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The FIRE Project
Feedback In Realistic Environments

• Resolution ~pc 
Cooling & Chemistry ~10 - 1010 K  
 

• Feedback:
• SNe (II & Ia)
• Stellar Winds (O/B & AGB)
• Photoionization (HII regions)  

    & Photo-electric (dust)
• Radiation Pressure (IR & UV)

 
 

• now with…
• Magnetic fields
• Anisotropic  

  conduction & viscosity
• Cosmic rays



Gas:Stars (Hubble image):
 Blue: Young star clusters 
 Red: Dust extinction

Magenta: cold 
Green: warm (ionized) 
Red: hot

www.tapir.caltech.edu/~phopkins

10 kpc
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Andrew Wetzel
(arXiv:1602.05957)



             PFH et al.  
(arXiv:1311.2073)

No Feedback (all baryons in stars)

This Works (More or Less) if You Resolve Key Scales
GAS IS BLOWN OUT, INSTEAD OF TURNING INTO STARS



Remember Stellar Clustering?
THIS MATTERS, A LOT!

SNe Clustered & Off-Peak
(with radiative feedback)

SNe Explode in Density Peaks
(no radiative feedback)

Walch et al.

Murray+, Martizzi+, 
Walch+, Barnes+ 

Hopkins+, Hayward+, 
Shetty+, Hennebelle+



Insert Winds “By Hand” (Sub-Grid) Following Feedback/ISM Explicitly

Proto-Milky Way: Gas Temperature:

PFH ‘14
M. Sparre

arxiv:1510.03869 

10 kpc lighter=hotter

No feedback

Sub-grid 
  winds

Resolved  
   Feedback

Clustering in Time & Space Matters
(NOW ON GALAXY SCALES)



Anglés-Alcázar+17

Recycling Matters
MORE IMPORTANT AT LOW-Z, ESPECIALLY FOR DWARFS
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→ peaks in dwarfs
(high wind mass loading)

→ peaks in massive galaxies
(correlates with mergers)

Recycling Matters
SMOOTH ACCRETION DOMINATES = NEW GAS ~ RECYCLING ~ “TRANSFER”

Anglés-Alcázar+17

z~3



1 kpc

green: ionized red: hot magenta: neutral

Feedback Saves Cold Dark Matter?
NO EXOTIC PHYSICS NECESSARY

Onorbe et al.
(arXiv:1502.02036)

Chan et al.
(arXiv:1507.02282)

Wheeler et al.
(arXiv:1504.02466)



S. Muratov 
(arXiv:1501.03155)

C. Hayward
(arxiv:1510.05650)

“feedback-dominated”
low mass

gas rich
cold, violent outflows

to 

“gravity-dominated”
high mass

gas poor
gentle hot gas “venting”

10 kpc



Xiangcheng Ma
(arXiv:1610.03498)
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Galaxy Metallicity Gradients 7

Figure 3. Top: face-on metallicity map for the three example galaxies in Figure 1. Bottom: Metallicity profile. The grey points show individual pixels, while
the red points and errorbars show the median and 1� dispersion of metallicity in 0.25–1R90. The blue lines show the best linear fit log(Z/Z�) = ↵R+�,
where ↵ gives the metallicity gradient in the disk (if there is one). In chaotic systems, excluding the central 0.25R90 makes little difference on measuring
the slope of metallicity gradient, since the metals are uniformly distributed within the galaxy. On the other hand, disk galaxies in the simulated sample show
rapidly rising metallicity profile toward the center due to heavy metal enrichment from bulge stars.

Figure 4. Left: Metallicity gradient vs stellar mass. Right: Metallicity gradient vs sSFR. The shaded regions show the 2� linear fit to the simulations. The blue
dashed lines show the linear fit to a compilation of observations given by Stott et al. (2014). There is weak dependence of metallicity gradient on both stellar
mass and sSFR, albeit both correlations are within 2� of being flat. Galaxies of low mass or high sSFR tend to have flat metallicity gradient, likely due to the
fact that feedback is more efficient in these galaxies.

2.3 Metallicity Gradient

In Figure 3, we present the face-on metallicity map (top panels) for
the three example galaxies in Figure 1. We use the mass-weighted
metallicity of all gas particles in each pixel. In the bottom panels,
we plot the metallicity as a function of projected radius for indi-
vidual pixels (grey points). Only pixels where the gas surface den-
sity is above ⌃g > 10M� pc�2 are considered. This surface density
threshold is motivated by the fact that it is about the threshold for

star formation to occur in these simulations (M. Orr et al., in prepa-
ration), so these pixels are likely to have observationally detectable
nebular emission lines. We then extract the metallicity profile in the
range of 0.25–1R90 by measuring the median metallicity and its 1�
dispersion at each radius (red points and errorbars in Figure 3). We
fit the metallicity profile by a linear function

log(Z/Z�) = ↵R+� (2)

c� 0000 RAS, MNRAS 000, 1–12
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“gravity-dominated” phase“feedback-dominated” phase

Transition from Feedback-Dominated to “Calm” (Gravity-Dominated)
BUILDUP OF METALLICITY GRADIENTS

[Z/H]



Xiangcheng Ma
(arXiv:1610.03498)

Transition from Feedback-Dominated to “Calm” (Gravity-Dominated)
BUILDUP OF METALLICITY GRADIENTS
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Xiangcheng Ma
(arXiv:1608.04133)

Transition from Feedback-Dominated to “Calm” (Gravity-Dominated)
THICK -> THIN DISK

Stars Today:

At formation:

Detailed vertical+radial
abundance gradients & kinematics

of thin/thick disk populations

Ana Bonaca
(arXiv:1704.05463)



Andrew Wetzel
(arXiv:1602.05957)



8

+ baryons & feedback
(stars)

The Latte Project: The Milky Way on FIRE 3

Figure 1. Face-on (left) and edge-on (right) image of stars in the Milky-Way-like host galaxy at z = 0. The image is a true-color
composite in three bands (u, g, r), using Starburst99 to determine the spectral energy distribution of each star particle given its age and
metallicity, and ray-tracing the line-of-sight flux, attenuating with a MW-like reddening curve assuming a constant dust-to-metal ratio.
The simulated host galaxy exhibits thin-disk morphology and spiral structure like the Milky Way. TO DO: add scale bar.

Figure 2. Stellar mass growth history of the Milky-Way-like
host galaxy. Solid blue curves shows M

star

of the main progeni-
tor at each simulation snapshot. Dashed orange curve shows the
star-formation history computed from all star particles within the
galaxy at z = 0. At z = 0, the host galaxy has M

star

(z = 0) =
9⇥ 1010 M� and SFR(z = 0) = 3.5M� yr�1. TO DO: add empir-
ically/observationally determined growth histories (Behroozi et al,
Patel et al).

the distributions measured for satellites around the MW
(dashed) and M31 (dotted).
The distribution of M

star

lies reasonably between that
of the MW and M31 down to M

star

& 3⇥ 105 M�. Our
most massive satellite has M

star

⇡ 3 ⇥ 108 M�, compa-
rable to the SMC.
In addition to the stellar mass, �

velocity,1D

measures the
total dynamical mass within the stellar component and
provides a metrics that is directly comparable to observa-
tions. Our high spatial resolution allows us to measure

�
velocity,1D

directly, within the half-M
star

radius (typi-
cally, a few 100 to 1000 pc), in the same way as in obser-
vations. Thus, we are not subject to uncertainties from
extrapolating inner mass profiles or orbital anisotropies.
The distribution of �

velocity,1D

agrees well with that of
the MW down to �

velocity,1D

& 8 km s�1, especially the
strong up-turn at ⇡ 12 km s�1. (M31 contains signifi-
cantly more satellites than the MW at a essentially all
�
velocity,1D

.) One of our satellites has particularly low
�
velocity,1D

, though it looks to be in the process of dis-
rupting (check on this).
Figure 4 (top) shows the joint relation between

�
velocity,1D

and M
star

. Circles show simulated galax-
ies, while stars shows observed galaxies in the Local
Group. We also show isolated galaxies for comparison.
For both satellite and isolated galaxies, the �

velocity,1D

at fixed M
star

agrees well with observations across the
dwarf M

star

range. Furthermore, as observed in nearby
dwarf galaxies, we do not find any significant o↵set be-
tween satellite versus isolated galaxies. This suggests
that environment plays little role in governing the inter-
nal structure of surviving dwarf galaxies at fixed M

star

.
In addition to mass and internal kinematics, we also

examine the chemical enrichment in our dwarf galaxies
via mass-metallicity relation. Figure 4 (bottom) shows
the iron abundance scaled to solar, [Fe/H], versus M

star

for satellite and isolated dwarf galaxies. Stars show ob-
served values from Kirby et al. (2013). The simulated
galaxies exhibit a tight mass-metallicity relation, as ob-
served, with broadly similar slope. Furthermore, we
find no significant systematic di↵erence between satel-
lite and isolated dwarf galaxies, again as observed, de-
spite systematic di↵erences in star-formation histories.
The simulated galaxies do have somewhat lower [Fe/H]
than observations at low M

star

, although this could arise

Starlight (edge-on)

Garrison-Kimmel
      et al., in prep

4 Hopkins et al.

Figure 1. Mock HST images of two Milky Way (MW)-mass FIRE-2 simulated galaxies at z = 0 (m12i and m12f). Each is a u/g/r composite image, using
STARBURST99 to determine the SED of each star based on its age and metallicity and ray-tracing following Hopkins et al. (2005) with attenuation using
a MW-like reddening curve with a dust-to-metals ratio = 0.4. Surface brightness is shown with a logarithmic stretch. We show face-on (top) and edge-on
(bottom) images. Both form thin disks, with clear spiral structure. Note the clear dust lanes and visibly resolved star-forming regions. Properties of each galaxy
(and a complete list) are in Table 1.

whether the instantaneous star formation rate in the galaxy is “fast”
or “slow” (White & Frenk 1991; Kereš et al. 2009).

However, the observed Kennicutt-Schmidt (KS) relation im-
plies that gas consumption timescales are long (⇠ 50 dynamical
times; Kennicutt 1998, and GMCs appear to turn just a few per-
cent of their mass into stars before they are disrupted (Zuckerman
& Evans 1974; Williams & McKee 1997; Evans 1999; Evans et al.
2009). Observed galaxy mass functions and the halo mass-galaxy
mass relation require that galaxies incorporate or retain only a small

fraction of the universal baryon fraction in stars and the ISM (Con-
roy et al. 2006; Behroozi et al. 2010; Moster et al. 2010). Ob-
servations of the intergalactic medium (IGM) and circum-galactic
medium (CGM) require that many of those baryons must have
been accreted into galaxies, enriched, and then expelled in galac-
tic super-winds with mass loading Ṁwind many times larger than
the galaxy SFR (Aguirre et al. 2001; Pettini et al. 2003; Songaila
2005; Martin et al. 2010; Oppenheimer & Davé 2006), and indeed
such winds are ubiquitously observed (Martin 1999, 2006; Heck-

c� 0000 RAS, MNRAS 000, 000–000

Thin Disks Emerge Naturally



Angular Momentum of Gas+Stars
AGREES WELL WITH OBSERVATIONS, LOW IN DWARFS

Kareem El-Badry 
(arXiv:1705.10321)
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LOWER [EVEN IN HALO] IN DWARFS

Kareem El-Badry 
(arXiv:1705.10321)
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0.01•  Thick/irregular [clumpy gas+bursts+pressure]  

•  Suppressed late-time accretion [UVB + stellar FB]



S. Muratov 
(arXiv:1501.03155)

How Efficient Are Galactic Super-Winds?
WHAT MECHANISMS DRIVE THEM?
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Muratov+17Wind Metallicity: Diagnostic of Suppressive Feedback
~ ISM METALLICITY IN INNER HALO, DECREASES AS MASS-LOAD

ISM Metallicity
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Outflow at 0.2 Rvir Outflow at Rvir

•  Suppressive feedback: lots of “outflow” never reached the galaxy



Redshift
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CGM Metals Delivered in “Bursty” Mode
CGM ENRICHMENT TRACES FORMATION HISTORY

Muratov+17



Consequences for CGM Observables



Lyman Limit Covering Factors
WINDS IMPORTANT, RESOLUTION KEY FOR THE WINDS
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Faucher-Giguere+ ’15,16

•  No AGN needed 
•  Satellites contribute 
•  Winds depend on  

   clustered SF, resolved  
   ISM structure



Ma+16Halos Retain Most of their Metals
(EXCEPT LOW-MASS DWARFS)
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•  Where they are (stars/ISM/CGM) is more sensitive



Li, Murray, CAFG, PFH+ (in prep)

R  /  Rvir R  /  Rvir

1000

100

10

FIRE 
COS Dwarfs 
Liang & Chen

•  Resolutions are good (~30 - 7000 Msun): appears converged 
•  Weaker “quiescent” = lack of winds 

Metals in the CGM at Dwarf Masses
RELATED TO BURSTY STAR FORMATION



Cameron  
Hummels 
(in prep)

Metals in the CGM at L*: Resolution Matters
MASS DOES TOO
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Impact Parameter  [kpc]
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Dense, Low Ions at >100 kpc Still a Problem
BUT HIGH-IONS & LOW-DENSITY LOW-IONS EMERGING 

Cameron  
Hummels 
(in prep)



Observed Starlight Molecular X-Rays Star Formation

Ø Correlated/bursty SF in space & time is critical for wind launching
Ø Multi-phase ISM critical for SF clustering, mass & phases of outflow
Ø Cool gas & metals primarily ejected in “bursty” mode

Ø Winds = “suppressive” or “preventive” feedback in dwarfs
Ø Not all baryons cycle through galaxy
Ø Suppressed baryon fraction, late-time accretion, angular momentum

Ø Winds recycle many times
Ø Metals all trapped in CGM [except small dwarfs]
Ø Reprocessed wind + “transfer”/stolen material dominate late accretion

Ø Massive galaxies transition to “calm” mode late
Ø Thick [formed in-situ in “bursty” mode] to thin disk transition
Ø Winds less efficient, esp. for cool gas & metals

Ø Simulations reaching warm ions, resolution key for CGM+Wind structure 


