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Abstract

Hyper Suprime-Cam (HSC) is a wide-field imaging camera on the prime focus of the 8.2m
Subaru telescope on the summit of Maunakea. A team of scientists from Japan, Taiwan and
Princeton University is using HSC to carry out a 300-night multi-band imaging survey of the
high-latitude sky. The survey includes three layers: the Wide layer will cover 1400 deg? in five
broad bands (grizy), with a 5¢ point-source depth of » ~ 26. The Deep layer covers a total
of 26 deg? in four fields, going roughly a magnitude fainter, while the UltraDeep layer goes
almost a magnitude fainter still in two pointings of HSC (a total of 3.5 deg?). Here we describe
the instrument, the science goals of the survey, and the survey strategy and data processing.
This paper serves as an introduction to a special issue of the Publications of the Astronomical
Society of Japan, which includes a large number of technical and scientific papers describing

results from the early phases of this survey.
Key words: TBD

1 Introduction

We live in a golden age for extragalactic astronomy and cosmol-
ogy. We now have a quantitative and highly predictive model for
the overall composition and expansion history of the Universe
that is in accord with a large array of independent and comple-
mentary observations. Observations of galaxies over most of
the 13.8 billion year history of the Universe have led to a broad-
brush understanding of the basics of galaxy evolution. Studies
of the structure of our Milky Way galaxy are in rough agreement
with the current galaxy evolution paradigm. However, there are
fundamental and inter-related questions that remain:

e What is the physical nature of dark matter and dark energy?
Is dark energy truly necessary, or could the accelerated ex-
pansion of the Universe be explained by modifications of the
law of gravity?

e How did galaxies assemble, and how did their properties
change, over cosmic time? Can a coherent galaxy evolution
model be found that fits both observations of the distant uni-
verse, as well as detailed studies of nearby galaxies, including
the Milky Way?

e What is the topology and timing of reionization of the inter-
galactic medium at high redshift? What were the sources of
ultraviolet light responsible for that reionization?

This paper describes a comprehensive deep and wide-angle
imaging survey of the sky designed to address these and other
key questions in astronomy, using the Hyper Suprime-Cam
(HSC), a wide-field imaging camera on the 8.2-meter Subaru
telescope, operated by the National Astronomical Observatory
of Japan (NAQJ) on the summit of Maunakea in Hawaii. The

combination of the large aperture of the Subaru telescope, the
large field of view (1.5 deg diameter) of HSC, and the ex-
cellent image quality of the site and the telescope make this
a powerful instrument for addressing these fundamental ques-
tions in modern cosmology and astronomy. Under the Subaru
Strategic Program (SSP), we began a survey using both broad-
and narrow-band filters in March 2014. The HSC-SSP will use
300 nights of Subaru time over about six years. The survey
consists of three layers. With both the broad- and narrow-band
photometric data, we will explore galaxy evolution over the full
range of cosmic history from the present to redshift 7. The mea-
surement of galaxy shapes in the broad-band images will map
the large-scale distribution and evolution of dark matter through
weak gravitational lensing (WL), and allow us to relate it to
galaxy properties and distribution. Cross-correlations of HSC
WL observables with the spectroscopic galaxy distribution in
the Sloan Digital Sky Survey (SDSS; York et al. 2000)/Baryon
Oscillation Spectroscopic Survey (BOSS; Dawson et al. 2013)
and the observed temperature and polarization fluctuations in
the Cosmic Microwave Background (CMB) will constrain the
parameters of the standard model of cosmology, and test for
exotic variations such as deviations from the predictions of
General Relativity on cosmological scales (see Weinberg et al.
2013 for a review). Studies of the highest-redshift galaxies and
quasars discovered in this survey will lead to a deeper under-
standing of reionization, a key event in the thermal history of
the Universe.

This is the first paper in a series describing the HSC sur-
vey and its science in a special issue of the Publications of
the Astronomical Society of Japan. Other key papers in this
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Fig. 1. The HSC bandpasses, including the reflectivity of all mirrors,
transmission of all optics and filters as well as the atmosphere, and
response of the CCDs, assuming an airmass of 1.2. Both the broad-band
and narrow-band filters used in the survey are shown. The lower panel
shows the spectrum of sky emission lines, demonstrating that the red
narrow-band filters lie in relatively dark regions of the sky spectrum.

issue include a technical description of the HSC instrument it-
self (Miyazaki et al. 2017) and the software pipelines that an-
alyze the data (Bosch et al. 2017; Huang et al. 2017; Murata
et al. 2017). The first year of the data covering over 100 deg?
in five broad bands have been released to the public, including
fully reduced and calibrated images as well as catalogs of de-
tected objects. The data release is described in Aihara et al.
(2017) (hereafter the HSC DR1 paper). A separate analysis and
catalog of galaxy shapes, crucial for weak lensing analysis, is
included in Mandelbaum et al. (2017). This special issue also
includes two dozen science papers based on the early data from
the HSC survey, on topics ranging from asteroids to dwarf com-
panions of the Milky Way, to weak lensing measurements of
clusters, to some of the highest redshift quasars known.

We summarize the characteristics of the HSC instrument it-
self in § 2. The survey design is described in § 3, and the ob-
serving strategy follows in § 3.2 and § 3.3. § 4 gives a brief
overview of the data processing. We summarize, with a view to
the future, in § 5.

2 Hyper Suprime-Cam

While there are other 8-meter class telescopes around the world,
Subaru is the one with by far the largest field of view. Suprime-
Cam (Miyazaki et al. 2002), with its ~ 0.25 deg? field of view
and superb delivered image quality (routinely 0.6” FWHM),
has been a world leader in wide-field studies of the distant
and faint Universe (e.g., Iye et al. 2006; Furusawa et al. 2008).
Hyper Suprime-Cam (HSC), its successor, takes advantage of
the full accessible field of view of the Subaru telescope (1.5°

diameter), and thus has a survey power about 8 times larger
than that of Suprime-Cam. The speed with which a given fa-
cility can survey the sky to a given depth is proportional to the
product of the collecting area of the telescope and the field-of-
view of the camera (étendue), although it also depends on image
quality and the fraction of time any given facility is devoted to
survey work. The étendue of HSC is the largest of all exist-
ing wide-field optical imaging cameras, not to be surpassed un-
til the Large Synoptic Survey Telescope (LSST; LSST Science
Collaboration et al. 2009; Ivezic et al. 2008) sees first light in
late 2019.

The HSC instrument (Miyazaki et al. 2015) was designed
and built by an international team involving scientists from
NAOJ, the Kavli Institute for the Physics and Mathematics
of the Universe (Kavli IPMU), the University of Tokyo, the
Academic Sinica Institute of Astronomy and Astrophysics in
Taiwan (ASIAA), and Princeton University. The instrument has
a large and optically very sophisticated seven-element Wide-
Field Corrector (WFC), designed and built by Canon, Inc.
The WFC incorporates an Atmospheric Dispersion Corrector
(ADC) and delivers an instrumental Point-Spread Function
(PSF) for which the diameter enclosing 80% of the light (Dsgo)
is 0.2 or better over the entire field in all filters. A Prime Focus
Unit (PFU) built by Mitsubishi Electric Corporation, which in-
corporates a precise hexapod for attitude and focus adjustment,
holds the WFC and the camera in place at the telescope prime
focus. The entire structure is roughly 3 meters tall, and weighs
almost 3 tons. The corrector gives an unvignetted field of view
to a diameter of 10 arcmin; vignetting is a roughly linear func-
tion of field radius from that point, reaching 26% at the edge of
the field at 0.75°. The Subaru top-end structure has been modi-
fied to accommodate the PFU and WFC. The WFC can be used
by other wide-field instruments as well, and is incorporated into
the design of the planned Prime Focus Spectrograph (Takada
et al. 2014; Tamura et al. 2016).

Table 1 summarizes the characteristics of the HSC instru-
ment. The focal plane is paved with a total of 116 Hamamatsu
Deep Depletion CCDs, each 2K x 4K pixels. The 15pm pixels
subtend about 0.168” on the sky, with some modest variation
over the focal plane. Four of the CCDs are used for guiding
and eight for automatically monitoring focus, leaving 104 sci-
ence detectors. These chips are three-side buttable and each
have four independent readout amplifiers. Gaps between chips
are small, typically 12" in one dimension and 53" in the other.
Regions of the focal plane more than 49 arcmin from the cen-
ter are masked, giving an effective area of about 1.77 deg®.
The chips have excellent characteristics: low read noise, excel-
lent charge transfer efficiency, few cosmetic defects, and most
importantly, high quantum efficiency (> 40%) from 4000A to
10,0004 (blueward of 40004, the response is limited both by
the CCDs and the optical elements in the WFC). The model
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Table 1. Hyper Suprime-Cam Characteristics

Instrument weight
Field of View
Vignetting

Pixel scale

~3.2 tons

1.5° diameter

0 at 0.15°; 26% at edge
15um ~ 0.168"

Detectors Hamamatsu Photonics KK 2048x4096 (S10892-02)
Number of CCDs 104 science, 4 autoguide, 8 for monitoring the focus™
CCD QE 40% at 40004, 10,0004 ; 95% at peak (at -100°C)
CTE 0.999999

Gain 3.0e"Y/ADU

Readnoise 45e”

Readout 20 sec®

Saturation level 150,000e™

Filters grizy + 4 narrow-band®

Filter Exchanger 6 filters installed at a time

Filter Exchange Time

~30 minutes®

NOTES - (1) The camera has 104 science CCDs, 4 CCDs for auto-guiding, and 8 CCDs for monitoring the focus (also see http://subarutelescope.

org/Observing/Instruments/HSC/parameters.html). (2) 20 sec is the time needed for reading out signals from CCDs. The actual overhead time,

the time from the end of the previous exposure to the beginning of the next exposure, is about 35 sec, which includes time needed for transferring data

from the instrument to the data-taking computers, slewing the telescope between dithering positions, and so on. (3) The survey described in this paper

uses five broad-band and four narrow-band filters, but there are additional filters available for use with HSC. (4) Before exchanging filters in the filter

exchange unit, one must first move the telescope to zenith, rotate the instrument to a fiducial angle, and close the primary mirror cover.

Layer Area # of Filters & Depth Volume Key Science

[deg?] pointings [R=3Gpc?]
Wide 1400 916 grizy (i ~ 26) ~4.4(z < 1.5) WL Cosmology, z ~ 1 gals, Clusters
Deep 26 15 grizy+3NBs (1 ~27) ~0.5(1<z<5) z < 2 gals, SNela, WL calib.

UltraDeep | 3.5 2 grizy+3NBs (i ~ 28)

~0.07(2<2<7) high-z gals (LAEs, LBGs), SNela

Table 2. Summary of HSC-Wide, Deep and UltraDeep layers.

system response, including reflectivity and transmission of all
optics, is shown in Figure 1. Kawanomoto et al. (2017) give
a detailed description of the filters used in the HSC SSP. With
0.168" pixels, the images are well-sampled in even the best see-
ing seen on the instrument, 0.4” .

The instrument is installed at prime focus using the existing
Top Unit Exchanger (TUE) instrument handler, though mod-
ifications were necessary to ensure that the instrument is not
damaged during installation.

The camera has a roll-type shutter, with excellent timing ac-
curacy, allowing uniform exposure time over the field of view.
Including readout and all overheads, the minimum time be-
tween exposures is about 35 seconds, allowing for efficient sur-
veying of the sky. The overhead for telescope slewing is negli-
gible, because we can move the telescope to the next target field
during the camera readout. The filter exchange mechanism can
hold six filters at one time. With the telescope at zenith, chang-
ing filters takes about 10 minutes. However, for safety reasons
the primary mirror cover needs to be closed and instrument ro-
tated to a fiducial angle before the filters can be changed, mean-

ing that it takes about 30 minutes in practice between the end
of one sky exposure and the start of the following exposure in a
different filter.

The HSC survey uses five broad-band filters (grizy) mod-
eled on the SDSS filter set (Figure 1), as well as four narrow-
band filters sensitive to emission lines such as the Lyman-« line
over a wide range of redshifts. Given the filter exchange time,
we usually do no more than two filter exchanges per night in
survey mode.

HSC saw astronomical first light in 2012 August, and be-
came a general user instrument for Subaru in March 2014, when
the survey described here began. The original r and i-band fil-
ters installed in the camera did not meet our full specifications,
and we replaced them with filters with significantly more uni-
form response across the focal plane. We have used the new
i-band filter (HSC-i2) since Feb 2016 and the new r-band filter
(HSC-r2) since Jul 2016'. The DRI data were all taken with
the older versions of the filters.

! http://subarutelescope.org/Observing/Instruments/HSC/

sensitivity.html
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3 Survey design

The HSC-SSP has been awarded 300 nights. We originally
planned to observe 60 nights a year for five years starting in
2014, but the first two years of observing were allocated sub-
stantially less than this amount, as the instrument was operated
under a shared-risk mode, available only for a few months each
semester, while the Subaru Observatory was refining its tech-
niques for mounting, operating, and unmounting this complex
instrument. Thus the survey is likely to continue into 2019.

As described above, the principal scientific goals of the sur-
vey are studies of the distribution of dark matter in the universe
from WL measurements, and probing the evolution of galaxies.
This motivates surveying in three different modes, or layers:
Wide, Deep, and UltraDeep, as summarized in Table 2.

While the Wide, Deep and UltraDeep layers will all take
data in the same five broad-band filters, grizy (Figure 1), they
use different narrow-band filters, they go to different depths,
and they cover different solid angles and thus cosmological vol-
umes. Table 3 summarizes the survey parameters of each layer.
Combining the three layers allows us to cover many science
topics spanning a wide range of length scales and redshifts.

3.1 Survey fields

Table 4 summarizes the target fields for the HSC-Wide, Deep
and UltraDeep layers (also see Figure 2). The fields are chosen
to overlap the footprint of the Sloan Digital Sky Survey (York
et al. 2000; Aihara et al. 2011) and the Pan-STARRS1 survey
(Chambers et al. 2016), as we use them for the first-order photo-
metric and astrometric calibration. In the following we describe
details of the target fields and the rationale for selecting these
fields for each layer.

3.1.1 HSC Wide layer

One of the primary science drivers for the HSC-Wide layer is
to explore the nature of dark matter and dark energy via WL
observables (e.g., Weinberg et al. 2013; Takada & Jain 2004;
Oguri & Takada 2011). We will primarily use the ¢-band data
to perform the galaxy shape measurements. We perform ¢-band
observations in the Wide layer when the weather is clear and
the seeing is good, in order to perform accurate shape mea-
surements of galaxies (see below for details). At a depth of
1 = 26, we predict a weighted mean number density of galaxies
2, with

a mean redshift of (z) ~ 1. Combining the i-band data with the

for which shapes can be measured of 7. ~ 20 arcmin™

grzy photometry will allow us to estimate photometric redshifts
(photo-z) for every galaxy used in the WL analysis; the relative
depths of the different bands are selected to optimize the photo-
z accuracy (Tanaka et al. 2017). A solid angle of 1,400 deg?
will give us the statistical precision for the WL observables to
obtain a tight constraint on dark energy parameters at a similar

level of precision to that of Stage-III dark energy experiments
(Mandelbaum, Miyatake et al. 2017).

The Wide layer sky coverage is mostly along the Celestial
Equator (making the fields easily observable from both hemi-
spheres), and stretch over a wide range of right ascension, such
that fields are reachable at all times of the year. We selected
regions of sky low in Galactic extinction, away from the disk of
the Milky Way. The survey footprint includes three large spa-
tially contiguous regions, to enable cosmological analyses on
large scales. Figure 2 and Table 4 show the survey footprint,
which consists of “the fall equatorial field”, “the spring equato-
rial field” and “the northern sky field”. Our selection of these
regions is aimed to overlap other multi-wavelength data to max-
imize the scientific synergy with HSC. In particular, we con-
sider the arc-minute-resolution, high-sensitivity CMB survey by
the Atacama Cosmology Telescope (ACT; Swetz et al. 2011) in
Chile, and its polarization extension ACTPol (Thornton et al.
2016); X-ray data from the XMM-XXL survey (Pierre et al.
2016) and eROSITA?; near-/mid-infrared imaging surveys such
as VIKING® and UKIDSS*; and spectroscopic surveys such
as SDSS-III/BOSS (Dawson et al. 2013), VVDS (Le Fevre
et al. 2013), VIPERS’, GAMA®, AEGIS (Davis et al. 2007),
DEEP2/3” #, PRIMUS’, and HectoMAP (Hwang et al. 2016).

3.1.2 HSC Deep and UltraDeep layers

The primary science goals of the HSC-Deep and UltraDeep lay-
ers are the study of galaxy and AGN evolution over cosmic
time, and a survey for high-redshift supernovae as a cosmo-
logical probe. The UltraDeep regions are single pointings in
the Deep fields, and (with one exception, see below) the Deep
fields are included in the Wide layer fields (see Figure 2). The
Deep and UltraDeep components of the survey are driven by
several requirements. The first is to study high-redshift galax-
ies, including Lyman-break galaxies selected by their broad-
band colors, and Lyman-« emitters with emission lines falling
into the narrow-band filters corresponding to redshifts 2.2, 5.7,
6.6, and 7.3. The second is to explore the variable universe in
the Deep and UltraDeep fields, especially searching for z 2, 1
supernovae. At redshifts of 6 and above, the spatial and lu-
minosity distribution of galaxies holds important clues about
the timing and topology of cosmic reionization. The Deep and
UltraDeep data will have significantly higher signal-to-noise ra-
tio for galaxies at the limits of the Wide layer imaging, mak-
ing them ideal for testing systematics in shape and photometric
measurements (see Table 3).

2 http://www.mpe .mpg.de/eROSITA

3 http://www.astro-wise.org/projects/VIKING/

4 http://www.ukidss.org

S http://vipers.inaf.it/papers.html

® http://www.gama-survey.org

" http://deep.ps.uci.edu/

8 http://deep.ps.uci.edu/deep3/home.html

? nttp://cass.ucsd.edu/~acoil/primus/Home . html
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Wide g r i z y

total exp. (min) 10 10 20 20 20

exp. per visit (min/sec) | 2.5 2.5 200sec 200sec 200 sec

depth (mag) 26.5 26.1 25.9 25.1 244

Deep g r i z y NB387 NB816 NB921

exp. (min) 84 84 126 210 126 84 168 252

exp. per visit (min) 3 3 4.5 4.5 4.5 14 15 15

depth (mag) 275 27.1 26.8 26.3 253 24.5 25.8 25.6
UltraDeep g r i z Y NB816 NB921 NBI101
exp. (min) 420 420 840 1134 1134 — 630 840 1050
exp. per visit (min) 5 5 5 5 5 — 15 15 15
depth (mag) 28.1 277 274 26.8 26.3 — 26.5 26.2 24.8

Table 3. Total exposure time (min), exposure time of each visit, and target depth (50 depth for a point source) for each filter in the
Wide, Deep and UltraDeep layers, respectively. Dividing the total exposure time by each visit exposure time gives the number of
visits for each field. For example, in the Wide layer, there are four visits for each field in g and r, and six visits in ¢, z, and y.

Layer Field name (RA, Dec)

Wide North field 13:20 < RA < 16 : 40 & 42° < dec < 44.5° (~ 90 deg?)
Spring equatorial field | 09:00 <RA <15:30 & —2° < dec < +5° (~ 680 deg2)
Fall equatorial field 22:00 < RA <02:40 & —1° < dec < 7° (~ 630 deg?)
Deep XMM-LSS (02:23:15.33,—05: 18 : 30.67)

(02:22:22.43,—04 : 03 : 44.48)

(02:27:19.86,—04: 27 : 47.42)

E-COSMOS (09: 57 : 28.60,4-02 : 57 : 21.00)
(10: 03 : 28.60,4-02 : 57 : 21.00)

(09 : 57 : 28.60, 401 : 27 : 21.00)

(10: 03 : 28.60, 401 : 27 : 21.00)

ELAIS-NI (16:11:00.81,453 : 56 : 30.71)

(16: 15 : 46.66, 454 : 59 : 17.74)

(16: 10 : 54.07, 456 : 02 : 49.65)

(16: 06 : 16.19, 454 : 59 : 16.91)

Deep2-3 (23:32:08.46,400 : 16 : 49.43)
(23:27:02.16,400 : 16 : 49.41)

(23:29:26.53,—00 : 50 : 38.94)

(23:24:12.60,—00 : 49 : 46.61)

UltraDeep | SXDS (02: 18 :15.60,—04 : 51 : 00.00)
COSMOS (10: 00 : 28.60,402 : 12 : 21.00)

- AEGIS (14:17:00.0,+52: 30 : 00.00)
Table 4. List of the target fields; see Figures 2 and 3. The coordinates for the Deep and UltraDeep layers and the AEGIS (All-wavelength
Extended Groth Strip; Davis et al. 2007) field are the centers of each fiducial pointing. The range of coordinates for the Wide layer
defines the approximate boundaries of each survey field, although the exact boundary of the full depth region depends on the details of
the dither pattern, as described in § 3.3. The numbers in the round brackets for the Wide layer give the area of each field. AEGIS is a
single pointing to Wide layer depth in the five broad bands, useful for calibrating photometric redshifts.
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Our four Deep layer fields are listed in Table 4 and are shown
in Figure 3. DEEP2-3 and ELAIS-N1 each have four pointings,
while XMM-LSS has three, overlapping with a fourth point-
ing to UltraDeep depths, SXDS. There are four E-COSMOS
pointings to Deep depth, which overlaps with a fifth point-
ing to UltraDeep depth, COSMOS'. The four fields are all
regions which already have extensive multi-wavelength imag-
ing and spectroscopy. The ELAIS-NI1 field does not lie in the
Wide footprint, but it has deep NIR data from the UKIDSS-
DXS (Lawrence et al. 2007), and is one of the deep LOFAR
(van Haarlem et al. 2013) survey fields. LOFAR uses an ar-
ray of omni-directional antennas designed to detect the 21cm
signals from neutral hydrogen in the cosmic reionization epoch.
The cross-correlation of our HSC Lyman-« emitter sample with
the LOFAR data will allow us to explore the relationship of
reionization to the LAE distribution. We are gathering addi-
tional multi-band data in the Deep and UltraDeep areas of the
sky, including u-band observations with the Canada-France-
Hawaii Telescope (Wang et al. in prep., Sawicki et al. in prep.),
near-infrared data using the United Kingdom Infrared Telescope
(UKIRT; Egami et al. in prep.), supplementing VIDEO data

http://cosmos.astro.caltech.edu

from the VISTA telescope (Jarvis et al. 2013), and Spitzer data
(Steinhardt et al. 2014).

In the UltraDeep layer, we will carry out the deepest HSC
imaging for a total area of 3.5 deg? in two independent blank
fields well separated on the sky, each covered with one pointing
of HSC, and each overlapping a Deep field. Targeting two fields
will yield a large sample of high-z supernovae and galaxies,
and will allow us to evaluate cosmic variance in all statistical
measurements we make in the two fields.

3.2 Observing Strategy

The HSC-SSP comprises an interlocking set of observations in
five broad-band and four narrow-band filters, and with three dif-
ferent layers to different depths. Carrying out efficient observa-
tions through the full 300 nights of the survey requires careful
planning, with an aim to making the data immediately useful to
HSC scientists as the survey progresses.

The HSC instrument is mounted at the Prime Focus of the
Subaru telescope for each run. Runs are typically two weeks
long, centered on New Moon. The filter exchanger can hold six
filters at a given time, and the complement of filters cannot be
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Fig. 3. The blue and dark-green circles show locations of the fiducial pointings of the Deep and UltraDeep fields, respectively (see Table 4). We have an
additional five dithered pointings around each fiducial pointing, as described in the text.
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Fig. 4. The spatial distribution of the number of visits in an example region of the Wide layer. The left and right panels show the coverage in the g and z
bands, respectively. The solid circles show the fiducial pointings around which dithering is carried out (4 and 6 visits for gr or izy, respectively). Full depth for
the Wide layer corresponds to greenish regions in each panel.
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changed during a run. Moreover, because the filter exchanger is
installed the day after the instrument is installed, and removed
the day before the instrument is removed, only one filter is avail-
able for observations on the first and last day of any given run.
The two-week runs include observations for the HSC-SSP, as
well as a variety of general-use programs, so the choice of filters
to be installed in the exchanger for any given run must balance
the needs of all these programs. On any given run, the filter ex-
changer typically holds four or all five of the broad-band filters,
and one or two of the narrow-band filters.

As described in the HSC DR1 paper, we have focused in the
early phases of the survey on regions of the sky with extensive
external datasets, to calibrate and validate our data and to max-
imize scientific synergy. These included the GAMA, AEGIS,
VVDS, VIPERS and DEEP2-3 regions, where extensive spec-
troscopic data are available, and the COSMOS field, where ac-
curate 30-band photometric redshifts are also available. In the
XMM-LSS region, we also have X-ray data from the XMM-
LSS survey (Pierre et al. 2016) and Sunyaev-Zel’dovich data
from ACTPol (Niemack et al. 2010), which are complemen-
tary to optically selected (Oguri et al. 2017) or weak-lensing
selected clusters (Miyazaki et al. 2015) in HSC. The UKIDSS
and VIKING surveys have also carried out deep near-infrared
imaging in the equatorial fields, which is particularly useful for
quasar studies (Toba et al. 2015; Matsuoka et al. 2016).

In the first years of the HSC SSP survey, we have aimed to
reach full depth in any given region of the Wide layer in all five
filters fairly quickly (i.e., within a few lunations), and only then
build up area with time. Having photometry in all five bands is

crucial for most of the HSC-SSP survey goals. However, given
the overhead in changing filters, we observe in no more than two
filters most nights, occasionally using three filters when observ-
ing in the Deep and UltraDeep fields. As the survey matures,
we are working to bridge already-observed fields in order to
maximize the contiguous area in the survey footprint.

If a given night is dark, and clear weather and good seeing
are forecasted, we usually start our observation in the 7 band, in
which we will do our WL shape measurements. We require that
the i-band data be taken with seeing better than 0.8”. If the see-
ing becomes worse than this, we change filters. The i-band data
we have taken mostly satisfies this condition; the median see-
ing in our j-band data is about 0.6” (the HSC DR1 paper). We
perform observations in the redder filters, z, y, NB816, NB921,
and NB101 when the Moon is up. The seeing in other bands is
only somewhat worse, and a significant fraction of the HSC data
in all bands has seeing better than 0.8" (the HSC DR1 paper).

Our survey design includes about 2/3 of the observing time
in the Wide layer, with 1/3 for the Deep and UltraDeep ob-
servations combined. The narrow-band imaging in the Deep
and UltraDeep fields can be carried out only in those observ-
ing runs when the appropriate filters have been loaded into the
filter exchanger. In the first year, we aimed to observe in the
Deep and UltraDeep layers to roughly 1/5 of the ultimate depth.
Starting in late 2016, we adopted a specific cadence for the
UltraDeep broad-band observations to maximize the sensitiv-
ity to and measurement of the lightcurves of z 2, 1 supernovae.
We are planning to obtain about 60% of the total exposures in
grizy in the UltraDeep fields in 2017 in a focused campaign to
search for such supernovae. This will leave about 10% of the
exposures to be carried out over the remainder of the survey.

Finally, for each run, we usually take basic calibration data
(biases, darks and dome flats) for each of the filters installed in
the filter exchange unit.

3.3 Pointing Strategy

We have quick-look analysis tools that allow us to determine
the seeing and the sky transparency of each exposure while ob-
serving (Furusawa et al. 2017). The transparency is measured
by comparing the observed brightness of stars in each field with
those from the SDSS. This allows us to make decisions on the
spot regarding the filter and area of sky to cover. We retake
visits which do not satisfy our criteria of seeing (< 1.2”) or
transparency (> 0.7) but the exposure time is always kept the
same (see Table 3).

We also monitor the focus in close to real time using data
from the focus chips, which are mounted slightly above and
below the focal plane. When they show the instrument to be out
of focus, we take a special set of short exposures over a range
of focus positions, and adjust the focus accordingly.
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Deep and UltraDeep layers. The circle has a radius of 0.75°. The intensity
of the color is proportional to the number of visits. The figure includes the
CCD gaps.

In the Wide layer, the total exposure time is 10-20 minutes,
depending on the filter (Table 2), divided up into 4-6 individ-
ual visits. We separate successive exposures in a given field by
more than half an hour, in order to have independent realizations
of the atmosphere and thereby average out atmospheric effects
to some extent. To increase the dynamic range at the bright end,
we also take a single 30-second exposure in each field and for
each filter. This short exposure gives us many stars in overlap
with SDSS and Pan-STARRS1, crucial for the first-order astro-
metric and photometric calibration.

Figure 4 demonstrates our pointing strategy to cover the tar-
get fields in the HSC-Wide layer. The gray circles are the “fidu-
cial” pointings which define the survey geometry, each with a
radius of 0.75°, approximately denoting the HSC field-of-view.
We dither the telescope between exposures to homogenize the
depth of the survey, fill gaps between CCD chips, improve mea-
surement of scattered light, and control the photometric and as-
trometric calibration of the survey. We offset the telescope be-
tween successive exposures with a dither pattern parameterized
by (Araith, Oaitn ), Where Arqien is the angular separation be-
tween the centers of the fiducial pointing and the dithered point-
ings, and fOq;¢n is the position angle from the west-east direction
on the sky. We adopt Argisn = 0.6° for the equatorial regions
and 0.3° for the northern sky field, which is smaller due to the
narrower width of the field. We take 0a4itn = 600 + (27 /Naien ) X j
for the position angle for the j-th visit exposure; j = 0,1,2 or
j=0,1,--- 4 for the gr or izy filters, respectively. In order to
have a homogeneous depth over different fields within the Wide
layer we employed 6y ~ 63° for gr and 6y ~ 27° for izy. The
color scales in Figure 4 show the number of visits (exposures)
at each position.

Figure 5 shows the distribution of the number of visits to a
given regions of sky for the HSC DR1 Wide layer data in differ-

ent filters. The dashed lines are for the entire survey footprint,
while the solid lines are limited to the region within the fidu-
cial pointings. Note that there are regions that go beyond the
targeted number of exposures (four exposures in gr, and six ex-
posures in izy). In the DR1 catalog we define the area over
which we have full-color, full-depth data in the Wide layer to
be the intersection of the footprint in the five bands with visits
more than a nominal number of visits (see Section 3.9 in the
DRI paper for details).

Because the Deep and UltraDeep fields are quite small (rel-
atively speaking), we cannot take as large a dither as we do in
the Wide layer. We instead carry out a five-pointing dither pat-
tern to fill CCD gaps: we take five dithered pointings centered
at (ARA, ADec) = (0,0), (150, —150), (300, 75), (—150, 150),
and (—300,—75) (arcsec), around the fiducial pointing given in
Table 4. In addition, for each set of five dithered pointings, we
randomly offset the fiducial pointing within a 7.5 arcmin radius,
roughly corresponding to a size of a CCD chip, to increase the
uniformity in the field. In the Deep layer, the individual visit ex-
posure times in g and r are 180 seconds, and 270 seconds in %, z
and y. We typically take 3-5 exposures for each field in a given
filter on a given night (as long as the weather allows). In the
UltraDeep layer, the exposure time for each visit is 300 seconds
for all bands, and we carry out 3-10 visits on a given night. We
will continue these exposures through the lifetime of the survey
until we reach the specified total exposure times (Table 3).

Figure 6 shows the dithering pattern for a single set of five
exposures in the Deep or UltraDeep layer; the random shift is
not included. The intensity of the color represents the number
of exposures covering that pointing.

4 Data processing and HSC pipeline

The HSC-SSP data are processed through a software package,
hscPipe, which is closely allied to the development of the soft-
ware pipeline for the LSST (Axelrod et al. 2010; Juri¢ et al.
2015). The spirit of the HSC image processing is that most
of the core science goals of the SSP will be carried out by the
pipeline outputs. That is, one will be able to do the analysis
directly from the measured quantities of the pipeline, without
needing to re-analyze the images themselves. The hscPipe
pipeline is summarized in the HSC DR1 paper, and described
in detail in Bosch et al. (2017). As described in the HSC DR1
paper, the photometric calibration goal is 1% rms precision.
External comparison with SDSS and Pan-STARRS photome-
try is nearing that goal, but more work needs to be done. The
astrometric calibration is good to 20 mas rms, although there
are still systematic residuals that we are working to control.
For processing purposes, the sky is divided up on a pre-
defined grid called tracts, each covering 1.7 x 1.7 square de-
grees of sky, and each tract is subdivided into 9 x 9 subareas,
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patches, roughly 12 arcminutes on the sky. Each exposure of
the CCD array is termed a visit. The data from each visit
are corrected for cosmetic features, including bad pixels and
columns, bias subtracted, flat-fielded, and corrected for chip
non-linearity and the brighter-fatter effect, whereby the PSF
of bright stars is larger due to electron spreading in the CCDs
(Antilogus et al. 2014). Then the pipeline performs multi-visit
processing to generate coadd images of multiple exposures.
Objects are detected on the coadd images in each band sepa-
rately, and the union of these objects are used to measure the
photometric and astrometric properties across the bands.

The pipeline results depend critically on an accurate deter-
mination of the point spread function (PSF). This is important
for the photometry of stars, for model fits to galaxies, for deter-
mination of galaxy shapes for weak lensing, and for modeling
overlapping images (the deblending problem). We determine
the PSF using a customized version of PSFex (Bertin 2011).
The measured properties of all detected objects are stored in a
postgreSQL database as described in Takata et al. (2017), while
the image files are available for direct download. Please see
Bosch et al. (2017) and the HSC DR1 paper for more details
about the pipeline, including a description of known problems
with the data and its processing. The details of the galaxy
shape catalog, used for the WL measurements, are given in
Mandelbaum, Miyatake et al. (2017).

In addition to hscPipe, we also use the HSC synthetic
galaxy pipeline SynPipe (Huang et al 2017; Murata et al.
2017).
hscPipe and can inject realistic synthetic stars and galaxies

This is a Python-based module that interfaces with
at desired locations of single-visit HSC images. We use
SynPipe to examine the photometric performance of hscPipe
(Huang et al. 2017) as well as to characterize the effects of
galaxy blends for the Wide survey (Murata et al. 2017).

5 Conclusion

This paper describes the design of a 300-night imaging survey
of the sky with Hyper Suprime-Cam, a 1.77 deg? imaging cam-
era mounted on the Prime Focus of the 8.2m Subaru telescope.
The survey will extend from 2014 through 2019, and is being
done in five broad bands (grizy) and four narrow bands. The
survey has three layers, termed Wide, Deep, and UltraDeep,
covering 1400 deg?, 26 deg?, and 3.5 deg?, respectively. As
described in detail in the HSC DRI paper, the survey data to
date are of very high quality, with median seeing of 0.6” in
the i-band, and only somewhat worse in the other bands. This
paper introduces a special issue of the PASJ, containing a full
technical description of the survey, and a broad range of excit-
ing science results. We anticipate future data releases in 2019
and in 2021.

The HSC-SSP survey is part of a larger project, termed

“Subaru Measurements of Images and Redshifts” (SuMIRe).
The HSC team, together with additional partners in the US,
France, Germany, Brazil and China, are building a wide-field
multi-object spectrograph (Takada et al. 2014; Tamura et al.
2016), which will use the same WFC as HSC. With it, we plan
to carry out wide-field spectroscopic surveys of stars, galax-
ies, and quasars selected from the superb imaging data from
the HSC-SSP survey.
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