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1.1 A Large Spectroscopic Survey at H and K-band

1.1.1 Introduction and Survey Design

Spectroscopy of nebular emission lines gives us fundamental information to characterize galaxy properties,
as well as a distance to galaxies (redshift). Galaxies exhibit a huge variety of properties and we often
face difficult challenges such as a sample bias in the case of studies with a small sample. The Sloan
Digital Sky Survey (SDSS; York et al. 2000) is one of the most successful large spectroscopic survey
and provides more than 106 spectra for local galaxies at z < 0.2. This massive database enabled us to
statistically study galaxy properties such as stellar masses, star-formation activities, metallicities, black
hole masses, and environments in the multi-parameter spaces. Such a large and systematic spectroscopic
survey for targeting higher-redshift galaxies is a natural extension. At z > 2, all major nebular emission
lines (Hα, [Oiii], Hβ, and [Oii]) are redshifted to near-infrared wavelengths. In the mid-2010s, some
large near-infrared surveys have been conducted (MOSDEF; Kriek et al. 2015, KMOS3D; Wisnioski et al.
2015, FMOS-COSMOS; Silverman et al. 2015) but their sample size is still restricted to ∼103, which is
not sufficient especially in the sense of involvement with large scale structures. In the early-2020s, more
extensive surveys with Subaru/PFS and VLT/MOONS are planned but both do not cover K-band. In
addition to them, Euclid will also start massive low-resolution near-infrared spectroscopic survey covering
1.1-2.0 µm from space. The spectral resolution will be R = 250 and the expected 10σ line detection limit
is 1 × 10−16 erg s−1 cm−2 in the deep field with 20 degree2. Ultimate-Subaru can achieve 10 times
deeper detection limit with relatively short exposure time (∼1hour), and provide high resolution spectra,
which is necessary for accurate line ratio diagnostics with rest-frame optical emission lines. Therefore, a
large spectroscopic survey with ULTIMATE-Subaru will be still an unique project as we can observe Hα
emission lines at up to z = 2.6 and [Oii] at up to z = 5.5 (Figure 1).

For an instrument of ULTIMATE-Subaru, we here assume a MOIRCS spectrograph with high-resolution
VPH grisms (FoV of ∼4′×7′, multiplicity of ∼ 30, R∼ 4000). Given that TMT has a similar instrument,
a wide-field survey with a short integration time (∼ 1 hour) can be complementary with a much deeper
but smaller sample survey. Correction with GLAO improves the sensitivity of ULTIMATE-Subaru by a
factor of two. Even with 1 hour integration, the 5σ limiting line flux is 3.4×10−18 erg s−1 cm−2, which is
deep enough to detect a Hα emission line for star-forming galaxies with SFR=0.6 M⊙yr−1 at z ∼ 2. As
the most unique advantage of ULTIMATE-Subaru is deep spectroscopy at K-band, core redshift ranges
of the survey are z = 2.0− 2.6 and z = 3.0− 3.7, at which major nebular lines are redshifted to K-band.
Table 1 summarizes target selections in a large spectroscopic survey with ULTIMATE-Subaru. The first
targets are selected from star-forming galaxies at z = 2.0 − 3.7 whose Lyα and/or [Oii] spectra are
obtained by PFS. They are initially identified as Lyα emitters (LAEs) or Lyman break galaxies (LBGs)
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NIR MOS instruments on 8-10 m telescopes

Keck/MOSFIRE Subaru/MOIRCS (Gemini/FLAMINGO-2)

3′×6′ 4′×7′ 2.0′×5.8′

R~3600 R~3000 R~3200

credit: Keck credit: Subaru credit: Gemini



Benefits from GLAO
Multi(slit.spectrograph.

Expected.sensitivity.for.emission(lines.(point.source.and.extended.source).

R~3000 instrument with a slit-width=0.4″
- point source: a factor of two improved
- extended source (Re=2kpc):  60% improved

MOSFIRE has R~3600 with 0.7″ slit



Synergy between ULTIMATE and PFS
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sample1: z=2.0-3.7 emission-line galaxies with PFS spectra
sample2: z=2.0-2.6 mass-complete sample with logMstar>10.5
(sample2: z=2.0-3.7 emission-line galaxies identified by ULTIMATE-
Subaru narrow-band imaging)
In 65 nights, we get H,K-band spectra for 6000 galaxies over 1 deg2.



Star formation activity

- study the main sequence of star-forming 
galaxies and the environmental dependence using 
the most reliable measurements of SFR

Mass-SFR relation (Kriek+15)

that it most likely originates from an AGN. For COSMOS-
11982 no emission lines are detected, and thus we zoom in on
the absorption lines.

4.6. Comparison to Full Galaxy Distribution

In the previous section we showed that our success rate is
high. Nonetheless, we are missing 21% of the targeted galaxy
population. In this section we assess whether our targeted and
spectroscopically confirmed samples are representative of the
full galaxy sample in the same redshift interval to the same
magnitude limit, or whether we may be missing galaxies with
specific properties. For this assessment we consider as the full
galaxy population the parent sample within the targeted redshift
regime down to the same H-band magnitude limit from which
our spectroscopic sample was selected.

We first compare galaxies in the rest-frame U V− color
versus rest-frame V J− color diagram (UVJ diagram).
Galaxies out to z 2.5∼ show a natural bimodality in this
color–color space, and both the star-forming and quiescent
galaxies span tight sequences (e.g., Wuyts et al. 2007;
Williams et al. 2009; Whitaker et al. 2011). Thus, this diagram
is used to isolate quiescent from star-forming galaxies and
classify galaxies out to z 4∼ (e.g., Muzzin et al. 2013a). The
quiescent sequence is primarily an age sequence, with galaxies
becoming redder in both colors with increasing age (e.g.,
Whitaker et al. 2012, 2013). The star-forming sequence
primarily reflects the change in dust attenuation, with the
dustiest galaxies having the reddest U V− and V J− colors
(e.g., Brammer et al. 2011).

We derive rest-frame colors for all galaxies in the MOSDEF
and parent samples, using the EAzY code (Brammer
et al. 2008) and following the method described by Brammer
et al. (2009). This method assumes a redshift and interpolates
between different observed bands using templates that span the

full range in galaxy properties. However, the derived colors are
not pure template colorsbecause the templates are only used to
fit the photometric data points closest to and surrounding the
specific rest-frame filter. When deriving rest-frame colors, we
assume the MOSDEF or other spectroscopic redshifts when
available. When no spectroscopic redshift is available, we
assume the best-fit grism or photometric redshift.
In the left panels of Figure 16 we show UVJ diagrams with

the parent distribution in gray scale and the targeted sample
represented by the colored symbols. Each row represents a
different redshift interval. Spectroscopically confirmed galaxies
and AGNs are indicated by red circles and yellow stars,
respectively. Because several MOSDEF redshifts lie outside
the targeted redshift interval, we adjust the intervals for the
confirmed galaxies to z1.25 1.9⩽ ⩽ , z1.9 2.61< ⩽ , and

z2.94 3.80⩽ ⩽ . Targeted galaxies and AGNs for which no
spectral features are detected, or for which the spectroscopic
redshifts are not robust, are represented by green boxes and
blue triangles, respectively. For these latter galaxies, rest-frame
colors are derived by assuming the prior redshift or nonrobust
MOSDEF redshift, respectively. The histograms show the
distribution ofU V− andV J− colors for the parent sample in
black and the spectroscopically confirmed sample (both
galaxies and AGNs) in red.
The location of galaxies in the UVJ diagram is dependent on

mass, with more massive galaxies populating the red sequence
and the dusty part of the star-forming sequence (e.g., Williams
et al. 2010). In order to further compare our sample to the
parent population, we show HF160W magnitude versus stellar
mass for the parent and targeted galaxies in the right panels of
Figure 16, using the same symbols as in the left panels. For
galaxies and AGNs for which no spectroscopic features are
detected, we derive stellar masses assuming prior redshift
information. The distributions in stellar mass and HF160W
magnitude for the parent and spectroscopically confirmed
samples are presented by the black open and red shaded
histograms, respectively.
For all redshift ranges, our targeted sample is distributed

over the full UVJ diagram; we target galaxies along the entire
star-forming and quiescent sequences. The histograms show
that the distribution of rest-frame U V− and V J− colors of
the parent and confirmed samples are similar for the middle-
and high-redshift intervals. In the low-redshift interval we miss
more galaxies with the reddestU V− colors, which we discuss
in more detail in the next section. As in the parent sample, the
majority of the confirmed galaxies are blue in both colors, and
thus our sample is dominated by blue star-forming galaxies.
Red star-forming and quiescent galaxies form a minority in our
sample.
The small fraction of red star-forming and quiescent galaxies

may not be surprisingbecause these galaxies primarily
populate the high-mass end of the galaxy distributionand thus
will be sparse for a galaxy sample with a mass limit of

M109∼ ⊙. However, in our selection scheme, we specifically
aim to obtain a roughly flat distribution in HF160W magnitude
and stellar mass, and thus we prioritize galaxies by HF160W
magnitude. The right panels in Figure 16 indeed show that our
sample is biased toward brighter and slightly more massive
galaxies compared to the parent sample. The fact that our
HF160W prioritization did not result in a bias toward redder rest-
frame U V− and V J− colors is due to the lower spectro-
scopic success rate of red galaxies.

Figure 14. SFR vs.stellar mass for galaxies in the low (green) and middle
redshift interval (red) for a Chabrier IMF. The 3σ upper limits are indicated by
the upside-down triangles. The yellow symbols indicate the galaxies that were
serendipitously detected. The SFRs are derived from the combination of
Hα and Hβ. The 3σ limits on the SFR, calculated using the optimal 3σ line
sensitivities in H and K, are shown for z 1.37∼ and z 2.09∼ (i.e., the lower
boundaries of the redshift intervals), respectively. In this calculation we assume
no dust attenuation.

17

The Astrophysical Journal Supplement Series, 218:15 (27pp), 2015 June Kriek et al.

Figure 14. SFR vs. stellar mass for galaxies in the low 
(green)  and  middle  redshift  interval  (red)  for  a 
Chabrier IMF. The 3σ upper limits are indicated by the 
upside-down  triangles.  The  yellow  symbols  indicate 
the  galaxies  that  were  serendipitously  detected.  The 
SFRs are derived from the combination of Hα and 
Hβ.  The 3σ  limits  on the SFR, calculated using the 
optimal 3σ line sensitivities in H and K, are shown for 
z ∼ 1.37 and z ∼ 2.09 (i.e., the lower boundaries of the 
redshift intervals), respectively. In this calculation we 
assume no dust attenuation. 



Star formation activity
432 Y. Koyama et al.

Figure 8. The SFR–M∗ relation for the Hα-selected galaxies at z = 0.4, 0.8, 2.2. In each panel, we plot the Hα emitters in cluster environment located within
Rc < 1 Mpc and at 1 < Rc < 2 Mpc from the cluster centre. We also plot the Hα emitters in general field environment selected from HiZELS at the same
redshifts. Note that all the Hα emitters plotted here are selected as those having EW(Hα+[N II])rest > 30 Å. The dotted lines show the SFR and M∗ cut applied
at each redshift. The dashed line shows the best-fitting SFR–M∗ relation for the HiZELS sample, while the solid line shows the relation for the cluster sample
assuming the same slope as the HiZELS relation. The dot–dashed line is the local (z = 0) relation derived from the equation provided by Whitaker et al.
(2012). It is clear that the SFR–M∗ relation evolves significantly since z ∼ 2 in both cluster and field environment, while at fixed redshifts, the environmental
dependence of the SFR–M∗ relation seems to be very small, at least when we consider the SFRs derived from Hα emissions.

SFR–M∗ relation across cosmic time, based on our largest Hα emit-
ter samples ever available.

In Fig. 8, we show all the Hα-selected galaxies in clusters and
field environments at each redshift. We use different symbols for the
cluster Hα emitters located within Rc < 1 Mpc, 1 < Rc < 2 Mpc, and
the field Hα emitters from HiZELS (see labels in the plot). For z =
0.4, we also show the Hα emitters located at Rc > 2 Mpc from the
Cl 0939 cluster. This plot clearly shows that the SFR–M∗ relation
evolves with redshift, while the relation is always independent of
environment out to z ∼ 2, qualitatively consistent with the situation
in the local Universe (e.g. Peng et al. 2010; Wijesinghe et al. 2012).
We also show the best-fitting SFR–M∗ relation in each panel. It
can be seen that the offset between the relation for cluster and field
galaxies is always small. The slope of the SFR–M∗ relation tends to
be steeper for the lower redshift samples, which is also qualitatively
consistent with previous works (e.g. Whitaker et al. 2012), but we
note that the best-fitting relation drawn on the plot is uncertain
because our star-forming galaxy samples are not completely stellar-
mass limited.

We here examine the galaxy distribution on the SFR–M∗ plane
more in detail. In Fig. 9, we show the distributions of M∗, SFR and
the offset from the main sequence (best-fitting SFR–M∗ for field
galaxies). The shaded histograms are for field Hα emitters, and the
hatched histograms are for cluster Hα emitters. Broadly speaking,
it seems that there is no significant environmental difference at any
of the three epochs. For z = 0.4/0.8, the KS test suggests that it
is unlikely that the cluster and field galaxies are from a different
parent population, while for z = 2.2, we find a possible trend that
cluster galaxies have a small excess in all three properties (the KS
test actually shows < 1 per cent probability that the cluster and field
samples are from the same parent population). We note that this
trend is qualitatively consistent with some earlier studies showing a
higher stellar masses in star-forming galaxies in z > 2 proto-clusters
(e.g. Steidel et al. 2005; Kurk et al. 2009; Hatch et al. 2011; Matsuda

Figure 9. The distribution of M∗ (left), SFR (middle) and offsets from the
main sequence of field galaxies (right) at each redshift. The shaded his-
tograms show the results for HiZELS sample, while the hatched histograms
show the results for cluster (Rc < 2 Mpc) galaxies. The vertical dotted lines
in the left and middle panels show the M∗ or SFR cut we applied for each
redshift sample, while the dotted lines in the right-hand panels show the
location of the zero-offset. The actual difference between cluster and field
galaxies is always small (!0.1–0.2 dex at maximum), but we note that a
statistical test suggests that the two distributions may be different for our
z = 2.2 sample in the sense that the cluster galaxies have higher M∗ and
higher SFR (see the text).
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- study the main sequence of star-forming 
galaxies and the environmental dependence using 
the most reliable measurements of SFR

Mass-SFR relation (Koyama+13)



Chemical evolution

Cluster galaxies are

- study the environmental dependence of mass-
metallicity (or mass-SFR-metallicity) relation

- more metal rich (Shimakawa+15)
- as metal rich as field ones (Tran+15)
- more metal poor (Valentino+15)

Mass-metallicity relation (Tremonti+04)



Metallicity measurements with Te-method

- significantly enlarge the sample size of z=2-3 
galaxies with accurate metallicity measurements

[OIII]4363 at z=1.7 (Yuan+09) OIII]1661,1666 at z=2.2 (Kojima+17)

Publications of the Astronomical Society of Japan (2017), Vol. 69, No. 3 44-3

qion and radiation hardness are challenging in observations,
which means the qion and the radiation hardness have a
degeneracy. We thus do not investigate the degeneracy of
qion and radiation hardness further in this paper, but instead
assume the non-evolving radiation hardness.

Because the ne evolution cannot explain the BPT offset
under the assumption of the non-evolving radiation hard-
ness, in this study, we investigate the remaining two possi-
bilities, the evolution of N/O and qion. Our goal is to under-
stand the N/O and qion values of z ∼ 2 galaxies based on
the direct Te method. We use multiple line ratios including
[O III] λ4363 and O III] λλ1661,1666 for the reliable Te

method to derive 12 + log (O/H), N/O, and qion values that
are free from many of the systematic uncertainties explained
above. For observational data of this study, we conducted
rest-frame infrared (IR) spectroscopy targeting a z ∼ 2 Lyα

emitter (LAE), COSMOS 12805, which has a significant
detection of the O III] λλ1661,1666 lines useful for the direct
Te method estimates (Shibuya et al. 2014). We also use 10
z ∼ 2–3 galaxies with [O III] λ4363 or O III] λλ1661,1666
measurements from the literature and the composite spec-
trum made by Steidel et al. (2016) of 30 z ∼ 2 galaxies.

The outline of this paper is as follows. In section 2, we
describe our data and observations of COSMOS 12805.
Section 3 presents our sample of z ∼ 2 galaxies, and
discusses the reliability of the galaxies in our sample. In
section 4, we explain the measurements of Te, O/H, N/O,
and qion of the galaxies in our sample. In section 5, we
discuss the three relations of N/O–M⋆, N/O–O/H, and
qion–O/H for the z ∼ 2 galaxies, focusing on how they
are relevant to the BPT diagram offset. We summarize our
results in section 6. Throughout this paper, magnitudes
are on the AB system (Oke & Gunn 1983). We adopt
the following cosmological parameters: (h, $m, $%) =
(0.7, 0.3, 0.7).

2 Data and observations
One of our sample SFGs, COSMOS 12805, is an LAE at
z = 2.159 (RA = 10h00m15.s29, Dec = +02◦08′07.′′48;
J2000.0). This object is selected by the excess of
narrow-band NB387 flux in the two-color diagram of
B − NB387 vs. u∗ − NB387 (Nakajima et al. 2012, 2013).
Shibuya et al. (2014) have carried out follow-up spectro-
scopic observations for COSMOS 12805 with the Low
Resolution Imaging Spectrometer (LRIS: Oke et al. 1998;
Steidel et al. 2004) on the Keck-I telescope, and detected
O III] λλ1661,1666 emission lines in the spectrum of
COSMOS 12805.

In addition, our observation with the Subaru Fiber
Multi Object Spectrograph (FMOS: Kimura et al. 2010)
gives constraints on nebular line fluxes of [O II] λ3727,

Hβ, and [O III] λλ4959,5007. More recently, our program
with the Multi-Object Spectrometer For Infra-Red Explo-
ration (MOSFIRE: McLean et al. 2010, 2012) on the Keck-I
telescope covers emission lines of Hα and [N II] λ6584. In
this section, we describe these observations and data from
Keck/LRIS, Subaru/FMOS, and Keck/MOSFIRE.

2.1 LRIS data

The Keck/LRIS observations were carried out on 2012
March 19–21 (UT) with seeing sizes of 1.′′0–1.′′4 (FWHM).
The total exposure time was 24000 s for the mask
targeting COSMOS 12805. The spectral resolution is
R ∼ 1000, which corresponds to ≃ 300 km s− 1. Details of
our LRIS observations and data reduction are presented in
Shibuya et al. (2014).

Figure 1 shows the rest-frame UV spectrum normalized
by the UV continuum flux density of COSMOS 12805.
The O III] λ1661 and O III] λ1666 lines (referred to as the

Fig. 1. Rest-frame UV spectrum around the O III] doublet of
COSMOS 12805. The top and bottom panels show the two- and one-
dimensional (2D and 1D) spectra, respectively. In the bottom panel, the
solid gray line indicates the spectrum normalized to unity in the UV
continuum level. The solid blue line presents a spectrum smoothed
with a Gaussian function of σ = 3 pix. The red arrows and the vertical-
dashed gray lines denote expected wavelengths of interstellar emission
(i.e., O III] and He II λ1640) and absorption (i.e., Al II λ1671) lines for the
systemic redshift of zsys = 2.159 (see subsection 2.2).
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Figure 1. Observed Subaru MOIRCS spectrum of Lens22.3 at z = 1.7. The
extracted one-dimensional spectrum is shown in black, with the identified
emission lines labeled. The sky telluric absorption and OH emission lines are
shown in red and blue, respectively. The two-dimensional spectrum for each of
the detected lines is shown on top.

air mass ranged between 1.1 and 1.7. Lens22.3 was placed at
one of the center slits of the mask, with a slit width of ∼1′′ and a
slit length of ∼9′′. The telescope was nodded along the slit in a
ABAB mode with a dithering length of 2.′′5. The exposure time
for each individual frame was 400–600 s, resulting in a total
integration time of 6800 s.

We reduced the data using the standard iraf and IDL routines.
Sky OH lines were removed by subtracting the closest dithering
pair A and B. A scaling factor between each pair was determined
to optimize the sky subtraction. The sky-subtracted A–B pair
was flat-fielded, cleaned for comic rays, and then traced and
rectified using a dome flat spectrum. The final two-dimensional
spectrum was created by co-adding the reduced individual pairs.
Wavelength calibration was carried out using the strong OH lines
between 0.9 and 1.8 µm. An F5V standard star was observed
at approximately the same air mass as the target. The Telluric
absorption was obtained by dividing the star spectrum with
a fitted blackbody curve. The resulting stellar spectrum was
then divided into the object spectrum to correct for telluric
absorption.

3. ANALYSIS AND RESULTS

3.1. Metallicity

At redshift 1.7, all the rest-frame optical metallicity diagnostic
lines fall into the spectral coverage of MOIRCS zJ500 grism.
We have detected all the rest-frame nebular emission lines from
[O ii] to Hα, including the usually very weak [O iii] λ4363 line.
Figure 1 shows our final two-dimensional and one-dimensional
rest-frame optical spectrum of Lens22.3. Table 1 lists the
measured line fluxes relative to Hβ, the 1σ error, and S/N. Since
the metallicity studies use only line ratios, we did not attempt
to flux calibrate the spectrum, which is nontrivial in near-IR
observations. The instrument response is essentially constant
for the wavelength range from [O iii] λ4363 to [O iii] λ5007.
The Hα line lies in the region where the response has dropped
by ∼35%. The response on the expected [N ii] line position has
dropped by ∼65%, which may be the reason that there is no

Table 1
Observed Line Intensities and Ratios

Ion Line zobs Flux Flux (corrected) 1σ S/N
(1) (2) (3) (4) (5) (6)

[N ii] λ6584 · · · <0.009 <0.025 · · · · · ·
Hα λ6563 1.705 3.12 5.03 ±0.4 13
[O iii] λ5007 1.706 6.45 6.45 ±0.3 15
[O iii] λ4959 1.705 1.98 1.98 ±0.3 10
Hβ λ4861 1.705 1.0 1.0 ±0.1 5
[O iii] λ4363 1.696 0.27 0.27 ±0.1 3
[O ii] λ3727 1.708 0.95 1.11 ±0.3 8

Notes. (1) Detected emission lines and their rest-frame wavelength. (2) Redshift
calculated from the observed wavelength. (3) Measured flux, relative to Hβ,
detector response uncorrected. (4) Measured flux, relative to Hβ, detector
response corrected. (5) 1σ error of the line flux from Gaussian fitting. (6)
Signal-to-noise of the line flux.

detection of [N ii] within 3σ . After correcting for instrumental
response, we obtain an upper limit for [N ii]/Hα. Metallicities
were calculated using the following two methods.

1. Strong line diagnostics. In the absence of direct measure-
ments from electron temperature, the ratio of strong nebular
lines is used to determine the oxygen abundance. The well-
known discrepancies between the different line ratio indi-
cators can be removed by converting to the same base cali-
bration following the methods of Kewley & Ellison (2008).
We use the indicator R23 = ([O ii] λ3727 + [O iii] λλ4959,
5007)/Hβ to calculate metallicity. In our case, the upper
and lower branch degeneracy of R23 can be broken by the
upper limit of [N ii]/Hα < 0.005. In addition, the detection
of the weak [O iii] λ4363 line almost certainly means the
adoption of the lower branch. For the actual calculation, we
use the lower branch calibration of McGaugh (1991) (M91
method) in the analytical form given by Kobulnicky et al.
(1999). The resulting metallicity is 12 + log(O/H) = 8.0
in the M91 method. Converted to the Kewley & Dopita
(2002) method (KD02), we have 12 + log(O/H) = 8.1 as-
suming zero extinction, or 8.3 assuming a high extinction
value of E(B − V ) = 0.4 (Cardelli et al. 1989; Osterbrock
1989). The high extinction value agrees with the direct es-
timate from the Hα/Hβ in Table 1. However, because the
Hα line lies near the edge where the response has dropped
by ∼35%, the ratio of Hα/Hβ can be largely uncertain
because it depends sensitively on the precision of correc-
tion for the detector response. Therefore, instead of using
only the high extinction from Hα/Hβ, we use two extreme
values of extinction to quantify the range of uncertainty
caused by extinction. Note that the logarithm in the defi-
nition of 12 + log(O/H) means that 10% of change in the
line ratio causes only ∼ 0.04 dex change in metallicity. The
uncertainty for our derived metallicity is therefore < 0.1
dex prior to extinction correction.

2. Direct metallicity from electron temperature Te. The auroral
line [O iii] λ4363 is often very weak, even in low metallicity
environments. It is usually not observed in high metallicity
galaxies without very sensitive, high S/N spectra (e.g.,
Garnett et al. 2004). The 3σ detection of [O iii] λ4363 in
Lens22.3 strongly suggests a low metallicity environment.
The ratio of [O iii] λ5007, 4959 and [O iii] λ4363 allows a
direct measurement of the oxygen abundance via electron
temperature Te. We use the nebular package in iraf to
derive the electron temperature Te = 2.3557 × 104 K,
assuming an electron density ne of 100 cm−3 (Te is relatively

only ~10 galaxies at z~2



ISM properties

- ionization parameter
- shape of ionizing spectrum
- electron density
- abundances of heavy element
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Figure 4: R23-index (left) and [O iii]λ5007/[O ii]λ3727 ratio (right) as a function of metallicity. The grey
dots and the grey triangles and squares show local galaxies. The blue, green, and red symbols present the
galaxy samples at z = 1, 2 and 3, respectively, whose metallicities are Te-based. The red dashed curve
shows the local empirical relations (Nagao et al. 2006). The black solid curves denote photoionization
models (Kewley & Dopita 2002). The labels on the curves present values of logU .

constrain the physics that govern the galaxy evolution with theoretical models (e.g. Lilly et al. 2013,
Onodera et al. 2016). We believe an ultimate discussion will be finally provided by the combination
of ULTIMATE-Subaru and PFS. Metallicities are most accurately determined by gas temperature. We
can measure the gas temperature with the temperature-sensitive oxygen auroral lines of [O iii]λ4363 and
O iii]λλ1661, 1666, which is obtainable with ULTIMATE-Subaru and PFS, respectively, at z = 2 − 5.
The statistical study of the electron temperature of H ii regions in high-z galaxies will be one of the
most interesting but unexamined subject in the era of ULTIMATE-Subaru. We expect a few percentile
of the whole sample (i.e., ∼ 100) to have an individual temperature estimate (cf. Kakazu et al. 2007).
The number could be larger, since half of the sample is comprised of low-mass Lyα emitters, i.e., metal-
poor galaxies with a high gas temperature. At the moment there are only ∼ 10 galaxies at z ∼ 2 − 3
whose metallicity is Te-based (Kojima et al. 2017 and references therein). ULTIMATE-Subaru+PFS will
significantly enlarge the sample size, provide a conclusive picture of the chemical evolution of ISM in
galaxies.

Moreover, we can stack spectra of ∼ 6000 galaxies from the ULTIMATE-Subaru+PFS survey to
detect and measure the flux of the crucial auroral lines needed for the application of the Te method also
at high metallicity. We propose to adopt a stacking scheme in bins of strong emission lines, such as
[O iii]λ5007/Hβ, [O ii]λ3727/Hβ, [O iii]λ5007/[O ii]λ3727, and/or ([O iii]λ5007+[O ii]λ3727)/Hβ (R23-
index). This binning method ensures binned galaxies have approximately the same gas condition of
oxygen abundance and ionization state (Curti et al. 2017).

Figure 4 shows the R23-index and the [O iii]λ5007/[O ii]λ3727 ratio as a function of Te-based metallic-
ity. At higher-z, galaxies with a higher ionization parameter and a lower metallicity are more dominant
than local universe (e.g. Nakajima & Ouchi 2014). Interestingly, the higher-z galaxies appear to follow
the same relations between the strong line ratios and metallicity. This trend implies that galaxies have
the same Z–U correlation (Nagao et al. 2006) irrespective of redshift, and that the physics governing the
ISM condition in galaxies would not be dramatically evolving with redshift. By establishing the relations
at high-z, we will be able to investigate the other important properties such as the ionization state and
the shape of ionizing radiation field in detail (see below). We note that dust extinction effect will be
carefully corrected with the Balmer decrements for the studies using the emission line ratios.
Ionization parameter Ionization parameter provides an useful information for our understanding
the ionization state of the H ii region. Ionization parameter is measured with the use of the ionization
fraction of oxygen, (O2+/O+), which is estimated from the [O iii]λ5007/[O ii]λ3727 ratio and the electron
temperature. Recently, some authors report that a typical ionization parameter increases towards high-
z, and suggest the evolution of ionization parameter (e.g., Nakajima & Ouchi 2014). This could just
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Low-mass strong emission line galaxies

- galaxies with excesses in broad-band photometries
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Figure 9: Transmission curves of broad-band filters of HSC (g, r, i, z, and y) and ULTIMATE (J , H ,
and Ks based on the MOIRCS filters). The red curve in each panel is the spectrum of a typical SDSS-GP
redshifted from z = 0.3 (top) to z = 2.3 (bottom). For instance, [Oiii]λ4959, 5007, Hβ emission lines of
galaxies at z = 0.8 enter the HSC z-band, and z-band excess is expected due to strong emission lines;
the Hα emission line enters in J-band in this case.

Follow-up spectroscopy of these candidates is crucial not only to confirm their redshifts but also to
examine their physical properties in details. The followings are some scientific topics revealed from the
follow-up spectroscopic observations:

1. The accurate measurement of stellar mass and star-formation rate is a fundamental study for these
galaxies. After emission line fluxes are measured precisely, the contribution of the emission lines to
broad-band photometries can be subtracted. The accurate measurement of stellar mass can be made by
fitting the multi-band spectral energy distribution (SED) for the continuum emission. Thanks to the
deep imaging data, the stellar mass limit that we can trace by this sample is expected to be down to
∼ 107 M⊙. We expect to detect multiple Balmer emission lines, and the star-formation rate (SFR) is
measured by using luminosities of Balmer emission lines corrected for the dust extinction estimated from
the Balmer decrement. As reported for the SDSS GPs and our preliminary study, this population of
galaxies tends to have a significantly high SFR at a fixed stellar mass compared to normal star-forming
galaxies, which is expected for galaxies at very high redshift.

2. The chemical properties of strong emission line galaxies are useful information on the star-formation
history of galaxies. As these sample can be thought to resemble star-forming galaxies at very high redshift,
they are assumed not to be evolved chemically so much, and the metallicity is presumably very low. From
spectroscopic follow-up observations, we measure the metallicity by using multiple oxygen emission lines
such as [Oii]λ3727 and [Oiii]λλ4959, 5007. Here, a weak [Oiii]λ4363 is of importance to measure the
electron temperature (Te) that is essential for the accurate measurement of oxygen abundance. It has been
actually reported that the SDSS GPs are located in the lower metallicity region of the mass-metallicity
relation (Amoŕın et al., 2010), and we expect HSC-GPs at higher redshifts are also metal poor. In our
preliminary study, strong emission line galaxies at z ∼ 0.8 selected by the broad-band excess technique
using HSC SSP data have oxygen abundance of 12+log(O/H) ! 8.0, which is roughly consistent with
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Galactic outflows in galaxies at z=3-5

ULTIMATE: systematic velocity using nebular emission lines (e.g., [OII])
PFS: velocity shift using ISM absorption lines (e.g., MgII)

7

The galactic outflows of high-z galaxies have been investigated from velocity shifts, ∆vIS, of inter-
stellar medium (ISM) absorption lines (e.g., Mg ii, C iv) in the rest-frame UV continuum with respect
to the systemic redshift, zsys. For example, Sugahara et al. (2017) measure the outflow velocity at
z ≃ 0− 2 based on the multi-component fitting to ISM absorption lines (Figure 5a). By carefully taking
into account dependences of physical quantities on the galactic outflows in ≃ 2, 100 sample galaxies (e.g.,
stellar mass, M∗, star formation rate, SFR, and galaxy size, re), Sugahara et al. find that the outflow
velocity increases from z ≃ 0 to z ≃ 2 (Figure 5b). However, such a systematic study on galactic outflows
has not been performed for z > 3 galaxies due to the lack of zsys which is traced by the rest-frame optical
nebular emission lines (e.g., Hα) for a statistical galaxy sample (e.g., Schenker et al. (2013)). A deep and
large-area NIR spectroscopic survey is required for constructing a large galaxy sample of galaxies with
zsys at z > 3.

We make a systematic study on the galactic outflows at z ≃ 2−7 with ULTIMATE-Subaru. Our target
galaxies are z ≃ 2 − 7 LBGs and LAEs selected in the UltraDeep (+Deep) fields of the HSC SSP and
intensive survey programs with HSC NB filters (e.g., CHORUS; A. K. Inoue et al.). ULTIMATE-Subaru
with a wide FoV and a high sensitivity enables us to systematically detect the rest-frame optical nebular
emission lines from the z > 3 galaxies for the determination of systemic redshifts. The LBG and LAE
samples cover wide ranges of M∗, SFR, and re, allowing to investigate dependences of galaxy physical
quantities on the outflow velocity Sugawara et al. (2017). For ISM absorption lines in the rest-frame UV
continuum, we make use of the legacy spectroscopic data obtained in the Subaru/PFS survey.

In these LBG and LAE targets, the rest-frame UV continuum emission is detected for galaxies with
mUV < 24.4 mag in the PFS survey (see the PFS white paper). We obtain ∆vIS for these bright galaxies
on an individual basis. To measure the outflow velocity for UV-faint galaxies, we stack the PFS spectra
and obtain typical ∆vIS values.

For z > 5 galaxies whose bright nebular lines (i.e. [O ii]) are redshifted beyond the NIR wavelength
coverage of ULTIMATE-Subaru, we mainly use Lyα to infer the outflow velocity. 1 Lyα line profiles

1The rest-frame UV nebular lines of e.g. C iii]λ1909 could be used for some bright objects.

Figure 5: (a) Example of the multi-component fitting to ISM absorption lines Sugawara et al. (2017).
The red line indicates the best fitting model of ISM absorption lines. The dot-dashed brown, dashed
blue, and long-dashed green lines shows the intrinsic, wind, and systemic components, respectively. The
vertical dashed gray lines represnet the systemic redshifts of the absorption lines. (b) Outflow velocity as
a function of SFR for for galaxies at z ≃ 0 (blue), z ≃ 1 (green), and z ≃ 2 (red) Sugawara et al. (2017).
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Cosmological Evolution of AGN number density
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mildly-obscured AGNs (see datapoints in the right panel of Figure 6). However, the current knowledge
on the number density of Compton-thick AGNs are rather heterogeneous and not conclusive. Because
the MIR methods select limited part of heavily-obscured AGNs, furthermore, only a small part of the
candidates have spectroscopic redshifts.

The number density of AGNs compared to normal galaxies is small, thus wide field coverage as wide
as a few square degree is necessary. If we cover 1 sq.deg of sky, cosmic volume of 0.8× 107 Mpc3 will be
covered at z = 2.0 − 2.6. The large volume is required to cover multiple luminous AGNs. Additionally,
it is particuraly important to cover galaxies more massive than M∗ > 1010.5M⊙ without bias, because
X-ray-selected AGNs are mostly associated with galaxies in this mass range even for AGNs as faint as
L2−10 keV = 1042 erg s−1 (Akiyama et al., 2015).

The NIR spectroscopic survey for heavily-obscured AGNs with ULTIMATE-Subaru is also important to
understand the AGN populations that will be discovered by future wide-field survey satellites, ATHENA
and SPICA, planned to be launched in late 2020s. ATHENA is a next generation wide field X-
ray survey satellite, which can cover 40×40 arcmin2 with 5 times larger effective correcting area than
XMM -Newton. The proposed ATHENA survey covers 2 deg2 region down to the depth that has
been reached only in a < 0.01 deg2 with ultra deep Chandra surveys currently, and ∼ 100 deg2 with a
few times shallower than the depth. Though ATHENA can search for moderately-obscured AGNs, the
ATHENA data itself do not provide the redshift of X-ray sources and thus wide-field NIR spectroscopic
survey with ULTIMATE-Subaru (not with optical instruments, that are less powerful for obscured AGNs)
for ATHENA sources is crucially important to understand their statistical nature.

SPICA can conduct deep low-resolution long-slit spectroscopic and imaging survey in MIR/FIR wave-
length range within ∼10 sq.deg to search for the AGN activity with hot/warm dust component of AGNs
(Wada et al., 2016; Kaneda et al., 2017). More specifically, in the redshift range of z = 2.0− 2.5 where
ULTIMATE-Subaru efficiently diagnoses the AGN activity through H- and K-band spectroscopy, ∼10–20
AGNs in one FoV of ULTIMATE-Subaru will be identified by the SPICA low-resolution spectroscopic
survey. Furthermore, 34 µm imaging survey with SPICA can reach 10 times deeper than the deepest
surveys with Spitzer and Hershel in similar wavelengths (see Figure 7; Gruppioni et al. (2017)), and
more than 100 AGNs at z = 1.0 − 3.0 in one FoV of ULTIMATE-Subaru will be detected. The NIR

z z

Figure 6: The cosmological evolution of number density of Compton-thin (left) and Compton-thick
(right) AGN populations (Ueda et al., 2014). For Compton-thin AGNs, large X-ray surveys constrain
their number density in the wide luminosity and redshift ranges. On the contrary, the cosmological
evolution of Compton-thick AGNs is largely unknown. The solid line in the right panel indicate the
expected number density evolution required to expain the strength of the hard X-ray Cosmic X-ray
Background.
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A role of ULTIMATE-Subaru/MOS survey


