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Abstract
We present both the observations and the data reduction procedures of the Subaru COSMOS
20 project that is an optical imaging survey of the HST COSMOS field, carried out by using
Suprime-Cam on the Subaru Telescope with the following 20 optical filters: 6 broad-band (B,
g′, V , r′, i′, and z′), 2 narrow-band (NB711 and NB816), and 12 intermediate-band filters
(IA427, IA464, IA484, IA505, IA527, IA574, IA624, IA679, IA709, IA738, IA767, and IA8271).
A part of this project is described in Taniguchi et al. (2007) and Capak et al. (2007) for the
six broad-band and one narrow-band (NB816) filter data. In this paper, we present details of
the observations and data reduction for remaining 13 filters (the 12 IA filters and NB711). In
particular, we describe the accuracy of both photometry and astrometry in all the filter bands.
We also present optical properties of the Suprime-Cam IA filter system in Appendix.

Key words: methods: observational — surveys — techniques: photometric

1 INTRODUCTION

The Cosmic Evolution Survey (COSMOS) is a treasury pro-

gram on theHubble Space Telescope(HST), awarded a total

of 590 HST orbits, carried out in Cycles 12 and 13 (Scoville

et al. 2007a, 2007b; Koekemoer et al. 2007). In total,

a sky area of 1.64 square degree is covered with Advanced

Camera for Surveys (ACS) F814W filter around the central

positionR.A.(J2000) = 10h 00m 28.6s andDecl.(J2000) =

+02◦ 12′ 21.0′′ . Note that we originally proposed to map a

1.4 degree× 1.4 degree = 2 square degree field. However, due

to the observational constraints, the sky area of 1.64 square de-

gree was mapped (Koekemoer et al. 2007). On the other hand,

the Subaru COSMOS 20 project has covered the whole 2 square

degree field. The comparison between theHST ACS field and

the Subaru COSMOS 20 field is shown in Figure 1. A point

source limiting magnitude is down toAB(F814W)= 27.2 (5σ,

0.′′24 diameter aperture). These ACS observations provide us a

large sample of galaxies with a spatial resolution of 0.1 arcsec

covering a redshift range betweenz∼0 to z∼6 (e.g., Taniguchi

et al. 2009; Murata et al. 2014; Kobayashi et al. 2015).

The main purpose of the COSMOS project is to understand
the evolution of galaxies, active galactic nuclei (or supermas-

sive black holes), and dark matter halos together with the evo-

lution of large scale structures in the Universe. In order tocarry

out this project, we also need multi-wavelength data from X-ray,

ultraviolet though optical to infrared and radio. Indeed, such

multi-wavelength campaign has been made intensively: X-ray

(Hasinger et al. 2007; Elvis et al. 2009), ultraviolet (Zamojski

et al. 2007), optical (Taniguchi et al. 2007; Capak et al. 2007),
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Fig. 1. The whole COSMOS field of 1.95 deg2 (red line) and the ACS field

of 1.64 deg2 (blue line) overlaid on the IA427 band image.

infrared (Sanders et al. 2007), and radio (Schinnerer et al.2007;

Smolčić et al. 2012). Among them, optical imaging obser-

vations made by use of Suprime-Cam (Miyazaki et al. 2002)

on the Subaru Telescope (Kaifu et al. 2000; Iye et al. 2004)

are highly useful to investigate both photometric properties and

photometric redshifts of the galaxies found in the COSMOS

field (Mobasher et al. 2007; Ilbert et al. 2009; Salvato et al.

2009).
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In our Subaru COSMOS 20 project, we used 20 filters in

the optical covering from 400 nm to 900 nm: six broad-band

(B, g′, V , r′, i′, and z′), twelve intermediate-band (IA427,

IA464, IA484, IA505, IA527, IA574, IA624, IA679, IA709,

IA738, IA767, and IA827), and two narrow-band filters (NB711

and NB816). This is the origin of the project’s name, “Subaru

COSMOS 20”. Since we have already given a detailed descrip-

tion on the broad-band and NB816 imaging of the COSMOS

field (Taniguchi et al. 2007; hereafter Paper I), we present de-
tails of observations, data reductions, calibration, and quality

assessment for the twelve intermediate-band filters and NB711

in this paper (see also Capak et al. 2007). As for the NB711

imaging of the COSMOS field, see also Shioya et al. (2009)

and Kajisawa et al. (2013). In Appendix, we present a summary

of the optical properties of the Suprime-Cam IA filter system.

Throughout this paper, we use the AB magnitude system.

The twelve intermediate-band filters are selected from the

Suprime-Cam IA filter set (Hayashino et al. 2000; Taniguchi

et al. 2004). The spectral resolution of all the IA filters is

R=λ/∆λ≈ 23, being just intermediate between typical broad-

band filters (λ/∆λ ∼ 5) and narrow-band filters (λ/∆λ ∼ 50–

100). Therefore, imaging with multi-IA filters is equivalent to

low-resolution spectroscopy with anR ≈ 23 (see, for exam-

ple, Yamada et al. 2005). It is also mentioned that the use

of IA filters makes it possible to detect very strong emission-

line objects (galaxies or active galactic nuclei). Although such

objects tend to be rare, some examples have been discovered

to date: ultra strong emission line galaxies (USELs) definedas

EW(Hβ) ≥ 30 Å (Kakazu et al. 2007), and Green Pea objects
found in the Galaxy Zoo project (Cardamone et al. 2009).

Since such very strong emission lines in galaxies affect

broad-band colors of the galaxies (e.g., Nagao et al. 2007),care-

ful analyses are recommended to make any sample selection of

a particular class of galaxies. For example, in the case of color

selection of very high redshift galaxies atz ∼ 7–8, strong emis-

sion line galaxies atz∼ 2 with little stellar continuum can act as
interlopers (see Taniguchi et al. 2010; Atek et al. 2011). Onthe

other hand, such very strong emission line galaxies themselves

are important populations, because most of them are very metal

poor galaxies (Kakazu et al. 2007; Amorı́n et al. 2014, 2015).

Therefore, surveys of such objects contribute to the understand-

ing chemical evolution of galaxies.

In our Subaru COSMOS 20 project, we also use the two
narrow-band filters, NB711 and NB816. Imaging with such

narrow-band filters provides us samples of targeted emission

line galaxies. For example, NB816 has been used to find Lyα

emitters atz = 5.7 (e.g., Hu et al. 2004, 2010; Shimasaku et al.

2005; Murayama et al. 2007). However, the use of NB816 also

provides us samples of Hα emitters atz = 0.24 (Shioya et al.

2008) and [OII ] emitters atz=1.2 (Takahashi et al. 2007; Ideue

et al. 2009, 2012). In the case of COSMOS project, NB711 has

also been used to sample both Lyα emitters atz = 4.9 (Shioya

et al. 2009) and [OII ] emitters atz=0.9 (Kajisawa et al. 2013).

Therefore, if we combine imaging surveys with multiple NB fil-

ters, we can trace the cosmic star formation history from high

to low redshifts (e.g., Hopkins 2004; Shioya et al. 2008).

Moreover, multi-band optical imaging such as our Subaru

COSMOS 20 improves the accuracy of photometric redshifts of

galaxies (Ilbert et al. 2009) and active galactic nuclei (Salvato

et al. 2009, 2011). The accurate photometric redshifts for the

large sample of galaxies allow us to map the large-scale struc-

ture at various redshifts and to study the environmental effects

of the galaxy evolution (Feruglio et al. 2010; Scoville et al.

2013). One can also combine such photometric redshifts with

a smaller spectroscopic sample to estimate the overdensityof

galaxies with high accuracy (e.g., Kovač et al. 2014) and to
measure the clustering strength of AGNs (Georgakakis et al.

2014).

2 OBSERVATIONS

2.1 Observational Strategy

The COSMOS field covers an area of1.◦4 × 1.◦4, centered

at R.A.= 10h 00m 28.6s andDecl. = +02◦ 12′ 21.0′′. The

Suprime-Cam consists of ten2048× 4096 CCD chips and pro-

vides a very wide field of view,34′ × 27′ in 10240× 8192 pix-

els (0.′′202 pixel−1) (Miyazaki et al. 2002). Although the field

of view of the Suprime-Cam had been the widest one among

available imagers on the 8–10 m class telescopes before Hyper

Suprime Cam on the Subaru Telescope (Miyazaki et al. 2012),
we needed multiple pointings to cover the entire COSMOS

field.

In our previous Suprime-Cam observations, we used the two

dithering patterns, Pattern A and Pattern C (Paper I). Pattern A

consists of12 shots× 4 sets (48 shots in total) to cover the

whole COSMOS field (see Figure 1 in Paper I). This dither-

ing pattern is a half-array shifted mapping method to obtain
accurate astrometry and a self-consistent photometric solution

across the entire field. Another dithering method is PatternC

that consists of9 shots× 4 sets (36 shots in total) to cover the

whole COSMOS field efficiently (see Figure 2 in Paper I). It is

noted that both patterns are designed to take care of spatialgaps

(3′′–4′′ or 16′′–17′′) between the CCD chips of the Suprime-

Cam.

After our previous observations, we confirmed that observa-

tions with Pattern C only are enough to obtain accurate pho-

tometry and astrometry. The flat frames generated using only

Pattern C in the broad bands are consistent with those cre-

ated with both Pattern A and Pattern C within 1% root mean

square. Therefore, our new observations with the intermedi-

ate and narrow-band filters were made by using Pattern C. This

made our observations more efficient than our previous obser-
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Fig. 2. Filter response curves at the center of the filter, including effects of the CCD sensitivity, the atmospheric transmission, and the transmission of the

telescope and the instrument.

vations.

In this paper, we used twelve intermediate-band filters

(IA427, IA464, IA484, IA505, IA527, IA574, IA624, IA679,

IA709, IA738, IA767, and IA827) and one narrow-band fil-

ter (NB711). Note that we intended to use another NB filter,

NB921, whose effective wavelength and the full width at half

maximum (FWHM) areλeff =9196 Å and∆λ=132 Å, respec-

tively (Kodaira et al. 2003; Kashikawa et al. 2004; Taniguchi

et al. 2005). However, we did not have enough time to take any

NB921 data.

The filter response curves including the CCD sensitivity and

the atmospheric transmission are shown in Figure 2 for the

twelve IA filters and NB711 (see also Section 3.2 for details).

In Figure 3, we also show those for the 20 filters used in Subaru

COSMOS 20. In order to see the wavelength coverage fairly,
all the response curves are normalized; i.e., all the peak values

are set to be unity. Note that the current CCD chips1 installed

on Suprime-Cam are different from those used in our Subaru

1 These new CCD chips were installed on

July 2008; see for details the following URL,

http://www.naoj.org/Observing/Instruments/SCam/parameters mit.html.

COSMOS 20 project.

2.2 Observational Programs and Runs

Our Suprime-Cam observations of the COSMOS field have

been made during a period between 2006 January and 2007

March, consisting of two open-use observing programs: S05B-

013I (COSMOS-21: Deep Intermediate & Narrow-band Survey

of the COSMOS Field) and S06B-026 (COSMOS-21: Deep

Intermediate-band Survey of the COSMOS Field). The first one

is an Intensive Program on the Subaru Telescope. Fourteen and

half nights were allocated for these two proposals (Tables 1and

2). With 28.5 nights (including 4 compensation nights) allo-

cated for our COSMOS observations in Paper I, 43 nights were
allocated in total.

Our observations in the available nights shown in Table 2

were made under the photometric conditions except for the

IA505- and IA679-bands observations on Feb. 24, 2006. We

observed the spectrophotometric standard stars immediately be-

fore and after the target observations for the photometric cal-

ibration. These standard stars have been observed at various
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Table 1. A summary of observational programs.
Semester ID No.a PI Program Title Nights Paperb

S03B 239I Y. Taniguchi COSMOS-Broadc 10 1

S04A 080 Y. Taniguchi COSMOS-Narrowd 2.5 1

S04B 142I Y. Taniguchi COSMOS-21e 8 1

S04B UH-17A N. Scoville COSMOS-21e 4 1

S05B 013I Y. Taniguchi COSMOS-21e 10 2

S06B 026 Y. Taniguchi COSMOS-21f 4.5 2
aThe figure “I” given in the last of ID number means an IntensiveProgram.
b1 = Paper I, and2 = this paper.
cSuprime-Cam Imaging of theHSTCOSMOS 2-Degree ACS Survey Deep Field (Intensive

Program).
dWide-Field Search for Lyα Emitters atz = 5.7 in theHST/COSMOS Field.
eCOSMOS-21: Deep Intermediate & Narrow-band Survey of the COSMOS Field (Intensive

Program).
f COSMOS-21: Deep Intermediate-band Survey of the COSMOS Field.

airmass, defocussing the telescope to avoid saturation. The ob-

served standard stars are summarized in Table 3. Although we

also observed GD 71 with several IA filters, all the data were

saturated and we did not use GD 71 for the photometric calibra-

tion.

3 DATA REDUCTION AND IMAGE QUALITY

3.1 Data Reduction

All the individual CCD data were reduced using IMCAT2 with

the same manner as the Suprime-Cam broad-band data of the

COSMOS survey (Capak et al. 2007). At first, we performed

the bias subtraction and the masking of bad or saturated pixels.

2 IMCAT is distributed by Nick Keiser at

http://www.ifa.hawaii.edu/˜kaiser/imcat/

Then the flat fielding was carried out with the median dome

flats. We subtracted the median sky frames from the flat-fielded

object frames to remove the night sky illumination and fringe

pattern. The residual background was measured in a grid of

128× 128 pixel squares after masking objects and subtracted.

After the sky subtraction, we calculated an astrometric so-

lution for each CCD chip in all frames using the COSMOS

astrometric reference catalog. This catalog was build in 2004
using the Megacami∗-band data (Capak et al. 2007), a dataset

with bright enough saturation magnitude on individual expo-

sures (i∗ = 16) to be registered on classical astrometric ref-

erences, and deep enough (reachingi∗ = 24) to allow for the

registration of all other Subaru and ACS COSMOS data. The

COSMOS astrometric reference catalog was build iteratively

via the following four steps: 1) the astrometric solution for

the Megacam images was computed using the Astrometrix soft-
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Table 2. A summary of observational runs.
ID No.a Period Nights Avail. Nights Bands Paperb

S03B-239I 2004 Jan 16–21 6 5 B, r′, i′, z′ 1

S03B-239I 2004 Feb 15–18 4 2 V , i′ 1

S04A-080 2004 Apr 15–19c 2.5 1 NB816 1

S04B-142I 2005 Jan 8–10 3 0 no data 1

UH-17A 2005 Feb 3 1 0 no data 1

S04B-142I 2005 Feb 9–13 5 2 g′, V , NB816 1

UH-17A 2005 Mar 10–12 3 1 NB816 1

S04B-142I 2005 Apr 1–4d 4 3 g′, NB816 1

S05B-013I 2006 Jan 27–Feb 1e 6 6 IA427, IA574, IA709, IA827, NB711 2

S05B-013I 2006 Feb 22–25 4 3 IA464, IA505, IA679 2

S06B-026 2006 Dec 17–19f 1.5 1.5 IA624, IA679 2

S06B-026 2007 Jan 15–18f 2 2 IA484, IA527, IA738 2

S06B-026 2007 Mar 20–22e, g 1 1 IA767 2
aThe figure “I” given in the last of ID number means an IntensiveProgram.
b1 = Paper I, and2 = this paper.
cFirst half night was used in every night.
dCompensation nights because of the poor weather in S04B-142Jan and Feb runs.
eObserving time exchange with Dave Jewitt (IfA, UH).
f Second half night was used in every night.
gThree hours× 3.

Table 3. A summary of standard stars.
Band Standard stars

B SA 95-193, SA 98-685, SA 101-207, SA 104

V SA 95-193, SA 101-207, SA 104

g′ G 163-51, SA 101-207

r′ Feige 22, Rubin 149F, SA 95-193, SA 98-685, SA 101-207

i′ Feige 22, Rubin 149F, Rubin 152, SA 95-193, SA 98-685, SA 101-207

z′ Feige 22, Rubin 152, SA 95-193, SA 98-685, SA 101-207

IA427 GD 50, GD 108, HZ 4, HZ 21, HZ 44

IA464 GD 50, GD 108, HZ 4

IA484 GD 50, GD 108, HZ 4, HZ 21, HZ 44

IA505 GD 50, GD 108, HZ 4, HZ 21, HZ 44

IA527 GD 50, GD 108, HZ 4, HZ 21

IA574 GD 50, GD 108, HZ 4, HZ 21, HZ 44

IA624 GD 50, GD 108, HZ 4, HZ 21, HZ 44

IA679 GD 108, HZ 21, HZ 44

IA709 GD 50, GD 108, HZ 4, HZ 21, HZ 44

IA738 GD 50, GD 108, HZ 4, HZ 21

IA767 GD 50, GD 108, HZ 4, HZ 21, HZ 44

IA827 GD 50, GD 108, HZ 4, HZ 21, HZ 44

NB711 GD 50, GD 108, HZ 4, HZ 21, HZ 44

NB816 Feige 34, GD 50, GD 108, HZ 4
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ware (Radovich et al. 2001), that was at the time part of the

Terapix pipeline (SCAMP was only introduced in 2005), us-

ing the USNO-B1.0 catalog (Monet et al. 2003) as reference.

2) Thei∗-band catalog obtained from the Megacam stack was

cross-matched to the COSMOS VLA pre survey (Schinnerer et

al. 2004), and we measured offsets of∆αcosδ=16.1±4.1 mas

and∆δ = −144.0± 4.0 mas, without any indication of vari-

ation across the field. 3) The measured offsets were applied

to the input USNO-B1.0 catalog, and the astrometric solution
of the Megacami∗-band images was recomputed in the same

manner as step 1. 4) The final COSMOS astrometric refer-

ence catalog was obtained from thei∗-band Megacam stack

produced at step 3. The internal accuracy of the COSMOS

astrometric reference, i.e., the maximum value of the residual

of the astrometric solution derived by Astrometrix when fitting

the shifted USNO-B1.0 catalog is∆αcosδ =−26.8± 4.0 mas

and∆δ = −18.6± 4.9 mas, and the absolute offset to the full

survey VLA astrometry is∆α cos δ = −55.8± 3.8 mas and

∆δ=81.4±4.2 mas. All our COSMOS 20 images were forced

to the COSMOS astrometric reference using a 3–5th order poly-

nomial. The polynomial order was increased until the astromet-

ric errors were consistent with the seeing size in the data. The

internal scatter of the resulting astrometry is always lessthan
0.2 arcsec.

We then performed the scattered light correction for the flat

as described in Capak et al. (2007). The dome and sky flat can

be affected by the scattered light at 3–5% level. The correction

factor for this effect was calculated in each128×128 pixel grid

so that the background subtracted fluxes of an object at different

positions of the detector in the different frames have the same

values. Objects in the all frames were simultaneously used in

the fitting procedure for each band. In this process, we also

added the additional correction factor for each frame to take
account of the effects of the airmass and non-photometric con-

dition. These correction factors for the scattered light ineach

region and for the atmospheric condition in each frame were si-

multaneously determined in the fitting for each band (equations

(1) and (2) in Capak et al. 2007). Thus we made the corrected

flat frames and applied them to the object frames.

Then the frame to frame offsets of the background-

subtracted fluxes of objects were examined as a function of air-

mass and Modified Julian Date. If the data followed the airmass

trend estimated from the standard star observations withinthe
expected 1–2% error due to point spread function (PSF) varia-

tion, the data were deemed photometric. If data stopped follow-

ing the expected trend, or did not follow it for a night, the data

were deemed non photometric. The non-photometric frames

were scaled to the mean of the airmass corrected photometric

data. The frames with extinction greater than 0.5 mag were

discarded. In the case of the IA679 band, where no photomet-

ric data were obtained, all the object frames were scaled to the

least extinct frame. Therefore the photometry in the IA679 band

should be used with caution.

The flux-matched frames were then smoothed to the same

PSF FWHM using a Gaussian kernel. After the resampling

onto the final astrometric grid, the PSF-matched frames were

combined with a weight of the inverse variance of each frame,

clipping outlier values at more than5σ from the median value

in the calculation of each pixel. In this procedure, we also gen-

erated a root mean square (rms) map that reflects the true pixel-

to-pixel rms, which is the value expected if the effects of the

resampling and smoothing do not exist. The rms measured in a

given area on this rms map represents the variance that would

be measured in the background of the same area if the variance

was calculated on the individual images that went into the final

mosaiced image. The PSF sizes of final images are summarized
in Table 4. In addition to these PSF-matched combined images,

we also provided the original-PSF images for each band from

the frames that were not convolved in order to provide a max-

imum sensitivity for detection of (compact) sources. Note that

the PSF varies as a function of position in these original-PSF

images, and therefore the color measurements with a relatively

small aperture can be less reliable. These reduced images were

divided into tiles with a dimension of10′ × 10′ as shown in

Figure 5 of Paper I.

For the color measurements and generating the official

multi-band photometric catalog, we additionally convolved the

PSF-matched combined images to match the PSF among all the

optical–NIR data fromU to Ks band. These data were con-

volved with a Gaussian kernel so that the flux ratio between a

3′′ and10′′ aperture for a point source in each band is the same

as that of CTIO/KPNOKs-band data, which have the lowest

flux ratio of ∼ 0.75 (Capak et al. 2007). The width (σ-value)

of the Gaussian kernel used in the convolution of the IA and

NB711-band data is shown in the last column of Table 4. Using

these convolved data, we carried out the multi-band photometry
with a 3′′ diameter aperture and the results are presented in the

official photometric catalog. Note that the matching of the flux

ratio between3′′ and10′′ apertures for point sources does not

necessarily guarantee the same flux ratio for extended sources,

because the detailed shapes of the PSF are not the same among

the different bands. If one needs to measure colors for extended

sources with high accuracy, the photometric values in the offi-

cial catalog should be used with caution.

3.2 Photometric Calibration

Since we used the original intermediate- and narrow-band fil-

ters in this project, the theoretical synthetic magnitudesof the

spectrophotometric standard stars are necessary for the photo-

metric calibration. The theoretical complete system response

in each band was computed by multiplying the filter transmis-
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Fig. 4. Determination of the photometric zero points for the IA624 (left) and IA738 (right) bands. Each symbol represents a different standard star and a

different night of observation. The red error bars correspond to the uncertainty of the theoretical magnitudes (see Table B1) and the black ones represent the

combined counts measurements and uncertainty of the standard. The airmass relation obtained from the object frames of the survey is given by the cyan line.

The green dashed line is a fit to all data of the standard stars, while the solid green line is a fit excluding nights where there was indication that the standard

measurements were not obtained under photometric conditions (i.e., the data represented as the filled symbols). The agreement between the two airmass

determination is reasonable for IA624, and good for IA738 for the standard data obtained on 2007-01-17 (the open symbols), while quite poor for the standard

data obtained in 2007-01-16 (the filled symbols). The range of (secz− 1) for the targets is shown by the blue horizontal arrow in each panel.

sion, the Subaru telescope mirror reflectivity, the prime focus

unit’s transmission, the CCD quantum efficiency, and the at-

mosphere transmission for an airmass of 1.2. For the atmo-

sphere, we used the same model as the one used for the broad-

band Suprime-Cam filters (K. Shimasaku, private communica-

tion3). We computed the theoretical synthetic magnitude in the

AB system of our standard stars using the availableCALSPEC
4

spectra, i.e.,gd50 004.fits for GD 50,gd108 005.fits for

GD 108,hz4 stis 001.fits for HZ 4, hz21 stis 001.fits

for HZ 21 andhz44 stis 001.fits for HZ 44 (Bohlin 1996;

Bohlin et al. 2001). We present these theoretical magnitudes in

the Appendix B. Note that for the HZ stars, theCALSPEC spectra
have been interpolated between 5150Å and 5212Å, resulting

in a larger overall uncertainty in the calibration of the IA505

and IA527 bands, because this more uncertain region lies on

the edges of these two passbands.

These standard stars have been observed at various airmass

as mentioned above, and we determined the zero point for each

band taking account of the airmass dependence. IfF are the

counts measured from the standard star under an airmasssecz,

the relation between the standard magnitudeMs and the zero

pointZp is:

−2.5logF +Zp −Ms = k(secz− 1) (1)

So that the airmass termk is the slope of the expected linear

fit to the data of the standard stars and its intercept gives the

zero point. Figure 4 shows typical examples of the calibration

3 http://hikari.astron.s.u-tokyo.ac.jp/work/suprime/filters/
4 See http://www.stsci.edu/hst/observatory/crds/calspec.html.

for the IA624 and the IA738 bands. For most bands, our zero

point determination is accurate within 0.02 mag. In a few cases,

there was a lack of standard star observations at high airmass

that prevented us to derive the airmass term from the standard

star data. In this case, we used the airmass point of the object

data for the zero-point determination. Note that for the IA679

band, we obtained no photometric data both for the COSMOS

field and the standard stars, and we scaled to the photometry of

the neighboring bands (i.e., IA624 and IA709) assuming the ob-

jects were flat inFν for the interpolation. After the photometric

calibration, all the reduced images are converted to be in units

of nanojanskys per pixel (the zero point of 31.4 mag in the AB
magnitude system).

We also checked the consistency among the zero points in

the different bands through the spectral energy distribution fit-

ting for a large number of galaxies with spectroscopic redshift

(Ilbert et al. 2009). The multi-band photometry from UV to

MIR wavelength including the IA- and narrow-band data were

fitted with population synthesis models, and the systematicdif-

ference between the model and observed magnitudes in a cer-

tain band is considered to reflect the zero-point offset. The
details of the method to determine the zero-point offsets are

described in Ilbert et al. (2006, 2009). These offsets of the

photometric zero points are shown in the second-last column

of Table 4. We note that the offset for the IA679 band is much

higher than the other IA bands, which probably reflect the larger

uncertainty in the photometric calibration for this band men-

tioned above. The zero-point offsets in Table 4 are calculated

for the upgraded version (v2.0) of the photometric redshiftcata-
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Table 4. A summary of the optical imaging data for COSMOS.
Band λa

eff
FWHMb TDTc md

lim
σe
mlim

PSF FWHMf offsetg σh
conv

(Å) (Å) (min) (mag) (mag) (′′) (mag) (′′)

IA427 4263.5 207.3 41.3 25.8 0.12 1.64 0.042 0.30

IA464 4635.1 218.1 40.0 25.6 0.13 1.89 0.040 0.29

IA484 4849.2 229.1 36.7 25.9 0.16 1.14 0.014 0.59

IA505 5062.5 231.5 36.0 25.6 0.13 1.44 0.013 0.48

IA527 5261.1 242.7 36.7 25.7 0.12 1.60 0.041 0.41

IA574 5764.8 272.8 45.3 25.4 0.10 1.71 0.085 0.11

IA624 6232.9 299.9 36.7 25.7 0.16 1.05 0.009 0.66

IA679 6781.1 335.9 41.3 25.3 0.10 1.58 −0.176 0.31

IA709 7073.6 316.3 40.0 25.4 0.10 1.58 −0.021 0.14

IA738 7361.5 323.8 37.0 25.4 0.10 1.08 0.021 0.59

IA767 7684.9 365.0 45.0 25.1 0.13 1.65 0.039 0.20

IA827 8244.5 342.8 72.0 25.1 0.15 1.74 −0.013 0.13

NB711 7121.7 72.5 35.0 25.0 0.13 0.79 0.014 0.72
aEffective wavelength calculated from the filter response curve including the effects of the CCD sensitivity, the

atmospheric transmission, and the transmission of the telescope and the instrument shown in Figure 2.
bFWHM of the filter response curve mentioned above.
cThe target dedicated time.
dThe average 3σ limiting magnitude in the AB system within3′′ diameter aperture.
eThe standard deviation ofmlim measured in the 81 tiles.
fThe PSF size of the final images. Note that the PSF of each filterband is finally matched so that the flux ratio between a

3′′ and10′′ apertures is the same as that in the CTIO/KPNOKs-band data to provide official photometric catalog (see

text).
gSystematic offset of the photometric zero point for each filter (see text).
hTheσ-value of the Gaussian kernel used for the PSF matching amongthe different bands (see text in Section 3.1).

log from Ilbert et al. (2009) including the new UltraVISTA data

from the DR1 (McCracken et al. 2012). Therefore, the offsets

in Table 4 are slightly different from those in Table 1 of Ilbert

et al. (2009).

Note that the magnitudes in the public catalog are not cor-

rected for the Galactic extinction. Instead, we provide the

Galactic extinction value,E(B − V ), from Schlegel et al.

(1998) for each object in the catalog. The correction for the

Galactic extinction in each band can be calculated from these

values.

3.3 Data Quality

We estimated the limiting magnitudes using the 81 tiles (the

COSMOSHST/ACS field) for each band. For each tile, we

set 50,000 random points and performed aperture photometry

with a3′′ diameter aperture on the PSF-matched images which

were convolved to the resolution of the COSMOSKs-band im-

age. In order to measure the background fluctuation properly,

we masked objects on the images. We used SExtractor version

2.3.2 (Bertin & Arnouts 1996) with the detection criteria of5-

pix connection above the2σ significance. Then we replaced
the masked regions with pseudo noise images, which were pro-

vided from randomly-shifted object-masked images. Then we

evaluated the limiting magnitudes from the standard deviation

for the distribution of the random photometry.

The average limiting magnitudes of the 81 tiles for the IA

and NB711 bands are listed in Table 4. As shown in Table 4

and Figures 5 and 6, the3σ limiting magnitudes are∼ 25.1–

25.9 mag in IA427–IA827 bands. The NB711 data reach to

the limiting magnitude of∼ 25.0 mag as shown in Table 4 and

Figure 7. The standard deviation of the limiting magnitudes

among the 81 tiles for each band is∼ 0.10–0.16 mag. As seen

in Figures 5–7, the limiting magnitudes are brighter in the tiles
at the edge of our survey field, because the total exposure time

is smaller in these regions. Some tiles where very bright stars

illuminate surrounding sky region also show brighter limiting

magnitudes.

4 DISCUSSION

We present deep optical imaging observations made with the

Suprime-Cam on the Subaru Telescope with 20 filters [6 broad-

band, 12 intermediate-band (IA), and 2 narrow-band (NB) fil-

ters]: Subaru COSMOS 20. In this paper, we describe the de-

tails of our imaging with the 12 IA filters and NB711. Note that

those of the other seven filters are given in Paper I.

The use of intermediate-band filters has generally a cou-

ple of scientific merits: (1) improvement of the accuracy of

photometric redshifts and (2) selection of very strong emitters.

First, we discuss the improvement of the accuracy of photo-

metric redshifts. As described in Mobasher et al. (2007),

our previous accuracy of photometric redshifts based on six

Subaru broad band, CFHTu band, ACS F814W, NB816, and



10 Publications of the Astronomical Society of Japan, (2014), Vol. 00, No. 0

IA427-band limiting magnitude IA464-band limiting magnitude

IA484-band limiting magnitude IA505-band limiting magnitude

IA527-band limiting magnitude IA574-band limiting magnitude

 25.2 25.3  25.5  25.6 25.7  25.8  25.9 26.0 25.4

 25.2 25.3  25.5  25.6 25.7  25.8  25.9 26.0 25.4

 25.2 25.3  25.5  25.6 25.7  25.8  25.9 26.0 25.4  24.9 25.0  25.2  25.3 25.4  25.5  25.6 25.7 25.1

 25.0 25.1  25.3  25.4 25.5  25.6  25.7 25.8 25.2

 25.0 25.1  25.3  25.4 25.5  25.6  25.7 25.8 25.2

Fig. 5. Variations of 3σ limiting magnitudes within 3′′ diameter aperture in the 81 tiles of the IA427–, IA464–, IA484–, IA505–, IA527–, and IA574–band

data from top-left to bottom-right.
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IA624-band limiting magnitude IA679-band limiting magnitude

IA709-band limiting magnitude IA738-band limiting magnitude

IA767-band limiting magnitude IA827-band limiting magnitude

 24.6 24.7  24.9  25.0 25.1  25.2  25.3 25.4 24.8  24.6 24.7  24.9  25.0 25.1  25.2  25.3 25.4 24.8

 24.8 24.9  25.1  25.2 25.3  25.4  25.5 25.6 25.0 24.8 24.9  25.1  25.2 25.3  25.4  25.5 25.6 25.0

 24.8 24.9  25.1  25.2 25.3  25.4  25.5 25.6 25.0 25.1 25.2  25.4  25.5 25.6  25.7  25.8 25.9 25.3

Fig. 6. Same as Figure 5, but for IA624–, IA679–, IA709–, IA738–, IA767–, and IA827–band data from top-left to bottom-right.
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NB711-band limiting magnitude

 24.4 24.5  24.7  24.8 24.9  25.0  25.1 25.2 24.6

Fig. 7. Same as Figure 5, but for NB711–band data.

CTIO/KPNOKs photometric data isσ∆z = 0.031 where∆z =

(zphot − zspec)/(1 + zspec); note thatzphot andzspec are pho-

tometric and spectroscopic redshifts, respectively. Since both

u andKs are used together with optical data, the accuracy of

zphot is better than that of typical optical studies (e.g., Hogg

et al. 1998). However, in the COSMOS project, thanks to its

multi-wavelength campaign, 30 band photometric data includ-

ing Subaru COSMOS 20 data are accumulated to obtain much

more accurate estimates ofzphot (Ilbert et al. 2009; see also

Salvato et al. 2009, 2011). The accuracy ofzphot is improved

to σ∆z = 0.007 for i < 22.5. Even at fainter magnitudes of

i < 24, the accuracy is found to be still high asσ∆z = 0.012 for

the galaxies atzspec < 1.25 (Ilbert et al. 2009).

There are several similar surveys with the use of intermedi-

ate band filters.

[1] COMBO-17 (Classifying Objects by Medium-Band

Observations in 17 Filters): This is a pioneering optical survey

with multi-band filters (Wolf et al. 2003). The COMBO-17 cov-

ers three30′×30′ fields, including the Extended Chandra Deep

Field South (ECDF-S). In this survey, twelve intermediate-band

filters were used together with five broad-band ones (U , B, V ,

R, and I) by using the Wide Field Imager at the MPG/ESO

2.2 m telescope on La Silla, Chile. Their intermediate-bandfil-

ters cover 410 nm to 920 nm. The spectral resolution is not

fixed for all the filters but ranges fromR = λ/∆λ = 14 to 61

(mostly from 30 to 40). The use of intermediate-band filters

improves the accuracy of photometric redshifts toσ∆z = 0.007

for R< 24 (Wolf et al. 2004). This enables them to construct a

large sample of AGNs atz ∼ 1–5.

[2] MUSYC (the Multiwavelength Survey by Yale-Chile):

In this project, 18 intermediate-band filters in the IA filtersys-

tem for Suprime-Cam on the Subaru Telescope were used to-

gether with 14 board-band data from optical to mid-infrared

(seven optical filters fromU to z, three near-infrared filters,

J , H , andK, and four Spitzer IRAC bands, 3.6, 4.5, 5.8, and

8.0µm) (Cardamone et al. 2010). These data cover a30′ × 30′

field of the ECDF-S, which is one of the MUSYC fields. The

use of IA filters improves the accuracy of photometric redshifts

atz=0.1 to 1.2 andz≥3.7: σ∆z =0.01 for R<25, see Table 8
in Cardamone et al. (2010) in more detail. This is attributed

that the Balmer break (3648̊A) or Lyman break (912̊A) falls in

wavelength interval covered by the 18 IA filters. According to

Cardamone et al. (2010),the use of IA filters not only tightens

the accuracy of photometric redshifts but also can help to rule

out false redshift solution (so called catastrophic failures).

[3] MAHOROBA-11: This survey is a scaled down version

of Subaru COSMOS 20 (Yamada et al. 2005). In this survey

seven IA filters are used together with five broad-band filters.

These data cover a34′ × 27′ area in the Subaru XMM-Newton

Deep Survey field. Their main purpose is to search for Lyα

emitters atz > 3.7 by using a photometric redshift method.

They showed that the fraction of false detection is only 10%.

[4] ALHAMBRA (the Advanced Large Homogeneous Area

Medium-Band Redshift Astronomilca): This survey has been

carried out by using the wide-field optical camera, Large Area

Imager for Calar Alto (LAICA) on the Calar Alto 3.5 m tele-

scope with 20 intermediate-band filters with 300Å spacing

(Moles et al. 2008; Molino et al. 2014). The surveyed area

size is 2.79 deg2. The accuracy of photometric redshifts is

σ∆z = 0.01 for I < 22.5 andσ∆z = 0.014 for 22.5< I < 24.5.

In this way, a number of optical wide-field deep surveys have

been carried out by using their original intermediate-bandfilter

systems. The main reason for this is to obtain more reliable pho-

tometric redshifts for large numbers of objects in the individual

surveys; see Figure 1B in Molino et al. (2014) for a compre-

hensive comparison among available optical surveys including

surveys with broad-band filters only such as HDF, SDSS, and

so on. The Subaru COSMOS 20 is the widest survey among the
deep (mlim ∼ 25) optical intermediate-band surveys. Some ef-

ficient multiple-object spectrographs are available on 8 m class

telescopes (e.g., VIMOS on the VLTs and FMOS on the Subaru

Telescope). However, imaging surveys with intermediate-band

filters are more efficient to obtain redshift information forlarge

numbers of objects.

We mention about our future works on study of strong

emission-line objects. The wide imaging with the IA filter set

of the Subaru COSMOS 20 enables us to detect very strong

emission-line objects (star forming galaxies and AGNs) over

a extremely large volume. In our forthcoming papers, we will

present a large sample of IA-excess strong emission-line objects

(Kajisawa et al. 2015, in preparation) and a new population of
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MAESTLO (= MAssive Extremely STrong Lyα Emitters) at

z ∼ 3 with rest-frame Lyα equivalent width ofEW0(Lyα) ≥

100 Å andMstar ≥ 1010.5 M⊙ (Taniguchi et al. 2015).

Finally, we note that the major COSMOS datasets includ-

ing the Subaru images and catalogs are publicly available (fol-

lowing calibration and validation) through the web site for

IPAC/IRSA:

http://irsa.ipac.caltech.edu/data/COSMOS/.
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Appendix A Intermediate-band filter system
for Suprime-Cam

In this section, we present optical properties of the IA filter sys-

tem for Suprime-Cam on the Subaru Telescope. This filter sys-

tem was developed as a private type of filters by the two authors

(TH and YT). Early short descriptions on this filter system are

given in Hayashino et al. (2000) and Taniguchi (2004).

The IA filter system consists of 20 intermediate band filters

with a spectral resolution ofR = 20–26, covering 410 nm to

1000 nm. (Table A1). The filter response curves are shown

in Figure A1. Note that these response curves are those of the

filters themselves; that is, the effects of the CCD sensitivity, the

atmospheric transmission, and the transmission of the telescope

and the instrument are not included.

Table A2. The Specifications for the Subaru IA Filter System.
Item Specification

Clear aperture 185 mm× 150 mm

Peak transmittance (Tpeak) > 70% (> 80% goal)

Homogeneity ofTpeak < 5%

Ripple (valley/peak) > 85%

Linear change (valley/peak) > 90%

λeff tolerance <±0.25% of λeff

FWHM tolerance <±0.25% of λeff

Bubble d < 0.1 mm acceptable

d= 0.1–0.2 mm ≤ 5 bubbles

d= 0.2–0.5 mm ≤ 3 bubbles

d > 0.5 mm Not allowed

Stain Not allowed

All the IA filters were manufactured by Barr Associates Co.

Ltd (now, Materion Co. Ltd). The specifications for the IA

filters are summarized in Table A2. Although some of the spec-

ifications were found not to be fully satisfied, all the filtersare

highly useful for scientific observations (e.g., Fujita et al. 2003;

Ajiki et al. 2004; Shioya et al. 2005; Yamada et al. 2005;

Nagao et al. 2008). Details of measurements of the filter trans-

mission is given in Hayashino et al. (2003). The measured data

are available at http://www.awa.tohoku.ac.jp/astro/filter.html.

Appendix B IA-band magnitudes of the
standard stars

In Table B1, we summarize the theoretical IA-band magnitudes
of the standard stars computed from theCALSPEC spectra and

the complete system response, in AB magnitudes. The uncer-

tainty given here assumes a perfect knowledge of the system

response and are based solely on theCALSPEC statistical and

systematic uncertainties.
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Fig. A1. The filter response curves themselves measured at the center of the 20 intermediate-band filters. Note that these curves do not include the effects of

the CCD sensitivity, the atmospheric transmission, and the transmission of the telescope and the instrument.

Table B1. Theoretical IA-band magnitudes of the standard stars.
Band GD 50 GD 108 HZ 4 HZ 21 HZ 44

IA427 13.690± 0.002 13.187± 0.002 14.445± 0.002 14.191± 0.002 11.223± 0.001

IA464 13.749± 0.002 13.297± 0.002 14.252± 0.002 14.405± 0.002 11.374± 0.002

IA484 13.869± 0.003 13.414± 0.003 14.576± 0.004 14.474± 0.003 11.447± 0.002

IA505 13.893± 0.003 13.442± 0.003 14.385± 0.026 14.528± 0.026 11.516± 0.025

IA527 13.975± 0.003 13.504± 0.003 14.394± 0.046 14.605± 0.047 11.583± 0.045

IA574 14.164± 0.003 13.650± 0.003 14.534± 0.001 14.771± 0.001 11.747± 0.001

IA624 14.309± 0.002 13.774± 0.002 14.662± 0.001 14.919± 0.001 11.896± 0.001

IA679 14.485± 0.003 13.917± 0.003 14.833± 0.001 15.097± 0.001 12.073± 0.001

IA709 14.559± 0.003 13.984± 0.003 14.849± 0.001 15.176± 0.001 12.154± 0.001

IA738 14.634± 0.002 14.052± 0.002 14.912± 0.001 15.251± 0.001 12.231± 0.001

IA767 14.698± 0.003 14.119± 0.003 14.980± 0.001 15.339± 0.001 12.321± 0.001

IA827 14.844± 0.002 14.237± 0.002 15.093± 0.002 15.491± 0.002 12.468± 0.001

NB711 14.566± 0.004 13.992± 0.004 14.860± 0.002 15.194± 0.003 12.167± 0.002


