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Subaru Telescope NAC.

ﬁer“' Observatory of Japan

8.2m optical — infrared reflecting telescope operated by
National Astronomical Observatory of Japan (NAQOJ),
National Institutes of Natural Sciences (NINS)

& Construction: 1991 - 1999
& Science operation: 2000 - present
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NACJ

Subaru Strategic Programs 4 O

& HSC SSP (2014 - 2020) 300+30 nights ongoing
& “Wide-field imaging with Hyper Suprime-Cam: Cosmology and
Galaxy Evolution”

2nd Public Data Release (2019 May): 174 nights data

https://hsc-release.mtk.nao.ac.jp

¢ IRD SSP (2019 - 2025) 70 (+100) nights ongoing

& “Search for Planets like Earth around Late-M Dwarfs: Precise Radial
Velocity Survey with IRD”

& PFS SSP (2022 - 20277) 300 - 360 nights in preparation

& Large international PFS collaboration

NAOJ Achievements and Future Planning Symposium 2019
2019/12/13 4
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H — P Mational Astronomical
Observatory of Japan

Three layer survey

Wide: 1400 deg?2  g: 26.5, i: 25.9 330 nights are allocated
Deep: 27 deg?  @:27.5 i:26.8 from 2014 to 2020

Ultra Deep: 3.5 deg? 0:28.1 i:27.4
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Figure 11: The location of the HSC-Wide, Deep (D) and Ultradeep (UD) fields on the sky i1 equatorial coordinates.
A variety of external data sets and the Galactic dust extinction are also shown. The shaded region is the region
accessible from the CMB polarization experiment, ACTPol, in Chile.



Shre a2 |

(Prime Focus Spectrograph) NAC S

Mational Astronomical

Observatory of Japan

(under development; science operation from 2022)

A fiber fed multi-object spectrograph attached to the prime
focus of Subaru

2,400 fibers FOV: 1.25 deg? _. e
Arange 038 = 126 l’lm Fiber connectors | 7 ,--""" Instrument

Spec. R: 2,300 — 5,000

Sensitivity | |3 | [ ngpnep LT

i  cogra?™® _ ] AN 2400 fibers
Blue (0.38 — 0.65 pm) 22.5 =Rl -_:;_--: A Opuid)
Red (0.65 — 0.97 pm) 22.4 il u
NIR (0.97 — 1.26 pm) 214 e

Metrology camera
asa Cassegrain

S/N =5 @ 1 hour exposure

w_ M, instrument
Subaru Telestopes: ;’t.




The 1% Spectrograph Module of PES st
was delivered to the summit

Transferred to
the summit
(Nov. 25)

Delivered to Hilo (Nov.12) ;::.--;
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Okayama Branch Ofﬁce. NA\ J

Mational Astronomical
Observatory of Japan

Thpimary mirror
consists of 18 petal
segments

Seimei Telesocpe:
Kyoto University’s 3.8-m new technology
optical and infrared telescope

run by Kyoto university and NAQOJ

Light-weighted truss structure

This figure by Dr. M. Kino
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Early results from 3.8-m Seimei Telescope + KOOLS-IFU

& Transient Objects
& SN 2019ein: observations with Seimei started B-band maximum.

® SN 2019ein shows the most rapid decrease in the velocity toward the maximum

light among well-studied SNe la (M. Kawabata et al. 2019, submitted).
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NAC

N tu al Astron urncai
Observa tory of Japan

Remarkable Science Results of Subaru
Telescope

1. Solar System

2. Exoplanet Science

3. Stars and Galactic Archaeology

4. Distant Galaxies and AGNs

5. Cosmology and Fundamental Physics

6. Mult1 Messenger Astronomy

NAOJ Achievements and Future Planning Symposium 2019 2019/12/13 10
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NAC)J

National Astronomical
Observatory of Japan

1. Solar System

NAOJ Achievements and Future Planning Symposium 2019 2019/12/13 K111



Jupiter's Atmosphere Heats Up [7@¥,

Mational Astronomical

Under Solar Wind

Sinclair, J. et al., 2019, Nature Astronomy, 3, 607

7.8 um CH4 images of Jupiter taken with COMICS

2017-Jan-11 15:50 UTC 2017-Jan-12 12:57 UTC 2017-Jan-12 16:13 UTC
-, - i '- -

A . . : £

© Subaru Telescope, NAOJ
Auroras at Jupiter's poles are heating the planet's atmosphere more deeply than

previously thought. The heating occurs when the magnetosphere and the solar wind
interact. Images illustrate how quickly the CH4 emission from the stratosphere of
Jupiter reacted to the impact of the solar winds onto Jupiter.

NAOJ Achievements and Future Planning Symposium 2019 2019/12/13 12
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20 New Satellites were found around N‘ﬁ‘
Saturn by Suprime-Cam of Subaru

Observatory of Japan

Sheppard et al., 2019

- New Moons of Saturn-

Diagram showing the 20 newly discoverad moons o

Prograde’moan

20 new moons of
Saturn were
discovered with

Subaru Telescope. Similar retrograde orbits -) a minor body captured by
Total No. of the ‘Saturn was fractured by past coII|S|on with other satellite.

Saturn’s moons is 82 : (lllustration is courtesy of the Carnegie Institution for

Science. Saturn image is courtesy of NASA/JPL-
Caltech/Space Science Institute. Starry background
courtesy of Paolo Sartorio/Shutterstock.)

NAOJ Achievements and Future Planning Symposium 2019 2019/12/13 i3
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Subaru Telescope Detects the Mid-infrared B 6 3
Emission Band from Complex Organic Ez&::f;tﬁf;rzﬁz,;gﬂ

Molecules in Comet 21P/Giacobini-Zinner
Ootsubo, T. et al., 2019, arXiv:1910.03485

Blackbody normalized spectrum

N

_ P'f-"lH" ! aliphatic‘?

(Credit: Michael Jaeger)

Wavelength {um) ,
i (Credit: Ootsubo et al.)

An unidentified infrared emission band from comet 21P/Giacobini-Zinner were detected with
COMICS. These unidentified infrared emissions are likely due to complex organic molecules, both
aliphatic and aromatic hydrocarbons, contaminated by N- or O-atoms.

= comet 21P/G-Z might have originated from the circumplanetary disk of a giant planet (like
Jupiter or Saturn) where it was warmer than the typical comet-forming regions.

2019/12/13 14
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sw) Discovery of very distant dwarf plants NACS

1n our Solar system

92015 TG387 “Goblin™: 2.5

times further than Pluto.

UL:&.-—l vatar ] u1 J:I[.‘ld"

Sheppard, S. et al., 2019, AJ, 157, 139

The third known Inner Oort cloud objects (IOCs)
after Sedna and 2012 VP113, called 2015 TG387 was
discovered using Subaru HSC. This object has a
perihelion of 65 £ 1 au and semimajor axis of 1170
=+ 70 au. It is a member of the extreme trans-
Neptunian objects (ETNOs), which may be
shepherded into similar orbital angles by an
unknown massive distant planet called Planet Nine.

15
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NAC)J

National Astronomical
Observatory of Japan

2. Exoplanet Science

NAOJ Achievements and Future Planning Symposium 2019 2019/12/13 16
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| = ) Subaru Telescope Sheds New Light on an NACJ

Mational Astronomical
Observatory of Japan
Obscured Infant Solar System
Currie, T., et al., 2019, ApJ, 877, L3

LkCa 15 Predicted Image for a Predicted Image if Inner
(Real SCEXAO/CHARIS Data) Outer disk Two-Component Model Predicted outer disk Disk is Instead 2 Planets
Disk
o Prediction for 3 planets: LkCa 15 bed
0. MAEr cisk Pf8dicted Inner disk If the planets are real, this kind of
n . . .
0.2% image will be taken with CHARIS
[Sun-to-Pluto distance)

(Credit: NAOJ/SCExAOQ team)

They found that the previously reported “planets” around a young star LkCa 15 are
not real planets and the light around the star comes from circumstellar “disk” by
observation with CHARIS and SCExAQ. This is the first direct imaging look at the
same wavelengths and in the same locations where previous studies identified the
LkCa 15 protoplanets, and thus offer the first decisive test of their existence.

NAOJ Achievements and Future Planning Symposium 2019 2019/12/13 17
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NAC)J

National Astronomical
Observatory of Japan

3. Stars and Galactic Archaeology

NAOJ Achievements and Future Planning Symposium 2019 2019/12/13 18



Star with Strange Chemistry is from [J:U@3,

Natmnal Astronomical

OUt Of Town Observatory of Japan

Xing, Q.-F., et al., 2019, Nature Astronomy, 3, 631

. o-element abundance

11124+4535 | b8l A\ pcculiar star whose chemical
l *"" ooy - composition is quite different
’ @1124}4% (extreme r-process ephancement
and a-element deficiency) from
those of our Galaxy’s stars was
found using HDS. This star,
Chemical Abundance J1124+4535 came from outside of
by SDEEtFDSCGP}-' _ A L our Galaxy, maybe a dwarf galaxy
. process element abundance cannibalized by our Galaxy in the

- ast.
@11"4 4535 p

4 e e Our Galaxy stars

N 1/1000 1/100 1/10
Subaru/HDS Fe/H

(Credit: NAOY)
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Subaru Identifies the Outermost Edge [{1'@¥,

Natiunal Astronomical

Of our Ml]l{y Way SYStem Observatory of Japan

® BHB stars Fukushima, T., et al., 2019, PASJ, 71, 72
) @ ' Blue Stragglers

= single power-law (BHB)

es=» broken power- Ilf:w (BHB)

== Einasto (BHB) |

—— Deason et al., 2011 (BHB)
Thomas et al., 2018 (BHB)
Watkins et al., k009 (RR Lyrae)

- Cohen et al., 2Q17 (RR Lyrae)

Hernitschek et al., 2018 (RR Lyrae)
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HSC results |
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10
(Credit: Fukushima et al.)

(Credit: Tohoku University)

The outermost edge of the Milky Way Galaxy is identified using the Subaru Telescope. The
ultimate size of our Galaxy is 160 kpc in radius, 20 times larger than the distance between the
Galactic Center and our solar system (~8 kpc). Stars that reach these outermost regions of the
Galaxy during their orbital motions are ancient stellar populations with ages as old as 12
billion years. The spatial extent in which these ancient stars wonder i1s, therefore, important for
our understanding of the Milky Way's formation.
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% A new Milky Way satellite discovered [{r:{@¥,
in the Subaru HSC Survey S

Homma, D., et al., 2019, PASJ, 71, 94

A new ultra-faint dwarf galaxy, Bootes IV, was discovered in the HSC-SSP. This object contains a metal-poor,
old stellar population. The distance 1s 209 kpc with a V-band absolute magnitude of My= -4.53 mag. The
observed number of satellites is larger than the theoretical prediction. We have a problem of too many

satellites, instead of the well-known missing satellites problem whereby the ACDM theory overpredicts the
number of satellites in a MW-sized halo.

— All satellites
- Sky coverage correction
Combined correction

4 &5 B =7 B

My [H‘lE]g] (Credit: Homma et al.)
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NAC)J

National Astronomical
Observatory of Japan

4. Distant Galaxies and AGNs

NAOJ Achievements and Future Planning Symposium 2019 2019/12/13 227
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Subaru Telescope Captures 1800 [[7\@¥,
EXp I Od i n g Sta rS (Yasuda, N., et al. 2019, PASJ, 71, 74)

Observatory of Japan
1824 new supernovae at the median redshift H5C16aasd (nonla, z=0.19)
Is 0.85, including 58 Type la supernovae at z ip(l)(r)iion
> 1 were identified using Subaru HSC. This
data set doubles the number of Type la SNe
at z > 1 and provides many Type Il SNe at

medium redshift for SN cosmology.

(Credit: N. Yasuda et al.)

Some supernovae discovered in this study. There are three

; images for each supernova for before it exploded (left), after
(Credit: Kavli IPMU, Partial data supplied by: SDSS) it exploded (middle), and supernovae itself (difference of the
first two images).




3-D map of the supercluster

4

Structures
already-knfwn

R, [deg]

2-D map of the supercluster 7.3 hillion light-years away

(Credit: NAOJ)

The large-scale 3-D structure of a distant
supercluster CL1604 located at z~0.9 was
revealed by Subaru — Gemini collaboration. The
size of the supercluster is 1s more than two times
more extended than what was already known.

BuFxis

3D Structure of distant super-cluster NA@J
and most distant proto-cluster

Mational Astronomical
Observatory of Japan

(Hayashi, M., et al., 2019, PASJ, 71, 112)
(Harikane, Y., et al., 2019, ApJ, 883, 142)

13.0 Billion Years Ago

100 M Light-years

100 M Light-years
(Credit: NAOJ/Harikane et al.)

A protocluster of galaxies was discovered at
z~6 by collaboration of Subaru, Gemini and
Keck. This is the earliest protocluster ever
found. This discovery suggests that large
structures such as protoclusters already existed
when the Universe was only about 800 million
years old, 6 percent of its present age. 24



Matsuoka et al. discovered 83
quasars powered by supermassive
‘black holes at z ~ 6 using Hyper
“Suprime-Cam (HSC) of the Subaru
Telescope. The discovery increases
the number of black holes khown at
that epoch c0n51derab1y, and reveals
for the first time, how common
SMBHs ate early in the universe’s .
flistory In addition, it suggests that
radiation f{om black holes is
insufficient for reionizing the
Umverse

NAOJ Achievements and Future Planning Symposium 2019
- L]

Supermassive black holes inthe . [T:@J,
early universe

Mational Astronomical
- Observatory of Japan

-Matsuoka, Y., et al., 2018, ApJ 869, 150

e
(Credit: NAOJ) =
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NAC)J

National Astronomical
Observatory of Japan

5. Cosmology and Fundamental
Physics

NAOJ Achievements and Future Planning Symposium 2019 2019/12/13 26
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Natmnal Astronomical

Cosmol'oglcal anstra*rnts from the
anst Year Hyper Supnme,-Cam .

i Hikage,'C., et al., 2019 ASJ W1} 43

The' cosmolog1cal constraints on the fract1onal contr1but1on of matter

s to the energy budget of -the Umverse were.derived bFﬁ' bhnd‘-a?nalysm
of the HSC datas

NACJS
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.-Sub'a'ru- Teles'cd'peh Helps Dé'tefminé that Dark ~[Rees ?\ J
- J

Matter 1S NOT Made Up of T1ny Pr1mord1al Q) tstonat Astrernica
Black Holes ke =y

Niikura, H., et aI 2019 Nature Astronomy 35 524
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“About 90 rﬁiﬂ_idn .stars ofM 31 were rho.ﬁitpfe‘d with HSC for 1 night (time interval is 2
min.)-to detect gravitationa ects by primordial BHs in the halo of M31.
' ' (Credit: Kavli [PMU)
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Andromeda Galaxy

Gravitational Lens
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Primordial Black Hole

Only one cahdidat_é was found:
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qr Subaru Telescope Helps Determme that Dark R suxse ? 3
U Matter is NOT Made Up of Tiny Pr1mord1a1 szzrf;tﬁfgrzﬁgz:,gﬂ
' Blaek Holes -

2 3 Nukura , et al 2019, Nature Astronomy, 3,524
'The data shqwed that prisj 1 ‘s ,1 BHs w1th the mass of 10 — 1011 solar mass
(size is less than a tenth o illim eter) does NOT make up most of dark -
Tatter. g L

Mass of primordial black hole [solar mass]|

107 1070 107> 10Y
] 1 |

107

Resylt by NASA Ke

Other constraints

Subaru HSC result (this work)

Mass fraction of primordial black holes to dark matter
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Einstein's General Relativity Theory Is I\IA@J

Mational Astronomical

Questioned BUt Sti]l Stands 'For NOW,' Observatory of Japan
Team Reports (Do, T, et al., 2019, Science, 365, 664)

Observations using the Infrared Camera and Spectrograph (IRCS) mounted on the
Subaru Telescope contributed to a test of Einstein's theory of general relativity around
a supermassive black hole by measuring the motion of the Galactic center star S0O-2
precisely. The motion of the star around the perihelion was clearly deviated from the
Newtonian theory.
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E & (Credit: Do et al.)
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NAC)J

National Astronomical
Observatory of Japan

6. Multi Messenger Astronomy

NAOJ Achievements and Future Planning Symposium 2019 2019/12/13 31



NAC S
GW Event: S1904257 kst

First BNS event in O3
Distance: 155%45 Mpc

Detection: L1 and V1
ToO observation was performed

by Subaru/FOCAS
GCN circular; #24192, 24230, 24328
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" 2019/10/29 B2

154 galaxies obtained with Subaru/FOCAS
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GW Event: $190510g NAC.

« BNS event candidate Distance: 227£92 Mpc Detection: L1, H1 and V1
e GCN circular; #24464

* S190510¢g (LVC alert)
e Preliminary alert: 13:03 May 10, 2019 (JST) 268Mpc
e Initial alert: 14:24 May 10, 2019 (JST)

e HSC Y-band observation start: 14:46 May 10, 2019 (JST)
e Update Alert: 19:23 May, 10, 2019 (JST)

Initial o




Survey pointings with NACJ

Observatory of Japan

Subaru/HSC Oogami et al., in preparation

Bayestar LALInference Filter : HSC-Y

Exp. : 30s x 2 epochs
Area : 120deg?

Limit mag. : 22.67

Declination [deg]

12% 1.2%

240 230 220 210 200 1490 240 230 220 210 200

190

Right Ascension [deq] Right Ascension [deg]

(Credit: Oogami et al.)

We could not detect any electromagnetic counterpart
for this event.



NAC

N tional Astron umcai
Observatory of Japan

Instrumentation and science targets of
Subaru Telescope 1n the 2020s

NAOJ Achievements and Future Planning Symposium 2019 2019/12/13 35



Subaru
Instrumentation

-

Pk 1
ik -|| 1
. 0

Wide field (1.3 deg)
multi object (2,400)
@ectroscopy

" """%T_‘-‘*'F g >

IRD -

Precise radial velocity
(2m/s) measurement

(Credit: NAOJ)

NAOJ Achievements and Future Planning
Symposium 2019
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(ﬂ J
Mational Astronomical
Observatory of Japan

ULTIMATE-Subaru
Wide field (20 arcmin)

high spatial resolution
(0.2 arcsec)

Infrared observa3t6ion j




Major science themes in
2020s and Subaru Telescope

The nature of dark
matter and dark energy

s I .p‘ -ﬂ

Galaxy formatlon
and evolution
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Multi messenger
astronomy

Extrasolar planet and —
biomarker
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