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Figure 1. MZ relation at five epochs ranging to z ∼ 2.3. The curves are fits to the data defined by Equation (4). The solid curves indicate metallicities determined
using the KK04 strong-line method and the dashed curves indicate metallicities converted using the formulae of Kewley & Ellison (2008). Data presented in this figure
can be obtained from H.J.Z. upon request.
(A color version of this figure is available in the online journal.)

binning the data. We sort galaxies into equally populated bins of
stellar mass and plot the median stellar mass and metallicity for
each bin. The MZ relation of Yabe et al. (2012) and Erb et al.
(2006) is determined from stacked spectra sorted by stellar mass.
The errors for the z < 1 data are determined from bootstrapping.
For the z > 1 data, the errors are determined from the dispersion
in the stacked spectra.

We fit the MZ relation using the function defined by
Moustakas et al. (2011). The functional form of the MZ relation
fit is

12 + log(O/H) = Zo − log

[

1 +
(

M∗

Mo

)−γ
]

. (4)

This function is desirable because it is monotonic unlike the
commonly used quadratic fit (e.g., Tremonti et al. 2004; Zahid
et al. 2011) which turns over at high stellar masses. Furthermore,
the parameters of the fit reflect our physical intuition of chemical
evolution and are more straightforward to interpret physically
(see the discussion in the Appendix of Moustakas et al. 2011).
In Equation (4), Zo is the asymptotic metallicity where the
MZ relation flattens, Mo is the characteristic mass where the
MZ relation begins to flatten, and γ is the power-law slope
of the MZ relation for M∗ $ Mo. The fitted value of Zo
is subject to uncertainties in the absolute calibration of the
metallicity diagnostic, though the relative values are robust (see
Section 2.3). We do not probe stellar masses where M∗ $ Mo.
Therefore, the power-law slope of the MZ relation at the low-
mass end, γ , is not well constrained. Table 1 lists the fitted

Table 1
MZ Relation Fit

Sample Redshift Zo log(Mo/M%) γ Calibration

SDSS 0.08 9.121 ± 0.002 8.999 ± 0.005 0.85 ± 0.02 KK04
SHELS 0.29 9.130 ± 0.007 9.304 ± 0.019 0.77 ± 0.05 KK04
DEEP2 0.78 9.161 ± 0.026 9.661 ± 0.086 0.65 ± 0.07 KK04
Y12 1.40 9.06 ± 0.36 9.6 ± 0.8 0.7 ± 1.5 PP04
E06 2.26 9.06 ± 0.27 9.7 ± 0.9 0.6 ± 0.7 PP04

Notes. The sample and median redshift are given in columns 1 and 2,
respectively. The fit parameters from Equation (4) are given in columns 3–5.
Column 6 indicates the strong-line method used for deriving metallicity. We
convert PP04 metallicities to the KK04 calibration using the formulae from
Kewley & Ellison (2008).

parameters. We propagate the observational uncertainties to the
parameter errors.

3.2. Scatter in the MZ Relation

The scatter in the metallicity distribution as a function
of stellar mass and redshift provides important additional
constraints for the chemical evolution of galaxies. In Figure 2
we plot the scatter in the MZ relation. We note that we
have converted the metallicity to linear units for clarity. In
Figures 2(a) and (b), we plot the limits containing the central
85% and 50% of the galaxy metallicity distribution, respectively,
as a function of stellar mass. The errors bars are determined from
bootstrapping the sample distribution. In Figures 2(c) and (d),
we plot the scatter in the MZ relation (defined as the difference
between the upper and lower limits of the 85% and 50% contour,
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• Star-formation history traced by gas phase metallicity
✓ Metallicity as a tracer of the past star-formation activity
✓ Correlation between stellar mass and metallicity (mass-metallicity 
relation; MZR)
✓ MZR evolves with redshift (higher metallicity with increasing redshift)
✓ MZR at z>1 still remains unclear due to limited sample size

• Metallicity is affected by gas inflow (dilution effect) and outflow (expel of 
enriched gas)

z~0.1

z~0.3

z~0.8

z~1.4
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Importance of Inflow and Outflow:
• Various observational evidences of gas outflows in high-z galaxies
• Strong and ubiquitous outflows at high redshift

Weiner et al. 2009, ApJ, 692, 187

No. 1, 2009 OUTFLOWS FROM DEEP2 STAR-FORMING GALAXIES 203

Figure 14. Mg ii outflow absorption component 1 − Aflow compared for galaxies in (upper panel) the three subsamples of stellar mass; (lower panel) the three
subsamples of SFRFUV. Velocity is referred to Mg ii 2795.5 Å. A 5 pixel boxcar smooth has been applied. In each panel, the red, green, and blue lines are for high
to low mass, or SFR. The vertical lines at −400 km s−1 to −650 km s−1 show the location of V10%, where the outflow crosses 10% absorption. The high-mass and
high-SFR galaxies show greater outflow absorption at -800 km s−1 < V < −400 km s−1 than the lower-mass or SFR samples.
(A color version of this figure is available in the online journal.)

The outflow component of the absorption exists in all sub-
divisions of the sample. Its equivalent width is higher in the
brighter, redder, high-mass, high-SFR subdivisions—since all
of these galaxy properties are correlated, it is not possible to
isolate one parameter that predicts outflow strength much better
than the others. Although the blueshifted absorption is stronger
in the larger galaxies, it is still fairly strong in the smaller, low-
mass galaxies. We have not found any class of galaxy in the
sample that does not exhibit outflow absorption, justifying the
claim above that the Mg ii outflows are ubiquitous in the DEEP2
sample. Although this sample is selected to all be fairly lumi-
nous at restframe 2800 Å, it covers a range of 10× in SFR and
B luminosity, and 30× in stellar mass.

We quantify the velocity extent of the outflow absorption
in two ways: the median velocity of absorption, Vmed, and
the velocity where outflow-component absorption reaches a
threshold depth. We lightly smooth the outflow absorption
spectrum Aflow with a boxcar of 5 pixels (68 km s−1) to
reduce noise, and count from −100 km s−1 downward to more
negative velocities until reaching a pixel that is above 0.75 or
0.9 of the continuum value. These velocities define the locations
V25% and V10%, respectively, the extent of contiguous 25% or
10% absorption depth. These threshold measurements are more
robust than attempting to measure a maximum outflow velocity,
since in the composite spectra, the outflow absorption is not a
set of discrete components, but gradually asymptotes to zero at
high velocities.

Figure 14 overplots the absorption components of the three
subsamples in mass and SFR, demonstrating that the high-

mass and high-SFR subsamples show greater absorption at
−800 < V < −400 km s−1 than the intermediate and low-
mass or -SFR subsamples. The velocity extents of outflow are
tabulated in Table 1 and plotted in Figures 15 and 16.

Both the depth of the outflow absorption and its velocity
extent are greater for the brighter, high-mass, high-SFR, redder-
color fractions of the sample. This is similar to the trend found
by Shapley et al. (2003) in z ∼ 3 Lyman break galaxies, where
low-ionization lines are stronger in the galaxies with higher
SFR, larger velocity offset, and redder UV continuum slope.
Fitting a power-law dependence of the velocity of the 10%
absorption depth, V10%, on mass or SFR, yields V10% ∝ M0.17

∗
and V10% ∝ SFR0.38

FUV. The power-law slopes for V25% are 0.11
and 0.17 on M∗ and SFRFUV, respectively. These measures
are dependent on the choice of the absorption threshold, but
it appears that that Vwind ∼ SFR0.3

FUV. It is suggestive that the
velocity appears to have a stronger dependence on SFR than
on stellar mass, but this could be because our sample spans a
larger range in stellar mass than it does in SFR. Notably, the
z = 1.4 star-forming galaxies have a similar dependence of
wind velocity on SFR to the low-z ULIRGs studied by Martin
(2005) in Na i, who found an upper envelope of wind velocity
at V ∼ SFR0.35.

6.2. Search for Outflow Dependence on Galaxy Type

Locally, starburst-driven winds are more frequently seen
in face-on galaxies, due to collimation of biconical outflows
(Heckman et al. 2000; Rupke et al. 2005b). One hundred and

wind velocity is higher in galaxies with 
larger stellar mass and high SFR?
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Figure 2. Emission line profiles and best fit to Hα and [N ii]λ6584 features for six regions of ZC406690: clump A, clump A “wind,” clump B, clump B “wind,” and
clumps C and D. Included with these spectra are one- or two-component Gaussian fits. For the two-component fits, the narrow component is shown in red and the
broad in green. For the spectra with one-component fits, these are shown in red. The errors (1σ rms) are shown below in blue. Clumps A and B and their winds are
well fit by two Gaussians, while clumps C and D can be well fit by one component. The lower right and left panels of Figure 2 compare the spectra and one-component
Gaussian fits of the [S ii] emission lines for clumps A and B, with regions selected by the method described in Section 2.3. For clump A, [S ii]λ6716/[S ii]λ6731 =
0.7 ± 0.1, while for clump B, = 1.2 ± 0.3, corresponding to electron densities of 1800 ± 1000 and 290 ± 300 cm−3, respectively (Osterbrock 1989). The gray hatched
lines in all figures show the wavelength range of strong sky OH emission features. The central panel is an Hα map of ZC406690, with each region outlined.
(A color version of this figure is available in the online journal.)

Table 1
Emission-line Data from the Clumps

Region % Broad σnarrow σbroad [N ii]/Hα [S ii]/Hα % Shocka χ2 Fit

Clump A 50 ± 4.8 82.7 ± 4.2 199 ±11.9 0.11 ± 0.014 0.14 ± 0.029 5 ± 5 0.78

Wind A 44 ± 7.2 84.7 ± 4.9 197 ± 20.5 0.15 ± 0.036 0.21 ± 0.061 10 +10
−5 0.64

Clump B 46 ± 4.6 81.9 ± 4.6 244 ± 68.2 0.20 ± 0.031 0.20 ± 0.055 15 +25
−15 0.59

Wind B 71 ± 2.9 97.7 ± 6.0 291 ± 12.7 0.32 ± 0.032 0.27 ± 0.068 30 +30
−20 0.58

Note. a The shock contribution is calculated by comparing the data to Figure 10 of Rich et al. (2011).

line profiles in all regions are well described by either one or
two Gaussians. We report the relative contribution to the flux
by the narrow and broad components in the next section and
Table 1. We derive the error for the fit parameters (velocity
dispersion, velocity, etc.) by generating 1000 Monte Carlo
realizations of the fit and taking the standard deviation for each
parameter.

For the H- and J-band spatially integrated spectra, we fit each
of the [O iii]λ4959,5007, Hβ, and [O ii]λ3726,3729 lines with
a single Gaussian component because these lines have too low
S/N to fit the underlying broad component. For the H band,
we fit all of the lines using the kinematics of the [O iii]λ5007
line, and for J band we constrain the two [O ii] lines to have
the same kinematics as Hα and fix their wavelength separation
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Importance of Inflow and Outflow:
• Importance of cold accretion of gas in the galaxy evolution
• Some observational evidence of gas inflow at high redshift?
• But, the direct detection of pristine gas inflow is still difficult ...

Dekel et al. 2009, Nature, 457, 22

Bouché et al. 2013, Science, 341, 50

material should corotate with the central disk in
the form of a warped, extended cold gaseous disk,
producing distinct kinematic signatures in absorp-
tion systems. In particular, the gas kinematics are
expected to be offset by about 100 km s–1 from
the galaxy’s systemic velocity, and these kine-
matic signatures of gas accretion should be ob-
servable in suitable quasar absorption line
systems (6, 11–13).

Here, we describe observations of a back-
ground quasar whose apparent location on the
sky is fortuitously aligned with the galaxy’s pro-
jected major axis, making it possible to test these
predictions. The associated star-forming galaxy
with redshift z = 2.3285 is located just 26 kpc
from the damped Lyman absorber (DLA) seen
toward the quasar HE 2243–60 (14). The galaxy
was detected in our z ≈ 2 SINFONI (15) survey,
called the SINFONI Mg II Program for Line
Emitters (SIMPLE) (16). Recent adaptive optics
(AO)–assisted SINFONI observations (17) of
this z = 2.3285 star-forming galaxy (Fig. 1A),
obtained at the Very Large Telescope (VLT) with
~1 kpc (0.25 arc sec) resolution (table S1), allow

us to map the emission kinematics with precision
(Fig. 1B and figs. S3 and S4). The kinematics
reveal that this galaxy has physical properties
(Table 1) typical for rotationally supported disks
seen at that redshift (18). For instance, the galaxy
has a star-formation rate (SFR) of 33þ40

−11 M☉

year–1 (where M☉ is the mass of the Sun), its
maximum rotation velocity is 150 T 15 km s–1 from
3D fitting (fig. S4 and table S3), and its met-
allicity is about½ solar ([O/H] = –0.35 T 0.1 dex)
determined from a joint fit to all the major
nebular emission lines ([O II], [O III] + Hb, and
Ha/[N II]; figs. S1 and S2).

Analysis of a deep high-resolution VLT/
UVES (Ultraviolet and Visual Echelle Spectro-
graph) spectrum of the background quasar HE
2243–60 (fig. S5) (17) shows that the gas me-
tallicity can give us insights into the physical
nature of the gas. In particular, the total H I col-
umn is log(NH/cm

–2) ≈ 20.6 (i.e., almost entirely
neutral) and, from the undepleted low-ionization
ion Zn II, the gas metallicity ([Zn/H] = –0.72 T
0.05) (17) is much lower than that of the galaxy
([O/H] = –0.35 T 0.1 dex). This comparison dis-

favors an outflow scenario because these tend to
bemetal-rich (19). Moreover, a biconical outflow
should have a very wide cone opening angle
(>140°) in order to intercept the quasar line of
sight given the galaxy inclination of 55° (fig. S6).
Such a wide cone would result in a very large
covering fraction, not supported by DLA host
statistics, and would not be compatible with the
current constraints on opening angles for outflows
near star-forming galaxies at z = 0.1 to 1 (20–22).

The kinematics of the absorbing gas give us
more clues about the nature of the gas. Thanks to
our VLT/SINFONI-AO observations giving us
the orientation of the galaxy with respect to the
line of sight, the gas kinematics show distinct
features (Fig. 1 and fig. S5), and these features
can be put in the broader context of the host
galaxy kinematics. For instance, the gas seen in
absorption 26 kpc from the galaxy—corresponding
to 7 times the half-light radius R1/2 = 3.6 kpc, or
one-third of the virial size of the halo Rvir—is
moving in the same direction as the galaxy ro-
tation; that is, the gas appears to be corotating.
Indeed, the observed velocity field of this rotating

Fig. 1. Emission and ab-
sorption kinematics. (A)
The color scale represents
a narrow-band image (rest
frame Ha) with the contin-
uum subtracted from our AO-
assistedVLT/SINFONIdatacube.
The quasar HE2243–60 and
the host z ~ 2.328 galaxy are
marked. The residuals from
the continuum subtraction are
visible both near the quasar
and near the position labeled
R. The galaxy is detected in
Ha with a maximum SNR
of ~5 to 8 per pixel; no con-
tinuum emission is detected.
The beam has a full width
at half maximum (FWHM)
of ~0.25 arc sec. (B) The
fitted velocity field (extrap-
olated over the entire field)
is shown along with the flux
contours. The kinematic pa-
rameters were determined
using our 3D analysis (17).
The dotted line shows the
kinematic major axis. At the
quasar location (solid circle),
the rotation speed is expected
to be ~160 to 180 km s–1.
(C) The absorption profiles
from the VLT/UVES spectra
showing the line-of-sight
velocity of the various ab-
sorption components in the
low-ionization ion (Zn II, Cr II, Ni II, Fe II, and Si II) where v = 0 km s–1 corresponds
to the galaxy redshift. The main component (component 4) contains half of
the Si II column density and appears to contain more dust (17). This com-
ponent has a line-of-sight velocity v = 180 km s–1, consistent with that of
the galaxy velocity field shown in (A). (D) A simulated line-of-sight profile

for the geometry of this quasar-galaxy pair from a toy model that includes
an inflow component (black) in addition to a component determined from
the extended galaxy velocity field (red). A schematic representation of the
model is shown in Fig. 2 and a more detailed representation is presented in
fig. S6.
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uniformly in r, using the fact that the velocity along the streams is
roughly constant (Supplementary Information, sections 5 and 6).
This is convolved with the halo mass function23, n(Mv), to give

n ( _MM)~

ð?

0

P( _MM jMv)n(Mv) dMv

The desired cumulative abundance, n(. _MM), obtained by integration

over the inflow rates from _MM to infinity, is shown at z 5 2.2 in Fig. 4.

Assuming that the SFR equals _MM , the curve referring to _MM lies safely
above the observed values, marked by the symbols, indicating that the

gas input rate is sufficient to explain the SFR. However, _MM and the
SFR are allowed to differ only by a factor of ,2, confirming our
suspicion that the SFR must closely follow the gas input rate. The
simulated SFR indeed traces the accretion rate to within a factor of
two, but, given that our disks are poorly resolved, we focus here on
the accretion as the more robustly simulated quantity. Because at
z < 2.2 the star-forming galaxies constitute only a fraction of the
observed ,1011M[ galaxies24,25, the requirement for a SFR almost

as great as _MM , based on Fig. 4, becomes even stronger.
By analysing the clumpiness of the gas streams, using the sharp

peaks of inflow in the _MM(r) profiles, we address the role of mergers
versus smooth flows. We evaluate each clump mass by integrating
Mclump~

Ð
( _MM(r)=vr (r)) dr across the peak, and estimate a mass ratio

for the expected merger as m 5 Mclump/fbMv, ignoring further mass
loss in the clump on its way in and deviations of the galaxy baryon
fraction from fb. We use ‘merger’ to describe any major or minor
merger with m $ 0.1, as distinct from ‘smooth’ flows, which include
‘mini-minor’ mergers with m , 0.1. We find that about one-third of
the mass is flowing in as mergers and the rest as smoother flows.
However, the central galaxy is fed by a clump with m $ 0.1 less than
10% of the time; that is, the duty cycle for mergers is g= 0.1. A
similar estimate is obtained using EPS merger rates7 and starburst
durations of ,50 Myr at z 5 2.5 from simulations26 (Supplementary
Information, section 5).

From the difference between the two curves of Fig. 4, we learn that
only one-quarter of the galaxies with a given _MM are to be seen during a
merger. The fact that the SFGs lie well above the merger curve even if
the SFR is , _MM indicates that in most of them the star formation is
driven by smooth streams. Thus, ‘SFG’ could also stand for ‘stream-
fed galaxy’. This may explain why these galaxies maintain an
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Figure 1 | Entropy, velocity and inward flux of cold streams penetrating hot
haloes. a, b, Maps referring to a thin slice through one of our fiducial
galaxies with Mv 5 1012M[ at z 5 2.5. The arrows describe the velocity field,
scaled such that the distance between the tails is 260 km s21. The circle marks
the halo virial radius, Rv. The entropy, log K 5 log(T/r2/3), in units of the
virial quantities, highlights (in red) the high-entropy medium filling the halo
out to the virial shock outside Rv. It exhibits (in blue) three radial, low-
entropy streams that penetrate the inner disk, seen edge-on. The radial flux
per solid angle is _mm 5 r2rvr, in solar masses per year per square radian, where
r is the gas density and vr the radial velocity. It demonstrates that more than
90% of the inflow is channelled through the streams (blue), at a rate that

remains roughly the same at all radii. This rate is several times higher than
the spherical average outside the virial sphere, _mmvir < 8M[ yr21 rad22,
according to equation (1). The opening angle of a typical stream at Rv is
20u230u, so the streams cover a total angular area of ,0.4 rad2, namely a few
per cent of the sphere. When viewed from a given direction, the column
density of cold gas below 105 K is above 1020 cm22 for 25% of the area within
the virial radius. Although the pictures show the inner disk, the disk width is
not resolved, so associated phenomena such as shocks, star formation and
feedback are treated in an approximate way only (see density maps and
additional cases in Supplementary Figs 3–5). Kvir, virial entropy.

Figure 2 | Streams in three dimensions. The map shows radial flux for the
galaxy of Fig. 1 in a box of side length 320 kpc. The colours refer to inflow rate
per solid angle of point-like tracers at the centres of cubic-grid cells. The
dotted circle marks the halo virial radius. The appearance of three fairly
radial streams seems to be generic in massive haloes at high redshift, and is a
feature of the cosmic web that deserves an explanation. Two of the streams
show gas clumps of mass on the order of one-tenth that of the central galaxy,
but most of the stream mass is smoother (Supplementary Fig. 6). The
>1010M[ clumps, which involve about one-third of the incoming mass, are
also gas rich—in the current simulation only 30% of their baryons turn into
stars before they merge with the central galaxy.
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Importance of Inflow and Outflow:
• Metallicity also changes through gas infall/outflow process
• Constraint on the inflow/outflow rate by using metallicity, gas fraction
✓ e.g., Erb et al. 2006, Erb 2008 (z~2), Mannucci et al. 2009 (z~3) 
✓ A certain amount of inflow/outflow is required
✓ Sample size, however, is still limited
✓ Gas mass estimation is uncertain

rate requires most of the oldest galaxies to haveMi > 1011 M!,
and a further decrease to 80% fails to account for the SFRs of
about half of the oldest galaxies with the range of initial gas
masses considered. However, a modest reduction in the required
accretion rate results from the inclusion of the gas returned to the
ISM by evolved stars; as noted above, I have neglected this time-
dependent effect in order tomake themodelingmore tractable, but
an estimate of the mass of gas returned by star formation can be
found from population synthesis models such as those of Bruzual
& Charlot (2003). Assuming a Chabrier (2003) IMF, at an age of
"1Gyr a galaxywith a constant star formation rate of 30M! yr#1

(the average of the z " 2 UV-selected sample) has returned a gas
mass of "1010 M! to the ISM, for an average (but not constant)
rate of "10 M! yr#1, or "1

3 of the SFR. If the outflow rate is
roughly equal to the star formation rate, the required accretion
rate is then "5

6 of the gas processing rate.
2 Finally, note that the

essential ingredient here is a reservoir of new gas for star for-
mation; this could be supplied by gas cooling and falling in
from the halo, as well as by gas newly accreted from the sur-
rounding intergalactic medium (IGM).

Thus, far we have constrained only the relative values of the
inflow and outflow rates. Any model in which the accretion rate
is approximately equal to the gas processing rate will satisfy the
requirements imposed by the star formation rates and ages; for
additional constraints on the magnitude of the inflows and out-
flows we must turn to measurements of the gas-phase metallicity.

3. INFLOWS, OUTFLOWS,
AND THE MASS-METALLICITY RELATION

Erb et al. (2006a) observed a correlation between stellar mass
and gas-phase metallicity in star-forming galaxies at z " 2, and
used the K-S law to infer the gas masses and gas fractions of the
galaxies. By fitting simple chemical evolution models to the re-
lationship between gas fraction and metallicity, they showed that
closed boxes and models with low outflow rates were inadequate
to reproduce the data; with outflows only, a high outflow rate of
Ṁ " 4SFR was required. Given the above results, however, it is
clear that such a model would deplete the galaxies’ gas extremely
quickly, and that the effect of gas inflows on metallicity must also
be considered.

I assume for simplicity that gas is accreted at a constant
fraction fi of the star formation rate; this can be viewed either as
a continuous process or as the average of many minor events
(for a thorough treatment of chemical evolution due to discrete
events of accretion and star formation, see Dalcanton 2007). The
outflow rate is also considered to be a constant fraction fo of the
SFR. Then the gas mass is given by

Mg ¼ Mi # !M? þ fiM? # foM?; ð9Þ

where ! is the fraction of mass remaining locked in stars. The
metal content Z (defined as the fraction by mass of elements
heavier than helium) evolves according to the standard differ-
ential equation

d(ZMg)

dM?
¼ y!(1# Z)# !Z # foZ; ð10Þ

where y is the true yield, the ratio of the mass of metals produced
and ejected by star formation to themass locked in long-lived stars

and remnants. For a thorough discussion of the derivation of this
equation see Pagel (1997); the reviews by Gibson (1997) and
Matteucci (2004) are also useful. I have assumed that the met-
allicity of the inflowing gas is negligible compared to that of the
gas in the galaxy and that the outflowing gas has the same met-
allicity as the gas that remains in the galaxy. I also assume for
simplicity that ! ¼ 1; i.e., the gas returned to the ISM by star
formation is neglected. This is not always a good assumption;
by an age of a few Gyr, the returned fraction approaches 40% of
the total mass turned into stars for a Chabrier IMF.3 However,
most high-redshift galaxies are younger than this, making the
effect less significant, and a proper treatment of the time-varying
! is nontrivial.
For ZT1, a condition which is always true, equation (10)

has the solution (e.g., Edmunds & Pagel 1984)

Z ¼ y!

fi
1# Mg

Mi

! "fi= !#fiþfoð Þ
" #

; ð11Þ

where the ratio of the current to the initial gas mass Mg /Mi can
be written in terms of the gas fraction

" ¼ Mg=(Mg þ !M?) ð12Þ

as

Mg

Mi
¼ "

1þ (1# ")(fo=! # fi=!)
: ð13Þ

This result is shown in Figure 3, with the inflow rate fixed at
95% of the gas processing rate and a yield y ¼ 0:019 ¼ 1:5 Z!.

4

The solid red line shows the best-fit model, with fi ¼ 2:2 and

2 If the Salpeter (1955) IMF is assumed, the average SFR of the UV-selected
sample is "50 M! yr#1, but the rate of formation of massive stars that have
returned material to the ISM is the same, since the IMFs differ only at the low
end. Thus, the result is similar for a Salpeter IMF.

Fig. 3.—Evolution of metallicity with gas fraction as described by eq. (11).
The data points indicate the metallicities and gas fractions found for z " 2 gal-
axies by Erb et al. (2006a). Each point represents the average of 14 or 15 galaxies.
The solid red line is the best fit to the data, and the green dotted and dot-dashed lines
bracket the range of reasonable fits as described in the text. At high gas fractions Z
rises with decreasing gas fraction as Z ¼ y!(1# ") (blue dashed line), while at
low gas fractions Z approaches the final metallicity Zf ¼ y! /fi (red dashed line).

3 The returned fraction at this age is"25% for a Salpeter IMF, with its higher
fraction of low-mass stars.

4 Using the solar metallicity Z! ¼ 0:0126 (Asplund et al. 2004). Note that
the ratio y/fi provides the scaling of the models shown in Fig. 3, so a lower yield
would also lower the best-fitting accretion rate.
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LSD: mass, metallicity and gas at z ∼ 3.1 1929

Figure 10. Metallicity (top) and effective yields (bottom) as a function of
gas fraction. This is plotted decreasing rightwards, to have galaxies evolving
from left to right. The blue solid dots are the LSD galaxy sample, the magenta
stars the Erb et al. (2006a) data. The black dashed line shows the expectations
from a closed-box model. The solid lines show the results of applying the
model in Erb (2008) with values of f i and f o in the labels. The red line shows
a model with pure outflows, with ejected mass six times the SFR. The blue
line is a model with both infall (f i = 2.5) and outflow (f o = 1). The blue
dotted line is this same model but without outflow (f i = 2.5 and f o = 0).

observed behaviour is in agreement with what is expected for an
SFR-limited sample. In other words, the dependence of the yields on
stellar mass is a direct consequence of the mass–metallicity relation
and of the other scaling relations.

The presence of yields decreasing with mass implies that the
classical outflows, whose specific power decreases with increasing
galaxy mass, do not apply to the LBG at z ∼ 3.1. The mass–
metallicity relation at z > 3 must have a different origin.

The dependence of yeff on stellar mass is a secondary effect
due to the relation between stellar mass and gas fraction. For this
reason, the physical meaning of these findings is better understood
by plotting yeff directly as a function of gas fraction. This is done in
Fig. 10. The relation between these two quantities and the effect of
infalls and outflows are described by several authors. In particular,
Dalcanton (2007) shows that outflows of very enriched materials can
be very effective in reducing yeff , especially for gas-rich systems.
Gas-poor system can change their yeff by a factor of 2, as observed
in the LSD galaxies, if they accrete a significant amount of gas,
larger than the internal gas.

For gas-rich systems, yeff does not depend on f gas and it is equal
to the stellar yields y (Dalcanton 2007), thus allowing us to measure
this quantity, which in principle could be different from y". Metal-
licity can influence nucleosynthesis in different ways. The most
important effect is expected to be mass loss, which has a strong de-
pendence on metallicity. Massive stars with stronger stellar winds
lose a larger fraction of He and C that would otherwise be converted

to O. As a consequence, the oxygen yield we measure is expected
to decrease with metallicity. The expected effect is not large, up to
a factor of 2, but in principle measurable with our data (Woosley &
Weaver 1995; Marigo 2001; Garnett 2002). All the LSD galaxies
with f gas > 0.7 have yeff fully consistent with y", showing that any
metallicity dependence of y is not large even at Z ∼ 0.1 Z".

Matteucci (2001) (see also Matteucci 2008) and Erb (2008) in-
troduce a model in which galaxies have infalls and outflows propor-
tional to the SFR. The instant recycling and mixing approximations
are used, infalling gas is assumed to have no metallicity, while the
metallicity of the outflowing gas is considered to be the same as
the ISM. This model can be used to reproduce yeff by changing
two free parameters, i.e. the amount of infall f i and outflow f o in
unit of the SFR of the galaxy. Two more parameters can be varied,
if necessary, i.e., the true yield y, and the fraction α of mass still
locked in stars. Implicitly, the physical properties of these outflows
differ significantly with what is invoked to explain the yields in
the local universe: given the correlation between SFR and M∗ (Erb
et al. 2006b; Schiminovich et al. 2007), at z ∼ 2 these outflows are
expected to increase, rather than decrease, with stellar mass. Erb
et al. (2006a) and Erb (2008) find that their data at z = 2.2 can be
adequately reproduced by a supersolar true yield (y = 1.5 y") and
significant infalls and outflows, with the best-fitting parameters of
f i = 2.2 and f o = 1.3.

We have applied this model to LSD, reproducing the dependence
of yeff on f gas varying f i and f o. Infalls are effective in changing
yeff for the gas-poor galaxies, leaving gas-rich galaxies much more
unaffected. Outflows are more efficient in reducing yeff in gas-rich
galaxies, and much less effective for gas-poor galaxies. In contrast
to Erb (2008), we have fixed the values of y to y", as explained
above. The parameter α is a slowly decreasing function of time, as
more stars leave the main sequence, but can vary in quite a small
range. It is expected to be ∼0.93 at t = 107 yr, ∼0.84 at t = 108 yr,
∼0.76 at t = 109 yr and approaching 0.60–0.65 after a Hubble time
(Bruzual & Charlot 2003). Given the ages of our galaxies, we have
used α = 0.8, and the results are not very sensitive to the value
chosen. The results are shown in Fig. 10. Outflows without infalls
can explain the observed yeff , but in this case large values of f o

between 4 and 8 are needed. The figure shows the best-fitting pure
outflow model, having f o = 6. In other words, if pure outflows are
responsible for the reduction of yeff , the most active galaxies must
eject into the IGM masses of the order of 400–800 M" yr−1, while
converting 100 M" yr−1 into stars. This must happen in galaxies as
massive as 3 × 1010 M", i.e. galaxies that, in the local universe,
show solar yields. As a comparison, Weiner et al. (2008) found
outflowing masses of about 20 M" yr−1 in their sample of starburst
galaxies at z = 1.4, whose SFRs are 10–100 M" yr−1, similar to
the present sample. Pure infalls can explain the yields with lower
amount of flowing gas. In this case, the best-fitting value is f i =
2.5, with an acceptable range between f i = 1.5 and 3.5. Once an
infall with f i ∼ 2 is present, it dominates the behaviour of yeff and
f o can assume any value between 0 and 7. The best-fitting model
with f i = 2.5 and f o = 1 is also plotted in Fig. 9 as a function of
stellar mass, providing a good fit.

7 SU M M A RY A N D C O N C L U S I O N S :
A PICTURE OF LBGs

We have obtained deep, spatially resolved, near-IR spectroscopy of
a complete sample of LBGs at z ∼ 3, selected only to be near a
bright foreground star needed to drive the adaptive optics system.
These galaxies are expected to give an unbiased representation of

C© 2009 The Authors. Journal compilation C© 2009 RAS, MNRAS 398, 1915–1931
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• What is FMOS?
✓ Fibre-fed NIR multi-object spectrograph on the Subaru Telescope (8.2m)
✓ Prime Focus Unit with fibre positioner “Echidna” (400 fibres, 30 arcmin Φ)
✓ Two NIR (0.9 - 1.8µm) spectrographs (IRS1 & 2)
✓ Low Resolution (LR; R~650) and High Resolution (HR; R~3000) mode
✓ Details are presented by Kimura et al. 2010, PASJ, 62, 1135

FMOS on the Subaru Telescope

Fiber positioner “Echidna”

Optical design of FMOS including OH-mask mirror

Two NIR 
spectrographs

Prime Focus Unit

Fibre cable

FMOS (Fibre Multi Object Spectrograph): 
第2回 銀河進化研究会 @名古屋大学 2015/06/03-05



Hα detected sample galaxies at z~1.4: 
第2回 銀河進化研究会 @名古屋大学 2015/06/03-05

• Target selection
✓ K-band selected galaxies
✓ 1.2<zphot<1.6, K<23.9 AB mag, M*>109.5 Msun

✓ Expected Hα flux cut with F(Hα)exp>5.0x10-17 cgs3650 K. Yabe et al.

Figure 1. The galaxy samples on the M∗-SFR diagram. Left: the primary sample of 19 144 objects with Ks < 23.9 mag, 1.2 ≤ zph ≤ 1.6 is indicated as
grey-scale map. For clarity, 500 objects randomly selected form our target sample with M∗ ≥ 109.5 M$ and the expected F(Hα) > 5 × 10−17 erg s−1 cm−2

is indicated by orange dots. The peak-normalized distributions of the primary sample (black line) and the target sample (orange line) against the each axis are
presented in sub-panels. Right: the target sample of 4745 objects is indicated as grey-scale map. The actually observed objects in the FMOS observations are
indicated by blue dots. Some objects with stellar mass less than 109.5 M$ were observed as test cases. Objects with Hα detection with SN of ≥3 are indicated
by red dots. Details about the Hα detections are described in Section 3.1. In the sub-panels, the peak-normalized distribution for the targets (black line) and the
observed sample (blue line) are presented. The peak of the distribution of the Hα detection sample (red line) is scaled by using the ratio of the Hα detection
sample to the observed sample. In both panels, the vertical dashed line shows the stellar mass limit of 109.5 M$ and the horizontal dashed line indicates SFR
of 10 M$ yr−1. The SFR limit of the sample by Y12 is also presented as dotted line for reference.

The number of galaxies in the target sample with F(Hα)exp ≥
1.0 × 10−16 erg s−1 cm−2 and F(Hα)exp ≥ 5.0 × 10−17 erg s−1 cm−2

is 1574 and 4745, respectively. In the left-hand panel of Fig. 1, our
target sample is plotted by orange dots (for clarity, 500 galaxies
randomly selected from the sample are plotted). The distribution of
the target sample appears to be similar to that of the original sample
(grey-scale map). It is also shown that our target sample mostly
covers SFR of !10 M$yr−1, which is ∼2 times smaller than the
limit by Y12.

The fibre configuration design for the target objects in each
FMOS field of view (FoV) was done by using the FMOS fibre
allocation software,1 in which the fibre configuration is optimized
semi-automatically by referring the allocation priority. Although
we target sample with F(Hα)exp ≥ 5.0 × 10−17 erg s−1 cm−2, we
gave higher priorities in the fibre configuration to objects with
F(Hα)exp ≥ 1.0 × 10−16 erg s−1 cm−2. The number of the allocated
objects with F(Hα)exp ≥ 1.0 × 10−16 erg s−1 cm−2 and F(Hα)exp ≥
5.0 × 10−17 erg s−1 cm−2 is 973 and 1209, respectively. In the right-
hand panel of Fig. 1, our target sample is indicated as a grey-scale
map and the actually observed sample is plotted by dots. We indicate
Hα detections by red dots. Details of the Hα detection are described
in Section 3.2. Some objects with the stellar mass of ≤109.5 M$
were observed in the FMOS observations as test cases. It appears to
be shown that the distribution of our observed sample is similar to
that of the target sample. However, the distribution of the observed
sample is somewhat biased towards larger stellar mass and SFR.
We placed the higher priority on a galaxy with the larger expected

1 Details of the allocation software can be found at http://www.naoj.org/
Observing/Instruments/FMOS/observer.html

Haα flux; such a sample consists of objects with relatively large
stellar mass and SFR. As we mention in Section 4.4, there is no
clear correlation between SFR and metallicity at fixed stellar mass.
Therefore, the effects of the selection bias in the observations on
the final results are considered to be small.

2.3 Observations

The observations were carried out in the FMOS guaranteed time
observing runs, engineering observing runs for science verification,
and open use observations. The observing runs in 2010 are described
by Y12. The observations in 2011 runs were carried out on 2011
October 7–15, December 1–2, and 15–18 under various weather
conditions. The typical seeing size measured with the Echidna sky-
camera during the observations was 0.9 arcsec in R band.

The observations were all made with the Cross Beam Switch
(CBS) mode. In the CBS mode, two fibres were allocated for one
target and the sky. In an exposure, one fibre looks at the target
and the other looks at the sky typically 60–90 arcsec away from
the target (this configuration is referred as Pos. A). In the next
exposure, by nodding the telescope with the separation of the two
fibres, the fibre for the target in the previous exposure looks at
the sky and that for the sky looks at the target in turn (Pos.B).
After the set of the exposures, the telescope moves back to the Pos.
A. In the typical observing sequence for one FoV, after the first
configuration of the fibre spine (15–20 min) at the beginning, an
exposure for Pos. A was made (15 min), and we moved to the Pos.
B for the next exposure (15 min). After a set of exposures (Pos. A
and B) was made, we tweak the fibre spine configuration (10–
15 min) and then a set of Pos. A and B was made again. We ran over
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target objects

Our sample is basically on 
the SFR main sequence

• Observations
✓ (mainly) GTO time
✓ Low resolution (LR) mode
✓ λ coverage: 0.9 - 1.8 µm
✓ Typical on-source exposure 
time is 3-4 hours
✓ Hα detections with S/N>3 from 
343 galaxies at z~1.4



Gas Metallicity:
• Gas metallicity is derived derived from [NII]λ6584/Hα line ratio
• Empirical metallicity calibration with N2 index (Pettini & Pagel 04)
• The mass-metallicity relation at z~1.4 (Yabe et al. 2012, 2014)
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Thick solid line: regression line (this work)
Thin solid line: regression line (initial results; Yabe+12)

✓ Most of our sample show non-
detections of [NII] emission lines
➡ stacking analysis
✓ More massive galaxies show 
high metallicity (MZR)
✓ Note that there exists a large 
scatter in the relation

Yabe et al. 2014



Stellar Mass, Gas Mass Fraction, and Metallicity:
• Gas mass is derived from Hα luminosity (Kennicutt-Schmidt law)
• Galaxy size is defined by the half light radius in B-band (rest-UV)
• Gas mass fraction is defined as: µ=Mgas/(Mgas+Mstar)
• Galaxies with larger stellar mass tend to show lower gas mass fraction
• Galaxies with lower gas mass fraction tend to show higher metallicity

SFR(Hα)<10 Msun/yr
Unobservable region

SFR(Hα)<10 Msun/yr
Unobservable region
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Analytic Model of the Chemical Evolution:
• Inflow/Outflow rate is constrained by using a simple analytic model
• c.f., Matteucci 2001 “The chemical evolution of galaxies” (ASSL)
• (Basically) the same simple model as Erb 08 and Mannucci+09 used
• We assume both inflow and outflow rate is proportional to the SFR, i.e., the 
inflow rate is dMin/dt=(1-R)fiΦ(t) and the outflow rate is  dMout/dt=(1-R)foΦ(t), 
where R is return fraction and Φ(t) is SFR.
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metallicity than isolated galaxies. In our sample, we found that ∼ 20 galaxies are closely paired

according to a pairing analysis (e.g., Patton et al. 2002) with requirements that (1) the projected

separation is < 30 kpc (2) the redshift separation is < 0.15, which corresponds to 3σ of photo-

z uncertainty. For these objects, however, no clear trends that the interacting galaxies tend to be

metal-poor can be found.

2.5.4 Simple Analytic Models with Gas Infall and Outflow

In Section 2.5.2, it is shown that our result at z ∼ 1.4 agrees well with the cosmological simu-

lations implementing effects of infall and outflow. In this section, we discuss the possible origin of

the mass-metallicity relation at z ∼ 1.4 by using the simple analytical models with effects of infall

and outflow implemented (e.g., Matteucci 2001; Erb 2008).

According to the notation by Matteucci (2001), we formulate the metallicity (Z) as a function

of gas mass fraction (µ) as below:

Z =
yZ

fi
{1− [( fi − fo)− ( fi − fo −1)µ−1]

fi
fi− fo−1 }, (2.5)

where yZ is a true yield, fi and fo are infall and outflow rate in a unit of SFR, respectively. Here

we assumed the instantaneous recycling approximation and the infalling gas is metal free. The gas

mass fraction can be written as a function of the stellar mass as follows:

µ =
M0

gas +( fi − fo −1)M∗

M0
gas +( fi − fo)M∗

, (2.6)

where M0
gas is the initial primordial gas mass.

The gas mass is estimated from Hα flux and size of the galaxy by assuming Kennicutt-Schmidt

law (K-S law; Kennicutt 1998a) with an index of n = 1.4. We take the r50 measured from K-band

image, which traces ∼9000Å in the rest-frame, deconvolved by the seeing size as the intrinsic size

of the galaxy. Although, in general, the size of the region from which Hα emission comes such as

H II region may be different from that of the stellar component, we assume that both have the same

size. The SFR is derived from the Hα luminosity corrected for the dust extinction and the aperture

effect (see details in Section 2.4.2). The SFR surface density (ΣSFR) derived from the SFR and the

r50 is converted to the gas surface density (Σgas) by using the K-S law. Then, the gas mass is derived

from Σgas and r50. A gas mass fraction (µ) is defined as the ratio of the gas mass and the total mass
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• Instantaneous Recycling Approximation (IRA)
• The initial gas is primordial (metal free)
• The initial mass function (IMF) is constant in time
• The true yield (yZ) is assumed to be 1.5 Zsun

 where Z is the metallicity and μ is the gas mass fraction. M0gas is 
the initial gas mass and M* is the stellar mass.

Other assumptions:
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• Inflow/Outflow rate is constrained by using a simple analytic model
• c.f., Matteucci 2001 “The chemical evolution of galaxies” (ASSL)
• Gas mass fraction increases with increasing inflow at a fixed stellar mass
• Metallicity decreases with increasing inflow at a fixed gas mass fraction
• Note that simple closed box models can not explain the observations 

Closed Box

Inflow/Outflow Rate in galaxies at z~1.4:

fo=1.0 (fixed)

fo=1.0 (fixed)
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• Inflow/Outflow rate is constrained by using a simple analytic model
• c.f., Matteucci 2001 “The chemical evolution of galaxies” (ASSL)
• Gas mass fraction increases with increasing inflow at a fixed stellar mass
• Metallicity decreases with increasing inflow at a fixed gas mass fraction
• Note that simple closed box models can not explain the observations 

Closed Box

fo=1.0 (fixed)

fo=1.0 (fixed)
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Inflow/Outflow Rate in galaxies at z~1.4:



M* vs. gas fraction gas fraction vs. Z M* vs. Z

• We fit observations (M* vs. µ, µ vs. Z, M* vs. Z) by a simple 
analytic model of chemical evolution
• fin, fout, M0gas are free parameters
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Inflow/Outflow Rate in galaxies at z~1.4:



χ2 contour map 
of each fitting
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Inflow/Outflow Rate in galaxies at z~1.4:



χ2 contour map 
of each fitting

The joint constraint 
by M* vs. μ plot and 
M* vs. Z plot.
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Inflow/Outflow Rate in galaxies at z~1.4:



• The best-fit fin is 1.84
• The best-fit fout is 0.60

M* vs. gas fraction gas fraction vs. Z M* vs. Z

• We fit observations (M* vs. µ, µ vs. Z, M* vs. Z) by a simple 
analytic model of chemical evolution
• fin, fout, M0gas are free parameters
• Note that the unit of fin, fout is “SFR [Msun/yr]” 
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Inflow/Outflow Rate in galaxies at z~1.4:



M* vs. gas fraction gas fraction vs. Z M* vs. Z

Evolution of Inflow/Outflow Rate:
• Comparison with studies at other redshifts from z~2 to z~0
• Sample at z~0 by Peeples+11 (metallicity is taken from Tremonti+04)
• Sample at z~2.2 by Erb+06
• We see the evolution in each figure
✓ Gas mass fraction decreases with decreasing redshift
✓ Metallicity increases with decreasing redshift

• We fit these observations at other redshifts in the same analytic model
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• Comparison of inflow and outflow rate with previous results
• Inflow/outflow rate are all converted to “mass” rate in the unit of Msun/yr
• Both inflow and outflow rates increase with increasing redshift
• Inflow rate in this work well agrees with the models by Bouché+10
• Outflow rate in this work well agrees with the past observations 

MDH=2x1012 Msun

MDH=1011 Msun
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Evolution of Inflow/Outflow Rate:



Total Mass Dependence of Inflow/Outflow Rate:
• It is natural that the gas flow (esp. outflow) depends on the galaxy mass
• Two sub-samples according to the total (stellar + gas) mass
• The larger total mass shows the larger inflow/outflow rate?

• The trend is not so clear
• Note that the trend reflects the correlation between mass and SFR?
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MDH=2x1012 Msun

MDH=1011 Msun

Lager open symbols show 
larger total mass

Lager open symbols 
show larger total mass



• ALMA observations of 20 FMOS targets (Seko et al. in prep.)
• Significant CO(J=5-4) detections from 11 objects
• CO(J=1-0) conversion / metallicity dependent CO-H2 conversion factor

• fi=1.7×SFR fo=0.4×SFR (from CO measurement)
• fi=1.8×SFR fo=0.6×SFR (from Hα assuming KS law)
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(More) direct gas measurement with ALMA:



• Much larger NIR spectroscopic sample from FMOS FastSound survey
• ~4000 Hα detections at z~1.4 (Yabe et al. 2015, submitted)
• The mass-metallicity relation agrees with previous obs. (such as GTO)
• Similar analysis for inflow and outflow with this sample
• Larger gas mass fraction compared to the GTO sample
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(Larger) sample from FastSound survey:

• The best-fit fin is 0.7-2.0
• The best-fit fout is 0.0-1.0

M* vs. gas fraction gas fraction vs. Z M* vs. Z

Note that the FastSound sample 
traces relatively higher SFR



Gas Mass Fraction and Inflow/Outflow Rate:

MDH=2x1012 Msun

MDH=1011 Msun
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• Much larger NIR spectroscopic sample from FMOS FastSound survey
• ~4000 Hα detections at z~1.4 (Yabe et al. 2015, submitted)
• The mass-metallicity relation agrees with previous obs. (such as GTO)
• Similar analysis for inflow and outflow with this sample
• Larger gas mass fraction compared to the GTO sample

FastSound

FastSound



Summary：
• Inflow and outflow of gas play an important role in galaxy 
formation and evolution
• Constraints of the gas inflow and outflow rate by using stellar 
mass, gas mass fraction, and metallicity at z~1.4
✓ Fit with a simple analytic model of chemical evolution
✓ The best-fit inflow rate is ~1.8 times SFR
✓ The best-fit outflow rate is ~0.6 times SFR

• The same analysis applied to the previous results at z~0 and z~2.2
✓ The inflow and outflow rates increase with increasing redshift
✓ The trend of redshift evolution of inflow and outflow rates is 
in good agreement with the previous observations and the 
theoretical models

• Analysis by using more direct gas mass estimation from ALMA 
CO detected sample shows similar results
• Larger sample from FMOS FastSound survey also shows similar 
SFR normalized inflow and outflow rate, but slightly larger mass 
inflow and outflow rate
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