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• FIRE results on Lyman limit systems at high and low z 
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FIRE: Feedback in Realistic Environments
red=106 K

green=104 K
magenta=102 K

• Cosmological zoom-ins 
resolving GMCs

• Stellar feedback (SNe, 
photoion, stellar winds, 
rad. P) based on SB99

• Metal and molecular 
cooling to T~10 K; SF in 
dense, self-grav. gas

• Galactic SF rates, outflows, etc. emerge 
from energy injection on the scale of 
star-forming regions

Gas Stars
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(Hopkins 15) 

Mh(z=0)~1012 Msun 

mgas~104 Msun 
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50 pkpcProject web site: http://fire.northwestern.edu
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with inflows
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FIRE-1 vs. FIRE-2: same basic physics, different hydro

10 kpc
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FIRE-1 vs. FIRE-2
So far, broadly 
consistent results 
between FIRE-1 
and FIRE-2, with 
some quantitative 
differences 

MFM solver in 
FIRE-2 allows for 
more accurate 
extra physics (B 
fields, cosmic rays, 
conduction, 
radiation) — key 
future directions

z=0

stellar
feedback

+UVB

in this talk, will focus primarily on FIRE-1 CGM results
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From high-z bursts to low-z steady state

Galaxies on FIRE: feedback and star formation 583

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.
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Figure 3. Same as Figure 2, but for four other halos (upper-left: m10, lower-left: m11, upper-right: m12i, lower-right: z2h506). In all cases, the star formation
rate is rescaled by a factor of 10 to appear visible on the linear scale. While the scales needed to show SFR and outflow rates for each figure differ by orders of
magnitude, the pattern of bursty star formation and gusty outflows appears is generic. In the most massive halos, star formation does not shut off after z = 3.

into three increments. The first, "high-z" interval is 4.0 > z > 2.0,
where our dataset is the most complete due to the inclusion of the
z2h sample and large number of progenitors and satellite progeni-
tors in the zoom-in region. The next division is somewhat arbitrary,
but is justified based on the general nature of outflows and star for-
mation in the L*-progenitor halos, which we will explore in subse-
quent sections. We use 2.0 > z > 0.5 as the intermediate redshift,
or "med-z" interval and 0.5 > z > 0 as "low-z" interval. We choose
not to consider epochs at z > 4.0 to maintain a high standard for
resolution elements per galaxy, and to confine analysis to typically
observable redshifts.

During the high-z interval, all halos in our sample undergo
bursty star formation and gusty outflows, interspersed with peri-
ods of quiescence as seen in Figure 2. We plot several of the halos
spanning a wide range of masses in Figure 3. Though the scales of
activity are different, it is clear that high time variability is ubiqui-
tous. This is generally consistent with observations of highly active
low-mass star-forming galaxies at high redshift (e.g. Maseda et al.
2014).

The relative efficiency of galactic wind generation depends on

the mass of the halo. At one end of the spectrum, dwarf galaxies
like m10 (upper left panel of Figure 3) and m09 (not shown) need
only form a small number of stars to expel the entire ISM and tem-
porarily shut off star formation altogether. At the other end of the
spectrum, we consider the most massive galaxy in the z2h sample,
z2h506 (lower right of Figure 3, which has a mass of 1012M� at
z = 2). In this halo, star formation, inflow, and outflow seem to co-
exist in a continuous, albeit highly variable state. The rest of the
halos generally behave in a manner between these two extremes,
and that behavior can largely be predicted by halo mass. This is
expected, as halo mass is a good proxy for the depth of the grav-
itational potential well at the center of the galaxy, and for the rate
of gas accretion from the IGM, both of which significantly impede
galactic outflow launching and propagation. It is interesting that in
the most massive halos in our sample at z = 2 at around 1012M�,
shutdown of star formation after bursts is not complete. While the
majority of stars form in bursts, some level of continuous star for-
mation rate is also being established.

In the med-z regime, which is shown in the top panel of Figure
4 the L*-progenitor m12i continues the pattern of bursty star for-
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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
PROPERTIES

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.
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Figure 4. Same format as Figure 2, but showing the 2.0 > z > 0.5 and
0.5 > z > 0 regime for the same halo (m12i). In the low-z regime, we also
show outflow rates measured with vcut = �1D. Compare this figure to the
upper-right panel of Figure 3 to see the full evolution of m12i with red-
shift. Outflows in the CGM become increasingly uncommon at low redshift,
while star formation switches into a continuous mode. Note that unlike pre-
vious figures, star formation rate is not rescaled by a factor of 10. In lower
mass galaxies such as m10 and m11, the bursty nature of star formation and
gusty outflows persist at low redshift.

mation and gusty outflows seen in the high-z regime, especially at
z > 1. However, the outflow rate gradually decreases relative to the
star formation rate suggesting a decreasing ⌘. Furthermore star for-
mation enters a continuous, non-bursty mode starting at z ⇡ 0.75.
This halo behaves significantly differently than the previously men-
tioned massive high-redshift z2h506 halo, though the mass of m12i
at z = 0.5 is comparable to the mass of z2h506 at z = 2. While
z2h506 drove powerful, gusty outflows and simultaneously main-
tained ceaseless star formation at high redshift, m12i has entered
into a continuous star formation mode with weak galactic winds.

Other L*-progenitors, m12q, m12v, and the massive dwarf
m11 also have reduced outflow rates relative to their star formation
rates, but continue the bursty pattern of star formation and power-
ful outflows through the CGM during the interval. One interesting
feature of this regime which will be elaborated on in Section 6.2,
is that despite a lower efficiency in wind generation, all of these

halos appear to lose more material through outflows than they gain
through inflows at Rvir. This is due to lower inflow rates from the
intergalactic medium, combined with a few isolated incidents of in-
tense star formation which generates the largest increases of stellar
mass in the history of the halos, followed by the most intense galac-
tic superwinds ever seen in the halos. The dwarf galaxy m10 also
continues to form stars and generate outflows and bursts, though
they are relatively diminished compared to higher-redshift activity.
Unlike the other dwarf galaxies, m09 does not form a significant
mass of stars near the galactic center after z = 2.

In the low-z regime of m12i, which is shown in the bottom
panel of Figure 4, a qualitative shift is seen in the nature of star for-
mation and outflows. Stars form at a moderate, steady rate, while
outflow rates in the CGM are low and no longer gusty. Though
they are not shown, the behaviors of m12q and m12v are both sim-
ilar to that of m12i at this epoch, but with lower star formation
rates. The inflow rates to all halos gradually taper off during this
epoch, which coincides to the thinning nature of cosmic filaments
and longer cooling times of the halo gas, which slows down gas
infall to the inner CGM and the galaxy (Kereš et al. 2005; Dekel
& Birnboim 2006; Faucher-Giguère et al. 2011; van de Voort &
Schaye 2012; Nelson et al. 2013). We will explore the nature of the
remaining infall in future work.

We consider one explanation for the drop-off in gusty outflows
at 0.25Rvir below z < 0.5 for all three L*-progenitor halos: that gas
is still being ejected from the disk, but no longer able to traverse the
CGM. In massive (1012M�) halos, 0.25Rvir represents a great phys-
ical distance from the central galactic core, particularly at low red-
shift (~50 kpc). To test this scenario we measure the flux at 0.05Rvir

and find that while the outflow rates in the inner regions are greater,
there is no indication that the outflow at either 0.05Rvir or 0.25Rvir

represents a kinematically distinct component of gas. This is fur-
ther evidenced by the drastically reduced values of outflow rates
when they were measured with vcut = �1D, where �1D ⇡ 100km/s
for this halo at z = 0. The outflow rates using this threshold for
both 0.05Rvir or 0.25Rvir are shown in Figure 4. The strongly di-
minished flux measured with vcut = �1D indicates that the apparent
“outflows” at late times can be explained by small random veloci-
ties of the halo gas as well as the motion of the material associated
with and stripped from the satellite galaxies moving through the
halo. Although the flux is somewhat higher at 0.05Rvir, this can be
entirely explained by the late-time accumulation and random mo-
tions of the ISM. In both cases apparent outflows are not connected
to the star formation events. We have explicitly checked that both
of these scenarios contribute to the measured outflow rates and will
further discuss this point in Section 5.2.

The drop-off in CGM outflows is likely caused by the deepen-
ing gravitational potential well in the center of the halo, the sparse-
ness of gas-rich mergers (that trigger bursts of star formation), less
geometrically concentrated star formation, and the overall more
continuous, less bursty mode of star formation. We briefly explore
the changing behavior of star formation by considering the pres-
ence and quantity of dense gas. In the high-redshift regime, the
mass of ISM with number density n > 1cm�3 fluctuates rapidly -
ISM mass builds up, precipitates a burst of star formation, and be-
comes largely depleted after each burst. Specifically, the ratio of
the mass of gas with number density n > 1cm�3 to galaxy stellar
mass reaches 0.2-1 at the epochs prior to and during each burst,
but can fall below 0.01 afterwards, and remains low during quies-
cent periods. At low redshift, as m12i has significantly increased
in mass and central density (Chan et al. 2015), dense gas can per-
sist. The ratio of dense ISM to stellar mass remains 0.1-0.2 at all
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Bulk properties of FIRE galactic winds
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Figure 8. Flux-weighted average 50th (left) and 95th (right) percentile wind velocity vs vc for all halos in our sample measured at 0.25Rvir. Same coloring
convention as Figure 5. Dotted lines show the fits given in Equations 9 and 10. Both 50th and 95th percentile wind velocities scale slightly superlinearly with
vc, and are normalized such that typical wind velocities range from ~1-3vc.

(4.0 > z > 0.5) than those measured at 0.25Rvir, but can be faster
by a factor of ~5 at low redshift (z < 0.5), although this is largely
because the low-redshift measured CGM wind velocities are very
slow (significantly less than vc).

6 DISCUSSION

Our analysis has primarily focused on measuring the mass-loading
factor via outflow rates in the inner regions of the CGM (at
0.25Rvir). In Section 5.1 we briefly devoted attention to demon-
strating that in the L*-progenitors at high redshift, m12v and m12i
specifically, about a third of material that is ejected into the CGM
and crosses 0.15Rvir eventually flows out through the virial radius
of the halo.

The fact that these numbers are not 100% implies that there
is a significant amount of material that is initially ejected into the
CGM, but later able to recycle back into the inner halo and the
galaxy. Even gas that flows out of the virial radius is not necessarily
permanently unbound from the halo. This is true by construction,
as our fiducial choice of vcut = 0km/s is below the local escape
velocity. In addition, the gravitational potential and virial radius of
all central halos continue to grow with time, and may re-absorb the
ejected material. Our results imply that the CGM of massive halos
hosts a vast reservoir of gas that has been enriched by local high-
redshift and intermediate-redshift outflows which helps fuel later
stages of galaxy formation.

It is interesting to estimate the amount of gas pushed out of
halos, and to study the evolution of the halo baryon fraction, which
is a good tracer for the aforementioned reservoir. In Figure 9 we
show the baryon fraction within Rvir over an interval 3.0 > z >
0 for m12v, m12q, m12i, m11, and m10, as well as 3.0 > z >
2.0 for z2h506. We plot the baryon fraction alongside a quantity
which describes the cumulative mass of outflowing gas which has
traversed the virial radius since z = 9, relative to the baryon budget
of the halo if it were to contain the cosmic mean fraction of baryons.

We call this quantity the expelled fraction. This figure can be used
to trace the role that galactic winds play in the overall evolution
of the halo. We note that for many of the halos considered, the
sum of the baryonic mass fraction within the halo at z = 0 and
the expelled fraction add up to a number that is near unity. This is
not necessarily true by construction, as we do not consider whether
outflows that cross Rvir are actually unbound form the halo, do not
account for the growth of Rvir through cosmic time, and only follow
a single massive progenitor. A complete understanding of what sets
the baryon fraction of a given halo requires us to consider all of
these processes, as well as any other process that modifies the ratio
of accretion rates for gas and dark matter. Nonetheless, the expelled
fraction is a useful diagnostic.

A low-mass dwarf like m10 already has a depleted baryon
fraction by z= 3 and it becomes further depleted by a series of pow-
erful outflows between z= 3 and z= 1.5. At lower redshift, outflow
rates are weaker but infall is only able to replenish a small fraction
of what has been lost. Infall rates may be diminished due to heating
of the IGM by the UV background (Thoul & Weinberg 1996). The
sum of the baryon fraction and the expelled fraction are far below
unity at all times, suggesting that the UV background plays a role
in preventing accretion continuously, starting at very high redshifts
(Gnedin 2000; Faucher-Giguère et al. 2011). The somewhat more
massive dwarf (m11) can more efficiently accrete the UV heated
gas, allowing it to have a high baryon fraction while still maintain-
ing powerful outflows until late times (z ⇡ 0.6), when a merger-
driven burst expels a huge amount of gas, apparently sealing its
fate.

In the L*-progenitor m12v, star formation is more efficient at
early times, building up the stellar fraction to ~15% of the baryonic
budget by z ⇡ 1.5 while maintaining an expelled fraction of un-
der 30%. However, this changes during the interval 1.5 > z > 1.0,
when the halo undergoes its most prominent burst of star forma-
tion, reaching Ṁ⇤ ⇡ 40M� yr�1. After this powerful burst, as in
the late-time burst of m11, we see a rapid rise in the expelled frac-
tion. Similar events occur sometime during the med-z interval in
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winds in V13 are consistent with ours. F14 use systematically lower
⌘ at all masses than we do, but launch their winds at much higher
velocities, suggesting that their winds are much less likely to ever
recycle. See Table C1 for values of ⌘ and launch velocities as they
are in F14, V13, and our simulations.

At low redshift, F14 use values of ⌘ that are in better agree-
ment with our results, while V13 continue to have systematically
higher values of ⌘. For example, V13 use winds with ⌘⇡ 7 at z = 0
for a Milky Way-mass galaxy (vmax ⇡ 200), while our simulations
find that these halos typically have ⌘ ⌧ 1. F14 uses ⌘ ⇡ 1 for a
1012M� halo. We provide more comparisons, and the methodol-
ogy used to derive these comparisons in Appendix C.

Although the winds in our simulations have lower values of ⌘
than those of V13, and lower velocities than those of F14, the FIRE
simulations - like V13 and F14 - nonetheless roughly reproduce
the M⇤�Mh relation (Hopkins et al. 2014). The key to understand-
ing how this is possible may be the burstiness of star formation in
the FIRE simulations. Since the consequence of each burst of star
formation is the dispersal of the ISM, the resultant wind not only
carries out the gas available for star formation, but also has strong
dynamical effects on the halo and galaxy. In other words, although
the amount of material ejected is lower than in V13, and the amount
of recycling due to slow winds is higher than in F14, the dynamical
state of the galaxy limits the efficiency of converting gas into stars.

5.4 Mass-loading as a function of radius within halo

In order to understand how the flux of material traverses different
spatial regions of the halo, we provide Figure 7. The top panel of
this figure shows the total integrated mass of gas that has crossed
various thresholds in the 4.0 > z > 2.0 interval, normalized by the
total stellar mass of each halo at z = 2. The values from this plot
can be used to estimate mass loading at different radii using the
values of ⌘ at 0.25 Rvir given in Table 2.

It is striking that the total gas mass expelled through inner
region of galactic halos at high redshift is tens or even hundred
times larger than the total stellar mass accumulated by z = 2. Two
of the L*-progenitors, m12v and m12i, as well as the massive dwarf
m11, and the LBG-like z2h506 only have about 33% of the total
material ejected into the CGM (to 0.15Rvir) eventually leave the
halo, while m10 loses nearly all of the outflows. This leads us to
conclude that at high redshifts, the majority of CGM outflows in
sufficiently massive galaxies stays within the CGM where a larger
fraction of this gas can recycle back into the galaxy or contribute to
the gaseous reservoirs of halos.

The bottom panel of Figure 7 reveals that the outflow proper-
ties differ at intermediate redshift (2.0 > z > 0.5). In this interval,
the L*-progenitors and m11 now lose 60-70% of material that is
ejected. This suggests that although their gravitational potentials
are deepening, these halos are actually more efficient at expelling
baryons into the IGM. The implications will be discussed further
in Section 6. m10 is particularly peculiar, as it loses significantly
more mass in the outer regions than the amount ejected from the
inner regions. The mass of this halo is below the filtering scale in-
duced by the UV background (Thoul & Weinberg 1996; Gnedin
2000; Faucher-Giguère et al. 2011), which means that the halo may
be gradually heated and unbound. Alternatively, this may imply en-
trainment of loosely bound material in the outer region of the CGM
during the outflow episodes as they propagate outward. We have
verified that most of the mass loss follows bursts of star formation,
suggesting that entrainment is the dominant mechanism that pro-
duces this behavior. These calculations do not account for the fact

that the physical virial radius can be much larger at z = 0.5 than it
was at z = 2, which means that outflow rates we compute here are
only valid with respect to the instantaneous position of the virial
radius but not all of this material actually leaves the growing virial
radius of a halo.

5.5 Wind velocity

As can be seen from Figure 1, our simulations produce winds with a
broad range of velocities. The detailed kinematic structure of winds
will be studied in subsequent work, but here we briefly characterize
the typical wind velocities seen in our simulation.

We use the same redshift intervals and criteria for inclusion
as for measurements of ⌘. At each snapshot, we calculate the 50th
percentile (median) radial wind velocity of outflowing particles in
the 0.25 Rvir shell. To calculate an average wind velocity of a halo
over a broad redshift interval, we compute a flux-weighted average
of the 50th percentile velocities at each snapshot. This ensures that
the average wind velocity is a characteristic of the epochs when the
most significant outflows are likely to be observed. We use this
same procedure to also compute the interval-averaged 95th per-
centile velocity to give an estimate of some of the fastest winds
generated by star formation in our simulations.

We plot the flux-weighted average 50th and 95th percentiles
in Figure 8. We find strong evidence for a slightly super-linear cor-
relation between wind velocity and vc that is well described by a
single power law. Correlations between wind velocity and galaxy
mass are in fact found in observational campaigns that sample a
sufficiently broad range of galaxy masses (Martin et al. 2012). We
note that while the 50th percentile velocities are sometimes close
to the escape velocity of the halo, the 95th percentile velocities are
considerably faster, and approach 1000 km/s for the most massive
halos in our sample. Winds with such velocities could be confused
for winds generated by black holes.

Again, the three L*-progenitor halos are exceptions at the low-
z interval, and appear to have significantly slower winds than simi-
lar halos of their mass did at higher redshift. We interpret this as fur-
ther evidence that the outflow rates measured for the L*-progenitors
at low redshift are not driven by star formation. We find the 50th
percentile wind velocity is fit by the relation:

vwind,50 = 0.854v1.12
c . (9)

The fit for 95th percentile wind velocity is fairly similar, dif-
fering mainly in normalization, which is approximately a factor of
~2 higher:

vwind,95 = 1.85v1.10
c . (10)

We have again only used data from the high-z and med-z
regimes to construct these fits, and consider no redshift evolution,
as it is not apparent from the figure. We caution that the veloci-
ties discussed here were measured at 0.25Rvir for each halo consid-
ered. We have approximately translated these velocities into wind
velocities at the time of launch by considering the gravitational po-
tential difference between 0.25Rvir and the locations where they
are expected to be launched from (i.e. ~1 kpc). We must also as-
sume that the gravitational potential difference would translate into
kinetic energy for the gas and that entrainment is not significant
(see Appendix C). We find that generally launch velocities are
faster by at most a factor of ~2 at high and intermediate redshifts
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winds in V13 are consistent with ours. F14 use systematically lower
⌘ at all masses than we do, but launch their winds at much higher
velocities, suggesting that their winds are much less likely to ever
recycle. See Table C1 for values of ⌘ and launch velocities as they
are in F14, V13, and our simulations.

At low redshift, F14 use values of ⌘ that are in better agree-
ment with our results, while V13 continue to have systematically
higher values of ⌘. For example, V13 use winds with ⌘ ⇡ 7 at z = 0
for a Milky Way-mass galaxy (vmax ⇡ 200), while our simulations
find that these halos typically have ⌘ ⌧ 1. F14 uses ⌘ ⇡ 1 for a
1012M� halo. We provide more comparisons, and the methodol-
ogy used to derive these comparisons in Appendix C.

Although the winds in our simulations have lower values of ⌘
than those of V13, and lower velocities than those of F14, the FIRE
simulations - like V13 and F14 - nonetheless roughly reproduce
the M⇤ �Mh relation (Hopkins et al. 2014). The key to understand-
ing how this is possible may be the burstiness of star formation in
the FIRE simulations. Since the consequence of each burst of star
formation is the dispersal of the ISM, the resultant wind not only
carries out the gas available for star formation, but also has strong
dynamical effects on the halo and galaxy. In other words, although
the amount of material ejected is lower than in V13, and the amount
of recycling due to slow winds is higher than in F14, the dynamical
state of the galaxy limits the efficiency of converting gas into stars.

5.4 Mass-loading as a function of radius within halo

In order to understand how the flux of material traverses different
spatial regions of the halo, we provide Figure 7. The top panel of
this figure shows the total integrated mass of gas that has crossed
various thresholds in the 4.0 > z > 2.0 interval, normalized by the
total stellar mass of each halo at z = 2. The values from this plot
can be used to estimate mass loading at different radii using the
values of ⌘ at 0.25 Rvir given in Table 2.

It is striking that the total gas mass expelled through inner
region of galactic halos at high redshift is tens or even hundred
times larger than the total stellar mass accumulated by z = 2. Two
of the L*-progenitors, m12v and m12i, as well as the massive dwarf
m11, and the LBG-like z2h506 only have about 33% of the total
material ejected into the CGM (to 0.15Rvir) eventually leave the
halo, while m10 loses nearly all of the outflows. This leads us to
conclude that at high redshifts, the majority of CGM outflows in
sufficiently massive galaxies stays within the CGM where a larger
fraction of this gas can recycle back into the galaxy or contribute to
the gaseous reservoirs of halos.

The bottom panel of Figure 7 reveals that the outflow proper-
ties differ at intermediate redshift (2.0 > z > 0.5). In this interval,
the L*-progenitors and m11 now lose 60-70% of material that is
ejected. This suggests that although their gravitational potentials
are deepening, these halos are actually more efficient at expelling
baryons into the IGM. The implications will be discussed further
in Section 6. m10 is particularly peculiar, as it loses significantly
more mass in the outer regions than the amount ejected from the
inner regions. The mass of this halo is below the filtering scale in-
duced by the UV background (Thoul & Weinberg 1996; Gnedin
2000; Faucher-Giguère et al. 2011), which means that the halo may
be gradually heated and unbound. Alternatively, this may imply en-
trainment of loosely bound material in the outer region of the CGM
during the outflow episodes as they propagate outward. We have
verified that most of the mass loss follows bursts of star formation,
suggesting that entrainment is the dominant mechanism that pro-
duces this behavior. These calculations do not account for the fact

that the physical virial radius can be much larger at z = 0.5 than it
was at z = 2, which means that outflow rates we compute here are
only valid with respect to the instantaneous position of the virial
radius but not all of this material actually leaves the growing virial
radius of a halo.

5.5 Wind velocity

As can be seen from Figure 1, our simulations produce winds with a
broad range of velocities. The detailed kinematic structure of winds
will be studied in subsequent work, but here we briefly characterize
the typical wind velocities seen in our simulation.

We use the same redshift intervals and criteria for inclusion
as for measurements of ⌘. At each snapshot, we calculate the 50th
percentile (median) radial wind velocity of outflowing particles in
the 0.25 Rvir shell. To calculate an average wind velocity of a halo
over a broad redshift interval, we compute a flux-weighted average
of the 50th percentile velocities at each snapshot. This ensures that
the average wind velocity is a characteristic of the epochs when the
most significant outflows are likely to be observed. We use this
same procedure to also compute the interval-averaged 95th per-
centile velocity to give an estimate of some of the fastest winds
generated by star formation in our simulations.

We plot the flux-weighted average 50th and 95th percentiles
in Figure 8. We find strong evidence for a slightly super-linear cor-
relation between wind velocity and vc that is well described by a
single power law. Correlations between wind velocity and galaxy
mass are in fact found in observational campaigns that sample a
sufficiently broad range of galaxy masses (Martin et al. 2012). We
note that while the 50th percentile velocities are sometimes close
to the escape velocity of the halo, the 95th percentile velocities are
considerably faster, and approach 1000 km/s for the most massive
halos in our sample. Winds with such velocities could be confused
for winds generated by black holes.

Again, the three L*-progenitor halos are exceptions at the low-
z interval, and appear to have significantly slower winds than simi-
lar halos of their mass did at higher redshift. We interpret this as fur-
ther evidence that the outflow rates measured for the L*-progenitors
at low redshift are not driven by star formation. We find the 50th
percentile wind velocity is fit by the relation:

vwind,50 = 0.854v1.12
c . (9)

The fit for 95th percentile wind velocity is fairly similar, dif-
fering mainly in normalization, which is approximately a factor of
~2 higher:

vwind,95 = 1.85v1.10
c . (10)

We have again only used data from the high-z and med-z
regimes to construct these fits, and consider no redshift evolution,
as it is not apparent from the figure. We caution that the veloci-
ties discussed here were measured at 0.25Rvir for each halo consid-
ered. We have approximately translated these velocities into wind
velocities at the time of launch by considering the gravitational po-
tential difference between 0.25Rvir and the locations where they
are expected to be launched from (i.e. ~1 kpc). We must also as-
sume that the gravitational potential difference would translate into
kinetic energy for the gas and that entrainment is not significant
(see Appendix C). We find that generally launch velocities are
faster by at most a factor of ~2 at high and intermediate redshifts
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Figure 5. Average mass-loading factor (⌘) from 4.0 > z > 2.0 (black), 2.0 > z > 0.5 (blue), and 0.5 > z > 0 (red) vs circular velocity (vc, Left) and halo
mass (Mh, Right) as they are at the midpoint of the interval in redshift space (zmed = 3 for high-z, zmed = 1.25 for med-z, zmed = 0.25 for low-z). Upside down
triangles show the halos in the zoom in region of m09, m10, and m11. m12v, m12i, and m12q are shown as triangles, except in the low-z data, where their
“main” halos are shown as upper limits (see text). Squares show z2h halos in the high-z sample. Open symbols indicate that the halo did not survive until the
end of the interval, but it survived at least as long as the midpoint of the interval. For ⌘ as a function of vc, we provide a broken power law fit including a
redshift evolution term (Equations 4 and 5), and evaluate it at z = 3 (black dotted line), z = 1.25 (blue dotted line), and z = 0.25 (red dotted line). The ⌘ vs
Mh fit is directly converted from the ⌘ vs vc fit (Equations 6 and 7).

cal quantities as measured at the midpoint of each interval in red-
shift (zmed = 3 for high-z, zmed = 1.25 for med-z, and zmed = 0.25
for low-z). We have considered other choices for the representative
redshift, such as the epoch when the cumulative time-integrated
flux of ejected material in each halo reaches 50% of its final value,
but found that our results were largely unchanged. Within each red-
shift interval, we elect to use a single epoch for all halos to simplify
interpretation.

In the figures and fits provided in the sections below, we
present ⌘ as measured by the ratio of integrated outflow and
star formation rates over the entire considered interval. Outflow
rates themselves were measured with the Instantaneous Mass Flux
method, and a radial velocity cut of vcut = 0 is used to define out-
flows. We also provide Table 2, which shows average values of ⌘
for the “main” halos in each simulation at various epochs using var-
ious measurement methods. All outflow rates were measured in the
0.25Rvir shell. Section 5.4 shows how these measurements differ at
various halo-centric radii. An alternative approach would be to in-
stead use a shell at a fixed physical radius at all times (i.e. a few
tens of kpc). However, using such a threshold would probe rather
different spatial regions when applied to our dwarf galaxies (poten-
tially outside Rvir), and to our most massive halos (close to galactic
edge). For now, we stick to using shells at a fixed fraction of Rvir,
as they can consistently be adapted to all halos at all epochs.

5.1 Fits of ⌘ for individual halos

We start by considering the relationship between ⌘ and the halo
circular velocity (vc =

p
GMh/Rvir), which evolves more slowly

with redshift than other halo properties (as previously mentioned,
the halo mass of m12i increases by a factor of ~10 between z = 4
and z = 2, while vc only increases by a factor of ~2). We show

Figure 6. Average mass-loading factor (⌘) vs stellar mass (M⇤), using the
same symbol and color conventions as Figure 5. A single power law fit
with no redshift dependence (Equation 8, dotted black line) describes the
data well, except for massive halos at low redshifts, where outflows are
diminished (red upper limits).

the average value ⌘ vs vc in the left panel of Figure 5. We can im-
mediately see that halos with low vc and halos with high vc may
be best described by different slopes. Our method for constructing
the fit for ⌘ vs. vc is as follows: We divide the sample into two
distinct populations, vc < 60km/s and vc > 60km/s. The choice
to use 60 km/s was arbitrary, but produced fits with relatively low
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�2 statistics compared to other dividing points. We then "anchor"
both fits to the approximate mean value of ⌘ at vc = 60km/s,
which is computed by taking the values of eta for all halos be-
tween 50km/s < ⌘ < 70km/s and averaging them in log space.
We use this anchor to fit a broken power law for low vc and high
vc halos. We find that the reduced �2 statistic for the broken power
law fit is significantly lower than the reduced �2 statistic for a sin-
gle power law fit. All fitting is done in log-log space, and the er-
rors quoted come from the diagonalized covariance matrix from
the minimized residuals. First, we consider only our high-z sam-
ple, which is the most complete (black points in Figure 5). Taking
measurements of vc at z = 3, halos with vc < 60km/s are fit by the

relation ⌘ = 16.5
⇣

vc
60km/s

⌘�3.23
. For halos with vc > 60km/s, we

find ⌘ = 16.5
⇣

vc
60km/s

⌘�1.01
.

Because the z2h sample ends at z = 2 and halos begin to co-
alesce and grow to encompass the zoom-in regions, the number of
halos that we are able to measure is smaller at z < 2. Although our
data at lower redshift is relatively limited, we also provide a fit for
the med-z (2.0 > z > 0.5) sample. We again take measurements of
vc at the midpoint of the redshift interval, in this case z = 1.25, and

use 60 km/s as a dividing point. We find ⌘ = 8.76
⇣

vc
60km/s

⌘�2.99
for

vc < 60km/s, and ⌘ = 8.76
⇣

vc
60km/s

⌘�1.05
for vc > 60km/s. Since

the slopes measured for the high-z and med-z samples are simi-
lar in both vc regimes, we combine the datasets and provide a sin-
gle unifying fit including an additional term to account for redshift
evolution. For vc < 60km/s, we find:

⌘ = 2.91(1 + z)1.25
✓

vc

60km/s

◆�3.22

. (4)

For halos with vc > 60km/s, we find

⌘ = 2.91(1 + z)1.25
✓

vc

60km/s

◆�1.00

. (5)

The errors derived on the slopes are substantial, which is ex-
pected given the scatter in our data set. These errors are � = 1.44
and � = 0.619 for the low-vc and high-vc sides, respectively. We
stress that these fits apply only to the mass-loading factor as mea-
sured at 0.25Rvir, and would likely be somewhat different if we
instead measured ⌘ at a fixed physical radius.

We choose not to include the limited dataset we have from the
low-z (z < 0.5) regime in the fitting procedure, but note the most
significant outliers are two of the three “main” L*-progenitor halos.
In fact, the outflows seen in the L*-progenitors at this epoch are
probably not caused by star formation, so we therefore mark them
as upper limits on the figures. This discrepancy will be explored
further in Section 5.2.

One notable feature of Figure 5 is that the simulations plotted
were run with different resolutions, yet low-mass halos from the
z2h sample as well as those from the L*-progenitor runs (m12v,
m12i, m12q) are found to have similar values of ⌘ as the highly-
resolved dwarf galaxies (m09, m10, m11). This demonstrates a de-
gree of convergence in our simulation sample.

We convert the broken power law fit derived for vc into a fit
for halo mass, Mh by using the analytic relationship between the
two. The result is shown in the right panel of Figure 5. This fit
works just as well as the vc fit by construction, owing to the one-to-
one correspondence between vc and Mh as measured at a particular

epoch. We only need to consider the redshift evolution of Mh at the
fixed value of vc = 60km/s, which we represent as Mh60.

For Mh < Mh60, we find:

⌘ = 2.91(1 + z)1.25
✓

Mh

Mh60

◆�1.07

. (6)

For Mh > Mh60, it becomes:

⌘ = 2.91(1 + z)1.25
✓

Mh

Mh60

◆�0.333

. (7)

It is straightforward to derive Mh60 as a function of redshift for
any given cosmology and choice of definition of virial overdensity.
We find Mh60 = 1.77⇥1010M� at z = 3, Mh60 = 4.03⇥1010M� at
z = 1.25, and Mh60 = 8.27⇥1010M� at z = 0.25.

Figure 6 shows the relationship between ⌘ and stellar mass,
M⇤. Unlike the fitting method used for vc and Mh, we use a sin-
gle power law fit that describes ⌘ as a function of M⇤. We have
confirmed that the reduced �2 statistic for this fit is low, validat-
ing our single power law approach. We again combine the data for
the high-z and med-z samples, and include an additional term in
the fitting function for a redshift dependence. The best-fit relation
for the redshift dependence is ⌘ / (1 + z)0.02, which is consistent
with no dependence, given our errors. Hence, we present a redshift-
independent fit for ⌘ as a function of M⇤:

⌘ = 3.55
✓

M⇤

1010M�

◆�0.351

. (8)

The error on the fit for the power-law indices is � = 0.175,
suggesting a better fit than what was found for either Mh or vc,
though the scatter is still significant. The L*-progenitors at low red-
shift are again the most notable outliers from the fit, while the rest
of the low-z data is somewhat better described than it was by the vc

fit.
We note that when a halo has multiple long-lived massive pro-

genitors that coalesce by the end of the interval, we include each
progenitor as a separate track in the figures and fits. We employ a
few other criteria for inclusion of progenitor halos:
1.) They are either the “main” progenitor for the entire interval, or
are detected as central (non-satellite) halos until the midpoint of the
interval in redshift space (z = 3 for high-z z = 1.25 for med-z, and
z = 0.25 for low-z. )
2.) Consist of at least 98% high-resolution dark matter (low con-
tamination from low-resolution particles). We make an exception in
the case of m11 and m12q, as these two runs feature low-resolution
DM particles that are about as massive as hi-res DM particles from
other runs (m12v and m12i). Each consists of more than 98% high-
resolution DM particles within 0.1 Rvir.
3.) Contain at least 50,000 high-resolution dark matter particles at
the end of the interval, or at the last epoch at which they are counted
as isolated halos.
4.) Form at least 50 new stellar particles over the interval.

Our statistics at the high-z interval are sufficient to obtain a
statistically meaningful fit even if we consider only halos that sur-
vive as their own “main” progenitors to z = 2, but inclusion of the
other progenitors does not appear to alter the fit. We mark halos
that did not survive until the end of the given interval as open sym-
bols on the figures. Although simulations of different resolutions
are combined on these figures, it can be seen that resolution has no
discernible effect on ⌘ as long as the stated resolution standards are
maintained.
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Most of the wind mass recycles

Recycled-to-ejected fraction

Anglés-Alcázar, FG+176 simulated halos at different redshifts



Halos retain most of their metals, except low-mass dwarfs

Ma, Hopkins, FG+16 (FIRE-1); Hafen+, in prep. (FIRE-2)
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Outline
• Overview of FIRE and basic properties of galactic winds 

• FIRE results on Lyman limit systems at high and low z 

• Preview: new UVB model 

• More from FIRE later: 

‣ D. Kereš (next) — halo properties, cosmic rays 

‣ C. Esmerian (today) — hot halos and precipitation 

‣ C. Hummels (Wed) — COS-Halos comparisons 

‣ D. Anglés-Alcázar (Fri) — particle tracking (galaxy assembly) 

‣ Z. Hafen (Fri) — particle tracking (CGM origins)



High z: testing winds with HI covering fractions
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Mh=3×1011 Msun
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→ cool gas ejection + interaction with infalling filaments



Lyman limit systems peak in massive halos

FG+15, 16

z=2

NHI (cm-2)

m09 m10 m11

m12v

kpc

m14

NHI (cm-2) kpc

h506

Lyman limit systems

Rvir

filamentary

~spherical, low NHI

Mh=10x; x=9.3 9.7 10.7

11.3 11.9 12.813



Satellite winds important for LLSs: z~2 QSO-mass halos

FG+16

Rvir
Mh=10x; x=12.4 12.9 13

→ Anglés-Alcázar+17 and Hafen+ (in prep.) quantify contributions of 
satellite winds to galaxy growth and CGM mass — talks Friday



High-z Lyman limit system covering factions vs. observations

open=sims
solid=obs.

→ simulations do not include AGN — not needed to explain QSO covering fractions

FG+15, 16
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Hafen, FG+17

Low z: FIRE consistent with cosmological 
LLS incidence at z<1

curves=sims
crosses=obs. (Ribaudo+11)

14 zoom-ins 
convolved with 
dark matter halo 
mass function to 
model 
cosmological 
statistics



z<1 LLS metallicities in FIRE vs. radial kinematics

Hafen, FG+17

• Instantaneous inflows & outflows overlap strongly in metallicity — no 
statistically significant evidence for bi-modality (cf. Lehner+13, Wotta+16) 

‣ broad range of halos contribute, wind recycling: outflows → inflows 

• Separate from bi-modality issue, FIRE-1 simulations appear to be missing 
observed low-metallicity, [X/H]≲-1.5 LLSs

95% C.I.

Cosmological LLS metallicity distribution at 0<z<1

high-v outflows metal rich

metal-
poor LLSs 
inflowing



Outline
• Overview of FIRE and basic properties of galactic winds 

• FIRE results on Lyman limit systems at high and low z 

• Preview: new UVB model 

• More from FIRE later: 

‣ D. Kereš (next) — halo properties, cosmic rays 

‣ C. Esmerian (today) — hot halos and precipitation 

‣ C. Hummels (Wed) — COS-Halos comparisons 

‣ D. Anglés-Alcázar (Fri) — particle tracking (galaxy assembly) 

‣ Z. Hafen (Fri) — particle tracking (CGM origins)



New UVB model

FG, in prep.

PRELIMINARY

Large number of improved empirical constraints relative to FG+09

[removed quantitative figures on the UVB since the 
models are still being refined — ask me if interested]



AGN-dominated UVB at low z

FG, in prep.

PRELIMINARY

[removed quantitative figures on the UVB since the 
models are still being refined — ask me if interested]



PRELIMINARYGalaxies reionize HI at high z

FG, in prep.

[removed quantitative figures on the UVB since the 
models are still being refined — ask me if interested]



PRELIMINARYFull spectra

FG, in prep.

[removed quantitative figures on the UVB since the 
models are still being refined — ask me if interested]



Summary
• FIRE simulations predict bursty inflow-SF-outflow cycles at high z, emergence 

of ordered disks in ~L* galaxies at low z (dwarfs continue to be bursty) 

• Powerful galactic winds appear to correlate with bursty SF and disappear in 
low-redshift massive galaxies 

• Most of the wind mass recycles 

• By z=0, galaxies with M★≳107 Msun retain most of the metals they produced in 
their halos — winds recycle efficiently  

• Simulations consistent observed LLS covering fractions around z~2-2.5 LBGs 
and QSOs. Winds from both centrals and satellites are important 

• At z<1, simulations are consistent with observed LLS incidence, but appear to 
be missing a significant number of low-metallicity systems. No statistically 
significant metallicity bi-modality 

• New UVB model (in prep.)


