compared to past work (again, more
details are in Appendix B). And in Appendix C, we test and com-
pare these algorithms with higher resolution simulations of isolated
(non-cosmological) galaxies.

We describe our results in Section 5. We examine the pre-
dicted galaxy stellar masses (Section 5.1), and how this depends
on both numerical algorithms (Section 5.3) and feedback physics
(Section 5.4), as well as how it compares to previous theoretical
work (Section 5.5). We show that the treatment of feedback physics
overwhelmingly dominates these results, and discuss the distinct
roles of multiple independent feedback mechanisms. We also ex-
plore the predictions for the KS relation (Section 5.6), the shape
of galaxy SFHs (Section 5.7), the star formation ‘main sequence’
(Section 5.8), and the ‘burstiness’ of star formation (Section 5.9).
We summarize our important conclusions and discuss future work in
Section 6.

2 IN I T I A L C O N D I T I O N S A N D G A L A X Y
PROPERTI ES

The simulations presented here are a series of fully cosmological
‘zoom-in’ simulations of galaxy formation; some images of the
gas and stars in representative stages are shown in Figs 1–3.2 The
technique is well studied; briefly, a large cosmological box is sim-
ulated at low resolution to z = 0, and then the mass within and
around haloes of interest at that time is identified, traced back to the
starting redshift, and the Lagrangian region containing this mass
is re-initialized at much higher resolution (with gas added) for the
ultimate simulation (Porter 1985; Katz & White 1993).

We consider a series of systems with different masses.
Table 1 describes the initial conditions. All simulations begin at
redshifts ∼100–125, with fluctuations evolved using perturbation
theory up to that point.3

The specific haloes we re-simulate are chosen to represent a broad
mass range and be ‘typical’ in most properties (e.g. sizes, formation
times, and merger histories) relative to other haloes of the same
z = 0 mass. The simulations m09 and m10 are constructed using
the methods from Onorbe et al. (2014); they are isolated dwarfs.
Simulations m11, m12q, m12i, and m13 are chosen to match a
subset of initial conditions from the AGORA project (Kim et al.

2 Both gas and stellar images are true three-colour volume renderings gen-
erated by ray-tracing lines of sight through the simulation (with every gas or
star particle a source, respectively). For the stars, the physical luminosities
and dust opacities in each band are used to generate the observed intensity
map. For the gas, we construct synthetic ‘bands’ where the particle emis-
sivity is uniform if it falls within the temperature range specified, and zero
otherwise, and the particle opacity is uniform across bands.
3 Initial conditions were generated with the MUSIC code (Hahn & Abel 2011),
using second-order Lagrangian perturbation theory.

MNRAS 445, 581–603 (2014)
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apart in “inflow-SF-outflow" cycles
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Cartoon picture

Stern+20b; Gurvich+ (in prep.)

‣ free fall accretion + bursty 
feedback into low-pressure halo 

‣ galaxy repeatedly blows itself 
apart in “inflow-SF-outflow" cycles

High z, low mass

‣ disk stably confined by hot inner 
CGM 

‣ galactic winds suppressed by 
halo gas pressure 

‣ SFR regulated to steady state

Mh~1012 Msun

Low z, high mass

in detail, sensitive to 
galaxy size, vc (tff), inner 

CGM metallicity (tcool)



Summary: ICV explains multiple transitions at ~L* in FIRE
(1) (2)

(4)

FG18
Hopkins+14

(3)

Muratov+15 In prep. on other ICV predictions:

Gal.-by-gal. diskiness, DLAs (Stern+ab); BHs (Byrne+, Tillman+)

Muratov+15

Roman can test these predictions, especially at high z(3)


