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Figure 25 shows the relationship between visible matter (mainly stellar) mass and DM mass.
The left panel shows the mass function of cold dark matter halos (upper dashed curve) and the
expected baryonic mass function if all galaxies contained the cosmological baryon fraction of ∼ 1/6.
It is well known that the baryon content of galaxies falls short of the cosmological value at
all masses. This is shown more directly at right, where Behroozi, Conroy, & Wechsler (2012)
summarize results from many techniques on the stellar-to-DM mass ratios in galaxies, this time as
a function of DM halo mass. At a “sweet-spot” DM mass of ∼ 1 × 1012M⊙, M∗/MDM reaches a
maximum of 1/5 of the cosmological value. But the stellar mass fraction is smaller at both lower
and higher DM masses. The sweet-spot DM mass corresponds to M∗ ≈ Mbulge ≃ 3 × 1010 M⊙.
This is in the middle of the M• –Mbulge correlation in Figure 18. So M• shows a simple, log-linear
correlation with Mbulge but a complicated relation with MDM that has a kink at the center of the
M• range. This argues that the more fundamental relation is the one between M• and Mbulge.
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Figure 25

(left) From Read & Trentham & (2005), the total field galaxy baryonic mass function (black points)
and Schechter (1976) function fit (Bell et al. 2003: dotted curve) compared to the mass spectrum
of cold DM halos from numerical simulations by Weller et al. (2005) and to that DM mass function
multiplied by the universal baryon fraction of 0.163 (Hinshaw et al. 2013) (lower dashed curve).
(right) From Behroozi, Wechsler, & Conroy (2012), comparison of their abundance matching of DM
halos and visible galaxies with published results. Abbreviations: AM = abundance matching; CC
= clustering constraints; HOD = modeling of halo occupation distributions; CLF = conditional
luminosity function; CL = various (e. g., X-ray) results on galaxy clusters; see Behroozi et al.
(2012) for details. Gray shading shows 68% confidence limits from a similar analysis in Behroozi et
al. (2010). Both panels show that galaxies have baryon-to-DM mass fractions that are less than
the cosmic value. The largest baryon mass fractions are seen in halos of mass MDM ∼ 1012 M⊙;
the remaining shortfall there is believed to be in a Warm-Hot Intergalactic Medium (WHIM: Davé
et al. 2001) and in cooler gas that has not yet accreted onto galaxies. Smaller galaxies are thought
to miss progressively more baryons because they were ejected by (e. g., supernova-driven) winds
(Dekel & Silk 1986). Halos that are much more massive than Mcrit ≡ MDM ∼ 1012 M⊙ are missing
progressively more stars because baryons are kept suspended in hot gas by a combination of AGN
feedback and cosmological gas infall (see Section 8.4). The important point here is this: Because
M• ∝ M (1.16±0.08)

∗ and because the ratio of stellar mass M∗ to dark mass MDM is not monotonic,
therefore the relationship between BH mass and DM mass is complicated and not monotonic. This
suggests that BH growth is controlled by stellar mass, not DM mass.
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Gusty, gaseous flows of FIRE 11

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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Outflows: One of main sources of feedback 
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Confirm redshift evolution of Outflow 

between at z ~ 0 and at z ~ 1 
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Data �

Data � SDSS DR7 � DEEP2 �
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not only on the optical depth and covering fraction distributions,
but also on the geometry. Consider the following three cases,
discussed in the context of the Na i D doublet as a specific
example. We show schematics of these absorber geometries in
Figure 6. Note that at a given wavelength, the atoms producing
the D1 line are separated by 6 8 (!300 km s"1) from the atoms
producing the D2 line. However, at a given velocity relative to
systemic, we expect them to have (1) relative optical depths
determined by atomic physics and (2) the same covering fraction.
The components described below may either be the members
of a doublet or two separate velocity components of the same
transition.

1. Completely overlapping atoms.—Suppose that the atoms
at all velocities are located at the same position in the plane of
the sky relative to the background continuum source. This is
unlikely to be strictly true if the broad profiles we observe are
due to the large-scalemotions of individual clouds, as these clouds
are not all coincident, but it may be a good simplification. The
covering fraction in this case is independent of velocity. The cor-
rect expression for the combined intensity of two separate velocity
components (each with optical depth !i(k) and covering fraction
Cf ;i(k) ¼ Cf ) is then given by

I (k)¼1"Cf þ Cf e
"!1(k)"!2(k): ð5Þ

Fig. 5.—Equivalent width ratio of the Na iDdoublet, R ' Weq(D2)/Weq(D1),
as a function of the central optical depth of the red line, !1;c. We assume a
Maxwellian velocity distribution and either (a) a constant covering fraction Cf

(solid line) or (b) a Gaussian Cf (k) with the same width as the velocity distri-
bution (dashed line). If the equivalent widths are measured by fitting Gaussian
intensity profiles and the doublet ratio R yields a high optical depth, there is a
contradiction. The intensity profile should not be Gaussian for a high optical
depth if the velocity profile is Maxwellian and Cf is constant, as assumed in the
doublet ratio method. One way to produce Gaussian profiles is if the covering
fraction varies with velocity, which is not allowed in the doublet ratio method. If
the doublet ratio method is applied in this case, ! is severely overestimated for
R P1:2. See x 5.3 for more details.

Fig. 6.—Possible geometries of absorbers along the line of sight. The possibilities are (1) absorbers that completely overlap, (2) absorbers that have no overlap, and
(3) absorbers that overlap partially, such that the covering fraction describes both the fractional coverage of both the background light and the other absorber. In our analysis, we
use case 1 to group the doublet lines in a single velocity component, and case 3 to group different velocity components in a single galaxy. See x 5.4 for further discussion.

RUPKE, VEILLEUX, & SANDERS108 Vol. 160

Rupke, Veilleux, 
& Sanders 2005  
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Gusty, gaseous flows of FIRE 2705

Figure 8. Flux-weighted average 50th (left) and 95th (right) percentile wind velocity versus vc for all haloes in our sample measured at 0.25 Rvir. Same
colouring convention as Fig. 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 to 3vc. The shaded region in the left-hand panel shows the range of
velocities between best-fitting lines for 25th and 75th percentile wind velocities.

6 D ISCUSSION

6.1 Comparison to subgrid prescriptions

We present a brief comparison between our results and the subgrid
prescriptions that have been employed by several other groups (see
also Zahid et al. 2014; Lu, Blanc & Benson 2015). For more details,
see Appendix C. We focus on comparing our results to the Illustris
project (Vogelsberger et al. 2013, hereafter V13), as well as the
simulations presented in Ford et al. (2014, hereafter F14). Wind
velocity measurements from the FIRE simulations discussed here
are described in Section 5.4, and converted to approximate velocities
at the time of wind launching, using methodology described in
Appendix C.

The results of our comparison are given in Table 3. There are
interesting similarities and differences between the wind velocities
and mass-loading factors found in our work and those from F14
and V13. At high redshift, the values of η used in V13 are sys-
tematically higher than ours. The agreement is better for the most
massive haloes in our simulations, but worsens gradually down to
vc = 60 km s−1. This is likely because they assume a fixed η ∝ v−2

c
scaling at all masses, while we find η ∝ v−1

c for vc > 60 km s−1.
The launch velocities of winds in V13 are consistent with ours. F14
use systematically lower η 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.3

At low redshift, F14 use values of η that are in better agreement
with our results, while V13 continue to have systematically higher
values of η. For example, V13 use winds with η ≈ 7 at z = 0

3 The velocities from our simulation quoted in Table 3 use a Navarro–
Frenk–White (NFW) potential to translate CGM velocities discussed in
Section 5.4 into launch velocities. We have also tried this exercise using
a singular isothermal sphere potential, which may be more appropriate for
describing massive (L*) haloes that are baryon dominated in the centre
at low redshift (Chan et al. 2015). This results in launch velocities up to
30 per cent faster than the NFW results, bringing us to closer agreement
with F14 for sufficiently massive haloes.

for a Milky Way-mass galaxy (vmax ≈ 200), while our simulations
find that these haloes typically have η ≪ 1. Observations generally
show that galactic winds are weaker at low redshift (e.g. Heckman
2001; Heckman et al. 2015), which is generally consistent with our
results, but in tension with V13. F14 uses η ≈ 1 for a 1012 M⊙ halo.
As demonstrated in Fig. 4, the outflows seen in m12i at low redshift
are most likely not related to winds generated by stellar feedback,
and are generally some combination of random gas motion in the
halo and close passages of satellites. The values for velocity and η

discussed here should be treated as upper limits.
Although the winds in our simulations have lower values of η

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 (H14). The key to understanding how this is
possible may be the burstiness of star formation in the FIRE sim-
ulations. 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 galactic
wind bulk properties in the FIRE simulations are different than the
prescriptions used in V13 and F14, their detailed dynamics (as well
as their phase structure) may result in different dynamical states for
the halo and galaxy, thus limiting the efficiency of star formation.

6.2 Implications for galaxy evolution

Our analysis has primarily focused on measuring the mass-loading
factor via outflow rates in the inner regions of the CGM (at 0.25 Rvir).
In Section 5.1 we briefly devoted attention to demonstrating 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
0.15 Rvir eventually flows out through the virial radius of the halo.

The fact that these numbers are not 100 per cent 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 = 0 km s−1 is below the local escape

MNRAS 454, 2691–2713 (2015)
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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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Figure 5. The mass-loading factor, η, versus stellar mass,M⋆, at z = 0.25
(solid black), 1.25 (dashed blue), and 3 (dotted green). The mass-loading
factor values for the FIRE simulations (Muratov et al. 2015) are indicated
by the open symbols; the arrows denote upper limits for massive galax-
ies at z = 0.25. We have assumed that the order-unity parameter φ/F ′

in equation (21) is 0.7, as this yields the best agreement with the simula-
tion results. In massive galaxies, outflows are significantly suppressed at
low redshift because their gas fractions decrease below the critical value at
which the outflow fraction decreases exponentially (see Fig. 3). The rea-
son for this cutoff is that the turbulent velocity dispersion, σT, required
to provide vertical pressure support decreases with the gas fraction. When
σT/vc,gal becomes too low, the amount of mass in sufficiently underdense
patches becomes negligible. In contrast, outflows are driven effectively in
low-mass galaxies (M⋆ ! 1010 M⊙) at all redshifts.

Our assumed scaling relations imply that based on their
global properties, all galaxies are expected to be turbulent-
pressure-supported (see Appendix C). Only galaxies that have
⟨Σg⟩ ! 10 M⊙ pc−2, and thus lie below the empirically based
⟨Σg⟩(M⋆, z) relation plotted in Fig. C1, can be globally supported
by thermal pressure. We thus explore how the mass loading factor
depends on stellar mass under the assumption that all galaxies are in
the turbulent-pressure-supported regime. By combining equations
(9), (27), (33), (B2), and (B1) and assuming an ISM temperature
T , we can calculate the dependence of fout and η on M⋆ and z.
The resulting relations are presented in Fig. 5, which shows η ver-
sus M⋆ for z = 0.25, 1.25 and 3. We overplot the mass-loading
factors for the FIRE simulations (Muratov et al. 2015) at the same
redshifts as our model predictions. Note that the black arrows de-
note upper limits: as discussed by Muratov et al. (2015), galaxies
in the FIRE simulations with M⋆ " 1010 M⊙ exhibit negligible
mass outflow rates at z ! 1. Note that for this plot only, we as-
sume that the order-unity parameter φ/F ′ = 0.7 because of the
few near-unity values that we tried, this gave the best agreement
with the simulation results.

At high redshift, outflows are driven effectively for all M⋆

values. At z = 3, the mass-loading factor varies from ∼ 70 at
M⋆ = 106 M⊙ to ∼ 0.5 at M⋆ = 1012 M⊙. For high-mass
(M⋆ " 1010 M⊙) galaxies, as the redshift decreases, fout and
thus η decrease significantly. ForM⋆ ∼ 1011 M⊙, η decreases by
almost two orders of magnitude from z = 3 to z = 0.25. This
decrease in η occurs because the gas fractions of massive galax-
ies decrease below the critical value at which fout decreases expo-
nentially (see Fig. 3). In contrast, in low-mass (M⋆ ! 109 M⊙)
galaxies, η is high and approximately redshift-independent at all
redshifts because these galaxies are sufficiently gas-rich even at
z = 0.

For galaxies with M⋆ ! 1010 M⊙, the redshift evolution in
the η – M⋆ relation is weak. The reason is as follows: recall that
ηturb ∝ fout(fgvc,gal)

−1. The galaxy circular velocity (unlike the
halo circular velocity) at fixedM⋆ is independent of redshift. The
outflow fraction depends only weakly on the gas fraction as long as
fg " 0.3 (which holds for these galaxies according to our assumed
empirical relation), and the decrease in fout with decreasing fg is
approximately canceled by the f−1

g term. Thus, for galaxies with
M⋆ ! 1010 M⊙, η scales as ∼ v−1

c,gal with a normalization that is
approximately independent of redshift.

The agreement between our predictions and the simulation re-
sults of Muratov et al. (2015) is impressive, especially given the
simplicity of our model. In particular, a novel feature of our model
is that it explains the suppression of outflows in massive galaxies
at low redshift. This cutoff occurs because at low redshift, the gas
fraction and thus mean gas surface density of massive galaxies de-
creases considerably. Consequently, the turbulent velocity expected
from self-regulation decreases, and thus both Σmax

g and the Mach
number decrease. The fraction of the ISM that can be accelerated
to the escape velocity on a dynamical time becomes negligible, and
outflows are suppressed. We discuss the implications of this sup-
pression below.

6 IMPLICATIONS FOR GALAXY EVOLUTION

We have demonstrated that our model predicts that the fiducial scal-
ing η ∝ v−1

c,gal will not hold for all star-forming galaxies because
in our model, η ∝ fout(Qfgvc,gal)

−1 ∝ foutσ
−1
T . Thus, even if

we assume that Q = 1 (which, as we discuss below, is a simplifi-
cation), the η ∝ v−1

c,gal scaling can be altered by variations in fg (or
equivalently σT) and fout (which is determined by the values ofQ,
fg, vc,gal, and the diffuse ISM temperature). Consequently, mod-
els that assume a fixed η ∝ v−1

c,gal relation (or, more generally, any
model that assumes that η depends on a single global property, such
as vc,gal) may miss some important physical effects and artificially
reduce the dispersion in galaxy properties because variations in fg
at fixed vc,gal will directly lead to variations in η at fixed vc,gal.

For example, suppose that a galaxy’s gas fraction is temporar-
ily lower than the quasi-equilibrium value. This could occur be-
cause of the stochastic nature of gas accretion from the intergalactic
medium (e.g. Kereš & Hernquist 2009) or because the galaxy is in
a post-burst state and its gas fraction has not returned to the steady-
state value set by the balance of inflow and outflow. In standard
models, the galaxy’s mass-loading factor would remain approxi-
mately constant (assuming that vc,gal is approximately constant),
so its outflow rate would decrease by the same factor as its SFR.
Thus, the galaxy’s gas content would continue to be depleted by
star formation and outflows at a rate of (1+ η)Ṁ⋆ and would need
an inflow rate greater than this value in order for its gas fraction
to become high again. In contrast, in our model, if the gas frac-
tion becomes sufficiently low (fg ! 0.3), the mass-loading factor
is exponentially suppressed, and the depletion rate becomes equal
to the SFR alone. Thus, as long as the inflow rate is greater than
the SFR, the gas fraction will increase until the galaxy re-enters
the high-outflow regime. The difference between these two deple-
tion/required infall rates can be dramatic inM⋆ ! 1010 M⊙ galax-
ies, for which η ≫ 1. This example illustrates that assuming a pure
η ∝ v−1

c,gal scaling without accounting for the cutoff that we demon-
strate can artificially prevent low-mass galaxies from accumulating
fresh gas and artificially suppress the variability of star formation.

The behavior can also differ in periods in which the gas sur-
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