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Supervisor’s Foreword

In the late 1960s, molecules such as ammonia, water, and formaldehyde were succes-
sively discovered in interstellar clouds through radioastronomical observations. It
was surprising that such polyatomic molecules familiar to us are abundantly present
in a harsh condition of an interstellar space. This discovery excited astronomers to
dream about its relation to the origin of life in the universe. Since then, more than 200
interstellar molecules including various organic molecules have continuously been
detected, thanks to the advances in radioastronomy. Indeed, the universe is much
richer in molecules than ever thought. Among them, discovery of long carbon chain
molecules such as cyanopolyynes was very surprising, and the research reproducing
them in the laboratory led to the opening of a splendorous world of fullerenes and
carbon nanotubes.

However, the astronomers’ dream of exploring the origin of the Solar system, as
well as the origin of life, did not proceed so rapidly, because it was difficult in those
days to trace how molecules formed in interstellar space are brought into planetary
systems. A typical size of the disk structure where a planetary system is being born is
100 astronomical units (hundred times the distance between the Sum and the Earth),
and the disk structure is deeply embedded in a thick envelope of gas in its infant stage.
This size corresponds to the apparent size of the plane of the sky of less than 0.7 s of
arc for nearby star-forming regions (450 light years). Hence, high spatial resolution
and high sensitivity are required for molecular line observations to characterize its
physical and chemical structures. Nevertheless, there were a few progresses during
2000s. Fairly large organic molecules such as methyl formate (HCOOCHj3) and
ethyl cyanide (C,HsCN) were detected in the vicinity of the protostar with sensitive
radio observations. This result means that substantial amounts of organic molecules
(even larger molecules) are already formed in interstellar clouds before the formation
of the planetary system. Hence, the above discovery attracted broad attention of
astronomers and planetary scientists in relation to pre-solar organic materials found
in meteorites. Moreover, chemical composition of protostellar cores was found to be
different from source to source, which raised another important issue to be studied,
that is how such chemical diversity is inherited in a planetary system.



vi Supervisor’s Foreword

ALMA (Atacama Large Millimeter/submillimeter Array), which started opera-
tion in 2011, was really a game changer. ALMA realized an unprecedented angular
resolution in the millimeter- and submillimeter-wavelength bands with enough high
sensitivity to detect various molecular lines. With ALMA, the central part of proto-
stellar sources where the disk structure is being formed is spatially resolved, and
a chemical structure of the disk-forming region can be studied in relation to the
physical processes of disk formation. Such studies are now being expanded to many
sources as a new trend in star-formation study and astrochemistry. Moreover, satel-
lite missions exploring comets and asteroids were successfully conducted, and the
chemical composition of pre-solar materials is now being investigated. Thus, the
astronomers’ dream is becoming true little by little through these advances.

This Ph.D. thesis presents a frontier work in this direction. Dr. Oya studied the
physical and chemical structures of the five young Solar-type protostars with ALMA.
The novel aspects of this study are threefold. First, Dr. Oya focused not only on a
physical structure, but also on a chemical structure and clarified their relationship.
She successfully revealed that a specific part of the physical structure in the disk-
forming region can be highlighted by specific molecules. This means that molecular
lines can be used as a ‘molecular marker’ to study physical structures. Moreover, the
chemical diversity found in protostellar cores is indeed inherited in the disk-forming
region. Second, Dr. Oya combined the analyses of a disk/envelope structure and an
outflow. These two components have traditionally been studied by different groups
specialized to each component. However, they are mutually related to each other
through the angular momentum of gas particularly in the vicinity of the protostar.
She effectively used the information on the outflow for the disk/envelope analysis
and vice versa. Third, Dr. Oya revealed that the observed physical structures can be
interpreted by simple physical models for a disk, an envelope, and an outflow. These
models reasonably represent the basic structure of these components and allow her
to disentangle the complex chemical feature of disk-forming regions.

In short, all these results opened a new avenue in star-formation study and astro-
chemistry by revealing the physical and chemical evolution of disk-forming regions
in the early phase. It is amazing that such a comprehensive work was completed in
four and a half years of her Ph.D. course. The success entirely owes to the effort and
the talent of Dr. Oya. I can state without hesitation that this Ph.D. thesis indeed made
a giant step toward the original dream, the origin of the Solar system and the origin
of life in the universe. I am glad to know that this work is published as Springer
Thesis. This publication is very timely, considering the rapid growth of this field. I
believe that the content of this Ph.D. thesis will be useful for the star-formation and
astrochemistry communities. I also hope that this Ph.D. thesis will also contribute to
stimulating new science by researchers and students in broad areas of physics and
chemistry.

Tokyo, Japan Satoshi Yamamoto
February 2022



Preface

A thorough understanding of the star/planet formation and the associated chemical
evolution is an important target for astrophysics and astrochemistry. Although radio
and infrared observations have recently enhanced our understandings of the proto-
stellar formation process, it is still controversial when and how disk structures are
formed around newly-born protostars, and how molecules of parent molecular clouds
are delivered into the disks. To answer these questions, physical and chemical anal-
yses are conducted for disk-forming regions. This thesis describes the observational
studies with Atacama Large Millimeter/submillimeter Array (ALMA) at a few 10 au
scale resolution. Specifically, the following five young low-mass protostellar sources
in the Class 0 and I stages are observed: L1527, IRAS 15398-3359, IRAS 16293—
2422 Source A, Source B, and L483.

Rotational spectral lines of various molecular species are detected toward the
above protostellar sources with ALMA. It is found that the kinematic structure of
the flattened envelope at a few 100 au scale is well explained by a simple ballistic
model. In this model (infalling-rotating envelope model), the gas cannot fall inward
of a certain radius due to the energy and angular momentum conservation. This
radius is called as the centrifugal barrier. In this thesis, the common occurrence of
the infalling-rotating envelope and its centrifugal barrier is demonstrated for the five
sources. A high-velocity component is also detected inside the centrifugal barrier.
This component is attributed to the disk structure. Thus, the disk structures seem
to have already been formed even at the earliest stage (Class 0) of the protostellar
evolution.

The outflow components are also investigated in L1527, IRAS 15398-3359, and
L483. Since the infalling-rotating envelope, the centrifugal barrier, the disk compo-
nent, and the outflow components are thought to be related to one another through
the angular momentum of the gas, their comprehensive understandings are essential
to star-formation studies. The physical parameters (the protostellar mass, the radius
of the centrifugal barrier, and the inclination angle) are indeed evaluated with the aid
of the infalling-rotating envelope model, the Keplerian disk model, and the parabolic
outflow model, and mutual relations of the components are discussed.

vii
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The chemical composition of the gas is analyzed in the above five sources. Itis well
known that the chemical composition of the protostellar envelopes shows significant
diversity at a few 1000 au scale. In this thesis, it is found that the chemical diversity
is indeed delivered from the envelope into the disk. Moreover, the drastic chemical
changes across the centrifugal barrier, whose radius is typically a few 10 au, are also
found. Three physical components of the disk-forming regions (the infalling-rotating
envelope, the centrifugal barrier, and the disk component) are traced by particular
molecules. These new findings allow us the chemical diagnostics of the disk-forming
regions. The chemical changes across the centrifugal barrier are also of particular
importance in astrochemistry of protoplanetary disks, because they are expected to
determine the initial condition of the chemical evolution toward planet formation.

These results provide us with important clues to general understanding of the
physical mechanism and the chemical diversity in the disk formation.

Tokyo, Japan Yoko Oya
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Chapter 1 ®)
Introduction Check for

1.1 Formation of Low-Mass (Solar-Type) Stars

Stars are born through gravitational collapse of dense parts of interstellar clouds,
called molecular clouds. In the Milky Way galaxy, the total mass of molecular clouds
is roughly 10° M, from which stars are continuously formed. The star-formation
rate of molecular clouds in the solar neighborhood is 1.6 My Myr~!' pc=2 [15],
although it largely depends on molecular clouds.

In star formation studies, stars are roughly classified into two categories. Stars
with a mass less than 8 M, are called as ‘low-mass stars’ (or ‘Solar-type stars’),
while ones with a higher mass are called as ‘high-mass stars’. This is because the
time scale of star formation is much different between them. The timescale from the
stellar birth to the main sequence is 107~ yr for low-mass stars, while it is as short
as 10° yr for high-mass stars. High-mass stars often reach the main sequence before
their parent cores are completely dissipated. Hence, the formation of high-mass stars
heavily affects the environment of parent molecular clouds, and this fact results in
a complexity of their formation process. The high-mass star formation study itself
is an important and interesting subject. However, their observational studies often
encounter various difficulties, because they are mostly distant from us. Although
a rapid progress has been made by high angular-resolution observations for these
years, the unified picture of high-mass star formation has not been established yet.

As for low-mass stars, especially isolated ones, their formation processes have
extensively been studied both theoretically and observationally [e.g. 1, 5, 20, 21,
43, 60, 63]. Since planetary systems are potentially formed around low-mass stars,
detailed understandings of their formation processes are essential to understanding
the origin of the Solar System. So far, the following scenario is suggested as the
formation of low-mass stars:

(1) Starless core
Before the birth of a protostar, parent molecular clouds are called as ‘starless
cores’. While the gas collapses due to self-gravity, the temperature of the core is

© Springer Nature Singapore Pte Ltd. 2022 1
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stably kept low (~10K) due to the radiative cooling (the isothermal collapse).
Since the gas is usually sustained by the turbulence and the magnetic fields, the
timescale of the starless-core stage is reported to be about (0.5 = 0.3) x 10° yr,
which is slightly longer than the free-fall time of the gas with the H, density of
10* cm™3 [15].

Protostar

The central density of a starless core increases as the core collapses. When the
central H, density exceeds 10'! cm™3, the thermal radiation from dust grains is
absorbed by the gas before it escapes from the core; namely, the core becomes
‘optically thick’ for dust emission. This results in a low cooling efficiency, and
thus the temperature in the central part of the core starts to rise. This optically
thick core is called as ‘first core’ [32]. Within 100 yr or so, the temperature of
the core reaches 1500 K, and then the thermal dissociation of H, to 2H starts.
Since the thermal dissociation of H, absorbs substantial energy, the gravitational
collapse of the core is accelerated (‘second collapse’). After this stage, the core
is called as ‘second core’, which is recognized as the birth of the protostar.
After the protostellar birth, the gas continues to accrete onto the protostar, and
the protostar grows. The protostar shines by releasing the gravitational energy
of the accreting gas (‘main accretion phase’). Generally, the physical structure
of the gas is no more spherically symmetric due to the angular momentum of the
accreting gas, and the gas forms a flat envelope and a protostellar disk around the
protostar. At this moment, a bipolar outflow perpendicular to the disk/envelope
system also blows out from the protostar (e.g. [3]). It is generally thought that
outflows are launched by the interaction between the gas motion and the mag-
netic field (e.g. [34]). They are thought to play an important role in extracting
the angular momentum from the accreting gas. An outflow phenomenologically
consists of an ionized jet and a molecular flow in its inner and outer parts, respec-
tively. The velocity of an outflowing gas reaches as high as (10 — 100) km s~'.
At this evolutionary stage, the gas simultaneously shows an infall motion in the
envelope and an outflowing motion.

T Tauri star

The envelope gas is dispersed by the outflow, and then the accretion of the gas
onto the protostar gets settled (‘T Tauri star’). At this evolutionary stage, the star
shrinks quasi-statically so that the temperature in the central part rises. The heat
generated inside the star is transported to its surface by convection (‘Hayashi
phase’ [21]). When the temperature of the central part of the star becomes enough
high, the heat is transported by radiation (‘Henyey track’ [22]). Then, T Tauri
stars finally reach the main sequence in (107 — 10®) yr. Since the envelope gas
is almost dissipated around a T Tauri star, the star is surrounded by only a pro-
toplanetary disk, which is a parent of a planetary system. At the first phase of T
Tauri stars (‘classical T Tauri stars’), a small amount of the gas is still accreting
onto the star through the protoplanetary disk, and it causes episodic phenomena,
such as UV and X-ray flares (e.g. [17]). At the later phase of T Tauri stars, such
phenomena due to the gas accretion scarcely occur, and the H, line emission
caused by the accretion is weakened (‘weak-line T Tauri stars’).
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For stars before they reach the main sequence (‘pre-main sequence stars’), their
radiation spectra in the infrared region (‘spectral energy distribution’; SED) are com-
monly used to classify their evolutionary stages phenomenologically [31]. Generally,
the stellar evolutionary stages are classified into the stages called as ‘Class I —1I1I". [3]
summarized the typical SEDs for these stages: Class L, II, and III corresponding to the
evolutionary stages of the protostar, the classical T Tauri star, and the weak-line T Tauri
star. Stars in earlier phases than Class I are called as Class 0 [2]. In these stages, the
SED changes depending on which component in the source emits dominantly. In the
Class 0 stage, the emitting source is a thick envelope gas at a low temperature which
surrounds the protostar. It shows the black body radiation with its intensity peak in
the far infrared region. Emission from the protostar is almost absorbed by the enve-
lope, and its energy is reprocessed as far infrared emission. A Class I source is also sur-
rounded by the envelope gas, and the radiation in the near infrared region is obscured
and its peak is in the mid-infrared region. A Class II source shows the radiation from
the stellar photosphere as well as that from the protoplanetary disk, and the radiation in
the near infrared region is dominant. The SED of a Class III source is almost dominated
by the black body radiation from the stellar photosphere in the near infrared region
with a little excess in the infrared and UV regions. Since the SED is affected by var-
ious factors, such as the inclination angle of the protostellar/protoplanetary disk and
the possible companion, this classification, especially that of Class 0 and I, has some
uncertainty. Because of this reason, the bolometric temperature of sources is often
employed for the classification; the bolometric temperature 71, of an observed con-
tinuum spectrum is defined as the temperature of a black body having the same mean
frequency as the observed spectrum [39]. Sources with the bolometric temperature
less than 70 K are classified as Class 0, while ones with the temperature higher than
70K are as Class I. In these classification of the evolutionary stages, the outflows blow
during the stages from Class O to Class I. Protostellar disks are thought to be formed
in the stages from Class O to Class I, while protoplanetary disks are in the stages from
Class II to Class III. During the Class II and III stages, planetary systems are thought
to be formed in protoplanetary disks. The life time scales for the starless-core, Class
0, I 11, and I1I stages are roughly 10°, 10%, 10°, 10%, and 107 yr, respectively [3].

1.2 Radio Astronomy

Radio wave is the electromagnetic wave, whose wavelength is longer than those of
visible and infrared radiation. The boundary between the radio wave and the (far)
infrared radiation is arbitary, which is often set at 100 wm (3 THz). The dawn of the
radio astronomy was broken by Jansky in 1931, who detected a radio wave
(A = 14.6 m) from the Galactic Center [26]. This is emission of a huge plasma gas in
interstellar medium. [46] observed the Milky Way with ahand-made parabola antenna,
and mapped the distribution of the radio continuum emission (A = 1.85m). Then, [23]
observed the Solar flare in radio wave, which is an explosive event on the Solar pho-
tosphere, producing a high temperature plasma gas and relativistic charged particles.
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Radio observations have drastically been developed by making use of the devel-
opment of the technologies of a microwave radar and communications during the
World War II. [16, 37] discovered the 21 cm line of atomic hydrogen. In 1960s, Pen-
zias and Wilson detected the cosmic microwave background emission, providing a
definitive proof of the big-bang theory. New types of celestial objects, such as quasars
and pulsers, were also found by radio observations. From the late 1960s to the early
1970s, spectral lines (mostly rotational spectral lines) of various molecular species,
such as NHs, H,O, H,CO, and CO, were found in the radio wave regions [12, 13,
62, 73], and moreover, ‘interstellar molecular clouds’ were recognized as a dense
and cold part of interstellar clouds, which harbor various molecular species. Since
interstellar molecular clouds are the birthplaces of stars and planetary systems, they
have extensively been studied as an important target for the radio astronomy. At the
same time, detection of various interstellar molecules opened a new interdisciplinary
field, ‘astrochemistry’.

Radio observations have several advantages in studies of star formation:

(1) Radio waves go through interstellar clouds with less attenuation due to the scat-
tering and absorption by gas and dust than the electromagnetic wave at shorter
wavelengths. Thus we can see through the central part of interstellar clouds,
where protostars and protostellar disks are being formed. Moreover, the earth
atmosphere is transparent in some frequency ranges of radio waves. These fre-
quency ranges are called as ‘radio window’ or ‘atmospheric window’. Hence, the
radio waves in the windows can be observed by ground-based radio telescopes.

(2) Radio-wave photons have low energy, and can be emitted by cold matter. The
black body radiation at a temperature from 10 to 50 K has its intensity peak
in the millimeter/submillimeter region. The temperature of molecular clouds,
which are the birthplaces of protostars, is typically as low as 10 K. Hence, their
structures, including the protostellar envelope and disk system, can be traced by
radio observations.

(3) The radio region contains various molecular lines. Rotational spectra of various
molecular species, not only the basic species such as CO and CS but also more
complex species such as HCOOCHj3; (methyl formate) and (CH3),O (dimethyl
ether) fall in the radio-wave region, particularly in the millimeter and submil-
limeter wave regions. Thus, radio observations tell us what kinds of molecules
are contained in the source and how much (Sect. 1.3).

On the other hand, radio astronomy has an apparent weakness: the angular reso-
lution of radio telescopes is generally much poorer than those of visible and infrared
telescopes with the same diameter (D). A diffraction-limited angular resolution of
a telescope is proportional to %, where A is the wavelength. Thus, a radio telescope
(A ~ 1'mm) require a larger dish by 2000 times with respect to a visible telescope
(A ~ 500nm) to achieve the same diffraction-limited angular resolution. However,
the available size as a fully steerable dish is at most 100 m. Hence, radio astronomy
overcomes this weakness by using the technique of the aperture synthesis, which is
described in Chap. 2.



1.3 Astrochemistry in Star-Forming Region 5

1.3 Astrochemistry in Star-Forming Region

Astrochemistry was initiated in the early 1970s thanks to the birth of millimeter-wave
astronomy. Since then, breakthroughs in astrochemistry have always been triggered
by new observational technologies. In this section, the progress of astrochemistry in
star-forming regions is outlined in relation to technological developments.

1.3.1 1980s: Astrochemistry in High- and Low-Mass
Star-Forming Region

Chemistry of star-forming regions was first studied for high-mass star-forming
regions. This is simply because they have very bright emission of various molec-
ular species. Therefore, their chemical compositions can readily be studied. Orion
KL (Keinmann-Low object in Orion) is one of the best studied source in astrochem-
istry. It is known as the nearest high-mass star-forming region and the richest source
in molecular emission (d = 437 pc [24]). In the early era of radio astronomy, the
chemical composition of Orion KL was extensively studied by spectral line survey
observations (e.g. [7, 27, 64, 71]) with the millimeter-wave telescopes (Onsala 20 m
telescope, NRAO 12m telescope, Owens Valley 10.4m telescope). Later, the line
survey of Orion KL has been expanded to higher frequencies [6, 56, 67]. The most
characteristic chemical feature of Orion KL is the existence of various saturated com-
plex organic molecules (COMs), such as (CH3),0, HCOOCH3;, and C,HsCN. These
species mostly resides in the hot and dense part near the protostar. Sulfur-containing
molecules (SO and SO;) and non-volatile molecules (SiO, SiS, and PN) are also
found there. Chemical differentiation at a small spatial scale within Orion KL. was
inferred by the different spectral line shapes among molecules (e.g. [7]). This was
indeed confirmed by interferometric observations (e.g. [35, 45, 74]). The N-bearing
molecules are concentrated around ‘hot core’ close to the high-mass protostar Source
I, while the O-bearing molecules are distributed in a ‘compact ridge’, which is a bit
apart from the hot core. Observations toward high-mass protostellar sources have
extensively been conducted to study its chemical composition itself and to search for
new interstellar molecules.

In the 1980s, a number of low-mass protostars were identified in dense cores by
the Infrared Astronomical Satellite IRAS) (e.g. [4, 5]). However, chemical compo-
sitions of low-mass star-forming regions were relatively less studied in comparison
with those of high-mass star-forming regions in those days. Since the molecular
emission in low-mass star-forming regions is generally weaker than that in high-
mass star-forming regions, less attention was paid for low-mass star-forming regions
in astrochemistry. Some survey observations of only a few representative molecules,
such as NHj3, CS, CCS, and HC3N (e.g. [5, 65, 78]), were conducted toward low-mass
protostellar sources. A systematic chemical difference was found between starless
cores and star-forming cores [65]. However, this is a chemical evolutionary effect,
and is not ascribed to the chemical composition in the vicinity of protostars (Fig. 1.1).



6 1 Introduction

Remnant Core

Cco

Fig. 1.1 Schematic Diffuse Matter
illustration of the chemical
evolution of a contracting ct
cloud. Taken from [65]. ©
AAS. Reproduced with
permission
v Dense Core
C,Co
CCS Core
v .
Core with Star
Formation
-
NH3 Core
v
) Q

1.3.2 1990s: Chemical Composition at a 103 au Scale

In the 1990s, the sensitivity of the radio telescope was much improved by using
the superconducting heterodyne mixers, and the submillimeter-wave observations
became possible. Thanks to these technological progresses, a pioneering study in
astrochemistry of low-mass star-forming regions was conducted by [8, 72]. They
carried out spectral line surveys in the millimeter/submillimeter-wave regions toward
alow-mass protostellar source IRAS 16293—2422 in Ophiuchus (137 — 147 pc [44])
with spatial resolutions of ~103 au. They found that sulfur-containing molecules,
including SO, SO,, CS, and H,CS, are abundant in this source. The emission of
SO and SO, was thought to come from the hot and dense region near the protostar.
Detection of high-excitation lines of CH30H clearly reveals the association of a
‘hot core’ like region in this source. However, the spectral lines of COMs, such as
HCOOCH3, (CH3),0, and C,HsCN, were not detected in their observation, probably
because of insufficient sensitivity. The existence of such a hot region was also inferred
by the single-dish observations of H,CO and CH3O0H toward this source and other
low-mass protostellar sources (e.g. [11, 57]). With the aid of the simplified model
considering the abundance jump in a hot region around the protostar, the size of the
hot region was estimated to be as small as a few tens of au, although it was not able
to be resolved by single-dish radio observations.
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1.3.3 2000s: Chemical Diversity at a 10> — 103 au Scale

The existence of the hot and dense region in IRAS 16293 —2422 was confirmed in the
2000s. [10] detected various spectral lines of COMs, including (CH3), O, HCOOCH3;,
and C,HsCN, toward this source, and demonstrated the occurrence of a hot-core like
chemistry even in a low-mass protostellar source. This discovery was made possible
by development of sensitive receivers, whose noise temperature is close the quantum
limit (hv/k). Such a hot and dense region around a low-mass protostar was called
as ‘hot corino’, named after its resemblance to the hot core in the high-mass star-
forming region case with a much smaller scale. Indeed, interferometric studies of
IRAS 16293—2422 show that those COMs exist in compact regions associated with
the two components of the binary systems. It is thought that COMs are evaporated
from grain mantle in the hot (7 ~ 100K) region around the protostar. Since then,
some low-mass protostellar sources are also recognized to harbor a hot corino around
their protostars (e.g. Serpens SMM1, SMM4, NGC1333 IRAS 2A, IRAS 4A, and
IRAS 4B [9, 36, 40, 53]). The complex molecules detected toward hot corinos are
thought to be related to the pre-solar organic materials found in meteorites, and thus,
the discovery of hot corinos are of particular interest not only in astrochemistry but
also in planetary science.

On the other hand, a low-mass protostellar source with a completely different
chemical composition from IRAS 16293 —2422 was found by [51]. They found that
carbon-chain and related molecules, such as C4H and c-C3H,, are abundant in a warm
and dense region in the low-mass protostellar core L1527 in Taurus (137 pc [70]).
Furthermore, they also detected some negatively charged carbon-chain molecules,
such as C¢gH™ and C4H™ [52, 54]. In contrast to the IRAS 16293—2422 case, the
spectral lines of HCOOCHj; are not detected toward this source, and the CH;0OH
lines are much weaker. The chemical characteristics found in L1527 is called as
‘warm carbon-chain chemistry’ (WCCC [49, 55]). It is proposed that CH,, which
is an important constituent of grain mantle, is evaporated in a warm (7 ~ 30K) and
dense region around the protostar, triggering efficient formation of various carbon-
chain chemistry. [49] successively found another low-mass protostellar core having
similar chemical characteristics to L1527, IRAS 15398—3359. The discovery of the
WCCC sources established the chemical diversity in low-mass protostellar sources.

Since planetary systems are formed around low-mass stars, the chemical com-
position in low-mass star-forming regions, including its diversity, is essential to
understanding the chemical evolution from molecular clouds to planetary systems.

1.3.4 2010s: ALMA Era at 10 — 10? au Scale

With the advent of Atacama Large Millimeter/submillimeter Array (ALMA), astro-
chemistry in low-mass star-forming regions have extensively been advanced. ALMA
has allowed us to study thermal emission of less abundant molecules at a subarc-
second resolution. One of the most notable studies conducted with ALMA is the
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discovery of the centrifugal barrier of an infalling-rotating envelope around the pro-
tostar in the WCCC source L1527 (Fig. 1.2 [50]). They found that the CCH emission
in the envelope gas abruptly disappears at the distance of 100 au from the protostar.
Before the ALMA era, kinematic structures of the gas around protostars have often
been interpreted as the Keplerian motion, where the gas is rotationally supported,
without careful considerations. Although the infall motion in L1527 was inferred in
the analysis of the CO isotopologue lines at a resolution of ~1000 au (e.g. [41]), its
detailed characterization was difficult because of the limited resolution and sensitiv-
ity. With ALMA, the kinematic structure traced by CCH in L1527 was confirmed
to have infall motion, and it was simply explained by the ballistic motion. In the
infalling-rotating envelope, the gas cannot fall inward of a certain radius, because of
the energy and angular momentum conservation. This position corresponds to the
‘perihelion’, and is called as ‘centrifugal barrier’. [50] characterized the physical
parameters of its infalling-rotating envelope at a 100 au scale, and identified its cen-
trifugal barrier. They also reported a drastic chemical change across the centrifugal
barrier in L1527 [48, 50]. The CCH and c-C3H; lines trace the infalling-rotating
envelope, while the SO line selectively highlights the centrifugal barrier. Since the
radius of the centrifugal barrier (100 au) corresponds to the typical size of a proto-
planetary disk system, such a chemical differentiation around the centrifugal barrier
is an important clue to understand what kinds of molecules are delivered into the
disk component. We are now going into the era of observations at the disk-forming
region scale with ALMA.

1.4 Motivation for This Research

The formation process of low-mass (Solar-type) stars and their planetary systems
is classified into the following three stages: (1) the contraction of the interstellar
molecular cloud and the birth of the protostar inside it; (2) the formation of the pro-
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tostellar/protoplanetary disk around the protostar; (3) the formation of the planetary
system in the disk. As described above, radio and infrared observations have greatly
enhanced our understandings of the first and the last stages of the formation process
recently. However, the formation processes of the protostellar/protoplanetary disk
and the associated material evolution are still unknown. Therefore, understanding
the formation processes of rotationally-supported disks around young low-mass pro-
tostars is an important target for star formation studies. Rotationally-supported disks
are usually found around low-mass Class I protostars (e.g. [25, 66, 76]), and a few
observational evidences of disks associated with the Class O stage have also been
reported (e.g. [38, 42, 68, 75, 77]). Hence, it seems likely that the disk structure is
formed in an early stage of protostellar evolution.

The rotation velocity of the Keplerian motion is proportional to » -, where r
denotes the radius from the protostar. On the other hand, the rotation velocity of the
infalling-rotating motion conserving the angular momentum shows r~! dependence.
Based on these relations, the disk radius is evaluated as the knee point of the radial
dependence of the velocity centroid (e.g., Fig. 1.3 [42]). However, it should be noted
that the evaluation of the disk radius may suffer from the complex structure of the
disk/envelope system, if it is not spatially resolved.

Disk formation processes are deeply related to angular momentum of the infalling
gas of the envelope. In these early phases of protostellar evolution, energetic outflows
blow from protostars, which means that accretion and ejection of mass are occur-
ring at the same time (e.g. [3]). Outflows are thought to play an important role in
extracting angular momentum of the infalling gas (e.g. [19, 34, 59, 61, 69]). Hence,
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both disk formation and outflow launching are related to angular momentum, and
understanding one of the two would help us to understand the other.

The existence of the centrifugal barrier of the infalling-rotating envelope and
the associated drastic chemical change mentioned above were totally unexpected in
star-formation studies and astrochemical studies, and their discovery opened a new
door toward understanding physical and chemical processes in disk formation and
outflow-launching. I started my PhD work just after the discovery of the centrifugal
barrier in L1527.

For better understandings of the observed kinematic structure of the infalling-
rotating envelope in L1527, I constructed a simplified three dimensional model
assuming the ballistic motion of the gas, and simulated the position-velocity (PV)
diagram shown in Fig. 1.2. As demonstrated later in Chap. 3, the model success-
fully reproduces the kinematic structure of the infalling-rotating envelope. From this
result, it is confirmed that CCH and c-C3;H, preferentially exist in the infalling-
rotating envelope. With the aid of this model, the protostellar mass and the radius of
the centrifugal barrier of L1527 are evaluated to be 0.18 M, and 100 au, respectively.
This exercise gave me a strong impression that the model, despite simplified one,
can be a powerful tool to extract the physical parameters of the infalling-rotating
envelope.

Although the basic concept of the centrifugal barrier had been reported for L1527
by [50], important new questions related to the centrifugal barrier were raised to be
addressed. Several of them are:

(1) Isthe centrifugal barrier of the infalling-rotating envelope a common occurrence
in low-mass protostellar sources?

(2) What is a role of the centrifugal barrier in star formation? How is the disk
structure formed inside the centrifugal barrier? Is there any relation between the
centrifugal barrier and the outflow launching?

(3) How does the magnetic field affect the centrifugal barrier and the disk formation
processes?

(4) What a chemical change occurs at the centrifugal barrier? Is the chemical change
different between the WCCC sources and the hot corino sources?

(5) What is the chemical heritage passed from the infalling-rotating envelope to the
disk component?

(6) Are there molecular lines that can selectively trace specific physical compo-
nents (i.e., the infalling-rotating envelope, the centrifugal barrier, and the disk
component) for the chemical diagnostics?

To answer these questions, observations of various low-mass protostellar sources
other than L1527 are indispensable. In astrophysical and astrochemical studies, we
cannot artificially control the environments of the target source unlike the laboratory
experiments. It is also impossible to trace the evolution of the target source, because
the time scale of the astrophysical and astrochemical phenomena is always quite
longer than the lifetime of human beings. Instead, we can investigate the environ-
mental effect and the evolutionary effect by observing a number of sources. Such
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Table 1.1 Target sources studied in this thesis

Source Name Distance (pc) Luminosity (Lg) Chemistry
L1527 1372 1.7° WCCCe
IRAS 15398—3359 1554 1.8¢ wcect
IRAS 16293—2422 Source A | 137 — 1478 20h Hot Corino'
IRAS 16293—2422 Source B | 137 — 147¢ 20h Hot Corino'
1483 200/ 13k Hybrid!

4Taken from [70]

YTaken from [18]

€e.g. [51]. WCCC stands for the warm carbon-chain chemistry
dTaken from [33]

®Taken from [29]

fTaken from [49]

2Taken from [44]

"The value for the binary system IRAS 16293—2422 taken from [14], assuming d of 120 pc [30]
le.g. [10, 57]

iTaken from [28, 47]

KTaken from [58]

ISee Chap. 8

an approach is standard in astrophysics and astrochemistry. With this in mind, I
observationally investigated the physical and chemical structures of five low-mass
protostellar sources at a few 10 au scale by using ALMA, as the initial step toward
statistical studies. The sources studied in this thesis are listed in Table 1.1. The list
involves two WCCC sources (L1527 and IRAS 15398 —-3359), two hot corino sources
(IRAS 16293—-2422 Source A and Source B), and one hybrid (intermediate) char-
acter source (L483). They are all representative low-mass protostellar sources in the
Solar neighborhood. By analyzing the observational results with the aid of the kine-
matic model, the physical and chemical processes occurring in disk formation will
be investigated in various protostellar sources. This is the principal aim of this thesis.
It will contribute to bridging the missing link in the low-mass star formation process
mentioned above.

1.5 Outline of This Thesis

This thesis consists of 11 chapters. After this introductory chapter, the mechanisms
of interferometers and the principles of aperture synthesis are described (Chap. 2).
Chapter 3 deals with the kinematic models of the infalling-rotating envelope, the Kep-
lerian disk, and the outflow. In addition to the details of the models, some examples of
the model simulations are presented. Chapters 4—8 present the observational results
Chaps. 4—8 and analyses for the individual protostellar sources listed in Table 1.1.
The overall discussions based on the observational results are given in Chaps. 9 and
10 for chemical and physical implications, respectively. Finally, Chap. 11 concludes
the thesis with a few future prospects.
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Chapter 2 ®)
ALMA Observation Gedar

2.1 Principles of Interferometers

ALMA employs a technique of the aperture synthesis, mixing signals from a cluster
of antennas, to obtain a radiation source image at a high angular resolution. This
technique derives the image of the source from the difference of the phase between the
signals detected by different antennas. Ryle established the technique, and received
a Noble Prize for this technique conjointly with Hewish for the other contribution.

2.1.1 Coordinate System

Here, s is defined as a unit vector with the direction from the earth to the radiation
source. The origin is taken at the center of the radiation source on the plane of the sky.
I and m axes are defined along the east-west and south-north direction, respectively,
through the origin on the plane of the sky (Fig. 2.1). Hereafter, the radiation source is
assumed to be distributed within a compact region where |/| and |m| can be assumed
to be infinitesimal, and thus the curvature of the plane of the sky is ignored. The
vector from one antenna to the other is called as a ‘baseline vector’. Thus a cluster of
n antennas has n (n — 1) baseline vectors. For two antennas with a baseline vector
D, the radiation from the source is detected by them with a mutual time delay ()
of % (D - s), where ¢ denotes the speed of light. Here, 7, is called as a ‘geometrical
delay’ (Fig. 2.2).

2.1.2 Correlation Function and Cross Power Spectrum

If the radiation from the source is monochromatic, which is represented as E (¢) =
Eyexp (2mivyt), the signals detected by two antennas are represented as:

© Springer Nature Singapore Pte Ltd. 2022 17
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Fig. 2.1 Coordinate system
of the plane of the sky and a
baseline vector (D)

Fig. 2.2 Geometrical delay
(1) for two antennas

CTg /
AN
D
E\)=aE@1), Ext)=aE(t—1), @2.1)

where a; is the complex gain of the antenna i. When a correction of the delay (7;) is
applied to the antenna 1, the correlation function of the two signals as a function of
a delay time 7 is represented as:

T/2
1 ~ -
e = fim 7 [ B - B -
~T)2
T2
1
— lim — / ara3|Eol* expQrive((t — 73) — (t — 7, — 7))dr
T—ooo T
—T)2

= a1a3|Eo|* expQmivo(T + T4 — 7). (2.2)
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C (1) is the output data from the interferometer, and the cross power spectrum (é )
is obtained by its Fourier transformation as:

o0

Cw) = f C(7) exp(=2mivT)dT
= a1a}|Eo[*6(vy — v) expmivy(T, — 7). (2.3)

When 7; is correctly taken to be 7,, the phase of c ) (27ri Vo (Tg - T,)) equals to
0. Hence, the cross power spectrum for a monochromatic radiation at a frequency of
19 has a non-zero value only for v of vy.

The radiation from the source is not always monochromatic. Even in this case, it
can be approximated to the quasi-monochromatic radiation represented as:

o0

E(r) = / E ) exp Qmivt)dv

—00

= a, (1) exp 2mivpt) , (2.4)

where a,, () denotes the time dependent amplitude of the radiation. Here, the corre-
lation function (Eq. 2.2) is rewritten as:

T2
C(r) = Tli_I)I;O% / E\(t — ) E3(t — 7)dt
-T2
T2
= Th—{Icl)o% / aiayay (t — 1)a, (t — 7, — 1) expmivy (T + T, — 73))dt
-T2
=aia; < an(t)a, (t) >7 expCuivg(T + 7, — 7;)). (2.5)

Here, the temporal variation of a,, (¢) is assumed to be sufficiently longer than (7 +
T — Ti), 0 that im7_, o % f_Tﬁz an(t — 71)ay (t — 7, — T)dt can be approximated
to be the time-averaged power spectrum of the radiation < a,, (¢)a, (t) >7 (= |Ey [2).

Then, the cross power spectrum is obtained as:

Cv) = / C (1) exp(—2mivT)dT

=a1a; < ay(t)a, () >7 6(vy — v) expRmivy (T, — 7;)). (2.6)

m

Again, the phase of Cw) equals to O when 7; is correctly taken to be 7,. Thus, the
radiation can be treated as if it were monochromatic.
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2.1.3 Visibility

For simplicity, one-dimensional distribution of the source on the / axis is first consid-
ered, and then the result is expanded to the two-dimensional distribution later. With
an angular offset of A/ for the position of the radiation source, the phase of CWw)
(qﬁ =2mv(Ty — T,-)) changes by A¢. A¢ is represented as:

9¢
Ap= Al

P
— 2 8 Al

ol

_ 2mv 0 D $)Al
T ¢ dl

2
- %D cos OA, 2.7)

where 6 denotes the complementary angle of the angle between the baseline vector
Dcosf

(D) and the direction from the earth to the source center (s(Al = 0)). Here, ==
(= u) is called as a ‘fringe frequency’. Thus, Al is represented by using the relation
as: Ap = 2muAl.

The radiation spectra of two radiation sources at /; and /, are denoted as E 1(v)
and E,(v), respectively. Then, the intensity distribution on the plane of the sky is
represented as I (v, 1) = |E; ()26 — 1) + |E2(v)[26(I — I,). For simplicity, the
geometrical delay (7,) is assumed to be completely canceled out by its correction
(7;) for the radiation from the origin (I = 0). Then, the phases of the cross power

spectra from the radiation source at /; and [, are represented as:
¢1 = 2mvTe = 2muly, ¢ = 2mUTe = 2Tuly, (2.8)

respectively. Here, 7,; denotes the difference between the geometrical delays for the
radiation from the source at the origin and that at /;. If the radiation from the two
sources does not interfere with each other (quasi-monochromatic radiation [1]), their
correlation function and cross power spectrum are obtained as the sum of contribu-
tions from each radiation source. They are represented as follows:

*

C(r) =aja; dv <|El(u)|2 expmiv(T + 7g1)) + |IE¢?2(1/)|2 expmiv(T + 782)))

=aa; dv (|E1 (V)|2 exp(2miuly) + |I§2(u)|2 exp(2m’u12)> exp2mivTt), (2.9)

!
[
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oo
C) = / dr C (1) exp(=2mivT)

—00

o0 o
= ala’zk / dr / dv' (\l:?l(z/)|2 exp(Zﬂ'iz/Tgl) + |l:72(1/)|2 exp(271'i1/7'g2))
—0oQ —oQ

x expmi (v — v)7)

=aa; (ll?l(u)l2 exp2miuly) + |E2(v))? exp(27riulz)> . (2.10)

As for the case with more radiation sources, the intensity distribution is repre-
sentedas: [ (v, 1) =), IEk(V)|26(l — I). The cross power spectrum is then obtained
as: C W) =aa3 ), |Ek(v) |> exp(27iuly). For a continuous source distribution, the
cross power spectrum is represented by an integral as:

Cw) =aa / dl |E, | expmiul)

source

=aa; / dl I(v,])expQRmiul). (2.11)

source

Here, C (1) canbe regarded as a function of the fringe frequency (), which is denoted
as V(v,u). V(v,u)is called as a ‘complex visibility’. When the intensity distribution
I (v, 1) equals 0 outside the radiation source, it is represented as

V(v,u) = aia; / dl I(v,])expQmiul) (2.12)

—00

by extending the integral area to all /. Here, V (v, u) is the Fourier transform function
of I (v, ) withrespect to u and /. Hence, once the visibility data V (v, u) at a specific
frequency () is obtained by observations for every fringe frequency (u), the intensity
distribution of the radiation source I (v, [) at the frequency (v) is derived from the
visibility data by applying Fourier transformation to it. An interferometer is a device

toobserve V (v, u = DCTOS@) for every baseline vector D of each pair of two antennas.

2.2 ALMA

Atacama Large Millimeter/submillimeter Array (ALMA) (Fig. 2.3) is the largest
radio interferometer working in the millimeter- and submillimeter-wave regions,
which is located at the high altitude (5000 m) site (Llano de Chajnantor) of the
Atacama desert of northern Chile. It was constructed by the trilateral international
partnership among East Asia (including Japan), North America, and Europe. The
construction was started in 2002, and the early science operation was started with
the limited number of the array antennas in September 201 1. Finally, the inauguration
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Fig. 2.3 Atacama Large Millimeter/submillimeter Array (ALMA)

of ALMA was declared in March 2012. ALMA is now being operated by the Joint
ALMA observatory, which is funded by ESO, AU/NRAO, and NAOJ.

2.2.1 ALMA Site

Llano de Chajnantor is an excellent site for millimeter and submillimeter interfer-
ometry. This site is very dry over the whole year. This is essential, because the
submillimter-wave are strongly absorbed by the water vapor contained in the atmo-
sphere. At this site, the precipitable water vapor (pwv) is often below 0.5 mm, which
allows us to conduct good observations even at the frequency from 400 GHz to 1000
GHz. Moreover, the site is reasonably flat over a large area, and hence, the large
array of antennas can be extended with the maximum baseline length of 18.5 km.
With such a long-baseline configuration, an angular resolution as high as 0.”01 is
achieved at the wavelength of 1 mm (300 GHz). This angular resolution is higher by
about ten times than that of Subaru Telescope of 0.2 (A = 2.15 pm).

2.2.2 Antennas

ALMA consists of 54 antennas with a diameter of 12 m and 12 antennas with a
diameter of 7 m. Thus the total number of antennas is currently 66. The 12 m
and 7 m antennas have a surface accuracy better than 25 and 20 pwm [3], which
is much smaller than the wavelength of the highest frequency. The highly accurate
surface ensures a high aperture efficiency. Fifty 12-m antennas compose the main
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array (or the 12 m array). The main array is used for observations at various angu-
lar resolution. The array configuration is changed little by little (almost monthly)
by moving some antennas from the stations to the others. Thus the configuration
is extended from the most compact configuration to the most extended configu-
ration for about a half year, and then back to the most compact configuration for
another half year. This allows the observers to choose the best angular resolution
needed their observations. Four 12-m antennas (the total power array) and twelve
7-m antennas constitute Atacama Compact Array (ACA) or Morita Array. Since
the baseline length between neighboring antennas can be relatively short (7 m in
principle) in comparison with that between the 12 m antennas (12 m in principle),
the low spatial frequency component can be recovered by the ACA system. Fur-
thermore, the total power array provides the visibility data for the zero baseline
spacing.

2.2.3 Receivers

ALMA covers all the atmospheric windows from 30 GHz to 950 GHz. For this
purpose, 10 receiver bands (Band 1 to 10) are defined as listed in Table 2.1, and
a high-sensitivity receiver is prepared for each receiver band. The receiver bands
cover the atmospheric transmission windows [3]. At this moment (in 2017), Band
1 and Band 2 have not been commissioned yet, and Band 5 is now being installed.
All the receivers except for Band 1 make use of the superconducting mixers called
SIS (superconductor-insulator-superconductor) mixers whose receiver temperature
is a few times the quantum noise (hv/ k). All the receivers equip two mixer systems
sensitive to the orthogonal linear polarization signals. Moreover, the 2 sideband (2SB)
mixer is employed except for the higher frequency bands (Band 9 and 10), where

Table 2.1 Frequency Ranges of ALMA Bands®

ALMA Band Frequency Range (GHz)
31-45
67-90
84-116
125-163
162-211
211-275
275-373
385-500
602-720
787-950

4Taken from ALMA website (http://www.almaobservatory.org/en/about-alma/how-does-alma-
work/technology/front-end)
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the upper sideband (USB) and the lower sideband (LSB) signals are separated in the
mixer and are observed simultaneously. These state-of-the art technologies realizes
very high sensitivity of ALMA in combination with the good observing condition of
the site. Roughly speaking, the sensitivity for point sources are higher than those of
the other single-dish telescopes and interferometers by two orders of magnitude.

2.2.4 Backends

ALMA has a strong bank of backend correlators. The correlators for the main array
can be used in the various modes with different frequency resolutions and total
bandwidths. They are summarized in Table 2.2. For the continuum observation or
the observation of broad spectral lines (e.g. external galaxies), the mode with a lower
spectral resolution and a wide bandwidth is useful to maximize the sensitivity. On the
other hand, the high resolution mode is employed to study the kinematic structure of
the source in detail. Itis also useful for line identification in a congested spectrum. The
correlator setup is quite flexible. One can set two sub-bands each in USB and LSB,
and four chunks of the correlator each in sub-bands. Hence, 16 frequency ranges
can be observed simultaneously in total. This is very powerful for astrochemical
studies, because various molecular lines can be observed at once under the identical
observation condition.

The high frequency resolution is also powerful for astrophysical studies, because
it allow us to know the velocity of the molecular gas. If the molecule is moving at a
certain velocity, the line frequency of the molecule shifts from its rest frequency by
the Doppler effect. The doppler shifted frequency ( f /) is represented as:

c

= c—l—vf’ (2.13)

Table 2.2 Frequency Resolutions and Total Bandwidths of ALMA Correlators?

Total bandwidth Number of channels | Frequency resolution | Velocity resolution at
(MHz) (kHz) 100 GHz (km s~ 1)
2000 128 15625 46.84
1875 3840 488 1.46
936 3840 244 0.73
469 3840 122 0.37
234 3840 61 0.18
117 3840 30.5 0.09
58.6 3840 15.3 0.05

2The total bandwidths, number of channels, and frequency resolutions are taken from [3]
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where ¢ denotes the speed of light, v the velocity of the molecule along the line of
sight, and f the rest frequency of the molecule. In this study, v is sufficiently smaller
than ¢, and thus f’ can be approximated by (1 - f) f. The ALMA correlator can
resolve even the fine change in f due to the Doppler effect. The velocity resolution
with the rest frequency f of 100 GHz is also summarized in Table 2.2. The velocity
resolution better than the sound speed of the molecular-cloud gas (~0.2 km s™!) can
readily be achieved.

2.3 Observations with Interferometers

2.3.1 Calibration

The output data from an interferometer (‘observed complex visibility function’) suffer
from amplitude variations and phase delays due to the array hardware as well as the
atmospheric absorption and scintillation. Thus, calibrations are required to obtain the
true visibility function, which is physically related to the angular and spectral distri-
bution of the target source, from the raw observed data. Here, the major calibrations
required for interferometers are briefly described.

2.3.1.1 Phase Calibration

The phase calibration is the calibration for the phase of the visibility function. The
phase of the visibility function, which contains the information of the position of the
radiation source distribution, suffers from the atmosphere delay over each antenna
and the instrumental delay in the array. In order to eliminate these effects, the phase
calibration is performed toward a well-known calibrator source every several minutes
(e.g. 8 minutes in the ALMA observations in Chap. 6) during the observation. A phase
calibrator source should be close to the science target, and its position, spectrum,
and flux density should accurately be known. In order to determine the phase center
accurately, the angular size of the phase calibrator has to be sufficiently small in
comparison with the beam size of the observation. Thus quasars are often used as
the phase calibrator because their true visibility function can be modeled. The phase
calibrator sources used in this study are listed in Table 2.3. If the target source is
enough bright, the phase calibration can be done with the target source itself. This
procedure is called as ‘self-calibration’. The self-calibration is applied to the analyses
for IRAS 16293—-2422 Source B and L483 (Chaps. 7 and 8).

In addition, a water vapor radiometer (W VR) is used for the short-term fluctuation
of the phase delay due to the atmosphere. Since the delay is caused by the water
vapor, it is related to the precipitable water vapor (pwv). The delay can be corrected
by measuring the temporal fluctuation of the pwv by WVR equipped on each antenna.
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This method, which is automatically done in the observation, allows us to achieve
the high angular-resolution performance of ALMA.

2.3.1.2 Bandpass Calibration

The frequency response of the interferometer is corrected by the bandpass calibra-
tion. The bandpass calibration is performed with a bright calibrator source, which
has a known radio spectral index without spectral features. Some bright quasars are
typically used as a bandpass calibrator. The frequency response is almost stable over
many hours, and nearly independent of the sky position of the radio source. Thus, the
bandpass calibration is performed only the start or end of the observation, or addi-
tionally a few times during the observation. The bandpass calibrations typically takes
a half or one hour. However, if the observation for other calibrations is performed
toward a sufficiently bright source, it can be also used for the bandpass calibration.
The bandpass calibrator sources used in this study are listed in Table 2.3.

2.3.1.3 Gain and Flux Density Calibrations

The absolute flux density of the target source is obtained by applying the gain cal-
ibration and the flux density calibration. The relative amplitude between the phase
calibrator and the target source is determined by the gain calibration. The scale from
the observed amplitude to the absolute flux density is usually obtained by observa-
tions toward a Solar System object. The flux density of the flux calibrator is monitored
by the ALMA observatory and its recent value is accurately known. The observations
toward flux calibrator should be performed in each phase calibration. However, if
the antenna gains are sufficiently stable, the observation for the flux calibration is
performed only once at the start of the observation in order to scale the absolute flux
of the phase calibrator. Then the absolute flux of the target source can be derived from
the relative amplitude to the phase calibrator. For the ALMA Cycle 5 observation,
the flux density model accuracy is 3—15% at Band 3-9 for the Solar System objects.
The flux calibrator sources used in this study are listed in Table 2.3.

Table 2.3 Calibrator Sources Used in This Study

Chapter Science target Phase calibrator | Bandpass calibrator | Flux calibrator

Chapter 4 L1527 JO510+180 J0423-013 Callisto

Chapter 5 IRAS J1517—-243 J1256—-057, Mars, Titan
15398—-3359 J1924—-292

Chapters 6 and 7 | IRAS J1626—2951, J1733—1304, Titan

16293—-2422 J1700-2610, J1700-2610,
J1625-2527 J1517-2422,
J1427—-4206

Chapter 8 L4383 J1733—-1304 J1733—-1304 Titan




2.3 Observations with Interferometers 27

2.3.2 Observed Intensity Distribution

In the actual observational studies, the visibility data (Eq. 2.12) is two-dimensional,
and is represented as V (v; u, v). Here, the fringe frequencies u and v are repre-
sented as:

Y DXCOSQ’ b Dycosgb’ (2.14)
A A

where 6 and ¢ are the complementary angles of the apparent angle between the
baseline vector (D) and the direction from the earth to the source center (s) projected
onto the (I, n)- and (m, n)-plane, respectively. D, and D, denote the component
of D along the x- and y-axis. The intensity distribution of the radiation source on
the plane of the sky I(v; I, m) is obtained by applying two dimensional Fourier
transformation to V (v; u, v) for u and v. Practically, the number of antennas of an
interferometer is limited, so that V (v; u, v) is observed only for a limited number of
the (u, v) values, and the data for the remaining (u, v) values are missing. Hence,
the observed data V (; u, v) can be regarded as the product of the real visibility data
V(v; u, v) and a two dimensional function U (u, v). U (u, v) is called as the ‘(u, v)-
coverage’. It has a non-zero value for (u,v) corresponding to a certain baseline
vector in an interferometer, while it equals O for the other (u, v) without the observed
visibility data. Since the array of the antennas rotates relative to the target source due
to the earth rotation, each pair of two antennas draws a part of a conic section in the
(u, v)-plane. This effect can be used for a better coverage of the (u, v)-plane.

The image of the intensity distribution I (v; [, m) is obtained by Fourier trans-
formation of the observed visibility data V(V; u,v). I (v; 1, m) does not reproduce
the real intensity distribution I (v; [, m) perfectly, as shown in Fig. 2.4, due to an
imperfect (u, v)-coverage of the visibility data. The fringe frequency (u, v) is related
to the spatial frequency component in I (v; [, m). The values of V(v;u,v) for a
set of small values of (u, v) correspond to the low spatial frequency component of
I(v; 1, m), or an extended component, while those for a set of large values of (u, v)
do the high frequency component, or a compact component. Hence, the integrated

value of the observed intensity ( [dldm I(v; 1, m)) is generally lower than that of
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the real intensity (/ dldm I(v; 1, m)), and their difference is called as ‘missing flux’.
Specifically, if the visibility data with (u, v) close to the origin is missing, extended
components of the radiation source is not reproduced. It is called as ‘resolving out’.
The Fourier-transformed function of U (u, v) is defined as B(l, m). Since I (v; I, m)
is the Fourier-transformed function of the product of V (v; u, v) and U (u, v), it is
represented as the convolution of 7 (v; [, m) with B(l, m):

[(v;l,m) = /dudv Vv, u,v)-Uu,v)exp(—2xi(ul + vm))

=1(;l,m)**xB(l,m). (2.15)

Here, B(l, m) is called as ‘synthesized beam’.If U (u, v) is unity for all («, v) values,
B(l, m) is represented as d(/)d(m). In reality, U (u, v) takes non-zero values only
for the observed (u, v) values, and B(l, m) has a width inversely proportional to
the maximum u and v values. If the visibility data with the large (u, v) values are
missing, compact components of the radiation source are not reproduced. Thus, the
longest baseline (the largest (u, v) value) determines the angular resolution of the
interferometer.

2.3.3 CLEAN Method

I(v; 1, m) obtained with using the Eq. (2.15) is called as ‘dirty map’. It is the con-
volution function of the real intensity distribution 7 (v; [, m) with the synthesized
beam B(l, m) as shown in Fig. 2.4. A dirty map suffers from a spurious wavy dis-
tributions on the real intensity distribution, which is called as a ‘side lobe’. In order
to reproduce the image of the observed intensity distribution closer to the real one, a
‘deconvolution’ procedure, which is an operation to eliminate the effect of the syn-
thesized beam from the image, is usually performed in the analysis of interferometer
data. Since the real V (v; u, v) for missing (u, v) is unknown, the image obtained by
the deconvolution is not unique due to this uncertainty. In this study, the ‘CLEAN’
method is employed to obtain an appropriate image.

CLEAN is a method of the deconvolution suggested by [2], and is commonly
used in radio interferometry. In the CLEAN method, the intensity distribution of the
radiation source is modeled by a set of point sources. A point source is supposed
at the intensity peak in a dirty map, and its convolved image with the synthesized
beam (or ‘dirty beam’) is calculated. The convolved image, including its side lobe,
is subtracted from the dirty image, and thus the effect of the spurious component is
reduced. This operation is repeated specified times or until the peak intensity in the
residual image becomes lower than a specified value. After that, the residual image
has distributions, side lobe, and noise, which are expected to be much weaker than
the modeled image. Then, the modeled image, which is a set of point sources, is
convolved with an ideal beam function (or ‘CLEAN beam’), and is added together
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Fig. 2.5 a Dirty map and the CLEANed image of the HyCO (515 — 41.4) line toward IRAS
15398—3359 observed with ALMA. b (u, v)-coverage of this observation. ¢ Point spread function
of this observation, which corresponds to the dirty map observed toward a ideal point source with the
intensity of unity. These panels show the case for the frequency (~351.763 GHz) almost correspond
to the doppler-shifted frequency by the systemic velocity of the source (~5 km s~!)

with the residual image to estimate the real intensity distribution 7 (v; [, m). In the
process, the Gaussian beam with the same FWHM (full width at half maximum) as
that of the synthesized beam B(I, m) is commonly employed as the CLEAN beam.
Figure 2.5a shows examples of the dirty map and the image obtained after applying
the CLEAN method. These are the distribution of the HyCO (5; 5 — 41,4) emission
observed toward the low-mass Class 0 protostellar source IRAS 15398—3359 with
ALMA (Chap. 5). Twenty-five antennas were used in these observations. These
images are derived from the observed visibility data with a (u, v) coverage shown in
Fig. 2.5b. Figure 2.5c is the ‘point spread function’, which is the convolved image
of a point source with the dirty beam.
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Model Calculation Gedar

3.1 Introduction

As shown in Chaps. 4-8, the disk and envelope components associated to the proto-
star and the bipolar outflow launched from the vicinity of the protostar are detected.
These components are heavily contaminated with one another, and thus their disen-
tanglement is essential to investigate the geometrical and kinematic structure around
the protostar. For this purpose, models of an envelope, a disk, and an outflow are
employed to calculate their kinematic structure to disentangle the contaminated com-
ponents obtained in the observations. Moreover, the models are useful to evaluate
physical parameters, such as the protostellar mass, the specific angular momentum
of the gas, and the inclination angle.

It is generally thought that the mid-plane of the disk/envelope system and the
outflow axis are almost perpendicular to each other. Their configuration thus can
be constrained if one of them is characterized. In Chaps. 4-8, the characterization
is started with the component detected more clearly in each source. For instance,
the disk/envelope system is more clearly delineated than the outflow component in
L1527 (Chap. 4), while the outflow is more clearly delineated in IRAS 15398—-3359
(Chap. 5).

3.2 Infalling-Rotating Envelope Model

3.2.1 Configuration of the Infalling-Rotating Envelope
Model

A ballistic model is constructed to investigate infalling-rotating envelopes [7]. The
basic concept of this model is introduced to explain the kinematic structure of the
infalling-rotating envelope of L1527 [11]. Here, itis improved to consider the velocity

© Springer Nature Singapore Pte Ltd. 2022 31
Y. Oya, A Few Tens au Scale Physical and Chemical Structures Around Young
Low-Mass Protostars, Springer Theses, https://doi.org/10.1007/978-981-19-1708-0_3
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field in the three dimensional space with the convolution by the beam size and the
velocity resolution.

Figure 3.1 shows the schematic illustration of the ‘infalling-rotating envelope’
model. In this model, the gas is simply assumed to be falling and rotating under
the gravity of the central protostar. The motion of the gas is approximated by the
particle motion, ignoring effects of gas pressure, magnetic field, self gravity, and so
on. Because of the energy and angular momentum conservation, the gas cannot fall
inward of a certain radius, or the ‘perihelion’. This position is called as ‘centrifugal
barrier’. The radius of the centrifugal barrier (rcp) is represented as:

(3.1)

where G is the gravitational constant, M is the protostellar mass, and j is the specific
angular momentum of the gas. It is the radius at which all the kinetic energy is
converted to the rotational energy. It is a half of the centrifugal radius (rcgr), where
the gravitational force and the centrifugal force balance each other out:

j2
GM
=2r CB- (3 2)

rCcrR =

The rotation and infall velocities (v, and ve,y) of the gas at the distance of r to the
protostar are represented as follows:
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Fig. 3.2 The velocity of the gas in the infalling-rotating envelope and Keplerian disk model as
a function of the distance from the protostar. The horizontal axis represents the distance from the
protostar (r) normalized by the radius of the centrifugal barrier (rcp), and the vertical axis represents
the velocity (v) normalized by the rotation velocity of the infalling-rotating envelope model at the
centrifugal barrier (v;{')?") The blue solid and dashed lines represent the rotation (vyo) and infall
(vran) velocities of the infalling-rotating envelope model. vy equals O at the centrifugal barrier
(r = rcB), and vy takes its maximum value there. On the other hand, v,y takes the maximum
value at the centrifugal radius (rcr = 2rcp). The red solid line represents the Keplerian velocity

(VKep)- All of Vo, viall, and viep take the same value (v = v/ 2) at the centrifugal radius (rcr)

Vrot =

V2GMrcg, (3.3)

26M

Vfall = - Vr()[
r

_ L oM =), (3.4)

r

N =N~

Thus, the velocity field is determined by M and r¢g. The inclination angle (i) of the
disk/envelope system also affects the apparent velocity along the line of sight. At the
centrifugal barrier, v, equals to 0, and vy takes its maximum value. On the other
hand, vgy takes its maximum value at the centrifugal radius. The values of v, and
Ve @s a function of the radius from the protostar are plotted in Fig. 3.2.

In this model, the distribution of the gas is assumed to have a power-law. The
power-law of r~!> corresponds to the density profile of an infalling cloud (e.g.
[3, 6, 13]). An optically thin condition is also assumed, where the intensity of the
line emission is proportional to the column density along the line of sight. Namely,
excitation effects and radiative transfer effects are not considered. These assumptions
are rather arbitrary in this study, because the main interest in the model analysis is
on the velocity field of the gas around the protostar.
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(a) Integrated intensity (moment 0) map (b) Position-velocity (PV) diagram
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Fig. 3.3 Effects of the convolution of the line emission with an intrinsic Gaussian profile
(FWHM = 0.2 km s~ !) and a Gaussian beam (0”5 x 0”'5) in the infalling-rotating envelope model.
The color scales represent the intensity of the line emission. Panels a and b show the integrated inten-
sity map and the position velocity (PV) diagram along the disk/envelope system, respectively. In
these models, the inclination angle (i) of 90° (an edge-on configuration) is employed for simplicity

The spectral line is assumed to have an intrinsic Gaussian profile with a certain
line width, and the emission is convolved with a Gaussian beam with a certain full
width at half maximum (FWHM) (Fig. 3.3). The intrinsic line width and the beam
size are employed depending on each source. The mesh sizes are also appropriately
chosen for each source.

Figure 3.4 shows an example of the results of the infalling-rotating envelope
model. Its physical parameters are summarized in the caption. Figure 3.4a shows the
integrated intensity map. The envelope is assumed to have an edge-on configuration
extended along the east-west axis, where the left- and right-hand sides correspond to
east and west, respectively. The integrated intensity relative to its peak value in the
panel is shown in a color scale. The protostar with a mass (M) of 0.1 M, exists at the
central position in Fig. 3.4a. The distance to the source from the Sun (d) is set to be
100 pc, where 1” corresponds to 100 au. The envelope has an outer radius (R) of 500
au, outside which there is no molecule. The radius of the centrifugal barrier is 100
au, and the molecular density is zero inside the centrifugal barrier. The integrated
intensity is the highest around the centrifugal barrier.

Figure 3.4b shows the position-velocity (PV) diagram along the blue arrow shown
in Fig. 3.4a. The angular offset of 0” corresponds to the protostellar position. The
vertical axis represents the line-of-sight velocity of the molecules relative to the
systemic velocity of the source. In Fig. 3.4b, a spin-up feature can be seen along the
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Fig. 3.4 The results of the infalling-rotating envelope model. Panels a and b show its integrated
intensity map and position-velocity diagram, respectively. The position axis in panel (b) is taken
along the blue horizontal arrow shown in panel (a), along which the mid-plane of the envelope is
extended. The physical parameters of the model is as follows; the distance to the source from the Sun
(d) of 100 pc, the protostellar mass (M) of 0.1 M, the radius of the centrifugal barrier (rcg) of 100
au, the inclination angle of the disk/envelope system (i) of 90° (0° for a face-on configuration), and
the outer radius of the envelope (R) of 500 au. The scale height of the envelope is assumed to be 50
au independent of the radius. The mesh size for the calculation is 0.”08 (8 au), and 128 x 128 x 128
meshes are applied to cover the cubic space of 10.”24 x 10.”24 x 10.”24 (1024 x 1024 x 1024
au’). The mesh size for the velocity axis is 0.02 km s~!, and 256 meshes are applied to cover the
velocity range from —2.56 km s ! t0 2.56 km s~ !. The intensity is convolved with the intrinsic line
width of 0.2 km s~! and the beam of 0.”5x0.”5

east-west axis; the rotation velocity of the molecules increases as approaching to the
protostar till the centrifugal barrier. The velocity takes its maximum and minimum
values around the centrifugal barrier, where the velocity is positive (red-shifted) and
negative (blue-shifted) in the eastern and western sides of the protostar, respectively.
Toward the protostellar position, only a velocity shift due to the infall motion can
be seen. The infall motion can also be confirmed as the counter velocity component
(Fig. 3.4b).

3.2.2 Infalling-Rotating Envelope Model with Various
Physical Parameters

In this study, the physical parameters of low-mass protostellar sources are evaluated
by comparing the observed kinematic structure of the gas and the infalling-rotating
envelope model. For this purpose, it is demonstrated how sensitive to the physical
parameters the model results are for some cases.

The infalling-rotating envelope model has three major physical parameters; M,
rcs, and i. The apparent distribution of the line emission projected onto the plane
of the sky is determined by rcg and i. Figure 3.5 shows the integrated intensity
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Fig.3.5 Integrated intensity (moment 0) maps of the infalling-rotating envelope model with various
sets of the radius of the centrifugal barrier (rcg) and the inclination angle of the disk/envelope system
(7). The other physical parameters for the models are set as follows; the distance from the Sun d =
100 pc, the protostellar mass M = 0.1 M, and the outer radius of the envelope R = 500 au. The
FWHM values of the intrinsic line width and the Gaussian beam are set to be 0.2 km s~! and 0.5,
respectively. The uniform scale height of the envelope of 50 au is assumed. The mesh sizes are set
to be 0.”08 and 0.01 km s~!

maps for various sets of rcg and i. Here, i of 0° and 90° corresponds to face-on
and edge-on configurations, respectively. The FWHM value of the Gaussian beam
(angular resolution) is 0.”5 (50 au). The other physical parameters are summarized
in the caption of Fig. 3.5. With the edge-on configuration (i = 90°), the integrated
intensity maps show a flattened feature. The maps with rcg of 10 and 30 au show
single-peaked distributions. Their centrifugal barriers seem to be almost unresolved
with the beam of 0.”5. On the other hand, the maps with rcg of 100 and 300 au show
double-peaked distributions. The peak positions seem to correspond to the positions
of their centrifugal barriers; namely, their centrifugal barriers are spatially resolved
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Fig. 3.6 Maps of the velocity field (moment 1 maps) of the infalling-rotating envelope model with
various sets of rc and i. The other physical parameters are set to be as the same as those in Fig. 3.5.
The color scale represents the averaged velocity-shift (Eq. 3.5). The color maps are shown only at the
positions where the integrated intensity (Fig. 3.5) is larger than 1% of the peak integrated intensity.
Thus, the data at the positions with a weaker integrated intensity than this criteria are shown in
white. The black arrows in the panel with rcg of 10 au and i of 60° represent the directions along
which the PV diagrams in Figs. 3.7, 3.8 and 3.9 are prepared

with the beam. At i of 60° (nearly edge-on), the hole of the distribution is clearly
seen in the panels for rcg of 100 and 300 au. Although the model for rcg of 30 au
does not show a clear double-peaked distribution at i of 60°, it shows an intensity dip
toward the protostar at i of 30° (nearly face-on). With the face-on configuration (i =
0°), the distributions show completely circular or ring-like structures. The intensities
have their maximum value around the centrifugal barriers.

The velocity field of the gas is determined by M, rcp, and i. The velocity along the
line of sight (vspife) in each mesh is calculated to compare with observations. Figure 3.6
shows the moment 1 maps with the various sets of rcg and i. The FWHM value of
the Gaussian beam is 0.”5 (50 au). The other physical parameters are summarized
in its caption. The color map represents the average velocity shift weighted by the
intensity (v). It is calculated by using the following equation:

[vIW)dv

[I(wdv’ (3.5)

V=
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where I (v) denotes the intensity at the velocity v at the position. The denominator
in the Eq. (3.5) corresponds to the integrated intensity at the position. Thus, the
averaged velocity at a position having an infinitesimal integrated intensity has no
sense. Hence, the data at the positions with integrated intensities smaller than the 1%
relative to the peak integrated intensity are dropped in Fig. 3.6, and they are shown in
white in the moment 1 maps. With the edge-on configuration (i = 90°), the averaged
velocity in the eastern and western side of the protostar is red- and blue-shifted,
respectively. These velocity shifts represent the rotation motion around the protostar.
The maximum velocity shift is seen around the centrifugal barrier. The velocity does
not show any gradient along the north-south axis.

On the other hand, velocity gradients along the north-south axis are seen in the
panels for i of 30° and 60°. These velocity gradients are due to the infall motion. In
these models, the southern side of the envelopes face to us, and thus the line emission
is red-shifted in the northern side of the protostar, where the molecules are in front of
the protostar. In these panels, the velocity fields show skewed features; the most blue-
and red-shifted components are seen in the southwestern and northeastern sides of
the protostar, respectively, where the projected velocity components of the rotation
and infall motions have the same direction along the line of sight. With the face-on
configuration (i = 0°), the velocity shift is completely symmetric to the mid-plane of
the envelope, and thus the average velocity is zero everywhere. The value of vy is
proportional to M as shown in the Egs. (3.3) and (3.4). Thus, M does not affect the
moment 1 map in appearance.

Figure 3.7 shows the position-velocity (PV) diagrams along the arrows shown
in Fig. 3.6. The position axes are taken along the direction where the mid-plane of
the envelopes are extended (Fig. 3.6). In Fig. 3.7, rcg and i are varied to show how
sensitive to these physical parameters the model results are. The FWHM value of
the Gaussian beam is 0.”5 (50 au). The other physical parameters are summarized
in the caption. With the edge-on configuration (i = 90°), the spin-up feature toward
the centrifugal barrier is seen with all rcg. The maximum velocity-shift seen at the
centrifugal barrier is larger for a smaller rcg. Although the centrifugal barriers are not
spatially resolved in the integrated intensity maps for rcg of 10 and 30 au (Fig. 3.5),
a velocity gradient is visible between the positions of the centrifugal barriers in their
PV diagrams. The infall motion can be confirmed as the counter velocity components.
The velocity shifts toward the protostellar position also reflect the infall motion. With
i of 30° and 60°, the counter velocity components are not seen for rcg of 100 and
300 au, while they can be seen with rcg of 10 and 30 au. The infall gas in the models
with rcp of 100 and 300 au are distant from the protostellar position in the plane of
the sky. Therefore, these components are almost outside the beam, and do not have
effective contributions in these PV diagrams. With the face-on configuration (i =
0°), a velocity gradient due to the rotation motion cannot be seen regardless of rcg.
Although the PV diagrams with rcp of 10 au is not smooth like those for larger rcg,
this feature does not have any kinematical meaning, but is due to an artificial effect
of the insufficient size of the mesh.

Figure 3.8 shows the model results of PV diagrams prepared along various position
angles (P.A.) at various i. The P.A.s are taken for every 30°. The P.A.s of ‘90°” and
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ree=10au 30 au 100 au 300 au
» > o

Inclination Angle

Fig. 3.7 PV diagrams of the infalling-rotating envelope model with various sets of rcg and i. Their
position axis is along the arrow (P.A. 90°) shown in Fig. 3.6. It is the direction along which the
disk/envelope system is extended. The other physical parameters are set to be as the same as those
in Fig. 3.5

‘180°’ represent the direction along which the mid-plane of the envelope is extended
and one perpendicular to it, respectively. The FWHM value of the Gaussian beam
is 0.”5 (50 au). The other physical parameters are summarized in the caption. With
the edge-on configuration (i = 90°), the distributions look concentrated around the
protostar in the PV diagrams with the P.A. of (120° — 240°). A slight velocity gradient
can be seen for these P.A.s, except for the P.A. of 180° (the direction perpendicular
to the envelope). The velocity shift in the diagram with the P.A. of 180° is due to
the infall motion, and it is smaller than that of the rotation motion at the centrifugal
barrier. Ati of 30° and 60°, the velocity structure changes from P.A. to P.A. The value
of the velocity shift is determined by the complex combination of the rotation and
infall motions. As shown in Fig. 3.6, the rotation and infall motions cancel each other
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Fig. 3.8 PV diagrams of the infalling-rotating envelope model with various i, where the physical

parameters are as follows; M
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in the northwestern and southeastern sides of the protostar, while they strengthen each
other in the northeastern and southwestern sides. Because of this, the absolute values
of the velocity shift tend to be higher in the diagrams with the P.A. of 210° and 240°,
where the position axis is along the northeast-southwest direction, than those with
the P.A. of 120° and 150°, where the position axis is along the northwest-southeast
direction. With the face-on configuration (i of 0°), no velocity gradient can be seen
regardless of the P.A.

In Fig. 3.9, the effects of the other physical parameters, such as the protostellar
mass (M), the outer radius of the envelope (R), and its scale height, are examined.
Although the absolute velocity-shift is larger for larger M, the essential feature of
the PV diagrams is not largely affected by M. With a smaller R, the spin-up feature
and the counter velocity components are less clear, although the velocity gradient
between the centrifugal barriers can be seen. The scale height of the envelope (H)

Physical Parameters

M=0.03 Mo 0.30 Mo R=2504au 1000 au

P.A.180°

]

Scale Height (H)

[w]

Flare Angle

Fig. 3.9 PV diagrams of the infalling-rotating envelope model, whose position axes are along the
arrows (P.A. 90° and 180°) shown in Fig. 3.6. The left upper panels show the results of the fiducial
model with the following physical parameters; M = 0.1 Mo, rcg = 100 au, i = 90° (edge-on), R =
500 au, and H of 50 au independent of the radius. In the other panels, one of the following physical
parameters is changed; the protostellar mass M (0.03 and 0.3 M), the outer radius of the envelope
R (250 and 1000 au), and the scale height of the envelope H (25 and 100 au). The scale height is
assumed to be independent of the radius, or assumed to increase as the radius (‘flared’) with the
flare angle of 30° and 60°
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does not seriously affect the appearance of the PV diagrams with a P.A. of 90° (along
the mid-plane extension). With the edge-on configuration, the scale height affects
the distribution along the direction perpendicular to the mid-plane extension (P.A.
180°).

Figure 3.10 shows how the appearance of the model results changes with a large
beam size (5”). The centrifugal barrier (rcg = 100 au) is not spatially resolved enough
with the beam (500 au). The velocity gradient due to the rotation motion is recognized
for the cases at i of (30° — 90°). Although the counter velocity components cannot
be seen with i of 30° and 60° with a beam of 0.”5x0.”5 in Fig. 3.7, they are seen in
Fig. 3.10. Since the beam is larger than the apparent distance between the centrifugal
barriers in these models, the emission of the infalling gas contributes to the PV
diagrams. A similar effect due to the large beam is also seen in the PV diagrams
along the direction perpendicular to the envelope; the rotating gas at the centrifugal
barrier contributes to these diagrams, and hence, the maximum velocity-shift is as
high as the maximum rotation velocity at the centrifugal barrier. In these diagrams,
disentanglement of the rotation and infall motion is difficult. In the observational
studies, it also makes difficult to find the position angle of the extension of the
envelope component. Higher angular-resolution observations are always essential.
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3.3 Keplerian Model

In Chaps. 6 and 8, the Keplerian disk model is employed to simulate the disk com-
ponent. The velocity of the gas at the radius r from the protostar are represented
as:

GM
VKep = Tv Viall = 0. (36)

As shown in Fig. 3.2, the Keplerian velocity takes the lower value than v, by a factor
of +/2 in the above infalling-rotating envelope model at the centrifugal barrier (r =
rce), while it equals to vy in the infalling-rotating envelope model at the centrifugal
radius (r = 2rcp).

Figure 3.11 shows the integrated intensity map (moment O map), velocity field
(moment 1 map), and PV diagrams of the Keplerian model. In these models, the
protostellar mass and the outer radius of the Keplerian disk are assumed to be 0.1
Mg and 500 au, respectively. The constant scale height of 50 au is assumed. The
FWHM value of the Gaussian beam is 0.”5 (50 au).

In the integrated intensity (moment 0) maps, the distributions seem to be compact
and concentrated around the protostar. Since the density of the gas is assumed to
be proportional to r~'3, the contributions from the vicinity of the protostar are
dominant. In the maps of the velocity field (moment 1 maps), the rotation motion is
clearly shown. No skewed feature is seen in the moment 1 maps. In the PV diagrams
along the envelope (P.A. 90°), the spin-up feature can be confirmed, except for the
model with a face-on configuration. No counter velocity component which is seen
in the infalling-rotating envelope model is seen in the Keplerian model, because
there is no infall motion. In the PV diagrams along the direction perpendicular to
the envelope (P.A. 180°), no velocity gradient is seen regardless of i. High velocity
components seen in the panels for i of 30° and 60° in Fig. 3.11d are the contamination
of the rotation motion near the protostar due to the finite beam size.

3.4 Outflow Model

As well as the disk/envelope system, the kinematic structure of outflows are inves-
tigated. The parabolic outflow model from [4] is employed to analyze the observed
geometrical and kinematical structures of the outflow. This is just a morphological
model. This parabolic model is widely applied to various low-mass and high-mass
protostellar sources (e.g. [1, 2, 5, 14, 15, 17, 18]).

In this model, the outflow cavity is assumed to have a parabolic shape and its
velocity is proportional to the distance to the protostar. The shape of the outflow
cavity wall and the velocity of the gas on the cavity wall are represented as follows:
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Fig. 3.11 a Integrated intensity maps, b maps of the velocity field, and ¢, d PV diagrams of the
Keplerian model. The position axes in panels (c¢) and (d) are as the same as those in Fig. 3.10.
The physical parameters are as follows; M = 0.1 Mg, R = 500 au, and H = 50 au. The intrinsic
line width and the beam size are 0.2 km s~! and 0.5, respectively, which are the same as those in
Figs. 3.5,3.6,3.7,3.8 and 3.9

R
2=CR* vg=v—, V.= vOi, 3.7
Ro 20

where the z axis is taken along the outflow axis with an origin at the protostar, and
R denotes the radial size of the outflow cavity perpendicular to z-axis. Ry and z are
normalization constants, and both are set to be 1 au. C and v, are free parameters.
Thus, the outflow cavity wall has a parabolic shape in this model, and it is linearly
accelerated as the distance from the protostar along the outflow axis (z) and that from
the outflow axis (R). In this model, the distribution of the gas is artificially assumed to
be uniform for all data points, where the mass of the outflowing gas is not conserved
along z-axis. An optically thin condition is also assumed, where the intensity of the
line emission is proportional to the column density along the line of sight. These
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simplified assumptions are employed in this study, because the main interest in the
model analysis is on the velocity profile. Since the extended component would be
resolved-out, it is difficult to derive accurate density profile from the observations
with the interferometer. Therefore, the emissivity is not considered in the outflow
analysis.

Figure 3.12 shows the schematic illustration of this model. Figure 3.13 shows
how sensitive to the physical parameters the model results are in their integrated
intensity map (moment 0 map), the map of the velocity field (moment 1 map), and
the PV diagrams. In these models, the outflow axes are assumed to be along the
north-south axis. The two outflow lobes blow in parallel to the plane of the sky with
i of 90°, while they are nearly pole-on for the case at i of 30°. In each PV diagram,
two parabolic features are seen. One parabolic feature corresponds to one outflow
lobe. With smaller C, the parabolic features show larger opening angles. For the case
at i of 90°, the gas on the outflow cavity wall shows both a red- and blue-shifted
velocity at one position. These are the contributions from two positions on the cavity
wall in front of and behind the outflow axis. These velocity shifts have the same
absolute value. With i of 30° and 60°, the symmetric axis of the parabolic feature is
red- and blue-shifted in the northern and southern sides of the protostar, respectively.
Thus they can be called as the ‘red-shifted lobe’ or ’blue-shifted lobe’. The sign of
the velocity shift is determined by the combination of the inclination angle and the
curvature of the lobes. As a result, there are some parts showing a counter velocity-
shift to the symmetric axis. Some parts of a lobe can appear in the counter side to
the outflow axis with respect to the protostellar position. It can be confirmed as a
parabolic feature which crosses the protostellar position in the PV diagram.
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(c) PV diagram
(a) Moment Omap (b) Moment 1 map C=001au" 0.003 au’! 0.001 au-

;
:

Fig. 3.13 a Integrated intensity maps and b maps of the velocity field of the outflow model with
various i. The parameters of the curvature (C) and the velocity (vo) are fixed to be 0.01 au!and 0.5
kms~!. ¢ PV diagrams of the outflow model along the outflow axis with various i and the curvature
C (au™!). The position axis is along the blue arrow shown in panel (a) for i of 90°. The parameter
of the velocity (vo) is fixed to be 0.5 km s~!, where the velocity is 0.5 km s~! at the distance of 1
au from the protostar
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3.5 Physical Parameters of the Models

In the models described in Sects. 3.2—3.4, there are some key free parameters while
some physical parameters are fixed. They are summarized in Table 3.1.

3.6 Examples of the Model Analysis

3.6.1 The L1527 Case

The infalling-rotating envelope model explained in Sect. 3.2 was first applied for
L1527 [10]. L1527 is a low-mass protostellar core in Taurus (d = 137 pc [16]). The
details of L.1527 are described in Chap. 4.

[10] reported the high angular-resolution observations toward L1527 with ALMA.
Figure 3.14a shows the integrated intensity maps of CCH and c-C3;H, toward
L1527. The envelope component is seen to be extended along the north-south
axis. Figure 3.14b shows the position-velocity (PV) diagram of CCH along the
north-south axis centered at the protostellar position represented by the white cross
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Table 3.1 Free and fixed physical parameters in the models

Physical parameter ‘ Free or Fixed

Infalling-Rotating Envelope Model

Distance (d) Fixed (See Table 1.1)

Protostellar mass (M) Free

Inclination angle (i) Fixed (The value from references or derived
from the outflow analysis)

Radius of the centrifugal barrier (rcg) Free

Outer radius (R) Free

Scale height of the envelope Fixed (Uniformed or proportional to the
distance from the protostar)

Beam size Fixed based on the observations

Intrinsic line width Fixed

Emissivity? Fixed (o< r—19)

Mesh size Fixed

Keplerian Model

Distance (d) Fixed (See Table 1.1)

Protostellar mass (M) Fixed (The value derived from the envelope
analysis)

Inclination angle (i) Fixed (The same value in the envelope analysis)

Outer radius of the disk (R) Fixed to be rcp

Beam size Fixed based on the observations

Intrinsic line width Fixed

Emissivity? Fixed (o< r—19)

Mesh size Fixed

Outflow Model

Distance (d) Fixed (See Table 1.1)

Inclination angle (i) Free (0° for a pole-on configuration)

Curvature (C) Free

Velocity (vo) Free

Beam size Fixed based on the observations

Intrinsic line width Fixed

Emissivity? Fixed to be uniform

Mesh size Fixed

#]n reality, the intensity of the line emission from each data point is determined by the combination
of several physical conditions; e.g. the Hy density (n(H>)), the abundance ratio of the molecule to
H; (f (X)), the gas temperature. In this model, the intensity is simply assumed to be proportional
to the column density, where n(Hy) is assumed to be proportional to ~!-> (an infalling envelope;
e.g. [3, 6, 13]), f(X) is constant, and the temperature does not affect the emissivity

b In this chapter, the density of the molecule in the outflow model is simply assumed to be constant
for all data points, because only the velocity structure is focused on in this study. In the actual
analyses of the observational data (Chaps. 4, 5 and 8), only the outline of the outflow model is
considered
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Fig. 3.14 a Integrated intensity maps of the CCH (N =3 —-2,J=5/2—-3/2, F =3 —2 and
2 — 1; color) and ¢-C3H, (523 — 435; contours) lines. Contours levels are —6, —3, 3, 6, and 12
o, where o is 6.5 mJy beam~! km s~!. White contours represent a negative intensity. The white
cross represents the position of the 0.8 mm continuum peak. b Position-velocity diagram of the
CCH line prepared along the blue arrow shown in panel (a), along which the mid-plane of the
disk/envelope system is extended. The hyperfine component (F = 2 — 1) is seen with the velocity
offset of —2.8 km s~!, and the same structure is repeated twice. Blue contours represent the results
of the infalling-rotating envelope model. The physical parameters for the model are as follows;
the protostellar mass M = 0.18 M, the radius of the centrifugal barrier rcg = 100 au, and the
inclination angle i = 85° (0° for a face-on configuration). Contour levels are every 20% of the peak
intensity. ¢ Schematic illustration of the infalling-rotating envelope model. Panels (a) and (b) are
taken from [10] with a slight modification. © AAS. Reproduced with permission

inFig. 3.14a. The velocity of the gas is red- and blue-shifted at the northern and south-
ern sides of the protostar, respectively. A clear spin-up feature is seen in the PV dia-
gram; the velocity shift increases as approaching to the protostar. The CCH emission
abruptly disappears at the distance of 100 au from the protostar. There are also seen
the components with the inverse velocity of the spin-up feature (‘counter-velocity
component’). The results of the infalling-rotating envelope model are represented
as blue contours in Fig. 3.14b. The physical parameters for the infalling-rotating
envelope model are as follows; the protostellar mass is 0.18 M, the radius of the
centrifugal barrier is 100 au, and the inclination angle of the disk/envelope system is
85° (0° for a face-on configuration). The model results well reproduce the observed
kinematic structures of the CCH lines, including the counter-velocity component.

3.6.2 The TMC—-1A Case

Another example is the TMC—1A case. This source is located in the Heiles Cloud 2
(d = 137 pc [16]), which harbors the low-mass Class I protostar IRAS 04365+2535.
It shows the chemical characteristic of WCCC similar to L1527 [12]. [9] conducted
high angular-resolution observations of the CS (J = 5 — 4) and SO (Jy = 7¢ — 65)
lines toward this source with ALMA (Fig. 3.15). The kinematic structure in the
vicinity of the protostar can be explained by the above infalling-rotating envelope
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Fig. 3.15 a 1.2 mm continuum map (color, gray contours) and the integrated intensity maps of the
high velocity components of CS (J = 5 — 4; red and blue contours) in TMC—1A. b, ¢ PV diagrams
of CS (J =5 — 4) along the envelope direction (b) and the line perpendicular to it (¢). The position
axes are represented by the white line and arrow in panel (a). Taken from [9]. © AAS. Reproduced
with permission

model (Fig. 3.15b), where the physical parameters are M of 0.25 M, and rcg of 50
au. Figures 3.15 show the PV diagrams of CS prepared along the envelope direction
and the line perpendicular to it. Although some parts of the molecular distributions
seem to be missing due to the asymmetric gas distribution, the results of the infalling-
rotating envelope model shown in white contours reasonably explain the kinematic
structures. Thus, the infalling-rotating envelope model is expected to be a powerful
tool to examine the essential kinematics in the disk forming region.

3.6.3 Some Caveats for the Model

As demonstrated in the L1527 case (Fig. 3.14), the observed kinematic structures are
investigated by comparing with the physical models. The infalling-rotating envelope
model is a quite simplified one as described in Sect. 3.2.1: the model does not
consider any excitation effects, radiative transfer effects, and abundance variations
of molecules. However, in reality, some parts of the envelope gas can be optically
thick, and the distribution itself can be asymmetric around the protostar. Thus, it is
not fruitful to make a fine tuning of the model so as to better match with the observed
intensity. Therefore, the fundamental characteristics of the kinematic structure is
focused on in this thesis. Hence, model simulations are conducted with a wide range
of physical parameters, and their reasonable ranges are basically evaluated by eye. In
model analyses, chi-squared tests are often employed to derive reliable values for the
model parameters [8]. However, chi-squared tests for the infalling-rotating envelope
model are not conducted in this thesis, considering the overwhelming systematic
errors caused by the simplified assumptions described above.
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Chapter 4 )
L1527 e

4.1 Introduction

As demonstrated in Chap. 3, it has been found that the kinematic structure of the enve-
lope in a low-mass Class 0/I protostellar core L1527 is well reproduced by a simple
model assuming the ballistic motion. Its kinematic structure is further investigated
in this chapter. The structure of the outflow cavity wall is investigated as well as the
envelope component, because they are expected to be deeply related with each other.

IRAS 04368+2557 in L1527 is a representative Class 0/I low-mass protostar in
Taurus (d = 137 pc [35]). Its bolometric luminosity is 1.7 L [6]. It is also known as
a prototypical warm carbon-chain chemistry (WCCC) source [25-27]. This source
has a flattened infalling envelope with an edge-on configuration extending from
north to south. [19, 42] reported the infall motion of the envelope gas conserving
angular momentum based on interferometer observations. Meanwhile, [20, 31] sug-
gested the existence of a Keplerian disk based on the observations of the '*CO and
C'"®0 (J =2 — 1) lines, respectively. Recently, a clear infalling-rotating motion in its
envelope at a resolution of 076 with ALMA was presented by [23, 24]. The observed
kinematic structure was well reproduced by a simple ballistic model, and its cen-
trifugal barrier was identified at a radius of 100 au. Moreover, a drastic change in
chemical compositions across the centrifugal barrier was discovered [23]. Carbon-
chain molecules and CS mainly reside in the infalling envelope outside the centrifugal
barrier. Meanwhile, SO and probably CH;OH are enhanced at the centrifugal bar-
rier, and they may survive inside it at least partly. Such a chemical change at the
centrifugal barrier had not been anticipated before.

Molecular outflows from the protostar in L1527 are extended toward the east-west
direction, which is almost perpendicular to the mid-plane of the flattened edge-on
envelope gas. The outflows blow almost in parallel to the plane of the sky. The outflow

This chapter has been published in Oya et al., 2015, ApJ, 812, 59. © AAS. Reproduced with
permission.
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Fig. 4.1 a 12co map (black contours) taken from [9]. The FWHM (full width at half maximum)
beam size is 11” and the contours are drawn at the 30 level. b L’ band observation (color) by [33],
the integrated intensity map of CS (J =5 — 4; green contours) and the 1.3 mm continuum map
(light blue contours). Contours for CS are 3, 6, 12, 18, and 240, where the rms level is 9 mJy
beam™! km s~!. Contours for the continuum are every 20% of the peak intensity, which is 0.308
Jy beam~!. Red lines in the panel (a) and white lines in the panel (b) represent the best-fit model
of the outflow (Sect.4.2.3). The parameters for the outflow model are; the inclination angle (i) is
+85°, the curvature (Cy) is 0.05 arcsec™! and the velocity (v,s) 18 0.10 km s~!. The origins of the
bipolar lobes have an offset of 062 from the protostellar position [33]

extending over 2 (~ 2 x 10* au) scale was detected in the 2CO (J = 3 — 2) line
observed with the James Clerk Maxwell Telescope (JCMT) [9] (Fig.4.1a). The blue-
shifted and red-shifted components are prominent in the eastern and western sides of
the protostellar position, respectively. As for a smaller scale, [30, 33] conducted L’
band imaging of L1527 with the Gemini North telescope and the 3.6 um band with
the Infrared Array Camera (IRAC) on the Spitzer Space Telescope (Fig.4.1b). Their
observations delineated the butterfly shape of the outflow cavity at a (10* — 10*) au
scale. The eastern side of the outflow cavity is brighter than its western side, and thus,
they suggested that the eastern cavity would point to us. If this is the case, the eastern
lobe corresponds to the blue-shifted one. This result is consistent with the orientation
of the larger scale outflow observed with the '>CO line emission mentioned above.
The protostellar-core model has been discussed by assuming this orientation of the
outflow so far.

In the analysis of the ALMA observational data of the envelope gas in L1527, it
has fortunately found that the orientation of its outflow/envelope system is opposite
to that described above. The inclination angle of the outflow is determined and its
morphological properties are characterized in this chapter.
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4.2 Results

The observation was curried out as a part of the ALMA Cycle 0 operation
(#2011.0.00604S). The details for this observation was reported by [24]. The
observed lines are summarized in Table4.1. The primary beam (HPBW) in this
observation is 24”5, and the synthesized beam size is 0’8 x 0”7 (P.A. = —6°) for the
target molecular lines.

4.2.1 Overall Distribution

Figure 4.2 shows the integrated intensity map of the CS (J = 5 — 4) line. As reported
in other molecular lines [23, 24], the CS line shows the envelope component extend-
ing almost along the north-south axis. Although the CS emission is heavily resolved
out in the outer part in Fig. 4.2, a part of the butterfly-shaped outflow cavity wall [33]
can be seen in addition to the envelope component; it is mainly on the western side of
the protostar. The high density gas traced by the CS line is distributed asymmetrically
around the protostar.

The position-velocity (PV) diagram along the outflow axis is shown in Fig.4.3.
Envelope components are concentrated at the protostellar position, while outflow
components are extended along the east-west axis from there. The outflow seems to
be accelerated as the distance from the protostar. The velocity shifts of the outflow are
almost symmetric to the protostellar position, although blue-shifted components are
prominent on the western side of the protostar. Therefore, it is obvious that the outflow
blows almost in parallel to the plane of the sky, which is consistent with previous
reports [30, 33]. Because the outflow components are faint and heavily resolved out,
it is difficult to derive the inclination angle accurately from the kinematic structure
of the outflow. Hence, the envelope components are first investigated to characterize
the geometry of this source.

Table 4.1 Parameters of the Observed Line?®

Molecule Transition Frequency Eukg ! Sp2b
(GHz) X) (D%

CS J=5-4 244.9355565 35 19.17

c-C3H, 53—432 249.0543680 41 76.32

4Taken from CDMS [18]
PNuclear spin degeneracy is not included
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Fig. 4.2 Integrated intensity map of the CS (J = 5 — 4; color) line and the 1.3 mm continuum map
(white contours). The velocity range for the integration is from 3.1 to 8.7 km s~!. Contour levels
for the continuum are 30, 150, and 2700, where the rms level is 1 mJy beam™!
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Fig. 4.3 Position-velocity (PV) diagram of the CS (J =5 — 4; color) line prepared along the
outflow axis. The blue lines represent the result of the outflow model (Sect. 4.2.3) with the parameters
of i = +85°, Cys = 0.05 arcsec™ !, and vy = 0.10 km s™!. In this model, no offset of the origin of
the outflow from the protostar is assumed

4.2.2 Envelope

The kinematic structure of the protostellar envelope of L1527 observed in the
c-C3H,, CCH, and CS emission is well reproduced with a model of an infalling-
rotating envelope [23, 24]. Details of this model are described in Chap. 3. In this
model, the particles cannot fall inward of a certain radius (perihelion) due to the
conservation of angular momentum and energy. This radius defines the centrifugal
barrier. The velocity field of the particle motion in this ballistic model is characterized
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Fig. 44 a A blow-up of the central part of Fig.4.2; the integrated intensity map of the CS (J =
5 — 4; color) line and the continuum map (white contours). Contours for continuum are as the same
as those in Fig.4.2. Black arrows represent the lines along which the PV diagrams in Figs. 4.5, 4.6
and 4.7 are prepared. b, ¢ Schematic illustrations of the envelope model with the inclination angle
of (b) 85° and (c) 95°

by the protostellar mass and the radius of the centrifugal barrier. The PV diagram
of the model prepared along the mid-plane of the envelope does not depend on the
direction of its inclination angle from the plane of the sky but on its absolute value.
Hence, [23] (Chap. 3) did not consider the direction of the inclination with respect
to the edge-on configuration (i = 90°) in the analysis of the PV diagram. Therefore,
the PV diagrams of the CS (J = 5 — 4) and c-C3H; (52,3 — 43.2) lines are examined,
which are prepared along various lines passing through the protostellar position, to
investigate the direction of the inclination angle of the envelope gas.

The PV diagrams of the CS (J =5 — 4) line along the six lines with different
position angles (Fig. 4.4a) are shown in Figs. 4.5 and 4.6. In these figures, the ballistic
models have the inclination angle (i) of 85° and 95°, which correspond to the cases
shown in Figs.4.4b, c, respectively. It should be noted that an inclination angle of
95° is assumed in [32], where the eastern side of the flattened envelope faces to us
(Fig.4.4c). The other physical parameters employed for the models are described
in Appendix of this chapter. The CS emission near the centrifugal barrier is more
enhanced than in the outer part of the envelope component in comparison with the
c-C3Hy (52,3 — 43.2) case [24]. Moreover, the red-shifted components are slightly
weaker than the blue-shifted ones, and the self-absorption effect is seen for the
systemic velocity (5.9 km s~! [26]). Nevertheless, the kinematic structure along
the mid-plane of the envelope (P.A. “180°”) is well explained by the above model
assuming the either direction of the inclination (i = 85° or 95°). Since the compact
distribution around the protostar is focused on for the envelope analysis, resolved-out
components are negligible here.

It is evident that the model with the inclination angle of 85° well reproduces the
PV diagrams along all the lines (Fig.4.5). On the other hand, the model with the
inclination angle of 95° does not (Fig.4.6). In particular, the PV diagrams labeled
as “240°7,“270°”, and “300°” in Figs. 4.5 and 4.6, which represent the infall motion
rather than the rotation motion, seem to be reproduced better by the model with
the inclination angle of 85° (Fig.4.5) than that with 95° (Fig.4.6). For instance, the
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Fig. 4.5 PV diagrams of the CS (J = 5 — 4; color) line along the lines shown in Fig.4.4a. The
label in the left upper corner (“180°”, “210°”, “240°”, “270°”, and “330°”, and “330°”) represents
the position angle of the position axis in each panel. Blue contours represent the infalling-rotating
envelope model with the inclination angle of 85° (Fig.4.4b). Contour levels are every 20 % of the
peak intensity in each panel. The dashed contour around the central position in the panel “180°”

represents the dip toward the center

observed PV diagram along the “270°” line shows two peaks; one at the eastern side
and the other at the western side of the protostar with the red-shifted velocity and
the blue-shifted velocity, respectively. The model with the inclination angle of 85°
reproduces this trend, while that with 95° does not; in the latter case, the intensity
peak at the eastern side shows the blue-shifted velocity, while the other peak at the
western side shows the red-shifted velocity. Thus, the observational results likely
prefer the model with the inclination angle of 85°.

In order to evaluate the goodness of the fit more quantitatively, optimization of the
inclination angle is attempted based on the fitting for the observed PV diagrams. For
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Fig. 4.6 PV diagrams of the CS (J = 5 — 4; color) line along the lines shown in Fig.4.4a. The
position axes are taken as those in Fig.4.5. Blue contours represent the infalling-rotating envelope
model with the inclination angle of 95° (Fig. 4.4c). Contour levels are every 20 % of the peak intensity
in each panel. The dashed contour around the central position in the panel “180°” represents the

dip toward the center

this purpose, model calculations are conducted with the other inclination angles; the
results are shown in Appendix of this chapter. The model used here is a simplified
one involving many assumptions described in Appendix of this chapter in order to
explore just the basic physical and kinematic structure of the envelope. Thus, the
fitting suffers from systematic errors due to these assumptions, and the statistical
argument based on the root-mean-square (rms) of the difference between PV dia-
grams is almost meaningless. Nevertheless, it is found that the observational results
are reasonably reproduced by the model with the inclination angle from 80° to 85°.
More conservatively, it is constrained to be larger than 75°. Moreover, it is firmly
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concluded that the inclination angle is less than 90°; the positions and the velocities
of the two intensity peaks mentioned above are not consistent with the observations,
if the opposite direction, where the eastern surface of the envelope faces to us, are
employed for the model. [30] reported that the morphology of the L’ band image
cannot be explained, if the disk is inclined by much smaller than 80°. Hence, the
inclination angle obtained above is consistent with the previous reports except for
the direction of the inclination angle. With this in mind, the inclination angle of 85°
is employed in the following analysis.

With the inclination angle less than 90°, the western side of the envelope compo-
nent faces to us, and the outflow axis in the western side of the protostar points to
us, as shown in Fig.4.4b. This configuration is opposite to that reported previously
[9, 33]. On the other hand, it is consistent with the velocity map (moment 1 map)
of the SO (Jy = 73 — 67) line reported by [24]. The velocity map of the SO line
shows a slightly skewed feature; the red-shifted component slightly extends from
the northern part to the eastern part due to the rotation and infall motion, while the
blue-shifted one slightly extends from the southern part to the western part. This
indicates that the eastern part and the western part of the envelope are in front of and
behind the protostar, respectively (Fig.4.4b). This configuration is consistent with
the interpretation in this study.

Figure 4.7 shows the PV diagrams of the c-C3H, (55,3 — 43 2) line prepared along
the six lines passing through the protostellar position shown in Fig.4.4a. As well as
the CS emission, the red-shifted components of the c-C3H; emission are weaker than
the blue-shifted components, and its systemic velocity components are self-absorbed.
Nevertheless, the PV diagrams of the c-C3H; line seem to be well reproduced by the
model with the inclination angle of 85° shown by the blue contours. Because c-C3H,
preferentially exists in the envelope [23], the CS emission which is not seen in the
c-C3H, emission would represent the outflow component.

4.2.3 Outflow

In Sect.4.2.2, the inclination angle of the infalling-rotating envelope was success-
fully evaluated based on its kinematic structure. Then, assuming that the inclination
angle of the outflow axis is perpendicular to the mid-plane of the envelope, the kine-
matic structure of the outflow is investigated (Fig.4.3). A parabolic outflow model
is employed to analyze the observed outflow structure (e.g. [14, 21]). The shape of
the outflow cavity wall and the velocity structure in this model are represented by
the following formulae [14]:

) R 4
72=CyuxR", VR=Vas—, V;=Vas—. 4.1)

Ry 20
R denotes the radial size of the cavity perpendicular to the outflow axis (z axis). Ry
and zo are normalization constants, both of which are setto be 1”7 [21]. C,s and v, are
free parameters. Note that these parameters correspond to (C x D) and (vo X D) in
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Fig. 4.7 PV diagrams of the c-C3H, (52,3 — 43,2; color) line along the lines shown in Fig. 4.4a.
The infalling-rotating envelope model represented by the blue contours are as the same as that in
Fig.4.5 (i = 85°). Contour levels are every 20% of the peak intensity in the model. The dashed
contour around the central position in the panel “180°” represents the dip toward the center

the outflow model described in Chap. 3, where D denotes the distance of the source
from the Sun (See also Chap. 10). Thus, the wall of the outflow cavity is assumed
to have a parabolic shape. The gas on the cavity wall is assumed to be linearly
accelerated as the distance from the protostar. Such a parabolic model has widely
been employed for various low-mass and high-mass protostellar sources (e.g. [1, 2,
16, 28, 29, 41, 44]). In this model, the intensity of the emission is assumed to be
proportional to the column density, where the molecular density is simply assumed
to be constant. Although these assumptions are not realistic, it does not matter the
following analysis, where the velocity structure is focused on while the intensity
profile is neglected.

In Fig.4.3, the blue lines represent the best-fit model by eye. The inclination
angle is fixed to 85° based on the analysis of the envelope structure (Sect.4.2.2). The
parameters for the best-fit model are; C,, = 0.05 arcsec™!, and v, = 0.10 km s~
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Fig. 4.8 Integrated intensity (moment 0) map (upper left panel) and PV diagrams of CS (J =
5 — 4). The integrated intensity map of CS is the same as in Fig. 4.2. White contours in the integrated
intensity map represent the continuum map, whose contour levels are as the same as those in Fig. 4.2.
PV diagrams are prepared along the gray arrows passing through the protostellar position shown in
the integrated intensity map. The blue lines represent the result of the best-fit outflow model, where
the parameters are as follows; i = 85°, Cps = 0.05 arcsec™ 1, Vas = 0.10 km s~1, and the origins of
the lobes have an offset of 0762 from the protostellar position [33]

This model seems to explain the accelerated outflow component on the western side
of the protostar. Meanwhile, the velocity structure in the vicinity of the protostar is
not well reproduced. This result suggests that the origin of the parabolic shape has a
certain offset from the protostellar position as pointed out by [30].

In the outflow model, the offset of 0762 (85 au) is adopted for the outflow origin
[33]. The integrated intensity map of the CS (J = 5 — 4) line is shown in the upper left
panelin Fig.4.8. The other panels in Fig. 4.8 represent the PV diagrams of the CS line,
whose position axes are prepared along the arrows depicted in the integrated intensity
map. The best-fit outflow model is shown by the blue lines in the PV diagrams, where
the inclination angle = 85°, C,s = 0.05 arcsec™', and v, = 0.10 km s~!. With the
inclination angle lower than 70° or higher than 95°, the model does not well reproduce
the observed kinematic structure with any values of C,s and v,s. This constraint is
consistent with that found in the analysis of the envelope structure (Sect.4.2.2). The
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Fig.4.9 PV diagrams of CS (J = 5 — 4; color) across the outflow axis, where the position axes are
shown in the upper left panel in Fig.4.8. The blue lines represent the result of the best-fit outflow
model, where the parameters are; i = 85°, Cps = 0.05 arcsec™!, and Vas = 0.10 km s~1, and the
origins of the lobes have an offset of 0”62 from the protostellar position [33]. The red lines represent
another outflow model, where a rotation motion of the outflow cavity wall is taken into account
(See Sect.4.3.2), although they are almost overlapped with the blue lines

best model with the inclination angle of 85° is represented in Fig.4.1a (red lines),
b (white lines), and the upper left panel in Fig.4.8 (blue lines). Even though the
parameters for the outflow model are obtained based on the kinematic structure
of the outflow and envelope, this model likely explains the spatial distribution of
the outflow in the vicinity of the protostar. The eastern and western outflow lobes
are reported to have the maximum velocity shifts of 6.9 and 9.6 km s~! from the
systemic velocity (5.9 km s~'[26]) based on the '>CO (J = 3 — 2) observation [9].
In the obtained model, the two outflow lobes have the maximum velocity shift of
8.2 km s~! at the distance of 200" (~ 3000 au) from the protostar. Although the
parameters for the outflow model are constrained based on the kinematic structure on
a few tens of arcsecond, the model is likely consistent with the observational results
on a larger scale.

Figure 4.9 represents the PV diagrams of the outflow, whose position axis is pre-
pared along the line perpendicular to the outflow axis (the upper left panel in Fig. 4.8).
The best model represented by the blue lines seems to reproduce the basic features
in the observation. If the outflow blows almost in parallel to the plane of the sky, PV
diagrams across the outflow axis are expected to show an elliptic feature, as seen in
the IRAS 15398—3359 case (Chap. 5). Such an elliptic feature is partially seen in
the PV diagrams.

It should be noted that the eastern and western lobes may have different kine-
matic and geometric structure with each other, which make it difficult for the simple
parabolic model to perfectly explain the observed distribution (for instance, the PV
diagrams in Fig. 4.8). This may originate from asymmetry in the distribution of ambi-
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ent gas. A detailed discussion on this issue is outside the scope of this thesis, since
the CS (J = 5 — 4) distributions in the outflow are faint and heavily resolved out.

4.3 Discussion

4.3.1 Direction of the Outflow

In Sect.4.2.2, the inclination angle of the infalling-rotating envelope is constrained
including its direction with the aid of a ballistic model, and the obtained inclination
angle is consistent with the outflow structure traced in the CS emission. However, if
the outflow axis is perpendicular to the mid-plane of the envelope, the direction of the
inclination contradicts pervious reports for the outflow [9, 30, 33]. This contradiction
is discussed below.

The eastern surface of the envelope is assumed to face the observer by [30, 33]
(Fig.4.4c). This configuration is assumed based on their observation of the infrared
(L’ band) reflection by the outflow cavity wall, which is brighter on the eastern side
than on the western side in the vicinity of the protostar. The contradiction of the
direction of the outflow between their reports and this study can originate from the
two reasons described below.

The first possibility is the extinction by inhomogeneous gas distribution around the
protostar. In Fig. 4.1b, the integrated intensity map of the CS (J/ = 5 — 4) emission
is represented by the green contours. A ridge structure extending along the western
outflow cavity is detected in the CS emission on the southwestern side of the protostar.
The L’ band observation shows relatively weak emission in this ridge. This indicates
that the scattered light in the L’ band is obscured by the dense gas of the outflow
cavity wall on its side near the observers. In fact, the bright CS emission in this
ridge is slightly blue-shifted (the upper right panel in Fig.4.9), indicating that this
component is in front of the outflow axis. The column density of CS was evaluated
to be (1 —2) x 10'3 cm~2 at the western position with an offset of 0’7, which
is the FWHM (full width at half maximum) of the beam size along the east-west
direction, from the protostellar position. This value was derived by using the RADEX
code [36], where the H, density and the kinetic temperature were assumed to be
(106 — 107) cm™3 and 30K, respectively [23, 24]. Then, the H, column density
is roughly estimated to be (1 —2) x 10?> cm~2 by using a typical value for the
fractional abundance of CS relative to H, (10~%; e.g. [37, 39]). This column density
of H, corresponds to an extinction of about (0.5 — 1) mag in the L’ band.

Since the observed CS emission is heavily resolved out and mainly traces dense
gas (>10% cm™3), the above estimation of the extinction in the L’ band could be
the lower limit. If the L’ band emission is obscured by the outflow cavity wall, its
brightness depends on the distribution of matter in the outflow cavity on the two
sides of the protostar. With this situation, the direction of the inclination cannot be
constrained based on the asymmetry in the observed brightness. [38] reported that the
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Spitzer 3.6 wm HiRes deconvolved image shows the brightness asymmetry of the
outflow cavity in the vicinity of the protostar opposite to that reported by [30, 33].
The result by [38] seems consistent with the configuration found in this analysis
(Fig.4.4b). Thus, the observations of the morphology of the cavity reflection seem
inconsistent with each other. Hence, the configuration of the outflow/envelope system
derived from the kinematics of the infalling-rotating envelope is more reliable than
that from the brightness morphology.

The second possibility for the contradiction in the suggested outflow direction is
that the outflow axis is not perpendicular to the mid-plane of the envelope structure.
Some asymmetry in the protostellar source, such as its binarity, may cause this
situation, although the binarity of L1527 is controversial [15]. In the studies for
exoplanets, it has been reported that the spin axis of the central star and the orbital
axes of planets around it are not always parallel to each other (e.g. [40]). Although
the scattering among planets are considered to be an important cause for it, the
angular momentum of the central star could have a different axis with that of the
associated disk. This is an important issue for exoplanet studies. From this point of
view, exploring this possibility would be very interesting.

According to the 12CO (J = 3 — 2) observation reported by [9], the eastern and
western outflow lobes are mainly blue-shifted and red-shifted, respectively, although
both the lobes show the counter velocity components. If the outflow has a different
direction between on the small scale and the large scale, it may imply the precession of
the outflow axis. The dynamical time scale is reported to be 1.5 x 10* and 9.0 x 103
yr for the eastern and western lobes, respectively, without the correction for the
inclination angle [9], although these values are rough estimates based on the apparent
maximum velocity shifts and the lengths of the lobes. Since the outflow lobes in this
source blow almost in parallel to the plane of the sky, the velocity along the line
of sight (v os) detectable in observational studies almost consists of the expanding
motion of the cavity wall instead of the outflowing motion. Hence, the velocity along
the outflow axis can hardly be estimated by v o5/ cos i, where i is the inclination angle
of the outflow axis (0° for the pole-on geometry). Meanwhile, the distance from the
protostar along the outflow axis (z axis) is well approximated by the apparent distance
from the protostar on the plane of the sky with the inclination angle of 85°. The line
of sight has two intersections with each outflow cavity wall, and the interactions have
different line-of-sight velocities with each other (v pg). In the red-shifted lobe, the
velocity along the outflow axis (v;) and the expanding velocity (v,) perpendicular to
it in the parabolic model are calculated to be (v, v,) = (9.6km s~', 4.4km s~ ') and
(v.,v,) = (10.4km s~!, 4.6 km s~ ') for the intersection in front of the outflow axis
and that behind the axis, respectively, at the distance projected on the plane of the
sky of 100” from the protostar. Hence, the velocities along the line of sight (v og) are
calculated to be —3.5 and 5.4 km s~! for the two intersections. The outflowing and
expanding velocities in the blue-shifted lobe are calculated as well as those in the red-
shifted lobe, while their velocity shifts from the systemic velocity have the opposite
signs to those for the red-shifted lobe. Then the age of the lobes is estimated tobe t =
z/v. ~ 6.5 x 10% yr. Assuming the inclination angle of 85° and 95° on the 10” and
100" scales, respectively, a precession of 10° in ~ 6.5 x 10* yr is speculated. Here,



64 4 L1527

no other precession event is assumed in between. This precession rate is comparable
to that found in L1157; [7] reported a precession of 6° in ~ 4 x 103 yr.
Alternatively, the observed emission in the outflow cavity could be inhomoge-
neous; the blue-shifted and red-shifted emissions could be dominant in the eastern
and western lobes on the large scale, respectively, by accident. This situation could
happen because the outflow lobes blow almost in parallel to the plane of the sky.

4.3.2 Angular Momentum

In the model of the infalling-rotating envelope, it is assumed that the angular momen-
tum conservation prevents the envelope gas from falling inward of the centrifugal
barrier (Chap. 3). However, [23] pointed out that H,CO possibly resides inside the
centrifugal barrier. If this is the case, the angular momentum of the envelope gas has
to be extracted so that the gas falls beyond the centrifugal barrier. The outflow is a
candidate mechanism for the angular momentum extraction (e.g. [17, 34]). Hence,
possible rotation motion in the outflow is worth exploring. In fact, rotation motion
in outflows and jets has been suggested for various protostellar sources [3-5, 8, 10—
13, 22, 43] (Chap. 8). Rotation motion is mostly reported for collimated jets, while
rotation motion in a well spread outflow like the L1527 outflow is not very evident
(B59#11 [8]).

The velocity field in the outflow of L1527 is almost symmetric to the outflow axis
in Fig.4.9. Thus, a rotation motion is hardly seen in this outflow. If the outflow plays
a role in extraction of the angular momentum from the infalling-rotating envelope,
its northern and southern edges are expected to be more red-shifted and blue-shifted
than the parabolic outflow model, respectively. Another outflow model, where the
rotation motion on the outflow cavity wall is considered, is shown by the red lines
in Fig.4.9. In this model for a rotating outflow, the launching point of the outflow is
set to be at the centrifugal barrier, and the specific angular momentum of the outflow
is assumed to be conserved [10]. The specific angular momentum of the outflow in
this model is roughly approximated to be the same as that of the envelope gas. The
latter is calculated based on the protostellar mass and the radius of the centrifugal
barrier (Sect.4.2.2). Then, the rotation motion in the outflow is represented by the
radial size (R) of the outflow cavity wall perpendicular to the outflow axis as:

A/ ZGMVCB
Vit = 4.2)

where rcp denotes the radius of the centrifugal barrier in the infalling-rotating enve-
lope, M denotes the protostellar mass, and G is the gravitational constant. The rotation
motion in the outflow would be large near its launching point, (i.e. where R is small;
the upper right panel in Fig.4.9), and decrease as the distance from the protostar
(larger R; the bottom right panel in Fig.4.9). This would be a reason why the rota-
tion motion has been reported for well collimated jets. In Fig. 4.9, the outflow model
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with a rotation motion almost overlaps with the model without a rotation motion.
Therefore, it is essential to investigate the kinematic structure near the launching
point of the outflow at a higher spatial resolution.

In this chapter, the results obtained from the analysis of the envelope structure
of L1527 was utilized to investigate the kinematic structure of the outflow. Recent
high capabilities in millimeter/submillimeter-wave observations make it possible to
unveil the small-scale structure of the envelope; specifically, the kinematic structure
in the vicinity of the centrifugal barrier. As well as the envelope structure, it should
be emphasized that the outflow structure can be investigated by using observations
focused on a narrow region around the protostar with the aid of the simple parabolic
model. Morphology of outflows on a large scale often suffers from interactions with
the ambient gas, and thus, elimination of such an effect is indispensable for charac-
terization of outflows, as discussed by [38]. Hence, observing the outflow structure
in the vicinity of the protostar will be essential to further studies, as demonstrated in
this chapter. Moreover, observations with such high angular-resolutions will delin-
eate the inner structure of envelopes as well as the launching point of the outflows.
They would be related to each other in the formation of rotationally-supported disks.

Appendix: Envelope Model with Various Inclination Angles

The PV diagrams of the CS (J = 5 — 4) line in Fig.4.10 are prepared along the two
lines passing through the protostellar position shown in Fig. 4.4. One of the two lines
is perpendicular to the outflow axis (“180°”"), while the other is parallel to it (“270°”).
As well, the results of the infalling-rotating envelope model with various inclination
angles are represented by the blue contours. In these models, the protostellar mass and
the radius of the centrifugal barrier are fixed to be 0.18 M, and 100 au, respectively,
which are determined based on the observational results [24]. The outer radius of
the envelope is fixed to be 1000 au, which well reproduces the PV diagram of CCH
(Chap. 3 [23]). The emission is convolved with a Gaussian beam with FWHM of
0”5 x 05 and the intrinsic line width of 0.5 km s~!. In this model, the intensity of
the emission is simply assumed to be proportional to the column density, where the
molecular density is assumed to be proportional to '3, The effects of the optical
depth, the excitation, and the temperature gradient are not taken into account. The gas
kinetic temperature is reported to be (30 — 60) K for the infalling-rotating envelope
component and the centrifugal barrier [23, 24]. With the assumption of the optically
thin condition and the constant molecular abundance, the intensity is proportional to
U(T) exp ( ) where T denotes the gas temperature, U (T') the partition function
of the upper state E, the upper state energy, and k the Boltzmann constant. With the
upper energy of the CS (J =5 — 4) line of 35K, —— U(T) exp ( kET) is calculated to be
0.012 and 0.011 with T of 30 and 60 K, respectively. Thus, the temperature gradient
does not seriously affect the intensity profile in the infalling-rotating envelope.

The optically thin condition for the velocity components outside the systemic
velocity (5.9 km s~1[26]) can be justified for the CS (J = 5 — 4) line; the optical
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depth of this line toward the centrifugal barrier is estimated to be 0.1 with the LVG
(large velocity gradient) approximation for the H, density range from 3 x 10° to
3 x 107 cm~ and the temperature range from 30 to 60 K. Since the CS line heavily
suffers from the self absorption effect at the systemic velocity, the low velocity-shift
components are not considered to compare with the envelope models.

In Fig.4.10, the panels for the inclination angle of 85° and 95° are as the same as
those in Figs.4.5 and 4.6, respectively. As discussed in Sect.4.2.2, the PV diagram
along the line perpendicular to the outflow axis (i.e. along the mid-plane of the

mJy Beam™

—100

—8" —4" —2" 0" " 4" 6" —B6" —4" —o" 0" on 4" 6"

Fig. 4.10 PV diagrams of the CS (J = 5 — 4; color) line along the two lines shown in Fig. 4.4a.
The position axes are prepared to be parallel to the mid-plane of the envelope structure (“180°”) or
perpendicular to it (“270°”). Blue contours in each row represent the results of the infalling-rotating
envelope model with the inclination angle of 95° (Fig.4.4c), 90° (edge-on), 85° (Fig.4.4b), 80°, or
75°. Contour levels are every 20% of the peak intensity in each panel. The dashed contours around
the central position in the panels in the left column, except for the panel for i of 75°, represent the
dip toward the center. The panels for the inclination angles of 85° and 95° are the same as those in
Figs.4.5 and 4.6, respectively
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envelope; “180°”) depends on the absolute value of the inclination angle regardless
of its direction with respect to the edge-on configuration (i = 90°). On the other
hand, the PV diagram along the outflow axis (“270°”’) depends on the infall motion
of the envelope gas more significantly, and thus, it is sensitive to the direction of the
inclination.
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Chapter 5 ®)
IRAS 15398-3359 St

5.1 Introduction

In L1527, it has been demonstrated that the kinematic structures of the infalling-
rotating envelope and the outflow cavity wall are explained by the simple models
(Chap. 4). Especially, the discovery of the centrifugal barrier in an infalling-rotating
envelope and the chemical change across the centrifugal barrier provide us with
a completely new insight in disk formation study. It is now required to confirm
whether such kinematic and chemical structures are common in low-mass protostellar
sources. In this chapter, a similar analysis is conducted in another WCCC source
IRAS 15398—3359. While the structure of the outflow in L1527 has been analyzed
based on the analysis of its envelope, the results from the clear outflow components
in IRAS 15398—-3359 is utilized to investigate the envelope structure.

It is still unknown when and how disks are formed in the star formation process.
This is because that overwhelming emission from protostellar envelopes and outflows
generally make it difficult to identify possible disks in Class O sources. Even absence
of such a disk down to 45 au is claimed for the Class 0 protostar NGC 1333 IRAS 2A
[3, 13]. Since possible disk structures in Class 0 sources are expected to be compact,
high spatial-resolution and high sensitivity observations are indispensable to detect
them.

IRAS 15398—-3359 is alow-mass Class O protostar in the Lupus 1 molecular cloud
(d ~ 155 pc [11]). A molecular outflow was detected by single-dish observations
of CO emission [27, 30]. The CO (J = 3 — 2) observation with the James Clerk
Maxwell Telescope (Ogpgw ~ 15”) showed that the red- and blue-shifted lobes of
this source were relatively overlapped with each other, and thus a pole-on geometry
was suggested [30]. [12] observed H,CO and CS lines toward this source to search for
asign of an infall motion without success. On the other hand, [9] reported the presence
of an inverse P-Cygni profile of the H,O (1,90 — 1¢,1) at 557 GHz, indicating an infall

This chapter has been published in Oya et al., 2014, ApJ, 795, 152. © AAS. Reproduced with
permission.
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motion of the envelope on a scale of about 10* au. [7] detected a ring structure in
the H3CO™ (J = 4 — 3) line at a (150 — 200) au scale. They proposed that a recent
accretion burst in this source enhanced the luminosity leading the H,O evaporation,
which would destruct HCO™ in the vicinity of the protostar and cause the observed
ring structure.

IRAS 15398—3359 shows peculiar chemical features. Various carbon-chain
molecules, such as CCH, C4H, and CH;CCH are detected toward this source, which
is characteristic to so-called warm carbon-chain chemistry (WCCC) [22, 24, 25]. As
demonstrated in Chaps. 3 and 4, the kinematic structure of the envelope in another
WCCC source, L1527, is well reproduced by the infalling-rotating envelope model.
Because of the chemical resemblance of IRAS 15398—3359 to L1527, it is inter-
esting to compare the physical structures of their envelopes. A deep insight into
envelope structures of Class 0 protostellar sources is essential to explore when and
how rotationally-supported disks are formed around protostars. With these motiva-
tions, several molecular lines are observed with ALMA toward IRAS 15398—3359.

5.2 Observations

ALMA observations toward IRAS 15398 —3359 were carried out on December 31st,
2012 during its Cycle 0 operations. Spectral lines of CCH and H,CO were observed
with the Band 7 receiver at frequencies of (349 — 364) GHz, as listed in Table 5.1.
These observations were carried out with twenty-five antennas with the baseline
length ranging from 13 to 338 m. The field center of the observations was set to be
(02000, d2000) = (157430253, —34°09'07"5). The system temperature was typically
from 120 to 300K. The frequency resolution of the backend correlator was tuned
to be 122 kHz and bandwidth of 469 MHz, corresponding to the velocity resolution
of 0.1 km s~! at 366 GHz. The phase calibrations were carried out on J1517—243
for every 12min. J1256—057 and J1924—292 were used for the bandpass calibra-
tions. The absolute flux density scale was derived from Mars and Titan. The data
calibration was performed in the antenna-based manner where typical uncertainties
are expected to be less than 10%. The primary beam (half-power beam width) is
17”. CLEAN algorithm was employed to obtain the continuum and line images. The
continuum image was obtained by averaging line-free channels. After subtracting
the continuum emission directly from the visibilities, the line images were obtained.
The total on-source time was 27 minutes and 21 minutes for the H,CO lines and the
CCH lines, respectively. The synthesized-beam size is 0757 x 0742 (P.A. = 49°) and
0760 x 0744 (P.A. = 46°) for the continuum image and the H,CO image, respec-
tively. The rms noise levels are 1 and 10 mJy beam™! for the continuum and the
H,CO emission, respectively. The continuum emission has its peak intensity at:
(02000, G2000) = (15M43™02524, —34°09'06”7). The CCH data were combined with
those taken in another ALMA observation program (2011.0.00628.S; PI: Jes Jgr-
gensen), which was carried out with 15 — 16 antennas. The signal-to-noise ratio
(S/N) was improved from 13.7 to 24.5 by this combination. The synthesized beam
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Table 5.1 Observed Line Parameters?®

Molecule Transition Frequency Eykg ! Suzh
(GHz) (K) (D?)
H,CO 50,5 — 40,4 362.7360480 |52 27.168
S515—414 351.7686450 | 62 26.096
504—423 363.9458940 | 100 22.834
CCH N=4-3,J=17/2-5)2, 349.4006712 | 42 1.6942
F=3-2
N=4-3,7J=17/2-5/2, 349.3992756 |42 22712
F=4-3

4Taken from CDMS [15]
b Nuclear spin degeneracy is not included.

of the combined CCH image is 0770 x 0746 (P.A. = 72°). Its rms noise level is 15
mJy beam~!. No other significant line features were detected in these observations,
except for the line emissions reported by [7].

5.3 Results

5.3.1 Overall Distribution of HyCO and CCH

Figure 5.1a shows the moment O (integrated intensity) map of the H,CO (5,5 — 4, 4)
line. A well-collimated outflow is detected prominently, symmetrically extending
along the northeast-southwest axis from the protostellar position. The wall of this
outflow has a straight structure, as like as the outflow of HH46 [1]. Figure 5.1b shows
the velocity map (moment 1 map), showing that the northeastern and southwestern
outflow lobes are red-shifted and blue-shifted, respectively. In these observations, the
emission extending over 12" scale or larger would be affected by the resolving-out
effect due to the lack of short baseline data. Although the size of the detected outflow
is as compact as 8” for each lobe, the emission from the outer part may be resolved
out. As well, it may be weak due to insufficient excitation conditions for the observed
molecular lines. At a distance of 8” from the protostellar position, the apparent width
of the outflow is about 4”. Figure5.1c shows the integrated intensity map (moment
0 map) of the high-excitation HyCO (5, 4 — 4, .3) line. The emitting region of the
H,CO (5,4 — 4,.3) line is essentially similar to that of the HyCO (5, 5 — 4 4) line,
although the S/N ratio is rather poor for the former line. In these maps, a bright knot
is detected in the red-shifted lobe (‘Clump A’ in Fig.5.1a). This component could
be a shocked region caused by an impact of the outflow with dense clumps in the
surrounding cloud.

As well as the outflow, a single-peaked compact component is also recognized in
the vicinity of the protostar in Fig.5.1d (a blow-up of the central part of Fig.5.1a).
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Fig. 5.1 a Integrated 1S W -weag A
intensity map (moment 0) of 3 3
the H2CO (51,5 — 41,4) line
(color; black contours).
‘White contours show the 0.8
mm continuum emission.
The PV diagrams in
Figs.5.5a, b are prepared
along the blue arrows. b
Velocity map (moment 1
map) of the H,CO

(51,5 — 41.4) line. Black and
white contours are the same
as those in panel (a). ¢
Integrated intensity map of
the H,CO (52,4 — 42,3;
contours) line. The color
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Fig. 5.2 Intensity profiles of
the H,CO (51,5 — 41 4) line
and the CCH
(N=4-3,J=
7/2—5/2,F =4 —3 and

3 —2) lines along the line
perpendicular to the outflow
axis (“0°” shown in Fig. 5.1f)

Fig. 5.3 Spectra of the (@) 05
H>CO (50,5 — 40,4, ’
51,5 —41,4and 524 —423)
lines and the CCH 04
(N=4-3,J=
7/2—-5/2,F =4 —3and - 03
3 — 2) lines prepared toward £
the protostellar position. In 20.2
panel (b), the systemic =
velocities for the two 0.1
hyperfine components of
CCH are represented by the 0.0
two vertical dashed lines ’
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Figure 5.1e represents a blow-up of the velocity map (Fig.5.1b). The approximate
extent of the central component is estimated to be about 2” (310 au) in diameter based
on the spatial profile of the line intensity prepared along the line perpendicular to the
outflow axis (Fig.5.2). In Fig.5.3, the spectral line profiles of the H,CO and CCH
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Fig.5.4 alntegratedintensity mapofthe CCH(N =4 -3,/ =7/2—-5/2, F =4 —3and3 —2;
color, black contour) lines. White contours represent the 0.8 mm continuum map as the same as
those in Fig. 5.1a. The PV diagram in Fig. 5.6 is prepared along the blue arrow parallel to the outflow
axis. b A blow-up of panel (a) in the vicinity of the protostar. Contours are as the same as those in
panel (a)

lines are shown, which are prepared at the protostellar position and averaged over the
beam size. The line width of the H,CO line is as narrow as 2 km s~! even toward the
protostellar position. By using the RADEX program [29] to fit the intensity of the
two temperature sensitive lines of para-H,CO (5¢ 5 — 40,4, 52.4 — 42.3), the column
density of H,CO and its kinetic temperature toward the protostellar position are
estimated to be 3 x 10" cm~2 and 36 — 38 K, respectively, assuming the H, density
of (1 x 107 — 1 x 10%) cm~2 and the line width of 1.8 km s~! for the H,CO line. As
well, the ortho/para ratio is estimated to be 2.8 based on the intensity of the ortho-
H,CO (5 5 — 41.4) line. The optical depths for these lines are 0.27 (59,5 — 4¢.4), 0.06
(52.4 —42.3),0.53 (51,5 — 41,4), and therefore, the lines are not opaque.

The integrated intensity map of the CCH(N =4 —-3,J =7/2-5/2, F =4 -3
and 3 — 2) lines is shown in Fig.5.4a, and its blow-up is in Fig.5.4b. The outflow
cavity is prominently traced as well as the centrally concentrated component is also
seen. The emitting region of the CCH line around the protostar is more extended
along the southeast-northwest axis than that of the H,CO line. The CCH emission
shows a slight dip toward the protostellar position, as shown in its intensity profile
prepared along the line perpendicular to the outflow axis (Fig.5.2). This feature is
consistent with the previous report [7]. The spectrum of the CCH lines taken at the
protostellar position is complicated due to the two hyperfine components (Fig.5.3).
Nevertheless, the line width of each hyperfine component of CCH is found to be
2 km s~! or less, as like as that of the H,CO line.
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5.3.2 Outflow

First, the outflow feature detected in the H,CO (515 —4;4) line is analyzed.
Figure 5.5a shows the position-velocity (PV) diagram of the H,CO (5, 5 — 4, 4) line.
Its position axis is shown by a blue arrow in Fig. 5.1a, which is centered at the proto-
stellar position and prepared along the outflow axis. The observed outflow structure
extends along the northeast-southwest axis from the protostellar position, where the
northeastern and southwestern parts are red-shifted and blue-shifted, respectively.
Since the red-shifted and blue-shifted outflow lobes show little overlap with each
other near the protostar, the outflow likely blows almost perpendicular to the plane
of the sky, which indicates that the disk/envelope geometry has a nearly edge-on con-
figuration. As often observed for outflow cavities (e.g. [1, 10]), the highest velocity
shift in Fig. 5.5a is found to increase linearly as the distance from the protostar. An
intense knot is detected in the red-shifted component, corresponding to Clump A in
the integrated intensity map (Fig.5.1a). As well as the high velocity-shift compo-
nents, other components are found near the systemic velocity (~ 5 km s~!; [22]).
The low velocity-shift components are slightly blue-shifted and red-shifted on the
northeastern and southwestern side of the protostar. This trend is the opposite case
to the high velocity-shift components.

Figure 5.5b shows the PV diagram of the H,CO (5, 5 — 4, 4) line in the red-shifted
outflow lobe, whose position axis is prepared to be perpendicular to the outflow axis
as shown in Fig.5.1a. This diagram shows an elliptic feature. As well, a knot-like
emission is also detected in the higher-velocity range. This emission corresponds
to Clump A found in the integrated intensity map (Fig.5.1a). The velocity structure
shown in the PV diagram likely suggests the expanding motion of the gas in the
outflow cavity wall.

In this study, the standard model of an outflow cavity from [10] is employed to
analyze the observed geometrical and kinematical structures of the outflow, which

Color: HyCO (5;,5-41,4)
—Blue line: Model
—Er

Jy Bean!

-0.2

Angular Offset (arcsec) Angular Offset (arcsec)

Fig. 5.5 PV diagrams of the HoCO (515 — 41,4) line a along the outflow axis and b the line
perpendicular to it. Their position axes are represented by the blue arrows in Fig.5.1a. Blue lines
show the best outflow model with an inclination angle of 70° (0° for a pole-on configuration). The
systemic velocity is represented by the black horizontal line in each panel
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is employed for the outflow analysis in L.1527 (Chap. 4). In this model, a parabolic
shape is assumed for the outflow cavity wall, and the velocity of the gas on the wall
is assumed to be proportional to the distance to the protostar;

R z
= CasR2a VR =Vas 7> Vz=Vas—, (51)
Ry 20

where z denotes the distance to the protostar along the outflow axis, and R the radial
size of the cavity wall perpendicular to z-axis (see Chap. 3). Both zy and Ry are
normalization constants set to be 1”. Cy5 and v, are free parameters. In this model,
the intensity of the emission is assumed to be proportional to the column density,
where the molecular density is simply assumed to be constant. These assumptions
may not be realistic. However, they do not matter the following analysis, because
this study focuses on the velocity structure but not on the intensity profile. The best
results are obtained with an inclination angle of 70° (0° for a pole-on configuration),
as represented by the blue lines in Fig. 5.5. With an inclination angle less than 60° or
higher than 80°, the outflow model does not reproduce the observed kinematic struc-
ture well with any values of C,5 and v,5. Hence, the inclination angle is determined to
be 70° & 10°, where the error value is the estimated limit based on the above results.
The derived parameters are C,s of 0.8 arcsec™! and v, of 0.38km s~! for an incli-
nation angle of 70°. As mentioned in Sect. 5.1, [30] reported an inclination angle of
15°, anearly pole-on geometry. This discrepancy seems to originate from the limited
spatial resolution of their data. Another possibility is that the outflow direction at a
small scale is different from that on larger scales (e.g. [8, 14, 20, 32]), as discussed in
the analysis of L1527 (Cha. 4). On the other hand, Atacama Pathfinder EXperiment
observations of the CO (J = 6 — 5) line indicate an inclination angle of 70° [31],
which is consistent with the above result.

Figure 5.6 shows the PV diagram of the CCH(N =4 —-3,J =7/2—-5/2, F =
4 — 3 and 3 — 2) line prepared along the outflow axis through the protostellar posi-
tion. The appearance of the PV diagram is complicated due to the two hyperfine
components blending with a separation of only 1.2 km s~!. Compared with the
H,CO case, the low velocity-shift components of CCH is relatively bright in com-
parison with its high velocity-shift components. This suggests that the CCH emission
from the outflow component primarily traces the compressed ambient gas around the
outflow cavity rather than the entrained outflowing gas. Gas-phase reactions in dense
photodissociation region layers may form CCH (e.g. [5, 6, 26]).

5.3.3 Protostellar Envelope

A centrally concentrated component is detected in both the H,CO and CCH emis-
sion (Figs.5.1d, 5.4b). The distributions of C348, €70, and CH;OH also have such
a component [7]. In this section, the kinematic structure of this component is inves-
tigated. A blow-up of the velocity map of the H,CO line (Fig.5.1e) is dominated by
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Fig. 5.6 PV diagram of the CCH (N =4 —-3,J =7/2—-5/2, F =4 —3 and 3 — 2) lines. The
position axis is taken along the outflow axis, which is shown by a blue arrow in Fig.5.4a. Blue
lines in the diagram represent the outflow model results with an inclination angle of 70°, which
is the best model obtained in the HoCO analysis (Sect.5.3.2). The systemic velocities for the two
hyperfine components of CCH (5.0 km s~!, 3.8 km s~!) are shown by the black dashed lines

the overwhelming emission from the outflow components. Nevertheless, a slightly
skewed feature is marginally recognized around the continuum peak position. In
order to reveal the gas motion in the vicinity of the protostar more carefully, PV
diagrams around the protostar are prepared (Fig. 5.7).

The PV diagrams of the HyCO (5 5 — 4 4) line are shown in Fig.5.7a, b. They
are prepared along the lines shown in Fig. 5.1f, centered at the protostellar position;
Fig.5.7a is along the line perpendicular to the outflow axis (“0°”), while Fig.5.7b
along the outflow axis (“90°”"). Although a rotation signature is not obvious in the
centrally concentrated component in Fig.5.7a, there is a marginal trend that the
intensity peaks in the red-shifted and the blue-shifted velocity ranges are on the
southeastern and northwestern sides of the protostellar position, respectively. In fact,
this rotation motion has been later confirmed [17].

Meanwhile, Fig.5.7b shows two intensity peaks in the vicinity of the protostar;
one on the northeastern side of the protostar is red-shifted, the other on the south-
western side is blue-shifted. This systematic velocity gradient is the same case of
that found in the outflow (Fig. 5.5a). However, the modest velocity gradient near the
protostar is difficult to attribute to the outflow component, according to the outflow
model result obtained in Sect. 5.3.2. Based on the outflow direction and its inclination
angle, the outflow and disk/envelope structure of IRAS 15398 —3359 is schematically
illustrated as shown in Fig.5.8. Therefore, the velocity gradient found in Fig.5.7b
is likely a signature of an infall motion of the envelope gas rather than an outflow
motion.

An infall/rotation signature is not clearly seen in the PV diagrams for the CCH
(N=4-3,J=7/2—-5/2, F =4 —3 and 3 — 2) lines (Fig.5.7c, d), in contrast
to the L1527 case (Chapters 3, 4 [21, 23]). In L1527, whose protostellar mass and
inclination angle are derived to be 0.18 My and 85°, respectively, the observed
velocity shift of the CCH line is 1.8 km s~! at a radius of 100 au from the protostar.
On the contrary, the velocity shifts are as smallas 1 kms~! and 0.7 kms~! in the H,CO
and CCH lines, respectively, in IRAS 15398 —3359 (Fig.5.7), although a nearly edge-
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Fig.5.7 PV diagrams of the H,CO (515 —414;a,b)and CCH(N =4 —-3,J =7/2-5/2, F =
4 — 3 and 3 — 2; c, d) lines. Their position axes are shown in Fig. 5.1f; those for panels (a) and (c)
are taken along the line perpendicular to the outflow axis (“0°”), while those for (b) and (d) are
along the outflow axis (“90°”). Panels (b) and (d) are blow-ups of Figs.5.5a and 5.6, respectively.
Blue lines in panel (b) represent the best model for the outflow component (Sect.5.3.2)

on configuration (70°; 0° for a face-on configuration) is expected according to the
outflow analysis (Sect.5.3.2). Although IRAS 15398—3359 is similar to L1527 in
its large-scale (~ a few 1000 au) chemical composition [22], infall/rotation motions
are not very clear contrarily.

In these observations, the structure down to 78 au (075) are resolved around
the protostar. Nevertheless, the observed line widths are quite narrow. Consider-
ing the nearly edge-on configuration, it is suggested that the Doppler shift due to
infall/rotation motions around the protostar is small. A small velocity-shift could be
explained if the observed dense gas were not associated with the protostar, that is,
if it were mostly present in the outflow component. However, this is not likely the
case because the modeled outflow motion does not well explain the velocity gradient
traced by the H,CO line (Fig.5.7b), as mentioned above. Hence, the small velocity-
shift likely implies a low protostellar mass. A rough upper limit for the protostellar
mass is estimated based on the maximum value of the observed velocity shifts. Under
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the conservation law of energy, the protostellar mass (M) is represented in terms of
the infall velocity (Vipan) and the rotation velocity (Vrotation) as:

’
M = E (viznfall + Vrzotation) ’ (52)
where r denotes the distance to the protostar. By using this relation, the protostellar
mass is roughly estimated to be smaller than 0.09 M with a maximum velocity less
than 1 km s~! at 075 (78 au) from the protostar. Here, both the infall and rotation
velocities are assumed to be the observed maximum value of 1 km s~! in Fig.5.7a
as a robust case. If there is no rotation motion, i.e. the free fall case, the upper limit
for the protostellar mass is obtained to be 0.04 M. This rough estimate is indeed

consistent with the later report with a further observation [17].

5.3.4 Comparison with an Envelope Model

A ballistic model of an infalling-rotating envelope (Fig.5.8) is employed to investi-
gate the observational results of the c-CsH, and CCH lines toward L1527 (Chaps. 3
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Cavity Wall

red-shifted component and
systemic velocity component
in the outflow cavity wall

red-shifted component
caused by the infalling motion

<----- blue-shifted component
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o blue-shifted component and
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caused by the rotating motion
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Fig. 5.8 Schematic illustrations of the outflow and disk/envelope system. An observer sits on the
right hand side, whose line of sight is shown by the black dashed arrows. The disk/envelope system
has an almost edge-on geometry with an inclination angle of 70° (0° for a face-on configuration)
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and 4). This source has similar chemical characteristics to IRAS 15398—3359. In
spite of the simplicity of this model, the basic features of the PV diagrams of the
c-C3H; and CCH lines toward L1527 are well reproduced. Therefore, it is worth
applying the same model to the kinematic structure traced by the H,CO and CCH
lines in IRAS 15398—3359. The CCH emission observed in L1527 only traces the
infalling-rotating envelope, and thus, it is preferable to apply the infalling-rotating
envelope model for the CCH line. However, the PV diagrams of different transitions
of CCH observed toward IRAS 15398—3359 are complicated due to the hyperfine
structure, and their signal-to-noise ratios are insufficient for critical comparison. In
contrast, the HyCO (5,5 — 4, .4) emission is bright enough in IRAS 15398—-3359.
Although H,CO possibly resides in the inner disk-like structure in addition to the
infalling-rotating envelope, the contribution of the envelope seems significant in
L1527 [21]. Hence, the model results are compared with the H,CO (5, 5 — 4; 4) line
observed in IRAS 15398—-3359.

The radius of the centrifugal barrier
30au 50 au

p

The mass of
the protostar (

au.
no rotation)  10au

;

2-2 0 2
Angular Offset (arcsec) — Color: H,CO (5,5-4,4)
— Blue Contour: Model

Fig. 5.9 PV diagrams of the HyCO (51,5 — 41 4) line prepared along the line perpendicular to the
outflow axis. Their position axes are represented by the arrow labeled as “0°” in Fig.5.1f. Blue
contours represent 20 model results of the infalling-rotating envelope with an inclination angle of
70°. The protostellar mass and the radius of the centrifugal barrier are varied as free parameters
(see Chap. 3). Contour levels are every 20% of the peak intensity in each panel. Dashed contours
around the central position represent the intensity dip
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Figure 5.9 shows the PV diagrams of the H,CO (5, 5 — 4, 4) line along the line
perpendicular to the outflow axis (the arrow labeled as “0°” in Fig.5.1f), that is,
along the mid-plane of the envelope. The blue contours represent the results of the
infalling-rotating envelope model. In this model, the intensity is simply assumed
to be proportional to the column density. The molecular density is assumed to be
proportional to ¥ '3, where  denotes the distance to the protostar. The assumption
of the optically thin condition seems to be reasonable, because the optical depth is
evaluated to be less than 0.3 (Sect.5.3.1). The excitation effect and the effect of the
temperature gradient are not taken into account, neither. However, these simplifica-
tions may not affect the following analysis, because this analysis only focuses on
the velocity structure but not on the intensity profile. In contrast to the L1527 case
(Chap. 4), the radius of the centrifugal barrier cannot be directly determined from the
PV diagram because of the absence of an obvious rotation signature. Nevertheless, its
upper limit can be roughly estimated based on the CCH distribution. If CCH resides
only in the infalling-rotating envelope as in the case of L1527 and the radius of the
centrifugal barrier is larger than the beam size, a hole in the CCH distribution toward
the protostellar position is expected to be resolved. Although an intensity dip toward
the protostar is marginally seen in the CCH emission (Fig.5.2), this feature is not
well resolved in the present observation with the beam size of 0” 5 (78 au). Hence,
the upper limit for the centrifugal barrier is set to be 80 au. Under this constraint,
Fig.5.9 shows the simulated PV diagrams of the infalling-rotating envelope models
with various sets of the protostellar mass (M) and the radius of the centrifugal barrier
(rcs). Among the 20 models in Fig. 5.9, ones with M of 0.02 M and rcp from O to
30 au are chosen as the best models by eye. The value of M is consistent with its
upper limit obtained in Sect.5.3.3. Thus, the low protostellar mass of this source is
confirmed with this model analysis. The PV diagrams of the model and observation
along the different directions are also shown in Fig. 5.10; the diagrams are prepared
along the six lines shown in Fig.5.1f, and the model with M of 0.02 My and rcp of
30 au are employed as an example. The observed trends of velocity gradients around
the protostar seem to be explained by this model.

5.4 Discussion

The small protostellar mass of IRAS 15398 —3359 (< 0.09 M,,) is essentially derived
from the narrow line width detected in the inner envelope (< 80 au) with an almost
edge-on configuration (70°; 0° for a face-on configuration). The mass estimates
may suffer from the uncertainty in the inclination angle of the disk/envelope system,
since the inclination angle evaluated for the outflow structure is employed as the
substitute. If the inclination angle is smaller than the employed value, i.e. nearer to
the face-on configuration, the mass evaluation by the model increases. Nevertheless,
the upper limit value for the protostellar mass does not change significantly, even if
an inclination angle of 60° is employed. In fact, the upper limit value was confirmed
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Fig.5.10 PV diagrams of the HCO (51 5 — 41 4) line prepared centered at the protostellar position.
Their position axes are represented by the six arrows in Fig. 5.1f, which are taken for different
position angles. Blue contours represent the results of the infalling-rotating envelope model. The
parameters for the model are the inclination angle of 70°, the protostellar mass of 0.02 M, and
the radius of the centrifugal barrier of 30 au. Contour levels are every 20% of the peak intensity in
each panel. White lines show the outflow model obtained in Sect.5.3.2

to be adequate later based on the further observations [17], where the protostellar
mass was evaluated to be as small as 0.007 Mg.

The averaged accretion rate is evaluated to be less than 9.0 x 107> Mg, yr~! by
using the dynamical timescale of the extended outflow ((1 —2) x 103 yr for each
lobe [31]) and the upper limit for the protostellar mass (< 0.09 M) obtained in
Sect.5.3.3. Because older parts of the outflow structure may not be detected, the
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evaluated dynamical timescale of the outflow should be regarded as its lower limit.
Thus, the above value for the averaged accretion rate is its upper limit. Nevertheless,
the estimated accretion rate seems roughly consistent with the typical value for low-
mass protostars from 107 to 1076 My yr~! (e.g. [4]), and may be higher than
that for another WCCC source L1527 (10 My yr~! [16]). Meanwhile, the mass
outflow rate is calculated to be 6.3 x 107® Mg yr~! and 2.2 x 107® My yr~! for
the red- and blue-shifted lobes, respectively, by using their masses and dynamical
timescales reported by [30]. These values are modified to be 1.7 x 1075 M yr~!
and 6.2 x 1078 My yr~! including the correction for the inclination angle of 70°.
Therefore, the averaged mass accretion rate and the mass outflow rate seem to be
roughly comparable to each other.

Meanwhile, the mass accretion rate (M) can be estimated by using the following
equation [19]:

y L Rstar

M= , 5.3
M (5.3)

where M, L, and Ry, denote the mass, luminosity, and radius of the protostar,
respectively. With the upper limit for M (< 0.09 M) obtained in Sect.5.3.3, M is
estimated to be larger than 1.6 x 1078 M yr~! by employing L of 1.8 L, [7] and
Rgiar 0f 2.5 R (e.g. [2, 18]). This lower limit value for M is consistent with its upper
limit obtained above (9.0 x 107> Mg, yr~!). In spite of the episodic accretion in this
source suggested by [7], the averaged mass accretion rate does not significantly differ
from the canonical value (107> — 1076 Mg yr™").

The upper limit of the protostar/envelope mass ratio is evaluated to be 0.18 by
using the upper limit for the protostellar mass of 0.09 M and an envelope mass of
0.5 Mg [9]. Employing the protostellar mass of 0.02 Mg, the ratio is calculated to be
0.04. Thus, the ratio in this source seems smaller than that in L1527 (0.2 [28]). This
result implies that the protostar is in its infant stage and is still growing, which was
later supported with further investigation [17]. Since the specific angular momentum
of the gas brought into the vicinity of the protostar is expected to be smaller at the
earlier stage in the protostar evolution, it would be a natural consequence that the
rotation signature is not evident in IRAS 15398—3359 in contrast to the case in
L1527 (Chap. 4), a more evolved Class I source.

In Fig.5.2, the H,CO emission shows a centrally concentrated distribution with
a single peak, whereas the CCH emission has a more flattened distribution. There-
fore, the H,CO emission is expected to trace the inner region than the CCH emis-
sion. A similar trend is also seen in L1527 [21]. It should be noted that Fig.5.10
shows a faint high-velocity component of H,CO (vi; < 4 km s7! or vy > 6 km
s~!) toward the protostellar position. If this faint emission is really the contribution
from a rotationally-supported disk, it means that a disk structure is already formed
at such a very early stage of the low-mass star-formation. With the upper limit for
the protostellar mass of 0.09 M, the maximum velocity shift about 3 km s~! in the
H,CO line corresponds to the radius of 10 au.

As demonstrated in this chapter, extensive studies of the disk/envelope structure
in a Class 0 source have now become possible with ALMA, and a chemical approach
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is helpful for such studies. This study reveals that the disk/envelope structure can be
traced with various molecular lines. Hence, the chemical evolution can be addressed
even in the disk-forming stage.
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Chapter 6 ®)
IRAS 16293-2422 Source A Gk

6.1 Introduction

In previous chapters, the analyses of the kinematic structures of the infalling-rotating
envelope and the outflow have been demonstrated in the two sources: L1527 (Chap. 4)
and IRAS 15398—3359 (Chap. 5). Both of them show the chemical characteristics of
warm carbon-chain chemistry (WCCC), and their envelope components are traced
by unsaturated carbon-chain and related molecules. In principle, the physics in the
infalling-rotating envelope model itself does not depend on the chemistry of the
source. Thus, another source with a chemical characteristics quite different from the
above sources is addressed in this chapter: a hot corino, IRAS 16293—2422 Source A.
The applicability of the infalling-rotating envelope model to this source is examined
regardless of the chemical characteristics.

IRAS 16293—-2422 is a well-known Class O protostellar binary source in Ophi-
uchus (d = 120 pc [17]), whose molecular gas distribution and dynamics, outflows,
and chemical composition have extensively been studied (e.g. [3, 4, 6, 7, 9-11,
15, 20, 24, 26, 27, 35, 36, 38, 40, 41]). L1527 is rich in unsaturated carbon-
chain molecules, whereas IRAS 162932422 is rich in saturated complex organic
molecules (COMs), such as HCOOCH3; and (CHj3),0 in the vicinity of the proto-
stars [4, 7, 18, 30, 35]. This characteristic chemical composition is known as hot
corino chemistry [4, 8]. Because of the proximity to the Sun and relatively bright
emission of COMs, this source has been subject to extensive astrochemical studies.
IRAS 16293—2422 consists of Source A and Source B, which are separated by 5”
[12]. The protostellar masses are reported to be ~1 M, for Source A and < 0.1 Mg
for Source B, and it is suggested that Source B rotates around Source A [4, 6]. Since
Source B has a disk/envelope component with an almost face-on configuration, its
rotation motion can scarcely be detected [30, 42]. Instead, inverse P-Cygni profiles
toward Source B are reported in COM lines, indicating that COMs reside in the gas

This chapter has been published in Oya et al., 2016, ApJ, 824, 88. © AAS. Reproduced with
permission.
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falling to the protostar. On the other hand, Source A shows a rotation signature [30].
[14] reported a clear spin-up feature toward the protostar in the C3*S (J =7 — 6)
emission observed with the SMA (Submillimeter Array) and the eSMA (Extended
Submillimeter Array) at a resolution of 0.”746 x 0.”29. They suggested two possibil-
ities as the origin of the rotation motion; a Keplerian disk and an infalling-rotating
envelope. Since a CS line is found to trace the infalling-rotating envelope in L1527
(Chap. 4), it is likely that the rotation signature found by [14] can be attributed to the
infalling-rotating envelope in IRAS 16293 —-2422 Source A. In this chapter, ALMA
archival data of other molecular lines observed toward IRAS 16293—2422 Source
A is analyzed to examine whether its infalling-rotating envelope and its centrifugal
barrier can be identified.

6.2 Observation Data

The archival data of IRAS 16293—-2422 observed in the ALMA Cycle 1 operation
are used in this chapter (Project code: 2012.1.00712.S). The analyzed molecular
lines are listed in Table 6.1. The 1.2 mm continuum and molecular line Images
were obtained by using the CLEAN algorithm. The details of the observations are
described in Appendix of this chapter. The continuum image was obtained by aver-
aging line-free channels. After subtracting the continuum component directly from
the visibilities, the line images were obtained. The beam sizes for the images are
listed in Table 6.1. The rms noise levels are 2.0, 2.0, 4.0, 1.8, and 2.0 mJy beam™!
for the 1.2 mm continuum, OCS, CH30H, HCOOCH3;, and H,CS images, respec-

Table 6.1 Parameters of the observed lines

Molecule Transition Frequency Eykg ! (K) S Mz a(D?) Beam Size
(GHz)
ocs? J=19-18 231.0609934 | 111 9.72 07.65 x 0”.51
(P.A. 85.°29)
CH;OHP 1lg11 — 250.5069800 | 153 10.6 07.60 x 0”.47
101,10; AT (P.A. 80.°34)
HCOOCH3 ¢ | 199,10 — 232.5972780 | 166 4.10 07.64 x 0”.51
193.11; E (P.A. 85.°78)
H,CS? 70.7 — 60.6 240.2668724 | 46 19.0 07.53 x 0".46
(P.A.73.°48)
H,CS? 725 —62.4 240.5490662 |99 17.5 07.53 x 0".46
(P.A. 73.°66)
H,CS? 744 — 643, 240.3321897 | 257 12.8,12.8 07.53 x 0".46
743 — 642 (P.A.73.°57)

#Nuclear spin degeneracy is not included
®Taken from CDMS [25]
¢Taken from JPL [29]
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tively, for a channel width of 122 kHz. The coordinates of the continuum peak
in Source A are derived by the two-dimensional Gaussian fitting: (2000, 62000) =
(16"32m2258713 £ 050012, —24°28'36.”5023 £ 0.”0111). This chapter addresses
only IRAS 16293—-2422 Source A to examine its kinematic structure and chemi-
cal differentiation occurring there, while Source B is addressed in Chap. 7.

6.3 Molecular Line Distribution

The ALMA data obtained toward IRAS 16293—2422 contain a number of spectral
lines of various molecular species including COMs. Among them, the molecular
lines with the most extended distributions are expected to be suitable to trace the
infalling-rotating envelope component suggested by the C3*S line observed with
the SMA and the eSMA [14]. The OCS (J = 19 — 18) line is found to be the best
for this purpose. Its integrated intensity map is shown in Fig. 6.1a. The size of the
OCS distribution deconvolved by the beam is derived to be (1.”7665 4= 0.”017) x
(1.7351 £0.”015) (P.A. 21°.2 £ 2°.2) in FWHM (full width at half maximum) by
the two-dimensional Gaussian fitting. As well, the deconvolved size of the C3*S
distribution analyzed by [14] is estimated to be 1.”6 by using the SMA/eSMA archival
data. Hence, the sizes of the OCS and C**S distributions are comparable to each
other, and thus, the OCS emission most likely traces the infalling-rotating envelope
as well as the C**S emission. In fact, this prediction is verified by investigating its
velocity structure in the following sections (Sects. 6.4.1 and 6.6.1). It should be
noted that the peak position of the C**S emission is offset from the dust continuum
peak position (submillimeter continuum source Aa reported by [12]) by 0.”52, while
such an offset is smaller for the OCS emission (0.”14). In contrast, the integrated
intensity maps of the CH;0H (110,11 — 10;,19; A*) and HCOOCH3; (199 19 — 195,113
E) lines (Fig. 6.1b, c) show more compact and centrally concentrated distributions
than the OCS and C3*S lines. Figure 6.1d—f show the integrated intensity maps
of the three lines of H,CS (7077 — 60,6; 72’5 — 62’4; 74,4 — 64,3/74’3 — 64,2). They
are also concentrated around the protostar. The sizes of the CH;OH, HCOOCH3;,
and H,CS (797 — 60,6) distributions deconvolved by the beam are obtained to be
(1.7042 £0.”018) x (0.”7862 = 0.”016) (P.A. 46°.4 £4°.5), (0.”728 £ 0.7023) x
(0.”371 £ 0.”7020) (P.A. 58°.5 £ 2°.5), and (0.”876 = 0.”011) x (0.”572 £ 0.”007)
(P.A.79°.3 £ 1°.1) in FWHM, respectively, by the two-dimensional Gaussian fitting.
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6.4 Velocity Structure

6.4.1 OCS

The velocity map (moment 1 map) of the OCS (J = 19 — 18) line is shown in
Fig. 6.2a. It reveals a rotation signature around the protostar in Source A; a clear
velocity gradient is found along the northeast-southwest direction. This feature is
consistent with that previously reported [14, 30, 31, 36]. Here, the systemic velocity
of 3.8 km s~! is employed for Source A, judging from the range of the systemic
velocity in the previous reports (3.6 — 3.9 km s~! [4, 14, 36]). To define along
which position angle (P.A.) the mid-plane of the disk/envelope system extends, the
peak positions of the most red-shifted (v, = 10.4 — 10.7 km s~1) and blue-shifted
(Vg = —2.8 — 3.1 km s~!) OCS emission are investigated. These two components
have its peak intensity at positions with slight offsets from the continuum peak
position, and they and the continuum peak are well on a common line. Thus, the P.A.
of the disk/envelope system is determined to be 65°+10° (Fig. 6.1a). Assuming the
outflow direction is almost perpendicular to it (i.e. 155°£10°), this result is consistent
with the previous report (P.A. 144° [14]).

Figure 6.3a, b show the position-velocity (PV) diagrams of the OCS (J = 19 —
18) line. Their position axes are taken along the mid-plane of the disk/envelope
system (hereafter ‘the envelope direction’) and perpendicular to it (hereafter ‘the
outflow direction’), which are represented in Fig. 6.1a. The PV diagram of OCS
prepared along the envelope direction (Fig. 6.3a) shows a clear spin-up feature toward
the protostar, while that along the outflow direction (Fig. 6.3b) shows a significant
velocity gradient. The OCS emission is highly concentrated to the protostar, and
thus, a contribution from outflows is unlikely. This velocity gradient is most likely
the contribution from an infall motion of the rotating envelope in the vicinity of the
protostar. Such a velocity gradient along the outflow direction is similar to that of the
infall motion observed in the CS emission toward L1527 (Chap. 4). Therefore, the
rotation motion found in the OCS emission is not Keplerian, but the gas has infall
motion at a 400 au scale in diameter, as schematically illustrated in Fig. 6.4.

6.4.2 CH30H and HCOOCHj3

The velocity map (moment 1 map) of the CH;0H (119 11 — 10y,19; A™) line is shown
in Fig. 6.2b, and it shows a clear velocity gradient around the protostar. Its PV
diagram prepared along the envelope direction (Fig. 6.3¢) also supports the rotation
signature, as in the case of the OCS line (Sect. 6.4.1). The CH3OH distribution is more
concentrated to the protostar than the OCS distribution, as described in Sect. 6.3.
On the contrary, the PV diagram of the CH3;OH line prepared along the outflow
direction (Fig. 6.3d) shows little velocity gradient unlike the OCS case (Fig. 6.3b).
This suggests less infall motion in the CH3OH emission than in the OCS emission.
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Fig. 6.3 Position-velocity diagrams of the OCS a, b, CH30H ¢, d, HCOOCHj3 e, f, and H,CS
(70,7 — 60,65 8, h) lines. Panels (a, c, e, g) are prepared along the envelope direction (P.A. 65°),
while the others are along the outflow direction (P.A. 155°). Their position axes are represented in
Fig. 6.1a. The first contour levels are at 200, 200, 100, and 100 and the level steps are 200, 200,
100, and 200 for the OCS, CH30H, HCOOCH3, and H,CS lines, where the rms noise levels are
2.0,4.0, 1.8, and 2.0 mJy beam™!, respectively
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Fig. 6.4 Schematic illustration of the geometrical structure in IRAS 162932422 Source A. Outer
envelope part in the left panel is expected to be resolved out in these ALMA observations. The
kinematic structure of the inner envelope component is analyzed with the infalling-rotating envelope
model in Sect. 6.5. At the most inner part inside the centrifugal barrier of the infalling-rotating
envelope, the Keplerian disk component is traced by H>CS (Fig. 6.3g, h). Its kinematic structure is
investigated in Sect. 6.5.3

It is consistent with that the CH3OH line has a more compact distribution and traces
an inner part of the infalling-rotating envelope than the OCS line, because the infall
velocity of the envelope gas decreases as the gas approaching to its centrifugal barrier
(Chap. 3). In Fig. 6.3c (the PV diagram along the envelope direction), the intensity
peaks of the CH3OH emission with blue-shifted and red-shifted velocities appear at
the positions with an angular offset of about +0.”5 and —0.”5, respectively. This
feature can be explained if the CH3;OH emission mainly comes from a ring-like
structure with a radius of about 0.”5 in the innermost part of the infalling-rotating
envelope.

As for the HCOOCH; (199,19 — 195115 E) line, its velocity map is shown in
Fig. 6.2¢c, while its PV diagrams are in Fig. 6.3e, f. Although HCOOCHj3; has a more
compact distribution concentrated to the protostar than CH3; OH, their overall velocity
structures are essentially similar to each other. In the PV diagrams prepared along
the envelope direction (Fig. 6.3c, e), the CH3OH line shows a slight extension on the
southwestern side of the protostar, while HCOOCH3; does not. No velocity gradient
is seen along the outflow direction in the HCOOCH; emission. This suggests an
absence of infall motion in the gas from which the HCOOCHj3; emission mainly
comes. This feature is similar to what seen in the SO emission observed toward
L1527 and TMC—1A [32-34].
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6.4.3 H>CS

Figure 6.3g, h show the PV diagrams of HyCS (797 — 69,6) prepared along the enve-
lope and outflow directions. In Fig. 6.5, they are also shown in contours superposed
on those of OCS, CH3OH, and HCOOCHj3. Fig. 6.1d—f shows the integrated inten-
sity maps of the HyCS (797 — 60,65 72.5 — 62,45 T4.4 — 64.3/743 — 642) lines, and they
shows compact distributions concentrated to the protostar as well as the CH3;OH and
HCOOCH; cases (Fig. 6.1b, c). However, the H,CS lines show much different fea-
tures from the CH3;OH and HCOOCHj lines in their PV diagrams (Fig. 6.5). First,
components with a large velocity dispersion are seen near the protostellar position
in the PV diagrams of the H,CS lines. As shown in Fig. 6.5a, b, the maximum
velocity-shift from the systemic velocity (3.8 km s!) is as large as 14 km s~! in
the H,CS lines, while that for the OCS line is the half (~7 km s~'). This large
velocity-dispersion components in H,CS may be the contribution of the Keplerian
disk component in the vicinity of the protostar. As well, the H,CS emission shows
weak emission coming from the envelope component in its PV diagram along the
envelope direction. This feature is unlike the CH3OH and HCOOCH]; cases, as shown
in Fig. 6.5¢c, e. Therefore, H,CS likely resides in both the infalling-rotating envelope
and the disk component inside its centrifugal barrier.

6.5 Infalling-Rotating Envelope Model

As described above, line emissions of different molecular species trace different
physical structures in IRAS 16293 —-2422 Source A. In this section, their distributions
and kinematic structures are analyzed by using a simple physical model (Chap. 3).
Although the envelope gas of IRAS 16293—2422 extends at a 3000 au scale with a
spherical configuration [9], only its innermost part at a 400 au scale is focused on in
this study, which shows the rotating motion of the inner envelope and the disk around
protostar (Fig. 6.4). In these observations, the outer envelope component is likely
resolved out as shown in the integrated intensity maps (Fig. 6.1). Hence, the compact
and flattened structure in the vicinity of the protostar is examined by comparing with
cylindrical models for an envelope and a disk.

6.5.1 OCS

The velocity structure of the OCS line (Fig. 6.3a, b) suggests the existence of an
infalling-rotating envelope around the dust continuum peak. Hence, it is analyzed
with a simple model of an infalling-rotating envelope (Chap. 3), which has been
applied to other low-mass protostellar sources (Chaps. 4, 5; TMC—1A [32]). There
are two major parameters to determine the velocity field in an infalling-rotating
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Fig. 6.5 PV diagrams of the OCS, CH3OH, HCOOCHj3 (color) and HyCS (70,7 — 6¢,6; black
contours) lines. Panels (a), (c¢), and (e) are prepared along the envelope direction (P.A. 65°), while
others are along the outflow direction (P.A. 155°). Contour levels are every 200 from 10c, where
the rms noise level is 2.0 mJy beam™!
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envelope; the protostellar mass (M) and the radius of the centrifugal barrier (rcp).
Besides, the infalling-rotating envelope model has additional parameters to account
for the observed PV diagrams; the inclination angle of the disk/envelope system,
its scale hight and/or flare angle, and its outer radius (R), as shown in Fig. 6.4 (see
Chap. 3). It should be noted that R does not represent the size of the envelope gas itself
but the apparent size of the distribution of an observed molecular emission. The model
images are convolved by the beam size for the observed OCS line (0.”65 x 0.”51;
P.A. 85.°29; Table 6.1) and the intrinsic line width of 1 km s~! considering possible
turbulent motions in the inner envelope.

Simulations of the PV diagrams of the OCS line are conducted with a wide range
of parameters. Figures 6.6 and 6.7 shows examples with various sets of M and rcg;
the former is for the PV diagram prepared along the envelope direction, and the
latter for that along the outflow direction. These figures demonstrate how sensitive
to M and rcp the simulated diagrams are. Considering both the PV diagrams along
two directions, the observation is reasonably reproduced by the model with M of
0.75 Mg and rcp of 50 au. Here, an inclination angle (i) of 60° (0° for a face-on
configuration) and the distance of 120 pc [17] are assumed. In fact, this result is
verified based on the root mean square (rms) of the residuals between the observed
and the simulated diagrams (Table 6.2); the rms value for the model with the above
parameters is confirmed to have almost the lowest rms value. It should be noted that
there is no statistical meaning in the rms values of the residuals shown in Table 6.2.
This is because a simple model is employed in this study to concentrate on the
velocity structure of the envelope gas, which does not consider various quantitative
effect, such as abundance variation, asymmetrical molecular distribution, optical
depth effects, and so on. Therefore, the statistical noise would be overwhelmed by
systematic errors caused by these assumption, which makes the chi-square analysis
difficult (see also Chap. 3). Nevertheless, it should be stressed that the basic velocity
structure observed in the OCS line is reasonably explained by this model, in spite
of its simplicity. Further comparisons for the observed and simulated PV diagrams
are performed to constrain the parameters for the model, including other parameters
(e.g. an inclination angle). Then, the reasonable range for the radius of the centrifugal
barrier is derived to be from 40 to 60 au. The outer radius of the distribution is obtained
to be 180 au for the OCS line. The results of the best model are shown in Fig. 6.8a,
b, superposed on the PV diagrams of the observed OCS line.

The protostellar mass (M) of the infalling-rotating envelope model is highly cor-
related with its inclination angle (7), whereas the radius of its centrifugal barrier
(rcp) is not. For an i ranging from 30° to 70°, an acceptable agreement is obtained
between the observed and modeled PV diagrams. M which reproduces the maximum
velocity-shift (4.5 km s~ 1) due to the rotation depends on i for a given rcg with the
following relation:

M 0.57( fcp )sin_zi. 6.1)
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Fig. 6.6 Results of infalling-rotating envelope models (contours) superposed on the PV diagram
of the OCS line (color). The position axes are taken along the envelope direction (P.A. 65°). The
models are calculated for various sets of parameter values; the protostellar mass (M) and the radius
of the centrifugal barrier (rcp) are varied as free parameters, assuming the inclination angle (i) of
60° and the outer radius (R) of 180 au. The intrinsic line width is assumed to be 1 km s~! with a
Gaussian profile. Contour levels are every 20% from 5% of the peak intensity in each panel. Dashed
contours around the central position in the panels for rcg of 30 and 50 au stand for the intensity dip

For instance, M is obtained to be 0.97 My and 0.64 M, for an i of 50° and 70°,
respectively, with rcg of 50 au. The region for M derived in this study is almost
consistent with M of ~1 M estimated by using the difference in the vj; between
Source A and Source B [4] or the velocity width of observed lines [6]. The evaluated
parameters also depends on the employed distance to IRAS 16293—2422 from the
Sun (d), where M and the rcg have relations with d as:
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Fig. 6.7 Same as Fig. 6.6, but the position axis is taken along the outflow direction (P.A. 155°)

Table 6.2 Root mean squares of the intensity difference between the observed and calculated
position-velocity diagrams of OCS?

Radius of the centrifugal barrier
Protostellar Mass 30 au 50 au 70 au
0.25 Mg 100 105 112
0.50 Mg 88 91 98
0.75 Mo 86 86 92
1.00 Mg 90 88 92
1.25 Mg 96 93 96

4In mJy beam™!
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Fig. 6.8 Modeled (contours) and observed (color) PV diagrams. The observed ones are the same
as those in Fig. 6.3. Blue contours represent the results of the infalling-rotating envelope models
with M of 0.75 Mg, rcg of 50 au, and i of 60°. The outer radii of the distribution (R) in the
models are different among the observed molecular lines; 180, 80, 55, and 150 au for the OCS,
CH3OH, HCOOCH3, and H,CS lines, respectively. Contour levels are every 20% from 5% of the
peak intensity in each panel. Dashed contour in panel (a) stand for the intensity dip toward the

central position
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d
M =0.57 My x sin~2i, (6.2)
120 pc

rcg = 50 au x

. 6.3
120 pc ©3)

Here, the apparent size of the centrifugal barrier (~ 0.”42 inradius) and the maximum
rotation velocity at the centrifugal barrier (4.5 km s~!) are employed. M and rcp are
recalculated to be 0.65 M and 57 au with d of 137 pc [28].

Figure 6.9 shows the PV diagrams of the OCS line prepared along various direc-
tions. The position axes pass the protostellar position, and they are taken for every
10° of the P.A.. Assuming the Keplerian rotation for the gas motion, the features of
the PV diagrams should change symmetrically to the outflow direction (P.A. 155°);
that is, the diagrams with P.A. of (155 — n)° and (155 + n)° shows symmetric fea-
tures. However, this is not the case of the observed OCS emission. Thus, the kine-
matic structure traced by the OCS line cannot be explained by the Keplerian motion,
but requires both rotation and infall motions. The infalling-rotating envelope model
results seem to basically reproduce the observed trend for various P.A.s, although
there are still some discrepancies in their detailed distributions. The discrepancies
between the model and observations would originate from the asymmetric molecular
distribution around the protostar seen in the integrated intensity map (Fig. 6.1a). For
instance, the extension of the gas distribution is narrowest with a P.A. of 125° in
the observation, while it is with 155° (outflow direction) in the model results. This
asymmetrical molecular distribution cause a discrepancy between the observation
and the model results larger around these P.A.s. In addition, the relative contribution
of the rotation and infall motions would cause the discrepancy. By projecting the
rotation and infall motions to the line of sight, they have almost opposite directions
for the P.A. from 75° to 145°, and their contributions for the velocity shift cancel out
each other. Thus, the PV diagrams for these P.A.s are sensitive to a small difference
of their relative contribution. This situation makes difficult to reproduce the observed
kinematic structure for these P.A.s.

As discussed above, the PV diagrams of the observed OCS emission cannot be
explained only by the Keplerian motion. In fact, this is confirmed in Fig. 6.10, where
the results of the Keplerian disk model are superposed on the observation results.
Although the PV diagram prepared along the envelope direction is reproduced to
some extent, the velocity gradient observed along the outflow direction cannot be
explained by the Keplerian motion. Nevertheless, the possibility that OCS also resides
in the Keplerian disk to some extent as well as the infalling-rotating envelope cannot
be ruled out, and it would contribute to the observed features in its PV diagrams.
Since this contribution is neglected in the above analysis with the infalling-rotating
envelope model, it may cause additional systematic errors.

In this model, the density profile is assumed to be proportional to »~!>, where
r denotes the distance to the protostar, and molecular abundances are assumed to
be constant for simplicity. The peak intensity of the OCS line is ~ 0.7 Jy beam™!
for the blue-shifted velocity component. This intensity corresponds to the brightness

1
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Fig. 6.9 PV diagrams of the OCS (J = 19 — 18; color) and the results of the infalling-rotating
envelope model (blue contours). The position axes are taken along the lines passing through the
protostellar position with various P.A.s, which are taken for every 10° from the envelope direction
(65°). Blue contours represent the results of the infalling-rotating envelope model with M of 0.75
Mg, rcp of 50 au, i of 60°, and R of 180 au, where the intrinsic line width of 1 km s~ is assumed.
Contour levels are every 20% from 5% of the peak intensity in each panel. Dashed contours in
panels ‘P.A. 65°°, ‘P.A. 75°°, ‘P.A. 85°’, ‘P.A. 95°’, and ‘P.A. 105°’ stand for the intensity dip
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Fig. 6.10 PV diagrams of the OCS (J = 19 — 18; color) and the model results with the Keplerian
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in each panel

Table 6.3 Gas kinetic temperature derived from the H,CS lines?
Transitions | Red-shifted component Blue-shifted component
Envelope® |CB¢ Diskd Envelope® | CB¢ Diskd
To,7 — 60,6 |70 — 110 110 — 140 |70 —90 70 — 110 100 — 130 |70 —120
and
72,5 — 62,4
70,7 — 60,6 |90 — 120 130 — 160 | 120 — 140 |80 —110 130 — 150 | > 190
and 74 — 64
4In K. The gas kinetic temperatures are derived by using RADEX code [37]. The assumed ranges
for the H, density and the column density of HyCS are from 107 to 10° cm™3 and from 10'3 to
10" cm—2, respectively. See footnotes of Fig. 6.14 for the error estimation
bInfalling-rotating envelope. The velocity-shift range for the integration is from 41.0 to 4.0 km
-1
S
°Centrifugal barrier. The velocity-shift range for the integration is from 42.0 to 5.0 km s~!

dKeplerian disk component. The velocity-shift range for the integration is from £5.0 to +7.3 km
—1
s

temperature of 50 K, which is lower enough than the gas kinetic temperature about
100 K derived below (see Sect. 6.6.3 and Table 6.3). Since the excitation temperature
is close to the gas kinetic temperature in the hot and dense part, this line can be
assumed to be optically thin. In these observations, the OCS line is intensest, and
hence, the other molecular lines are most likely to be optically thin. In order to assess
how this assumption affects the results, the model calculations with density profiles
of r* and r =23 are conducted. These profiles may partly account for the effect of the
optical depth, the excitation effect, and the temperature gradient effect in an effective

way. However, it is found that the model results of the PV diagrams do not change
significantly.
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Finally, it should be noted that the infalling-rotating envelope model can also
explain the essential part of the PV diagrams of the C**S line prepared along the
envelope direction observed with the SMA and the eSMA [14], by using M and rcg
derived in the OCS analysis.

6.5.2 CH30H and HCOOCHj3

As well as the OCS line, the PV diagrams of the CH;OH and HCOOCHj; lines
are compared with the model results (Fig. 6.8c—f). The infalling-rotating envelope
models for these two molecular species have the parameter values as the same as
those derived from the OCS analysis (Sect. 6.5.1), where M is 0.75 Mg, rcp is 50
au, and i is 60 au, except for R. The model images are convolved by an intrinsic
line width of 1 km s~' and the beam size for each observed line (Table 6.1). The
observed CH3;OH and HCOOCHj; lines have compact distributions, as mentioned in
Sect. 6.3; their sizes deconvolved by the beam are obtained to be (130 au x 100 au)
and (90 au x 40 au) in FWHM, respectively, by the two-dimensional Gaussian fitting.
Considering these results, R of the infalling-rotating envelope models for the CH;OH
and HCOOCHj3 lines are set to be 80 au and 55 au, respectively. The value for the
HCOOCHj3 line just assumes that HCOOCH3 mostly resides in a ring-like structure at
the centrifugal barrier. The observed PV diagrams are reasonably reproduced by the
infalling-rotating envelope models with small outer radii (Fig. 6.8c—f). More detailed
comparisons are shown in Figs. 6.11 and 6.12, where the PV diagrams for every 10° of
aP.A. are shown. The model results reasonably reproduces the observations, although
some discrepancies are found between the observations and the model results, such
as the absence of high velocity-shift components in the observed HCOOCH3 line.
Hence, the observed CH3OH and HCOOCH]; lines likely have emitting regions with
ring-like structures around the centrifugal barrier. Such distributions of CH;OH and
HCOOCHj3; are similar to the SO ring around the protostar in L1527 [33, 34]. R for
the CH3OH line (80 au) is close to the centrifugal radius, which is the twice rcg,
possibly by chance, where the centrifugal force balances with the gravitational force.

6.5.3 H>CS

In Fig. 6.13, the model results are overlaid on the PV diagrams of the observed three
lines of HyCS (70,7 — 60.6; 72,5 — 62,45 Ta.4 — 64.3/74.3 — 642). Again, the parameters
derived from the OCS analysis are employed for the model (M = 0.75 Mg, rcg = 50
au, and i = 60°; Sect. 6.5.1), except for R of 150 au for the H,CS lines. The model
images are convolved by an intrinsic line width of 1 km s~! and the beam size for
H,CS (79,7 — 60,6) shown in Table 6.1. Focusing on the envelope component outside
the centrifugal barrier, the infalling-rotating envelope model seems to reasonably
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Fig. 6.11 PV diagrams of the CH30H (119,11 — 101,19; A™; color) line and the results of the
infalling-rotating envelope model (blue contours). Position axes are the same as those in Fig. 6.9.
Blue contours represent the results of the infalling-rotating envelope model with M of 0.75 M, rc
of 50 au, i of 60°, and R of 80 au, where the intrinsic line width of 1 km s~! is assumed. Contour
levels are every 20% from 5% of the peak intensity in each panel. Dashed contours in panel ‘P.A.
105°” stand for the intensity dip
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Fig. 6.12 PV diagrams of the HCOOCH3 (199,10 — 19g,11; E; color) line and the results of the
infalling-rotating envelope model (blue contours). Position axes are the same as those in Fig. 6.9.
Blue contours represent the results of the infalling-rotating envelope model with M of 0.75 Mg,
rcg of 50 au, i of 60°, and R of 55 au, where the intrinsic line width of 1 km s~! is assumed.
Contour levels are every 20% from 5% of the peak intensity in each panel
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Fig. 6.13 PV diagrams of the three lines Oszcs (7077 — 60,6; 72,5 — 62,4; 74,4 — 64,3/74,3 — 64,2)
and the model results (contours). Position axes are taken along the envelope direction (P.A. 65°)
and the outflow direction (P.A. 155°). Blue contours represent the results of the infalling-rotating
envelope model with M of 0.75 M, rcg of 50 au, i of 60°, and R of 150 au, where the intrinsic line
width of 1 km s~! is assumed. Black contours in panels (a) and (b) represent the model results with
the Keplerian motion within the centrifugal barrier, where M is 0.75 M and i is 60°. Contour levels
for each model are every 20% from 5% of its peak intensity in each panel. The HyCS (744 — 64,3
and 74,3 — 642) line is contaminated by the CoHsCN (281 28 — 271,27; 240.3193373 GHz) line in
panels (e) and (f)
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reproduce the observation, although the distribution of the HyCS (744 — 64,3/743 —
64,) line tends to be less extended than the other two H,CS lines as like as the
CH3;0OH and HCOOCHj5; cases.

On the other hand, the observed emission apparently shows a large velocity-
dispersion near the protostar, which is not explained by the infalling-rotating envelope
model. These broad-velocity components are likely attributed to the Keplerian disk
component in the vicinity of the protostar. Therefore, the model calculations with
the Keplerian motion are performed. The results are shown in Fig. 6.13a, b overlaid
on the observed HyCS (70,7 — 6¢,6) emission, where M and i derived from the OCS
analysis are employed (0.75 M, 60°; Sect. 6.5.1). Here, R of the Keplerian disk is
assumed to be equal to the radius of the centrifugal barrier (50 au). The model results
well explain the broad-velocity components, which strongly supports the existence
of the Keplerian disk structure within the centrifugal barrier.

6.6 Discussion

6.6.1 Infalling-Rotating Envelope and Its Centrifugal Barrier

The above results most likely suggest the existence of the infalling-rotating enve-
lope and indicate its centrifugal barrier in the prototypical hot corino source IRAS
16293—-2422 Source A. The kinematic structures traced by the OCS, CH3;0H,
HCOOCH3, and H,CS lines are reasonably reproduced by the simple ballistic model
of an infalling-rotating envelope (Figs. 6.8, 6.9, 6.11—6.13), although the existence
of its centrifugal barrier is not so clear as the L1527 case (Chap. 3; [34]) due to
the contamination by the Keplerian disk component. Nevertheless, its radius can be
estimated by using the ballistic model. For the identification of the centrifugal barrier
in this source, the OCS emission is found to be useful. Although L1527 and IRAS
162932422 are quite different from each other in the chemical composition, the
physical/kinematic structures in these sources are found to be similar. Therefore, an
infalling-rotating envelope and its centrifugal barrier would be a common occurrence
in young low-mass protostellar sources regardless of their chemical characteristics.

On the other hand, the radius of a centrifugal barrier is different among sources
(Chaps. 3-5; [32]). Its empirical range is from a few tens au to 100 au in radius. This
variation is discussed in Chapter 10. Therefore, statistical studies for the radius of a
centrifugal barrier for a number of young protostellar sources are interesting. It will
provide us with rich information regarding the formation process of protoplanetary
disks and their diversity.



6.6 Discussion 111

6.6.2 Origin of the Chemical Change Around the Centrifugal
Barrier

In the above analysis, the chemical differentiation is found in the closest vicinity
of the protostar in the hot corino source IRAS 16293 —-2422 Source A. A chemical
change is likely occurring around the centrifugal barrier, probably between it and the
centrifugal radius. This feature is similar to the case of the WCCC sources L1527 and
TMC—1A (Chap. 4; [32]). InIRAS 16293 —-2422 Source A, the OCS emission mainly
traces the infalling-rotating envelope up to the radius of 180 au, while the CH;0H
and HCOOCH; emissions are concentrated to the centrifugal barrier. Meanwhile,
the H,CS emissions trace both the infalling-rotating envelope and the Keplerian disk
component within it.

The OCS emission has been detected toward hot cores and hot corinos so far
[2, 3, 6]. IRAS 16293—2422 is known to be rich in OCS, because even the high-
excitation lines of its isotopologues (OC**S and O'3CS) are detected by single-dish
observations [3, 6]. According to the jump-model analysis by [35], OCS has the
fractional abundance as high as 1077 relative to H,. However, its production processes
are not well understood. The gas phase production (CS + OH, SO + CH) as well as
the solid phase production are proposed [19, 39]. From the surface binding energy of
2888 K (UMIST database for astrochemistry [22]; http://udfa.ajmarkwick.net/index.
php), the evaporation temperature of OCS is evaluated to be ~50 K (see Appendix A).
This temperature is lower than the gas temperature of the infalling-rotating envelope
derived from the multiple line analysis of H,CS below, and thus, the contribution of
the liberation of OCS from dust grains cannot be ruled out for its distribution in the
infalling-rotating envelope.

On the other hand, the CH3;0OH and HCOOCH3; emission have the compact dis-
tribution concentrated to the centrifugal barrier possibly with ring-like structures.
It suggests that they would be liberated from ice mantles to the gas phase due to
weak accretion shocks expected around the centrifugal barrier [23]. This situation is
similar to the SO distribution in the WCCC sources L1527 and TMC—1A [32-34].
Alternatively, CH3OH and HCOOCHj3; would be thermally evaporated by protostellar
heating in the vicinity of the protostar. Their evaporation radii could be just outside
the centrifugal barrier by chance; in this case, their observed distributions can be
explained. The luminosity of IRAS 162932422 is as high as 22 L [13], and thus
the evaporation region of CH3;OH would extend outward of the centrifugal barrier.
The gas kinetic temperature at the radius of 50 au is estimated to be as high as 130
K according to the spherical model reported by [13], and R of the infalling-rotating
envelope model for CH3;OH (80 au) coincides with the radius of the water subli-
mation (2 100 K). Therefore, thermal evaporation of CH;0OH and HCOOCH; may
cause enhancements in their emission.
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6.6.3 Gas Kinetic Temperatures of HyCS

In order to assess the above two possibilities, the gas kinetic temperatures are derived
by using the three lines of H,CS (70] — 60!(,; Tr5 — 62!4; Ta4 — 64q3/74!3 — 64,2).
These transitions can be used as a good thermometer, because the cross K-ladder
radiative transitions (i.e. K, =2 — 0) are very slow. The results are summarized in
Table 6.3, which are evaluated by the method described below.

Since H,CS is distributed from the infalling-rotating envelope to the Keplerian
disk component, the gas kinetic temperatures are derived in the infalling-rotating
envelope component, at the centrifugal barrier, and in the Keplerian disks based on
the integrated intensity ratios between the three H,CS lines. The integrated intensities
are obtained in circular areas with a diameter of 0.”5, which are centered at the
positions with certain offsets from the continuum peak position along the envelope
direction (Fig. 6.1a). Offsets of 0.”0, 0.”5, and 1.”5 are employed for the envelope
component, the centrifugal barrier, and the Keplerian disk component, respectively.
The diameter of 0.”5 is taken to be comparable to the bean sizes in the observation.
The velocity-shift range for the integration is from £1.0 to +4.0 km s~!, from 2.0
to +5.0 km s~!, and from 5.0 to +7.3 km s~', for the envelope component, the
centrifugal barrier, and the Keplerian disk component, respectively. It should be
noted that the systemic velocity component is excluded from this analysis to avoid
the self-absorption effect. For the Keplerian disk component, only the emission with
a velocity-shift higher than the maximum rotation velocity in the infalling-rotating
envelope is used to exclude the contamination by the envelope component.

The integrated intensity ratios between the observed H,CS lines are compared
with those calculated by using RADEX code [37] (Fig. 6.14). In the calculation
with the RADEX code, the H, density is assumed to be from 107 to 10° cm™3. The
column density of H,CS is assumed to be from 10'3 to 10" cm~2, which is consistent
with the previous report (3.7 x 10'3 cm™2 [3]) considering the beam filling factor
in their observation. In Fig. 6.14, the gas kinetic temperatures are calculated for the
various intensity ratios of the H,CS lines as a function of the H; densities (Fig. 6.14a)
and the column densities of HyCS (Fig. 6.14b). Within the above ranges for the H,
density and the column density of H,CS, the gas kinetic temperature barely depends
on these parameters. Hence, the gas kinetic temperature can be well evaluated from
the observed intensity ratios regardless of the other parameters. The gas kinetic
temperatures thus evaluated are summarized in Table 6.3.

The derived gas kinetic temperatures are almost consistent with the temperature
at a 50 au scale in the spherical model by [13]. Meanwhile, they are higher than the
rotation temperatures of HyCS (60 K) and SO, (95 K) derived from the single-dish
data [3]. Moreover, the gas kinetic temperatures derived from the HyCS (797 — 69,6;
725 — 62.4) lines seem to increase at the centrifugal barrier. As well, that derived
from the H,CS (797 — 60,65 74.4 — 64.3/743 — 64 ) lines shows a similar trend of
the enhanced temperature at the centrifugal barrier for the red-shifted components,
although that derived for the blue-shifted components has a higher temperature in
the Keplerian disk component than at the centrifugal barrier. These results suggest
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Fig. 6.14 An example of evaluation of the gas kinetic temperature by using the integrated intensity
ratios of the HoCS (72,5 — 62,45 744 — 643 and 743 — 642) lines relative to the HoCS (79,7 —
60.6) line. Solid and dashed lines represent the gas kinetic temperature for a given ratio of 75 5 —
62,4/70,7 — 60,6 and (74,4 — 64,3 and 743 — 64,2)/70,7 — 60,6, respectively, as a function of the H»
density a and the HCS column density b calculated by using RADEX code [37]. As demonstrations,
the column density of HoCS is fixed to be 10 cm~2 in panel (a), while the H, density is to
be 108 cm™3 in panel (b). Solid blue and dashed red lines represent the observed results of the
72,5 — 62,4/70,7 — 60,6 and (74,4 — 64,3 and 74 3 — 64,2)/70,7 — 60,6 ratio, respectively, whose error
ranges (30') are shown by the blue-colored and red-colored areas. Only the results for the red-shifted
components, in the infalling-rotating envelope is shown here as examples, while the results for the
other components are summarized in Table 6.3. Error ranges are estimated only from the statistical
error and do not contain the calibration error, which is expected to be almost canceled out in the
integrated intensity ratios

a higher gas kinetic temperature at the centrifugal barrier than in the other compo-
nents. If the dust temperature is enhanced at the centrifugal barrier as well as the
gas kinetic temperature, the enhancement of CH;OH and HCOOCHj3; abundances
around the centrifugal barrier would be expected. Moreover, these species will be
depleted onto dust grains in the mid-plane of the Keplerian disk, if the dust/gas tem-
peratures are as low as (70 — 90) K there. This mechanism may account for why
the CH3;OH and HCOOCH; emissions observed in the Keplerian disk are not as
intense as at the centrifugal barrier, i.e. they come from ring-like structures around
the centrifugal barrier. On the other hand, the deficiency of OCS and C**S in the
Keplerian disk component is puzzling in this context, because their binding energies
(2888 K for OCS; 1900 K for CS) are comparable to that of H,CS (2700 K) (UMIST
database for astrochemistry [22]; http://udfa.ajmarkwick.net/index.php). Therefore,
gas-phase destruction mechanisms of OCS and CS should be considered carefully
in the disk component.
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The temperature analysis described above supports an accretion shock for liber-
ation of organic molecules at the centrifugal barrier. Alternatively, the protostellar
heating combined with the geometrical effect may raise the gas/dust temperature.
The envelope gas would be extended perpendicular to its mid-plane if the infall gas
is stagnated near the centrifugal barrier, resulting in a large scale height there. If this
is the case, the protostar can directly heats this component without shielding by the
Keplerian disk, and thus, the gas kinetic temperature can be higher near the cen-
trifugal barrier than other components. Discrimination of the above two possibilities
is left for future studies, since the currently available data has insufficient spatial
resolutions to investigate the vertical structure of the envelope.

6.6.4 Abundance of HCOOCH3 Relative to CH30OH

Judging from Fig. 6.8c—f, CH;0H and HCOOCH3; mainly reside in the envelope
component and/or around the centrifugal barrier. As well, they would partly exist in
the Keplerian disk. Thus, to evaluate their column densities, it is required to assess
the contribution from each component securely. Therefore, their column densities
are derived from their integrated intensities with limited velocity ranges, as the H,CS
analysis (Sect. 6.6.3). It should be noted that the derived column densities are not
the total ones, and thus do not have quantitative meanings by themselves. Never-
theless, the abundance ratios between CH;OH and HCOOCHj are still meaningful
for mutual comparison. Table 6.4 shows the derived HCOOCH;/CH;OH abundance
ratio for each component. In the evaluation of the column densities, the LTE (local
thermodynamic equilibrium) approximation is employed. The rotation temperatures
of 100 K, 130 K, and 100 K is assumed for the envelope, the centrifugal barrier, and
the Keplerian disk component, respectively, based on the gas kinetic temperatures
derived from the HyCS (70,7 — 6¢.6; 72,5 — 62,4) lines (Table 6.3).

If the CH30H emission is assumed to be optically thin, the HCOOCH;3/CH3;0H
abundance ratio is found to be as high as unity or even higher, except for the red-

Table 6.4 HCOOCH3/CH30H Column Density Ratios?

Red-shifted component Blue-shifted component
Envelope® |CB¢ Diskd Envelope® | CB¢ Disk?
Ratio 08+05 |424+03 |87+13 |27+12 |49+£03 |89+12

2Quoted errors represent 3o, where o is derived from the statistical error

bInfalling-rotating envelope. The velocity-shift range for the integration is from #1.0 to +4.0 km
s~1. The rotational temperature is assumed to be 100 K (Table 6.3)

°Centrifugal barrier. The velocity-shift range for the integration is from £2.0 to 5.0 km s~!. The
rotational temperature is assumed to be 130 K (Table 6.3)

dKeplerian disk component. The velocity-shift range for the integration is from £5.0 to 7.3 km
s~!. The rotational temperature is assumed to be 100 K (Table 6.3)
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shifted component of the envelope. Such a high ratio is consistent with the previous
report [5]. More importantly, the ratio likely increases from the envelope to the Kep-
lerian disk component. This trend is commonly seen in both the red-shifted and
blue-shifted components. It cannot simply be attributed to the evaporation process,
because CH30H (4930 K) and HCOOCH3; (4000 K) have almost comparable surface
binding energies (UMIST database for astrochemistry [22]; http://udfa.ajmarkwick.
net/index.php). Thus, this result may suggest that the chemical composition of grain
mantles is processed to enhance HCOOCH3 as grains pass across the centrifugal bar-
rier. Alternatively, HCOOCH3; may be formed in the gas phase around the centrifugal
barrier and inside it [1].

6.7 Summary of This Chapter

In this chapter, the OCS, CH;OH, HCOOCHj3;, and H,CS emissions observed toward
IRAS 16293—2422 Source A are analyzed. The observations were carried out with
ALMA during its Cycle 1 period at a sub-arcsecond resolution (~ 0.”6 x 0.”5).
Major findings are summarized below.

(1) The molecular distributions are different among molecular species (Fig. 6.3).
OCS is detected in the envelope, while CH;0OH and HCOOCH3; are enhanced
near the centrifugal barrier. Meanwhile, H,CS resides in both the envelope and
the Keplerian disk component.

(2) The infalling-rotating envelope model successfully reproduce the kinematic
structure traced by the OCS emission (Fig. 6.9). Reasonable parameters for the
model are the protostellar mass (M) of 0.75 M, and the radius of the centrifugal
barrier of 50 au, assuming the inclination angle (i) of 60° (0° for a face-on
configuration) and the distance of 120 pc to the Sun [17].

(3) The compact distributions of CH30H and HCOOCHj; concentrated around the
centrifugal barrier can be attributed to their liberation by weak accretion shocks
in front of the centrifugal barrier and/or by protostellar heating (Figs. 6.11, 6.12).

(4) As well as the infalling-rotating envelope component, the H,CS emission
shows high velocity-shift components concentrated toward the protostar posi-
tion (Fig. 6.5), which seem to trace the Keplerian disk component. In fact,
the kinematic structures of these components can be explained by using the
disk model with the Keplerian motion; the parameters for the model are the
same as those for the OCS analysis (M of 0.75 My; i of 60°; Fig. 6.13).
Based on the integrated intensities of the three lines of H,CS (707 — 60.6;
725 — 6245 Ta4a — 643/743 — 642), the gas kinetic temperatures are evaluated
for the infalling-rotating envelope, the centrifugal barrier, and the Keplerian
disk component (Table 6.3). There is a hint that the gas kinetic temperature is
locally enhanced near the centrifugal barrier.
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(5) The HCOOCH3/CH;OH abundance ratios are evaluated for the infalling-rotating
envelope, the centrifugal barrier, and the Keplerian disk component (Table 6.4).
They are found to be as high as unity or even higher. More interestingly, the ratio
tends to increase from the envelope to the Keplerian disk.

(6) A drastic chemical change is thus found to be occurring across the centrifugal
barrier.

The above results indicate that the centrifugal barrier plays a crucial role in hot
corino chemistry. Considering that the existence of centrifugal barriers has been
reported for the WCCC sources (Chapter 4; [32-34]), it seems to be a common
occurrence in low-mass protostellar sources regardless of their chemical character-
1stics.

Appendix: ALMA Data

The ALMA observations toward IRAS 162932422 were carried out during its Cycle
1 operations [16] on 22 May 2014, 14 June 2014, and 25 April 2014 for the frequency
ranges from 230 to 250 GHz (higher frequency setting), from 220 to 240 GHz (lower
frequency setting), and both of them, respectively. Spectral lines of OCS, CH;O0H,
HCOOCH3, and H,CS were observed with the Band 6 receiver at a frequency of 230,
250, 230, and 240 GHz, respectively. The number of antennas used in the observa-
tions are from 42 to 44. The baseline length ranges from 17.14 to 636.53 m and from
19.58 to 628.65 m for the observations with the higher and lower frequency settings,
respectively. The field center of the observations was (2000, §2000) = (16"32m225.72,
—24°28'34.”3). The primary beams (half-power beam width) are 24.”26 and 25.”06
for the observations with the higher and lower frequency settings, respectively. The
total on-source time were 51 minutes and 50 minutes for the higher and lower fre-
quency settings, with typical system temperatures of 200 — 300 K and 50 — 100 K,
respectively. The backend correlator was tuned to a resolution of 122 kHz, corre-
sponding to the velocity resolution of 0.15 km s~! at 240 GHz, and a bandwidth of
468.750 MHz. The phase calibration was performed with J1626—2951,J1700—2610
orJ1625—2527 for every 8 minutes, and the bandpass calibration was with the quasars
J1733—-1304, J1700—2610, and J1517—2422. The absolute flux density scale was
derived from Titan. The data calibration was performed in the antenna-based man-
ner, and the uncertainties in the observed intensities are expected to be less than
10% (ALMA Cycle 1 Technical Handbook [21]). The Brigg’s weighting with the
robustness parameter of 0.5 was employed to obtain the images of the continuum
and the spectral lines. In this analysis, the self-calibration was not applied.
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Chapter 7 )
IRAS 16293-2422 Source B Gk

7.1 Introduction

The existence of the infalling-rotating envelope and its centrifugal barrier have been
confirmed in a prototypical hot corino source IRAS 16293 —2422 Source A by analyz-
ing its kinematic structure in the vicinity of the protostar (Chap. 6). Moreover, a dras-
tic chemical change was found across the centrifugal barrier in this source; different
molecular species trace different parts of the disk/envelope system. In Chaps. 4—6,
sources with nearly edge-on configurations were investigated. Such chemical diag-
nostics will be a powerful tool to disentangle the infalling-rotating envelope and
the Keplerian disk component even for sources with a face-on configuration, where
the kinematic structure is difficult to be detected. Therefore, a similar analysis to
the face-on source IRAS 16293—-2422 Source B is conducted in this chapter. The
usability of the chemical diagnostics is demonstrated, and it is confirmed whether
the chemical change found in IRAS 16293—-2422 Source A is seen in another hot
corino source IRAS 16293—2422 Source B.

IRAS 16293—-2422 Source B is one component of the binary system of IRAS
16293—-2422 (d = 120 pc [8]) as well as IRAS 16293 —-2422 Source A, which have
been investigated in Chap. 6. It is known to be rich in complex organic molecules
(COMs) aswell as Source A (e.g. [1, 5-7, 9, 15]). The disk/envelope system of Source
B is reported to be nearly face-on, whereas Source A has a nearly edge-on geometry
(Chap. 6; e.g. [15, 20]). Thus, observed line widths of molecular line emissions are
narrower toward Source B than toward Source A. Furthermore, an inverse P-Cygni
profile is reported toward Source B (e.g. [7, 15]), implying that there is infalling ambi-
ent gas in front of the protostar along the line of sight. In this chapter, the molecular
distributions and the kinetic structures in this source are analyzed at a subarcsecond
resolution, and the results are compared with those for Source A (Chap. 6).

This chapter has been published in Oya et al., 2018, ApJ, 854, 96. © AAS. Reproduced with
permission.
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7.2 Observation

The analysis described in this chapter is based on the ALMA Cycle 1 archival
data toward IRAS 16293—2422 used in Chap. 6 (see Appendix in Chap. 6 for the
details). Spectral lines of OCS (J = 19 — 18), CH;0H (5, 5 — 4;.4; AT), HCOOCH;
(203,17 — 193,16; A),and HyCS (70,7 — 60,65 72,5 — 602,45 74,4 — 643,743 — 64) inthe
frequency range of 230 — 250 GHz were observed with the Band 6 receiver. As well,
the ALMA Cycle 3 data is analyzed, which were carried out on 5 March 2016. The
spectral line of SiO (J = 6 — 5;260.518 GHz) was observed with the Band 6 receiver.
41 antennas were used in this observation, where the baseline length ranged from
17 to 636 m. The phase center of the observation was (c2000, 82000) = (16"32M22587,
—24°28'36/3), and the primary beam width (FWHM) is 25”. The total on-source
time was 16.38 minutes with typical system temperature ranging from 60 to 140
K. The backend correlator was tuned to a resolution of 122 kHz, corresponding to
the velocity resolution of 0.14 km s~! at 260 GHz, and a bandwidth of 58.6 MHz.
The phase calibration was performed with J1625—2527 for every 7 minutes, and the
bandpass calibration was with the quasar J1427—4206. The absolute flux density
scale was derived from Titan. The data calibration was performed in the antenna-
based manner, and the uncertainties of the observed intensities are expected to be
less than 10% [16].

The spectral lines of OCS (J = 19 — 18), CH;0H (5, 5 — 41 4; A1), HCOOCH;
(203,17 — 193,16 A), HoCS (70,7 — 60,65 T2,5 — 62,45 Ta4 — 043, 743 — 642), and SiO
(J = 6 —5) are analyzed. Their rest frequencies, upper state energies, and intrinsic
line strengths are summarized in Table 7.1. To obtain the continuum and spectral line
images, the Brigg’s weighting with the robustness parameter of 0.5 was employed.
For the ALMA Cycle 1 data, self-calibration was applied by using the continuum
emission. Self-calibration was 