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Violent Epoch of the Galaxy Evolution:
• Violent epoch of galaxy evolution in the cosmic high noon (z=1-3)
✓ The cosmic density of various quantities has a peak and drastic 
changes happens in this redshift range
‣ Star formation rate density peaks at z~2
‣ AGN activity peaks at z~2
‣ Well-ordered morphology emerges at z~1-2

✓ Understanding of this redshift range, however, still remains unclear
• Major emission lines enter in near-infrared (NIR) region at z=1-2 (so called 
redshift desert)
✓ Emission line is important for understanding SF and chemical nature
✓ Large spectroscopic observations in NIR are generally not so easy

Hopkins & Beacom 2006 Wolf et al. 2003

evolution of QSO number density

evolution of SFRD
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Figure 4. Top panel: relation between EWH! , Sérsic index, and morphology. The
F140W images are color-coded according to their average U ! V color. Bottom
panel: relation between EWH! , velocity dispersion, and morphology. The
velocity dispersions were inferred from the stellar masses, effective radii, and
Sérsic n values of the galaxies. The error bars denote the typical uncertainties,
as determined from a combination of formal errors and varying the fitting
methodology. Sérsic index, velocity dispersion, and morphology all correlate
with the strength of H!. All these parameters span large ranges: massive galaxies
exhibit a striking diversity at 1 < z < 1.5, ranging from large star-forming spiral
galaxies to compact quiescent galaxies.
(A color version of this figure is available in the online journal.)

cosmic star formation rate peaked (e.g., Bouwens et al. 2007).
In this first Letter we focused on a stellar mass-limited sample
of 34 galaxies at z = 1–1.5 to study the properties of massive
galaxies when the universe was 4–6 Gyr old. This is the first
study of the H! emission and rest-frame optical morphologies
of a complete, mass-limited galaxy sample at z > 1.

The most striking result of our study is the diversity of the
spectra and structure of massive galaxies at z > 1: a large
fraction has strong H! emission, whereas others have absorption

features characteristic of relatively old stellar populations.
Similarly, the morphologies, Sérsic indices, and implied velocity
dispersions show a large range. These results are broadly
consistent with previous studies that were based on photometric
redshifts, the SED shapes of galaxies, and/or imaging of lower
quality (e.g., Franx et al. 2008; Williams et al. 2010; Wuyts et al.
2011b; Weinzirl et al. 2011). The simplest interpretation is that
at z > 1 we are entering the epoch when massive galaxies were
undergoing rapid evolution. Specifically, the star-forming disks
may be progenitors of some of today’s most massive S0 and Sa
galaxies.

Noeske et al. (2007) suggested that the star formation rates of
galaxies are tightly coupled to their mass and redshift, and it is
interesting to compare the range in EWH! in our sample to the
scatter in their “star formation main sequence.” At fixed mass
Noeske et al. (2007) find a 68% range in star formation rates of a
factor of "4 (among galaxies with clear signs of star formation);
if we limit the sample to the central 68% of the distribution of
galaxies with EWH! > 10 Å we find a larger range of a factor
of six. More to the point, within our sample the scatter in EWH!

can be significantly reduced by considering the structure of the
galaxies. The 68% range in EWH! among the 11 galaxies with
inferred " < 200 km s!1 is only a factor of 1.7. We therefore
follow earlier work in suggesting that velocity dispersion (or
surface density) is a more fundamental parameter than mass
in determining the properties of galaxies (see, e.g., Kauffmann
et al. 2003b; Franx et al. 2008; Bezanson et al. 2011).

The growth rate of the star-forming galaxies is substantial;
using standard prescriptions to correct for extinction toward
H ii regions (Calzetti et al. 2000; Wuyts et al. 2011a), we
find a median stellar mass increase due to star formation of
"50% per Gyr for the galaxies with EWH! > 10 Å. An
important question is where in the galaxies the star formation
is occurring, that is, which structural component of massive
galaxies is in the process of formation at 1 < z < 1.5. Due
to the nature of grism spectroscopy the 3D-HST data provide
two-dimensional emission line maps at the spatial resolution of
HST. Two examples are shown in Figure 5: in these galaxies the
star formation appears to trace the spiral arms, similar to spiral
galaxies in the nearby universe. A quantitative analysis of the
spatial extent of the emission line gas is beyond the scope of
this Letter, but we note here that in cases such as those shown in
Figure 5 the spatial extent of the H! emission rules out dominant
contributions from active nuclei to the integrated line fluxes.

A key open question is what drives the diversity of massive
galaxies at z > 1. At fixed stellar mass, we see large, star-
forming spiral galaxies and very compact galaxies in which
star formation has apparently ceased. If AGN feedback is
responsible for shutting off star formation in massive galaxies it
is clearly more effective in some galaxies than in others. It may
be that AGN feedback correlates with black hole mass, which
correlates better with velocity dispersion than with stellar mass
(e.g., Magorrian et al. 1998). It will also be interesting to study
correlations with other parameters, such as the environment, at
fixed stellar mass and at fixed (inferred) velocity dispersion.
Finally, it will be important to extend this study to lower masses
and to higher redshifts. Star-forming galaxies that have been
studied at z ! 2 tend to have higher EWH! and also more
irregular morphologies than the galaxies studied here (e.g., Erb
et al. 2006; Kriek et al. 2009a; Förster Schreiber et al. 2011),
and it will be interesting to see whether a broader selection of
galaxies would only increase the dynamic range in Figure 4 or
(also) increase the scatter.
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Mass-Metallicity Relation up to z~3:

Tremonti+2004
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• Gas-phase metallicity (hereafter, metallicity)
✓ Metallicity is a key to understand the galaxy evolution as an independent 
tracer of the past star-formation activity.

• Correlation between stellar mass (luminosity) and metallicity
✓ Firstly reported by Lequeux+79 for nearby Irr, blue compact galaxies
✓ Massive (bright) galaxies tend to show larger metallicities
✓ Now mass(luminosity)-metallicity (MZ) relation is well established at z~0
✓ Evolution of the MZ relation from z~3 to z~0?
✓ What is the origin of MZ relation?

The Astrophysical Journal Letters, 771:L19 (6pp), 2013 July 10 Zahid et al.

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

#"!
$

. (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 ! 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, ! , is not well constrained. Table 1 lists the fitted

Table 1
MZ Relation Fit

Sample Redshift Zo log(Mo/M%) ! 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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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

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

This work

Scatter of the Mass-Metallicity Relation:

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]"6584/H#,
depending on which lines are available. AGNs are removed using
the BPT diagram (Kauffmann et al. 2003a) or, when [O III]"5007
and H$ are not available, by imposing log([N II]"6584/H#) < !0.3.
The [N II]"6584 line, which is usually much fainter than H#, 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]"6584 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 H# and H$, 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 H$

after correction for dust extinction, and metallicities are measured
by a simultaneous fitting of the line ratios involving [O II]"3727,
H$ and [O III]"4958, 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 FUNCTI ON 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 a scatter (e.g., Tremonti+04)
• What physical parameters can explain this scatter?
✓ SFR (Lara-Lopez+10, Mannucci+10), specific SFR (Ellison+08), 

         half light radius (Ellison+08), galaxy interaction (Rupke+08), and so on
• The intrinsic scatter of the MZ relation and its dependence of physical 
parameters is still unknown at high-z
• We need large sample at high redshift

lower SFR

higherSFR

SFR
stellar mass

Mannucci+2010

metallicity



• What’s FMOS (Fibre Multi-Object Spectrograph)?
✓ Fibre-fed NIR multi-object spectrograph on the 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
✓ Initial results were published by Yabe et al. 2012, PASJ, 64, 60 and the 
subsequent results is in Yabe et al. 2014, MNRAS, 437, 3647

FMOS on the Subaru Telescope

FMOS on the Subaru Telescope:

Fiber positioner on prime focus

Optical design of FMOS including OH-mask mirror

Two spectrographs Prime Focus Unit

Fibre cable



• Observations and target sample
✓ FMOS GTO and open use
✓ Field: SXDS/UDS (~0.7 deg2)
✓ K-selected catalogue with zphot, M*, and other properties
✓ 1.2<zphot<1.6, K<23.9 AB mag, M*>109.5 Msun, F(Hα)exp>5.0x10-17 cgs
✓ Typical on-source exposure time is 3-4 hours (relatively high S/N)

✓ FMOS SSP (Fastsound)
✓ Field: Four CFHTLS Wide fields (~40 deg2 in total)
✓ Phot-z selected sample at 1.2<zphot<1.5
✓ Typical on-source exposure time is ~0.5 hours (relatively poor S/N)

✓ The details of the sample selection is different but they are similar star-
forming galaxies in this redshift range
✓ The SFR level is different: SFR of the SSP sample is generally higher than 
that of the GTO sample

• Data Reduction
✓ FMOS standard reduction pipeline FIBRE-pac (see Iwamuro+2012)
✓ Emission line fitting including the FMOS OH-mask effects (see Yabe+2012)
✓ Hα of ~340 objects out of GTO sample was detected with S/N>3
✓ Hα of ~4000 objects out of SSP sample was detected with S/N>4

Sample Selection and Observations:



• Possible AGN candidates are excluded by using BPT diagram and line width
• 12+log(O/H) from [NII]λ6584/Hα line ratio (N2 method; Pettini & Pagel 2004)
• No significant [NII]λ6584 emission (S/N<3.0) from most → Stacking analysis
• Massive galaxies tend to show larger metallicity (MZ relation)

Mass-Metallicity Relation at z~1.4:

• The MZ relations of the SSP 
sample and GTO sample generally 
agree with each other, except for 
the massive part 
• Comparison to previous works 
up to z~3
✓  IMF and metallicity 
calibration conversion for the 
fair comparison
✓ Our results at z~1.4 are 
generally located between 
those at z~0.8 and z~2.2
✓ But higher metallicity at less 
massive part

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



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

SFR
stellar mass

stellar 
massSFR

• Our SSP result shows almost no clear 
dependence of SFR on MZ relation
• The same goes for the GTO result
• Note that the parameter range is not so 
wide (~1-2 dex)

log(M*)-μlog(SFR)

stellar 
mass

Mannucci+2010

metallicity







• Our study shows relatively flat FMR
✓ at high redshift? (the evolution of the FMR)
✓ or at high SFR range? (the modification of the FMR)
✓ What is the cause of the high metallicity at high SFR?
‣ Efficient chemical enrichment in galaxies with high SFR?
‣ [NII]λ6584 may be enhanced due to some causes?
‣ metallicity effect
‣ AGN contamination
‣ shock effect
‣ N/O enhancement 

Fundamental Metallicity Relation (FMR):



[SII]λλ6717,6731 emission:
• [SII]λλ6717,6731 ratio sensitive to electron density (c.f., Osterbrock 1989)
• results from the stacking spectra show the [SII]λ6717/[SII]λ6731~1.3-1.4
• corresponding electron density (ne) is ~10-100 [cm-3]
• but note that there exists a large error of the line ratio

higher SFR show lower density?

[SII]λλ6717,6731 lines from stacked spectra
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N2S2 diagram:
• N2S2 ([NII]λ6584/Hα vs. [SII]λλ6717,6731/Hα) diagram
• Galaxies at z~1.4 are located in SF region on this diagram
• Lower [NII]λ6584/Hα and [SII]λλ6717,6731/Hα than local SDSS galaxies

• Higher SFR shows lower 
[SII]λλ6717,6731/Hα at a fixed 
[NII]λ6584/Hα?



• N2S2 ([NII]λ6584/Hα vs. [SII]λλ6717,6731/Hα) diagram
• Galaxies at z~1.4 are located in SF region on this diagram
• Lower [NII]λ6584/Hα and [SII]λλ6717,6731/Hα than local SDSS galaxies

N2S2 diagram:

• Higher SFR shows lower 
[SII]λλ6717,6731/Hα at a fixed 
[NII]λ6584/Hα? 
• Comparison to photoionization 
models (Mappings III; Kewley et al. 
2001)
• At fixed metallicity, higher 
ionization parameter (q) shows 
lower [SII]λλ6717,6731/Hα

• The offset from the local 
sequence is presumably caused by 
higher SFR activity at high redshift?



Nitrogen-to-oxygen ratio (N/O):
• N2S2 ([NII]λ6584/[SII]λλ6717,6731) as an indicator of N/O (Perez-Montero+09)
• N/O of our sample increases with increasing metallicity and stellar mass
• Relatively higher N/O (~solar) than the local galaxies at fixed 12+log(O/H)

N/O ratio impact on emission-line diagnostics 957
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Figure 11. Relation between the N2S2 parameter and the oxygen abundance (left-hand panel) or the N/O abundance ratio (right-hand panel) for the objects
described in Section 2. The solid line represents the best linear fit to the sample.

Figure 12. Different diagnostic diagrams used to separate star-forming galaxies and narrow-line AGN. We show in the top four panels the relations between
[O III]/H! and from left- to right-hand panels: [N II]/H", [S II]/H", [O I]/H" and [O II]/H!. The bottom panel represents the relation between [N II]/H" and
[S II]/H". Brown points represent composite galaxies (see the text) whose log(N/O) as derived from the N2O2 parameter is higher than !0.5. Solid lines
represent the curves proposed by Kewley et al. (2001) to separate star-forming galaxies (bottom-left panel) and AGN (top-right panel) stay. The dashed line
in the first panel represents the empirical curve predicted by Kauffmann et al. (2003). Finally, the white points represent two different models of star-forming
regions with high metallicity (Z = 0.02 Z") and high N/O ratio (!0.5).

(Max Planck Institute for Astrophysics/John Hopkins University)
Data catalogue of the SDSS3 Data Release 7 (DR7) release. We have
kept only the galaxies with an S/N of at least 5 in all the involved
lines. This excludes all the objects at redshift z < 0.02, whose [O II]
3727 Å emission line is not observed in the SDSS catalogue and
giving as a result a total of 101 753 emission-line galaxies.

We corrected the emission-line intensities for reddening using
the Balmer decrement. In the diagram [O III]/H! versus [N II]/H",
the separation curves proposed by Kewley et al. (2001) and
Kauffmann et al. (2003) do not coincide. In fact, as it is described in

3 Available at http://www.mpa-garching.mpg.de/SDSS/.

Kewley et al. (2006), the number of star-forming galaxies predicted
by the empirical separation is overestimated when compared with
the theoretical relation. This is explained in terms of a population
of composite objects, whose ionization is due partially to the star
formation and to the presence of an active nucleus. This agrees with
the fact that [N II] emission lines are more sensitive to the presence
of X-ray sources and, therefore, they allow to probe the presence of
low-activity active nuclei in some galaxies classified as star forming.

Nevertheless, the enhancement of the N/O abundance ratio due
to peculiar chemical histories can lead to high values of the [N II]
emission lines in some star-forming galaxies. In all the panels
of Fig. 12, we identify those SDSS galaxies catalogued as com-
posite following Kewley’s criterion and whose log(N/O) is higher

C# 2009 The Authors. Journal compilation C# 2009 RAS, MNRAS 398, 949–960
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Perez-Montero & Contini 2009:



Nitrogen-to-oxygen ratio (N/O):
• High N/O at high redshift galaxies (e.g., Masters+14, Steidel+14)
• What is the origin of the higher N/O (~ solar value) at high redshift
• The effects of Wolf-Rayet stars?
✓ Hot massive star with strong stellar wind
✓ Pollution of nitrogen-rich winds from Wolf-Rayet (WN) stars (Brinchmann+08)
✓ The effect is not significant? (e.g., Perez-Montero+13, James+13)

• Metal poor gas inflow
✓ Pristine gas infall through merger and/or cold accretion
✓ It lowers 12+log(O/H) keeping high N/O
✓ Secondary production is not dominated at high redshift? (e.g., Masters+14)

• Gas outflow by SN winds
✓ If outflowing material is uniform and well mixed, N/O will be unchanged
✓ But outflows driven by SN explosion eject oxygen rich gas
✓ This differential outflow increases N/O abundance ratio (e.g., van Zee+06)



2020年(前後)の銀河進化サイエンス：

• すばるPFSにより大規模な近赤外分光銀河サンプルが集まるだろう
• より詳細な物理に迫る！
• 地上からスペースへ！
• 高感度観測 (high-zでのTe法やその他calibration) → TMT/JWST
• 高空間分解能/面分光 (金属量勾配, gas dynamicsなど) → TMT/WISH-spec?
• FIR微細構造線による物理化学 → SPICA

!

Space!Odyssey!
44 

when you WISH upon a first galaxy

TMT
Subaru:PFS/GLAO



Yuan & Kewley 09

Metallicity measurement from 
Te direct method at high-z

J. Brinchmann et al.: Galaxies with Wolf-Rayet signatures in the low-redshift Universe 675

Fig. 21. Top row: on the left, the rest-frame SDSS spectrum of Mrk 178 in units of log F!, the blue and red bump are both very prominent, note
also the relatively weak emission lines. On the right a colour image of Mrk 178 from the SDSS with the location of spectroscopic observations
indicated by the circles. The outer, dashed, circle is 10!! in diameter while the inner circle shows the size of the SDSS fibre, 3!! in diameter. The
bottom row shows the continuum subtracted spectra around the blue bump, on the left, and the red bump on the right, with the residuals after
subtracting the fit to the nebular and WR lines indicated in the panel below each as in Fig. 2.

obtained. The prominence of the WR features is obvious and as
the bottom row of the figure shows, these are very broad, fea-
tureless bumps. The strength of the red bump shows clearly that
the main source is WC stars as pointed out by Guseva et al. as
well. The immediate impression from Fig. 21 as compared to
Fig. 4 is the prominence of the WR features relative to the nebu-
lar lines. Indeed, log L(BlueBump)/L(H") " 0.05 would convert
into a log N(WR)/N(O) # 0.5, much higher than expected from
any model.

However, the luminosity of the blue & red bumps is only
#1037 erg/s, so we expect only a few Wolf-Rayet stars to be sam-
pled. Thus the cause of the o!set is almost certainly just that the
SDSS fibre, which projects to a size of 56 pc, by chance samples
a region that is overabundant in Wolf-Rayet stars. This appears
also to be the case for NGC 4449, and in this case we also have
several spectra additional of star forming regions in NGC 4449,
none of which show an o!set in the relationships plotted above.

11. Summary

We have presented here a study of galaxies with Wolf-Rayet fea-
tures in their spectra for a carefully selected sample spanning an
unprecedented wide range of physical properties. It more than
doubles the number of known Wolf-Rayet galaxies and has a
well understood selection function. This has allowed us to carry
out a number of empirical studies of the abundance of WR stars
with metallicity and evolutionary state.

We have shown that by fitting Wolf-Rayet features carefully
we can recover the distribution of line widths in Wolf-Rayet
stars and we have argued that this shows that we can accu-
rately recover the flux of the Wolf-Rayet features. This has re-
sulted in a sample of WR galaxies with a completeness limit of
EW(Bluebump) " 1 Å and EW(H") > 2 Å.

We find that the abundance of Wolf-Rayet stars is a strong
function both of the oxygen abundance of the galaxy as well
as of the star formation intensity as measured by the equivalent
width of H". Intriguingly we find that above EW(H") # 200 Å
the fraction of galaxies showing signs of WR stars appear to start

to decline. While the EW(H") is a questionable age indicator
for the spectra in our sample, this does appear to be consistent
with current theoretical predictions for the onset of Wolf-Rayet
formation at 1$2 Myr.

We also find that galaxies that show Wolf-Rayet features in
their spectra have a nitrogen abundance that is "0.1 dex higher
than systems that do not show Wolf-Rayet features. We have ar-
gued that this appears to be the result of pollution of the ISM
from Wolf-Rayet winds. The observed increases in N/O are con-
sistent with the result of typical Wolf-Rayet winds releasing N
into the ISM over a period of a few Myr. The present study is lim-
ited by the number of galaxies with high quality nitrogen abun-
dance measurements and it would be very interesting to extend
this study to galaxies with higher oxygen abundance and less in-
tense star formation and to empirically determine the region of
influence of the WR winds.

Finally we have also examined whether Wolf-Rayet stars
are responsible for the ionisation of He !! causing the nebular
He !! !4686. We were able to show that the time-scales for the
WR phase and the nebular He !! are di!erent at low metallicity
and that the dominant contribution of the ionisation of He !! here
is likely to be massive O stars. By inference, the winds of low
metallicity massive O stars must be weaker than high metallicity
equivalents to allow for the escape of ! < 228 Å photons. At
higher metallicity we find that it is very likely that WN stars are
contributing significantly to the production of He !! ionising ra-
diation. While these are model-independent inferences it is clear
that it would be very valuable to compare these results with de-
tailed models of high mass stars at low metallicity to understand
the evolution of wind strengths with metallicity.
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Summary:
• We observed star-forming galaxies at z~1.4 are measured with Subaru/FMOS
• We detected Hα line from ~340 objects in the FMOS/GTO survey
• and that from ~4000 objects in the FMOS/SSP (Fastsound) survey
• Gas-phase metallicity is derived from [NII]/Hα line ratio
• The mass-metallicity (MZ) relation at z~1.4 with the largest sample ever
✓ MZ relation of our sample is located between that at z~0.8 and z~2.2
✓ Relatively smooth evolution from z~3 to z~0 (except for less massive part)

• Parameter dependence of MZ relation: not so clear trend for SFR
✓ The FMR appears to be flat at high redshift or in the high SFR regime
✓ Another possibility is the [NII] enhancement due to some causes

• We detect [SII]λλ6717,6731
✓ Our sample is located in SF region on [NII] vs [SII] diagram
✓ Offset from the local SDSS sequence
✓ Can be explained by high ionization parameter

• N/O abundance ratio from the [NII]λ6584/[SII]λλ6717,6731 line ratio
✓ N/O is higher than the local galaxies at a fixed metallicity
✓ N enhancement by the pollution of N-rich wind from Wolf-Rayet stars?
✓ SN driven outflow which decreases Oxygen abundance selectively

• Future prospects with Subaru/PFS, TMT, SPICA, and WISH


