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ABSTRACT

Near-infrared (NIR) high-resolution spectroscopy is a fundamental observational method in astronomy. It provides
significant information on the kinematics, the magnetic fields, and the chemical abundances, of astronomical objects
embedded in or behind the highly extinctive clouds or at the cosmological distances. Scientific requirements have
accelerated the development of the technology required for NIR high resolution spectrographs using 10 m telescopes.
WINERED is a near-infrared (NIR) high-resolution spectrograph that is currently mounted on the 1.3 m Araki telescope
of the Koyama Astronomical Observatory in Kyoto-Sangyo University, Japan, and has been successfully operated for
three years. It covers a wide wavelength range from 0.90 to 1.35 um (the z-, Y-, and J-bands) with a spectral resolution of
R = 28,000 (Wide-mode) and R = 80,000 (Hires-Y and Hires-J modes). WINERED has three distinctive features: (i) optics
with no cold stop, (ii) wide spectral coverage, and (iii) high sensitivity. The first feature, originating from the Joyce
proposal, was first achieved by WINERED, with a short cutoff infrared array, cold baffles, and custom-made thermal
blocking filters, and resulted in reducing the time for development, alignment, and maintenance, as well as the total cost.
The second feature is realized with the spectral coverage of AA/A~1/6 in a single exposure. This wide coverage is realized
by a combination of a decent optical design with a cross-dispersed echelle and a large format array (2k x 2k HAWAII-
2RG). The Third feature, high sensitivity, is achieved via the high-throughput optics (> 60 %) and the very low noise of
the system. The major factors affecting the high throughput are the echelle grating and the VPH cross-disperser with high
diffraction efficiencies of ~83 % and ~86 %, respectively, and the high QE of HAWAII-2RG (83 % at 1.23 um). The
readout noise of the electronics and the ambient thermal background radiation at longer wavelengths could be major noise
sources. The readout noise is 5.3 e for NDR = 32, and the ambient thermal background is significantly reduced to ~ 0.05
e pix?tsec? at 273 K. As a result, the limiting magnitudes of WINERED are estimated to be m;= 13.8 mag for the 1.3 m
telescope, m; = 16.9 mag for the 3.6 m telescope, and m;=19.2 mag for 10 m telescope with adoptive optics, respectively.
Finally, we introduce some scientific highlights provided by WINERED for both emission and absorption line objects in



the fields of stars, the interstellar medium, and the solar system.
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1. Introduction

Near-infrared (NIR) high-resolution spectroscopy is an essential observational method in astronomy. It enables us to
improve the detectability of the weak and narrow lines of the objects brightened in the infrared region, such as the cool
stars, the embedded and/or hidden stars in the circumstellar and the interstellar mediums, and cosmologically distant QSOs.
It also provides additional significant information concerning the kinematics and the magnetic fields of astronomical
objects with the Doppler broadening and the shift due to the Zeeman effect. Doppler searches of exoplanets revolving
around M-type stars and YSOs are one of the most prevalent uses of infrared high-resolution spectroscopy!-4l. For the
Zeeman effect, because the Zeeman shift, AA/A, is proportional to A, it is easily detectable in the infrared region. In addition,
NIR high-resolution spectroscopy enables us to resolve atomic and molecular lines, which cannot be detected in the other
wavelength regions. Absorption lines of rare metals like s-process elements in the stellar spectra and rotational structures
of electronic/vibrational bands of molecules yield the temperature and the density of interstellar and circumstellar gas and
the isotope abundances, which are closely related to the nucleosynthetic and chemical processes in the universe. In addition,
we can observe the non-polar molecules, such as Hz, CHa, and CO», with their electric quadrupole transitions, which are
not detectable in the radio region, Technically, high resolution spectroscopy provides an advantage with regards to the
data quality because it can isolate the lines of interest the telluric emission and absorption lines, which often bother
astronomers in this wavelength region. The applications of the infrared high-resolution spectroscopy include multiple
scientific fields and are rapidly expanding with the development of new technologies (e.g., Kéaufl et al. 2005)[!,

NIR high-resolution spectroscopy (R > 20,000) was initiated with the technological innovation of infrared arrays in the
early 1990’s. It was first used by CGS4[® on UKIRT and CSHELL[ on IRTF, which employed 256 x 256 InSb arrays. In
the 2000’s, cross-dispersed type high-resolution spectrographs were developed for 10 m telescopes using 1k x 1k format
IR arrays, NIRSPEC! for Keck2 and IRCSP! for Subaru, even though their spectral resolutions were still R = 25,000 and
R =20,000, respectively. In 2007, a new cross-dispersed type spectrograph, CRIRES, was commissioned for the VLT with
a maximum spectral resolution of R = 100,00012%*1 and became to be recognized as a new but routine scientific tool,
especially in the fields of stars and interstellar medium. After 2010, NIR high-resolution spectrometers with widely
differing purposes were developed with large 2k x 2k format infrared arrays and new technologies, such as IR fiber and
immersion grating. The APOGEE spectrograph!*>%3l on the 2.5 m telescope at the Apache Point Observatory is a multi-
object high-resolution spectrograph in the H-band with R=22,500. Its aim is the spectroscopic survey of 100,000 stars in
the Milky Way, which started from 2012. GIANOI% on TNG and IGRINS[16] on the 2.7 m telescope of the McDonald
Observatory aim to achieve a wide spectral coverage in the J-, H-, and K-bands with R = 50,000 and in the H- and K-
bands with R = 45,000. IGRINS employs a Si immersion grating developed by a group at the University of Texas['718l. At
present, a few new spectrographs with much higher resolution spectrometers are under development and will be
commissioned soon, e.g., iISHELLI on IRTF (R = 70,000 with Si immersion gratings), IRD® on Subaru (R = 70,000),
and CRIRES+[?! on VLT (R = 100,000).

Under these conditions, we have been developing a new NIR high-resolution spectrograph called WINERED2?41, In 2013,
it was commissioned on the 1.3 m Araki telescope at the Koyama Astronomical Observatory of Kyoto-Sangyo University
in Japan. WINERED is a Pl-type instrument that can be attached to various telescopes with a Nasmyth focus (Figure.l).
It covers a wide wavelength range from 0.90 to 1.35 um (z-, Y-, and J-bands) with R = 28,000 and R = 80,000 (see Table.1).
The main goal of WINERED is to obtain high-resolution infrared spectra with high signal-to-noise ratios (SNR) and high-
quality, which has been achieved with the state-of-the-art optical echelle spectrographs in the optical region. To achieve
this goal, WINERED has three distinctive features: (i) optics with no cold stop, (ii) wide spectral coverage, and (iii) high
sensitivity. The first feature reduces the time for development, alignment, and maintenance, as well as the total cost.
WINERED has become a prototype for a high resolution spectrograph for 30 m telescopes, because it is technically difficult
to build an extremely large cryogenic instrument. The second feature, wide coverage, is an adapted concept for GIANO
and IGRINS, which are capable of obtaining accurate physical parameters such as the temperature, the density, and the
chemical abundances, because WIERED enables simultaneous measurements of several atomic lines or the entire



electron/vibrational-rotational structures for molecular lines. The third feature, high sensitivity, is the greatest feature of
WINERED. This is achieved with WINERED’s unprecedentedly high throughput optics (Section 2), the low noise system
(Section 3), and the extremely reduced thermal background (Section 4.2). In this paper, we briefly describe the instrumental
designs and performances of WINERED’s Wide-mode. In addition, we introduce scientific highlights obtained by
WINERED and our future plans. See Otsubo et al.l?®! for the details concerning the Hires modes with R = 80,000.

o

Figure 1. The 1.3 m Araki telescope (Ieft)‘ and WINEED (right).

Table 1. Summary of WINERED’s specifications.

Wide mode Hires-Y mode Hires-J mode
Diameter Any
Telescope £ 11
Wavelength coverage 0.90 -1.35 um 0.96 -1.11 um 1.14-1.35pum
Nominal spectral resolution 28,000 80,000 80,000
Slit width 100 pm, 200 um, and 400 pm
Slit length 3.12mm
Overall Optical magnification factor 0.346
Total throughput > 50% > 35 %
Instrumental volume 1750 mm (L) x 1070 mm (W) x 500 mm (H)
Operation temperature 270 - 300K (for optics except for the camera lens and the detector)
Detector Format 2048 x 2048 pixels (HAWAII-2RG 1.7 um-cutoff)
Pixel size 18 um x 18 pm
2. Optics

Figure 2 shows the optical layout of WINERED. WINERED’s main optics of WINERED consists of six optical elements,
“the slit stocker”, “the collimator lens unit”, “the main dispersers”, “the cross-dispersers”, “the camera lens unit”, and “the
infrared array”. All optical elements, except for the camera optics and the infrared array, are maintained at the room
temperature, as are optical spectrographs. WINERED does not employ “white-pupil type optics”, which is often adapted
for modern large spectrographs, to maximize the total throughput with the minimum number of optical surfaces (The
white-pupil type optics requires an additional optical surfaces, such as a relay optics for making a second pupil on the main
disperser or the cross-disperser).
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Figure 2. Optical layout of WIDE-mode (top) and Hires-Y and J modes (bottom) of WINERED. The optical elements are located on the
optical bench with the room temperature, except for the camera lens and infrared array that are installed under the cryogenic condition
with T =90 K and 77 K, respectively. See text for more details.

The slit stocker has three types of slits with different slit widths (100 um, 200 um, and 400 um) and a pinhole used for the
verification and alignment of the instrument. Each slit provides a different spectral resolution of 28,000, 14,000, and 7,000
for the Wide mode and 80,000, 40,000, and 20,000 for the Hires-Y and Hires-J modes, respectively. The slits are formed
on the aluminized mirrors and are tilted by 20 degrees from the telescope optical axis. The reflected focal plane images
from the slits are reflected to the slit viewer system using the re-imaging optics with a magnification factor of 0.295. A
commercially-available CCD camera is used for the slit viewer. An order-sorter filter is just inserted after the slits’ stocker
to reduce the second-order light between 0.45 um and 0.78 um produced by the following cross-dispersers. The
transmittance is > 98 % at 0.9 — 1.35 um (in the WINERED wavelength region) and < 1 % at less than 0.7 um. The stellar
light, which passed through this order-sorter filter, is collimated using the collimator lens unit with an effective focal length
of 770 mm. The collimator lens unit consists of two glass spherical lenses, S-FPL53 and S-LALG61. The total transmittance



of the collimator lens unit is > 98 % due to the high quality BBAR (R < 0.5 % for in the WINERED wavelength region).
A collimated beam with a diameter of 70 mm is dispersed via the echelle gratings, which act as the main disperser.
WINERED employs two echelle gratings, a classical echelle grating for the Wide mode and a high-blazed echelle grating
for the Hires-Y and J modes. The classical echelle grating is fabricated by Newport Inc., US. It has a blaze angle of 63.75
degrees and a groove pitch of 31.6 um. The maximum absolute diffraction efficiency reaches 83 %![2%l. The high-blazed
echelle grating is custom-made by Canon Inc., Japan. It has a blaze angle of 79.32 degrees, a groove pitch of 90.32 pm,
and an apex angle of 88 degree. The absolute diffraction efficiency is 68 % even with a high blaze angle (see Otsubo et
al.[?%1 for more details concerning the high-blaze echelle grating and the Hires modes). The dispersed light from the echelle
gratings is divided into each order using the cross-dispersers. Different VPH gratings are prepared as the cross-dispersers
of each mode. While the Wide mode VPH shows a lower dispersion with a Bragg angle of 8.9 degrees and the a density
of 270.0 lines mm, the Hires-Y and J mode VPHs show higher dispersions with the Bragg angles of 22.1 degrees and
19.65 degree, and the line densities of 720.80 lines mm™ and 540.48 lines mm-%, respectively. A prism with an apex angle
of 8.1 degree is glued to the exit surface of the Hires-Y VPH grating to reconcile the direction of the exiting beam with
that of the Hires-J mode. All the VPH gratings were fabricated by Wasatch photonics, US. The maximum diffraction
efficiencies are 86 % for the Wide mode, and 91 % for both Hires-modes. The dispersed light is focused by the camera
lens unit and forms an echellogram on the infrared array (see Figure 3). The focal length and the clear aperture are 266.8
mm and 128 mm, respectively. The camera lens unit consists of six spherical lenses, CaF,, S-TIH14, BaF,, S-TIH14, S-
PHM52, S-FPL51, and fused silica. It is operated at 90 K in the cryostat. The dielectronic multi-layer films are coated on
the fused silica lens, which plays a role as the thermal blocker from the ambient thermal background radiation, in
cooperation with two filters (a PK50 filter and an H-band cut filter) installed between the camera lens and the infrared
array (see section 4.2). The total transmittance of the camera lens unit and the thermal blocker filter are achieved to be
91 % and 95 %, respectively. WINERED uses HAWAII-2RG 1.7 um cutoff array as its detector. It is sufficient to achieve
WINERD?’s concept of “high sensitivity” because it is currently the most sensitive infrared array for astronomical
applications owing to its high QE and low readout noise. In actuality, the QEs of HAWAII-2RG used in WINERED have
been measured at 72 % in 0.8 um, 63 % in 1.0 um, and 87 % in 1.23 um (see also Table 2). Figure 3 shows the echellograms
of a planetary nebula NGC7027 and the flat-fields spectrum in Wide mode. The entire wavelengths from 0.9 um to 1.35
um is continuously (no-disconnectedly) collected in the infrared array with good image quality.

Figure 3. Echellograms in the Wide mode: NGC7027 (left) and a flat-lamp (right). The area between the two black lines show the free
spectral range, and numbers indicate the shortest and longest wavelengths in um for each order.



3. Detector

WINERED employs a HAWAII-2RG 1.7 um-cutoff array provided by Teledyne Inc., US. It achieves a high QE and no
fringe via the removal process of the thin CdZnTe substrate covering the HgCdTe array (which detects infrared
wavelengths). In addition, with the reference pixels arranged along the frame of the array, the read noise is dramatically
reduced(®® 21, For the readout and the control of the array, we use a SIDECAR ASIC and the JADE2, which are also
provided by Teledyne Inc. SIDECAR ASIC is installed into the cryostat with an operation temperature of approximately
80 K, and the JADE?2 is attached on the outer wall of the cryostat at room temperature. The SIDECAR ASIC and the
JADE? are directly connected with a custom-made flat cable with 80 pins and a length of 350 mm. A rectangle hole is cut
into the outer wall of the cryostat through which this cable is run. The gap between the wall and the cable is sealed using
the epoxy adhesive STYCAST on which another epoxy adhesive 631-C (Aremco Products, Inc.) is over-coated.

WINERED usually operates in 32-ch mode with a readout 25
speed of 100 kHz for the readout. To reduce the effect of the i
latency (see below), four time resets are provided before every 2 +
exposure; therefore, it always takes (texp +14) for an exposure ;
with tep. The evaluation results of the array system for :
WINERED are summarized in Table 2. The QESs are measured
by Teledyne Inc., using infrared LEDs, at 120 K. The values  ;
are slightly scattered depending on the wavelength. The dark 101 +

Fread (©7)
—
o

current was measured to be 7.63+0.2 x 103 e sec™ at 80 K * t )

and it is negligible for normal observations. Figure 4 shows the 57 e ?
measurement results of the read noise dependingon NDR.We | 7
find that NDR gradually decreases in good agreement with the 0

expected curve, which is « NDR~/2, The well capacity (full ‘ ; ™

well) is approximately 13,700 e’, which is defined as the

maximum number of electron for fulfilling the 5 % linearity. Figure 4. Measurement results of the read noise.

WINERED’s HAWAII-2RG has a somewhat large latency. The latency drops by 0.14 % after two resets as reported by
Teledyne Inc.; however, the remaining electrons do not clear up for greater than one hour. The effect on the spectra is
sufficiently small for general observations because it is nearly canceled by the subtraction of sly frames taken after the
exposure (the changing rate of the counts by the remaining electrons is very slow). However, we need to be careful in
observations including emission line objects, such as planetary nebula and/or faint objects for which strong airglow
emission lines are printed in the frames. We plan to develop a reduction method to correct the latency effect, even for these
objects.

Table 2. Specification and evaluation results of the array electronics system for WINERED

Specifications Measured performances Remarks
Material HgCdTe -
Pixel format 2048 pixel x 2048 pixel -
Pixel size 18 um -
Cutoff wavelength | 1 5180 ym @ 120K 1.70 - .75 um @ 120 K By Teledyn Inc.
QE >50% @ 0.8 um 72% @ 0.8 pm By Teledyn Inc., measured at 120 K
>50% @ 1.0 um 63% @ 1.0 um
) 87 % @ 1.23 um
Dark current >70% @ 1.23 um s =
“ <005e/sec @ 120K | 7.63+02x10%e/sec@ 80K | O Vos =025V
Read noise <30e 19.2+29 ¢ for NDR=1
5.3 £1.0 e for NDR =32
Well Capacity > 80,000 e 13,7000 e For Vuias = 0.25 V, defined as the range of the
linearity of <5 %




4 Performances
4.1 Spectral resolution
Figure 5 shows the spectral resolution measured for the Wide-mode. Here, the spectral resolution is defined as the FWHM
of the monochromatic slit image for each wavelength. We used a one-dimensional spectrum obtained from the integration
of one hundred ThAr lamp images for wavelength calibration, which were reduced with a standard reduction software for
WINERED!?8, The solid lines in Figure 5 are the simulated spectral resolution from the first-order ray tracing (not
considering any aberrations), which agree with measured spectral resolutions in the entire of WINERED wavelength region.
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Figure 5. Measured spectral resolution in Wide mode. The solid lines are simulated spectral resolution from the optical design.

4.2 Non-cryogenic performance
Because WINERED has no cold stop, the ambient thermal background radiation through the camera lens system directly
reaches the infrared array (see Figure 2). Several non-cryogenic infrared instruments have been proposed and examined
since Joyce et al. ?°I; however, no one has yet succeeded as far as we know®%31, Amado et al. B! presented three solutions
to achieve non-cryogenic infrared instruments:

e Using an infrared array possibly with a short cutoff wavelength;

e Reducing the solid angle seen from the infrared array using cold baffles that are as small as possible; and

e Employing a filter blocking the penetration of the thermal background radiation.
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Figure 6. The measured thermal background radiation reaching the array at various the ambient temperatures. The difference in the
plots reflects the different seasons. The solid line is the predicted flux assuming that the ambient environment is a black body.
The dashed lines are the levels of stray light in the cryostat, which were evaluated using the other experiments.



WINERED adapts all three solutions to build a non-cryogenic high-resolution spectrograph with a comparable or greater
sensitivity compared to classic cooled spectrographs. First, we employ the HAWAII-2RG 1.7 um-cutoff array. It provides
the highest QE of the available infrared arrays with a short cutoff wavelength, less than 2.0 um at present. Second, we
place the camera lenses in an entirely enveloped tube-barrel, which plays the role of a cold baffle in the cryostat. As a
result, only the f/2 conical radiation enters the array at the center of the array in the design. Finally, there thermal blocker
filters are installed between the camera lens system and the infrared array. The first filter is an interference multi-layer
filter coated on both surfaces of the last (6th) lens, which reflects back the radiation in the H- and K-bands; the second
filter is a glass filter made of PK50, which absorbs the radiation greater than 2.5 um; and the third filter is an interference
filter, which dramatically reduces the radiation in the H-band region. Figure 6 shows the total fluxes of the ambient thermal
background radiation detected by the WINERED array. These are estimated from several frames with long time exposures
of > 300 sec at night in each season. It can be confirmed that the ambient thermal background radiation is successfully
suppressed below 0.1 photons pix* sec™? at 290 K (the target values are 0.1 photons pix* sec at 290 K and 0.03 photons
pix!sec? at 273 K). The plots at temperatures greater than 290 K agree with the solid line representing the predicted fluxes
from a perfect black body. The deviation in the plots from the solid line near 280 K is attributed to stray light originating
from a slit structure cut in the array cassette. This component is approximately 0.04 photons pix? sec! (plotted as the
dashed line in Figure 6). This stray light is negligible for normal observations, except for faint objects, because it slightly
changes the limiting magnitude by Am; ~ 0.4 at 273 K and Am; ~ 0.2 at 290 K.

4.3 Throughput and limiting magnitude

Figure 7 shows the total throughput for WINERED’s Wide mode, which is measured using a spectroscopic standard star
HD51956 (F8Ib) with a 400 um slit (i.e., 6 arcsec for the 1.3m Araki telescope). Because the seeing size was 3 - 4 arcsec
on that night, nearly all the photons entered the slit. The total exposure time was 300 sec. The transmittances of the Earth’s
atmosphere, the telescope throughput, and the array QE, which need to be assumed for the correction, are given by the
grey, dashed, and dotted lines, respectively. The transmittance of the atmosphere was predicted by LBLRTMB231, The
relative humidity was assumed to be 70 % (which is a typical value for Kyoto) and the same zenith distance was used as
the observed star for the calculation. The telescope throughput includes the reflectivities of the primary, the secondary,
and tertiary mirrors, and the obstruction by the secondary mirror (0.94). The reflectivities of the mirrors were obtained via
measurements at 1.064 um. The array’s QE was linearly interpolated from the measurement results in Table 2. The final
throughputs of WINERED’s Wide mode were ~30 % in the z-band, > 40 % in the Y-band, and > 50 % in the J-band.
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Figure 7. The total throughput of WINERED’s Wide-mode (full circles), not including the slit loss. The grey, dashed, and dotted lines
are the theoretical atmospheric transmittance by LBLRTM, the telescope throughput assumed from the measurement at 1.063
um, and the quantum efficiency interpolated from the measurements, respectively. See the text for more details.



Surprisingly, these values are much higher than those of the other infrared high resolution spectrometers (e.g., at most
15 % for NIRSPEC, IRCS, and CRIRES!E11), even though they would be compared with the optical spectrographs. Table
3 shows the calculated limiting magnitudes in the J-band for various telescopes with different diameters. The array noise
(the readout noise and the dark noise) from Table 2, the background radiation and the stray lights from Figure 6, and the
total throughput from Figure 7 are considered. The limiting magnitude is defined as the magnitude at which a spectrum
with SNR = 30 can be obtained with the total exposure time of 8 hours. The limiting magnitude of 19.2 mag for a 10 m
telescope has never achieved with previous or currently planned instruments. This limiting magnitude was first realized
due to WINERED’s peerlessly high throughput and low noise performance.

Table 3. The estimated limiting magnitudes in the J-band for various telescopes (for SNR = 30 and a total exposure of 8 hrs).

Telescope Avraki NTT Keck
Observatory KAO La Silla Mauna Kea
Location Kyoto, Japan Atacama desert, Chile Hawaii, US
Diameter 1.3m 3.6m 10.0 m
Slit width 1.57 0.49” 0.19”
Assumed seeing 3.0” 0.8” 0.2” w/ AO
Limiting magnitude (m.) 13.8 16.9 19.2

5. Scientific highlights

Here, we introduce few of the scientific results obtained using the Wide mode (R = 28,000) of WINERED since it was
commissioned in 2013. Figure 8 shows the spectrum of a late type star, € Leo (G111), which is also a metal standard star
whose chemical abundances have been well-investigated to be used for calibration purposes when measuring the
abundances of various stars. We had previously developed a high accurate method to correct telluric absorption linest4,
which often inconvenience astronomers dealing with infrared spectra. Due to the accurate corrections provided by this
method, we can detect many faint lines, even to less than a few %, of which some parts had not been detected in the
previous observations. In addition, large differences in the strengths are observed between the observed and synthetic lines
for several lines. This is due to the use of incorrect physical parameters, such as oscillator strengths (log gr), when
producing the synthetic spectrum. Therefore, we can update and correct these physical parameters corrected with this
spectrum. We will release new line catalogs in the WINERED wavelength region for various types of stars, including
newly the detected metal lines and more accurately calibrated log gr.
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Figure 8. The J-band spectrum of ¢ Leo (the black line in the upper panel). The red line is a synthetic spectrum with stellar parameters
obtained from the high resolution spectra in the optical region. The green bars show the CN absorption lines. The bottom
panel is the spectrum of an AQV star in which the absorption lines indicate the telluric lines.
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Figure 9 shows extremely high quality spectra (with the SNRs of ~700 for the Y-band and ~500 for the J-band) of a bright
B star embedded in the high mass star-forming region, Cyg OB2 No.12. For comparison, the spectra of § Ori (B8la) are
also shown in the upper panel. The spectra should not have absorption features from the interstellar medium because of
Es.v = 0. We can find several absorption lines (indicated by the vertical red bars) that cannot be seen in the 8 Ori’s spectra.
These are the newly detected diffuse interstellar bands (DIBs) found by WINERED, except for the strongest one,
DIB10780, which had previously been detected by Groh et al.33, WINERED has already discovered approximately 50
weak DIBs in the near infrared region using these high SNR spectral®¢-3l,

Finally, we show an example of an emission line object, a comet C/2013 R1 (Lovejoy), in Figure 10. In the Y-band, there
are strong lines of the electronic transition of the CN red system, which had not been well investigated with high-resolution
spectroscopy because of a niche wavelength region that was insensitive to both CCDs and IR arrays. The population
distribution of CN among the rotational energy levels indicates the physico-chemical conditions of the cometary coma 1,
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Figure 9. The top panels show the Y-band (left) and the J-band spectra of Cyg OB2 No.12 (right), together with the spectra of a reference
star, B Ori, which are drawn with grey lines. The newly detected weak DIBs are indicated with red vertical bars; only the
strong line DIB10780 had previously been detected. The bottom panels show the spectra of a telluric standard star (AQV),
which were used to correct the telluric absorption lines (however, there are many weak metal absorption lines in AOV type
stars in this region that are masked by the gray shaded areas).

6. Summary

We developed a new NIR high-resolution called spectrograph WINERED. Our goal is to achieve wide coverage and high
sensitivity with R = 28,000 (Wide mode) and R = 80,000 (Hires-modes) using a hon-cold stop optics. Owing to a state-of-
art optical design and a high performance infrared array, we achieved a total high throughput (> 50%) and an ideal
reduction of ambient thermal background radiation of less than 0.05 photons pix*sec™ for the Wide-mode (which covers
the entire z-, Y-, and J-bands in a single exposure). WINERED has the potential to reach deeply embedded objects in the
circumstellar and interstellar mediums, supergiants and giants in the nearby galaxy, and the distant galaxies with high
redshifts with its overwhelming limiting magnitudes of m; > 17 mag for 4m-class telescopes and m; > 19 mag for 10m-
class telescopes.

We will complete the remaining Hires-modes using a high efficiency high-blazed echelle grating (R5.3) by the summer
of 2016. It has been confirmed that the Hires-modes provide the expected performances for the spectral resolution and
sensitivity.[?® The combination of the Wide- and Hires- modes should widen the scope of WINERED’s activities in various
fields of astronomy.
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Figure 10. The emission band of the CN red system in comet C/2013 R1 (Lovejoy). The upper spectrum is the observed cometary
emission spectrum (in which the reflected solar spectrum from the cometary grains has been subtracted). The lower
spectrum is the synthetic CN spectrum, indicated with purple vertical bars for each ro-vibronic transition of CN. The thick
bars show the OH sky emission in the upper spectrum.
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