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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 during star and planet formation. Related laboratory spectroscopic

studies in the millimeter and submillimeter regimes are also planned.



Overview

Our body is made up of various elements such as oxygen, carbon, hydrogen, and Nitrogen. Those elements are
formed by nucleosynthesis in stars and scattered across the Universe and are building blocks of life. Among all the
elements, carbon is very special element. It has four bonding sites for other atoms, and is the key atom to make
variety of organic molecules. Thus, understanding molecular formation, especially carbon-bearing species, along star
and planet formation is evenually related to know the origin of our existence.

A new star is formed by gravitational contraction of an interstellar molecular cloud consisting of gas and dust. In
the course of this process, a gas disk (protostellar/protoplanetary disk) is formed around the protostar, and is evolved
into a planetary system. The Solar system was also formed in this way about 4.6 billion years ago, and the life
eventually emerged in the Earth. How is the situation happened for the Solar system unique in the Universe? In

order to answer this question, understanding formation of protoplanetary disks and associated chemical

evolution in various star-forming regions is essential, and various observational efforts have been done toward this

goal. Increasing sensitivity of various telescopes allows us to identify 196 interstellar molecules so far, about 1/3
of which are "complex" molecules having 6 atoms or more. This indicates the high chemical complexity of
interstellar clouds even in the extreme condition, which would ultimately be related to the origin of rich substances
in the Solar System.

In the last two decades, it is clearly demonstrated that gas surrounding solar-type protostars have significant
chemical diversity: some sources harbor various saturated- "complex-" organic molecules (COMs) such as
HCOOCH3, (CH3)20, and CoHsCN, whereas some others harbor highly-unsaturated species instead. The chemical
diversity would originate from different duration time of the starless cloud phase of each protostar. On the other
hand, the most interesting issue to be studied is how the chemical diversity in the protostellar envelopes is brought
into the later stages toward protoplanetary disks. Fortunately, such studies are now feasible with high sensitivity
and angular-resolution capabilities of ALMA (Atacama Large Millimeter/Submillimeter Array). At the same time,
to reveal whole view of chemical diversity in the Universe, we also have to investigate chemical complexity of the
molecular cloud cores, formation mechanism of COMs in those cloud, and chemical composition of interstellar cloud
even in other galaxies.

This FY, we have carried out the following studies. (1) Revealing vertical structure of disk forming region, (2)the
2" and 3™ cases of disk harboring hot corino chemistry, (3) a chemically hybrid-type disk, (4)origin of COMs in
starless cores, (5) whole chemical views of giant molecular clouds, and (6) development of spectrometer and test

measurement. Highlights of our results are presented.



1. Revealing vertical structure of disk forming region
We have resolved for the first time radial and vertical
structures of the almost edge-on envelope/disk system
of the low-mass Class 0 protostar L1527 at a resolution
of 0.17-0.3” (15-30 au) for 0.8 mm band with ALMA.
While a thin infalling-rotating envelope (~50 au) is seen
in the CCH emission outward of about 150 au, its
thickness is increased by a factor of 2 inward of it.
The transition is located between the centrifugal radius
(200 au) and the centrifugal barrier (100 au) of the

infalling-rotating envelope. It seems that the gas is
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centrifugal barrier. The rotation motion of the gas : (centrifugal force=gravitational force)

containing SO is found to be decelerated around the
centrifugal barrier. A part of the angular momentum could be extracted by the gas moving away from the mid-plane
around the centrifugal barrier. If it is the case, the centrifugal barrier may be related to launching mechanisms of disk

winds or outflows. (Ref. paper 4)

2&3. The 2" and 3™ cases of disk harboring hot corino chemistry and a chemically hybrid-type disk
From the chemical point of view, envelopes of solar-type protostars seem to be classified into two classes: hot

corinos and WCCC (Warm Carbon-Chain Chemistry) sources. The former is characterized by abundant COMs
(Saturated-Complex Organic Molecules), whereas the latter is characterized by rich unsaturated-organic (carbon-
chain) molecules. We recently studied sub-arcsecond molecular distributions in the prototypical WCCC source
L1527 and the prototypical hot corino source IRAS16293-2422A with ALMA, and found that the chemical diversity
is also evident in the closest vicinity around the protostar. Thus, understanding the chemical diversity in disk
forming regions becomes more and more important in understanding the "chemical" origin of the Solar System.
Moreover, the ALMA observations revealed the presence of a centrifugal barrier, which represents the transition
between the infalling-rotating envelope and the rotationally supported disk. In WCCC sources, the infalling-
rotating envelope is traced by carbon-chain molecules and CS, while SO traces the centrifugal barrier. In hot corinos,
the infalling-rotating envelope is traced by CS and OCS, while the centrifugal barrier would be traced by COM:s.
Although species tracing each part are different, the centrifugal barrier is identified in the both types of sources.

Next questions are “Are L1527 and IRAS16293-2422 special cases or representative sources?” and “Are there any
source rich in both of saturated COMs and unsaturated COMs?” To answer these questions, we have conducted
observations toward L483 (young protostellar object:YSO in Aquila Lift), NGC1333IRAS4A (YSO in Perseus), and
IRAS16293-2422B (YSO, binary counterpart of IRAS16293-2422A, in Ophiucus).



2-1.Hybrid Source: The infalling—rotating envelope of L483, a ClassO protostar, is traced by the CS line, while a
very compact component with a broad velocity width is observed for the CS, SO, HNCO, NH2CHO, and HCOOCHj3
lines. Although this source is regarded as the warm carbon-chain chemistry (WCCC) candidate source at a 1000 au
scale, complex organic molecules characteristic of hot corinos such as NH,CHO and HCOOCH3 are detected in the
vicinity of the protostar. Thus, both hot corino chemistry and WCCC are seen in L483. Although such a mixed
chemical character source has been recognized as an intermediate source in previous single-dish observations, we
here report the first spatially resolved detection. A kinematic structure of the infalling-rotating envelope is roughly
explained by a simple ballistic model with a protostellar mass of 0.1-0.2 M. and a radius of the centrifugal barrier
(half of the centrifugal radius) of 30-200 au, assuming an inclination angle of 80° (0° for face-on). The broad-line
emission observed in the above molecules most likely comes from the disk component inside the centrifugal barrier.
Thus, a drastic chemical change is seen around the centrifugal barrier. Important point of this result is, there could be
hybrid source, which harbors both hot corino and WCCC characteristics. The hot corino sources and WCCC
sources could be two extreme cases. We need statistical study to reveal the fraction of each chemical category, and
the origin of their differences to understand whole picture of chemical evolution. (Ref. paper 3)

2-2. Diversity? or High Dust-Opacity?: The infalling-rotating envelopes/disks of the binary protostar, NGC1333
IRAS 4A1/A2 are investigated by ALMA with angular resolution of 0.5”. Kinematically, we could not identify the
centrifugal barrier (i.e. disk edge). On the other hand, we revealed that COMs are extremely abundant in the disk
forming region of source A2. Molecular emission from organic molecules is concentrated exclusively in A2, while
Al appears completely devoid of COMs or even simpler organic molecules such as HNCO despite it being the
strongest continuum emitter. A2 displays typical hot corino abundances, which are higher than reported in previous
lower-resolution studies by an order of magnitude. The hot corino has a deconvolved size of 70 au. In contrast, the
upper limits we placed on COMs abundances for Al are extremely low, surprisingly lying about one order of

magnitude below pre-stellar values. The appearance of the amount of COMs present in A1 and A2 is huge, ranging
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between a factor ~ 20 and ~ 300. It is not clear that this significant difference is originate from chemical diversity or
from high dust-opacity in Al disk. However, at least A2 shows the second hot corino disk example. (Ref. paper 11)
Figure 2. The Northwest source (A2) is abundant in various COMs whereas not in A2(Southeast). (Ref. paper 11)

2-3 Geometrically Thick Disk: We have analyzed the OCS, H>CS, CH30H, and HCOOCHj3 data observed toward
the low-mass protostar IRAS 16293-2422 Source B at a sub-arcsecond resolution with ALMA. A clear chemical
differentiation is seen in their distributions; OCS and H,CS are extended with a slight rotation signature, while
CH30H and HCOOCH3 are concentrated near the protostar. Such a chemical change in the vicinity of the protostar
is similar to the companion (Source A) case. The extended component is interpreted by the infalling-rotating envelope
model with a nearly face-on configuration. The radius of the centrifugal barrier of the infalling-rotating envelope is

roughly evaluated to be (30-50) au. The observed lines show the

Launched
from CB ? l

inverse P-Cygni profile, indicating the infall motion within a few 10
au from the protostar. The nearly pole-on geometry of the outflow
lobes is inferred from the SiO distribution, and thus, the infalling and
outflowing motions should coexist along the line of sight to the
protostar. This implies that the infalling gas is localized near the
protostar and the current launching points of the outflow have an
offset from the protostar. Geometrically thick disk, which is going to
be settle down to thinner disk with hydrostatic equilibrium, is the
most expected reason to have such kinematical features. From the
chemical point of view, this is the 3™ case of hot corino type disk ever

found. (Ref. Paper 19)

Figure 3. Expected structure of the forming disk
around IRAS16293-2422B (copyright: Y.Oya).

4. Origin of COMs in starless cores

We have observed the millimeter-wave rotational spectral lines of CH3CHO, H,CCO, cyclopropenone, and H,CO
toward the cyanoployyne peak of Taurus Molecular Cloud-1 (TMC-1 CP). The spectral line profile of CH3;CHO is
found to reveal a well-separated double peak. It is similar to the line profile of CH30H, but is much different from
those of carbon-chain molecules and C34S. The different line profiles mean different distributions along the line of
sight. The similarity of the spectral line profiles between CH;CHO and CH30H suggests that CH3CHO is mainly
formed on dust grains as CH3OH or through gas-phase reactions starting from CH3OH. On the other hand, the spectral
line profiles of H;CCO and cyclopropenone are rather similar to those of carbon-chain molecules and C**S, implying
their gas-phase productions. HyCO shows a composite spectral line profile reflecting the contributions of both gas-
phase and grain-surface productions. In addition, we have detected the spectral lines of CH3CHO and HCOOCHj3
toward the methanol peak near TMC-1 CP. We have also tentatively detected one line of (CH3),0. Considering the

chemical youth of TMC-1, the present results indicate that fairly complex organic species have already been formed



in the early evolutionary phase of starless cores. TMC-1 is thus recognized as a novel source where formation

processes of complex organic molecules can be studied on the basis of the line profiles. (Ref. Paper 20)
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5. Whole chemical views of giant molecular clouds

We have conducted a mapping spectral line survey toward the Galactic giant molecular cloud W51 in the 3 mm band

with the Mopra 22m telescope in order to study an averaged chemical composition of the gas extended over a

molecular-cloud scale in our Galaxy. We have observed the area of 25'%30’, which corresponds to 39pcx47pc. The

frequency ranges of the observation are 85.1-101.1GHz and 107.0-114.9GHz. In the spectrum spatially averaged

over the observed area, spectral lines of 12 molecular species and 4 additional isotopologues are identified. An

intensity pattern of the spatially averaged spectrum is found to be
similar to that of the spiral arm in the external galaxy MS5I,
indicating that these two sources have similar chemical
compositions. The observed area has been classified into five
subregions according to the integrated intensity of *CO(J=1-0)
(I13co), and contributions of the fluxes of 11 molecular lines from
each subregion to the averaged spectrum have been evaluated. For
most of the molecular species, 50% or more of the flux comes
from the subregions with Ii3co from 25 to 100Kkms—1, which
does not involve active star-forming regions. Therefore, the
molecular-cloud scale spectrum observed in the 3 mm band hardly
represents the chemical composition of star-forming cores, but
mainly represents the chemical composition of an extended

quiescent molecular gas.
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The present result constitutes a sound base for interpreting the spectra of external galaxies at a resolution of a

molecular-cloud scale (~10pc) or larger. Similar results are also reported toward W3(OH) region. (Ref. Paper 7& 13)
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Fig.6 Mapping line survey results toward W51 star forming region in our Galaxy.

6. Development of spectrometer (SUMIRE)

In radio astronomy, accurate rest frequencies of molecular transitions are indispensable for secure identification of
molecular species and accurate analyses of Doppler shifts caused by motions of the target sources. Rest frequencies
of various molecules have been measured in the laboratory, but their accuracies are sometimes insufficient for the

above astronomical purposes. With this in mind, we are developing a new emission spectrometer called SUMIRE



(Spectrometer Using superconductor MIxer REceiver) at RIKEN. This spectrometer is equipped with an ALMA-type

230 GHz SIS mixer receiver and XFFTS spectrometer with the spectral resolution of a few tens of kHz as a back end.
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We have successfully launched SUMIRE
this year. Test measurements of HDO,
D20, and CH30H are conducted. The line
shape (HDO 225.89672 GHz) gradually
changes from Gaussian to Lorentzian as the
increases.

pressure Doppler broadening

seems to be dominant at low pressure. We
could find significant shift of the rest
frequencies of HDO from those in database.
The origin of the shift will be investigated by
introducing accurate clock (10! or more) to
the signal generator.  Furthermore, the
frequency range of this spectrometer will be
extended to terahertz frequencies by using

the hot electron bolometer (HEB) mixer

Digital FFT Spectrometer
= (BW 2.5 GHz, Res 80kHz) % 4
- (BW 0.5 GHz, Res 15kHz) % 4

receiver.
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