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ABSTRACT
We present a spectroscopic survey of galaxies in the COSMOS field using the Fiber Multi-Object
Spectrograph (FMOS), a near-infrared instrument on the Subaru Telescope. Our survey is specifically
designed to detect the Hα emission line that falls within the H-band (1.6-1.8 µm) spectroscopic
window from star-forming galaxies with 1.4 < z < 1.7 and Mstellar & 1010 M⊙ . With the high
multiplex capability of FMOS, it is now feasible to construct samples of over one thousand galaxies
having spectroscopic redshifts at epochs that were previously challenging. The high-resolution mode
(R ∼ 2600) effectively separates Hα and [NII]λ6585 thus enabling studies of the gas-phase metallicity
and photoionization state of the interstellar medium. The primary aim of our program is to establish
how star formation depends on stellar mass and environment, both recognized as drivers of galaxy
evolution at lower redshifts. In addition to the main galaxy sample, our target selection places priority
on those detected in the far-infrared by Herschel/PACS to assess the level of obscured star formation
and investigate, in detail, outliers from the star formation rate - stellar mass relation. Galaxies with
Hα detections are followed up with FMOS observations at shorter wavelengths using the J-long (1.111.35 µm) grating to detect Hβ and [OIII]λ5008 that provides an assessment of extinction required to
measure star formation rates not hampered by dust, and an indication of embedded Active Galactic
Nuclei. With 460 redshifts measured from 1153 spectra, we assess the performance of the instrument
with respect to achieving our goals, discuss inherent biases in the sample, and detail the emissionline properties. Our higher-level data products, including catalogs and spectra, are available to the
community.
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1. INTRODUCTION

Over the last few years, a clearer picture has started
to emerge on how galaxies are built up with cosmic time.
These developments are primarily afforded by the remarkable wealth of multi-wavelength imaging that telescopes have provided, from both space and the ground,
together with optical spectroscopic surveys (e.g., SDSS,
VVDS, zCOSMOS, DEEP2) that have amassed samples
ranging from several thousands to over a million galaxies.
This continuously expanding database provides a map of
the galaxy distribution up to z ∼ 2 (and beyond), and enables a measure of their intrinsic properties such as their
stellar mass, ongoing star formation rate (SFR) and information on their stellar populations such as ages and
the chemical enrichment of the interstellar medium. As
a consequence, it has been recognized that at least to
z ∼ 3 most galaxies are either star-forming or had their
star formation quenched while subsequently evolving in
a passive mode. The fraction of the latter rapidly drops
beyond z ∼ 1 although most galaxies at high masses
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(Mstellar & 1011 M⊙ ) are quenched at least up to z ∼ 2
(e.g., Williams et al. 2009; Cassata et al. 2013). On the
other hand, most star-forming galaxies cluster around a
relatively tight SFR-stellar mass relation, that came to
be called the main sequence (MS) of star-forming galaxies (e.g., Noeske et al. 2007; Elbaz et al. 2007; Daddi et al.
2007; Wuyts et al. 2011; Speagle et al. 2014), whereas relatively few outliers, towards high specific SFR from the
main sequence (∼ 2% by number), appear to be experiencing a starburst episode (Rodighiero et al. 2011; Sargent et al. 2012), possibly triggered by a merging event
(e.g., Kartaltepe et al. 2012). For both the star-forming
and quenched populations, the mass functions have been
measured with fair accuracy all the way to such high redshifts (e.g., Bundy et al. 2006; Fontana et al. 2009; Ilbert
et al. 2010, 2013; Grazian et al. 2015) and the fraction
of quenched galaxies has been mapped as a function of
stellar mass and, up to z ∼ 1, also of local environment
(Peng et al. 2010, 2012; Scoville et al. 2013).
At z > 1, our understanding of the influence of the local environment on star-forming galaxies, based on spectroscopic surveys, is mainly limited to small samples of
groups or massive clusters. However, studies based on
large spectroscopic efforts have begun to construct significant samples of galaxy over-densities at these higher
redshift (Gerke et al. 2012; Diener et al. 2013) using surveys such as zCOSMOS and DEEP2. Although, there
has been a wide gap at 1.4 ≤ z ≤ 1.8, namely the redshift desert as it came to be called, which historically
proved to be the most difficult redshift regime for optical spectroscopic surveys to penetrate (see Figure 13
of Le Fèvre et al. 2015). This is primarily the result
of strong spectral features (e.g., the 4000 Å break and
emission lines such as Hα, [OIII]λ5008 and [OII]λ3727)
having moved to the near-IR, hence to measure redshifts
optical spectroscopy had to rely only on weak absorption
lines detected in rest-frame ultraviolet (e.g., Lilly et al.
2007) or carry out deep and observationally expensive
campaigns (Cimatti et al. 2008; Le Fèvre et al. 2015).
Until recently, this wide critical “slice” of our Universe,
precisely at the peak cosmic epoch in galaxy growth and
AGN activity, has not yet been adequately mapped by
spectroscopic surveys.
Near-infrared instruments on large-aperture telescopes
with high multiplex capabilities are providing the means
for surveys to fill such a gap in redshift space. The Fiber
Multi-Object Spectrograph (FMOS; Kimura et al. 2010)
at the prime focus of the Subaru Telescope is designed
specifically for this purpose. With 400 fibers spread
over a field-of-view of 30′ in diameter, it is now feasible to carry out a redshift survey of a thousand galaxies, practically unfeasible with previous near-infrared instruments. There also exists a complementary capability with HST/WFC3 in grism mode that benefits from
avoiding atmospheric contamination; although, its fieldof-view is substantially smaller than that of FMOS thus
preventing surveys (e.g., Wuyts et al. 2013; Price et al.
2014) from covering a large enough volume thus limiting
the dynamic range in environment. The CANDELS field
within COSMOS is an example of this since the area
coverage is smaller than a single FMOS pointing (Figure 1) thus not capable of including rare objects (i.e.,
massive galaxies and AGN). Equally important, the high

spectral resolution of FMOS is suitable to separate Hα
and [NII]λ6550, 6585 (not possible with the low resolution grism spectra from HST/WFC3), hence measuring
gas phase metallicity and providing an indication of AGN
activity when coupled with spectral coverage of Hβ and
[OIII]λ5008. Other multi-object spectroscopic facilities
such as KMOS on ESO’s Very Large Telescope (Sharples
et al. 2013), MOSFIRE (McLean et al. 2012) on Keck,
and MOIRCS (Onodera et al. 2012) on Subaru nicely
complement the wide-field capabilities of FMOS due to
their high sensitivity, thus reaching the fainter galaxy
population, although over a substantially smaller area.
In this paper, we present the design and observational
results of a large near-infrared spectroscopic survey targeting star-forming galaxies at 1.4 . z . 1.7 in the
COSMOS field using Subaru/FMOS. This is a joint effort based on a “Subaru Intensive Program” (PI J. Silverman) approved by NAOJ and a program awarded
through the University of Hawaii, Institute for Astronomy (PI D. Sanders). The early H-band observations
presented here include seven nights awarded by NOAJ
to carry out a pilot study and a subsequent Intensive
Program. The observations acquired through UH have
focused on the J-band followup of the positive Hα detections from the H-band observations to provide the full
suite of key emission lines of galaxies (Kartaltepe et al.
2015).
Our broad aim is to advance our understanding of
galaxy evolution at this most active epoch by obtaining
accurate measurements of SFR, extinction, metallicity,
AGN identification and providing a characterization of
the environment that only spectroscopic redshifts can accomplish. Our program makes use of the high-resolution
mode to cleanly separate Hα and [NII] as detected in the
H-band. Follow-up observations are also acquired for a
subset of targets to detect Hβ and [OIII]λ5008 in the
J-band, thus providing an extinction correction based
on the (1) Hα to Hβ ratio (i.e., Balmer decrement), (2)
an indication of the photoionization state of the ISM,
and (3) an improved measurement of metallicity. While
the first results are public (Kashino et al. 2013; Zahid
et al. 2014b; Rodighiero et al. 2014), herein we fully detail the survey design including the observing strategy
and target selection. We explicitly demonstrate inherent
biases in the sample such as that induced by a limit on
the expected Hα flux that was imposed a priori to increase the likelihood of an emission-line detection. With
1153 FMOS spectra in hand, we present the effectiveness of our target selection as a function of key parameters and provide a catalog of emission-line properties
including spectroscopic redshifts with a detailed assessment of their accuracy. With respect to the latter point,
the zCOSMOS deep sample (Lilly et al. 2007) allows us
to perform an independent check on the FMOS redshifts.
The paper is organized with the following sections: survey design (Section 3), target selection (Sections 4 and
5), induced selection biases (Section 6), observations and
data reduction (Section 7), emission-line fitting (Section
8), determination of spectroscopic redshifts (Section 9),
description of our catalog (Section 10), and emission-line
properties (Section 11). Finally, we conclude with our
plans to acquire a final sample of over 1000 galaxies in
COSMOS with 1.4 . z . 1.7 having spectroscopic redshifts (based on FMOS high-resolution spectra) thus en-
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Table 1
Location of the FMOS footprints

Figure 1. Location of the four FMOS footprints overlaid on the
HST/ACS mosaic of the COSMOS field. The area with WFC3
NIR imaging from CANDELS is shown in blue. Galaxies observed
with FMOS using the H-long grating are indicated by small black
dots.

abling us to significantly improve upon the density field
and our investigation of galaxy properties as a function
of environment. We also highlight that our earlier and
complementary effort to build a large sample of galaxies with IR spectra using FMOS in low-resolution mode
in the COSMOS field is well underway (Matsuoka et al.
2013; Kartaltepe et al. 2015) with the full details of the
survey to be presented in a forthcoming paper (Kartaltepe et al. in preparation). Throughout this work, we
assume H0 = 70 km s−1 Mpc−1 , ΩΛ = 0.75, ΩM = 0.25,
AB magnitudes and a Salpeter initial mass function.
2. NEAR-INFRARED SPECTROSCOPY WITH
SUBARU/FMOS IN HIGH-RESOLUTION MODE

The Fiber Multi-Object Spectrograph (FMOS; Kimura
et al. 2010) on the Subaru Telescope is paving the way for
surveys of high-redshift galaxies (Yabe et al. 2012, 2014;
Roseboom et al. 2012; Okada et al. 2015; Tonegawa et al.
2015) and AGNs (Nobuta et al. 2012; Matsuoka et al.
2013; Brightman et al. 2013). Such progress is afforded
by the ability to simultaneously acquire near-infrared
spectra for about 200 galaxies (over a circular region
of 30′ in diameter) when implementing the cross-beam
switching (CBS) mode, a technique that dithers targets
between fiber pairs effectively measuring the sky background spatially close to individual objects and through
the same fibers as the science targets. Each fiber is 1.2′′
in diameter ideal for high-redshift targets observed under typical seeing conditions (∼ 0.7′′ ) at the summit of
Mauna Kea. An OH-airglow suppression filter (Maihara
et al. 1994; Iwamuro et al. 2001) masks out strong atmospheric emission lines that usually plague the J-band
and H-band at the expense of losing ∼ 25% of spectral
coverage. This fraction of lost pixels will come into the
discussion later to explain the number of non-detections
with respect to the Hα emission line.
While some of the early studies mentioned above were
carried out in a low spectral resolution mode, FMOS
has been operational in a high-resolution mode since the

Name

RA

Dec

HR1
HR2
HR3
HR4

09:59:56.0
10:01:35.0
10:01:19.7
09:59:38.7

+02:22:14
+02:24:53
+02:00:30
+01:58:08

spring of 2012 (S12A). There is an overall improvement
in system throughput by a factor of ∼3 due to the removal of the VPH grating required for low-resolution
observations. The spectral resolution in high-resolution
mode is λ/∆λ ≈ 260019 in the H-band that cleanly separates Hα and [NII]λ6585 and has a velocity resolution
F W HM ∼ 115 km s−1 . Four high-resolution gratings
are designed to provide contiguous spectral coverage over
the full J (J-short: 0.92-1.12 µm, J-long: 1.11-1.35 µm)
and H (H-short: 1.40-1.60 µm, H-long: 1.60-1.80 µm)
bands. We refer the reader to Kimura et al. (2010) for
further details of the instrument and its performance.
3. SURVEY STRATEGY

The FMOS-COSMOS survey is an effort to acquire
a large number of near-infrared spectra of star-forming
galaxies with Subaru/FMOS that will yield a final sample of at least ∼1000 galaxies, for the high-resolution
component, having spectroscopic redshifts between 1.4 .
z . 1.7. As a result of the performance of FMOS, our
survey is essentially an emission-line survey; as will be
demonstrated, the detection of the continuum is out of
reach for the majority of the galaxies at these redshifts
in a reasonable amount of exposure time.
We designate the central square degree20 of the COSMOS field as our spectroscopic survey area to benefit
from the rich multi-wavelength efforts. In particular,
the zCOSMOS Deep program (Lilly et al. 2007) has acquired ∼500 quality spectroscopic redshifts within our
redshift range of interest. With a field-of-view of 0.19
square degrees, four FMOS footprints cover the central
area (Figure 1 and Table 1). Each footprint is observed
multiple times to increase the spatial sampling necessary
to measure galaxy clustering with projected pair separations reaching down to ∼200 kpc (Kashino et al. in
preparation). Galaxies slightly outside the FMOS fieldof-view, shown in Figure 1, are targeted as a result of the
fibers having a considerable angular patrol area.
3.1. Initial detection of Hα
The Hα emission line is the key spectral feature for
redshift determination and an indicator of star formation (Kennicutt 1998). With the H-long grating, we observe a wavelength range of 1.6 to 1.8 µm, capable of
detecting Hα for galaxies with 1.43 < z < 1.74. This
redshift range is chosen specifically to take advantage of
the fact that the H-long grating has the highest throughput among the FMOS gratings (see Figure 19 of Kimura
19 We find that the spectral resolution λ/∆λ achieved with the
H-long grating is closer to 3000 based on the Th-Ar calibration
images as opposed to 2600 as reported in Kimura et al. (2010).
20 A second intensive program (PI Silverman) is now underway
to cover the outer area of the COSMOS field that should be completed in early 2016.
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et al. 2010). The detection of [NII]λ6585 emission lends
further confidence in the redshift measurement and is
used to estimate the gas-phase metallicity. The width of
the line profile yields insight into the kinematics of the
line-emitting gas as a result of our velocity resolution.
For example, velocity-broadened lines may further indicate the presence of galactic outflows or underlying AGN
as identified by components having velocity widths substantially higher than expected for star-forming galaxies.
Our program is designed to complete at least 12 individual FMOS pointings using the H-long grating that
covers each footprint with three or more passes. We observe each FMOS configuration for the maximal amount
of time possible in one night with on-source exposure
times ranging from 3 to 5 hours. Broadly speaking, the
observational campaign is tuned to identify Hα emission
in about 1000 galaxies from a total of 2400 spectra based
on 200 science targets per FMOS configuration and a
success rate (44%) as assessed in Section 9.2.

3.2. Spectral coverage of Hβ and [OIII]λ5008
A second layer of our survey is to re-observe galaxies
(with positive Hα detections) using the J-long grating,
that covers a wavelength range of 1.11-1.35 µm, to detect the Hβ and [OIII]λ5008 emission lines. To alleviate
the substantial demand on Subaru for this purpose, we
are collaborating with the Institute for Astronomy at the
University of Hawaii Manoa (PI Dave Sanders) to supplement our observations acquired through the intensive
program. Exposure times are comparable to the H-long
observations. The detection of additional emission lines
provides a consistency check on the accuracy of the spectroscopic redshifts. Equally important, the detection of
both [OIII]λ5008 and Hβ are vital ingredients for determining the oxygen enrichment of the interstellar medium
(Zahid et al. 2014a,b) and identifying galaxies with line
ratios indicative of AGN photoionization (Kewley et al.
2013a,b; Kartaltepe et al. 2015).
Specific to these J-long observations, the remaining
free fibers are dedicated to a low-redshift (0.7 . z . 1.0)
extension of this study. Galaxies are targeted with the
aim of identifying Hα+[NII] in emission for (1) those primarily having IR detections with Spitzer (24 or 70 µm)
and Herschel (100 or 160 µm). The remaining fibers
are placed on X-ray selected AGNs in a manner similar
to those described in Section 5.2 with the only difference being the lower redshift range. The full details of
this low-redshift sample will be presented in a subsequent
paper (Kartaltepe et al. in preparation).
As demonstrated in subsequent sections, the detection
of Hβ is challenging, especially given the sensitivity
of FMOS, thus we rely on stacking spectra for many
scientific investigations. Kashino et al. (2013) demonstrate the effectiveness of this approach while binning
in stellar mass, star formation rate and color excess to
determine whether the average extinction levels are in
agreement with estimates from broad-band photometry
including the far-infrared emission observed by Herschel
(Rodighiero et al. 2014). Even so, we do have a sizable
sample (112) of galaxies with all four lines detected (see
Section 11.2 for details).

4. PRIMARY TARGET SELECTION: STAR-FORMING
GALAXIES AT Z ∼ 1.6

The COSMOS photometric catalogs (Capak et al.
2007; McCracken et al. 2010, 2012; Ilbert et al. 2013) and
those including the higher-level derived properties of individual galaxies are used for target selection. For each
galaxy, the broad-band photometry is fit using LePhare
(Arnouts & Ilbert 2011) with population synthesis models (BC03; see Ilbert et al. 2009, 2013, for further details)
to derive accurate photometric redshifts that are crucial
to establish their intrinsic properties such as stellar mass,
SFR and color excess. Our scheme for target selection of
the main sample (i.e., massive, star-forming galaxies) is
devised to achieve our scientific goals while maximizing
the efficiency with respect to detecting Hα in the FMOS
IR spectroscopic window. We list the specific selection
limits applied to the parent photometric catalogs (further elaborated below) including refinements that have
been implemented for the intensive program. To reiterate, we use stellar masses and SFRs based on a Salpeter
initial mass function.
• Ks < 23 (AB mag), a limit set by the depth
and completeness of CFHT WIRCam observations
(McCracken et al. 2010).
• 1.43 < zphot < 1.74; range for which Hα falls within
the FMOS H-long spectral window.
• Mstellar & 1010 M⊙
• Observed colors (B − z and z − K) satisfy the criteria of being a star-forming (s)BzK (Daddi et al.
2004).
• Expected Hα flux above a given threshold of detectability (as detailed below)
In Figure 2, we show the distribution of stellar masses
and SFRs for parent galaxy population and those that
have been included in the FMOS observing program.
The above requirements on selection are set to ensure
that the observed sample sufficiently spans the distribution of the main sequence of star-forming galaxies.
Even so, there are inherent selection biases that are subtle and non-negligible that we illustrate in Section 6.
Given our selection limit of K = 23 and scaling from
completeness estimates shown in Figure 2 of Ilbert et al.
(2013), we reach a completeness of 60% (93%) at 9.8 <
log Mstellar < 10.0 (10.2-10.4). It is also clear from Figure 2 that we have observed some galaxies below the
mass limit given above and briefly describe these additional targets in Section 5.3. On another point worth
mentioning, we do not avoid targeting galaxies having
successful or unsuccessful attempts to measure a redshift
from other spectroscopic efforts such as the zCOSMOS
deep program (Lilly et al. 2007) in the optical. Such additional selection criteria would only further complicate
the selection function that may lead to inherent biases
that are challenging to assess and properly remove. Our
comparisons, as presented below, between the FMOS and
zCOSMOS results show a complementarity and further
enable us to investigate the reasons for the redshift failures of both surveys.
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4.1. Predicting the Hα emission
We further select galaxies having a prediction of their
Hα emission-line flux (based on SFRs and dust corrections as derived from the broad-band photometry) above
a specific threshold to maximize the success rate of line
detection. Using the FMOS exposure time calculator
for an initial estimate, a threshold of 4 × 10−17 erg s−1
cm−2 is set to detect a line (integrated across a profile
of FWHM=300 km s−1 ) with a significance greater than
3σ. This emission-line limit is equivalent to a SFR of
∼ 10 M⊙ yr−1 for galaxies at z ∼ 1.6 (Kashino et al.
2013). While a consideration of the spatial extent of the
targets and the size of the fiber aperture is practical, we
neglected to do so for the initial observations given various uncertainties at the time concerning the performance
of the instrument.
For the pilot study, SFRs are assessed using the restframe UV luminosity as determined from the BJ -band
as done in Daddi et al. (2004). We restricted the targets
to the ‘very good’ sBzK where δlog[SF R(U V )] < 0.13
dex as done in Rodighiero et al. (2011) to ensure that
our predicted Hα fluxes were reliable for the initial performance verification of FMOS in high resolution mode
with our sample. The uncertainty on SFR(UV) includes
a contribution from the error on the BJ magnitude and
the BJ −z color used to correct for extinction. This ‘very
good’ BzK sample represents ∼60% of the full sBzK population where the missed objects are faint in the B-band
and have large errors on their color thus likely are the
most heavily extinct galaxies.
The impact of dust on the prediction of the emissionline flux is assessed from the color excess Estar (B − V )
as derived from the rest-frame BJ − z color (Daddi et al.
2004) for each galaxy as mentioned above. In addition, a
multiplicative factor f is applied to compensate for the
differential extinction between stellar and line-emitting
regions Eneb (B − V ) = Estar (B − V )/f . Initially, we
used the canonical value of f = 0.44, appropriate for
local star-forming galaxies (Calzetti et al. 2000).
4.2. Refining the intensive program
The pilot program allowed us to test the performance
of the instrument and optimize our target selection for
the subsequent intensive program. Based on the quality of the resulting spectra and the availability of updated photometric galaxy catalogs, we implemented a
number of changes to the selection of galaxy targets.
The most significant of these are (1) the implementation
of a fainter limiting K − band magnitude (23 to 23.5),
(2) a higher cut on the predicted Hα flux, and (3) an
optimisation of the conversion factor of stellar to nebular extinction. The first two modifications are coupled
as a result of the deeper UltraVISTA observations (McCracken et al. 2012) that generated a larger sample of
galaxies from which we could select targets. The predicted emission-line flux was raised from 4 × 10−17 erg
s−1 cm−2 to 6.8 × 10−17 erg s−1 cm−2 with a higher pripred
ority of assigning fibers to those with fHα
> 1 × 10−16
−1
−2
erg s cm . The fainter K-band limit of 23.5 results in
an increase in the completeness in terms of stellar mass:
80% (99%) at 9.8 < log Mstellar < 10.0 (10.2-10.4). The
higher emission-line limit increases the likelihood that we
have the sensitivity to detect the light actually coming
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Figure 2. SFR as a function of stellar mass for the targeted galaxy
sample (1.44 ≤ zphot ≤ 1.72 and Ks < 23.5). All SFRs, shown
here, are those returned from a SED fitting routine. While a stellar
mass limit is primarily imposed for the majority of the sample
(Mstellar > 109.8 M⊙ ), we have observed with FMOS some lower
mass galaxies as fillers. Galaxies in the parent catalog are shown as
small circles while those observed with FMOS are marked in color
indicative of whether a spectroscopic redshift was attained (green:
Hα S/N > 5, blue: 1.5 < Hα S/N < 5, red: Hα S/N < 1.5)

down the fiber since the majority of our galaxies extend
beyond the fiber aperture. This is effectively an aperture
correction that had not been applied to the pilot observations. As a final consideration, the conversion of stellar
to nebular extinction changed based on our early analysis
that pointed to a higher f -factor than previously implemented (see section 11.1). For the intensive program, we
use f = 0.66 (Kashino et al. 2013) as opposed to 0.44.
We made a number of additional changes to the selection. With respect to predicting the level of Hα emission, the intrinsic SFR for the intensive program is derived from a fit to the broad-band SED in contrast to
using solely the B − band luminosity (corrected for extinction). This is based on the assumption of a constant
star-formation history that has been shown to return a
SFR similar to that derived from the rest-frame UV band
(e.g., Rodighiero et al. 2014). As shown in the top panel
of Figure 3, there is a direct one-to-one relation between
the SED- and the UV-based SFRs with scatter at the
level of σ = 0.20. The color excess Estar (B − V ) is also
derived from the full SED fitting routine as opposed to
being based on a single color B − z. There is some concern that the Estar (B-V) output from the SED fitting
may not effectively discriminate between dust extinction
and stellar age. In the lower panel of the same figure,
there is a clear correspondence in the the level of extinction assessed from both methods. However, the stellar
extinction based on a single color is slightly higher by
about ∼ 0.05 than that returned from the global SED
fit, although not severe enough to affect our predictions
of the Hα flux and impact our redshift success rate. At
the expense of slightly lowering the success rate, we perform no additional screening of the sample, such as considering errors on SFR, to refrain from further removing
heavily obscured galaxies.
We demonstrate that the SED-selected and sBzK sam-
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Figure 3. (a) Comparison of UV- and SED-based SFRs for the
‘very good’ sBzK sample. (b) Color excess as derived from BJ − z
(UV) color and broad-band SED fitting.

ples are nearly equivalent in their characteristics. For
instance, an overwhelming majority of the SED-selected
galaxies (within our redshift and stellar mass range of interest) satisfy the sBzK color selection (as a star-forming
galaxy) as shown in Figure 4. While there is a population of galaxies with (B − z) & 2.5 that falls out of the
sBzK color space and below the region where the passive BzK galaxies lie (z − K > 2.5), it has not yet been
demonstrated that these galaxies have accurate photometric redshifts that would place them within an acceptable redshift range for which the BzK selection method is
applicable. For most of them, we have no firm confirmation of their redshifts through IR or optical spectroscopy.
Finally, the impact of imposing a limit of the expected
Hα emission-line flux does not obviously remove galaxies of a particular location in the (B − z)-(z − K) plane
(Fig. 4b).
5. ADDITIONAL TARGETS
5.1. FIR sources from the Herschel PACS

Evolutionary Probe (PEP) survey
The COSMOS field has been covered with HerschelPACS imaging (Lutz et al. 2011) at 100 µm (8 mJy)
and 160 µm (17 mJy) with 5σ detection limits as given
in parenthesis. These flux limits correspond to a SFR

Figure 4. SED-selected sample with 1.44 ≤ zphot ≤ 1.72,
Mstellar > 109.8 M⊙ , and Ks < 23.5: Galaxies in the parent
catalog are shown as small grey dots while those observed with
FMOS are marked in color indicative of whether a spectroscopic
redshift was attained (same labels as in Figure 2). The top panel
presents the full sample while the bottom panel shows only those
galaxies with predicted Hα fluxes above our imposed higher limit
of 6.8 × 10−17 erg s−1 cm−2 thus targeted with FMOS.

of ∼ 100 M⊙ yr−1 at z = 1.6. As further detailed in
Rodighiero et al. (2011), the PACS sources are matched
with the IRAC-selected catalog of Ilbert et al. (2009)
thus providing broad-band photometry from the UV to
IR, accurate photometric redshifts, and stellar masses
derived from SED fits. SFRs are estimated as the sum
of the UV and IR luminosity with the latter based on
the integral of the best-fit SED in the 8-1000 µm restframe spectral window (see Rodighiero et al. 2010, for
further details). In Figure 5, we show the SFRs and
stellar masses of the Herschel-PACS sources between
1.44 < zphot < 1.72 and indicate those observed with
FMOS. It is clear that the PACS sources are in the minority, as compared to the full star-forming ‘main-sequence’
population, thus require prioritization with respect to
fiber assignment to target these interesting objects with
sufficient statistics, especially those elevated well above
(> 4×) the star-forming main sequence. The FMOS
spectra can aid in the evaluation as to whether AGN contribute to the high levels of FIR emission either through
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X-ray obscuring medium (Maiolino et al. 2001). We reserve the study of the rest-frame optical emission lines of
the X-ray AGN to subsequent works, particularly since
the line profiles are more complex than the star-forming
galaxies.
5.3. Low-mass galaxies
When possible, we placed a limited number of fibers
on low mass star-forming galaxies (1.4 < zphot < 1.7)
to fill all the free fibers primarily during the pilot program (S12A). While these were selected from Ilbert et al.
(2009) to have 109 < M∗ < 1010 M⊙ , the restriction on
the expected Hα flux to be above 4 × 10−17 erg s−1 cm−2
induced an effective lower mass cut around M∗ ∼ 109.4
M⊙ . We discontinued the observations of the low-mass
galaxies after S12A to achieve a higher completeness for
the more massive (Mstellar & 1010 M⊙ ) galaxies.
6. INDUCED SAMPLE CHARACTERISTICS AND BIASES
Figure 5. Herschel/PACS targets shown as a function of SFR
and stellar mass. SFRs for PACS sources are based on 160µm
fluxes. Galaxies observed with FMOS are marked in color indicative of whether a spectroscopic redshift was attained (same labels
as in Figure 2). Herschel/PACS sources that not observed are
marked as black circles. For comparison, we include the larger
star-forming galaxy sample (small grey dots) with SFRs derived
from SED fitting as described in the text.

the detection of broadened emission lines or emission line
ratios indicative of photoionization from an AGN.
5.2. X-ray-selected Active Galactic Nuclei (AGN)
Near-infrared spectroscopic surveys of distant galaxies,
hosting rapidly accreting supermassive black holes, are
lacking in statistical power. To alleviate this deficiency,
we are using the high multiplex capabilities of FMOS
to target the rarer galaxy population with AGN. Therefore, we observe optical/near-infrared counterparts to Xray sources from the Chandra coverage of the central
square degree of COSMOS (Elvis et al. 2009; Puccetti
et al. 2009) that have either spectroscopic or photometric redshift information (Civano et al. 2012). While we
began such an effort with FMOS in the low-resolution
(LR; R = 600; 0.9 < λ < 1.8µm) mode (Matsuoka et al.
2013; Brightman et al. 2013), we aim to improve the
NIR coverage at higher resolution for the following purposes. For instance, we can detect broad (FWHM >
2000 km s−1 ) Hα and Hβ for fainter AGNs, likely of
lower black hole mass than present in the LR program
due to the increase in sensitivity. On the issue of measuring virial black hole masses, we can establish how resolution impacts our characterization of the velocity profile of
the broad-line emitting gas for AGN that have been observed using both the low and high resolution gratings.
Closely related to this issue, higher resolution spectra
permit us to determine how well we are able to disentangle the broad and narrow lines, especially with respect
to the Hα line when using spectra of lower resolution.
Of equal interest, we target narrow-line (FWHM < 2000
km s−1 ) AGNs, primarily in observations carried out in
2013 through early 2014, to provide a unique data set for
studying the physics of the narrow-line region including
photoionization conditions (Kewley et al. 2013a,b) and
extinction properties that can be directly related to the

There are induced constraints on the characteristics
of the observed sample due to the imposition of a limit
on the Hα flux expected to be detected with FMOS. In
particular, this will bias the sample by placing greater
weight on galaxies having higher SFRs, and lower levels
of extinction. In Figure 6, we illustrate the magnitude
of the effect by comparing the distributions of SFR (in
bins of stellar mass and colour excess) for the parent
and observed samples. The top two panels (a − b) show
the distribution of the expected total (i.e., galaxy-wide)
Hα flux split into two mass bins (10 < log M∗ < 10.7,
10.7 < log M∗ < 11.5). In each panel, the subsample
is further divided in bins of color excess Estar (B − V ),
covering a range of 0.1 to 0.8. In the low mass bin
(panel a), the emission-line limit of 4 × 10−17 erg s−1
cm−2 prevents most of the heavily dust-obscured galaxies (0.6 < Estar (B − V ) < 0.8) to be included as targets
for FMOS observations and even more so when implementing a higher weighting for those with fHα > 10−16
erg s−1 cm−2 (panels e − f ). While a similar effect is
seen in the higher mass bin (panel b), the majority of the
dust-obscured population (0.4 < Estar (B − V ) < 0.8)
falls above the lower cut (dashed vertical line) thus
present in the observed sample but to a lesser degree
with the greater weighting at higher flux levels (dotted vertical line). The inclusion of these galaxies is
due to the fact that the SFRs are substantially higher,
given the SFR - stellar mass relation, and that extinction increases with stellar mass. The latter point is easily seen since the lower mass galaxy population (panel
a) is clearly dominated by those with very little dust
(0.1 < Estar (B − V ) < 0.4) while the trend reverses at
higher masses (panel b). Again, it is clear that the exclusion of dust-obscured galaxies is greater when placing more weight on targeting galaxies with a predicted
emission-line flux greater than 1 × 10−16 erg s−1 cm−2
that is implemented after the pilot observations to improve upon the redshift success rate especially for the
more massive galaxies that can have a large fraction of
their Hα emission falling outside the FMOS fiber (see
Section 7.2).
It is then imperative to establish the degree to which
the emission-line flux limit shapes the distribution of
SFR at a given stellar mass. In Figure 6c − f , we show
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Table 2
Summary of Subaru/FMOS high-resolution observations of COSMOS in S12 A-B
Date
UT

Program
ID

Period

Pointing

Grating

Total exp.
timea (hr)

Effective
seeingb (′′ )

13/03/2012
14/03/2012
15/03/2012
16/03/2012
17/03/2012
19/03/2012
29/12/2012
19/01/2013
20/01/2013
21/01/2013
22/01/2013

UH-B3
S12A-096
S12A-096
S12A-096
S12A-096
UH-B5
UH-18A
S12B-045I
S12B-045I
UH-18A
UH-18A

S12A
S12A
S12A
S12A
S12A
S12A
S12B
S12B
S12B
S12B
S12B

HR4
HR1
HR2
HR1
HR3
HR1
HR2
HR3
HR4
HR3
HR4

H-long
H-long
H-long
H-long
H-long
J-long
J-long
H-long
H-long
J-long
J-long

5.0
5.0
4.5
5.0
4.0
4.5
3.5
3.0
3.5
4.5
3.5

1.1
0.9
0.9
1.0
1.2
1.4
1.4
1.4
0.8
1.5
1.3

a The total exposure time given here is the amount of science-grade data.
b Effective seeing reported here is the smoothing scale required to match the FMOS and

ground-based photometry (see Section 7.2 for details)

Table 3
Target galaxy samples and statistics
Sample

zphot

All

‘Very good’ sBzK
SED-selectedc
Herschel-PACS
X-ray AGN
Low-mass galaxies

1.4–1.7
1.44–1.72
1.44–1.72

2894
8928
96

1.4–1.7

M∗ > Mlim a

exp
lim b
fHα
> fHα

Observed

# w/ zspec

Flag=1

Fl=2

Fl=3

Fl=4

2885
7201

1440
4054

11807

2246

524
739
74
127
427

282
349
47
45
183

26
29
7
4
20

51
68
7
4
38

40
53
4
10
41

165
199
29
27
84

a The limiting masses are the following: sBzK-log M /M
∗
⊙ > 10.0, SED-selected - log M∗ /M⊙ > 9.8, Low-mass galaxies - 9.0 <

log M∗ /M⊙ < 10.0
b The limiting expected Hα flux is based on f = 0.44 for the sBzK and low-mass galaxy samples while f = 0.66 for the SED-selected
sample.
c These targets include 199 galaxies selected by stellar mass (Ilbert et al. 2009) and observed during a single night of UH time (PI J.
Zahid) using the H-long grating.

the SED-based SFR distributions in the equivalent mass
bins as given above. For this analysis, we illustrate the
effect by simply plotting the distributions with (solid
histogram) and without (dashed histogram) a cut on
emission-line flux. We show the results of this exercise for
two different Hα flux limits since we carried out the pilot
survey with a flux limit of 4×10−17 erg s−1 cm−2 (panels
c − d) and then placed more weight on those with a limit
of 1 × 10−16 erg s−1 cm−2 for the remainder of the survey (panels e − f ). As in the top two panels, we compare
the distributions for galaxies of varying extinction based
on their color excess. We see that the self-imposed flux
limit has an impact on the sample selection, differently
in each bin of mass and extinction. All panels (c − f )
clearly demonstrate that the emission-line limit has a
stronger effect on those with higher levels of extinction.
The consequences are an increase in the mean SFRs and
a narrower width of the SFR distribution within each
given mass range. In particular, the dispersion in SFR
for the sample with 9.8 < log M∗ < 10.7 and a limit on
the expected Hα flux (> 4×10−17 erg s−1 cm−2 ) is a factor of 1.4 smaller than the parent population. A slightly
smaller factor of 1.3 is measured for the higher mass bin.
This correction factor is likely applicable to a distribution
of Hα-based SFRs since we find very good agreement between these SFR indicators (Rodighiero et al. 2014) for
MS galaxies. Any assessment of the intrinsic characteristics of the SFR - stellar mass relation using our sample
will need to consider the magnitude of these effects as

done in Speagle et al. (2014). Although, it remains to
be established whether these SFR distributions, shown
in Figure 6, are accurate in terms of their width that
can be assessed by using an alternative indicator of starformation activity, namely the Hα emission line that is
one of the key science drivers of our program.
For further illustrative purposes, we plot in Figure 7
the distribution of Estar (B − V ) and isolate those expected to have an Hα emission line above our cut and
those actually observed through our FMOS program.
Both panels indicate that our sample is less representative of the intrinsic population with higher levels of
extinction especially where E(B − V ) is above 0.5. We
note that our final sample with spectroscopic redshifts,
provided by FMOS, will inevitably be biased by having detected Hα, hence it will be an Hα-selected sample;
however, we provide limits on Hα emission for an effective mass-selected subset having spectroscopic redshifts
available by other means.
7. OBSERVATIONS AND DATA REDUCTION

We report on observations carried out between March
2012 and January 2013 with Subaru/FMOS that represent the first installment of data to be acquired through
our program. The central square degree of COSMOS
is effectively covered with four FMOS footprints, designated as HR1-HR4 (Figure 1), using both the highresolution H-long and J-long gratings. In Table 2, we
provide a log of the observations with exposure times and
notes on the effective seeing conditions (see section 7.2).
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Figure 6. Target selection and impact of a weight on the predicted emission-line flux based on the parent photometric galaxy sample
between 1.46 < z < 1.67: (a) and (b) Distribution of predicted Hα emission-line flux (total; i.e., no consideration of the aperture size) split
in bins of stellar mass and color excess as indicated. The vertical dashed lines show our imposed limits on line flux (see text for details).
(c − f ) SFR distribution in bins of stellar mass and color excess. The solid histograms are the full sample while the dashed histograms
represent the sample with the imposition of a limit on Hα emission-line flux (panels c − d: fHα > 4 × 10−17 erg s−1 cm−2 ; panels e − f :
fHα > 1 × 10−16 erg s−1 cm−2 ) for each bin of color excess.
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Our aim is to maximize the on-source exposure time
that can be achieved for each fiber configuration while
observing in a single night and below an airmass of 2. At
optimal times of the year when COSMOS has a high visibility, we effectively reach an exposure time of ∼5 hours
per observation. This integration time is sufficient to detect an emission line with an integrated flux f = 4×10−17
erg s−1 cm−2 at a signal-to-noise (S/N hereafter) level of
3 (see section 8.1). An increase of the total integration
time beyond five hours per night is constrained by the
considerable amount of time needed to setup a field (∼ 1
hour) and re-align fibers every 30 minutes.
We begin our spectroscopic observations using the Hlong grating that covers a wavelength range of 1.6-1.8
µm. Seven FMOS configurations have led to the acquisition of 1153 galaxies with H-long spectra. Using the
Fibre-pac reduction software (see below) at the summit,
we are able to identify galaxies with positive emissionline detections (i.e., Hα and [NII]) to generate an input
catalog for subsequent FMOS observations using the Jlong grating covering a wavelength range of 1.1-1.35 µm.
This lower wavelength range is ideally suited to supplement the detection of Hα with Hβ and [OIII]λ5008. Of
the 1153 galaxies, we have acquired spectra using the
J-long grating for 313 of them from four FMOS configurations that also cover the full one square degree. Targets
are prioritized for J-long followup dependent on the reliability of a spectroscopic redshift based on the centroid
of the Hα line (see below for details on redshift measurements). An additional 410 galaxies have J-long but no
H-long coverage as a result of assigning many remaining
fibers primarily to lower redshift (0.7 . z . 1.1) galaxies
and AGNs (Kartaltepe et al. in preparation).

Figure 7. Distribution of Estar (B −V ) from SED-fitting split into
two mass bins as indicated. The open histogram is the full massselected star-forming population while the grey histogram highlights those with an predicted Hα flux greater than 6.8 × 10−17 erg
s−1 cm−2 . Targets observed with FMOS are displayed by a filled
black histogram.

The assignment of fiber pairs to galaxies is done by
using the software package Spine − to − Object21 . For
each fiber configuration, the CBS mode is implemented
with sequential exposures taken by offsetting the telescope by 60′′ while keeping the target within one of the
two fibers; this reduces the number of science targets to
∼ 200 per FMOS configuration. A priority is given to
ensure that rarer objects of interest are assigned a fiber
at a sufficient rate such as galaxies detected in either
the far infrared or X-ray bands. The star-forming galaxy
population represents the majority of our targets (see
Table 3). Specifically, we place the Herschel/PACS targets as the top priority followed by the X-ray detected
AGN (Chandra and XMM-N ewton) and then the larger
star-forming population. At least, three fibers per spectrograph are placed on bright stars for flux calibration
(see section 7.2). Flat-field images are taken at the beginning and end of each night using a screen within the
dome and exposure times are 20 seconds in duration.
Arc lamp images are acquired for wavelength calibration
having exposure times of 30 and 60 seconds taken at two
position angles separated by 180 degrees.
21

http://www.naoj.org/Observing/Instruments/FMOS/

7.1. Data reduction

All raw data is processed to obtain science-quality
spectra both 1D and 2D using the publicly available
pipeline FIBRE-pac (FMOS Image-Based REduction
package Iwamuro et al. 2012). Here, we provide an outline of the data reduction procedure.
First, we process the calibration data taken before and
after the science exposures. Dome-flat images are used to
determine two-dimensional transformations to correct for
spatial (y-axis) and spectral (x − axis) distortions. After
correcting the Th-Ar lamp images for such distortions,
we fit the Th-Ar lines and determine the relation between
detector pixel and wavelength.
For science exposures, the thermal background is removed through the A − B image subtraction, where A
and B are the two positions of the field center (separated
by 60′′ ) in CBS mode. For this procedure, two B-frames,
taken just before and after the considered A-frame, are
subtracted with a optimized weight to minimize residual sky errors. Corrections are applied to account for
the detector cross talk and the bias difference between
quadrants. Pixel-to-pixel variations across both detectors (IRS1 and IRS2) are minimized using the flat field
image of a uniform light source taken at the beginning of
each night. After rejecting bad pixels, the science frame
is corrected for distortions, as mentioned above, by using
transformation coefficients, resulting from the analysis of
the dome-flat images. The residual OH airglow emission
lines are then subtracted. All science frames are combined into a single averaged image with an additional
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subtraction of the residual background and correction
for bad pixels. Since one target is observed in each of
the two fibers in CBS mode, the corresponding spectra
of position A and B are combined. In the combine process, the relative throughput between fibers is measured
using the dome-flat image taken with the fibers in the
same position as arranged for the science exposure.
For the final steps, we correct for the broad atmospheric absorption features by using a flux calibration
star, whose spectral type is known or can be assessed
through broad-band photometry. A wavelength scale is
applied based on the pixel–wavelength relation obtained
from the Th-Ar lamp image. The typical uncertainty
is less than 1 pixel, corresponding to 1.2 Å in highresolution mode.
7.2. Flux calibration and aperture correction
An initial conversion of detector counts to physical flux
units (Jy) is applied based on calibration data taken during engineering observations and under an assumption
of ideal conditions. This step is built into the FIBREpac data reduction software. A second-order correction
is obtained by using bright stars taken simultaneously
with the science targets in the COSMOS field. These
bright stars are selected based on their color using SDSS
DR9 and 2MASS photometry as described in Covey et al.
(2007). We further restrict their brightness in the infrared bands (J > 15, H < 18). There is a preference for
stars with existing optical spectroscopy from SDSS that
provides an accurate spectral classification. For those
lacking such classification, a determination of their spectral type is based on correlations between optical and
NIR colors (Covey et al. 2007). When using spectral
types determined in this manner, we confirm that it does
not critically impact the flux calibration due to the fact
that the FMOS spectral window in high-resolution mode
is relatively narrow so any inaccuracy with respect to
spectral shape results in minimal errors in the actual
fluxes. Three to four flux standards are chosen per spectrograph to ensure that a suitable single star can be used
for this correction. The uncertainty of the relative flux
calibration is ∼ 10%.
At this stage, the absolute flux calibration is systematically off due to factors that include fiber positioning
errors (σ ∼ 0′′.2; Kimura et al. 2010), variable seeing
conditions, and atmospheric throughput that can cause
significant light loss. With a typical size (∼ 0′′.5) of our
science targets and seeing conditions of ∼ 1′′ , there is
a considerable amount of flux falling outside the FMOS
fiber of 1′′.2–diameter.
We implement a scheme to achieve an improvement in
the absolute flux calibration for each individual galaxy
by dealing with these effects collectively since it is difficult to account for each of them separately. We estimate
the fraction of the light sampled by the fiber by using
Hubble Space Telescope/Advanced Camera for Surveys
(ACS) IF814W –band images (Koekemoer et al. 2007) of
individual targets of a specific observation. This requires
an assumption that the rest-frame UV and line emission
(e.g., Hα) have a similar spatial extent. Justification
of this assumption comes from the tight correlation between the half-light radii in Hα and the ACS I-band
for the SINS/zC-SINF galaxies (Mancini et al. 2011;
C. Mancini and N. M. Förster-Schreiber, private com-
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munication). For each FMOS observation, we smooth
the HST/ACS I-band (F814W) image of each galaxy by
convolving with a point spread function of an effective
seeing as determined below. We then perform aperture
photometry using SExtractor (Bertin & Arnouts 1996)
to derive the ratio of the observed flux (i.e., rest-frame
UV emission within the FMOS aperture) to the total object flux to derive an aperture correction factor for each
galaxy. This factor is then applied to each emission line
flux measurement to derive a value for the total flux.
Prior to obtaining aperture corrections based on the
HST/ACS imaging, we need to determine an effective
seeing for each FMOS observation. We elect to use the
brighter science targets that have the continuum detected
in the FMOS spectral window for this purpose. We compare the ground-based magnitudes from UltraVISTA in
the respective band (either J or H) to that determined
from the FMOS spectra. For all observations, only galaxies for which the continuum is detected with FMOS at a
S/N greater than 5 and HUV IST A < 23 are used for this
purpose. In Figure 8, we plot the distribution of FMOS
and ground-based UltraVISTA photometry for five different observations. It is apparent that there is considerable flux loss for all objects in each observation. It is clear
that without any aperture correction the FMOS magnitudes are offset towards fainter magnitudes. We then
proceed to derive a correction to achieve unity between
the FMOS and UltraVISTA photometry as expressed as
an effective seeing for each observation separately. This
is in essence an average of the seeing conditions over the
duration of a full exposure. We report these values in
Table 2. The effective seeing of each observation is then
used to smooth the HST/ACS images of each galaxy observed within the corresponding FMOS configuration.
Aperture correction factors are then measured using
these smoothed HST/ACS images as described above.
The aperture correction factors are distributed from ∼
1.2 to ∼ 5 (Figure 9), with a typical value of ∼ 2.2. It is
important to recognize that there is inherent dispersion
in these corrections as shown for the galaxies with detected continuum. In the bottom right panel of Figure 8,
the level of dispersion is σ =0.42 (based on a Gaussian
fit to the distribution of magnitude offsets) that corresponds to an uncertainty on the flux for an individual
galaxy to be within a factor of 1.5. Such dispersion in
the flux calibration should be considered when addressing issues such as the width of the star-forming main
sequence that is likely to be intrinsically narrower than
the observed width. We apply the same procedure to the
J-band observations as well.
Final flux calibrated spectra both 1D and 2D are displayed in Figure 10. We overlay regions impacted by OH
lines and indicate emission lines with positive detections.
8. EMISSION-LINE FITTING

We measure the position and strength of emission lines
(i.e., Hα, [NII]λ6585, [OIII]λ5008, Hβ) present in our
near-infrared spectra to derive spectroscopic redshifts,
star formation rates, levels of dust extinction, and gasphase metallicities. We specifically measure the centroid,
amplitude and full-width at half maximum (FHWM) of
each emission line thus the total flux using a line fitting
routine. For the majority of individual spectra, we do
not detect the stellar continuum; although, we do fit the
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Figure 8. Comparisons of continuum flux observed by FMOS with ground-based photometry (UltraVISTA) for five different H-long
observations with varying effective seeing sizes (0′′.8-1′′.2). The color of the symbols indicate whether an aperture correction has been
applied (red: with correction; grey: no correction). The diagonal lines are linear fits to the corrected photometry. In each panel, a
histogram of the difference is shown. The bottom right panel shows the combined sample of seven observations.

Figure 9. Aperture correction factor as a function of stellar mass.
Galaxies are shown for those observed by FMOS, yield positive Hα
detections, and have aperture correction factors not suffering from
blending issues in IF814W –band imaging.

continuum for the limited number of bright galaxies with
a linear function and remove this component prior to
fitting the emission lines.
Our line-fitting procedure utilizes ‘MPFITFUN’, a
Levenberg-Marquardt least squares minimization algorithm. Each emission line (Hα, [NII]λ6550, 6585) is fit
as a single22 Gaussian function to characterize the line
shape less impacted by pixel-to-pixel noise variations.
The relative amplitude of the [NII] lines is fixed to the
laboratory value of 2.96. The width of the [NII] lines are
22 For our purpose, a single component fit to the Hα line is
sufficient. Although, there remains the possibility that, in some
cases, an additional component may be required possibly indicative
of galactic outflows or underlying AGN. At this time, we reserve
such investigations to subsequent studies.

fixed to that of Hα. The width of each component is
constrained to have σ > σmin ∼ 45 km s−1 that corresponds to the spectral resolution of FMOS in HR mode
at λ ∼ 1.6µ (R=2600). The value of σmin is determined
for each observation based on the width of the Th-Ar
emission lines detected in the arc lamp calibration images taken just before the science exposures. The routine
returns best-fit parameters, errors, and a measure of the
overall quality of the fit. We visually inspect a subset of
the line fits to gauge the overall accuracy of our fitting
routine.
As an example of our fitting procedure, we show the
FMOS spectrum of a galaxy at z = 1.573 (Figure 11)
with the best-fit Gausssian functions to the Hα and [NII]
emission lines overlaid. Various panels illustrate the data
quality, fitting results, and inherent issues such as residuals from regions blocked by the OH suppression mask.
Based on the initial spectroscopic redshift (see Section 9),
we fit a section of the spectrum centered on the emission
lines and spanning a range that enables an accurate determination of the continuum level (panel b). A weighting for each pixel (1/N 2 ; panel e) is determined from the
noise spectrum (N ; panel d) that essentially indicates the
regions free of OH emission. Our fitting routine takes
into consideration this weighting scheme. Any pixel that
is affected by an OH line, where the noise is generally
large, is masked by setting the weight to zero.
Throughout, we use the error on the fit parameters
(i.e., amplitude and width), returned by ’MPFITFUN’
as a covariance matrix, to estimate the error on the total line flux. The errors are scaled to match the residual
noise of the object spectra since we find that the noise
spectra, output by FIBRE-pac, are typically underestimated by ∼ 20%. We confirm that the errors returned
by ‘MPFITFUN’ do actually represent the data quality
of the line detections. For this check, we directly mea-
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Figure 10. Examples of FMOS H-long spectra (1D and 2D). The Hα emission line used to measure the spectroscopic redshift and quality flag is indicated. The vertical bands mask
the spectral regions impacted by OH emission.
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Figure 11. Example spectrum of a galaxy at z = 1.573 with a significant detection of Hα and [NII]λ6585 as indicated by the vertical dotted
lines (red). Individual panels are as follows: (a) Entire observed spectrum with regions impacted by OH lines shown in magenta. Two blue
arrows indicate the regions used to determine the continuum level by fitting a linear function shown in green. (b) Observed spectrum over
a narrower spectral range and centered on Hα. The overall fit to the spectrum is indicated in yellow with the components marked in green
(continuum) and blue (emission lines). (c) Residual after subtracting the best-fit function to the emission lines and continuum. (d) RMS
noise level and threshold (horizontal dashed line) for avoiding the wavelength range impacted by OH lines. (e) Weight function applied to
each pixel for fitting both the continuum and emission lines.
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Figure 12. Signal-to-noise estimate of Hα using our direct
method compared to that based on the errors returned by ‘MPFITFUN’ for an assumed Gaussian line flux profile.

sure the total flux within ±2.5σ of the line center, as
determined by the fitting routine, and the sum of the
rms dispersion (Σσrms ) from the regions in the object
spectra local to the Hα emission line. We mask out regions impacted by OH emission. Based on a comparison
of both sets of error estimates (Figure 12), there is very
good agreement between the two with some scatter as
expected since, in many cases, the OH emission reduces
the number of pixels over which the line can be detected.
The goodness of our line fits is assessed using the reduced chi-square statistic. In Figure 13, it is evident
that the distribution of the reduced chi-square statistic
is close to being centered at 1. There appears to be no
significant deviations of reduced chi-square statistic with
either line strength or S/N.
We carry out the equivalent fitting procedure for the
J-long spectra (Figure 14) to measure the strength of
both Hβ and [OIII]λ5008. We remark that is uncommon
to have detections of all four lines. Of the 408 galaxies with Hα detections at S/N > 1.5, we significantly
detect [NII]λ6585 in 62% of the cases, Hβ in 21% and
[OIII]λ5008 in 30%. As summarized in Table 4, the detection rate of having additional lines only slightly increases with a higher requirement on the S/N of Hα.
8.1. Line significance as a function of exposure time

We empirically determine whether our FMOS observations are capable of reaching the required depth with
respect to detecting emission lines down to fluxes of
4 × 10−17 erg s−1 cm−2 . We measure the improvement
in S/N gained with each hour of integration by analyzing
the data in five segments of increasing exposure time up
to the full five-hour exposure (Figure 15). In panels a-c,
the S/N is shown to increase as a function exposure time
as expected at all flux levels. This is demonstrated using
four objects with Hα detections in each bin of line flux.
Even at the lowest fluxes (panel a), the S/N is greater
than 5 after the full 5-hr exposure. At the brightest fluxes
(fHα & 1 × 10−16 erg s−1 cm−2 ), the S/N reaches above

Figure 13. Assessing the accuracy of our line-fitting routine. The
reduced chi-square statistic of each fitted Hα line as a function of
observed Hα flux (top panel) and S/N (bottom panel).

Table 4
Detection rates of key emission linesa
S/N

Hα

+[NII]
(%)

+Hβ
(%)

≥ 1.5
≥3
≥5

408
370
289

251 (62)
239 (65)
199 (69)

86 (21)
82 (22)
69 (24)

+[OIII]5007
(%)
122 (30)
112 (30)
88 (30)

a

The first entry is the number of galaxies
with an Hα line detection above the given
threshold. The last three columns are the
subset of the first column with S/N > 1.5 of
the line of interest.

15. In the lower panel (d), the number distribution of
objects is shown for Hα detections of a given S/N for
both 1-hour and 5-hour exposures. An integration time
of >2 hours is needed to guarantee that the majority
of the emission-lines are detected with significance (i.e.,
S/N > 3) at our faintest flux levels (panel a) while a full
5 hours improves the significance (S/N > 5; panel d).
8.2. Upper limits

We estimate upper limits on non-detections of all emission lines of interest for which we have a highly significant spectroscopic redshift determination (see following
section). Upper limits are calculated at twice the noise
level (N) of the observed spectrum as follows.
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Figure 14. Fitting the Hβ and [OIII]λ5008 emission lines. Panels are equivalent to those shown in Figure 11.

F < 1.25 × 2 ×

all
Npix
good
Npix

Z

N (λ)dλ

(1)

±2.5σ

good
all
where Npix
, Npix
are the numbers of all or good (i.e.,
not impacted by OH mask or residual emission) pixels
falling within ±2.5σ around the expected position of the
line. The line width, σ, is determined from the detected
emission line(s). The factor of 1.25 is included since
the noise spectra are typically underestimated by ∼ 20%
as previously mentioned. We report an upper limit for
good
each emission line only if Npix
(±2.5σ) ≥ 7 pixels and
good
all
Npix /Npix > 50%.

9. SPECTROSCOPIC REDSHIFT DETERMINATION

We measure spectroscopic redshifts from the presence
of the Hα and [NII] emission lines through a two-step process. First, we inspect all NIR spectra using the graph-

ical interface SpecPro23 (Masters & Capak 2014). By
viewing both the one- and two- dimensional spectra, a
spectroscopic redshift is assigned manually based on the
presence of the aforementioned emission lines. This tool
has been updated to work with FMOS spectra including
the overlay of OH emission, essential to determine the
likelihood of line identification. During this process, the
full broad-band photometry is displayed with a best-fit
spectral template. In many cases, the clear presence of a
discontinuity between two photometric bands (i.e., 4000
Å break) redshifted to a value in close agreement with
that determined by the presence of an emission line lends
assurance to the realization of a successful Hα detection.
As described above, a line-fitting routine returns the centroid of key emission lines thus providing a measure of
the final spectroscopic redshift.
In total, we measure spectroscopic redshifts for 460 out
of 1153 star-forming galaxies, targeted from either our
sBzK, SED, Herschel-PACS, or low-mass samples (Ta23

http://specpro.caltech.edu/
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Figure 16. Spectroscopic redshift distribution in various histograms colored by their final quantitive assessment of their reliability (flags 1-4; see Section 9.1).

ble 3). The redshift distribution is shown in Figure 16
split by a quality flag indicative of the S/N of line detection as described below (Section 9.1). Various factors
influence the overall distribution such as errors in photometric redshift estimates, OH emission and presence of
large-scale structure within the central area of COSMOS.
9.1. Quantitative assessment of the quality of the

spectroscopic redshifts
We assign a quality flag on each redshift measurement based on the S/N estimates of the emission-line
detections. The flags are determined using the following
criteria:
• Flag 0: No emission line detected.
• Flag 1 Presence of a single emission line with S/N
between 1.5 and 3.
• Flag 2 One emission line having S/N greater than
3 and less than 5.
• Flag 3 One emission line having S/N greater than
5.
• Flag 4: One emission line having S/N greater than
5 (usually Hα) and a second line that both confirms
the redshift and has S/N greater than 1.5.

Figure 15. Signal-to-noise ratio of Hα as a function of exposure
time in bins of observed emission-line flux (panels a-c) for a single
FMOS observation with a total exposure time of five hours. Symbol types discriminate between four different sources in each panel.
In panel d, a histogram shows the number distribution of line detections of a given S/N for both a 1 hour and 5 hour integration
time.

The increase in the quality flag from a ’3’ to a ’4’ is usually the result of having a detection of either [NII]λ6585,
[OIII]λ5008 or Hβ (in addition to the Hα detection). Followup observations using the J-long grating are especially
important for identifying this highly secure sample.
In total, our spectroscopic redshift sample contains 460
star-forming galaxies of which 418 (329) are highly reliable (flag ≥ 2 (3)). We provide a breakdown on the
distribution of quality flags for the limited subsamples
(i.e., sBzK, Herschel/PACS, AGN and low-mass galaxies; Table 3). As previously mentioned, the detection
rates of other lines are given in Table 4.
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Figure 17. Distribution of spectroscopic redshift successes (quality flag ≥ 2; dashed histogram) as a function of predicted Hα flux
(total; i.e., no consideration of the aperture size; panels a and b)
and color excess (Estar (B − V ); panels c and d). The solid black
histogram represents the distribution of the full galaxy sample that
has been observed with FMOS.

Table 5
Redshift success ratesa
Log
mass

Log
fHα b

N

9.8-10.7
9.8-10.7
10.7-11.5
10.7-11.5

-16.17
-15.7
-16.17
-15.7

427
104
184
78

≥1
N (%)

Flag:
≥2
N (%)

N(%)
≥3
N (%)

≥4
N (%)

222 (52)
65 (63)
71(39)
46 (59)

200 (47)
60 (58)
67 (36)
45 (58)

158 (37)
50 (48)
50 (27)
38 (49)

122 (29)
45 (43)
44 (24)
34 (44)

a SED-selected sample with 1.46 ≤ z
phot ≤ 1.67
b The predicted Hα flux limit in erg s−1 cm−2 .

9.2. Redshift success rate

For the primary star-forming galaxy sample with 9.8 <
log Mstellar < 11.5, we have a 44% success rate of acquiring a spectroscopic redshift. Our level of success with
respect to predicting the redshift and line strength of individual objects is likely to be higher given the fact that
∼ 25% of the spectral window is blocked by the OH suppression system. The remaining failures are likely due
to less-than-ideal weather conditions, errors on the photometric redshift estimates, inaccurate estimates of the
level of dust extinction, and surface brightness variations
among the galaxy population. Even so, our results are a
significant improvement over those using FMOS in lowresolution mode (∼ 20%). In Table 5, we provide estimates of our success rate for assigning redshifts above a
given quality flag.
In Figure 17, we display the distribution of targets
(using our SED-selected sample) with successful spectroscopic redshift measurements as a function of predicted
Hα flux and color excess Estar (B − V ) for two ranges of

Figure 18. FMOS J-long confirmation of Hα-based spectroscopic
redshifts. Symbols indicate whether at least one line is detected
with a S/N ≥ 3 (secure) or not (insecure). Filled squares indicate
the insecure redshifts that are in disagreement.

stellar mass. In comparison with the full observed FMOS
sample (solid histograms), we have a higher level of success detecting Hα at lower masses (panel a: 47%, panel b:
36%). For both mass bins, our success rate is significantly
pred
higher at fHα
& 2 × 10−16 erg s−1 cm−2 , although, it
is lower for the higher mass bin (panel b) above this flux
limit. The drop in the success rate at higher masses is
most likely due to their larger size that results in more
light falling outside the FMOS aperture (see Figure 9)
and high levels of extinction Estar (B − V ) > 0.5 causing
an especially noticeable drop (Fig. 17d).
9.3. Redshift confirmation using FMOS/J-long

observations
The effort to supplement the H-long observations with
followup J-long coverage gives us an opportunity to check
the reliability of our emission-line identification and the
accuracy of our redshift measurements. For this exercise,
we first search for emission lines (Hβ and [OIII]λ5008)
at the expected positions based on the redshift derived
from Hα. We then identify additional lines if present.
As a result of our procedure, the measurements are not
completely independent. In Figure 18, we plot the spectroscopic redshift measured from Hα compared to that
for either Hβ or [OIII]λ5008. Symbols are color-coded
depending on whether we detect at least one or more
emission lines having S/N ≥ 3 (secure) or not (insecure).
Overall, we find confirmation of the redshifts for many of
our galaxies, even those with Hα detected at low S/N. We
find perfect agreement for all the secure cases and the few
outliers are based on low S/N detections. Furthermore,
we measure an almost non-existent systematic offset
(mean ∆z/(1+z) = −2.5e−5 for the secure sample) that
corresponds to 0.43 Å at 1.6 µm which is less than the
pixel resolution (∼ 1Å). This indicates that the wave-
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S/N thus indicating a high level of accuracy for our redshifts, especially those with Hα detections at S/N > 3.
There is not much significant difference between the lines
ratios for the two bins with S/N > 3. We do find that for
the lowest mass bin (Fig. 19a) there is a significant drop
in the strength of the [NII] line by about 50% for the low
S/N bin (1.5 < S/N < 3). The drop in the higher mass
bin is less severe (∼ 20%). From this, we can conclude
that the lowest S/N class likely includes false identifications. If significant [OIII]λ5008 emission lurks within
our stacked Hα profile, we should find evidence for the
[OIII]λ4960 line. Upon inspection of our stacked spectra,
there is no signs of such emission thus indicating that a
large fraction of misidentifications is unlikely. We also
note that there is no difference in the mean Estar (B-V)
between these bins thus lending support that the change
seen here in line ratio [NII]/Hα is not impacted by variations in dust that can manifest itself as a metallicity
dependence. We conclude by stressing that the redshifts
having a quality flag of 1 in our catalog likely have some
misidentifications and should be treated with care.

Figure 19. An evaluation of the reliability of line identification
using the average (stacked) Hα+[NII] emission line profiles in bins
of S/N of the Hα line. The two panels represent different ranges
in stellar mass. Best-fit gaussian profiles are shown and used to
match the amplitude of the Hα emission line. The inset figure is a
measure of the flux ratio of [NII] to Hα based on the line fit. The
sample size for each category is provided.

length calibration of the H-long and J-long spectra are
in excellent agreement. The typical error on our redshift
measurements is σ(∆z/(1 + z)) = 1.8e − 4 based on the
standard deviation of the ensemble for the secure cases.
The redshift accuracy is about a factor of two worse for
the low-quality detections (σ(∆z/(1 + z)) = 2.2e − 4).
From this comparison, it is apparent that many of our
low quality flags, initially based on S/N of a single emission line, can be raised based on confirmation with the
detections of other lines.
9.4. Stacked FMOS H-long spectra

We further assess the reliability of our spectroscopic
redshifts by generating average (stacked) H-long spectra.
The idea is to check whether the stacked spectra of those
with Hα detections of low S/N show a clear emission line
profile of [NII]λ6585. If there are a significant number of
false Hα detection, there should be a noticeable degradation in the strength of the accompanying [NII] line.
In Figure 19, we compare average spectra split into
three bins of S/N and two bins of stellar mass. All binned
spectra have the amplitude of the Hα line set to 1. To aid
in our assessment, we plot the ratio [NII]/Hα (see insert)
for each average spectrum. It is reassuring that there is
a clear detection of [NII] for each bin of stellar mass and

9.5. Comparison with zCOSMOS deep
We compare the FMOS spectroscopic redshifts to those
from the zCOSMOS Deep survey (Lilly et al. 2007). The
zCOSMOS survey targets sBzK galaxies over our redshift range of interest and higher. There are 383 galaxies in our full sample (SED, sBzK, Herschel-PACS, and
low-mass galaxies) that have been observed by both programs. Of the 383 matches, 160 have a spectroscopic
redshift measured by both programs. For this comparison, we select only those galaxies having a FMOS measurement based on an Hα detection and a secure redshift
available through zCOSMOS (zc flag ≥ 3). This results
in a sample of 35 galaxies to assess the reliability of our
FMOS spectroscopic redshifts. In Figure 20, we show the
comparison for FMOS galaxies split by the FMOS quality
flag. Overall, there is very good agreement for the majority (32 out of 35, 91%). In particular, our most secure
FMOS sample (Flag = 4) shows complete agreement. If
the zCOSMOS redshifts are correct, it appears that we
have misidentified [Oiii]λ5008 as Hα for two cases, only
6% (2 out of 35) of the sample with flag equal to one or
higher.
While we are especially interested in the fraction of
FMOS galaxies with ‘insecure’ (flag=1) redshifts that are
likely to be correct, the number of such targets having
secure zCOSMOS redshifts is small. Even so, out of the
three such sources, two of them have FMOS redshifts in
agreement with zCOSMOS. While also considering the
prior stacking analysis (Section 9.4), we conclude that a
fair fraction of the redshifts having a low quality flag are
likely correct.
It is important to highlight that the FMOS and zCOSMOS spectroscopic programs are complementary. To illustrate this, we have 130 (97) FMOS redshifts and flag
≥ 2 (3) that lack a secure zCOSMOS redshift (zc flag ≥
3). On the other hand, the zCOSMOS deep survey has
succeeded in measuring a redshift for 26 (79) galaxies
with zc flag ≥ 3 (2) for which we failed with FMOS (flag
< 2). In total, the FMOS program has a success rate
of 44% (see Section 9.2) as compared to 36% (106/291)
for the zCOSMOS deep program over the redshift interval 1.4 . z . 1.7. These success rates clearly exemplify

20

Silverman et al.

Figure 20.
Comparison of spectroscopic redshifts between
FMOS-COSMOS and zCOSMOS Deep surveys. FMOS redshifts
are assessed separately by their quality flag as indicated. Only
zCOSMOS deep redshifts having a secure (flag ≥ 3) redshift are
used for this comparison. The solid line represents a unity relation while the dashed line identifies where measurements will lie if
[OIII]λ5008 was mistaken for Hα.

et al. (2013). While the input target catalog for FMOS
followup has been fixed with photometric redshifts from
the v1.0 catalog, there is little difference between the two
(v1.0 vs. v1.2) that are relevant for our purposes. We
find that there is very good agreement between the two
with σ(∆z/1 + z) = 0.025, marginally reduced from the
value of 0.028 found with the previous photo-z catalog.
This is similar to the accuracy reported in Ilbert et al.
(2013) using a smaller subset of the FMOS sample. We
still see a small shift of the distribution towards higher
spectroscopic redshifts by ∆z/(1 + z) ∼ 0.01. It should
be noted that such level of accuracy is expected since
the photometric redshifts have been trained using the
initial spectroscopic redshift catalog from the FMOS observations and the identification of an Hα emission line is
aided by knowledge of the photometric redshifts in some
cases. Furthermore, an improvement in the accuracy of
the photometric redshifts between the 2009 and 2013 catalogs is evident based on the distribution of offsets being
less asymmetric when comparing panels b and d.
10. HIGH-LEVEL DATA PRODUCTS AND CATALOG

We provide to the community a set of measurements
that includes a spectroscopic redshift for each galaxy and
emission-line properties (Table 6). As detailed above, the
spectroscopic redshift is primarily determined from centroid of the Hα emission line. In a fair number of cases, a
confirmation is available through our own followup spectroscopy at lower NIR wavelengths (J-long) or optical
spectra from the zCOSMOS deep program. Each redshift is accompanied by a quality flag indicative of a level
of assurance based on the FMOS observations. Here, we
provide a description of each item listed in the catalog.
• Column 1 (ID): Identifier
• Columns 2 - 3: Right Ascension and Declination
(J2000).
• Column 4: Spectroscopic redshift .
• Column 5: Quality flag on the spectroscopic redshift measurement based on the S/N of the Hα detection and corroborative information as described
in Section 9.

Figure 21. Comparison of spectroscopic and photometric redshifts. The top two panels are based on the SED-selected sample
with the latest photometric redshifts (Ilbert et al. 2013). The bottom two panels make the same comparison using the sBzK sample
and photometric redshifts derived prior to the availability of the
UltraVISTA photometry. For both histograms, the quantity on the
abscissa is (zspec − zphot )/(1 + zspec ) with the standard deviation,
including the clipping of 5σ outliers, of the distribution given in
the respective panel for each distribution.

the challenges with working at a difficult redshift regime
either with UV spectra that lack strong features or the
NIR where the sky emission is challenging to overcome.
9.6. Accuracy of the photometric redshifts

We test the accuracy of the photometric redshifts using our FMOS spectroscopic catalog. In Figure 21, we
present such a comparison using the two photometric
redshift catalogs (Ilbert et al. 2009, 2013) generated before and after the availability of the UltraVISTA NIR
photometry. In the top panels, we present the latest photometric redshifts from the recent catalog v1.2 of Ilbert

• Columns 6 - 7: Hα: observed flux (no aperture
correction) and S/N; units of erg s−1 cm−2 .
• Columns 8 - 9: Hα: FWHM and error (1σ); units
of km s−1 .
• Columns 10 - 11 [NII]λ6585; observed flux (no aperture correction) and S/N; units of erg s−1 cm−2 .
• Column 12: Correction factor to compensate for
the effect of the aperture size and should be multiplied to the flux measurements of Hα and [NII]
reported above.
• Columns 13 - 14 Hβ; observed flux (no aperture
correction) and S/N; units of erg s−1 cm−2 .
• Columns 15 - 16 [OIII]λ5008; observed flux (no
aperture correction) and S/N; units of erg s−1
cm−2 .
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Figure 23. Distribution of the observed log FWHM of the Hα
line (units of km s−1 ).

Figure 22. Hα line strengths: (a) observed flux (not corrected for
the aperture size) as a function of S/N for individual galaxies. (b)
logarithm of the luminosity corrected for extinction as a function of
spectroscopic redshift. In the lower panel, points are colored based
on their S/N. The median values are indicated on the right by the
horizontal lines that match by color the distributions shown.

• Column 17: Correction factor to compensate for
the effect of the aperture size and should be multiplied to the flux measurements of Hβ and [OIII]
reported above.

• Column 18: zCOSMOS spectroscopic redshift (if
available)
• Column 19: zCOSMOS quality flag on spectroscopic redshift measurement.
In addition to the catalog, we make available the 1D
and 2D spectra in fits format24 . Individual spectra (object + error) in fits format are available for every observed galaxy irrespective of whether a redshift measurement was attained. A larger measurement set is available
at the public web address but omitted here to provide the
quantities of most interest.
11. EMISSION-LINE CHARACTERISTICS OF THE
FMOS-COSMOS SAMPLE

11.1. Hα

We present the emission-line properties of our sample
of star-forming galaxies by starting with Hα. In Figure 22a, we plot the observed line flux and corresponding S/N estimate for each galaxy in our sample. The
24
All high-level data products
http://member.ipmu.jp/fmos-cosmos/.

can

be

found

at

emission-line fluxes are those as detected by FMOS which
means that there has been no additional correction for
the aperture size. Here our intention is to demonstrate
the performance of the instrument, limits of our survey
and quality of the individual detections. Noise estimates
are determined from the error on the fit parameters output by the fitting routine (see Section 8).
Emission lines are detected down to flux levels of
∼ 10−17 erg s−1 cm−2 with S/N ∼ 3 at this faint limit.
For targets expected to yield significant detections with
fHα & 4 × 10−17 erg s−1 cm−2 , it is evident that the
majority have S/N > 3 thus meeting the expectations
of our program. In Figure 22b, the Hα luminosities of
our sample span a range of 42 . log LHα . 43.5; these
estimates include aperture and extinction corrections as
discussed in Kashino et al. (2013). Not surprising, it is
apparent from the inset histogram that the secure sample (flag = 3 or 4) is slightly more luminous than those of
having lower quality redshifts (flag = 1 or 2). We remind
the reader that many of the sources with low S/N detections are likely to be correct (see Section 9). In addition,
we report on the FWHM distribution of Hα (Figure 23)
that has a median value of 237.2 km s−1 .
Our program relies on the ability to accurately predict
not only the redshift but also the Hα emission line flux to
ensure that we effectively target galaxies that will result
in a positive line detection given the sensitivity limits of
FMOS. Our aim is to maximize the number of spectroscopic redshifts to improve our characterization of the
large-scale distribution of galaxies. In Figure 24, we indicate how well we can predict the line flux from the
UV and broad-band photometry that includes a correction for extinction for galaxies for both the sBzK- and
SED-selected parent catalogs. The two columns represent a different factor implemented to convert extinction
of stellar light to that of the nebular regions (panel a, c:
f = 0.44; panel b, d:f = 0.66). The higher f -factor was
determined by minimizing the offset between the predicted and observed fluxes using an early subset of the
sBzK-selected galaxies shown in panels a and b. This
is a crude approximation of the more proper exercise of
directly comparing the extinction to the nebular regions
(based on the Balmer decrement) to the color excess of
the stellar light as carried out in Kashino et al. (2013)
that resulted in a comparable value of 0.69. As discussed
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Figure 24. Predicted versus observed Hα emission-line flux (fHα )
with both given as galaxy-wide quantities (i.e., including an aperture correction applied to the observed value). The sample is split
into whether the target is included in the sBzK- (a − b) or SEDselected (c − d) target catalogs. Predicted values are based on the
original f -factor of 0.44 (lef t panels) and our new value f = 0.66
(right panels).

in Kashino et al. (2013), this value is dissimilar to the
canonical factor of 0.44 (typically used for local starburst
galaxies) that resulted in predictions of emission line flux
for the preliminary FMOS sample that were substantially
lower than their observed strengths (Fig. 24a). To remedy this discrepancy, we argue that less extinction to the
nebular regions, given their stellar extinction, is evident
thus a change in the f -factor appears to be effective. After the pilot survey, target selection for all observations
incorporated this change in the f -factor. We remark that
the similarity between the stellar and nebular extinction
is applicable for the sample observed with FMOS that
resulted in positive line detections. Whether this holds
for the fainter and/or more obscured star-forming population remains to be determined.
Furthermore, we confirm that a similar ratio of
nebular-to-stellar extinction is applicable for the SEDselected sample (Figure 24 panels c − d). Based on
f = 0.44, the predicted estimates fall short as compared
to the observed values (panel c). With the higher f factor, the predicted flux estimates appear to overshoot
the one-to-one relation (panel d). We attribute this discrepancy to the fact that the broad-band SED fitting
results in a slight underestimate of the color excess (Figure 3). We indicate in Figure 24d the magnitude (0.1) of
the offset in Eneb (B − V ).
11.2. Individual Hβ, [OIII]λ5008 and [NII]λ6585

detections
With an extension of our NIR spectral coverage to the
J-band, we detect key diagnostic emission lines including
Hβ for a number of individual cases with rates given in
Table 4. As previously described, these galaxies are targeted due to their existing Hα detections, from previous
FMOS observations, that yields a spectroscopic redshift
thus ensuring Hβ to fall within the FMOS J-long window.
In Figure 25a, we plot the flux (not corrected for the

Figure 25. Hβ line strengths: (a) Logarithm of the observed flux
(not corrected for the aperture size) as a function of S/N of the line
detection. (b) Number distribution of galaxies with Hα detections
with S/N > 3 and J-long coverage. Additional histograms indicate
those that resulted in individual Hβ detections above a S/N as
indicated.

aperture size) of the Hβ line for individual detections
that constitute 21% of our Hα-detected sample. This
success rate is clearly indicative of the challenges with
detecting Hβ at high redshift especially for the population with faint lines. Such difficulty can be seen by
comparing the flux levels and S/N estimates of those of
Hβ (Fig. 25a) with Hα (Fig. 22a). The Hβ fluxes are
over a factor of four fainter than the Hα fluxes. Even so,
it is evident that we are able to detect Hβ with S/N > 2
down to a limit ∼ 10−17 erg s−1 cm−2 . This depth is consistent with expectation given the long integration times
(∼ 3 − 4 hours) and throughput estimates of FMOS.
While some detections reach fainter flux levels, these are
mostly at S/N ∼ 2.
We further illustrate the incompleteness with respect
to detecting Hβ in Figure 25b. Here, we plot the number
distribution of galaxies observed with the J-long grating because Hα was previously detected. We include a
subset of our sample with a S/N > 3 (202 galaxies) for
the detection of Hα (solid histogram). The distribution
is shown as a function of the logarithm of Hα flux (not
corrected for the aperture size). From this sample, we
then identify those with positive Hβ detections having
a S/N greater than 1.5, 3, and 5 each with a different
shading. Above S/N of 1.5 (3), we have detections of
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Figure 26. Emission-line luminosities (Hα versus Hβ) of our secure sample (Hα S/N > 5; Hβ S/N > 1.5; OH impact < 50%). For
reference, we plot values from SDSS as small grey dots. We indicate
the expected values with (AHα = 1) and without extinction.

Hβ for 21 (22)% of the FMOS sample. Our low success rate for detecting Hβ is also due to the fact that
we did not neglect to target galaxies for which Hβ may
be significantly (&50%) blocked by the OH suppression
mask. In such cases, there would be the possibility to
detect [OIII]λ5008. Given the low level of individual detections, we resort to using stacked spectra for much of
our scientific analysis and are pursuing deeper J-band
spectroscopic followup to increase the sample with significant individual detections.
In Figure 26, the luminosities of Hα and Hβ (both corrected for the aperture size) are compared against each
other for galaxies with Hα (S/N > 5) and Hβ (S/N >
1.5). While many sources are spread about a relation,
expected for an AHα ∼ 1, there are galaxies with a ratio
of Hα/Hβ lower than the theoretical value of 2.86 (assuming case B recombination with no extinction). This is
likely an indication that there is some uncertainty in the
Hα, or more likely, the Hβ line fluxes for individual detections that may be further affected by being observed
separately possibly under varying sky conditions that result in having to apply different aperture corrections with
their own level of uncertainty.
Other lines of interest, namely [NII]λ6585 and
[OIII]λ5008, are shown in Figure 27. While [NII] is
present in many spectra with secure Hα detections (62%;
Table 4), the significance of individual detections is fairly
low with most having 2 < S/N < 5 as a result of their
having faint line fluxes characteristic of galaxies with
low metallicity (Zahid et al. 2014b). As expected, the
strength of the [OIII] lines are lower than those of Hα but
do include a handful of bright cases (f[OIII] > 1 × 10−16
erg s−1 cm−2 ) at high S/N. Both of these lines permit a
study of the ionization conditions in the ISM using line
ratio diagnostic ([NII]/Hα, [OIII]/Hβ). While such studies will be fully explored in subsequent works, we have
reported higher ionization levels of the ISM for galaxies
in our sample (Zahid et al. 2014b; Kartaltepe et al. 2015)
as compared to those at low redshift from SDSS.

Figure 27. Emission-line strength (not corrected for the aperture size) versus S/N of each detections for [NII]λ6585 (a) and
[OIII]λ5008 (b).

12. SUMMARY

The FMOS multi-fiber NIR spectrograph mounted on
the Subaru Telescope is a unique instrument at this time.
The ability to carry out spectroscopic surveys of distant galaxies (z > 1) by detecting key rest-frame optical
diagnostic emission lines over a wide sky area opens a
new window on our understanding of galaxy evolution.
In particular, preliminary results have already shed new
light on stellar mass growth, chemical enrichment of the
ISM and role of AGNs.
Here, we present the details of a Subaru Intensive Program with FMOS to carry out a large galaxy survey in
the central area of the COSMOS field aimed at acquiring a sample of over one thousand galaxies with spectroscopic redshifts over a previously challenging redshift
regime. We specifically focus on the redshift window
1.4 . z . 1.7 for which we can detect the Hα emission
line using the H-long grating that covers a wavelength
range 1.6 < λ < 1.8µm. Followup observations using the
J-long grating (1.11 < λ < 1.35µm) allow us to complete
the spectral coverage in the NIR to detect all four key
diagnostic lines (Hα, Hβ, [NII]λ6585 and [OIII]λ5008)
required to assess the dust content, metallicity and ionization state of our high redshift galaxies.
We discuss in full detail the selection function for the
star-forming galaxy sample that spans the full main sequence at stellar masses above 109.8 M⊙ . The selection
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is based on the expectation to detect the Hα emission
line. This puts constraints on the extinction properties of the sample by excluding the most heavily dustobscured galaxies. To alleviate this bias, we specifically
target galaxies detected by Herschel that lie on and off
the star-forming main sequence. In addition, we observe
Chandra X-ray selected AGNs (both type 1 and 2) to
study black hole accretion at a cosmic epoch of maximal
growth. Both Chandra and Herschel sources will be
presented in subsequent studies. This paper is mainly
focused on presenting a detailed analysis of the sample, information on the observing program, data analysis, redshift measurements and characteristics of the
observed and final sample with spectroscopic redshifts.
Finally, we provide data products (i.e., individual spectra in fits format both 1D and 2D) and a catalog of the
first installment of our sample that includes 1153 entries
and 460 spectroscopic redshifts with a quality flag and
emission line properties such as line flux and width (see
http://member.ipmu.jp/fmos-cosmos/).
Our broad aim for the program is to build a large
enough spectroscopic sample in the COSMOS field to
provide a map of large-scale structure at z ∼ 1.6 and elucidate whether the environment plays a role in shaping
the properties of galaxies as seen at low redshift. Furthermore, the rich multi-wavelength resources (i.e., HST,
Spitzer, VLA, Chandra, etc) of the COSMOS field provide a wealth of information to supply the means to answer many fundamental questions as to how galaxies and
supermassive black holes grow, possibly in concert, with
cosmic time. With FMOS, we have started to open this
spectral window not yet fully explored and already being complemented with results coming from other multiaperture NIR instruments such as Keck/MOSFIRE, and
the VLT/KMOS. The wide-field capability of FMOS will
not be matched for a few years until the operation of
a new generation of multi-fiber spectrographs such as
MOONS, or Prime-Focus-Spectrograph (PFS; Takada
et al. 2014).
JDS is supported by JSPS KAKENHI Grant Number
26400221 and the World Premier International Research
Center Initiative (WPI), MEXT, Japan. DK receives
support through the Grant-in-Aid for JSPS Fellows (No.
26-3216). AR acknowledges support by a grant PRININAF 2012.
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Ilbert O., McCracken H. J., Le Fèvre O., et al., 2013, A&A, 556,
A55
Ilbert O., Salvato M., Le Floc’h E., et al., 2010, ApJ, 709, 644
Iwamuro F., Moritani Y., Yabe K., et al., 2012, PASJ, 64, 59
Iwamuro F., Motohara K., Maihara T., Hata R., Harashima T.,
2001, PASJ, 53, 355
Kartaltepe J. S., Dickinson M., Alexander D. M., et al., 2012,
ApJ, 757, 23
Kartaltepe J. S., Sanders D. B., Silverman J. D., et al., 2015,
ApJ, 806, L35
Kashino D., Silverman J. D., Rodighiero G., et al., 2013, ApJ,
777, L8
Kennicutt Jr. R. C., 1998, ARA&A, 36, 189
Kewley L. J., Dopita M. A., Leitherer C., et al., 2013a, ApJ, 774,
100
Kewley L. J., Maier C., Yabe K., et al., 2013b, ApJ, 774, L10
Kimura M., Maihara T., Iwamuro F., et al., 2010, PASJ, 62, 1135
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I., 2009, ApJ, 691, 1879
Wuyts S., Förster Schreiber N. M., Nelson E. J., et al., 2013,
ApJ, 779, 135
Wuyts S., Förster Schreiber N. M., van der Wel A., et al., 2011,
ApJ, 742, 96

Yabe K.,
Yabe K.,
Zahid H.
130
Zahid H.
75

25

Ohta K., Iwamuro F., et al., 2012, PASJ, 64, 60
Ohta K., Iwamuro F., et al., 2014, MNRAS, 437, 3647
J., Dima G. I., Kudritzki R.-P., et al., 2014a, ApJ, 791,
J., Kashino D., Silverman J. D., et al., 2014b, ApJ, 792,

26

Table 6
Observed FMOS-COSMOS galaxies and measurements

ID

RA

DEC

(J2000)

(J2000)

zspec
1.671

zFLAG

fHα a

FWHM

Error

(km s−1 )

FWHM

3.148

5.73

325.84

56.48

1
0

5.459

2.37

423.56

167.14

[NII]

Aper.
correctb

2.66

2.15

FMOS J095943.6+014211

149.931790

1.70292

149.894500
149.902000

1.71419
1.71425

0
0

FMOS J095925.2+014254

149.854830

1.71506

0

FMOS J095933.0+014258
FMOS J095956.4+014311

149.887290
149.985130

1.71603
1.71967

0
0

FMOS J095914.4+014328
FMOS J095937.9+014360

149.810120
149.908000

1.72444
1.73325

1.504

FMOS J095910.7+014405

149.794750

1.73475

1.712

3

5.648

7.40

181.78

30.75

-13.442

FMOS J095950.1+014409
FMOS J100123.3+014409

149.958830
150.346960

1.73583
1.73586

1.646

4
0

2.042

5.80

136.35

26.61

1.515

2.83

2.08

FMOS J095923.9+014412
FMOS J100003.3+014419

149.849750
150.013830

1.73653
1.73847

3.707

8.01

155.93

22.02

0.947

2.78

1.81

FMOS J100114.8+014427

150.311790

1.74083

0

FMOS J100009.2+014428
FMOS J100108.0+014428

150.038460
150.283500

1.74097
1.74111

0
0

FMOS J095940.2+014450
FMOS J100120.7+014451

149.917670
150.336330

1.74714
1.74756

FMOS J095953.3+014458

149.972130

1.74931

FMOS J100005.2+014501

150.021830

1.75014

1.494

0
4

4
0

1.038

S/N

FMOS J095934.7+014251
FMOS J095936.5+014251

1.651

4

f[NII] a

1.73

3

a units of 10−17 erg s−1 cm−2
b Aperture corrections, based on HST I-band (F814W) images, are

reported for galaxies that are not significantly blended.

Hβ

f[OIII] a

S/N

-7.891

[OIII]

Aper.

zCOS

zCOS

S/N

correctb

zspec

flag

1.612

0
2.5

-3.742

3.06

-8.459

1.96

1.42
1.438

4.38

-1.871

3.28

0
4.658

9.21

150.04

18.79

0.840

1.642

5.40

99.08

20.71

-2.061

2.31

1.97

0
1.674

fHβ a

1.434
2.19

1.5
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Hα
S/N

