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

• It is known that galaxy mass (or luminosity) is correlated with metallicity
✓ Massive (bright) galaxies tend to show larger metallicities
✓ Stellar mass-metallicity (hereafter, MZ) relation at z~0 is established (Tremonti+04)
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Introduction: Mass-Metallicity Relation at z>1
• 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 MZR at z~2 (Hayashi+09, Yoshikawa+10, Onodera+10)
✓ We need larger sample at z=1-2, when the universe in the most active/violent phase

Maiolino+08
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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: Intrinsic Scatter of 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
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• 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
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Sample Selection and Observations:
• Targeted Sample
✓ Field : SXDS/UDS (effective area~0.7 deg2)
✓ 1.2<zphot<1.6, K<23.9 AB mag, M*>109.5 Msun, F(Hα)exp>1.0x10-16 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

• Spectral Fittings
✓ 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.
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Initial results (GTO in 2010; 71 Hα 
detections) are already presented by 
Yabe+12 (arXiv:1112.3704). In this 
talk, we also present preliminary 
results of all GTO runs.

3 hrs integration



• 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

Stacked Spectra

[NII]6583

Hβ

Hα

[OIII]5007

[OIII]4959

[NII]6548

AGN Contributions:

★ : stacking (total)
☆ : stacking (each mass bin)

Maximum theoretical line (Kewley+01)

AGN

SF
gray dots: 
SDSS@z~0.1
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Empirical line (Kauffmann+03)



● :  [NII] S/N>3○ :  [NII] 3>S/N>1.5

↓ ：[NII] S/N<1.5

★ : results of stacking analysis

Typical Error

Typical number in each mass bin is ~90

Rest-frame Wavelength (µm)

• 12+log(O/H) from [NII]/Hα line ratio (N2 method; Pettini & Pagel 2004)
• No significant [NII] emission (S/N<3.0) from ~70% of the objects
• Stacking analysis dividing our sample into 3 stellar mass bins (5x109-1x1011 Msun)
• The largest sample ever at z>1

Mass-Metallicity Relation at z~1.4:

Thick solid line: regression line (this work)
Thin solid line: regression line (initial results; Yabe+12)
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• 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 at M*=1010Msunz：12+log(O/H)=8.69-0.086(1+z)1.3

12+log(O/H)=8.69-0.086(1+z)1.3

Chemical Evolution at 1010Msun

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

Cosmic Evolution of Mass-Metallicity Relation:

red circle: This work@z~1.4
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• Comparison with theoretical predictions (Davé et al. 2011)
✓ N-body + SPH cosmological simulations
✓ 4 wind models (no wind; constant wind; slow wind; mass dependent wind) implemented
! Constant wind (cw) : dMwind/dt=2xSFR, vwind=680 km/s
! Mass dependent wind (vzw) : velocity dispersion (=mass) dependent wind

• Our result agrees with cw or vzw model

Dashed: vzw model by Davé+11

Comparison with the theoretical models:

12+log(O/H)=8.69-0.086(1+z)1.3
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red circle: This work@z~1.4

Dashed: vzw model by Davé+11
Comparison with Davé+11

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

• What makes the intrinsic scatter?

● : [NII] S/N>3○ : [NII] 3>S/N>1.5

↓ ：[NII] S/N<1.5

Intrinsic Scatter of Mass-Metallicity Relation:
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★ : results of stacking analysis

Typical Observational Error

Scatter (σ)



Second Parameter Dependency (Yabe+12):

Initial results (Yabe+12) Initial results (Yabe+12)
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• 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 three groups by the parameter
✓ Stacking analysis in each group
✓ Galaxies with larger SFRs and size tend to show lower metallicities



Second Parameter Dependency (this work):

This work This work
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• Dependency of SFR and size on the MZ relation
✓ Methods are all the same as before
✓ The dependency of SFR on the MZ relation disappears in the least massive bin
✓ The dependency of R50 still survives

　



Morphological trends (very preliminary):

Diffuse?
Disk Dominated?

Compact?
Bulge Dominated?

• About 50 objects in the CANDELS/UDS field are observed with FMOS
• For these objects, morphological properties can be examined as well as metallicities

• Diffuse and disk dominated galaxies 
tend to show lower metallicity than 
compact and bulge dominated galaxies?

• This result and the size dependency 
may support the “Different Evolutionary 
Stage” scenario:

✓ Galaxies with smaller size have 
higher gas surface density
✓ These are rapidly grown in the 
past and chemically evolved
✓ These are also morphologically 
evolved?

Color composites with HST/ACS+WFC3 images
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The trend is still vague, so we need 
larger sample in the CANDELS fields



Summary:
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• 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 wind

• 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: Disagree with that at z~0.1 by Mannucci+10

• Preliminary results show the morphological 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
✓ “Different evolutionary stage” scenario may be plausible?
✓ Further observations in the CANDELS field are required


