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Introduction: Metallicity as a tracer of the past SF

• Gas-phase metallicity (hereafter, metallicity)
✓ Metallicity traces the past star-formation activity
✓ It also changes via gas infall/outflow of galaxies
✓ Metallicity is a key to understand the galaxy evolution

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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Introduction: Mass-Metallicity Relation at z~0

Tremonti+2004
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• Correlation between stellar mass (luminosity) and metallicity
• Now mass(luminosity)-metallicity (MZ) relation is well established at local 
universe with ~53000 SDSS galaxies at z~0.1 (Tremonti+04)
• Evolutionary stage of individual galaxies?  Massive galaxies are (chemically) 
well evolved?



Introduction: Mass-Metallicity Relation at high redshift
• MZ relation at z~2 (e.g., Erb+06) and z~3(e.g.,Maiolino+08)
✓ Evolution of the MZ relation from z~3 to z~0?
✓ Still controversy as to the MZ relation at z~2
✓ We need larger sample at z=1-2, when the universe is in the most 
active/violent phase

Maiolino+08

Hayashi+09

Erb+06
Erb+06

z ~ 2

would remain unaffected. The use of the integrated SFR as the
stellar mass rather than the mass in currently existing stars (see
x 3.1) would also steepen and shift the correlation somewhat,
with the lower mass points moving !0.1 dex to the left and the
upper mass points shifting left by!0.2 dex. AGN contamination
is highly unlikely to produce the correlation, given the low frac-
tion of AGNs in the sample. Variations in the ionization param-
eter are also unlikely to be correlated with the assembled stellar
mass. The ionization parameter of an H ii region depends on the
age of the ionizing cluster, which is very much less than the age
of the galaxy (see, e.g., Dopita 2005); since each galaxy in our
sample presumably contains many H ii regions of different ages,
the overall variation in ionization parameter from galaxy to gal-
axy should be small. There is also no dependence of electron
density on galaxy mass; the density-sensitive [S ii] lines in the
composite spectra indicate an average density ne ! 500 cm"3,
with no trend with stellar mass. We therefore have no reason to

expect the ionization parameter to depend on the total stellar mass
(other than the dependence on metallicity, which is included in
the N2 calibration).

The dashed line in Figure 3 shows the mass-metallicity rela-
tion determined for!53,000 star-forming SDSS galaxies by T04,
after an arbitrary downward shift of 0.56 dex. With this shift the
SDSS relation matches the z ! 2 galaxies remarkably well, al-
though it is slightly shallower. The empirical shift of 0.56 dex in-
cludes an offset due to the different abundance diagnostics used
in the two studies: while the SDSS metallicity determinations
take into consideration all of the strong nebular lines, ours are
based on the N2 index alone, for the reasons explained above.
For a more consistent comparison, we use the N2 calibration to
calculate the metallicities of the same 53,000 SDSS galaxies,
shown by small gray dots in Figure 3; the mean N2 metallicity,
in bins spanning the same range of stellar masses used for our
sample, is shown by the small filled triangles. The saturation of

Fig. 3.—Observed relation between stellar mass and oxygen abundance at z ! 2, shown by the large gray filled circles. Each point represents the average value of 14
or 15 galaxies, with the metallicity estimated from the [N ii]/H! ratio of their composite spectrum. Horizontal bars indicate the range of stellar masses in each bin, while
the vertical error bars show the uncertainty in the [N ii]/H! ratio. The additional error bar in the lower right corner shows the additional uncertainty in the N2 calibration
itself. The dashed line is the best-fit mass-metallicity relation of T04, shifted downward by 0.56 dex. The metallicities of different samples are best compared using the
same calibration; we therefore show, with small gray dots, the metallicities of the!53,000 SDSS galaxies of T04 determined with the N2 index. Note that the [N ii]/H!
ratio saturates near solar metallicity (horizontal dotted line). The filled triangles indicate the mean metallicity of the SDSS galaxies in the same mass bins we use for our
sample; using the more reliable, low-metallicity bins, our galaxies are!0.3 dex lower in metallicity at a given mass. [See the electronic edition of the Journal for a color
version of this figure.]
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Tremonti+2004

Introduction: Scatter of the Mass-Metallicity Relation

Intrinsic scatter

+2σ
+1σ

-1σ
-2σ

deviation from best-fit

The fundamental metallicity relation 2117

the other properties of galaxies. We extracted from the literature
three samples of galaxies at intermediate redshifts, for a total of
182 objects, having published values of emission-line fluxes, M!,
and dust extinction: 0.5 < z < 0.9 (Savaglio et al. 2005, GDDS
galaxies), 1.0 < z < 1.6 (Shapley et al. 2005; Liu et al. 2008; Epinat
et al. 2009; Wright et al. 2009) and 2.0 < z < 2.5 (Förster Schreiber
et al. 2009; Law et al. 2009; Lehnert et al. 2009). The same pro-
cedure used for the SDSS galaxies was applied to these galaxies.
Metallicity is estimated either from R23 or from [N II]λ6584/Hα,
depending on which lines are available. AGNs are removed using
the BPT diagram (Kauffmann et al. 2003a) or, when [O III]λ5007
and Hβ are not available, by imposing log([N II]λ6584/Hα) < −0.3.
The [N II]λ6584 line, which is usually much fainter than Hα, is not
detected in several galaxies, but removing these galaxies from the
sample would bias it towards high metallicities. For these objects
we have assumed a value of the intrinsic [N II]λ6584 flux which
is half of the upper limiting flux. When necessary, the published
M! have been converted to a Chabrier (2003) IMF. For galaxies
without observations of both Hα and Hβ, dust extinction is es-
timated from spectral energy distribution (SED) fitting, and we
assume that continuum and the emission lines suffer the same ex-
tinction. In local starburst, lines often suffer of higher extinctions
[AV (lines) ∼ 2.3AV (SED) according to Calzetti et al. (2000)]. We
have checked that the inclusion of this effect would have little effect
on the final relations and on the conclusions of this paper.

Erb et al. (2006) have observed a large sample of 91 galaxies at
z ∼ 2.2. Metallicities have been measured only on average spectra
stacked according to M!, which has the results of mixing galaxies of
different SFRs. Despite this problem, no systematic differences in
metallicity are detected with respect to the other galaxies measured
individually, and the Erb et al. (2006) galaxies are included in the
high-redshift sample, although without binning them with the rest
of the galaxies.

2.3 z = 3–4

A significant sample of 16 galaxies at redshift between 3 and 4 was
observed by Maiolino et al. (2008) and Mannucci et al. (2009) for the

LSD and AMAZE projects. Published values of stellar masses, line
fluxes and metallicities are available for these galaxies, which can be
compared with lower redshift data. The same procedure as at lower
redshift was used, with the exception that SFR is estimated from Hβ

after correction for dust extinction, and metallicities are measured
by a simultaneous fitting of the line ratios involving [O II]λ3727,
Hβ and [O III]λ4958, 5007, as described in Maiolino et al. (2008).

3 TH E M A S S – M E TA L L I C I T Y R E L AT I O N
AS A FUNCTION OF SFR

The grey-shaded area in the left-hand panel of Fig. 1 shows the
mass–metallicity relation for our sample of SDSS galaxies. Despite
the differences in the selection of the sample and in the measure
of metallicity, our results are very similar to what has been found
by Tremonti et al. (2004). The metallicity dispersion of our sam-
ple, ∼0.08 dex, is somewhat smaller to what have been found by
these authors, ∼0.10 dex, possibly due to different sample selec-
tions and metallicity calibration. The fourth-order polynomial fit to
the median mass–metallicity relation is

12 + log(O/H) = 8.96 + 0.31m − 0.23m2

− 0.017m3 + 0.046m4, (1)

where m = log(M!) − 10 in solar units.
We have computed the median metallicity of SDSS galaxies for

different values of SFR. Median has been computed in bins of mass
and SFR of 0.15 dex width in both quantities. On average, each bin
contains 760 galaxies, and only bins containing more than 50 galax-
ies are considered. The left-hand panel of Fig. 1 also shows these
median metallicities as a function of M!. It is evident that a system-
atic segregation in SFR is present in the data. While galaxies with
high M! [log(M!) > 10.9] show no correlation between metallicity
and SFR, at low M! more active galaxies also show lower metallic-
ity. The same systematic dependence of metallicity on SFR can be
seen in the right-hand panel of Fig. 1, where metallicity is plotted as
a function of SFR for different values of mass. Galaxies with high

Figure 1. Left-hand panel: the mass–metallicity relation of local SDSS galaxies. The grey-shaded areas contain 64 and 90 per cent of all SDSS galaxies, with
the thick central line showing the median relation. The coloured lines show the median metallicities, as a function of M!, of SDSS galaxies with different
values of SFR. Right-hand panel: median metallicity as a function of SFR for galaxies of different M!. At all M! with log(M!) < 10.7, metallicity decreases
with increasing SFR at constant mass.

C© 2010 The Authors. Journal compilation C© 2010 RAS, MNRAS 408, 2115–2127

Mannucci+2010

• The MZ relation at z~0.1 has intrinsic scatters (Tremonti+04)
• What physical parameters can explain this scatter?

✓ SFR (Mannucci+2010), specific SFR (Ellison+2008), 
         half light radius (Ellison+2008), galaxy interaction (Rupke+2008)
• The intrinsic scatter of the MZ relation at high-z is still unknown
• We need large sample at high-z

lower SFR
higherSFR



Introduction: Morphology Dependence?

Abundances of Luminous Infrared Galaxies 13

Fig. 11.— Comparison of the mass-metallicity relation from the
SDSS (Tremonti et al. 2004) with LIRG and ULIRG abundances
and stellar masses. The average LIRG and ULIRG are significantly
under-abundant, as they are when compared to the L−Z relation.
The dotted lines show 1σ scatter on either side of the mean SDSS
relation, which has been shifted upward by 0.1 dex to account for
aperture effects. Atop this relation are median LIRG and ULIRG
abundances (colored diamonds). The diamond colors represent dif-
ferent emission-line cuts (cut 1, green; cut 2, blue; cut 3, black),
and the sizes represent the dispersion in points (the standard error
in the median). We also plot individual abundance measurements
under the second emission-line cut, randomly distributed in mass
according to the measured mean and standard deviation for LIRGs
and ULIRGs (Pasquali et al. 2005; Dasyra et al. 2006b).

by ∼10%; Sanders & Mirabel 1996). Regardless, our
comparison to M −Z does not depend sensitively on our
choice of LIRG mass. As with the ULIRGs, the mass of
each galaxy is drawn from a Gaussian random distribu-
tion of the proper mean and variance. We assume that
the mean equals one-half the mean for ULIRGs but that
the variance in linear mass space is the same.

The SDSS galaxies to which we compare are primarily
late-type (T04), so their disks presumably have abun-
dance gradients. The physical diameter spanned by the
SDSS spectroscopic fiber is relatively large (3′′, corre-
sponding to 4.6 kpc at 〈z〉 = 0.08). Using trends of
abundance dilution as a function of aperture size gleaned
from the NFGS data (Kewley et al. 2005), we correct the
SDSS abundances upward by 0.1 dex so that they better
approximate nuclear abundances.

The M − Z relation is shown in Figure 11 with the
LIRG and ULIRG points over-plotted. The results are
comparable to those obtained when we compare LIRGs
and ULIRGs to the L−Z relation. LIRGs and ULIRGs
are significantly offset from the M−Z relation, regardless
of the emission-line cut chosen. We also observe a much
larger scatter in the abundances of LIRGs and ULIRGs
than in the reference sample at a similar mass.

In the case of M − Z, the offsets from the mean rela-
tion are unambiguously ones of abundance rather than
mass, since the progenitors of LIRGs and ULIRGs are
massive spirals. In Figure 12, we plot the abundance off-
sets of LIRGs and ULIRGs from the M − Z relation as
a function of infrared luminosity atop the same offsets
computed using the L − Z relation. In each case we use
data that pass the second emission-line cut. The median

Fig. 12.— Difference between the observed abundances in LIRGs
and ULIRGs and the L − Z and M − Z relations, as a function
of infrared luminosity. The (red) thick open diamonds are median
deviations from the M − Z relation. There is excellent qualitative
agreement between the two, though comparison to the M − Z re-
lation yields a slightly larger under-abundance of the LIRGs than
does comparison to the L− Z relation. Refer to Figure 8 for more
details.

offset of ULIRGs from the M − Z relation, 0.4 dex, is
the same as the offset from the L−Z relation (with our
conservative flattening assumption), but the offset from
the M − Z relation is higher for the LIRGs at 0.3 dex
(vs. 0.2 dex from the L − Z relation). The correlation
between LIR and under-abundance may be present in
the M − Z offsets as it is in the L − Z offsets, but the
observed trend is weaker and not significant. Neverthe-
less, given the systematic uncertainties in abundance di-
agnostic calibrations, individual luminosity corrections,
individual masses, and the exact shape of the L − Z re-
lation, we conclude that the L−Z and M −Z offsets are
in good agreement with one another.

6. EFFECTIVE YIELD

Using our measurements of the gas-phase abundances
of oxygen in LIRGs and ULIRGs, we are able to com-
pute effective yields. The true yield p is the fraction
of the mass of a generation of stars that is converted
into a heavy element (in this case, oxygen) and returned
to the ISM. More precisely, for a given stellar gener-
ation, p refers to the total mass of a heavy element
produced by massive, short-lived stars normalized by
the mass locked up in long-lived stars and stellar rem-
nants. The related quantity of effective yield is defined
as peff ≡ Z / ln(µ−1

g ), where µg ≡ Mgas/[Mgas+Mstars]
is the gas mass fraction and Z ≡ Mheavy element/Mgas.
The effective yield provides information on the chemical
history of the galaxy through comparison with detailed
evolutionary models. In the case of a ‘closed-box’ model
with instantaneous recycling, the effective yield equals
the true yield (p = peff ).

The effective yield is more sensitive to the chemical his-
tory of galaxies than the M − Z relation alone, since it
also incorporates information about the present gas con-
tent of the galaxy. Star formation increases a galaxy’s ef-
fective yield until it asymptotically reaches the true yield,

M. Sol Alonso et al.: Metallicity of high stellar mass galaxies with signs of merger events

Table 1. Number of galaxies classified as disturbed galaxies, undisturbed galaxies, and galaxies with a close companion pairs, in our three ranges
of metallicity, and percentages (and respectives sampling errors) of disturbed galaxies with respect to the total number of disturbed and undisturbed
galaxies.

Disturbed Undisturbed With close comp. Total % Disturbed
Total 46 123 22 191 27.2 ± 3.4
high O/H 6 35 6 47 14.6 ± 5.8
medium O/H 18 68 13 99 20.9 ± 4.4
low O/H 22 20 3 45 52.3 ± 7.7

z
0 0.02 0.04 0.06 0.08 0.1 0.12

0

0.1

0.2

0.3

DISTURBED

UNDISTURBED

Fig. 4. Redshift distribution of disturbed (solid line) and undisturbed
galaxies (dashed line).

Fig. 5. Distribution of 12+ log(O /H ) and log(M∗/M") values for galax-
ies with stellar masses in the range log(M∗/M") ≈ 10.0 to 10.8. The cir-
cles correspond to disturbed galaxies and triangles to undisturbed galax-
ies. The solid and dashed lines indicate the limits of the high, medium,
and low metallicity ranges. The solid line corresponds to the Tremonti
et al. (2004) fit to the MZ relation shifted by +0.078. The dashed line
corresponds to this fit shifted by −0.03 dex.

Fig. 6. Distribution of 12 + log(O /H ) calculated through the Pettini &
Pagel (2004) method, and log(M∗/M") values for galaxies with stellar
masses in the range log(M∗/M") ≈ 10.0 to 10.8. Symbols are the same
as in Fig. 5. The solid and dashed lines indicate the limits of the high,
medium, and low metallicity ranges. With these abundances, the solid
line corresponds to the Tremonti et al. (2004) fit to the MZ relation
shifted by −0.272. The dashed line corresponds to this fit shifted by
−0.38 dex.

method tends to infer lower values of metallicities than those of
Tremonti et al. (2004) (see for instance Kewley & Ellison 2008).
With these new estimates, we obtain similar numbers of galaxies
in each metallicity bins, as shown in Fig. 6. We also used a sub-
sample of 82 galaxies with data of S/N of at least 8 in the strong
emission lines and oxygen abundances measured by Tremonti
et al. (2004), finding very similar percentages (63, 22, and 17%)
of disturbed galaxies in the low, medium, and high metallicity
bins. Then, this trend of increasing the disturbed galaxy fraction
at lower metallicity appears robust and is not likely to be caused
by errors in the determination of oxygen abundances for these
galaxies.

Studies of galaxy properties and their dependence on envi-
ronment are important for understanding the role of mechanisms
driving the evolution of galaxies. We therefore explored the pos-
sible influence of the environment of each galaxy in our sample
on the results. To this aim, we analysed the local density param-
eter Σ5, defined previously, for all galaxies in our sample. The
results of this analysis are shown in Fig. 7, where it can be ap-
preciated that disturbed and undisturbed galaxies populate simi-
lar environments indicating that the effects are not caused by the
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• Morphology dependence on the mass-metallicity relation at z~0

✓ ULIRG w/ merger feature show lower metallicity (Rupke+2008)

✓ Disturbed galaxies show lower metallicity (Sol Alonso+2010)
• The morphology dependence still remains unclear at high redshift
• We need large sample at high-z

Rupke+2008

Sol Alonso+2010



• What’s FMOS (Fibre Multi-Object Spectrograph)?
✓ Second generation instrument for Subaru Telescope
✓ Collaboration among Japan, UK, and Australia

✓ Multi-object spectrograph in NIR (0.9-1.8µm) w/ 400 fibers and FoV of 30’Φ
✓ Low Resolution (LR; R~650) and High Resolution (HR; R~3000) mode
✓ Details are in Kimura et al. 2010, PASJ, 62, 1135
✓ We conduct large NIR spectroscopic surveys with FMOS

FMOS on the Subaru Telescope

Introduction: FMOS on Subaru Telescope

Fiber positioner on prime focus

Optical design of FMOS



• Target Sample
✓ Field : SXDS/UDS (effective area~0.7 deg2)
✓ We constructed a K-selected catalogue
✴ zphot, M* are derived from SED fitting
✴ SFR from the rest-frame UV luminosity, E(B-V) from the rest-frame UV color
✴ Expected F(Hα) is from the SFR and E(B-V)
✴ E(B-V) for emission line is derived by using prescription by Cid Fernandes+05

✓ 1.2<zphot<1.6, K<23.9 AB mag, M*>109.5 Msun, F(Hα)exp>5.0x10-17 cgs
✓ Excluding X-ray sources (Lx>1043 erg/s)
✓ 2500 objects in whole area of the SXDS

• Observations
✓ Mainly FMOS/GTOs in 2010-2011
✓ LR mode / Cross Beam Switch mode
✓ Typical exposure time is 3-4 hrs per FoV
✓ About 1200 objects are observed in total

• Data Reduction
✓ FMOS reduction pipeline FIBRE-pac

✓ Details are shown in Iwamuro+12
✓ Fitting methods taking the OH mask 
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Solid : Observed Spectra
Dashed : Best-fit Model Spectra

z=1.336
F(Hα)=1.5x10-16

F([NII])=3.5x10-17

FWHM=320 km/s
M*=4.0x109 Msun

12+log(O/H)=8.414

z=1.442
F(Hα)=1.1x10-16

F([NII])=3.8x10-17

FWHM=390 km/s
M*=4.6x1010 Msun

12+log(O/H)=8.644

Shaded area: OH airglow mask

5 hrs integration

Observed Spectra:

We observed ~1200 targets in total.  
Among them, 343 objects show 
significant Hα emission (S/N>3) at 
z=1.2-1.6 (median=1.41). This is the 
largest NIR spectroscopic sample at 
z>1 ever.

Initial results (GTO in 2010; 71 Hα 
detections) are already presented by 
Yabe+12 (PASJ, 64, 60). In this talk, 
we also present results from all GTO 
runs.

3 hrs integration



AGN contamination:

BPT MEx

• AGN diagnostics from the BPT diagram ([NII]/Hα vs. [OIII]/Hβ)
• Most objects are placed in the SF region in the BPT diagram
• 21 objects are AGN candidates (BPT, extremely large [NII]/Hα ratio and line width)
• Stacking analysis shows that our sample is on the SF region on average
• AGN selection from the BPT generally consistent with the MEx selection (Juneau+11)



• Possible AGN candidates are excluded by using BPT diagram
• 12+log(O/H) from [NII]/Hα line ratio (N2 method; Pettini & Pagel 2004)
• No significant [NII] emission (S/N<3.0) from ~70% → Stacking analysis

Mass-Metallicity Relation at z~1.4:

Thick solid line: regression line (this work)
Thin solid line: regression line (initial results; Yabe+12) The largest sample ever at z>1



• Comparison to the previous works up to z~3
✓ Our results at z~1.4 are between those at z~0.8 and z~2.2
✓ Anti-downsizing-like evolution from z~1.4 to z~0.8?

• Evolution of the MZ relation from z~3 to z~0
✓ Smoothly evolves from z~3 to z~0
✓ MZ relation evolution from z~3 to z~0 at fixed stellar masses

Cosmic Evolution of Mass-Metallicity Relation:

Metallicity calibration and IMF of other 
works are all the same as ours



• We found that the MZ relation at z~1.4 has intrinsic scatters of ~0.1 dex
✓ Observational errors are subtracted from the observed scatters
✓ Well agrees with SDSS results at z~0.1 within the error bars
✓ However, note that the values should be lower limit because some metallicities 
are upper limit, i.e., larger scatters at higher redshift

• What is the origin of this scatter?

Intrinsic Scatter of Mass-Metallicity Relation:

Thick solid line: regression line (this work)
Thin solid line: regression line (initial results; Yabe+12)

Scatter (σ)

Scatter comparable to z~0



Second Parameter Dependency:
• Dependency of SFR and size on the MZ relation
✓ SFR : derived from Hα luminosity corrected for the dust extinction
✓ We take half light radius (R50) as galaxy size (from K-band image)

✓ Dividing the sample into two groups by the parameter
✓ The dependency of SFR on the MZ relation is not clear
✓ Galaxies with smaller R50 tend to show higher metallicities

　
SFR(Hα) size (R50)



Fundamental Metallicity Relation:
• Mannucci+10 suggested that the scatter of the MZ relation at z~0.1 is reduced by SFR
✓ They proposed the Fundamental Metallicity Relation (log(M*)-μlog(SFR) vs. 12+log(O/H)
✓ They claimed that this FMR are unchanged from z~2 to z~0.1

This work

● :  [NII] S/N>3
○ :  [NII] 3>S/N>1.5
↓ ：[NII] S/N<1.5

★ : results of stacking analysis

solid line: FMR by Mannucci+10

SFR
stellar mass

stellar massSFR

• Our result show that the scatter appear not to 
be reduced by the FMR
• Averaged metallicity against the log(M*)-
μlog(SFR) is different from that by Mannucci+10

log(M*)-μlog(SFR)

stellar mass

Mannucci+2010

metallicity



Morphology Dependency:
• Morphology can resolve internal structure of galaxies
• About 50 objects in the CANDELS/UDS field are observed with FMOS
• Various morphologies can be seen in the HST/ACS+WFC3 images

Color composites with HST/ACS+WFC3 images



Morphology Dependency:
• Morphology can resolve internal structure of galaxies
• About 50 objects in the CANDELS/UDS field are observed with FMOS
• For these objects, the morphology can be examined as well as metallicity

• Diffuse and disk dominated 
galaxies tend to show lower 
metallicity than compact and bulge 
dominated galaxies?
• If the gas mass fraction is the 
same, smaller and compact galaxies 
have higher gas surface density, 
higher SFR surface density, and 
thus the galaxies are chemically 
enriched?

Diffuse?
Disk Dominated?

Compact?
Bulge Dominated?

Color composites with HST/ACS+WFC3 images



Morphology Dependency: CAS parameters
• CAS parameterization (Conselice+03)
• Compactness (CAS-C) = 5log (r80/r20)
• Galaxies with higher CAS-C (compact) shows higher metallicity at fixed mass?
• Well consistent with eye inspection?

Diffuse?
Disk Dominated?

Compact?
Bulge Dominated?

Color composites with HST/ACS+WFC3 images



Summary 1:

• We observed star-forming galaxies at z~1.4 are measured with Subaru/FMOS
• We detected Hα line from ~300 objects with significance of S/N>3
• Gas-phase metallicity is derived from [NII]/Hα line ratio
• We construct the mass-metallicity (MZ) relation at z~1.4 with the largest sample ever
• By comparing previous results:

✓ The MZ relation evolves smoothly from z~3 to z~0
✓ They agree with theoretical models with galactic winds

• The MZ relation at z~1.4 has an intrinsic scatter of ~0.1 dex
• We examined the dependency of physical parameters on the MZ relation for the scatter

✓ Clear trend for size: Galaxies with larger R50 tend to show lower metallicity
✓ No clear trend for SFR: Disagrees with that at z~0.1 by Mannucci+10

• Our results may show the morphology dependence
✓ Bulge-dominated galaxies are located in the upper region on the MZ relation
✓ Disk-dominated galaxies are located in the lower region on the MZ relation



What should we do next?

Diffuse?
Disk Dominated?

Compact?
Bulge Dominated?

Direct measurement the 
gas content (e.g., ALMA)

Expanding the sample w/ 
morphology information 
available (from space or 
from ground)

Internal (chemical) structure 
of galaxies (IFU?)
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What should we do next?

Diffuse?
Disk Dominated?

Compact?
Bulge Dominated?

Direct measurement the 
gas content (e.g., ALMA)

Expanding the sample w/ 
morphology information 
available (from space or 
from ground)

Internal (chemical) structure 
of galaxies (IFU?)



• Metallicity gradient of galaxies at high redshift
✓ Negative steeper metallicity gradient (Jones+10, Yuan+11)
✓ Positive metallicity gradient (Cresci+10)

• Requirement for studies of metallicity gradients at z~1.4
✓ Spatial resolution : ~0.2 arcsec w/ LGS-AO
✓ Typical line flux ~ 2x10-16 cgs
✓ Feasible in 1-2 hrs observations?

Spatially Resolved Metallicity Measurements:

Cresci+2010

– 9 –

(220km/s, 13.5G, 0.05)

(220km/s, 13.5G, 0.07)

(220km/s, 3G, 0.03)

(220km/s, 3G, 0.05)

(220km/s, 3G, 0.07)

(150km/s, 3G, 0.03)

(220km/s, 13.5G, 0.03)

Fig. 3.— Left: Metallicity vs. galactocentric radius. Red lines are the measurements for Sp1149 at
z=1.49 from this work. The gradient within the central 4.5 kpc is -0.16+/-0.02 dex kpc−1. Vertical
red dotted lines show the annulus used to average/sum the spectra. Purple dashed lines show
the typical gradients of local isolated late-type galaxies, using the control sample of Rupke et al.
(2010b). The orange dotted line represents the mean gradient of local early-type galaxies, which
is typically ∼ 3 times shallower than local late-type galaxies (Henry & Worthey 1999). Blue lines
show the work of Jones et al. (2010a) for a dispersion-dominated lensed galaxy the “Clone Arc”
at z=2.0 who report a even steeper gradient within a size of ∼ 1 kpc. It is interesting to see that
two z >1 galaxies have considerably steeper gradients than local galaxies. Black lines are the
model predictions from Prantzos & Boissier (2000) for rotational velocity Vc=220km s−1 at age
t=3Gyr (dashed curves) and t=13.5Gyr (solid curves), with spin parameter λ=0.03,0.05,0.07. The
black dash-dot line is the model grid with velocity Vc=150km s−1 at t=3Gyr and λ=0.03. The steep
gradients of Sp1149 and “Clone Arc” are broadly consistent with the shape of the Vc=150km s−1

model grids. Right: The same as the Left panel, except that the x-axis is expressed in the scaled
radius R25.

resolution of 170 parsec. We measure the radial distribution of chemical abundances in three
annuli and find that the metallicity decreases from a central value of 12+log (O/H)=8.54 to less
than 8.05 in the outer disk. The metallicity slope is -0.16+/-0.02 dex kpc−1 for the inner 4.5 kpc,
much steeper than that of late-type galaxies of comparable luminosities in the local universe, even
when expressed in R25 units. Our results are broadly consistent with the “inside-out” model of disk
formation.

Metallicity gradient observations for a larger number of star-forming galaxies at different
redshifts are required to build a well-defined sample to form a solid observational picture of the

Yuan+2011

Positive Metallicity Gradient

Negative Steep Metallicity Gradient

VLT/SINFONI



What should we do next?

Diffuse?
Disk Dominated?

Compact?
Bulge Dominated?

Direct measurement the 
gas content (e.g., ALMA)

Expanding the sample w/ 
morphology information 
available (from space or 
from ground)

Internal (chemical) structure 
of galaxies (IFU?)



Gas Mass Fraction: Analytic Model with Infall/Outflow
• Simple analytic model with inflow/outflow (e.g., Matteucci 2001, Erb 2008)
✓ inflow rate and outflow rate are proportional to SFR
✓ We assume that fout=1.0 (e.g., Weiner+09, Steidel+10)
✓ Ms vs. fgas and fgas vs. Z can be explained by fin=1.5-2.0 models

Requires the direct measurements of the gas mass
→(Spatially resolved?) CO observations with ALMA



すばる/GLAOで見る激動期の星形成銀河



Requirement for the spatial resolution w/ AO

HST/WFC3 UKIRT/WFCAM

Subaru/GLAO?

PSF FWHM~0.18” PSF FWHM~0.8”



FWHM~0.18” (WFC3) FWHM~0.2” FWHM~0.4”

FWHM~0.6” FWHM~0.8” FWHM~0.8” (UDS)

Requirement for the spatial resolution w/ AO



Feasibility: Morphology Measurements
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• Expected FWHM of the Subaru GLAO system
✓ FWHM~0.2” is expected in FoV of 20’ Φ in K-band
✓ FWHM~0.2” is also expected in H-band
✓ Longer wavelength is reasonable for the morphology studies?



Feasibility: Morphology Measurements
• Expected Sensitivity of the Subaru GLAO system
✓ K magnitudes of our sample range from 20-23 mag (typically K~22 mag)
✓ 25-26 mag is sufficient for morphology studies of our sample
✓ a few fours of integration is needed for one FoV?
✓ Feasibility for measurement of morphology is good enough?

2.1. 遠方銀河の近赤外線大規模サーベイで解明する銀河形成の全貌

行われているが、すばる望遠鏡広視野近赤外線装置によって既存のデータよりも深く、かつ空間分解能が高い
データが得られる。

Fig. 2.7に 2µm付近での撮像観測における検出限界の推定値と視野の広さをいくつかの望遠鏡/観測装置に
ついて比較した結果を示す。ナチュラルシーイングは FWHM 0.75′′を仮定した。点源の場合、GLAOによる
シーイング改善で 0.9等程度の感度改善が期待される。0.5′′にひろがった天体では感度改善は点源よりも小さ
くなる。一方、JWSTやWISH2 などのスペースからの観測に比べると背景光の明るさのため検出限界は十分
に深くはないことが分かる。

TMT/IRIS JWST/NIRCam

MOIRCS HAWK-I VISTA

WISH

2µm

Subaru-GLAO

AO188+IRCS
TMT/IRIS

JWST/NIRCam

MOIRCS HAWK-I VISTA

WISH

2µm

Subaru-GLAOAO188+IRCS

Figure 2.7: 様々な観測装置での、撮像観測 (2µm付近)での 5σ検出限界と視野の比較。(左) 点源の場合、(右)
0.5′′ にひろがった天体。シーイングおよび回折限界による像サイズの違いを考慮している。

多波長データに基づく photometric redshiftや BzK selectionなどによって遠方銀河候補サンプルを構築す
る。サンプル数については Sec. 3.3に記述しているが、分光観測が十分可能なK < 23 AB等級の星形成銀河
は、100平方分あたり 1.3 < z < 1.7で約 100個、2.1 < z < 2.6で約 80個存在する (これらの赤方偏移範囲は、
[O III], Hβ, Hα, [N II]といった星形成領域で強い輝線が近赤外線の観測範囲にうまく入る、観測に適したも
のである)。
マルチスリットによる多天体分光によって、それらのサンプルの赤方偏移を決定するとともに、星間ガスの

物理状態を探るサーベイを実施する。R ∼ 2, 000程度の分解能があれば、速度構造の分解や輝線診断によるガ
スの物理状態、運動状態の調査が可能になる。例えば 1視野につき 3晩で深い撮像と 2晩の分光観測を行うと
すると、100晩 (天気などのファクターを加味すれば 150晩)で 20視野が観測可能になり、z ∼ 1.5の約 2,000
個の銀河、z ∼ 2.3の約 1,500個の銀河という、1 <∼ z <∼ 3の銀河のこれまでにない大規模なサンプルが形成で
きる。
内部構造を分解した研究のためには、スリット分光よりも面分光観測が有効である。例えば視野内の 20個

の銀河を同時に面分光できる装置が実現できれば、100晩で 2,000個の銀河の 3次元 (空間 2次元+スペクトル)
の巨大なデータセットを構築可能である。
このように、広視野補償光学系とそれを活用する新装置を実現することで、従来のサーベイとは桁違いの大

規模かつ高品質の (撮像/多天体分光/多天体面分光)サーベイを実施することができる。この決定的なデータ
セットにより統計的精度の不足を解消し、銀河が宇宙における星形成活動のピークから現在に至るまで、どの
ような進化を経てきたかを明らかにできると期待される。
さらに、この大規模サーベイによって得られたサンプルは、TMTによる詳細な観測の礎となる。星質量、

星形成量、サイズ、ガス/星の比、金属量などのパラメータのうちそれぞれの時代における分布を明らかにす
ることができるので、それらのパラメータスペースの中で極端な銀河 (興味深い現象を示すもの)、あるいは最
も典型的なものをバイアスの少ないサンプルから選び出して、TMTによる詳細な観測につなげることができ
るだろう。
また、広視野での観測で大きなメリットが期待できることの一つとして、銀河形成進化における環境効果の

系統的な調査が可能なことが挙げられる。このような環境効果を探る観測の提案については Sec.2.3 を参照の
こと。

2口径 1.5m、近赤外線超広視野カメラを持つ宇宙望遠鏡計画。http://wishmission.org
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● :  [NII] S/N>3
○ :  [NII] 3>S/N>1.5

↓ ：[NII] S/N<1.5

★ : results of stacking analysis

Typical Error

Thick solid line: regression line (this work)
Thin solid line: regression line (initial results; Yabe+12)

Feasibility: Expected Line Fluxes

F(Hα)  =1.8x10-16 cgs
F([NII])=5.2x10-17 cgs

F(Hα)  =2.0x10-16 cgs
F([NII])=3.4x10-17 cgs

F(Hα)  =1.7x10-16 cgs
F([NII])=2.1x10-17 cgs



Keck/OSIRIS (1hr)

Keck/OSIRIS (1.5hr)

Feasibility: Existing Instruments
Wright+2009

Typical integrated flux:
     F(Hα)~2x10-16 cgs
     F([NII])~7x10-17 cgs

w/ LGS-AO

Typical integration time:
     1-2 hrs

Typical redshift: z~1.6



J. Queyrel et al.: MASSIV: Mass Assembly Survey with SINFONI in VVDS. III.
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Fig. 1. Examples of spatially-resolved emission-lines measure-
ments in two MASSIV galaxies (top: VVDS220578040, bottom:
VVDS140217425). Color-coded images show the regions defined with
Hα contours used to derive the metallicity gradients. The 1D spectra
integrated over the different regions are shown with solid black lines.
Model (in red) and sky (dashed line) spectra are also shown. The sky
spectrum is used as a weight in the fitting procedure. Region 1 is the
farthest out with the region number increasing towards the center.

ionization parameter, metallicity, and/or chemical composition
– have been invoked to explain that some high-z star-forming
galaxies lie in the transition region of the local BPT diagram
(as defined by the SDSS galaxies) between star-forming galax-
ies and AGN hosts. Wright et al. (2010) have been able – thanks
to high resolution adaptive optics observations – to subtract the
active nuclear emission in a z ∼ 1.6 galaxy (HDF-BMZ1299),
and have shown that the residual extended star-forming emission
was characteristic of a local SDSS star-forming galaxy, whereas
the integrated emission would have placed the object in the tran-
sition region.

The nature of our observations did not give us simultane-
ous access to the set of emission lines ([O ]5007, Hβ, Hα,
and [N ]6584 or [S ]6717,31) commonly used in standard
diagnostic diagrams. However, for all but two objects in our sam-
ple, the emission-line ratio N2 = log([N ]6584/Hα) is lower
than −0.5, with a median N2 value of −0.72. Such low values
are indicative of a very low contamination by AGN in our sam-
ple (e.g. Baldwin et al. 1981).

For 24 galaxies of our sample we calculated, following
Wright et al. (2010), the N2 “concentrated ratio”, correspond-
ing to the value in the nuclear region of the galaxy. We defined
the nuclear region as the spaxel with the highest Hα flux along
with its eight nearest neighbors (corresponding to a 0.7′′ diame-
ter aperture, matching our mean spatial resolution of 0.65′′). We
assumed this aperture is small enough to probe the inner nucleus
part as objects usually span from 1′′ to 2′′ with SNR > 2 in our
observations.

Figure 2 shows i) the distribution of the 24 galaxies as a func-
tion of their global and nuclear N2 ratio (left panel) and ii) the
relation between the global and nuclear N2 ratios for each galaxy
(right panel). The median values of N2 for each distribution are

Fig. 2. Left: distribution of the N2 ratio in the MASSIV “first epoch”
sample. The black line represents the ratio integrated over the whole
galaxy. The red line is the N2 ratio measured in the nuclear region.
Right: N2 global ratio versus N2 nuclear ratio.

Fig. 3. Integrated spectra of VVDS140096645. Top: spectrum of the
disk (total integrated with central contribution removed). Middle: spec-
trum of the central region surrounding the peak of Hα flux. Bottom:
spectrum from the whole spatial extent. From left to right, the following
emission lines appear: [O ]6300, [N ]6548, Hα, [N ]6584, [S ]6717,
[S ]6731. The red and blue lines are least-square fits to the data.

not very different (∆ ∼ −0.07). The median nuclear N2 ratio is
lower than the global ratio, which would not be the case if a sig-
nificant fraction of our sample galaxies were hosting an AGN.
When comparing the global ratio to the nucleus ratio distribu-
tion, the highest bin does not shift, and it contains a single ob-
ject. We investigated the galaxy in this bin, VVDS140096645,
in more detail. It shows the following high N2 ratios: N2global =
−0.252 and N2nuclear = −0.294. Looking further into its inte-
grated spectrum (global and nuclear, see Fig. 3), we noticed
that (i) the emission lines are broad, which is a possible sign
of nuclear activity; (ii) the two nitrogen lines are clearly visible,
as is the sulfur doublet and the [O ]6300 line, which together
are characteristics of LINER galaxies, often associated to AGNs
(Heckman 1980) – or violent episodes of star-formation in high-
metallicity galaxies (Terlevich & Melnick 1985).
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Feasibility: Existing Instruments

VLT/SINFONI (2hrs)

VLT/SINFONI (1.7 hrs)

Queyrel+2012

Typical integrated flux:
     F(Hα)~2x10-16 cgs
     F([NII])~3x10-17 cgs

Typical integration time:
     1-2 hrs

Typical redshift: z~1.2



Feasibility: Future Instruments

Strong request for the multi-IFU w/ GLAO

KMOS-like multi-IFUs 
w/ AO are desirable

KMOS/VLT



Survey Plan:

“Intensive search for the galaxy structure and the relation to the 
metallicity with wide-field instruments of the Subaru Telescope”

FMOS (Spectroscopy)

nuMOIRCS (Imaging+IFUs) w/ GLAO

FoV~700 arcmin2

FoV~200 arcmin2

+



Survey Plan:

“Intensive search for the galaxy structure and the relation to the 
metallicity with wide-field instruments of the Subaru Telescope”

• Target sample
✓ We have ~2500 sample in the SXDS/UDS field (~0.7 deg2)
✓ The expected survey area: SXDS, COSMOS, EGS, GOODSs (~3 deg2)
✓ ~10000 objects at z=1-2 are sampled in these fields

• Observations with FMOS
✓ We observe ~4000 objects with FMOS
✓ Observing time: 4000 / 200 * 4.0 hrs = 80 hrs = 10 nights
✓ 1500-2000 objects are probably detected

• Observations with new instruments w/ GLAO
✓ Imaging survey is made for (a part of?) these targets in 3 deg2

✓ Observing time: 3 * 3600 / 200 * 5.0 hrs = 270 hrs ~ 30 nights
✓ Multi-IFU survey is made for a part of these targets (1000 objects?)
✓ Observing time:  1000 / 25 * 4 hrs = 160 hrs = 20 nights



Survey Plan:

FMOS (Spectroscopy)

nuMOIRCS (Imaging+IFUs) w/ GLAO

10 nights

~30 nights (Imaging) + ~20 nights (IFUs)

+

“Intensive search for the galaxy structure and the relation to the 
metallicity with wide-field instruments of the Subaru Telescope”



Survey Plan:

FMOS (Spectroscopy)

nuMOIRCS (Imaging+IFUs) w/ GLAO

~2000 w/ metallicity

1000-2000 w/ spatially resolved metallicity

+

“Intensive search for the galaxy structure and the relation to the 
metallicity with wide-field instruments of the Subaru Telescope”



Summary 2:

• Intensive survey for the galaxy structure and the relation to the 
metallicity with wide-field instruments of the Subaru Telescope
• Very unique survey with wide-field instruments on the Subaru
• ~10 nights observations with FMOS
• 1500-2000 objects with the (integrated) metallicity measurement
• ~30 nights observations with Imaging instruments with GLAO
• 1500-2000 objects with the morphology measurement
• ~20 nights observations with multi-IFUs with GLAO
• 1000 objects with the spatially resolved metallicity measurement
• ~50 nights observations with Subaru GLAO reveal the galaxy evolution



Morphology Dependency: For Kodama-san

sSFR一定の線？


