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1.1.2: Integrated intensity maps of the SO (Jy =
29 — 11; contours) line overlaid on the 1.3 mm con-
tinuum map (gray scale) observed with ALMA. The
sold contours represent the red-shifted component,
while the dotted contours the blue-shifted one. The
SO emission traces the northwest-southeast (NW-
SE) outflow lobes.

western sides of the outflow are blue-shifted and
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red-shifted, respectively, likely due to the rotating

motion around the outflow axis.
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1.1.3: Schematic picture of the molecular dis-
tributions around IRAS 15398-3359. A structure
along the top right to bottom left is a past outflow
from TRAS 15398-3359 found in this study.
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1.1.4: The fourth Power model and the conven-
tional parabolic model of the L483 outflow. A hor-
izontal axis represents the distance from the proto-
star along the outflow axis, while a vertical axis the

radius of the outflow at a given distance.
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1.1.5: Spectral energy distribution (SED) of
NGC 2264 CMM3A (upper panel) and CMM3B

(lower panel).
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1.1.6: The ALMA image of the SO distribution
around the protostar of Elias 29. A parabolic fea-
ture represents an outflow cavity, which interacts
with the southern ridge component. This interac-
tion is verified by a complex velocity structure of

the ridge.
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1.1.7: Correlation coefficients derived by the
principal component analysis for the cube data ob-
served toward L483. (a) Correlation coefficients of
molecular lines with the first principal component
(PC1). (b) Those with the second principal com-
ponent (PC2).

<$R>

(5 )

[1] Okoda, Y., Oya, Y., Sakai, N., Watanabe, Y.,
& Yamamoto, S., “Molecular Distributions of

the Protostellar Envelope and the Outflow of
IRAS 15398-3359: Principal Component Analy-
sis”, ApJ, 900, 40 (2020)

[2] Ebisawa, Y., Sakai, N., Menten, K.M., Oya, Y.,
& Yamamoto, S., “Temperature Structure of the



N

1.1. AR E

1. 7% A

Pipe Nebula Studied by the Intensity Anomaly of
the OH 18cm Transition”. ApJ, 904, 136 (2020)

[3] Oya, Y. & Yamamoto, S., “Substructures in the
Disk-Forming Region of the Class 0 Low-Mass Pro-
tostellar Source IRAS 16293—2422 Source A on a
10 au Scale”, The Astrophysical Journal, 904, 185
(2020).

[4] Okoda, Y., Oya, Y., Francis, L., Johnstone, D., In-
utsuka, S., Yamamoto, S., & FAUST team mem-
bers, “FAUST II. Discovery of a Secondary Outow
in TRAS15398-3359: Variability in Outow Direc-
tion during the Earliest Stage of Star Formation?”,
AplJ, 910, 11 (2021)

(LRI C)

[5] LR, TALMA I & 2 FiREE R KA NGC 2264
CMM3 DAL - PIEREE DRSS (L)

<sfiEE>
(EIBE2H%)
R (J8RE 7 = b I (1)

[6] Oya, Y., “Temperature Structure of the Pipe Neb-
ula Studied by the Intensity Anomaly of the OH
18 cm 7, The Early Phase of Star Formation 2020,
July 12-17, 2020, Germany (Canceled)

[7] Okoda, Y, Oya, Y., Sakai, N., Watanabe, Y., &
Yamamoto, S., “Chemical and Physical Structures
around the Very Low Mass Protostellar Source
TRAS 15398-3359”, The Early Phase. of Star For-
mation 2020, July 12-17, 2020, Germany (Can-
celed)

[8] Oya, Y., “Circummultiple/circumstellar Struc-
tures and Outflow near its Launching Point: the
IRAS 16293-2422 Source A Case”, Five years after
HL Tau: a new era in planet formation, December
7-11, 2020, Online

[9] Okoda, Y., Oya, Y., Francis, L., Johnstone, D., In-
utsuka, S., Yamamoto, S., & FAUST team mem-
bers, “Dynamic Structure around the Protostar
with a Key to Disk Formation”, Five years after
HL Tau: a new era in planet formation, Virtual
conference, Dec 7—11,2020, Online

[10] Oya, Y., “Circummultiple/Circumstellar Struc-
tures and Outflow near its Origin Point: the Mul-
tiple System IRAS 162932422 Source A Case”,
East Asian ALMA Science Workshop 2021, Febru-
ary 17-19, 2021, Online

AR

[11] Yamamoto, S., “Organic Molecules in Disk Form-
ing Regions”, 43rd COSPAR Scientific Assembly,
F3.5, January 28 - February 4, 2021, Online

(1= G )

[(R30F4x 2020 SEMEE R, v T4 VHME. 2020
9 H]

[12] KEBEE T, AT, [Class 0 {REEF A2 RIK IRAS
16293-2422 Source A D7 v b 71—, P131a

[13] Yuki Okoda, Yoko Oya, Logan Francis, Doug John-
stone, Shu-ichiro Inutsuka, Satoshi Yamamoto,
and FAUST team members, [Discovery of the Sec-
ondary Outow Structure in IRAS15398-3359].
P132a

[14] Z&1LRA, EBEFIE, KEET, ILARE TALMA 2 &
B EIRE R NGC 2264 CMM3A O [H] 5 58& D f
H1. P128a

(15] BEEZFEI, KERTF. IAE | [Class 0 A2 1483
D40 au AT —)IVDOT U N70— |, Pl34a

[16] MEEAFE, KEEF. IWAE TALMA 1242 Class |
FIEE Elias 29 7 7 b 70— OS], P135a

(R4 2021 FEFEFER, AV 74 VR, 2021
#£3 A

[17) REET. BEEX, =R, IUAT, TALMA
BN & 2 @RI 3 IRITT — RIRHT~ D B 7
DEAL Pl0la

(18] A/NHAEE, P IERAR, BIAE TS, KERT-, (LA
. THEHEZ 8D 3 ot T — X IZ B} 5 Principal
Component Analysis]. P102a

[19] Saiga,E., Oya, Y., Miotello, A., Ceccarelli, C.,
Codella, C., Chandler, C., Sakai, N., Yamamoto,
S., & FAUST Team Members [Star Formation
Feedback to a Parent Cloud: The Elias 29 Case].
P103a

[20] BEILIEL, JEAREE, KEEET, BFRE, Ana Loper-
Sepulcre, Sheng-Yuan Liu, Yu-Nung Su, Yichen
Zhang, WA, FEHEAH, LA  TALMA (T &
3 iad R R KR NGC 2264 CMM3 D & 43 fif iE
. Pllla

(& DD [E N &)

21] KEFET. K/NESE, T TR R
Bl U 72 P E & 2 O EALOBIHIRNTFZE ). Fraiiad
B TERE] KWF5Es. 2020 49 H 30 H-10 A
3H. Av 71 v

[22] Yuki Okoda, Yoko Oya, Logan Francis, Doug John-
stone, Shu-ichiro Inutsuka, Satoshi Yamamoto,
and FAUST team members, [JEFIZHEWBEE
BEBEICBT2E 07y h7u—HiEl, 217E
PO FIBEAE F TEE S RO EEKE T IVHE
FUZiEF T, 2020 FE 12 . AV 5 A VR

[23] KEEET. NHER IRAS 162932422 A % HL Y %<
MG & R E M. B X U7 Y b 7o -0k,
BEREEAL TR, 2021442 H2H-24H, #*
VoA B

FARF T

[24] WWAE, WEEADZ L], FHBENEBHKEY VRY
7 L 2020 R THEERMERETE) 0 B < IR X
2020 4E 12 A 21 H-22 H, 4> 71 Bk



1. YAMAMOTO GROUP

1 Yamamoto Group

Research Subjects: Millimeter- and submillimeter-wave Astronomy, Star and Planet For-
mation, Chemical Evolution of Interstellar Molecular Clouds

Member: Satoshi Yamamoto and Yoko Oya

Molecular clouds are birthplaces of new stars and planetary systems, which are being studied extensively
as an important target of astronomy and astrophysics. Although the main constituent of molecular clouds
is a hydrogen molecule, various atoms and molecules also exist as minor components. The chemical compo-
sition of these minor species reflects formation and evolution of molecular clouds as well as star formation
processes. It therefore tells us how each star has been formed. We are studying star formation processes
from such an astrochemical viewpoint.

Since the temperature of a molecular cloud is 10 — 100 K, an only way to explore its physical structure
and chemical composition is to observe the radio wave emitted from atoms, molecules, and dust particles.
Particularly, there exist many atomic and molecular lines in the millimeter/submillimeter wave region, and
we are observing them toward formation sites of Solar-type protostars mainly with ALMA (Atacama Large
Millimeter /submillimeter Array).

So far, it has well been recognized that an envelope/disk system of a Solar-type protostar shows a
significant chemical diversity. One distinct case is so called Warm Carbon Chain Chemistry (WCCC),
which is characterized by rich existence of various unsaturated carbon-chain molecules such as CoH, C4H,
and HC5;N. A prototypical source is L1527 in Taurus. Another distinct case is so called hot corino chemistry,
which is characterized by rich existence of various saturated organic molecules such as CH;OH, HCOOCH3,
and CoH5CN. A prototypical source is IRAS 16293-2422 in Ophiuchus. Recently, sources having the both
characteristics have also be found. Such chemical diversity would reflect the star formation history of each
source, more specifically, a duration time of the starless core phase.

We are now studying how such chemical diversity is brought into protoplanetary disks by using ALMA.
For the WCCC source L1527, we have found that carbon-chain molecules only exist in an infalling-rotating
envelope outside its centrifugal barrier (r = 100 AU), while SO preferentially exists around the centrifugal
barrier. For the hot corino source TRAS 16293-2422, OCS traces an infalling-rotating envelope, while
saturated organic molecules such as CH30H and HCOOCHj; trace the centrifugal barrier. Hence, chemical
compositions drastically change across the centrifugal barrier of the infalling gas. Since a protostellar disk
is formed inward of the centrifugal barrier, the chemical diversity at an envelope scale (~ 1000 au) is indeed
inherited in the disk forming region (~ 100 au). Then, what is the initial chemical condition of the Solar
System? Is it a common occurrence in our Galaxy? To answer these questions, the ALMA large program
FAUST (Fifty AU Study of the chemistry in the disk/envelope system of Solar-like protostar) is ongoing.
Furthermore, we are now incorporating machine-learning techniques to explore the physical and chemical
structures in an unbiased way.
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