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Subaru’s Wide-Field Strategy toward 2020s

1. Very wide-field optical imager 

2. Wide-field multi-objet spectrograph 

3. Wide-field near-infrared imager and multi-object spectrograph

SupCam ̶> HSC (2013)

FOCAS, FMOS ̶> PFS (2019)
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Extend Subaru’s survey 
capability to near-infrared
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Figure 6.3: Left: Improvement of the seeing probability distribution (dotted line) to GLAO performance
probability distribution (red line). The error bars are the standard deviation along the time axis. Right:
confirmation of simulation results by Raven used in GLAO mode: the white star shows the result of no
correction while the green star is the result of RAVEN.

Result of MOAO performance simulation

We plot the wavefront error in Fig. 6.7. Total wavefront error is shown in filled square. Cross mark shows
a tip-tilt wavefront error from natural guide star and open square shows a high-order wavefront error
from laser guide star. Plots from upper left to lower right correspond the guide star constellation, which
is shown in Figure 6.6 from left to right. The horizontal axis shows a distance from the center of field of
view, which starts from the bottom to the top of the guide star constellation shown in Figure 6.6. Three
natural guide stars lies at the vertical dash line in triangle, and five laser guide stars at the vertical doted
line in pentagon. The horizontal lines at the wavefront error of 350nm and 240nm are equivalent to the
Strehl Ratio of 0.4 and 0.2 at K band, respectively. The wavefront error become minimum at the center
and positive side of dotted line, where the laser guide star resides. High-order wavefront error increases
with larger separation of each guide star. This degradation in performance for wider constellation of
laser guide star is caused by the increase of uncovered area by the laser guide star especially at the
higher altitude. (See Figure 6.6.) Further, the tip-tilt wavefront error increases in the same manner,
because of the large separation of natural guide stars. Tip-tilt wavefront error is smaller than the high-
order wavefront error for compact guide star constellation. Both tip-tilt and high-order wavefront errors
becomes equivalent at the guide star constellation of (3).

The more practical measures of MOAO performance in observation are Strehl ratio and ensquared
energy rather than wavefront error. Strehl ratios are plotted in Figure 6.8. The cross, open square and
filled square indicate J band, H band and K band respectively. The values of Strehl ratio are calculated
from simulated image of point source, which are consistent with estimated Strehl ratio derived from the
wavefront error.

Ensquared energy within the area size of 0.12′′× 0.12′′ and 0.24′′× 0.24′′ are plotted in FIgure 6.9 and
Figure 6.10. Ensquared energy within 0.12′′×0.12′′ is rapidly reduced for the wider constellation of guide
stars. When we require the minimum ensquared energy as 50%, the field of regards (FoR) is limited by
60′′ in radius. On the other hand, ensquared energy within 0.24′′×0.24′′ is not drastically reduced at wide
guide star constellation. The tolerance in reduction of ensnared energy at larger area size is interpreted
as follows. The major degradation of wavefront error is caused by the tip-tilt wavefront error due to the
wider guide star constellation, not caused by high-order wavefront error. Thus the energy in jittered core
of point spread function (PSF) can easily captured by enlarging the area size, while the energy in halo
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Subaru’s Next Facility Instrument Plan 

ULTIMATE-Subaru
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☆On-sky performance verification with RAVEN

• Uniform seeing improvement over ~20 arcmin FoV 
• FWHM < 0”.2 at K-band

GLAO performance simulationGLAO performance simulation at Subaru

(Oya et al. 2014)

Ground-Layer Adaptive Optics 
 x  

Wide-Field near-infrared instrument

GLAO Seeing GLAO Seeing

Wider FoV and better image quality than VLT GLAO 
(Seeing 0”.6 ̶> GLAO 0”.32 at K, FoV~7’.5)

VLT/GRAAL

https://www.eso.org/sci/facilities/develop/ao/ao_modes.html



(1) Adaptive Secondary Mirror

Preliminary Subaru ASM 
design by Microgate ADS

(2) Laser Guide 
Star system 

TOPICA fiber laser(589nm) x 2 
Generate 4 laser guide stars

(3) Wavefront Sensors
Cs. Focus  

(FoV~20 arcmin)

(4) Wide-field NIR  
instruments

• Wide-field imager (WFI) at Cs. 
• Reuse MOIRCS at Ns. IR 
• Fiber-bundle multi-IFU at Cs. 
proposed by AAO, Australia
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Table 7.7: Instrument parameters of Starbug based IFU spectrograph
IFUs

Number of IFUs 8-13a

Number of elements per IFU 61 Hexagonally packed
Spatial sampling per element 0.15 arcsec
Total field of view per IFU 1.18 square arcsec
Total patrol area φ ∼ 15 arcminb

Minimum separation between IFUs 25 arcsec
Spectrograph (MOIRCS)

Wavelength coverage 0.9-1.8 µm
Spectral resolving power 500-3000
Dispersion 1.6 Å per pix (J), 2.1 Å per pix (H)
Sampling 2-5 pixels in FWHM

Combined properties
Total efficiency 9% (J), 12% (H)
a This number can be increased by using a new larger spectrograph.
b FoV of the wide field corrector.

Figure 7.16: Block diagram of the starbug-based multi fiber IFU system, showing the sub-systems.
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Multi-IFU conceptImager concept MOIRCS

Ns.IR Focus  
(FoV~6 arcmin)



Key Technologies for GLAO
• (1) Adaptive Secondary Mirror 

- Develop ASM with ADOPTICA and Mitsubishi 

- Mitigate the technical risk by reusing the technology developed at VLT, MMT, and LBT 

- Frequent exchange of the ASM will be a challenge. 

• (2) Sodium Laser Guide Star system 
- 2 Sodium LGS system from TOPTICA —> well developed technology 

- Early commissioning with the exisiting AO system (AO188) 

- Keck, Gemini, Subaru are collaborating for commissioning and maintaining the TOPTICA  laser 

- ANU and Subaru will collaborate on the development of the laser relay optics.  

• (3) Wide-field (Tomographic) Wavefront sensing 
- Make use of the previous experiences from the GLAO precursors at MaunaKea  

- RAVEN/Subaru (2014-2015):  MOAO science demonstrators, GLAO performance at Subaru was 
demonstrated to be FWHM~0”.2 at H-band.  GLAO path-finder at Maunakea!! 

- Imaka/UH88 (2016-): GLAO performance at wide FoV (12’ x 12’) .  

- Comprehensive simulation works are ongoing to confirm the wavefront sensing technique and 
expected performance in collaboration with ANU and Tohoku Univ. 

- On-sky test with the WFS prototype for testing the wide-field wavefront reconstruction is 
being planned by Tohoku Univ.

すばる望遠鏡広視野改造に伴う検討報告書 TM-N55314
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WFS and Instrument configuration
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FoV(comparison(of(NIR(facilities(in(
2020s(available(at(λ>~2um(�

VLT/HAWK:I(
(7.5’(x(7.5’)�

Subaru/IRCS(
(1’x1’)�

HST/WFC3(
(2.0’x2.3’)�

ULTIMATE:Subaru(
(16’(x(16’)�

JWST/NIRCAM(
(2(x(2.2’(x(2.2’)�

Subaru/MOIRCS(
(4’(x(7’)�

ULTIMATE-WFI: Uniqueness
Widest FoV among NIR facilities in 2020s               
available at λ>2.0μm

(14’x14’)



Comparison with TMT/Space telescope in 2020sYoshiki Matsuoka (NAOJ)

ULTIMATE-Subaru Science Workshop 2016 (Jun 16-17, 2016; Mitaka)

Considerations: from SMBH/AGN perspective

ImagingImagingImaging MOSMOSMOS M-IFS

JH K MB, NB J H K JHK

Pointed 
observations JWST, TMT, ...JWST, TMT, ...JWST, TMT, ...JWST, TMT, ...JWST, TMT, ...JWST, TMT, ...JWST, TMT, ...

Surveys WFIRST

WFIRST
R~500
WFIRST
R~500

Surveys WFIRST
PFS
R~3000

✶ We may still want to do JH survey over the area overlooked by WFIRST.
    (e.g., HSC/PFS survey fields where abundant targets are available for follow-up.)
✶ AGNs are point sources and benefit from the sensitivity improvement with GLAO. 
  Do we also gain from the better spatial resolution?
✶ Broad-line AGNs are relatively sparse on the sky (~10 per 15’ FoV at i < 24 mag).

Slide courtesy of Y. Matsuoka

ULTIMATE-WFI
ULTIMATE-MOIRCS

ULTIMATE 
-MIFS



“Birth, Life, Death” of galaxies
 in the cradle of large-scale structure

Key science : Evolution of the Universe

1. First galaxies (birth)

2. Stellar build-up (life)

3. Quenching (death)

!  Unprecedentedly deep NB imaging to 
detect galaxies a “cosmic dawn” (z>>7).  

!  Go beyond the depths of JWST.
!  Extension of HSC optica NB survey   

!  Origin of Hubble sequence: bulge, disk, 
and black hole growth

!  Deep & sharp & panoramic NB imaging 
and 3-D spectroscopy of galaxies at 
“cosmic noon”(z=0.5-3.5)

!  Tracking down the “passive” galaxies to 
z~5 with deep BB/MB imaging (in K-band). 

!  Environment of dead galaxies: do first 
galaxies die in isolation or in clusters?  

!  Great synergy with WFIRST.  

ULTIMATE seeing 

z=7.7 
z=8.7 

z=10.0 
z=11.8 

Galaxies at z=4

WFIRST
ULTIMATE



ULTIMATE-SUBARU
with Wide-Field Ground-Layer Adaptive Optics

Study Report - January 2016

Subaru Telescope
National Astronomical Observatory of Japan

ULTIMATE-Subaru 
Study Report 2016

• Science Case 
- High-z galaxies (Key Science) 
- Low-z galaxies  
- Galactic  

• Adaptive Optics 
- Performance modeling 
- System modeling  
- Interface with telescope 

• Instruments  
- Wide-Field imager 
- Multi-Object Slit spectrograph 
- Multi-Object IFU spectrograph 

• Development Plan 
- Team organization 
- Budget  
- Timeline

http://www.naoj.org/Projects/newdev/ngao/20160113/ULTIMATE-SUBARU_SR20160113.pdf



Other capabilities of ULTIMATE

Extreme AO  
 x  

High-contrast instrument

ULTIMATE-Subaru will also provide the following AO modes, 
which are not available with the TMT 1st. gen. instruments.

FIG. 3.—Schematic diagram of the SCExAO instrument. Top box (left): Portable calibration source layout. Top box (right): FIRST recombination bench. Middle box:
layout of the visible optical bench which is mounted on top of the IR bench. Bottom box: IR bench layout. Dual head green arrows indicate that a given optic can be
translated in/out of or along the beam.Orange arrows indicate light entering or leaving the designated bench at that location. See the electronic edition of the PASP for a
color version of this figure.

894 JOVANOVIC ET AL.

2015 PASP, 127:890–910

ASM (~1000 actuators)+SCExAO will provide superb Strehl ratio from visible to mid-infrared.  

Adaptive Optics for Extremely Large Telescopes II: Esposito et al., The LBT AO 
system on-sky results 

In the left side of Figure 3, the measured SR values are reported as a function of the seeing 
value. A rectangle identifies points measured with seeing values between 0.8 and 1.0 arcsec. 
The scatter of the SRs values is large and goes from 80% to 15%. The right side of the Figure 
reports the considered values plotted against the tip-tilt (TT) power found in a vibration line at 
~13 Hz. The correlation between SRs and vibration power is quite remarkable. The 13 Hz 
vibration is related to the LBT telescope structure and in particular to the two swing arms that 
support the secondary and the tertiary mirrors. The LBT Observatory is developing a plan to 
reduce the amplitude of these vibrations. The vibrations are not always presents and vary in 
force mostly depending on the ground-layer wind speed and its direction with respect to the 
line of sight of the telescope. It has been clearly seen during the commissioning that looking 
off-wind delivers better performance than looking straight into the wind. This is true in 
particular when the sampling frequency of the system is less than ~500 Hz. 

3.3. The achieved PSF contrast 
One important result achieved with the LBT FLAO system is the image contrast reached in the 
corrected images, which is very important to detected faint point sources near bright stars, as 
required in searching for extra-solar planets. Figure 4 shows an example of a high-order 
corrected PSF in H band taken on June 25th 2010. Several images were acquired (saturated 
and non-saturated) to compute the PSF profile with the required resolution. The equivalent R 
magnitude of the GS (HD175658) is 6.5 and the estimated seeing value from real-time AO 
data oscillated between 0.6 and 0.8 arcsec. The AO loop was running at 1 kHz controlling 400 
KL modes. Some residual TT vibrations @ 13.0-13.7Hz of 6 to 8 mas RMS were present. The 
estimated SR in H band is >80%.  

 
Figure 4 (Left) The high order corrected LBT PSF in H band. Several diffraction rings are seen plus 
the external AO control radius. (Right) The radial profile of the image showing a contrast better 
than 10-4. Such a contrast is achieved without any coronograph.  

Figure 4 also shows the radially-averaged profiles of the AO-corrected and the diffraction-
limited PSFs. Note that a contrast better than 10-4 is achieved at a radial distance of ~0.4arcsec 
from the central peak. On the PSF image, it is possible to count up to 10 rings around the 
diffraction-limited core of 40mas FWHM, up to the turbulence residual halo (also known as 
the control radius) occurring at ~0.5arcsec. The characteristics of this image confirm on sky 
for the first time the deep annular region where the non-aliased correction offered by the 

pyramid sensor achieves the maximum contrast [8]. 

Form S-1-1(2): Project Description File(items in the attached file) 
Specially Promoted Research 2-1-( 1) 

Purpose of the Research 
The applicant should indicate the general idea of the research and the specific purpose of the research clearly and specifically with the literature 
referred to as needed. The following points should be highlighted. [Refer to the rules concerning the screening and assessment for Grants-in-Aid for 
Scientific Research. (cf. Application Procedures for Grants-in-Aid for Scientific Research)] 

1) What will be elucidated and to what extent will it be pursued during the research period 
2) The scientific features, originality and expected results and significance of the research (project) in the area  
3) Positioning of the research (project) in related domestic and overseas research 
4) Differences from the present research project, if any research funding other than KAKENHI is continuously received for another continued 

research project in FY2017 (research funding by any ministry/office, local public organization, research funding corporation, private corporation 
or other bodies) 

5) The specific purpose of the part the Co-Investigator (kenkyū-buntansha) is in charge of (in case the applicant entered items of work allotted in 
the section “Roles” of the Application Information (to be entered in the Website)) 

Scientific background and goals: Exoplanet research has been rapidly advancing since the 1995 discovery of 
a giant planet orbiting a Sun-like star (Mayor & Queloz, Nature, 378, 1995). There are now approximately 
3000 confirmed exoplanets (http://exoplanets.org/, http://exoplanet.eu/), and a few rocky planets have now 
been recently identified (http://www.jpl.nasa.gov/news/news.php?release=2015-003), including the Proxima b 
temperate planet (Anglada-Escude et al., Nature, 536, 2016 ). Despite these advances, little is known about 
nearby habitable environments: the indirect detection techniques used so far to find planets provide limited 
characterization, and most planets identified so far are too distant (>100pc) for in-depth study with future 
capabilities. The two core purposes of our proposed research are to (1) identify and characterize with the 
Subaru Telescope planets in the habitable zones of nearby (<5pc = 16.3 light-year) stars, and to (2) 
prepare the instrument and techniques that will image and characterize nearby habitable planets with 
the Thirty Meter Telescope (TMT).  
 
Expected research achievements: Using newly developed instrumentation capabilities on the Subaru 
Telescope, we will conduct a census of potentially habitable planets in the habitable zones of nearby (<5pc) 
stars, with the sensitivity to detect potentially habitable rocky planets in the Earth to Super-Earth mass range 
around most stars within 5 parsec. We will also directly image massive (>10 Earth mass) planets in the 
habitable zones of nearby stars and measure their atmospheric composition with spectroscopy. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

 
 
 
 
 
 
Figure 1: Nearby direct imaging exoplanet targets within 5pc (16 light-year). Each circle shows, for a star within 5pc, the angular 
separation (x axis) and reflected light contrast (y axis) that a habitable zone Super-Earth (2x Earth radius) would have.  Circle 
size indicates how far the system is from Earth (large circle = nearby star). Thick circles indicate targets accessible from Mauna 
Kea. The two large thin circles on the lower right correspond to Alpha Cen A and B, which are Sun-like stars. Circles to the left of 
Alpha Cen A and B correspond to lower mass stars, which are our core target sample. Habitable zone planets around these lower 
mass planets are at closer separation but are at more accessible contrast ratio. The diffraction limit of Subaru and TMT are shown 
as vertical lines (planets on the right of the lines are accessible). The current contrast limit accessible at Subaru is the curve 
  
  

Detectability of Habitable Super-Earth 
around nearby low-mass stars(Guyon 2016) 



Laser-tomographic AO  
 x  

Visible instrument

High-resolution visible observation with HDS or FOCAS at Nasmyth platform is possible 
with LTAO at 8-m class telescope, especially for extragalactic objects. 

Other capabilities of ULTIMATE
ULTIMATE-Subaru will also provide the following AO modes, 
which are not available with the TMT 1st. gen. instruments.
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Subaru’s Science in 2020

Origin 
of the Universe

Origin of         
Life

Evolution 
of the Universe

3 Fundamental Questions in Astronomy

HSC/PFS

ULTIMATE

Subaru will answer these questions using HSC, PFS, and ULTIMATE  

GLAO/LTAO                                 ExAO    



ULTIMATE development prioritization

A. GLAO at Cs focus (for WFI and M-IFS) 
- First light will be done with MOIRCS at Cs.  
- Commission WFI first, then M-IFS. 

B. GLAO at NsIR focus (for  

- MOIRCS as a first light instrument or new MOS spectrograph like Keck/MOSFIRE 

C. LTAO at Nasmyth focus  

- Visible instruments at Ns focus (HDS, FOCAS, K3DII) 

D. ExAO at Ns focus (as a woofer for SCExAO or thermal IR instrument)

Optimize the system for GLAO



Team Organization

External collaboration 
on AO development 

PI: Subaru Director

AO Scientist

Project Manager

Instrument Scientist

Project Scientist
Y. Minowa Y. Koyama

Y. Minowa, C. Clergeon, Y. Hayano 
(hiring a new assistant professor) 

M. Akiyama (Tohoku)

T. Hattori, I. Ikuru, I. Tanaka, Y. Minowa,          
M. Akiyama (Tohoku), K. Motohara (Tokyo) 

 
Science working group

Y. Koyama, T. Kodama,  
Extrernal contributors 

 

External collaboration 
on Instrument development  

External collaboration 
on Science



Cost estimation, Budget Resources

Items Cost (USD) Budget
(1) ASM system $6M NAOJ operation budget                                    

as a part of Telescope upgrade
(2) Laser system $1-4M JSPS Grant-in-aid 

(Partly purchased by NAOJ budget for AO188)
(3) WFS unit $3.5M JSPS Grant-in-aid

(4) Real time system $0.2M JSPS Grant-in-aid

(5) Telescope modification $10M NAOJ operation budget 
as a part of Telescope upgrade

(6) NIR instruments $5-15M JSPS grant-in-aid & International collaboration

(7) Human resources $2M NAOJ operation & JSPS Grant-in-aid

(8) Contingency $5M NAOJ operation budget

Total $40-50M

(2), (3), (4): Applying for JSPS Grant-in-Aid (Innovative Areas and Category S) 
(3), (6): Expecting the contributions from International partners 



Phased approach to realize ULTIMATE
GLAO Instrument

Prototyping 
Existing instrument upgrade

• AO188 RTS upgrade development 
• 1st Fiber Laser procurement 
• Multi-WFS prototype development 
• MOIRCS new grism development 
• FOCAS IFU commissioning (?)

~FY2017

FY2017 • Comprehensive GLAO simulation 
to optimize the specification 

• WFS conceptual design 
• ASM feasibility study 
• LGS relay system design

• WFI conceptual design 
• WFC conceptual design 
• MOIRCS performance model at 

NsIR 
• M-IFS prototype development

• M-IFS conceptual design• RAVEN (MOAO/GLAO pathfinder) 
• MOIRCS detector upgrade

• Preliminary performance simulation

FY2018 

FY2019

GLAO and WFI CoDR• 1st fiber laser commissioning  
• 2nd fiber laser procurement 
• AO188 new RTS commissioning 
• AO188 WFS upgrade (EMCCD) 
• Multi-WFS prototype on-sky test 
• MOIRCS new grism commissioning(?)

• WFI preliminary design 
• M-IFS prototype on-sky test

• WFS preliminary design 
• ASM feasibility study 
• IRM2 modification plan 
• Calibration system design 
• LTAO/ExAO performance model 

GLAO and WFI PDR
• GLAO sub-system detailed design  FY2020

• AO188 EMCCD commissioning 
• AO188 upgrade (IR pyWFS) GLAO, WFI, and M-IFS FDR

FY2021

NAOJ investment for PFS end

• AO188 IR pyWFS commissioning • WFS system fabrication 
• CAL system fabrication 
• Integrate LGS and RTS  

• WFI detail design 
• M-IFS detail design

• WFI fabrication  
• M-IFS fabrication 

FY2023

FY2022

• ASM fabrication 

FY2025
FY2024

• IRM2, telescope modification• Cassegrain instrument decommission 

• GLAO AIT with MOIRCS • Move MOIRCS to NsIR 

GLAO Science Observation
• WFI, M-IFS AIT 



ULTIMATE-Subaru: international collaboration
(1) ASM

(2) Laser 

(4) Instruments (3) WFS 

• Subaru, Keck, and Gemini are going to have MOU for operating 
and maintaining the TOPTICA fiber laser system 

• Subaru and ANU (F. Rigaut, C. D’Orgeville) will collaborate on the 
development of the laser steering system

• M-IFS conceptual study done by AAO (A. Sheinis, S. Ellis) 
• WFI conceptual optical design done by HIA (J. Pazder)

• Subaru is going to develop ASM with Adoptica and Mitsubishi. 
• Feasibility study by Adoptica will start soon.

• Subaru, ANU (F. Rigaut), and Tohoku (M. Akiyama) are 
starting the comprehensive simulation work to optimize 
the GLAO specifications.  

• Maunakea site data will be provided from UH (M. Chun). 
• WFS concept design will be done by ANU, Tohoku, and 

Subaru. 
• WFS prototype development for tomography 

demonstration by Tohoku. 
Any interest from EAO members?



ULTIMATE-Subaru: Summary
• ULTIMATE-Subaru is a Subaru’s next generation facility instrument plan after 
PFS.  

• ULTIMATE-Subaru will develop a ground-layer AO system and wide-field 
near-infrared imager, which provide ~14x14 arcmin

2
 FoV with 0”.2 spatial 

resolution in K-band.  

• Conceptual design of the GLAO and imager is ongoing in collaboration with 
Australia, will be reviewed at the end of 2017. Expected first light of GLAO is 
early 2020s.  

• ULTIMATE main science is a wide-field survey for galaxy evolution with 
GLAO, but it will also provide ExAO and LTAO modes, which allow broader 
science cases. 

• Not only high-z science, we are collecting various science cases such as local 
star-forming region, galactic archaeology, near-by galaxies, and exoplanets.  


