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Figure 4. Galaxy stellar mass-halo mass relation at z = 0. Top: M∗(Mhalo).
Bottom: M∗ relative to the Universal baryon budget of the halo (fb Mhalo).
Each simulation (points) from Table 1 is shown; large point denotes the most
massive halo in each box. We compare the relation if all baryons became
stars (M∗ = fb Mhalo; dotted) and the observationally inferred relationship
as determined in Moster, Naab & White (2013, magenta) and Behroozi,
Wechsler & Conroy (2013, cyan) – dashed lines denote extrapolation beyond
the observed range; see footnote 9. The agreement with observations is
excellent at Mhalo ! 1013 M⊙, including dwarf though MW-mass galaxies.
We stress that there are zero adjusted parameters here: stellar feedback, with
known mechanisms taken from stellar population models, is sufficient to
explain galaxy stellar masses at/below ∼L∗.

plotted lines, increasing to ∼0.3 dex at the lowest observed masses),
then all our primary galaxies lie within the 2σ scatter.10

Despite the fact that this relation implies a non-uniform (and even
non-monotonic) efficiency of star formation as a function of galaxy
mass, we do not need to invoke different physics or distinct pa-
rameters at different masses. This is particularly impressive at low
masses, where the integrated stellar mass must be suppressed by
factors of ∼1000 relative to the Universal baryon fraction. Unfor-
tunately, at high masses (>1013 M⊙), the large Lagrangian regions
(hence large number of required particles) limit the resolution we
can achieve; we have experimented with some low-resolution test

Moster et al. (2013) agree well, and there the simulations do not significantly
‘prefer’ either fit.

runs which appear to produce overly massive galaxies, but higher
resolution studies are required to determine if that owes to a need
for additional physics or simply poor numerical resolution.

Interestingly, the scatter in M∗ at fixed Mhalo may decrease weakly
with mass, from ∼0.5 dex in dwarf galaxies (Mhalo ! 1010 M⊙)
to ∼0.1–0.2 dex in massive (∼L∗) galaxies. But given the limited
number of haloes we study here, further investigation allowing more
diverse merger/growth histories is needed.

Fig. 5 shows the M∗–Mhalo relation at various redshifts. At each z,
we compare with observationally constrained estimates of the M∗–
Mhalo relation. Implicitly, if they agree in M∗(Mhalo), our models are
consistent with the observed stellar MF (given, of course, the limited
statistics by which we are ‘sampling’ the MF). At high redshifts, the
haloes we simulate are of course lower mass, so eventually we have
no high-mass galaxies; this limits the extent to which our results
can be compared to observations above z ∼ 2.

5.2 Other (basic) galaxy properties

We wish to focus here on galaxy masses and star formation histories
(SFHs). Companion papers (in preparation) will examine the galaxy
morphologies and other observables in more detail. It is important,
when studying those properties, to construct a meaningful compar-
ison (e.g. using the same methods and wavelengths observed), and
this is non-trivial. Moreover, it is by no means obvious that these
properties are as robust to numerical details as the galaxy stellar
masses (discussed further below), and it is completely outside the
scope of this paper to fairly explore those dependences.

That said, we can briefly note the basic properties of the specific
simulations in Table 1 at z = 0, with the caveat that these may
not be robust to changes in either the initial conditions (the partic-
ular halo simulated) or our numerical methods. Morphologically,
at z = 0, run m09 resembles an ultrafaint dwarf; m10 a thick, but
rotating dwarf irregular; and m11 a more ‘fluffy’ dwarf spheroidal.
Runs m12v, m12q, m12i produce bulge+disc systems, with m12v
showing a prominent bulge at all times z ! 2; m12q is more disc-
dominated until a late major merger at z < 0.5 destroys the disc;
and run m12i produces a stellar disc with little bulge. Run m13
is totally bulge dominated. Each galaxy has an approximately flat
rotation curve outside of the central couple kpc; those with M∗ <

1010 slowly rise with radius to Vmax, and the more massive sys-
tems are flat to within the central ∼ kpc, except for m12v (where
the compact bulge leads to a central-kpc spike at ∼250 km s−1).
The galaxy sizes, measured as the half-stellar mass effective radii,
are (0.3, 0.52, 3.5, 2.8, 3.2, 4.2, 4.8) kpc for (m09, m10, m11, m12v,
m12q, m12i, m13), consistent with the observed stellar size–mass
relation (Shen et al. 2003; Wolf et al. 2010).

5.3 (Lack of) dependence on numerical methods

In Fig. 6, we investigate how the M∗–Mhalo relation depends on
numerical parameters and feedback. First, we repeat Fig. 4 for
simulations with different purely numerical parameters. These can
and do, indeed, have significant quantitative effects – they can easily
shift the predicted stellar masses by factors ∼2–3. However, we
stress that they do not qualitatively change our conclusions.

Modest changes in resolution (our ‘low-resolution’ runs corre-
spond to one power of two step in spatial resolution, and a cor-
responding factor of 23 = 8 change in mass resolution) lead to
significant, but not order-of-magnitude, changes in M∗: generally
we obtain larger M∗ by factors of ∼1.5 at high masses (Mhalo "
1011 M⊙) and ∼2–3 at the lowest masses (Mhalo < 1010 M⊙) at
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Figure 4. Galaxy stellar mass-halo mass relation at z = 0. Top: M∗(Mhalo).
Bottom: M∗ relative to the Universal baryon budget of the halo (fb Mhalo).
Each simulation (points) from Table 1 is shown; large point denotes the most
massive halo in each box. We compare the relation if all baryons became
stars (M∗ = fb Mhalo; dotted) and the observationally inferred relationship
as determined in Moster, Naab & White (2013, magenta) and Behroozi,
Wechsler & Conroy (2013, cyan) – dashed lines denote extrapolation beyond
the observed range; see footnote 9. The agreement with observations is
excellent at Mhalo ! 1013 M⊙, including dwarf though MW-mass galaxies.
We stress that there are zero adjusted parameters here: stellar feedback, with
known mechanisms taken from stellar population models, is sufficient to
explain galaxy stellar masses at/below ∼L∗.
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Each simulation (points) from Table 1 is shown; large point denotes the most
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stars (M∗ = fb Mhalo; dotted) and the observationally inferred relationship
as determined in Moster, Naab & White (2013, magenta) and Behroozi,
Wechsler & Conroy (2013, cyan) – dashed lines denote extrapolation beyond
the observed range; see footnote 9. The agreement with observations is
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We stress that there are zero adjusted parameters here: stellar feedback, with
known mechanisms taken from stellar population models, is sufficient to
explain galaxy stellar masses at/below ∼L∗.
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Figure 8. Kennicutt-Schmidt law, observed (Kennicutt 1998; Bigiel et al.
2008; Genzel et al. 2010; Daddi et al. 2010, yellow shaded range) and sim-
ulated (points as Fig. 4). We emphasize that this is a prediction: the in-
stantaneous SF efficiency per dynamical time in dense gas is 100% in the
simulations, but the emergent KS-law, as a consequence of feedback, has
an efficiency a factor ⇠ 50 lower. As shown in Paper I and Hopkins et al.
(2013d), this is insensitive, with resolved feedback models, to the small-
scale star formation law, and entirely determined by stellar feedback. “No
feedback” models lie a factor ⇠ 50 above the observations; “no radiation”
and “no SNe” models (Fig. 6) lie a factor ⇠ 10 above observations.

the recent generation of models in Stinson et al. (2013); Aumer
et al. (2013); Ceverino et al. (2013); Trujillo-Gomez et al. (2013)
(for some additional results from these see Kannan et al. 2013).
These new models (all of which have been developed recently) are
specifically designed/tuned to mimic the effects of radiative feed-
back (albeit indirectly), and to reproduce via simple sub-resolution
prescriptions (including turning off cooling) some of the most im-
portant effects of radiation pressure and photo-heating which were
studied in our previous work (Hopkins et al. 2012d).11 Whether
this is unique or not remains to be tested; the phase structure and
other properties of outflows and the CGM in such models can be
very different from those predicted here, even for the same mass-
loading efficiencies (discussed further below). It will be particularly
interesting to see whether other recently-developed sub-grid mod-
els such as that in Agertz et al. (2013), also incorporating the effects
of radiative feedback but via very different prescriptions, will also
agree well with observations at both low and high redshifts. In any
case, these comparisons – and the results from this new generation
of sub-grid models – highlight that some accounting for non-SNe
feedback is critical.

5.6 Instantaneous Suppression of Star Formation (at Fixed
Gas Densities)

We now examine galaxy star formation rates. In the previous sec-
tion, we showed that the integrated SF is suppressed with feedback.

11 There have also been interesting results from the re-tuned wind model
of Oppenheimer & Davé (2006) used more recently in slightly different
forms in Torrey et al. (2013), Marinacci et al. (2014), and Hirschmann et al.
(2013). However, in this model, the wind outflow rates are set explicitly
by-hand (and in fact the most recent scalings used were adjusted based on
comparison to the sub-grid models including radiative feedback), and then
tuned to reproduce the observed mass function. So this is essentially what
we attempt to predict here.

Figure 9. Example star formation history (SFH) for the m12v simulation, in
our standard (explicit feedback) model compared to different sub-grid feed-
back treatments. We show the formation history of all stars in the simulated
box at z = 0 (smoothed in 107 yr bins); this is not qualitatively different
from the SFR versus time of the largest “main” galaxy in the box at each
time. “No feedback” models force the galaxy to lie on the KS-law (SF is
“slow”) but do not expel gas; gas piles up until the SFR balances the halo
accretion rate, with a broad peak from z ⇠ 2� 6. “Sub-grid wind” models
“kick” gas at a rate proportional to the SFR; we show examples with dif-
ferent efficiencies and implementations. By design, model “2” produces a
nearly identical z = 0 stellar mass M⇤ to our explicit feedback model. These
sub-grid models (by construction) lower the SFR, but in both cases leave the
qualitative behavior of the SFH identical. Explicit feedback models not only
suppress the total M⇤ formed, but change the shape of the SFH. SF is more
“bursty” on small timescales, and the SFR is flatter in time (more biased to
late times, without the broad high-z peak).

But equally important is that feedback suppresses instantaneous
SFRs in galaxies. This is manifest in the Kennicutt-Schmidt (KS)
relation, shown in Fig. 8.12 We plot the simulations at all redshifts
(the redshift evolution is insignificant), and compare to observa-
tions at a range of redshifts (which also find little or no evolution).13

The predicted KS law agrees well with observations at all red-
shifts. As shown in Paper I-Paper III, this emerges naturally as a
consequence of feedback, and is not put in by hand. Recall that the
instantaneous SF efficiency (SF per dynamical time) in dense gas in
the simulations is 100%; however the global SF efficiency is ⇠ 2%.
This difference arises because at ⇠ 2% efficiency, feedback injects
sufficient momentum to offset dissipation (indeed, given the same
feedback, we obtain the identical KS law independent of the details
of our small-scale SF law; see Hopkins et al. 2011, 2013d).

If we instead consider simulations with weak/no feedback,
the global KS relation is severely over-predicted (efficient cooling
leads to global efficiencies ⇠ 100%). In most cosmological simula-
tions, this is offset “by hand” by simply enforcing a large-scale SF

12 We define ⌃SFR = Ṁ⇤/⇡R2
SFR (where Ṁ⇤ is the total SFR and RSFR is

the half-SFR radius) and ⌃gas = Mgas/⇡R2
SFR (where Mgas is the gas mass

within the 90% SFR radius). Defining both Ṁ⇤ and Mgas within RSFR or the
stellar effective radius shifts the points along the relation.
13 We compile the observed local galaxies in Kennicutt (1998) and Bigiel
et al. (2008), and high-redshift galaxies in Genzel et al. (2010) and Daddi
et al. (2010); shaded region shows the 90% inclusion range at each ⌃gas
from the compilation. As discussed in those papers, there is no significant
offset between the high and low-redshift systems at fixed ⌃gas.
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Figure 9. cumulative metal distribution in some galaxies at z = 0 (left panel) and z = 3 (right panel), normalized by yM⇤ (total amount of metal produced by
stars in the galaxy). We show m09 (black), m10 (magenta), m11 (red), m12q (blue), m12i (green), and m12v (yellow). In massive galaxies (M⇤ > 1010 M�),
most metals are retained in stars and the ISM. In ultra-faint dwarfs, reionization and outflows carry most metals away. Intermediate dwarfs reside in between
these cases.

Figure 10. Upper: Metal inflow (blue) and outflow rates (red) from z = 0–4. Solid and dotted lines show the metal inflow/outflow rates measured at 0.25 Rvir
and Rvir, respectively. Bottom: Metallicities of inflowing/outflowing gas. The black line shows the metallicity of the ISM. All quantities are averaged over a
time-scale of 400 Myr. Metals are efficiently ejected in fountains reaching 0.25 Rvir, but they do not usually reach Rvir – they are either deposited in the halo
or recycled efficiently in galactic fountains. Outflowing gas that escapes from the halo at Rvir tends to be less enriched than the gas in the ISM.

c� 0000 RAS, MNRAS 000, 1–15
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Figure 1. Stellar mass–gas-phase oxygen abundance relation at z = 0. The
red solid and dashed curves represent the median and 2� dispersion of the
SDSS MZR at z ⇠ 0.1 (Tremonti et al. 2004). The open circles denote the
data of the dwarf galaxy sample from Lee et al. (2006). Our simulations are
in good agreement with observations from 106–1011 M�.

(IMF) from 0.1–100 M�
2. We account for several different stel-

lar feedback mechanisms, including: (1) local and long-range mo-
mentum flux from radiative pressure; (2) energy, momentum, mass
and metal injection from SNe and stellar winds; and (3) photo-
ionization and photo-electric heating. We follow Wiersma et al.
(2009b) and include the metal yields from Type-II SNe, Type-I
SNe, and stellar winds. We note that the Type-II SNe yield table
from Woosley & Weaver (1995) adopted in our simulations pro-
duce Mg roughly ⇠ 0.4 dex below the typical values in modern
models (e.g. Nomoto et al. 2006). This will have little effect on
galaxy properties in our simulations, as Mg is not an important
coolant. Nevertheless, we will add 0.4 dex to the Mg abundance
to correct this in the analysis below.

All simulations adopt a standard flat ⇤CDM cosmol-
ogy with cosmological parameters consistent with H0 =
70.2 km s�1 Mpc�1, ⌦⇤ = 0.728, ⌦m = 1 �⌦⇤ = 0.272, ⌦b =
0.0455, �8 = 0.807 and n = 0.961 (e.g. Hinshaw et al. 2013; Planck
Collaboration et al. 2013).

2.2 Halo Identification, Stellar Mass and Metallicity

We use the Amiga Halo Finder (AHF; Gill et al. 2004; Knollmann
& Knebe 2009) to identify galactic halos and galaxies in our simu-
lations. The AHF code uses the adaptive mesh refinement method
and identifies halos and subhalos as groups of bound particles (dark
matter, gas, and stars). In this work, we only consider those “well-
resolved” halos that include more than 105 bound particles, have at
most 10% of their mass contaminated by low-resolution particles,
and contain at least 100 gas and 100 star particles, respectively.
These criteria are somewhat arbitrary; but varying these numbers
within a reasonable range will have little effect on our conclusions.

2 In principle, the “IMF-averaged” approximation does not hold for the
ultra-high resolution simulations in the z5mxx series, where the mass of
a star particle is only 10–100 M�. Nevertheless, we confirmed that these
simulations predict similar global galaxy properties to those of much poorer
resolutions (see Ma et al. 2015).

Figure 2. Stellar mass–stellar metallicity relation at z = 0. The red solid
and dashed curves are the median and 1� dispersion of the SDSS MZR
in the local universe (Gallazzi et al. 2005). The open circles represent the
values of [Fe/H] of individual dwarfs from Kirby et al. (2013). Again, the
agreement is good from 104–1011 M�.

If none of the halos meets these criteria in a snapshot (this happens
in some snapshots at high redshifts (z ⇠ 6), where the galaxy pro-
genitors are too small to contain so many particles), we will take
the most massive halo in the high-resolution region in our analy-
sis. We do not include subhalos/satellite galaxies in this work. The
centre of a halo is located at the centre of mass of the finest refine-
ment level. We adopt the virial overdensity from Bryan & Norman
(1998), which evolves with cosmic time.

We only consider the main galaxy in each halo. To remove the
contamination of satellite galaxies, we exclude any gas/star parti-
cle that is bound to a subhalo in the analysis below. We measure
the galaxy stellar mass (M⇤) by summing over the mass of all star
particles that belong to the main galaxy. Then we define its stel-
lar metallicity (as well as the abundance of each tracked species)
as mass-averaged metallicity (abundance) of all star particles. To
separate halo gas and the ISM, we apply a simple temperature cri-
teria and select all gas particles below 104 K as the ISM. In our
simulations, this is equivalent to selecting gas above some density
threshold of a few 0.1 cm�3 (we explicitly check the gas distribu-
tion in the density–temperature plane), which is comparable to the
mean gas density within a few stellar effective radii. It naturally
picks warm ionized and cold neutral gas. We define the gas-phase
metallicity as the mass-weighted metallicity of all gas particles that
belong to the ISM (we compare and discuss three different defini-
tions of gas-phase metallicity in Appendix A)3.

In this work, we use Zgas and Z⇤ to refer to the mass fraction
of all heavy elements in gas and stars, respectively. In Section 3,
we will primarily use oxygen abundance 12+ log(O/H) to present
gas-phase metallicities, which is defined in terms of number ratio
of oxygen to hydrogen atoms, in order to directly compare with ob-

3 In many cosmological simulations with “sub-grid” models, gas-phase
metallicity is usually defined as star-formation-rate-averaged metallicity.
However, our simulations explicitly resolve multi-phase ISM structures and
include realistic models of star formation and feedback. Individual gas par-
ticles are very sensitive to local feedback processes. For these reasons, we
do not apply SF-averaged gas-phase metallicity to our simulations.
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Figure 1. Stellar mass–gas-phase oxygen abundance relation at z = 0. The
red solid and dashed curves represent the median and 2� dispersion of the
SDSS MZR at z ⇠ 0.1 (Tremonti et al. 2004). The open circles denote the
data of the dwarf galaxy sample from Lee et al. (2006). Our simulations are
in good agreement with observations from 106–1011 M�.

(IMF) from 0.1–100 M�
2. We account for several different stel-

lar feedback mechanisms, including: (1) local and long-range mo-
mentum flux from radiative pressure; (2) energy, momentum, mass
and metal injection from SNe and stellar winds; and (3) photo-
ionization and photo-electric heating. We follow Wiersma et al.
(2009b) and include the metal yields from Type-II SNe, Type-I
SNe, and stellar winds. We note that the Type-II SNe yield table
from Woosley & Weaver (1995) adopted in our simulations pro-
duce Mg roughly ⇠ 0.4 dex below the typical values in modern
models (e.g. Nomoto et al. 2006). This will have little effect on
galaxy properties in our simulations, as Mg is not an important
coolant. Nevertheless, we will add 0.4 dex to the Mg abundance
to correct this in the analysis below.

All simulations adopt a standard flat ⇤CDM cosmol-
ogy with cosmological parameters consistent with H0 =
70.2 km s�1 Mpc�1, ⌦⇤ = 0.728, ⌦m = 1 �⌦⇤ = 0.272, ⌦b =
0.0455, �8 = 0.807 and n = 0.961 (e.g. Hinshaw et al. 2013; Planck
Collaboration et al. 2013).

2.2 Halo Identification, Stellar Mass and Metallicity

We use the Amiga Halo Finder (AHF; Gill et al. 2004; Knollmann
& Knebe 2009) to identify galactic halos and galaxies in our simu-
lations. The AHF code uses the adaptive mesh refinement method
and identifies halos and subhalos as groups of bound particles (dark
matter, gas, and stars). In this work, we only consider those “well-
resolved” halos that include more than 105 bound particles, have at
most 10% of their mass contaminated by low-resolution particles,
and contain at least 100 gas and 100 star particles, respectively.
These criteria are somewhat arbitrary; but varying these numbers
within a reasonable range will have little effect on our conclusions.

2 In principle, the “IMF-averaged” approximation does not hold for the
ultra-high resolution simulations in the z5mxx series, where the mass of
a star particle is only 10–100 M�. Nevertheless, we confirmed that these
simulations predict similar global galaxy properties to those of much poorer
resolutions (see Ma et al. 2015).

Figure 2. Stellar mass–stellar metallicity relation at z = 0. The red solid
and dashed curves are the median and 1� dispersion of the SDSS MZR
in the local universe (Gallazzi et al. 2005). The open circles represent the
values of [Fe/H] of individual dwarfs from Kirby et al. (2013). Again, the
agreement is good from 104–1011 M�.

If none of the halos meets these criteria in a snapshot (this happens
in some snapshots at high redshifts (z ⇠ 6), where the galaxy pro-
genitors are too small to contain so many particles), we will take
the most massive halo in the high-resolution region in our analy-
sis. We do not include subhalos/satellite galaxies in this work. The
centre of a halo is located at the centre of mass of the finest refine-
ment level. We adopt the virial overdensity from Bryan & Norman
(1998), which evolves with cosmic time.

We only consider the main galaxy in each halo. To remove the
contamination of satellite galaxies, we exclude any gas/star parti-
cle that is bound to a subhalo in the analysis below. We measure
the galaxy stellar mass (M⇤) by summing over the mass of all star
particles that belong to the main galaxy. Then we define its stel-
lar metallicity (as well as the abundance of each tracked species)
as mass-averaged metallicity (abundance) of all star particles. To
separate halo gas and the ISM, we apply a simple temperature cri-
teria and select all gas particles below 104 K as the ISM. In our
simulations, this is equivalent to selecting gas above some density
threshold of a few 0.1 cm�3 (we explicitly check the gas distribu-
tion in the density–temperature plane), which is comparable to the
mean gas density within a few stellar effective radii. It naturally
picks warm ionized and cold neutral gas. We define the gas-phase
metallicity as the mass-weighted metallicity of all gas particles that
belong to the ISM (we compare and discuss three different defini-
tions of gas-phase metallicity in Appendix A)3.

In this work, we use Zgas and Z⇤ to refer to the mass fraction
of all heavy elements in gas and stars, respectively. In Section 3,
we will primarily use oxygen abundance 12+ log(O/H) to present
gas-phase metallicities, which is defined in terms of number ratio
of oxygen to hydrogen atoms, in order to directly compare with ob-

3 In many cosmological simulations with “sub-grid” models, gas-phase
metallicity is usually defined as star-formation-rate-averaged metallicity.
However, our simulations explicitly resolve multi-phase ISM structures and
include realistic models of star formation and feedback. Individual gas par-
ticles are very sensitive to local feedback processes. For these reasons, we
do not apply SF-averaged gas-phase metallicity to our simulations.
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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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z=4
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z=2
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Figure 1. Simulation z2h350 centred on the main halo from z = 4 (top) to z = 2 (bottom). Left: neutral hydrogen column density map. Center: temperature
map (weighted by gas density squared to emphasize dense gas), Right: gas kinematics. The virial radius of the halo is indicated in each panel by the dashed
circles and LLSs (NH I > 1017.2 cm−2) are indicated by solid contours. At z = 4 and z = 3, the gas around the central galaxy is systematically inflowing from
the IGM. At z = 2, the galaxy is driving a powerful outflow with gas velocities ∼500–1000 km s−1, illustrating the time variability of CGM gas properties
resulting from the time variability of the star formation history of our simulated haloes. Length-scales are consistent across rows and columns.

simulation data points include only systems within ±L/2 of the
central galaxy owing to the finite size of the radiative transfer grid
from which the covering fractions are evaluated (for most of our
haloes, L = 200 proper kpc but L is scaled approximately with the
virial radius; Section 2.2). We have however repeated our analysis
with radiative transfer grids double the size of our fiducial calcula-
tions and found that most of the difference for NH I > 1015.5 cm−2

covering fractions persists.8 Furthermore, Rudie et al. (2012) also
report that the covering fractions measured within Rvir are not sig-

8 For the higher column density systems (such as LLSs and DLAs), our
results are very well converged with depth of the radiative transfer box since
these dense systems originate primarily within the viral radius of galaxies.

nificantly changed if only systems within |v| < 300 km s−1 of the
foreground galaxy are included. Both of these results suggest that
our simulations underpredict the amount of low-density neutral gas
in LBG haloes. This could point to missing physics in our current
calculations, such as magnetic fields and cosmic rays, which could
play a significant role in injecting cool gas into haloes (e.g. Booth
et al. 2013; Salem & Bryan 2014) and in maintaining the integrity
of cool gas in galactic winds (McCourt et al. 2014). Alternatively,
it could be that the resolution of our simulations is not sufficient to
accurately capture the ejection of low-density gas from galaxies. At
z ∼ 3, Shen et al. (2013) report a covering fraction ≈70 per cent for
NH I > 1015.5 cm−2 absorbers within Rvir for the Eris2 simulation,
consistent with our predictions and also somewhat below Rudie
et al.’s measurement. Fig. 3 also shows that the covering fraction
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Figure 1. Simulation z2h350 centred on the main halo from z = 4 (top) to z = 2 (bottom). Left: neutral hydrogen column density map. Center: temperature
map (weighted by gas density squared to emphasize dense gas), Right: gas kinematics. The virial radius of the halo is indicated in each panel by the dashed
circles and LLSs (NH I > 1017.2 cm−2) are indicated by solid contours. At z = 4 and z = 3, the gas around the central galaxy is systematically inflowing from
the IGM. At z = 2, the galaxy is driving a powerful outflow with gas velocities ∼500–1000 km s−1, illustrating the time variability of CGM gas properties
resulting from the time variability of the star formation history of our simulated haloes. Length-scales are consistent across rows and columns.

simulation data points include only systems within ±L/2 of the
central galaxy owing to the finite size of the radiative transfer grid
from which the covering fractions are evaluated (for most of our
haloes, L = 200 proper kpc but L is scaled approximately with the
virial radius; Section 2.2). We have however repeated our analysis
with radiative transfer grids double the size of our fiducial calcula-
tions and found that most of the difference for NH I > 1015.5 cm−2

covering fractions persists.8 Furthermore, Rudie et al. (2012) also
report that the covering fractions measured within Rvir are not sig-

8 For the higher column density systems (such as LLSs and DLAs), our
results are very well converged with depth of the radiative transfer box since
these dense systems originate primarily within the viral radius of galaxies.

nificantly changed if only systems within |v| < 300 km s−1 of the
foreground galaxy are included. Both of these results suggest that
our simulations underpredict the amount of low-density neutral gas
in LBG haloes. This could point to missing physics in our current
calculations, such as magnetic fields and cosmic rays, which could
play a significant role in injecting cool gas into haloes (e.g. Booth
et al. 2013; Salem & Bryan 2014) and in maintaining the integrity
of cool gas in galactic winds (McCourt et al. 2014). Alternatively,
it could be that the resolution of our simulations is not sufficient to
accurately capture the ejection of low-density gas from galaxies. At
z ∼ 3, Shen et al. (2013) report a covering fraction ≈70 per cent for
NH I > 1015.5 cm−2 absorbers within Rvir for the Eris2 simulation,
consistent with our predictions and also somewhat below Rudie
et al.’s measurement. Fig. 3 also shows that the covering fraction
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1)  On-going particle tracking analysis of FIRE zoom-in 

simulations to quantify the cycling of baryons in galaxy 
evolution 

2)  Recycling of galactic winds represents a significant 
contribution to galaxy growth, but also the transfer of gas 
between galaxies via winds! 

 
3)  Currently exploring the implications of fresh accretion, gas 

recycling, wind transfer, and mergers for chemical evolution 
and structural properties of galaxies  

4)  Develop observational diagnostics of the baryon cycle 

Tracing baryons in the FIRE simulations 

Anglés-Alcázar et al. in preparation 
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Figure 5. The z = 0 GSMFs for our four simulations including all accretion (thick lines) and without wind mode (thin lines); the nw (top-left panel) simulation,
by definition, has nw mode. Also shown is the Bell et al. (2003) g-band-derived GSMF (black) scaled to a Chabrier IMF for comparison.

considerably stronger than the naively expected factor of 1 + η

= 3. One may expect ejective feedback to reduce star formation
by two-thirds when η = 2, because 2 M⊙ of mass is ejected for
every 1 M⊙ of stars formed. Part of the difference reflects the
impact of stellar mass recycling (distinct from wind recycling).
With our Chabrier IMF, 18 per cent of the mass that forms stars is
promptly recycled to the ISM as SN and massive star ejecta, and over
10 Gyr this fraction rises to ∼50 per cent, mostly from AGB winds.
In a nw model, this recycled gas generally forms stars, increasing
the galaxy stellar mass. However, in a cw model, a fraction η

1+η

of the initial gas supply is ejected and hence never contributes any
recycled stellar mass, and η

1+η
of the gas that is returned to the ISM

by evolved stars is ejected rather than forming stars. With stellar
recycling fractions of 50 per cent, this effect alone can raise the
mass suppression factor from 3 to ∼5.

Furthermore, winds inject energy and momentum into their sur-
roundings and thereby suppress accretion, providing preventive
feedback in addition to ejective feedback. This preventive feed-
back has the greatest impact on galaxies below M∗. To investigate
this, we ran a cw simulation where we did not allow winds to in-
teract hydrodynamically at all. The stellar masses increased by a
factor in excess of 2 for the smallest galaxies we resolve. The energy
added by these strong winds to the surrounding gas via hydrody-
namic interactions is evidently playing a key role in suppressing
gas accretion. This local ‘pre-heating’ prevents IGM material from
joining the filaments through which accretion is efficient. However,
wind pre-heating is far weaker in the more moderate wind prescrip-
tions. With only a quarter as much energy imparted to the surround-
ing gas, the sw winds result in galaxies twice as massive below
Mnw = 1011 M⊙ compared to the cw prescription (cf. the thin or-
ange and cyan lines in Fig. 6). The vzw winds have even lower wind
energies at the low-mass end. Nevertheless, in all wind models cold
mode SFRs decline faster at late times than expected from ejective
suppression alone, likely owing to more dilute gas that can more
easily be affected by energy input.

The vzw case also behaves somewhat differently than simple
expectations. Outflow suppression does not rise as significantly
as one would expect towards higher masses (thin magenta line in
Fig. 6), despite the η ∝ σ−1 scaling. If we assume σ ∝ M1/3

b , then η ∝
M−1/3

b (at a given redshift), which OD08 showed is a fair description
for the vzw mass feedback rates. Over the range of Mnw = 1010.3–
1012.3 M⊙, we would expect an increase of f supp by about a factor of
4–5 in the vzw suppression efficiency relative to the constant mass
loading of the cw and sw models given how η is calculated. However
the increase appears to be at most a factor of 2, mainly because the
more massive galaxies are the hierarchical merger products of low-
mass progenitors, which had higher η before merging. This is the
same argument K09a used to explain why massive galaxies are
mainly assembled via cold mode – their progenitors are multiple
small galaxies receiving gas via the cold mode channel. Thus, the
higher η of the progenitors balance the low η of the merged galaxy
at late times, reducing the differential mass-loading effect.

These results show that, even in the absence of the recycled wind
mode, the suppression of stellar masses does not follow simple scal-
ings with the mass-loading factor η(Mb). Stellar mass recycling, hi-
erarchical galaxy assembly and, above all, the preventive feedback
effects of winds (wind pre-heating) all act to complicate the mass
dependence of feedback suppression. These results suggest caution
when using analytic or semi-analytic models tied to the observed
GSMF to infer the scaling of η with the galaxy mass. Furthermore,
we find that wind recycling changes the mass dependence of feed-
back suppression more strongly still, so model predictions will be
sensitive to the assumptions (explicit or implicit) about the fate of
gas after it has been ejected from the star-forming regions of its host
galaxy.

4.2 Recycling and faint-end slopes of the GSMF

Differential recycling and wind mode creates much more diversity
between the slopes of the mass functions (cf. thick coloured lines

C⃝ 2010 The Authors. Journal compilation C⃝ 2010 RAS, MNRAS 406, 2325–2338
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Figure 5. The z = 0 GSMFs for our four simulations including all accretion (thick lines) and without wind mode (thin lines); the nw (top-left panel) simulation,
by definition, has nw mode. Also shown is the Bell et al. (2003) g-band-derived GSMF (black) scaled to a Chabrier IMF for comparison.

considerably stronger than the naively expected factor of 1 + η

= 3. One may expect ejective feedback to reduce star formation
by two-thirds when η = 2, because 2 M⊙ of mass is ejected for
every 1 M⊙ of stars formed. Part of the difference reflects the
impact of stellar mass recycling (distinct from wind recycling).
With our Chabrier IMF, 18 per cent of the mass that forms stars is
promptly recycled to the ISM as SN and massive star ejecta, and over
10 Gyr this fraction rises to ∼50 per cent, mostly from AGB winds.
In a nw model, this recycled gas generally forms stars, increasing
the galaxy stellar mass. However, in a cw model, a fraction η

1+η

of the initial gas supply is ejected and hence never contributes any
recycled stellar mass, and η

1+η
of the gas that is returned to the ISM

by evolved stars is ejected rather than forming stars. With stellar
recycling fractions of 50 per cent, this effect alone can raise the
mass suppression factor from 3 to ∼5.

Furthermore, winds inject energy and momentum into their sur-
roundings and thereby suppress accretion, providing preventive
feedback in addition to ejective feedback. This preventive feed-
back has the greatest impact on galaxies below M∗. To investigate
this, we ran a cw simulation where we did not allow winds to in-
teract hydrodynamically at all. The stellar masses increased by a
factor in excess of 2 for the smallest galaxies we resolve. The energy
added by these strong winds to the surrounding gas via hydrody-
namic interactions is evidently playing a key role in suppressing
gas accretion. This local ‘pre-heating’ prevents IGM material from
joining the filaments through which accretion is efficient. However,
wind pre-heating is far weaker in the more moderate wind prescrip-
tions. With only a quarter as much energy imparted to the surround-
ing gas, the sw winds result in galaxies twice as massive below
Mnw = 1011 M⊙ compared to the cw prescription (cf. the thin or-
ange and cyan lines in Fig. 6). The vzw winds have even lower wind
energies at the low-mass end. Nevertheless, in all wind models cold
mode SFRs decline faster at late times than expected from ejective
suppression alone, likely owing to more dilute gas that can more
easily be affected by energy input.

The vzw case also behaves somewhat differently than simple
expectations. Outflow suppression does not rise as significantly
as one would expect towards higher masses (thin magenta line in
Fig. 6), despite the η ∝ σ−1 scaling. If we assume σ ∝ M1/3

b , then η ∝
M−1/3

b (at a given redshift), which OD08 showed is a fair description
for the vzw mass feedback rates. Over the range of Mnw = 1010.3–
1012.3 M⊙, we would expect an increase of f supp by about a factor of
4–5 in the vzw suppression efficiency relative to the constant mass
loading of the cw and sw models given how η is calculated. However
the increase appears to be at most a factor of 2, mainly because the
more massive galaxies are the hierarchical merger products of low-
mass progenitors, which had higher η before merging. This is the
same argument K09a used to explain why massive galaxies are
mainly assembled via cold mode – their progenitors are multiple
small galaxies receiving gas via the cold mode channel. Thus, the
higher η of the progenitors balance the low η of the merged galaxy
at late times, reducing the differential mass-loading effect.

These results show that, even in the absence of the recycled wind
mode, the suppression of stellar masses does not follow simple scal-
ings with the mass-loading factor η(Mb). Stellar mass recycling, hi-
erarchical galaxy assembly and, above all, the preventive feedback
effects of winds (wind pre-heating) all act to complicate the mass
dependence of feedback suppression. These results suggest caution
when using analytic or semi-analytic models tied to the observed
GSMF to infer the scaling of η with the galaxy mass. Furthermore,
we find that wind recycling changes the mass dependence of feed-
back suppression more strongly still, so model predictions will be
sensitive to the assumptions (explicit or implicit) about the fate of
gas after it has been ejected from the star-forming regions of its host
galaxy.

4.2 Recycling and faint-end slopes of the GSMF

Differential recycling and wind mode creates much more diversity
between the slopes of the mass functions (cf. thick coloured lines

C⃝ 2010 The Authors. Journal compilation C⃝ 2010 RAS, MNRAS 406, 2325–2338
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