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Outline

Star and planet formation is one of the most fundamental structure-formation processes in the universe. By use of
the state-of-the-art radio telescopes including ALMA, we are investigating when a disk structure is formed around
a solar-type protostar, and how it is evolved into a protoplanetary disk and eventually to a planetary system. This
is an essential question deeply related to the origin of the Solar system. We particularly focus on a relation
between physical evolution and chemical evolution. Star and planet formation is a process where interstellar
matter is evolved into planets. Hence, chemical approach tells us not only chemical evolution itself but also novel
information on physical processes of star and planet formation. Furthermore, such a chemical study is of
fundamental importance in understanding an origin of the solar system, and eventually an origin of life on the Earth.
With these in mind, we are studying star and planet formation by radio observations from chemical point of view.
At the same time, we have started laboratory spectroscopy in millimeter band to tera-helz band to directly measure

rest frequencies of rotational transitions of molecules with astronomical interest.



Overview

Project A ¢ Tracing chemical evolution from interstellar clouds to planets

A comprehensive understanding of chemical evolution from protostellar cores to protoplanetary disks is
important in relation to the origin of the Solar-System environment, which can eventually be related to origin of life.
So far, it has been established that chemical composition of the protostellar cores shows significant chemical diversity.
One distinct case is the hot corino chemistry, which is characterized by rich existence of saturated organic molecules.
The other distinct case is the warm carbon-chain chemistry (WCCC), which is characterized by rich existence of
unsaturated organic molecules such as carbon-chain molecules. It is proposed that a duration time of the starless core
phase would cause this diversity. In this FY, we have analyzed spectral line survey data for the representative WCCC
source, L1527, in order to reveal whole view of the WCCC source in the envelope scale (~1,000 au) [ref. 15]. For
the disk forming scale (~100 au), we have found a new chemical type of source in Oph. region [ref. 3, 5]. In Oph
region, some of the young stellar objects show extremely high abundance of Sulfur bearing species. We have also
studied chemistry in the evolved (matured) system, revealing the origin of the gaseous component there [ref. 11].
This allows us to understand how molecules and chemical compounds are delivered to planetary system. As for the
statistical study to reveal the chemical diversity in Perseus region (PEACHES project), complete datasets are
delivered by ALMA. Calibration and basic analysis have been finished. In the next FY, we will investigate
detailed chemistry of the disk forming regions in Perseus molecular cloud complex. We have also investigated
chemical compositions of different-metallicity star-forming regions [ref. 2, 19]. This is a step toward revealing a
whole story of chemical evolution in the Universe. In addition, we have investigated gas composition of the inner
most part of the disk around a massive protostar candidate where dust grains are expected to be destroyed [ref. 1].
This tells us the history of interstellar dust, which is the building block of rocky-planets/comets.
Project B : Star and Planet Formation

By full use of chemical tools, we have revealed how dense cores are formed and how disks are formed inside
the cores. Chemistry reflects not only history of physics, but also small changes in physical condition. It brings the
breakthroughs to study physical evolution, such as disk formation, outflow launching, and planet formation. This
FY, we focused on tracing rather simple atom and molecules to reveal outflow launch [ref. 1, 7, 13]. Toward
understanding formation of planetary system, we have focused on dust size and disk substructure formation by full
use of ALMA capabilities [ref. 11, 14]. Toward full understanding of star formation, we have also studied it not
only in our Mikly Way galaxy but also in the early Universe. In the early Universe, a population of galaxies which
are forming stars at a rate more than several 100 times higher than our Mikly Way galaxy. What causes and maintains
the activity is yet unclear. Using ALMA, we identified unusual concentration of such starbursts at a proto-cluster core
at a redshift of 3.1.  All of the starbursts are embedded in filaments of cosmic web, which suggests that the violent
star-forming activity is fueled by the gaseous network connecting galaxies [ref. 9].
Project C : Spectroscopy for molecules of astrochemical interests
We have succeeded to launch the accurate and wide frequency band spectrometer (8 GHz at a time) by using
radio-observation technique. After installing Rb clock, which gives 107'? accuracy of the frequency, we have
measured the rest frequencies of rotational transition line of N>O to confirm the frequency accuracy. With the
XFFTS spectrometer whose frequency resolution is 17.7 kHz, we could obtain the standard deviations of
measured frequencies of 1-2 kHz for lines with enough signal to noise ratio.  The line widths are ~0.3-0.4 km/s,
which is comparable to or slightly larger than that of the Doppler broadening (0.28 km/s). Thus, the pressure
broadening effect is not negligible but smaller contributor. Based on this success, we have started full scale
operation of SUMIRE.



Highlights

Project A

A-1: Chemical Diversity in Perseus Molecular Cloud Complex: PEACHES-1 (led by Yao-lun Yang)

The Perseus ALMA Chemistry Survey (PEACHES) aims to provide the statistics on the occurrence of complex
molecules at embedded protostars (ClassO and ClassI sources). This program unbiasedly observes 51 embedded
protostars with ALMA around 260 GHz (34 field of view in total), covering the emission of simple molecules such
as CS and SO as well as the emission of complex molecules including CH3;OH and CH;OCHO. Our observations

detect 50 unique continuum sources. Due to the overlap of the fields, 5 sources appear in multiple fields. The
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continuum emission appears as compact circular or elliptical shape with no substructure. The spectra show various
degrees of richness of emission lines (see Figure 1 for examples). We identified 24 molecules from the entire
PEACHES spectra. We could also see the variety of chemistry among the samples. The detailed comparison
among sources will be done in the next FY.

Figure 1. An example spectra: The entire spectra toward one of the PEACHES sources.

A-2: Whole Chemical View of the WCCC source, L1527 (led by Kento Yoshida)

An unbiased spectral line survey toward a solar-type Class 0/ protostar, IRAS04368+2557, in L1527 has been
carried out in the 3 mm band with the Nobeyama 45 m telescope. L1527 is known as a warm carbon-chain chemistry
(WCCC) source, which harbors abundant unsaturated organic species such as CoH (n = 3,4,5, . .. ) in a warm and
dense region near the protostar. The observation covers the frequency range from 80 to 116 GHz. A supplementary
observation has also been conducted in the 70 GHz band to observe fundamental transitions of deuterated species. In
total, 69 molecular species are identified, among which 27 species are carbon-chain species and their isomers,
including their minor isotopologues. This spectral line survey provides us with a good template of the chemical

composition of the WCCC source. The high dynamic range of the column density ratios shown in figure 2 further



confirms that the hot corinos such as IRAS 16293—2422 and the WCCC sources such as L1527 are the two distinct

cases in chemical composition.
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A-3: Aluminum Oxide found a massive protostar candidate Orion KL Source I (Ref. paper 1)

High-temperature molecular gas containing metallic elements is potentially a good probe to trace the
kinematics/dynamics of circumstellar disks, and its presence in circumstellar disks around young stellar objects
(YSOs) may also give some insights into formation processes of high-temperature meteoritic components formed in
the Sun’s protoplanetary disk. The Orion Kleimann—-Low (KL) region is the most famous and nearest massive star
formation site, and has been extensively studied since the 1970s. The KL region harbors a candidate high-mass YSO,
Source I, which has a hot circumstellar rotating gas disk emanating a magnetocentrifugal wind of SiO. In this study,
we spatially resolved distributions of aluminum monoxide (AlO) emission lines at 497 and 650 GHz in the rotating
outflow of Orion Source I based on subarcsecond observations obtained by the ALMA for the first time in star-
forming regions. These AlO emissions are detected only at the base of the outflow as the high excitation line of H20
in spite of their low excitation temperatures. The limited distribution of AlO to the launching point of the outflow
indicates that AIO is not in the gas phase in the outer part of the outflow lobes away from the disk surface, which
could be attributed to recondensation of AIO as dust due to its refractory nature. Aluminum rich inclusions found
in meteorites are some of the oldest solid objects formed in the Solar System. This result is a good step toward

understanding  their  formation process and stage.
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Project B

B-1: Radial variations of grain sizes and dust scale heights of the protoplanetary disk (Ref. paper 14, led by Satoshi
Ohashi)

The disk of HD 163296 is one of the representative source showing ring and gap substructures. In observations
with ALMA, the rings and gaps are spatially resolved in millimeter-wave polarization measurements. Our radiative
transfer modeling that includes self-scattering polarization constrained the grain size and its distribution. We found
that the grain size and dust scale height are the key parameters for reproducing the radial and azimuthal distributions
of the observed polarization signature. Radial variation is mainly determined by grain size. The polarization
fraction is high if the particle size is ~A/2m it is low if the particle size is larger or smaller than this. In contrast,
azimuthal variation in polarization is enhanced if the dust scale height is increased. Based on detailed modeling of
the polarization of HD 163296, we found the following radial variations in the grain size and dust scale height. The
maximum grain size was 140 pm in the gaps and significantly larger or smaller in the rings. The dust scale height

is less than one-third of the gas scale height inside the 70 au ring, and two-thirds of it outside. Furthermore, we
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Figure 4. Schematic illustration HD163296 disk

B-2 Massive filaments fuel the growth of galaxies and supermassive black holes (Ref. paper9, led by Hideki
Umehata)

The SSA22 proto-cluster at z=3.1 is a remarkable cosmic structure with an extent
of 30 comoving Mpc, which provides a unique laboratory to investigate the co-
evolution of galaxies and large-scale structures. Utilizing a series of ALMA
observations, we detected numerous dust continuum and molecular emission lines
from galaxies at z=3.1, which results in discovery of extreme overabundance of
starbursts at the proto-cluster core. On the basis of observations using an integral
field unit at optical wavelength, we also identified extended Lyman-alpha filaments,
connecting the starbursts on 1 Mpc scale. The filaments are considered to be parts
of massive gaseous network which harbors a plentiful amount of hydrogen gas.
These results suggest that we are witnessing violent star-forming phase of galaxies
in the proto-cluster, associated with high level of gas accretion from the cosmic web.

Figure 5. Cosmic web filaments. Extended Lyman- a emission are shown across the

panel (0.9x1.3Mpc at z=3.1 in size). Background image is the 1.1~mm map taken
with ALMA. SMGs ubiquitously distribute along the filaments, which suggests that
cosmic web fuels such active galaxy growth.




B-3 An Episodic Wide-angle Outflow in HH 46/47 (Ref. paper 7, led by Yichen Zhang)

During the star formation, the accretion disk drives fast MHD winds which usually contain two components, a
collimated jet and a radially distributed wide-angle wind. These winds further entrain the ambient gas into a secondary
outflow which is traced by molecules. Our ALMA cycle 3 observation of the HH 46/47 molecular outflow revealed
multiple wide-angle outflowing shell structures in both blue and red-shifted component. These shells are highly
coherent in position—position—velocity space, extending to >40-50 km s~ in velocity and 10* au in space, with well-
defined morphology and kinematics. With simple model fitting, we suggest each of these outflowing shells is resultant
from entrainment of ambient gas by an outburst event in the wide-angle wind. While episodic outbursts in collimated
jet has been seen before, this is rare evidence that the wide-angle wind, same as the collimated jet, experiences
episodicity, as expected by theories of episodic accretion and wind launching. The coherent shell structure further
implies that the wide-angle wind should be launched from a relatively narrow region on the disk, which put

constraints on the theory of wind launching.

Highlights of Project C: SUMIRE (Akemi Tamanai, Yoshimasa Watanabe, collaboration with NAOJ and UEC)

ALMA has provided numerous innovative findings successively up to now. Specifically, observed emission and
absorption lines give us plenty of details on gas kinematics, physical properties, and chemical compositions of both
gas molecules as well as dust grains. Commonly, theoretically calculated and/or experimentally measured
absorption/extinction spectra are applied for interpreting the observed spectra accurately. It is preferable to measure
the spectrum of the same substance in a wide frequency range under the same measurement conditions in laboratory
works. Although spectroscopic measurements of various molecules have been carried out, the number of
measurement data from experiments in the high-frequency region is not sufficient to identify and interpret the
molecules in astronomical environments. For that, we have developed the emission type molecular spectroscopy for
astronomically relevant materials in ALMA band 6 up to 10. The Extended bandwidth fast Fourier Transform
Spectrometer is coupled to a Superconductor-Insulator-Superconductor (SIS) mixer for 230 GHz (ALMA band 6) or
a Superconducting Hot Electron Bolometer (HEB) mixer for ~0.9 THz band mounted on the ALMA-type cartridge
receiver as a heterodyne apparatus (SUMIRE). This FY, we have started full scale operation. We have started to
measure various isotopic species of CH3OH as the first step.
(From Sep.-Jan. SUMIRE is stopped due to maintenance
works of the facility)
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8) Satoshi Ohashi, Akimasa Kataoka, “Radial variations of grain sizes and dust scale heights on the protoplanetary
disk of HD 163296”, ALMA2019: Science Results and Cross-Facility Synergies, Cagliari, Italy, 14-18 Oct. 2019

9) Satoshi Ohashi, “Understanding distributions of grain sizes and turbulence in protoplanetary disks”, Science with
the Submillimeter Array: Present and Future, Taipei, Taiwan, 4-5 Nov. 2019

10) Akemi Tamanai, “Laboratory-Based Spectroscopy: From Astromineralogy to Astrochemistry”, Dynamical
Methods for Cold Molecular Collisions, from laboratory to beyond the Earth (DYMCOM), Paris-Saclay, France, 4-8
Nov. 2019




11) Hideki Umehata, “Gas filaments connecting galaxies and supermassive black holes in a proto-cluster”, Subaru
Telescope 20th Anniversary, Waikoloa, The Big Island of Hawaii, US, 17-22 Nov. 2019

12) Riouhei Nakatani, Takashi Hosokawa, Naoki Yoshida, Hideko Nomura, Rolf Kuiper, “Radiation Hydrodynamics
Simulations of Photoevaporating Protoplanetary Disks: Implications to Metallicity Dependence of Disk Lifetimes”,
Subaru Telescope 20th Anniversary, Waikoloa, The Big Island of Hawaii, US, 17-22 Nov. 2019

13) Satoshi Ohashi, Akimasa Kataoka, “Radial variations of grain sizes and dust scale heights of the protoplanetary
disk around HD 163296 revealed by ALMA polarization observation”, Planet Formation Workshop 2019, NAQJ,
Mitaka, Japan, 25-28 Nov. 2019

14) Riouhei Nakatani, Takashi Hosokawa, Naoki Yoshida, Hideko Nomura, Rolf Kuiper, “Photoevaporation of
Protoplanetary Disks: Metallicity Dependence and Lifetimes”, Planet Formation Workshop 2019, NAOJ, Mitaka,
Japan, 25-28 Nov. 2019

15) Yao-Lun Yang, “PEACHES: An Unbiased Survey of Carbon-chain Molecules and Complex Organic Molecules
toward Embedded Protostars at the Perseus Star-forming Region”, Early Planet Formation in Embedded Disks, Tokyo
University, Tokyo, Japan, 8-10 Dec. 2019

16) Yao-Lun Yang, “Directly Measuring the Progression of Infall from the Envelope to the Disk-forming Region of
Embedded Protostars”, East Asian ALMA Development Workshop 2019, NAOJ, Mitaka, Japan, 10-11 Dec. 2019

17) Riouhei Nakatani, Hauyu Baobab Liu, Satoshi Ohashi, Yichen Zhang, Tomoyuki Hanawa, Claire Chandler, Yoko
Oya, Nami Sakai, “Substructure Formation in a Protostellar Disk around a Class O Protostar”, Workshop for
Protoplanetary Disks and Exoplanets, Taipei, Taiwan, 17-18 Dec. 2019

18) Satoshi Ohashi, Akimasa Kataoka, “Radial variations of grain size and turbulence in protoplanetary disks revealed
by ALMA polarization”, East-Asian ALMA Science Workshop 2019, Taipei, Taiwan, 19-21 Feb. 2020

Seminar
1) YHFr3E, 21 i o K OS2 O WERIE~" 3 10 [0l MACS 22 v ¥ 7 4, FERKE, 2019 4
11 A 15 H

2) Nami Sakai, “Astrochemical Approach to Star and Planet Formation”, ASIAA Colloquium, Taipei, Taiwan, 4 Dec.
2019

3) Yao-Lun Yang, “Tracing Kinematics and Complex Chemistry of Embedded Protostars with ALMA”, APEC Seminar
(Astronomy - Particle Physics - Experimental Physics - Cosmology), Kavli Institute for the Physics and Mathematics
of the Universe, Kashiwa, Japan, 19 Dec. 2019

Others (Domestic Meeting and Seminar, selected)
1) Yichen Zhang, Jonathan Tan, Kei Tanaka, James De Buizer, Mengyao Liu, Maria Beltran, Kaitlin Kratter, Diego

Mardones, Guido Garay, “Spiraling giants: witnessing the birth of a massive binary star”, P138a, H AKX ¥ %
2019 HEMKFLER, HEAKRY:, REATN, 201949 H 11-13 H

2) (R, HHER, “KERREFEDFEa 7 ORISR AR ENER L 2 7FmodEREK
171, 23058, HAKILH 2 2019 4EMFHE S, BEANRE, BEAT, 201949 H 11-13 H

3) MEMIZEAC, “gasfilaments at z=3 revealed by MUSE”, THIZ3EHTFEE 2019, B2 KA, =&, 2019 4 10
H 29-30 H

4) MEIHZEAC, “HRITIRIE 3 OFHHMIC B T 2 IR OB/, 12 A IEFH 7 +— 7 4, HUK
R oL EH, 2019412 H 11 H

5) IRHEE, “BIEEVIHHIC 31T 2 B, 5 32 BIEGRR > v R v 4 TR - FHYHEOLE L
RO RRA ], E2 KR, =, 2019 4 12 A 25-27 H(invited)

6) MEMISEAC, “Galaxy formation and evolution seen by ALMA and Subaru”, Z101r, HAK L4 2020 H£HFE

2. 2L XM (online)

Posters
1) Riouhei Nakatani, Takashi Hosokawa, Naoki Yoshida, Hideko Nomura, Rolf Kuiper, “Radiation Hydrodynamics




Simulations of Photoevaporating Protoplanetary Disks: Metallicity Dependence”, Planet2/RESCEU Symposium 2019,
Okinawa, Japan, 14-18 Oct. 2019

2) Yichen Zhang, “Massive Star Formation in 0.03” Resolution View of ALMA: Two Case Studies”, -ALMA 2019:

Science Results and Cross-Facility Synergies, Cagliari, 14-18, Oct. 2019

3) Riouhei Nakatani, Takashi Hosokawa, Naoki Yoshida, Hideko Nomura, Rolf Kuiper, “Radiation Hydrodynamics
Simulations of Photoevaporating Protoplanetary Disks with Various Metallicities”, In the Spirit of Lyot 2019, Tokyo,
Japan, 21 25 Oct. 2019

Emission Spectroscopy. Adopting an ALMA -Type Cartrldge Receiver”, Chemlcal Evolutlon of Cosmic Matter, Bad
Honnef, Germany, 23-25 Oct. 2019
5) Akemi Tamanai, Yoshimasa Watanabe, Takeshi Sakai, Tatsuhiko Sato, Satoshi Yamamoto, Nami Sakai,

“Experimental High Frequency Molecular Spectroscopy with an ALMA-Type Cartridge Receiver”, East Asian ALMA
Development Workshop 2019, NAQJ, Mitaka, Japan, 10-11 Dec. 2019

Books, proceedings and others

1) BpRtseT, s, WHEE, ILAR, RIREST, HPBSHT, =, foRESE, HbFH,
ILIAHT4E, Catherine Walsh, Tom J. Millar, “JF iR 2B R B OGS T L Wi R 0T © €7 L & ALMA BUAIY,
iRk 5 78 & T (L p165-172, 2020 4 4

2) WHEE, “DTFEITOREI T B LaT R vy —7" (KREFY 55788 FHI T
AL p219-227, 2020 44 A

3) FLEFEIE, WHEEI, JOHFEE, T 7~V ZERD ASTE HimiE~ OISR L EEREICH T 50T
St ER, RIEAYE 5 78 & FH 0 THE(L p241-251, 2020 4F 4 H

Outreach

1) 7rv +Z7vr—Hkt 5 93 M “EEPK O Z M= Lo RIFICHE S SRR, HfEYH A v X
2019 4 9 H 51 THFEE http://www.nikkei-science.com/201909_010.html

1) B3R, “RIAKRICE: ~UE L Dite~", BULENTTAT RBlegaEs, 2019 4F 11 H 3 H, ALe vk
—

2) IRFFME, 21 HIRORE | BEAED OWERFEA", REAFEZLE % 10 [/ MACS 2AF 7
11,2019 F 11 A 15 H, REKRFEFEEL 6 SHE

3) T atNTFITT T4y [HIRE] IIT>THIz #BF 2019 4 11 A 5 H-12 HEHE,
https://natgeo.nikkeibp.co.jp/atcl/web/19/102800012/

Press release

1) Hideki Umehata, Michele Fumagalli, Yuichi Matsuda, Yoichi Tamura, “AIEiFEH TR O D > 7= FHF - B &
Ty R—=IICEREDL LT FHDBEIR — /Massive filaments fuel the growth of galaxies and
supermassive black holes”, IB#f + HRAFAFRBFRMAEER - REX —F7 L KT - BLXRXA - &5 E
KFHFERFZE, 4 0ct. 2019  https://www.riken.jp/press/2019/20191004 1/index.html

2) Shogo Tachibana, Takashi Kamitsuka, Tomoya Hirota, Nami Sakai, Yoko Oya, Akira Takigawa, and Satoshi
Yamamoto, “Aluminum Oxide found a massive protostar candidate Orion KL Source | /E XKJRIEEDE Y (T T )L

SZULEECDTFERRE -EEMHORBREOEREA -, HRAKF, EILRXE, BEBiffHE, 25 Apr. 2019
https://www.riken.jp/press/2019/20190425 1/index.html



http://www.nikkei-science.com/201909_010.html
https://natgeo.nikkeibp.co.jp/atcl/web/19/102800012/
https://www.riken.jp/press/2019/20191004_1/index.html
https://www.riken.jp/press/2019/20190425_1/index.html

Award
1) s BAFEHERT - RBEME (%EE) 2019

Support from External Funds

1) REMRERPE [BEE S] (0B RAXERABERERO/CFMEK E £ DL 2018-2022 (1
& 1 ILARE)

2) RIZREMEIE (B8 ) ERERELBW-REXRFEAEEBREDE NI 2018-2020 (1L
xR HV)

3) BRI ERMENE [BEFHIL(B)] AEED L E T ERIETRES RN & RARYEDOEEER
2017-2019 (3% : #BIHSR)

4) BEMREMYPE [EFHAR] 2FET7H 0 EFFMKN. £ L TURKEAROHEHEDRIR
ZH 5 2018-2019 (K& : KB E)

5) Bl &®mBIE [& FHFZT] Understanding Accretion of Young Massive Protostars 2019-2021 (143K -

Yichen Zhang)
6) BIFMREMBET MREBRX X — FXIE] BHEARTEZAV LY RENGRBEXERM

BNEBELET L O 2019-2020 (R © fF5 IEF)
7) ISPS AAE AFFRIAFF B (FCKEZHER - 55 2 [B]) Aug. 2019- Jan. 2020 (Yao-lun Yang)
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