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Introduction

 Negative Feedback to SF 

Numerical Simulation
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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現状の研究の問題点

1. ⼩小さいサンプルサイズ 

 

 

 
 
 
2. 不不均⼀一な測定法 

a. ⾮非パラメータ法 b. 1成分法 c. 2成分法 

Iabs

v v v
Figure 11(b). While we observe a general inverse correlation
between the mass-loading term and circular velocity (as is
assumed in most prescriptions), it is important to emphasize
that the weak outflows are generally moving mass outward at
velocities that are below the galaxy circular velocity (and
certainly well below escape velocity). This is inconsistent with
the assumptions in the model prescriptions. Considering only
the strong outflows (which are traveling at or above the escape
velocity), we find a best-fit relation with a slope of −0.98 and a
unit mass-loading factor at v 10cir

2.25= km s−1. While this
slope is consistent with a momentum-based scaling relation, the
more direct test of such a relation is the plot of mass-loading
versus vout in Figure 11(a). We also note that our empirical
scaling relation is in good agreement (for v 50cir > km s−1)with
the recent FIRE simulations by Muratov et al. (2015) evaluated
at z ∼ 0. These simulations explicitly calculate stellar feedback
rather than adopting a prescription.

In conclusion, some of the commonly adopted model
prescriptions for outflow velocity and mass-loading agree with
the observed properties of the strong outflows. However, none
of them adequately represent the properties of our full sample.
In particular, the assumption that the outflow velocities simply
scale with the galaxy circular velocity is incorrect for the weak
outflows, and the assumptions about how the mass-loading
scales with the outflow velocity lead to disagreements with the
data that are over an order-of-magnitude in many weak
outflows.

4.3.2. The Way Forward

While current cosmological simulations with increasing
numerical resolution are improving the capability to model
outflows in a more realistic fashion (e.g., Vogelsberger et al.
2013; Cen 2014; Henriques et al. 2015; Mitra et al. 2015;
Schaye et al. 2015), high-resolution simulations of individual
galaxies that are able to calculate ab initio more of the relevant

physical processes are clearly needed (e.g., Cooper
et al. 2008, 2009; Hopkins et al. 2013; Muratov et al. 2015;
Shen et al. 2013). Ideally, these simulations should be closely
compared to (and influenced by) both the results in this paper
and to detailed multi-phase observations of actual galactic
winds in the local universe.
In the meantime, a formulation based on the results in this

paper could be useful. That is (given a SFR, a radius of the
star-forming region, and a halo circular velocity) calculate
p pcrit,c˙ ˙
*

(Rcrit,c). Use this to assign an outflow speed using our
Equation (5) above (and see Figure 9). It may be case that
most stars over cosmic history form in systems with
R 10crit,c > (leading to strong outflows). In this case, the
simple scaling in Equation (7) could be used:
v v v R2 2out max,c cir crit,c= ~ .

The mass-loading term as defined in models/simulations is
only really applicable to the strong outflows, which are the only
cases in which the outflow velocity typically exceeds the
galaxy escape velocity. For these, the best-fit scaling relation
for mass-loading shown in Figure 11(b) could be adopted.
However, we emphasize that actual values of the mass-loading
term were derived from our data under the assumption that the
(absorption-weighted) size of the outflow is twice the radius of
the starburst. A different scale factor will result in a different
constant of proportionality between mass-loading and circular
velocity for strong outflows.

5. CONCLUSIONS

We have analyzed outflows as traced by FUV absorption
lines for a combined sample of 39 low-redshift starburst
galaxies. The majority of these starbursts (24) have properties
that make them excellent local analogs to typical high-redshift
LBGs. This is in contrast with most previous investigations of
low-z outflows, which have analyzed far-IR-selected starbursts
using the optical Na I absorption-line. Compared to most

Figure 11. Left (a): a magnified version of Figure 6(b) showing the observed relation between the mass-loading factor in the outflow (M SFRout˙ vs. the outflow
velocity vout). The plotted lines refer to various assumptions made in semi-analytic models or cosmological simulations (see text). The blue line shows the assumption
that the outflow contains 100% of the momentum flux supplied by the starburst. The two red lines show the assumption that the outflow contains 100% (upper) and
10% (lower) of the kinetic energy flux supplied by the starburst. A hybrid “momentum–energy” model is shown as a broken green line. The large cyan hollow circle
assumes a constant outflow velocity and mass-loading factor. The blue data points are for the strong outflows (Rcrit,c > 10) and the green points are for the weak
outflows (Rcrit,c < 10). Only for the strong outflows do the assumed relations roughly match the data. Right (b): a magnified version of Figure 6(c) showing the
observed relation between mass-loading and the galaxy circular velocity vcir. The blue and red diagonal lines schematically indicate scalings often made in models and
simulations (with mass-loading proportional to vcir

1- and to vcir
2- , respectively. The blue and green symbols indicate the strong and weak outflows, respectively. The

dashed black line shows a least-square fit to the strong outflows. See text for details. The crosses represent the typical uncertainties (see table notes).
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アウトフローの⾚赤⽅方偏移進化を探りたい 



Purpose

Purpose: 

 Study outflow of star-forming galaxies at z〜～0–2 

Method:  

1. Large sample size 

2. Same analysis 

3. Same stellar mass range 
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Estimate outflow components
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2種類のアウトフロー速度度
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Redshift Evolution (vout, vmax)

  ：Increase at z~0-2 
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with increasing redshift. 
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Mass Loading Factor η

◯ Fitting results 

 

◯ Assumption 

        : inner radius of outflow (effective radius) 

    : solid angle (4π) 

Mass outflow rate

⌘ = Ṁ
out

/SFR

R

mass loading factor

Standard outflow model

Ṁ
out

= m̄p⌦CfRN(H)v
out

⌦

Cf , vout, N(Xn) ! N(H)

representing efficiency of outflow



Redshift evolution (η)

η increase with increasing redshift

M*‒Mh関係 
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v
cir

> 60 km s�1 found with the FIRE simulations (Mura-
tov et al. 2015). Our result, a = �0.2± 1.1, is weak ev-
idence of a decreasing trend, although it is consistent with
no correlation, i.e., a = 0. Our result is consistent with the
momentum-driven model (a = �1). It is not conclusive, but
we can rule out the energy-driven model (a = �2) at the
90 percentile significance level. We also plot the data of the
z1- and z2-samples in Figure 10, but we cannot discuss the
scaling relation of them due to few data points.

5.3. Physical Origins of ⌘ Evolution
Our observed results in Figure 10 indicate that ⌘ increase

from z ⇠ 0 to 2 at a given circular velocity. We fit the z0-,
z1-, and z2-samples with a power-law function ⌘ = ⌘

1

va
cir

at
the fixed slope of a = �0.2 that is the best-fit parameter of
the z0-sample (Section 5.2). We obtain the best-fit parame-
ters ⌘

1

= 2.9 ± 0.5, 6.3 ± 4.5, and 11.3 ± 3.6 for the z0-,
z1-, and z2-samples, which are illustrated in Figure 10 with
the blue, green, and orange solid lines, respectively. The red-
shift evolution of ⌘ is obtained as ⌘ / (1 + z)1.2±0.3 by a
power-law fitting.

Theoretical methods predict an increase of the mass load-
ing factors with increasing redshift (Muratov et al. 2015;
Barai et al. 2015; Mitra et al. 2015). Some theoretical
models suggest that a large amount of gas increases v

out

,
v
max

, and ⌘ towards high redshift. Barai et al. (2015) claim
that gas-rich galaxies at high redshift launch outflows with
high v

out

and ⌘. Similarly, Hayward & Hopkins (2015) find
that the value of ⌘ increases exponentially by the increase of
the gas fractions towards high redshift.

We discuss the redshift evolution of the outflows, SFR, and
mass of cool gas in a galaxy. If we assume that Ṁ

out

is pro-
portional to cool HI gas mass M cool

gas

, we can rewrite Equa-
tion (13) as

⌘ =
Ṁ

out

SFR
/

M cool

gas

v
out

SFR
. (17)

Hence the mass of the cool gas in the galaxy is

M cool

gas

/ ⌘SFR

v
out

. (18)

Below we calculate the redshift dependence of SFR, v
out

, ⌘,
and M cool

gas

at a fixed stellar mass log(M⇤/M�) = 10.5. The
redshift evolution of SFR is given by Equation (10). If we
assume that v

out

and v
max

follow the same dependence on
z, the evolution of outflow velocities is expressed as Equa-
tion (11). We obtain ⌘ / (1 + z)1.2±0.3v�0.2±1.1

cir

, fitting
the power-law functions to the results of Figure 10. Based
on the estimates of the relation of v

cir

/ (1 + z)0.53±0.09

that we estimate from the M⇤–Mh relation in Behroozi et al.
(2013), ⌘ is written as ⌘ / (1 + z)1.1±0.7. Substituting this
equation, Equations (10), and (11) into Equation (18), we
obtain the redshift dependence of M cool

gas

by

M cool

gas

/ (1 + z)2.3±0.7. (19)

Equation (19) suggests that increasing M cool

gas

causes the
increase of outflow velocities, mass loading factors, and SFR
with increasing redshift. This increasing trend of M cool

gas

is
consistent with independent observational results. If we as-
sume that the molecular gas mass is proportional to M cool

gas

at
a given stellar mass, there is a relation of M cool

gas

/ (1+ z)2.7

obtained by the radio observations of Genzel et al. (2015).
This relation is consistent with Equation (19) within the 1�
uncertainty.

As noted in Section 5.2, however, the parameter sets used
for deriving ⌘ include large uncertainties. The total uncer-
tainty of �(Xn), d(X), and µ(X) is & 0.5 dex. We thus
think that the conclusion of increase of ⌘ is not strong. How-
ever, we can securely claim that the theoretical models are
consistent with our observational results under the assump-
tion of the fiducial parameter sets shown in Section 5.2.

6. SUMMARY
We investigate redshift evolution of galactic outflows at

z ⇠ 0–2 in the same stellar mass range. We use rest-frame
UV and optical spectra of star-forming galaxies at z ⇠ 0, 1,
and 2 taken from the SDSS DR7, the DEEP2 DR4, and Erb
et al. (2006a,b), respectively. The outflows are identified with
metal absorption lines: Na I D for the z ⇠ 0 galaxies; Mg I
and Mg II for the z ⇠ 2 galaxies; and C II and C IV for the
z ⇠ 2 galaxies. We construct composite spectra and measure
the parameters of the galactic outflow properties such as the
outflow velocities by the multi-component fitting with the aid
of the SSP models. Our results are summarized below.

1. We find that there are the scaling relations between the
outflow velocities and SFR at z ⇠ 0: for the central
outflow velocity v

out

by v
out

/ SFR0.03±0.03 and
for the maximum outflow velocity v

max

by v
max

/
SFR0.25±0.04. The velocities v

out

and v
max

are con-
sistent with previous studies.

2. We confirm that both of the outflow velocities increase
with increasing redshift. Because ions with higher
ionization energy likely trace higher velocity clouds,
we compare ions with the similar ionization energies:
Na I D (IE ' 5.1 eV) and Mg I (IE ' 7.6 eV) from
z ⇠ 0 to 1, and Mg II (IE ' 15 eV) and C II (IE ' 24
eV) from z ⇠ 1 to 2. The velocities v

out

and v
max

at
z ⇠ 1 (z ⇠ 2) are significantly higher than those at
z ⇠ 0 (z ⇠ 1).

3. The increase of the outflow velocities from z ⇠ 0 to
2 can be explained by the increase of ⌃

SFR

(i.e., a
decrease of the galaxy size) towards high redshift.

4. To calculate the mass loading factors ⌘, we use Na I D
at z ⇠ 0, Mg I at z ⇠ 1, and C II at z ⇠ 2. We then find
that the scaling relation between ⌘ and the halo circular
velocity v

cir

is given by ⌘ / va
cir

for a = �0.2 ±
1.1 at z ⇠ 0. The slope of a = �0.2 ± 1.1 suggests
that the outflows of the SDSS galaxies are launched by
a mechanism based on the momentum-driven model,
which predicts a = �1.
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Figure 7. Left panel: dependence of the CO-based molecular gas mass to stellar mass ratio, Mmol gas /M∗ = α0 J L′
CO J/M∗ (Equations (4) and (8)) as a function of

the specific star-formation rate, normalized to the main-sequence mid-line value at each redshift (from Equation (1); Whitaker et al. 2012), for the 500 galaxies from
Figure 1 with integrated CO measurements, binned in six redshift ranges from z = 0 to 3.4. Right panel: dependence of the CO-based molecular gas mass to stellar
mass ratio at the main-sequence mid-line on redshift, obtained from the zero-point offsets in slope + 0.51 linear fits in the log–log distributions in the left panel in each
redshift bin. The best linear fit has a slope of 2.71 (dashed line).
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Figure 8. Left panel: dependence of CO-based molecular gas mass to stellar mass ratio, Mmol gas/M∗ = α0 J LCO J ′/M∗ (Equations (4) and (8)) on the specific
star-formation rate normalized to the mid-line of main-sequence at each redshift (Equation (1); Whitaker et al. 2012), after removing the steep redshift dependence
with the fitting function f2(z) = 10−1.23+2.71×log(1+z) obtained from the right panel of Figure 7. The red-dashed line is the best linear fit to the log–log distribution of
all 500 SFGs and has a slope of 0.51. Right panel: dependence of CO-based gas mass to stellar mass ratio on stellar mass, after removing the specific star-formation
rate dependence with the fitting function g2(sSFR/sSFR(ms, z, M∗) = 100.51×log(sSFR/sSFR(ms,z,M∗)) obtained from the left panel of the figure. The resulting best linear
fit has a slope of −0.35.

(2014). Galaxies above the main sequence have larger gas
fractions but also smaller depletion timescales (or equiva-
lently, higher star-formation efficiency), in approximately
equal measure, than galaxies at or below the main sequence.
The dependence on gas fraction may reflect the time vari-
ation in the average gas supply rate from the cosmic web.
The increase in star-formation efficiency with sSFR (by a
factor of 20 from the lower envelope of the main sequence
to the star-bursting outliers above the main sequence) may
be driven by the internal properties of the star-forming inter-
stellar medium (ISM), such as the dense gas fraction (Gao
& Solomon 2004; Lada et al. 2012; Juneau et al. 2009;
Gracia-Carpio et al. 2011; Elbaz et al. 2011) in the more
compressed, cuspier SFGs above the main sequence (Wuyts
et al. 2011b; Elbaz et al. 2011). The increasing depletion
times below the main sequence, especially at high masses,
may also be a signature of suppression of the gravitational

instability by large shear velocities driving up the Toomre
Q-parameter of the ISM above the critical value (morpho-
logical quenching; Martig et al. 2009; Genzel et al. 2014;
Tacchella et al. 2015).

4. Throughout the redshift range probed, the molecular gas
to stellar mass ratios decrease as a function of stellar mass
(Mgas/M∗ ∝ M−0.4

∗ ) but the depletion timescale does not
vary with stellar mass, which is in agreement with Tacconi
et al. (2013), Santini et al. (2014), Huang & Kauffmann
(2014), and Sargent et al. (2014). This is in contrast to the
ideal gas regular model (d(sSFR)/d(logM∗)|main sequence ∼
0; Lilly et al. 2013), for which no or only little dependence
of gas fractions on stellar mass would be expected. This
means that the dropping gas fractions of the observed SFGs
at and above the Schechter mass (log(MS/M⊙) ∼ 10.9) are
a direct consequence of the fact that the observed SFGs on
the main sequence have lower sSFRs than expected for an
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⾚赤⽅方偏移進化の考察
理理論論予測 

 ⾼高⾚赤⽅方偏移ほどガスの量量が増えている 

Barai+15; Hayward & Hopkins 17 

log(M＊/M☉)=10.5において 
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Figure 8. Same as Figure 5, but for the z0- (blue symbol), z1-
(green symbol), and z2- (red symbol) samples. Top: the maximum
outflow velocities as a function of SFRs. Each symbol corresponds
to the elements of the absorption lines: Na I D (blue circle), Mg I

(green circle), Mg II (green diamond), C II (orange diamond), and
C IV (orange triangle). The circles, diamonds, and triangle indicate
the velocities of elements, which have the low (5–7 eV), medium
(15–24 eV), and high (48 eV) ionization energy, respectively. Error
bars denote the 1� fitting errors. The light blue and green shades
describe the result of the power-law fitting to Na I D and Mg I, re-
spectively, with vertical 1� fitting error range. The green and or-
ange lines denote the best-fitting power-law function of Mg II and
C II, respectively. Bottom: the central outflow velocities as a func-
tion of SFRs. The symbols are the same as those in the top panel of
this figure. In both panels, the orange triangles are offset in SFR by
0.05 dex for clarity.

4.2. Evolution of Outflow Velocity
We show v

max

measurements of our z0-, z1-, and z2-
samples as a function of SFRs with the blue, green, and or-
ange symbols, respectively, in the top panel of Figure 8. The
bottom panel is the same as the top panel, but for v

out

. Figure
8 indicates the increasing trend of the outflow velocity with

increasing redshift. Martin & Bouché (2009) and Chisholm
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depths of the absorption lines whereas Tanner et al. (2016)
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and v
max
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eV) absorption lines, respectively, which are depicted with
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1

SFR↵ for
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1

= 145 ± 12 (174 ± 9) and
↵ = 0.03 ± 0.03 (0.25 ± 0.04) for V = v

out

(v
max

).
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max

) for Na I D
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1
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1

= 163± 18 (227± 15) for
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Figure 8 illustrate the best-fitting relations of Na I D at z ⇠ 0
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max

) at z ⇠ 1 is significantly higher than the
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max
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out
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.
In summary, we find that v

out

and v
max

increase from z ⇠
0 to 2. Although there is some implication of the redshift
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et al. 2005b), this is the first time to identify the clear trend
of the redshift evolution of the outflow velocities.

Here we discuss the effects of the selection biases. There
are three sources of possible systematics that are included
in our analysis. The first is the selection criterion of the
SFR surface density ⌃

SFR

in the z0-sample. In Section
2.1, we select the galaxies with the criterion of ⌃

SFR

larger
than 10�0.8 M� yr�1 kpc�2, but we do not apply this cri-
terion for the z1- and z2-samples. A large fraction of the
z1-sample meets the criterion of ⌃

SFR

because the galax-
ies of the z1-sample have the median SFR of ⇠ 7 M� yr�1

and the median Petrosian radius of 5.2 kpc estimated from
photometry of some galaxies taken with Hubble Space Tele-
scope/Advanced Camera for Surveys (Weiner et al. 2009).
All of our z2-sample also meet the criterion of ⌃

SFR

(Erb
et al. 2006a). The second is the selection criterion of the
inclination i in our z0-sample. We select the galaxies with
i < 30�, which is less than 60� that is the typical outflow
opening angle of the SDSS galaxies (Chen et al. 2010). This
criterion is likely not needed for the z1- and z2-samples be-
cause it is reported that the outflows of the galaxies at z ⇠ 1–
2 is more spherical than those at z ⇠ 0 (Weiner et al. 2009;
Martin et al. 2012; Rubin et al. 2014). In addition, the galax-
ies under these criteria of ⌃

SFR

and i should decrease the
v
out

and v
max

of the z0-sample, indicating the redshift evo-
lution of the outflow velocities more clearly. The third is
the differences of instrumental resolutions. There is a pos-
sibility that low spectral resolutions may systematically in-
crease the values of v

max

. We convolve the highest resolution
(R ⇠ 5000) spectra of z1-sample with SDSS (R ⇠ 2000)
and LRIS (R ⇠ 800) spectral resolutions and compare the
v
max

values of the original and the convolved spectra. In this
way, we confirm that the systematics of the different spectral
resolution is negligible in our results.

5. DISCUSSION
5.1. Physical Origins of v

max

Evolution
In Section 4.2, we find that the outflow velocities increase

from z ⇠ 0 to 2. The power-law fitting to the results of
Figure 8 gives

v
max

/ (1+ z)0.59±0.03 (8)

at a fixed SFR. This increasing trend of the outflow veloci-
ties is predicted by Barai et al. (2015), who carry out sim-
ulations with MUPPI and find that the outflow velocities in-
crease from z ⇠ 0.8 to 3.0. We cannot quantitatively com-
pare our results with those of the simulation because of the
different definitions of the outflow velocity.

The redshift evolution of v
max

is interpreted by an in-
crease of ⌃

SFR

from z ⇠ 0 to 2. Shibuya et al. (2015)
show that effective radii of galaxies decrease with increas-
ing redshift by r / (1 + z)�1 at a fixed stellar mass. On
the assumption that a projected surface area of a disk
galaxy is proportional to r2, ⌃
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increases with increas-
ing redshift by ⌃
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Figure 9. The outflow veocities as a function of SFR/M⇤. The
top and bottom pannels show v

max

and v
out

, respectively. The
symbols and colors are the same as those in Figure 8. In both
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set in SFR/M⇤ by 0.05 dex for clarity.

z = 0 found by Heckman & Borthakur (2016), we obtain
a scaling relation expressing the evolution of the outflow
velocity by

v
max

/ (1 + z)2/3. (9)

Equation (9) is similar to Equation (8), albait with a slight
difference of the power. This simple calculation suggests
that the v

max

evolution originates from the ⌃
SFR

(i.e.,
size) evolution of galaxies.

This interpretation also predicts a relation between
v
max

and SFR/M⇤ at z ⇠ 0–2. At a fixed stellar mass
of log(M⇤/M�) = 10.5, Speagle et al. (2014) find

SFR/M⇤ / (1 + z)2.8. (10)

Using Equations (9)–(10) and the relation of v
max

/
SFR1/3 at z = 0 found by Heckman & Borthakur (2016),
we obtain the v

max

values increasing by

v
max

/ (1 + z)1.6 (11)

at a fixed stellar mass from z ⇠ 0 to 2. Comparing Equa-
tions (10) and (11) finally yields

v
max

/ SFR/M0.57
⇤ (12)

at a fixed stellar mass from z ⇠ 0 to 2. Figure 9 illustrates
our fitting results of v

max

as a function of SFR/M⇤. We
fit all data points of the z0-, z1-, and z2-samples with the
form of log v

max

/ � log SFR/M⇤. The best-fitting scal-
ing factor is � = 0.46± 0.02 (solid line in Figure 9). This
� value is simillar to the one of Equation (12). Moreover,
if we use data points of only the z0- and z2-samples, we
obtain � = 0.58± 0.02 (dashed line in Figure 9) that is in
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This interpretation also predicts a relation between
v
max

and SFR/M⇤ at z ⇠ 0–2. At a fixed stellar mass
of log(M⇤/M�) = 10.5, Speagle et al. (2014) find

SFR/M⇤ / (1 + z)2.8. (10)

Using Equations (9)–(10) and the relation of v
max

/
SFR1/3 at z = 0 found by Heckman & Borthakur (2016),
we obtain the v

max

values increasing by

v
max

/ (1 + z)1.6 (11)

at a fixed stellar mass from z ⇠ 0 to 2. Comparing Equa-
tions (10) and (11) finally yields

v
max

/ SFR/M0.57
⇤ (12)

at a fixed stellar mass from z ⇠ 0 to 2. Figure 9 illustrates
our fitting results of v

max

as a function of SFR/M⇤. We
fit all data points of the z0-, z1-, and z2-samples with the
form of log v

max

/ � log SFR/M⇤. The best-fitting scal-
ing factor is � = 0.46± 0.02 (solid line in Figure 9). This
� value is simillar to the one of Equation (12). Moreover,
if we use data points of only the z0- and z2-samples, we
obtain � = 0.58± 0.02 (dashed line in Figure 9) that is in
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et al. 2005b), this is the first time to identify the clear trend
of the redshift evolution of the outflow velocities.

Here we discuss the effects of the selection biases. There
are three sources of possible systematics that are included
in our analysis. The first is the selection criterion of the
SFR surface density ⌃

SFR

in the z0-sample. In Section
2.1, we select the galaxies with the criterion of ⌃

SFR

larger
than 10�0.8 M� yr�1 kpc�2, but we do not apply this cri-
terion for the z1- and z2-samples. A large fraction of the
z1-sample meets the criterion of ⌃

SFR

because the galax-
ies of the z1-sample have the median SFR of ⇠ 7 M� yr�1

and the median Petrosian radius of 5.2 kpc estimated from
photometry of some galaxies taken with Hubble Space Tele-
scope/Advanced Camera for Surveys (Weiner et al. 2009).
All of our z2-sample also meet the criterion of ⌃

SFR

(Erb
et al. 2006a). The second is the selection criterion of the
inclination i in our z0-sample. We select the galaxies with
i < 30�, which is less than 60� that is the typical outflow
opening angle of the SDSS galaxies (Chen et al. 2010). This
criterion is likely not needed for the z1- and z2-samples be-
cause it is reported that the outflows of the galaxies at z ⇠ 1–
2 is more spherical than those at z ⇠ 0 (Weiner et al. 2009;
Martin et al. 2012; Rubin et al. 2014). In addition, the galax-
ies under these criteria of ⌃

SFR

and i should decrease the
v
out

and v
max

of the z0-sample, indicating the redshift evo-
lution of the outflow velocities more clearly. The third is
the differences of instrumental resolutions. There is a pos-
sibility that low spectral resolutions may systematically in-
crease the values of v

max

. We convolve the highest resolution
(R ⇠ 5000) spectra of z1-sample with SDSS (R ⇠ 2000)
and LRIS (R ⇠ 800) spectral resolutions and compare the
v
max

values of the original and the convolved spectra. In this
way, we confirm that the systematics of the different spectral
resolution is negligible in our results.

5. DISCUSSION
5.1. Physical Origins of v

max

Evolution
In Section 4.2, we find that the outflow velocities increase

from z ⇠ 0 to 2. The power-law fitting to the results of
Figure 8 gives

v
max

/ (1+ z)0.59±0.03 (8)

at a fixed SFR. This increasing trend of the outflow veloci-
ties is predicted by Barai et al. (2015), who carry out sim-
ulations with MUPPI and find that the outflow velocities in-
crease from z ⇠ 0.8 to 3.0. We cannot quantitatively com-
pare our results with those of the simulation because of the
different definitions of the outflow velocity.

The redshift evolution of v
max

is interpreted by an in-
crease of ⌃

SFR

from z ⇠ 0 to 2. Shibuya et al. (2015)
show that effective radii of galaxies decrease with increas-
ing redshift by r / (1 + z)�1 at a fixed stellar mass. On
the assumption that a projected surface area of a disk
galaxy is proportional to r2, ⌃

SFR

increases with increas-
ing redshift by ⌃

SFR

/ (1+ z)2 at a fixed stellar mass for
a given SFR. Assuming the relation of v

max

/ ⌃
1/3
SFR

at

Figure 9. The outflow veocities as a function of SFR/M⇤. The
top and bottom pannels show v

max

and v
out

, respectively. The
symbols and colors are the same as those in Figure 8. In both
panels, the green diamonds and the the orange triangles are off-
set in SFR/M⇤ by 0.05 dex for clarity.

z = 0 found by Heckman & Borthakur (2016), we obtain
a scaling relation expressing the evolution of the outflow
velocity by

v
max

/ (1 + z)2/3. (9)

Equation (9) is similar to Equation (8), albait with a slight
difference of the power. This simple calculation suggests
that the v

max

evolution originates from the ⌃
SFR

(i.e.,
size) evolution of galaxies.

This interpretation also predicts a relation between
v
max

and SFR/M⇤ at z ⇠ 0–2. At a fixed stellar mass
of log(M⇤/M�) = 10.5, Speagle et al. (2014) find

SFR/M⇤ / (1 + z)2.8. (10)

Using Equations (9)–(10) and the relation of v
max

/
SFR1/3 at z = 0 found by Heckman & Borthakur (2016),
we obtain the v

max

values increasing by

v
max

/ (1 + z)1.6 (11)

at a fixed stellar mass from z ⇠ 0 to 2. Comparing Equa-
tions (10) and (11) finally yields

v
max

/ SFR/M0.57
⇤ (12)

at a fixed stellar mass from z ⇠ 0 to 2. Figure 9 illustrates
our fitting results of v

max

as a function of SFR/M⇤. We
fit all data points of the z0-, z1-, and z2-samples with the
form of log v

max

/ � log SFR/M⇤. The best-fitting scal-
ing factor is � = 0.46± 0.02 (solid line in Figure 9). This
� value is simillar to the one of Equation (12). Moreover,
if we use data points of only the z0- and z2-samples, we
obtain � = 0.58± 0.02 (dashed line in Figure 9) that is in
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Figure 8. Same as Figure 5, but for the z0- (blue symbol), z1-
(green symbol), and z2- (red symbol) samples. Top: the maximum
outflow velocities as a function of SFRs. Each symbol corresponds
to the elements of the absorption lines: Na I D (blue circle), Mg I

(green circle), Mg II (green diamond), C II (orange diamond), and
C IV (orange triangle). The circles, diamonds, and triangle indicate
the velocities of elements, which have the low (5–7 eV), medium
(15–24 eV), and high (48 eV) ionization energy, respectively. Error
bars denote the 1� fitting errors. The light blue and green shades
describe the result of the power-law fitting to Na I D and Mg I, re-
spectively, with vertical 1� fitting error range. The green and or-
ange lines denote the best-fitting power-law function of Mg II and
C II, respectively. Bottom: the central outflow velocities as a func-
tion of SFRs. The symbols are the same as those in the top panel of
this figure. In both panels, the orange triangles are offset in SFR by
0.05 dex for clarity.

4.2. Evolution of Outflow Velocity
We show v

max

measurements of our z0-, z1-, and z2-
samples as a function of SFRs with the blue, green, and or-
ange symbols, respectively, in the top panel of Figure 8. The
bottom panel is the same as the top panel, but for v

out

. Figure
8 indicates the increasing trend of the outflow velocity with

increasing redshift. Martin & Bouché (2009) and Chisholm
et al. (2016) indicate that the outflow velocity depends on the
depths of the absorption lines whereas Tanner et al. (2016)
show that the outflow velocity depends on ionization energy
(IE) of the ions used for velocity measurements. For these
reasons, we compare the outflow velocities of the absorption
lines that have the similar depths and IE, which is presented
in Figure 4. The details of our comparisons are explained
below.

To compare the z0- with z1-samples, we use v
out

and v
max

computed from Na I D (IE ' 5.1 eV) and Mg I (IE ' 7.6
eV) absorption lines, respectively, which are depicted with
the circles in Figure 8. In Section 4.1, we obtain the best-
fit parameter sets of the scaling relation V = V

1

SFR↵ for
Na I D of the z0-sample: V

1

= 145 ± 12 (174 ± 9) and
↵ = 0.03 ± 0.03 (0.25 ± 0.04) for V = v

out

(v
max

).
We perform a power-law fitting to v

out

(v
max

) for Na I D
of the z0-sample and Mg I of the z1-sample with the slope
fixed at ↵ = 0.03 (0.25). The best-fit parameter sets are
V
1

= 145± 2 (174± 2) and V
1

= 163± 18 (227± 15) for
Na I D and Mg I, respectively. The blue and green shades in
Figure 8 illustrate the best-fitting relations of Na I D at z ⇠ 0
and Mg I at z ⇠ 1, respectively. The widths of the shades
represent the 1� fitting error ranges. Figure 8 indicates
that v

out

(v
max

) at z ⇠ 1 is significantly higher than the
one at z ⇠ 0.

To compare the z1- with z2-samples, we use v
out

and v
max

computed from Mg II (IE ' 15 eV) and C II (IE ' 24 eV)
absorption lines, respectively, which are depicted with the
diamonds in Figure 8. In the same manner as Mg I of the z1-
sample, we fit v

out

(v
max

) of Mg II by a power-law function
with a slope fixed at ↵ = 0.03 (0.25). We obtain the best-fit
parameters of V

1

= 251± 3 (241± 4) for V = v
out

(v
max

).
The green line in Figure 8 illustrate the best-fitting relations
of Mg II at z ⇠ 1. For comparison, the orange line show
the line with ↵ = 0.03 (0.25) through the orange diamond.
Figure 8 suggests that v

out

(v
max

) at z ⇠ 2 is significantly
higher than the one at z ⇠ 1.

We should note that Figure 8 illustrates a large differ-
ence of v

out

between Mg II and C II. In Figure 4 there is
a systemic component in the C II absorption line larger
than that in the Mg II line. The large systemic component
may appear the high v

out

value of C II. Since C
f,sys of C II

is large, we fit the C II line with C
f,sys < 0.3 to make the

systemic component small. The best-fit v
out

of C II be-
comes small down to ' 200 km s�1 (log v

out

' 2.3), while
the best-fit b

D,out becomes large (> 300 km s�1). This
fitting result seems unphysical because the large b

D,out is
inconsistent with the previous results (Rubin et al. 2014).
We think that our best-fitting results are more sensible
than the one with C

f,sys < 0.3. In this way v
out

values
include unknown systematics. We think that the results
of v

out

are less reliable than those of v
max

.
In summary, we find that v

out

and v
max

increase from z ⇠
0 to 2. Although there is some implication of the redshift
evolution of the outflow velocities (Du et al. 2016; Rupke
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Figure 8. Same as Figure 5, but for the z0- (blue symbol), z1-
(green symbol), and z2- (red symbol) samples. Top: the maximum
outflow velocities as a function of SFRs. Each symbol corresponds
to the elements of the absorption lines: Na I D (blue circle), Mg I

(green circle), Mg II (green diamond), C II (orange diamond), and
C IV (orange triangle). The circles, diamonds, and triangle indicate
the velocities of elements, which have the low (5–7 eV), medium
(15–24 eV), and high (48 eV) ionization energy, respectively. Error
bars denote the 1� fitting errors. The light blue and green shades
describe the result of the power-law fitting to Na I D and Mg I, re-
spectively, with vertical 1� fitting error range. The green and or-
ange lines denote the best-fitting power-law function of Mg II and
C II, respectively. Bottom: the central outflow velocities as a func-
tion of SFRs. The symbols are the same as those in the top panel of
this figure. In both panels, the orange triangles are offset in SFR by
0.05 dex for clarity.

4.2. Evolution of Outflow Velocity
We show v

max

measurements of our z0-, z1-, and z2-
samples as a function of SFRs with the blue, green, and or-
ange symbols, respectively, in the top panel of Figure 8. The
bottom panel is the same as the top panel, but for v

out

. Figure
8 indicates the increasing trend of the outflow velocity with

increasing redshift. Martin & Bouché (2009) and Chisholm
et al. (2016) indicate that the outflow velocity depends on the
depths of the absorption lines whereas Tanner et al. (2016)
show that the outflow velocity depends on ionization energy
(IE) of the ions used for velocity measurements. For these
reasons, we compare the outflow velocities of the absorption
lines that have the similar depths and IE, which is presented
in Figure 4. The details of our comparisons are explained
below.

To compare the z0- with z1-samples, we use v
out

and v
max

computed from Na I D (IE ' 5.1 eV) and Mg I (IE ' 7.6
eV) absorption lines, respectively, which are depicted with
the circles in Figure 8. In Section 4.1, we obtain the best-
fit parameter sets of the scaling relation V = V

1

SFR↵ for
Na I D of the z0-sample: V

1

= 145 ± 12 (174 ± 9) and
↵ = 0.03 ± 0.03 (0.25 ± 0.04) for V = v

out

(v
max

).
We perform a power-law fitting to v

out

(v
max

) for Na I D
of the z0-sample and Mg I of the z1-sample with the slope
fixed at ↵ = 0.03 (0.25). The best-fit parameter sets are
V
1

= 145± 2 (174± 2) and V
1

= 163± 18 (227± 15) for
Na I D and Mg I, respectively. The blue and green shades in
Figure 8 illustrate the best-fitting relations of Na I D at z ⇠ 0
and Mg I at z ⇠ 1, respectively. The widths of the shades
represent the 1� fitting error ranges. Figure 8 indicates
that v

out

(v
max

) at z ⇠ 1 is significantly higher than the
one at z ⇠ 0.

To compare the z1- with z2-samples, we use v
out

and v
max

computed from Mg II (IE ' 15 eV) and C II (IE ' 24 eV)
absorption lines, respectively, which are depicted with the
diamonds in Figure 8. In the same manner as Mg I of the z1-
sample, we fit v

out

(v
max

) of Mg II by a power-law function
with a slope fixed at ↵ = 0.03 (0.25). We obtain the best-fit
parameters of V

1

= 251± 3 (241± 4) for V = v
out

(v
max

).
The green line in Figure 8 illustrate the best-fitting relations
of Mg II at z ⇠ 1. For comparison, the orange line show
the line with ↵ = 0.03 (0.25) through the orange diamond.
Figure 8 suggests that v

out

(v
max

) at z ⇠ 2 is significantly
higher than the one at z ⇠ 1.

We should note that Figure 8 illustrates a large differ-
ence of v

out

between Mg II and C II. In Figure 4 there is
a systemic component in the C II absorption line larger
than that in the Mg II line. The large systemic component
may appear the high v

out

value of C II. Since C
f,sys of C II

is large, we fit the C II line with C
f,sys < 0.3 to make the

systemic component small. The best-fit v
out

of C II be-
comes small down to ' 200 km s�1 (log v

out

' 2.3), while
the best-fit b

D,out becomes large (> 300 km s�1). This
fitting result seems unphysical because the large b

D,out is
inconsistent with the previous results (Rubin et al. 2014).
We think that our best-fitting results are more sensible
than the one with C

f,sys < 0.3. In this way v
out

values
include unknown systematics. We think that the results
of v

out

are less reliable than those of v
max

.
In summary, we find that v

out

and v
max

increase from z ⇠
0 to 2. Although there is some implication of the redshift
evolution of the outflow velocities (Du et al. 2016; Rupke
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et al. 2005b), this is the first time to identify the clear trend
of the redshift evolution of the outflow velocities.

Here we discuss the effects of the selection biases. There
are three sources of possible systematics that are included
in our analysis. The first is the selection criterion of the
SFR surface density ⌃

SFR

in the z0-sample. In Section
2.1, we select the galaxies with the criterion of ⌃

SFR

larger
than 10�0.8 M� yr�1 kpc�2, but we do not apply this cri-
terion for the z1- and z2-samples. A large fraction of the
z1-sample meets the criterion of ⌃

SFR

because the galax-
ies of the z1-sample have the median SFR of ⇠ 7 M� yr�1

and the median Petrosian radius of 5.2 kpc estimated from
photometry of some galaxies taken with Hubble Space Tele-
scope/Advanced Camera for Surveys (Weiner et al. 2009).
All of our z2-sample also meet the criterion of ⌃

SFR

(Erb
et al. 2006a). The second is the selection criterion of the
inclination i in our z0-sample. We select the galaxies with
i < 30�, which is less than 60� that is the typical outflow
opening angle of the SDSS galaxies (Chen et al. 2010). This
criterion is likely not needed for the z1- and z2-samples be-
cause it is reported that the outflows of the galaxies at z ⇠ 1–
2 is more spherical than those at z ⇠ 0 (Weiner et al. 2009;
Martin et al. 2012; Rubin et al. 2014). In addition, the galax-
ies under these criteria of ⌃

SFR

and i should decrease the
v
out

and v
max

of the z0-sample, indicating the redshift evo-
lution of the outflow velocities more clearly. The third is
the differences of instrumental resolutions. There is a pos-
sibility that low spectral resolutions may systematically in-
crease the values of v

max

. We convolve the highest resolution
(R ⇠ 5000) spectra of z1-sample with SDSS (R ⇠ 2000)
and LRIS (R ⇠ 800) spectral resolutions and compare the
v
max

values of the original and the convolved spectra. In this
way, we confirm that the systematics of the different spectral
resolution is negligible in our results.

5. DISCUSSION
5.1. Physical Origins of v

max

Evolution
In Section 4.2, we find that the outflow velocities increase

from z ⇠ 0 to 2. The power-law fitting to the results of
Figure 8 gives

v
max

/ (1+ z)0.59±0.03 (8)

at a fixed SFR. This increasing trend of the outflow veloci-
ties is predicted by Barai et al. (2015), who carry out sim-
ulations with MUPPI and find that the outflow velocities in-
crease from z ⇠ 0.8 to 3.0. We cannot quantitatively com-
pare our results with those of the simulation because of the
different definitions of the outflow velocity.

The redshift evolution of v
max

is interpreted by an in-
crease of ⌃

SFR

from z ⇠ 0 to 2. Shibuya et al. (2015)
show that effective radii of galaxies decrease with increas-
ing redshift by r / (1 + z)�1 at a fixed stellar mass. On
the assumption that a projected surface area of a disk
galaxy is proportional to r2, ⌃

SFR

increases with increas-
ing redshift by ⌃

SFR

/ (1+ z)2 at a fixed stellar mass for
a given SFR. Assuming the relation of v

max

/ ⌃
1/3
SFR

at

Figure 9. The outflow veocities as a function of SFR/M⇤. The
top and bottom pannels show v

max

and v
out

, respectively. The
symbols and colors are the same as those in Figure 8. In both
panels, the green diamonds and the the orange triangles are off-
set in SFR/M⇤ by 0.05 dex for clarity.

z = 0 found by Heckman & Borthakur (2016), we obtain
a scaling relation expressing the evolution of the outflow
velocity by

v
max

/ (1 + z)2/3. (9)

Equation (9) is similar to Equation (8), albait with a slight
difference of the power. This simple calculation suggests
that the v

max

evolution originates from the ⌃
SFR

(i.e.,
size) evolution of galaxies.

This interpretation also predicts a relation between
v
max

and SFR/M⇤ at z ⇠ 0–2. At a fixed stellar mass
of log(M⇤/M�) = 10.5, Speagle et al. (2014) find

SFR/M⇤ / (1 + z)2.8. (10)

Using Equations (9)–(10) and the relation of v
max

/
SFR1/3 at z = 0 found by Heckman & Borthakur (2016),
we obtain the v

max

values increasing by

v
max

/ (1 + z)1.6 (11)

at a fixed stellar mass from z ⇠ 0 to 2. Comparing Equa-
tions (10) and (11) finally yields

v
max

/ SFR/M0.57
⇤ (12)

at a fixed stellar mass from z ⇠ 0 to 2. Figure 9 illustrates
our fitting results of v

max

as a function of SFR/M⇤. We
fit all data points of the z0-, z1-, and z2-samples with the
form of log v

max

/ � log SFR/M⇤. The best-fitting scal-
ing factor is � = 0.46± 0.02 (solid line in Figure 9). This
� value is simillar to the one of Equation (12). Moreover,
if we use data points of only the z0- and z2-samples, we
obtain � = 0.58± 0.02 (dashed line in Figure 9) that is in
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et al. 2005b), this is the first time to identify the clear trend
of the redshift evolution of the outflow velocities.

Here we discuss the effects of the selection biases. There
are three sources of possible systematics that are included
in our analysis. The first is the selection criterion of the
SFR surface density ⌃

SFR

in the z0-sample. In Section
2.1, we select the galaxies with the criterion of ⌃

SFR

larger
than 10�0.8 M� yr�1 kpc�2, but we do not apply this cri-
terion for the z1- and z2-samples. A large fraction of the
z1-sample meets the criterion of ⌃

SFR

because the galax-
ies of the z1-sample have the median SFR of ⇠ 7 M� yr�1

and the median Petrosian radius of 5.2 kpc estimated from
photometry of some galaxies taken with Hubble Space Tele-
scope/Advanced Camera for Surveys (Weiner et al. 2009).
All of our z2-sample also meet the criterion of ⌃

SFR

(Erb
et al. 2006a). The second is the selection criterion of the
inclination i in our z0-sample. We select the galaxies with
i < 30�, which is less than 60� that is the typical outflow
opening angle of the SDSS galaxies (Chen et al. 2010). This
criterion is likely not needed for the z1- and z2-samples be-
cause it is reported that the outflows of the galaxies at z ⇠ 1–
2 is more spherical than those at z ⇠ 0 (Weiner et al. 2009;
Martin et al. 2012; Rubin et al. 2014). In addition, the galax-
ies under these criteria of ⌃

SFR

and i should decrease the
v
out

and v
max

of the z0-sample, indicating the redshift evo-
lution of the outflow velocities more clearly. The third is
the differences of instrumental resolutions. There is a pos-
sibility that low spectral resolutions may systematically in-
crease the values of v

max

. We convolve the highest resolution
(R ⇠ 5000) spectra of z1-sample with SDSS (R ⇠ 2000)
and LRIS (R ⇠ 800) spectral resolutions and compare the
v
max

values of the original and the convolved spectra. In this
way, we confirm that the systematics of the different spectral
resolution is negligible in our results.

5. DISCUSSION
5.1. Physical Origins of v

max

Evolution
In Section 4.2, we find that the outflow velocities increase
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