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IR High-resolution Speotroscopy
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Getting into high—precision era

_ TN

Three fields
w/overlap

| Solar System fchemistory) E2%E
Exoplanets (kinematics,chemistry)
Stars (kinematics,chemistry)
(kinematics,chemistry) EMAR
Star Formation (kinematics,chemist
Mass-loss Stars (kinematics,chemi
Galactic nuclei G.C. (kinematics)
TMT |GM (kinematics,chemistry) R:a[fsA

| Short IR (<2.5um) Thermal IR (>2.5 um)

Almost all
Astronomy fields

-fonization era (chemistry) Astrochemistry

Smic expansion (kinematics) Astrobiology (bio-marker)
sical constants

Chemistry/Big

1EF - £YF




Introduction to WINERED




1-6um IR High-resolution Spectrograph
In the world (before 2011)

©Only few instruments have been available for long time....

Sorted by R_max

CRIRES VLT 8m w/NGSAO 1-5.5 | 100,000 0”.2

PHOENIX Gemini 8m 1-5.5 80,000 0".2

NIRSPEC Keck 10m w/LGSAO 1-5.5 30,000 0”.3

CSHELL IRTF 3m 1-5.5 30,000 0”.5

IRCS Subaru 8m w/LGSAO J 1-5.5 22,000 0”.15

@ Little coverage
@ Started w/8m-class telescopes, which has a larger budget




Before 2011
Coverage

better Nz

Subaru/IRCS

Keck/NIRSPEC

® \LTCRRES
IRTF/CSHELL Gemini/PHOENIX

20000 40000 60000 80000 100000 R_max




1-6um IR High-resolution Spectrograph
Newly commissioned (after 2011-)

O©The number of NIR HRSGs is rapidly increasing
OClear trend of wider wavelength coverage with large format IR array

ISHELL* IRTF 3m

mossm
wsoueo)27m | 142

WINERED Any 1 —10m telesc. 0.9-14 28,000 0".2-0".6
WINERED** §| w/high-throughput 80,000

APOGEE l SDSS 2.5m l 1.5-1.7 22,500 0".5?
W/3OO fibers

*: w/immersion grating, **:w/high-blazed echelle

@Expanded to smaller telescopes (for long-term observations)




After 2011
Coverage

N1

WINERED-HIRES (-1.35um)

Many others
Large-format are being developed

|R array worldwide//
HELL (-5.5um)

VLT/CRIRES (-5.5um)

20000 40000 60000 80000 100000 R_max

Arena of heavy competition
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Three New Directions B i

Diversity?

Specific features are required for cutting-edge results//

[.Extremely-wide A coverage GIANO@TNG
—Radial velocity search, object classification

Pros: No. of lines, Cons: throughput

2. Multi-objects w/fibers SDSS-APOGEE
— Field stars (bulge, disk), globular clusters, dSph...

Pros: No. of objects, Cons: modal noise (fringe)?

3. High sensitivity WINERED
— Highest-z objects, fainter objects

Pros: sensitivity/clean spectra, Cons: smaller coverage




WINERED by L U.of Tokyo & Kyoto s.U)

(First-light on May 2012, now under normal operation)
lkeda+2016, in prep for SPIE

Specifications
* Limiting the A-coverage to shorter NIR (0.9-1.4um) “niche”
* Non-cryogenic optics except for the camera. “unusual”

—\Very high optical throughput (~50% w/Q.E.) “double*

1

High res-mode
R~80,000
w/high-blazed(R5.3) echelle
(Just commissioned
in June AY2016)

Y—mode J—mode

Atmospheric Transmission

Wavelength (um)




Very high throughput!

Coverage’

WINERED 7 Y.

50% HIRES-Y&J \\| . IGRINS (McD)

VINROUGE"®

WINERED O CRIRES+ (VLT)

IGRINS (McD) VINROUGE'
‘ 'IRCS (Subaru)
EREC L , ISHELL (IRTF) @ ~POGEE (SDSS)
. NIRSPEC (Keck2)

o0 o O O a0 @ NIRSPEC (Keck2)

IRCS (Subaru)  GIANO (TNG) CRIRES+ (VLT)

HIRES-Y&J

ISHELL (IRTF)

—
20K 60K 100K 60K 100K

Spectral Resolution Spectral Resolution




Kyoto Sangyo U. 1.3 m telescope
(in the middle of the city)

WINERED Inside WINERED
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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




2D Spectra of “WIDE” mode

NGC7027 pupm

B and

Wide coverage (0.9-1.35um) w/2kx2k HAWAII 2RG array




WINERED: Hires-J&Y modes

Optical bench (300K)
Mosaiced High-blazed Echelle Grating

Groove pitch = 90,38 pem, Blaze angle = 79,32 dog

IR Array

HAWAILI2ZRG 1.7 pos cutaff

EI Thermal blocker

—'/ ~ Fused Silica
7 _-SPHM52

S-TIH14 Camera Lens
; — B.‘ll"_ =280 mm

-S'TIH14

Cryostat window (CaF)

VPH X-disperser
nsity = 540 lines/mm, Bragg angle = 19.64 deg
density = 724 linesw/mm, Bragg angle = 22,10 dog

f\
S-FPL53 — \—S-LAL61
| J Order sorter filter
Collimator Lens

A =780 nm
=710 mm

Flat.-field "~ . -arc-lamp




High-blazed echelle grating
for WINERED

By Photocoding, CANON, and LiH (Otsubo+2016, SPIE)

Efficiency

Efficiency close to the theoretical limit.

79.32°(R5.3)
90.38 um
88"
< 8nm (rms)

< 150nm (PV), < 30nm
(rms)

RMS < 10nm
<0.1%
> 70%max @1.5um
protected Ag

400mmX 60mm X 60mm
200mm L x2 mosaic




First light spectrum (Arcturus)
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Normalized Flux

—— WIDE mode
0.2 (R=28,000)

—— HIRES—-J mode
(R=68,000)

1.23955 1.23960 1.23965
Air Wovelength (um)

0.0

1.236 1,257 1.238 1.239 1.240
Air Wavelength (um)




First light spectrum (Cyg OB2 No.12)

C2 (1.0) Phillips bands toward Cyg OB2 No.12

1.2 WIDE mode (R=20,000)

HIRES mode
(ENGINEERING, R=50,000)
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Contact : winered-contact@cc.kyoto-su.ac.jp

WI N ERE D (Warm INfrared Echelle spectrograph to Realize Extreme Dispersion and sensitivity) is a
near-infrared high-resolution spectrograph developed by LiH. WINERED has three distinctive features: warm
optics (no cold stop), wide spectral coverage (0.90-1.35 um), and high sensitivity. WINERED has three observing
modes: “WIDE” (R__,=30,000) and “HIRES-Y&J" (R, =80,000); the latter employs a specially designed high-
blazed echelle grating. HIRES-Y &J modes are going to be in science operation by the middle of Y2016.
WINERED is a Pl-type instrument, which can be attached to various telescopes with a Nasmyth focus.
-
v
“Laboratory of Infrared High-resolution spectroscopy” (LiH) was established at the Koyama Astronomical
Observatory, Kyoto Sangyo University, in collaboration with the University of Tokyo and other domestic institutes/industries, for
pursuing astrophysics, astrochemistry, astrobiology and planetary sciences as well as instrumentation, based on high-resolution
spectroscopic techniques in infrared wavelength region.
Throughput Coverage*
4 A Wavelength 0.90-1.35 um 0.96 - 1.11 um 1.14-1.35um
coverage (2 ¥, J bands) (Yband) U band)
o WINERED M1 @ 610 (6 poo——"
HIRES-Y&J WIDE IGRINS (M<D) (R7A/AA) 30,000 (max) 80,000 (max"
WIDE
VINROUGE' Throughput >50% >35%
CRIRES+ (VLT)
30% O WINERED Q Main disperser Reflective echelle grating Mosaicked high-blazed echebe grating
'eﬂms.l MeD) VINROUGE' o - Amray 1.7 pum cut-off HAWAN-2RG
) i IRCS (Subaru)
s aﬁ”::‘ ec ez ISHELURTR @ wocer(sosy  HIRES-Y&J E Size L7Sm(L) x 1.07m{W) x 0.50m{H)
NMRSPL eced
. NIRSPEC (Keck2) 1 t Ductote haackrmns of gh-Nared cchelic granng. X saspos from TO.000 10 §0.000 i csch comn < nperer onder
10% IRCS (Subary)  GIANO (TNG) CRIRESs 91. A/IO ISHELL (IRTF) :
—- N - 1 Telescope am (f/11) 65m(f/11) 10 m (f/11)
> > Slit width 0.49 arcsec 0.30 arcsec 0.19 arcsec
20K 60K 100K 20K 60K 100K
% . Slit length 14.6 arcsec 9.00 arcsec 5.85 arcsec
Spectral Resolution Spectral Resolution
Pixel scale 0.245 arcsec / pix 0.150 arcsec/ pix 0.098 arcsec [/ pix
N e e e e e S e (it N et y oot Jbandlimiting | 167 | 155 | 171 | 159 | 192" | 17.9°
2 - Coverage is & wavekng® range cbtuimcd simeluncously wih & sng ke geatn g sceng. sormalucd wih & coata wavekag of the ra e magnitude’ (WIDE) (MIRES) wion [MRES) (wiDt) (MIRES)
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IN' WRKE KSR
BYRURH BYD

REB Instrumental Facts

Warm optics with no cold stop 3 1

1. Optics are at room temperature except or the mfrared camena system (camerna lkenses and an infrared amay) :.., Ot .-n:: -
/ Ot 0 -
2. Beneficial 1o reduce time and cost for developenent, aligament, and masnicnance J.‘: Feb. 2018 o .
i v
Wide spectral coverage 2 et ‘é 2 l
Achicved by a combination of decent optical design with a cross-dispersed echelle and a large format infrared armay (2k x 2K) & ‘ “ g
s -
. sas .8 Z -1 =05
High sensitivity =10 3 *‘ q oo e
= . .
High throughput - H ‘ :: 3 . 5
* Gratings with high dsffraction efficicncy A + " - 3 - l WIDE !L bde
- WIDE mode: rephica echelle grating by Newport Co. (~83%). VPH cross-dsperser (~86%). 1 ) | "
HIRES- Y &) mades: high-blazed echelle gratings by Canon Inc. (>70%5), VPH cross-dispersers (-90%). 0
* Extremely-low reflection BBAR @ R < 0.5% per kens surface 10 ¢
X - 275 280 285 290 295 300 305 09 10 11 12 13
* The minmum number of opixcal clements : no-use of white pupsl opixcs. 7 K .
ambient (R) Wavelength (um)

* High QE. of an array : 1. 7um cut-off HAWAIL2RG (-86% @ 1.23um).
Low noise Lafe: The sscavesed thermal background radiaton reaching the amay for vasioss the ambicat mporatuses. The diffaeace of pbn shows difieremt
scason. The solad line is a prodctad Max with an assemption that the ssadicnt onviroamest is the block body. The dashed kacs is e kvel of measvered
¢ Low readout nosse: $.3¢, rms (NDR+=32). Low-dark nosse: < 2 ¢, rms (900se¢) stray bight in the cryosm

* Suppressed ambaent thermal background (0.05¢ sec’pix @280 K) with custom thermal-cut filters . Right: Wavelength covarages of all the WINERED modes supenmposad on 3 stmospher ic trmsmission curve
Pl-type spectrograph

o Compact [1.8m{L) x L1m(W) x 1.Om{H)] and light weight [-250kg)
* Antachable 10 any telescopes with 2 Nasmyth focus (slower than €11),

WIDE mode HIRES-Y&J modes

- -
VPH X-disperser ~ - Array

1O e "
! " MAWAS 280G
1 Pum cut o '

Mosaiced high-blazed echelle grating Calibration system
blace angle - 79 12 deg A ) |07 Compared

PO0wE PR SIS Nakogen lamp Jor Nebdng)

Slit mirror
ting . VPH X-disperser
E?:'df;ﬂ'?\“ .7 1 100 um » 3 12 mm 726,80 e/ e (WRESY mode) CCD slit viewer
oo SUh - 516 um . nad il Ly SE048 hre/mm MRES | mode A . 60
B , )
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IRXFE XFR

MUK & () sy .

NE
2D i -
R Observational Facts Contact : winered-contact@cc.kyoto-su.ac.jp
Observation
* Observers can sclect one of the three modes (WIDE, HIRES-Y&)J) depending on their peiceity on spectral

. 4=pix sampling) are

resolution’ and wavelength coverage
2-pix sampling) and 200 pm-width (R-0.5*R

* Two shts of 100 pm-width (R=R_

Quality of spectra
* The high-sensitivity of WINERED enables us o cbtain NIR high-resolution spectra with high signal-to-

- 3 " 1}
noise ratio in much shorter time, or bring us to unexplored faint-end by NIR high-resolution spectroscopy
available.
A sophisticated user interface customized for WINERED cnables efficient observations.
» av oud any handw are troudle

For example, WINERED mounted on a 10-m telescope equipped with AO can be used for the study of the
- 18 mag).
0,000 to 80,000 due to the non-lincarity of
1. Note that the WIDE and HIRES Y &) modes cannot be switchad duning the observing saght o
2. 1n HIRES mode, the wavelength coverage cam be changed betwe Jbands via GUL

o Yoand

absorption line systens of 2> 6 QSOs or GRBs (J
* In HIRES-Y &J modes, the spectral resolution ranges from R

dispersion of high-blazed echelle grating
Data reduction pipeline
* We developed the WINERED data-reduction pipeline, which automatically produces 1D spectra from raw
data in less than 20 minutes/frame
* Automatic correction for telluric absorption, which is mandatory for infrared spectroscopy, is under

HIRES-Y&J modes

Integration time estimated for point sources.
| |

development and s planned to be incorporated into the WINERED data-reduction pipeline

HIRES-J mode

WIDE mode

Integration time estimated for point sources.
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LiH (Laboratory of infrared High-resolution spectroscopy)
at Koyama Astromical Observatory-(Kyoto-Sangyo Univ.)

#LEX A
KOYAMA

s ASTRONOMICAL OBSERVATORY




Toward Deeper Universe in NIR by WINERED in Chile
(3.6-m New Technology Telescope w/ WINERED)

AL RS (OED=1.3m)
vs. NTT (A &ED=3.6m) : &£ H 7.7(= 201718~
> & BXRE . §.EE E (GFFEH)

1 T T :
o s fondal ST s ; s S et
- e

The 3.6-metre New Technology e T g
Telescope (NTT) X A By
2 £ ﬁ. I‘_r .

st ~ X GRA L v B 5 4R5)
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Initial Results from WINERED




NIR Diffuse interstellar bands (DIBs)

Hamano+2015, ApJ, 800,137, Hamano+2016, ApJ, 821,42, Hamano+2016, in prep

B Systematic search for DIBs in NIR region w/WINERED (S/N=300-700) to identify
many new faint NIR DIBs in 0.9-1.35 micron (~50 so far)

14 T T T I . L3 o
| S EW distribution of all DIBs
B Ori (Esv=0) sm~s500 = 10000—
1.9 kv v\, -~ , . \J . " H-band
. 1000 . [IOWINS (Cox+14)
2 CygOB2No.12 (Eev=3.3) s, ~700 = . 5% ) & »
2 E 00p 1ol e . &' H
o "2 AN, * . .
§ l.% . \(“'f‘:a’ ; -‘. .- s - :\".
1ol - ‘»%T%i:?r .:-s « %
AR New (w/WINERED)
1
: 1.0
1.065 1.07 1.075 1.08 1.085 Sy "
Wavelength (um) g
T T T T ‘2: 06
53] | § o
1.2 | BOri (Ezv=10) smn-~a400 || § 0.2
o L il o | \n/ Of00 6000 8000 10000 12000 w
- CygOB2No0.12 (Esv= 3.3) s/ ~500 Wavelength (A)
L]
= 1
&
2 | | 4 9632A
9577A
08 |- . o |
1 : : : Confirmed C,,* lines

1.26 1.265 1.27 1.275 1.28
Wavelength (um)

(Fullerene ion) =2

0.955 0.965




New IR spectral atlas & line list

Infrared spectra w/WINERED on Araki Telescope (R=28,300)
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Normalized Flux

Normaolized Flux
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Telluric\Standard (intrinsic lines are remove
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Microturbulences and metallicities

of red giants
Spectra with high-quality close to those of optical HRS (S/N > 300)

| I | | ' I R=28.300
K—type metal standard w/WINERED T —_—

(LN S
i Leo: [Fe/H]=0.3 T=4550 K
W{Wﬂ.”"mmvwwm"’mﬂm}m
Pollux: [Fe/H]=0.0 T=4900 K
AL L R

Aldebaran: [Fe/H]=-0.1 T=3900 K
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Isotopic ratios 1in carbon
and nitrogen 1n comets

Comet C/2013 R1 (Lovejoy)

Comet C/2013 R1 (Lovejoy) ——
Synthetic CN lines (T=300K) —

WINERED (WIDE)
- R=28,000
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B Few high-resolution NIR (0.9-1.3um) spectra of comets have been reported so far.

B |sotopic ratios of carbon and nitrogen can be determined from high-resolution spectra of
of CN isotopologues (12C14N, 13C14N, 12C15N) in NIR wavelength region.
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yin Venusian Atmosphere

By Venus-Express(ESA)
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Radnance,W;'mz/pm/sr

Dayside vs. Nightside

Low-resolution spectra of Venus (left: dayside, right: nightside) for 1.05 — 1.6 um region.
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Atmosphere of Venus w/WINERED
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CO, 1in Vennusian Atmosphere
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Vib-electronic transitions of CO,

Vy=0 Vy= 1 Vye2 - ViV,
g 0o e-
Herzberg & Herzberg (1953) :

22mm e oo eoe
-

eI L K

- T—— . : | Qlococens
.

I 13

| 05 mm= =

< Hot-band
{ 1.0383 um

1.0507 um
1.0650 pm

Fermi-resonance
between v, and v,=2v,




WINEREDA Rk JL: CO, 1.048 umTH DRI T F.

Napierian Absorbance

0.0 = U LJ\JJ m
2 4 6 8 10 12 14 16 18 22 26 30 38
i 1 1 | i | IS I Y A M 1

\ | L1 L 1 1 111 R

64 62 60 358 56 5452 48 42

T T T T T T T g T T T T
9520 9522 9524 9526 9528 9530 9532
Wavenumber (cm’L )
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13CO,/?CO, Ratio in Venus
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Topics for WINERED
1in planetary science

B Venusian atmosphere (CO, and its isotopologues, nightglow
of O,, and H,0 vapor near the surface).

B Marsian atmosphere (dayglow of O,).

B Primordial molecules in comets (CN, C,, H,0, and other
molecular species including their minor isotopologues).

B Methane in atmosphere of outer planets and Pluto (and of
their satellites).

M and more ...




O, nightglow 1n
Venusian atmosphere
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Fig. 1. Spectrum of Venus® O, nightglow at 1.27 um observed near equator at
LT = 21:30. Nine emission lines in the spectrum exactly fit their expected Doppler-
shifted positions.
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- WINERED/HIRES-J (R=80000) in early 2017!
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Toward longer Wavelength

‘ U Instrumental Facts

VINROUGE (Very-compact INfrared high-ResOlUtion Germanium SPECIFICATIONS

immersion Echelle spectrograph) is the first NIR high-resolution (R = 80,000) Band L
spectrograph utilizing high-quality Germanium immersion grating. Owing to the
high-refractive index of Ge (n = 4), the size of VINROUGE 1is very compact
(600mm (L) x 600mm (W) x 500mm (H)) despite the high-resolution, thus it can
be attached to Cassegrain focus of any 3-8m telescopes. VINROUGE employs a —
white pupil type echelle spectrograph and reflective optics with high-reflective Limiting magnitude 1> (SN=10) 13.7 mag 12.5 mag 10.3 mag
Au or Ag coating in IR, based on three mirror anastigmat (TMA) configurations. S (SN=100) 10.0 mag 9.0 mag 7.5 mag
The first light of VINROUGE is expected in 2018. Slit width X length™> 0.13 mm (0.18") X 3.64 mm (5.0")
Pixel scale ™ 0.07 [arcsec / pixel]
OPTICAL LAYOUT Array 5.3 um cutoff HAWAII-2RG

Ver. 2016.04.28

Wavelength coverage 2.1-26 um  2.8-4.1 ym 4.4-5.5 um
Spectral resolution 80.000
Total throughput > 25%

*1 The integration time of 1 hr
TMA camera *2 In cascof 10m and /11 Stelescope with AO

WAVELENGTH COVERAGES

200mmm (H)

.-
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.~
and relay

Atmoapheric Transmbssbon

-
s “

Warclength [pm)

High-diffraction and high-efficiency Immersion Grating by Canon Inc. &
<
h

@ Materiad : Single crystal Germanium 2 o’
@ Size : 110mend L), 34mm W), 36mmi H) .
@ Blazeangle : 75 degree
® Apex ang 6 degree
® Groove pitch : 57.1 um
@ Absolute diffraction efficiency
: 65% @4.15 pm




Wide wavelength coverage w/
high-resolution (R=80,000)

Imaging area
(2048 pixel)

VINROUGE spectral format (Arasaki+2016)




classical grating Immersion grating

\‘\ Wedge angle * 5°

EaS

Ge-immersion grating (Sarugaku+2016)

...completed
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VERY compact design ...“Table size spectrograph”




Topics for VINROUGE
1n planetary science

B Primordial organic molecules in comets (“molecule-zoo”).
B Many other topics related to the organics in planetary
atmosphere (e.g., organics and H;* aurora in Jovian planets).
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Summary

B LiH (Laboratory of Infrared High-resolution spectroscopy) is
working for developing advanced high-resolution infrared
spectrometers and immersion gratings for IR-spectroscopy.

B WINERED (R ~ 30,000 & 80,000 w/high-throughput) is
under normal operation with 1.3-m telescope of at Koyama
Astronomical Observatory, Japan. WINERED will be available
at 3.6-m NTT in Chile after January 2017.

B Researches in planetary science and in astrophysics with
WINERED are in progress.

B VINROUGE (R ~ 80,000) for a large telescope is under
development (very compact!). The key component, Ge-I.G.
has been already available.




