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Summary (Abstract) of doctoral thesis contents

It is one of the fundamental subjects in astronomy how stars are formed and evolve. In
particular, our understanding of massive star (M > 8 My,,) formation processes is still poor, and
even the initial conditions of massive star formation have not been fully revealed yet.

The chemical composition is a good diagnostic tool of the physical conditions and evolutionary
stages. Carbon, the fourth abundant element in the Universe, is essential because it is an
important composition in various molecules. Approximately 200 molecules have been detected in
the interstellar medium and circumstellar shells so far. The interstellar molecules containing
carbon abundantly are categorized into two types; unsaturated carbon-chain molecules and
saturated complex organic molecules. Carbon-chain molecules exist from the foremost stages of
the star-forming regions, and then they are ideal species to study the chemical evolution and the
physical conditions in the star-forming regions. However, studies about carbon-chain molecules
have been progressed mostly in the low-mass star-forming regions.

In this dissertation, | carried out the radio astronomical observations of carbon-chain molecules
in the high-mass star-forming regions applying the similar methods established in the low-mass
star-forming regions. | focus on cyanopolyyne series (HC,n+1N, n =1, 2, 3, ...).

I carried out observations of long cyanopolyynes, HCsN and HC;N, toward four massive young
stellar objects (MYSOs) using the Robert C. Byrd Green Bank 100 m Telescope and the
Nobeyama 45 m radio telescope. HCsN has been detected from all the four sources, and HC;N
has been detected from three sources. The high-excitation-energy lines (E /k ~ 100 K) of HCsN
have been detected with the Nobeyama 45 m telescope. Such high-excitation-energy lines cannot
be detected, if HCsN exists in the cold gas with the gas kinetic temperature of 10 K. The HCsN
fractional abundances in G12.89+0.49 and G16.86-2.16 are comparable to that in L1527, and the
HCsN abundance in G28.28-0.36 is higher than that in L1527 by a factor of 20. A possibility of
the chemical differentiation among the hot cores has been discovered; the N(HCsN)/W(CH3;OH)
ratio takes a wide range of values over one order of magnitude.

In order to determine the main formation pathway of HC3;N in G28.28-0.36, where the HCsN
abundance is particularly high, I carried out observations of its *3C isotopic fractionation using
the Nobeyama 45 m radio telescope. The neutral-neutral reaction of C;H, + CN is proposed as
the main formation pathway of HC3N in G28.28-0.36 from the relative abundance ratios of the
three isotopologues. I also carried out observations toward the low-mass star-forming core L1527
and the two low-mass starless cores L1521B and L134N, and compared the results among various
sources. The main formation pathways of HC3N are the reaction of C,H, + CN in all the cores,
except for L134N where the reaction of CCH + HNC is proposed as the main formation pathway.
From the chemical network simulation about the starless core phases, the CN/HNC abundance
ratio may be a possible factor to cause the difference between L134N and L1521B/TMC-1; the
CN abundance decreases and the reaction of C,H, + CN cannot occur efficiently in the later

stages of molecular clouds. From this suggestion, | propose that the chemical species evaporated
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from grain mantles are essential for formation of HC3N in G28.28-0.36 and L1527 in order to
explain the efficient formation pathway in these star-forming cores.

I carried out imaging observations of cyanopolyynes, HC3N, HCsN, and HC;N, and CH3CN, a
hot core tracer, toward G28.28-0.36 using the Karl G. Jansky Very Large Array (VLA). The
spatial distributions of long cyanopolyynes are consistent with those of CH3;CN and 450 um
warm dust continuum. These results suggest that long cyanopolyynes exist and are formed at the
position of a hot core candidate. In G28.28-0.36, both the WCCC (Warm Carbon Chain
Chemistry) mechanism and other efficient formation mechanisms of cyanopolyynes appear to
work.

Survey observations were performed in HC3;N and HCsN in the 45 GHz band and N,H™, HC3N,
CCS, and cyclic-C3H, in the 90 GHz band toward high-mass starless cores (HMSCs) and
high-mass protostellar objects (HMPOs) using the Nobeyama 45 m radio telescope. From the
survey observations, | investigate the initial chemical composition and the chemical evolution in
the high-mass star-forming regions. The N(N,H")/N(HC3N) ratio, which is one of the chemical
evolutional indicators established in the low-mass star-forming regions, decreases from HMSCs
to HMPOs in the high-mass star-forming regions. The tendency is opposite to that in the
low-mass star-forming regions. The higher temperature in the high-mass star-forming regions
seems to produce the different tendencies. Molecules evaporated from grain mantles may play
essential roles in the high-mass star-forming regions; destruction of N,H" by CO and formation
of HC3N from CH,4 and/or C,H,. The HC3N column density tends to decrease with increasing the
luminosity-to-mass ratio, which is a physical evolutional indicator, in HMPOs, while the HC3N
column density has a positive correlation with the gas column density. These results suggest that
HC;3N exists in the dense gas and is destroyed by stellar activities such as the UV radiation.

Through these researches, | have found out that carbon-chain molecules are commonly present
in massive star forming regions from prestellar to hot core phases and have demonstrated that
carbon-chain molecules are related to evolutional stages of massive star forming regions. Further,
such new insight will be potentially applicable to study on various star-forming regions such as

sequential star formation process and galactic scale star formation.
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BERBEECO LT, KGEEREEOREEEOL SN, REERECH T 2%
& FHOMEAR s CBBOREs ., v v iobrsnEns, TORBUEBAET
LIREMTH 2. ATREREHDT>7 /£ Y 14> (HCsN. HCsN. HC7N) O & ¥ 8
Mze@EL T, RKEEEFREBO C N s 05 FORBBER. 0w Tk /5Tl DL TH
WHCE2 ) ELELDTHZ. AHLWLONRLE T T AMOFEHEE ML L L TH
GiAt & EBEERM T ARSNL T L %,

(1] HEEE O o 2 H 2 fEae (0.95 ) O —~X 4 T HCGN A#HAleNnTH2 450
Rk >wT, KEBERRERXEZ YV —> Ay s BB A Mae 27 M6 £ 0B
45m B IR G (FH A 37T M &£ ik 18 M) & 0 FREARBUAI 2 4T L #2. HCsN
OFLEiET 2L F—0HiZEE (Euwk~63-100K) pEHl&a N2 &8 & CEBELOD
JhEE iR 2> 6. 10K L FOA WA AT & S BEh i # A HCsN BNE{ET 3 2 & AR
SNk, 1.3 20RKBT HCINODRIZEBBG 2y CHRELL. COI B KHE
BEENELENDODOD B [Hy ba 7] RikTdhd 2 G28.28 -0.36 THIE SN 1z, KE WX
¥ 2% HCsN O FHAL TR K& ol LB RTH 2 KEEERKRER L1527
OFEBEFUTHB SN 2RO 5~10fFCEL T3 I ENRSN T,

(2] HEEE & B 4bm B £ V. 2D (G28.28-0.36 ® HC3N @ 3 >0 [k &E
ik H13CCCN : HC13CCN : HCCI13CN O fFfEL # o FHEAREE & ¥ 1.0+0.2 © 1.00 :
1.4740.17 &R . Zhh, '1ix B ThHh 2B emns. HCsN O EELERIBFREN. % 2
ENBRIGOHNT CH2 & CN O WS FRIGICE B EE2RL 12,

(3] HEHH & KEEFEHE K LGB RKMEWR 5 (Very Large Array. VLA) % H o T\
[/ v b3 7 | R#E G28.28-0.36 WD HCsN.HCsN.HC/N OFRE Nz, (1) Z
nN605 BRI AL —0/©HEAREKE T 4 K% IJCMT Hit§ii K 450 v m # Hi )
THONLEEAIOCK A MRBEORBHO c— 2 ML T2 &, (2 A 30 &
(HC3N) 725 10 #ff (HCN) Th s e s#Bic. Chbld. BOrWHAANTY T /AR Y
A DEFRINTHWBEIEERRL TWLS,

[4] HEEH G, REEEA2L 37 Q7M) ¢ REABFRGBEEL(IM T 237 (35 #) %%
Wil 45mBIEFFIC S O —XRABHEIL. BEL L a7 rs BIEENOEMLT., BHlSH 245
FRCZhBLE s 2nE I pEHFN. () JREESFH T 2 37 Tid HCN #H% & &
HAARBEEZE EOMM2sF o8, B4 L a7 CEEMBETH 2 . (2 FIHEENFEE T
23708 MEHNELEITOHNAEREDON (/M) & HC3N HZEENWHE T 2 2 &
(3) L& & 612 NeHY/HCsN AT 22 & &5 LWL 1,

Bl L OCHEBOETHA OB C LD, B2l a7 LA FRAERGTHERS L
JFA BB X A RJg» o lidid 32 CHs  CoHe ZEBHMEE LD, > 7 /K
LR HRENZ EHMELL. ChRIEBL O OMEREK KO FE R EL Tl s
nNTwz [BhvREES TR E ] (Warm Carbon Chain Chemistry) & 2811 O i F2 3
KEEERRCHL->T. BNEC LY THBFEHES S UKy a7 RIETH O Tw
2 REMEEZRR T 2R TDH B,



(AIEAR=C 3)
(Separate Form 3)

HROED LD Mgl MXERDO —HOBWEC BT HEE S EERKCAT -
Twalen@Boosn, HEFOMAL ., SBMEE ST NS KREEELRIERE O . R
WIPRFE & 3 THEEROMBR A MM T 2720 RELKEBT 20D Th2ERD SN,
Lich-o T, HFEZALEPHE LR EL TEKTH 2 L HBIL 2.



