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ABSTRACT

Exploring chemical evolution from interstellar clouds to planetary systems is an important
subject in astrophysics and astrochemistry, which could be directly related to the understanding
of the material origin of the Solar System. One of the potential links between interstellar
chemistry and planetary science is anomalies of molecular isotope ratios. It is known that
molecular isotope ratios in interstellar clouds and protostellar cores can be much different from
the elemental isotope ratio. For instance, deuterium fractionation into molecules is widely
recognized, and has been used to study the chemical evolution of interstellar clouds. However,
studies of the deuterium fractionation after the onset of star formation are limited, in contrast
to those in prestellar cores. In addition, the isotope fractionation other than that of deuterium
is not well investigated in prestellar and protostellar cores. Based on these backgrounds, this
thesis presents the observational studies of the deuterium and carbon fractionation in the low-

mass star-forming region L1527.

As the first step to understand the chemical evolution, it is important to reveal the chemi-
cal compositions of low-mass protostellar sources without any preconception. For this purpose,
unbiased line survey observations in the millimeter-wave region toward the representative low-
mass protostellar source L1527 have been conducted to reveal its whole chemical composition
and isotope fractionations. 69 molecular species are identified in the 3-mm band, among which
27 species are carbon-chain species and their isomers, including their minor isotopologues.
Comparison of the chemical composition of L1527 with those of other prototypical sources is
discussed, and the drastic chemical diversity between sources is confirmed. In addition, vari-
ous deuterated and '3C-substituted species have successfully been detected, and the significant
fractionation of isotopic species has been found in combination with the supplementary obser-
vations. Carbon-chain molecules such as CCH, HC3N, c¢-C3H, are diluted in *C, while CO,
CN, and H,CO have 2C/!3C ratios similar to the elemental '>C/!3C ratio of 60-70. This frac-
tionation would originate from the isotope exchange reaction between C* and CO. Most of the
deuterated species detected in this study show the D/H ratios of 0.02-0.07, while some species
show very high fractionation (> 0.1).

In addition, the spatial distributions of HoCO and CCH as well as their deuterated species
in L1527 have been investigated with Atacama Millimeter /submillimeter Array (ALMA). The
distributions of the normal species and deuterated species of these two species are found to be
different: the deuterated species are deficient in the vicinity of the protostar where the normal

species mainly reside (r ~ 250 au). Instead, the deuterated species are abundant in the outer



envelope at a distance of about 1000 au from the protostar. The D/H ratios are found to
decrease with decreasing distance from the protostar along the protostellar envelope. This may
originate from sublimation of whole ice mantles. D/H ratios preserved in the inner layers of
the ice mantles are low, because a timescale of ice evolution is shorter than that of deuterium
fractionation. Sublimation of such ice mantles contributes to the observed radial change in the
deuterium fractionation of HoCO. Similarly, the sublimation of CH, from dust grains is likely
responsible for the decrease in the deuterium fractionation of CCH, which is produced from

CHy in the gas phase.

These results provide us with a new insight into understanding the chemical evolution
of the isotopic fractionation from protostellar cores to protoplanetary disks and eventually to

planetary systems.
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CHAPTER 1

INTRODUCTION

To understand how vast variety of materials are formed in space and how they are delivered
to the Solar System is one of the most fundamental goals of modern science. One approach
to answer this question is to study the molecular evolution along Solar-type star formation.
Molecular synthesis begins in dense regions of the interstellar medium, so-called molecular
clouds. Molecular clouds consist of gas and small dust grains made of silicate and carbonaceous
materials. Dust grains, which typically comprise 1% of the cloud mass, attenuate the interstellar
ultraviolet (UV) radiation so that molecules can survive for a relatively long time. The most
abundant constituent is hydrogen molecules (Hy), whose typical density in molecular clouds
ranges from 10® to 10® cm™3. The most abundant molecule after Hy is carbon monoxide (CO),
which has a relative abundance of 107 to Hy. Other molecules typically have the abundances as
low as ~ 1077 relative to Hy. Nevertheless, a rich molecular complexity is realized in molecular

clouds.

So far, more than 200 molecular species have been detected mainly by radio astronomical
observations of their rotational spectra (McGuire 2018). These species include not only diatomic
molecules such as Hy and CO, but also molecular ions (e.g., HCO™ and NoH™), free radicals (e.g.,
OH and CCH), fundamental molecules which are common in the terrestrial environment (e.g.,
H,0 and CO,), and saturated organic molecules (e.g., (CH3)2O and HCOOCH;). Molecules
formed in molecular clouds are incorporated into ice mantles in protoplanetary disks and then
finally may be inherited to planets and small bodies in protosolar systems. Recent radio and
infrared observations revealed that comets have molecular compositions similar to those in cold
molecular clouds (Mumma & Charnley 2011), although they significantly vary from comet to
comet. Hence, chemical evolution along formation processes of Solar-type (low-mass) stars is of
great importance to investigate how the interstellar matter was evolved into the Solar-System
materials, and, ultimately, the origin of life. In this section, formation of low-mass stars and

the chemical evolution during its process are briefly described.



1.1. Formation of low-mass stars

Star formation starts from gravitational contraction of a molecular cloud core, which is a
dense part in interstellar clouds. A typical Hy density of molecular cloud cores is higher than
10* cm™ and the gas kinetic temperature is around 10 K (Benson & Myers 1989). Although
diffuse interstellar clouds are under pressure equilibrium, some part of them starts collapsing to
form molecular cloud cores and eventually stars at some point (Shu et al. 1986). Evolutionary
stages of star formation are extensively studied by observations and numerical simulations
(e.g., Benson & Myers 1989; Bergin & Taffala 2007; Stahler et al. 1980). They are qualitatively

classified into three phases as follows.

Prestellar core

Before the birth of a protostar, a molecular cloud core is often referred to as a prestellar
core. Radiation cooling by spectral line emission of atoms and molecules and thermal emission
from the dust keeps the core isothermal, resulting in a constant temperature of about 10 K
during the collapse (Bonnor 1956; Alves, Lada, & Lada 2001). The timescale of the collapse
is roughly comparable to the free fall time, tg = \/m, where G is the gravitational

constant, and py the initial cloud density. For the initial cloud density of 10 cm™3, tg is 4 x 10°

yT.

Protostar

As the density of a prestellar core increases, the dust continuum emission can be optically
thick enough to prevent the radiation cooling, and the temperature and pressure in the central
region of the core should start to rise. When the density of the prestellar core becomes as high
as 10'* cm™3, the core pressure becomes quasi-hydrostatic equilibrium with the self-gravity,
which is called the first core. When the central temperature reaches 2000 K, dissociation of Hs
occurs. Endothermicity of the Hy dissociation breaks the equilibrium and resumes gravitational
contraction of the central region. The second core, a core composed of H plasma with quasi-
hydrostatic equilibrium, is formed after the second collapse. These processes are predicted by
numerical simulations (Larson 1969; Masunaga & Inutsuka 2000). Surrounding materials still
remain in a flattened envelope, and they continue to accrete onto the protostar. Moreover,
the bipolar outflows are developed perpendicular to the envelope (Bachiller 1996). The whole

system including the protostar and the surroundings is called the protostellar core.

T-tauri star



After the envelope gas is dissipated by bipolar outflows and the accretion of the gas onto
the protostar fades, the protostar is evolved into the phase called the T-tauri star. In this phase,
the star is shining by releasing the gravitational energy. The heat produced in the central part
of the star is delivered to the surface mainly by convection during the quasi-static contraction
(Hayashi phase; Hayashi 1961). When the central temperature becomes high enough, the heat
is transferred efficiently by thermal radiation. After the central temperature becomes higher
than 107 K, nuclear fusion reactions start to occur. At this stage, the star reaches the main
sequence. A protoplanetary disk, a parent body of a planetary system, is formed in the T-tauri

star phase, when the envelope gas is almost dissipated.

Young stellar objects are classified into four classes (Class 0, I, I, and III) by using the slope
of their radiation spectra (the spectral energy distribution; SED), a = dlog(AF))/dA (e.g., Lada
& Wilking 1984; Adams et al. 1987). For Classes I-111, the slope is derived from the infrared
fluxes (classically 2.2 and 25 pm). Class I sources are deeply embedded and show a broader
SED than that for a single black body because of the infrared excess caused by the envelope.
Thus, these sources show « from 0 to 3. Class II sources show radiation from the photosphere
and the circumstellar disk. The near infrared emission is dominant, and SED shows negative
values of a from —2 to even 0 due to the infrared excess by the disk. Class III sources show
negative values a from —3 to —2, suggesting a single black body from the central star in the
near infrared region with little excess circumstellar materials. Classes 1T and IIT correspond to
the pre-main-sequence star, classical T-tauri star, and weak-line T-tauri star, respectively. An
additional class, Class 0, was introduced by André et al. (1993) from submillimeter continuum
observations, where stars in the earlier phase than Class I are classified. Its SED is well fitted
by a black body of a low temperature, suggesting a thick envelope surrounding the central

protostar. In this phase, the central star is growing through mass accretion from the envelope.

1.2. Chemical evolution along star formation

1.2.1. Prestellar core

In the course of star formation, the molecular compositions in the prestellar- and protostellar-
core phases also evolve. It has been established that the chemical compositions are useful to

trace the evolutionary stages of the cores.

In diffuse clouds where interstellar UV radiation can penetrate into the central region,
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Figure 1.1: Classification of the evolutionary stages of low-mass protostars by infrared SED.

molecules are broken into atoms by photodissociation and atoms whose ionization potential
is lower than that of Hy (13.6 €V) are ionized (e.g., the carbon atom). After the density
of the core becomes high enough to be shielded from the UV radiation, the ionized carbon
atom is neutralized, and is then converted to CO through chemical reactions with O-bearing
species. Because CO is stable, the gas-phase carbon is eventually locked up in CO. Carbon-
chain molecules are efficiently formed in the early stage of the prestellar core when most of the
carbon atoms have not been converted to CO. They are destroyed during the evolution of the

prestellar core.



A pioneering work on the chemical evolution in molecular clouds was reported by Suzuki et
al. (1992). They found a systematic chemical difference between prestellar cores and protostel-
lar cores: carbon-chain molecules such as CCS and HC3N are abundant in a chemically young
phase, whereas N-bearing molecules such as NH; and NoH™ are abundant in a chemically late
phase associated with protostars. Such a systematic evolutionary trend of chemical composi-
tions is caused, because the carbon-chain molecules are efficiently produced from C* or the
carbon atom in chemically young cores, whereas the timescale of the production of N-bearing

species is relatively longer than that of carbon-chain molecules.

Another important phenomenon that has a substantial influence on the chemical evolution
in the prestellar- and protostellar-cores is the ice formation on dust grains. Infrared observations
toward prestellar- and protostellar-cores reveal that the dust grain is covered by ice, which is
composed mainly of water as well as the fundamental molecular species such as CO, CO,, and
NH; (e.g., Gibb et al. 2004). The ices on the dust grains are formed by the adsorption of
gas-phase species onto dust surfaces. Although the ice formed on the grain surface is rapidly
destroyed by the UV radiation in diffuse clouds, it can survive in prestellar cores where the UV
field is sufficiently attenuated by dust grains. The temperature during the prestellar-core phase
is typically as low as 10 K, which is too low for the thermal desorption to take place. Hence,
adsorbed species are usually kept frozen on ice surfaces and are accumulated to form thick ice

mantles (Figure 1.2 (a)).

A time scale of the adsorption is approximately given as:

10* em ™3\ /1. 1 2
fogs ~ 1 x 10° (%) (§O> (0 a“m) , (1.1)

where S is the sticking probability to the dust grains, a the grain radius, and ny the number

density of the H nuclei (Tielens 2005). As can be seen in this equation, the molecular depletion
efficiently occurs at high density regions. The absence of molecules except for Hs in the gas phase
(the molecular depletion) was shown observationally by Caselli et al. (1999). They observed
the C'70 line toward the prestellar core L1544, and found that the abundance of CO decreases
in the center of the core by comparing with the continuum map from the thermal emission of

the dust grain.

The ice on dust grains is not just an absorber of gas-phase species, but also serves as
formation sites of complex molecular species. Adsorbed atoms and molecules can move on
the ice surfaces due to thermal diffusion and quantum tunneling. When an atom or a molecule

encounters another species, they react with each other to form another molecular species (the so-

5



called Langmuir-Hinshelwood mechanism; e.g., Hasegawa et al. 1992). Unlike in the gas-phase,
association reactions without dissociation (i.e., two-body reactions forming one product) can
proceed efficiently on ice surfaces, because the surface can act as a third body for the reactions:
the excess energy of the reactions can escape to the surface. Since the H atom is the lightest

species, the reaction with the H atom (hydrogenation) efficiently occurs.

Because the gas-phase chemical composition changes in the course of the core evolution
toward star formation, the species adsorbed on the ice and those formed via surface reactions
on the ice also vary along the core evolution (Figure 1.2). Atoms such as O, C, and N are
preferably depleted on the ice surfaces in the earlier stage of prestellar cores, where the atoms
are not well converted to molecules in the gas phase. These atoms on the ices are hydrogenated
to produce fundamental molecular species (e.g., HoO, CHy, and NH3). On the other hand,
CO is efficiently depleted in the later stage of the prestellar core, and is hydrogenated to form
H,CO and finally CH30H:

CO — HCO — Hy,CO — CH30 — CH3;OH.

These species thus formed on the ice surface are usually kept frozen, although a small amount of
them is sublimated via non-thermal processes such as reactive desorption (desorption due to the
surplus energy of the two-body association reaction; Garrod et al. 2006) and photodesorption

by cosmic-ray-induced UV photons (e.g., Prasad & Tarafdar 1983).

Such a chemical evolution in the gas phase and on the ices can be recognized as a systematic
change in the chemical composition as a function of distance from the core center (or the
protostar), as shown in Figure 1.3. The core edge has a diffuse-cloud-like environment, because

it is less dense and exposed to the UV radiation. On the other hand, the core center is in

(a) Diffuse cloud (b) Prestellar core (early phase) (c) Prestellar core (late phase)

Surface reaction N
Ice surface ~
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Adsorption A 2 Ice mantle A Thermal
\\ @@ .. desorption
4

Figure 1.2: Schematic illustration of the evolution of ice mantle.



the more evolved stage due to the high density and low temperature. Indeed, the mapping
observations of the CO isotopologues revealed that their emission is bright in the outer region
but weak in the central region of the core, suggesting that CO is depleted only at the core
center (Caselli et al. 1999; Bergin et al. 2002, Figure 1.4)

1.2.2. Protostellar core

The chemical composition of the ice mantle plays a crucial role in chemical processes
in the protostellar-core phase. First, the gradual temperature rise of dust grains due to
the protostellar heating stimulates the production of complex species on the ice surface, be-
cause the heavy molecules become mobile on the ice surface to react with each other (e.g.,
HCO + CH30 — HCOOCH3; Garrod & Herbst 2006). Second, the molecules thus formed on
the ice surface are released into the gas phase via thermal desorption. When the temperature
reaches the desorption temperature of each species, a fraction of the molecules in the ice man-
tle sublimates. The remaining molecules trapped in water ice are released into the gas phase,
when the water ice itself desorbs at around 100 K (the so-called volcano desorption; Collings

et al. 2004). These characteristics are seen as a radial dependence of the chemical composition

(Figure 1.3).

In the last decade, it has been established that the property of the prestellar core can
provide a strong influence on the chemical composition of a protostellar core to be formed.

This picture is based on the discovery of significant chemical diversity among low-mass proto-

(a) Prestellar core (b) Protostellar core
Deuteration at high density Volcano  Thermal desorption Prestellar
desorption of each species environment
CcO depletion at low temperature T>100 K 7~20-100 K T<20K
1010 1010 T T T
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Figure 1.3: Radial difference of the chemical characteristics in prestellar- and protostellar-cores
shown with their typical temperature and density profiles. The temperature and density profiles
are taken from Taquet, Charnley, & Sipild (2014).



stellar sources whose evolutionary stages are similar to one another (e.g., Sakai & Yamamoto
2013; Watanabe et al. 2012; Higuchi et al. 2018). One distinct case is hot corino chemistry
characterized by rich saturated complex organic molecules (COMs) in a hot region around a
protostar (e.g., Cazaux et al. 2003; Sakai et al. 2006; Oberg et al. 2011; Taquet et al. 2015;
Codella et al. 2016). A representative hot corino source is IRAS 16293-2422 in Ophiuchus (e.g.,
Cazaux et al. 2003; Bottinelli et al. 2004; Kuan et al. 2004). Recent high spatial-resolution
observations revealed that saturated COMs such as HCOOCHj3, (CHj),0, and even glycolalde-
hyde (CH2(OH)CHO) are abundant in the innermost part of the protostellar core having a
temperature higher than 100 K (e.g., Jorgensen et al. 2012, 2016; Favre et al. 2014; Oya et al.
2016, 2018). On the other hand, the warm carbon-chain chemistry (WCCC) is characterized
by high abundances of carbon-chain molecules and related species concentrated around a pro-
tostar (e.g., Sakai et al. 2008b, 2009a, 2010a; Hirota, Sakai & Yamamoto 2010). A prototypical
source is IRAS 0436842557 in L1527 in the Taurus molecular cloud. In WCCC, unsaturated
hydrocarbons such as carbon-chain molecules and their isomers are efficiently produced in the
gas phase, triggered by sublimation of CH, from the ice mantle in a lukewarm region around a
protostar (T ~ 25 K and r ~ 500 au; one astronomical unit, 1 au, corresponds to the average

distance between the Sun and Earth, 1.50 x 10! m).

Hot corino chemistry and WCCC show exclusive nature: carbon-chain molecules are de-

ficient in the hot corinos, while COMs are deficient in the WCCC sources (Figure 1.5; Sakai

LI LI L (L N L LN SN

P T N O W W U A I A T O A M T I i

L L L L DL B |

100

50

0

AS (")

-50

-100

P S TN M T S T N U N S O A |

LALIL I L L O L L I B |

LIS L B L L B L B |

I I T T T T IO T SN N T T B A O I I T T T T T N T O O A T

150 100 50 O -50 -100 150 100 50 O -50 -100
Aa(ﬂ) Aa(rl)

Figure 1.4: (a) The integrated intensity of the C'80 J = 1-0 line (contours) in the prestellar
core B68 superposed on a map of visual extinction. The emission becomes weak at the core
center where visual extinction is high. (b) The same as (a) but for NoH" J = 1-0 line. Because
NoH™ is destroyed mainly by CO, it is abundant in the core center where CO is deficient in the
gas phase. Taken from Bergin et al. (2002).




et al. 2008b; Sakai & Yamamoto 2013; Lefloch et al. 2018). It is proposed that this chemical
variation would originate from the duration time of the prestellar core phase after the shielding
of the interstellar UV radiation from outside of the parent molecular cloud (Sakai et al. 2009a;
Sakai & Yamamoto 2013). If the duration time is long enough for the gas-phase formation of
CO from the C atom, CO is depleted onto dust grains rather than C, resulting in the formation
of CH30H through a series of reactions with the H atom on the ice surface (e.g., Watanabe &
Kouchi 2002; Soma et al. 2015). COMs are thought to be formed on the ice surfaces as in the
case of CH30H, or by subsequent gas-phase reactions starting from sublimated CH;OH (e.g.,
Garrod & Herbst 2006; Vasyunin & Herbst 2013; Balucani et al. 2015; Soma et al. 2018). On
the other hand, if the duration time of the prestellar core phase is close to the free-fall time
(i.e., the core collapse starts just after the UV shielding), the C atom still survives in the gas
phase without being converted to CO, and can be depleted onto the ice surface. This situation
leads to the efficient production of CH4 on the ice surfaces by hydrogenation of the C atom.
CH, thus formed triggers WCCC after its sublimation (Aikawa et al. 2008; Hassel et al. 2008).
Thus, chemical diversity emerges in the gas phase, when molecules in dust mantles are released

into the gas phase after the onset of star formation.

1.3. Deuterium fractionation

Molecular isotopic ratios can also vary along core evolution and star-formation processes,
and can be used as an evolutionary tracer. A representative example is the deuterium frac-

tionation. Almost all the molecules in cold interstellar clouds are enriched in deuterium in

WCCC Hot corino

Carbon-chain molecules
(TZ25K)

Abundant Deficient
COMs (T2 100K) '
Deficient Abundant

Duration time
of the prestellar-core phase

Short Long

Representative source
L1527 IRAS 16293-2422

Figure 1.5: Comparison of WCCC and hot corino. Carbon-chain molecules are abundant in a
lukewarm region near the protostar in the WCCC sources, whereas saturated COMs are abundant
in the vicinity of the protostar in hot corino sources.



comparison with the cosmic D-to-H ratio of about 10~° (Linsky 2003). Molecular D/H ratios
are found to range from around 1072 to even unity in some cases. This phenomenon is called

deuterium fractionation, as deuterium is fractionated into molecules.

In molecular clouds, the main reservoirs of hydrogen and deuterium atoms are Hy and HD,
respectively. When a hydrogen molecule, Hy, is ionized to Hy by cosmic rays, it immediately

reacts with another hydrogen atom to produce Hj ion:

Hy + cr. — Hf +e, (1.2)
Hy + Hy — Hy + H. (1.3)

The H7 ion stimulates the production of various molecules via proton transfer (Herbst & Klem-

perer 1973). Likewise, the deuterium fractionation is triggered by the reaction with H; and
HD:

Hy + HD — H,D" + Hy + AE, (1.4)

where AE = 230 K (Gerlich et al. 2002). The abundance of HyD™ is significantly enhanced
at low temperature conditions in prestellar cores (~ 10 K), because the backward reaction of
(5.2) is unlikely to occur due to its endothermicity. Deuterium is then transferred to various

molecules by reactions with other molecular species in the gas phase, e.g.,

H,D' + CO — DCO™ + Hy, (1.5)
H2D+ + N2 — N2D+ + HQ. (16)

In addition to the Hy ion, CH; and C,Hj are also considered to contribute to the deuterium
fractionation (Huntress 1977; Herbst et al. 1987). They react with HD fast enough to compete

against electron recombination reactions:

CH{ + HD — CH,D* + H, + AE, (1.7)
CQH;_ + HD — CQHD+ + H, + AEQ, (18)

where AE; and AE, are about 390 K and 550 K, respectively (Asvany et al. 2004; Herbst et al.
1987). Because the exothermicities are larger than that of the reaction of Hi (5.2), CH,D* and
CoHD™ play an important role in the deuterium fractionation in a warmer environment (Roueff

et al. 2007). In the following subsections, previous studies on the deuterium fractionation are
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briefly summarized mainly from an observational point of view.

1.5.1. Prestellar core

Because a high deuterium fractionation is expected in a cold region, deuterated species
have mainly been found by observations toward dark clouds in early days of radio astronomy:
e.g., DCO™ (Hollis et al. 1976), DCN (Penzias et al. 1977), DNC (Godfrey et al. 1977), NoD*
(Snyder et al. 1977), c-C3HD (Gerin et al. 1987), and NHyD (Turner et al. 1978).

In contrast, it has been recognized that the deuterium fractionation is less enhanced in
warmer cores. Snell & Wootten (1979) found that the [DNC]|/[HNC]| ratio is strongly anti-
correlated with the kinetic temperature of the cloud, based on the survey observations of sample
sources with different kinetic temperatures (10-70 K). They estimated the exothermicity of the
exchange reaction (5.2) to be 240 + 60 K, verifying that exchange reactions between HD and
molecular ions such as Hj and CHj are responsible for the deuteration. The anti-correlation
between the deuterium fractionation and the core temperature is also shown by many other

studies (e.g., Schilke et al. 1992; Wilson et al. 1999).

The degree of the deuterium fractionation in the prestellar core phase does not depend
solely on the temperature, but also on the density. The degree of the deuterium fractionation
is found to be different from core to core (e.g., Howe et al. 1994; Saito et al. 2000; Crapsi et al.
2005), although the prestellar cores uniformly have a temperature of around 10 K (Benson &
Myers 1989). An important phenomenon to account for this difference is the depletion of CO
onto dust grains. As the core density increases to 10°~10° cm™2, the timescale for CO depletion
becomes much shorter than the dynamical timescale of prestellar cores, since the timescale for
depletion of species onto dust grains is roughly estimated as ¢ (year) ~ 10'°/[n (cm™3)]. More
than 90% of the CO molecules are reported to be frozen onto dust grains in prestellar cores
(Caselli et al. 1999; Bacmann et al. 2003). Because CO is the main destroyer of the Hy ion,
the CO depletion extends the lifetimes of H; and its deuterated counterparts (HoDT, DoHT,
and D), leading to the heavy deuterium fractionation in various molecules. The trend of the
higher deuterium fractionation for a higher degree of CO depletion is confirmed by observing
many prestellar cores (e.g., Crapsi et al. 2005; Bacmann et al. 2003). The correlation between

the CO depletion and the core density is also reported (Bacmann et al. 2002).

Since two important factors for the deuterium fractionation, namely, the low temperature
and the heavy CO depletion, are fulfilled in the prestellar core phase, an extreme molecu-

lar deuteration is realized: even doubly and triply deuterated molecules have been detected
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(e.g., DoHT, ¢-C3Dg, and NDg3; Vastel et al. 2004; Spezzano et al. 2013; Lis et al. 2002). The
IND;|/[NH;| ratio is reported to be 8 x 107, which corresponds to the D/H ratio higher than
the elemental D/H ratio by 11 orders of magnitude (Lis et al. 2002). Such an extreme deu-

terium fractionation is reproduced by the chemical network calculations including the deuter-

ated species such as HoD', DoHT, and D3 (Roberts et al. 2003).

The increase of the D/H ratio for the Hj ion also enhances the atomic D/H ratio in the

gas phase, because the dissociative recombination of HyD™ produces the deuterium atom:
HoD' +e — Hy + D. (1.9)

The deuterium atoms thus produced are depleted onto the grain mantle and are used for the
deuteration of the species on the ice, resulting in the enhancement of the molecular D/H ratios

on the ice.

1.3.2. Protostellar core

In the protostellar core phase, the temperature rise after the onset of star formation has
substantial influences on the deuterium fractionation. First, the deuterium fractionation no
longer proceeds in the protostellar cores, because CO is released from dust grains (7" > 20
K) and the temperature becomes high enough for the backward reaction of the reaction (5.2)
to occur. Hence, the deuterium fractionation is expected to decrease along the protostellar
evolution. This trend is indeed confirmed by the survey observations toward Class 0-I protostars
in Perseus molecular cloud (Friesen et al. 2013; Imai et al. 2018). Second, the molecules formed
on the grains are sublimated in the vicinity of the protostar (r ~ 100 au; 7' ~ 100 K), which
could alter the chemical composition around the protostar. Since these sublimated molecules
are formed on the dust grains during the prestellar-core phase, the D/H ratios are affected by
the deuterium fractionation in the past prestellar-core era. Formaldehyde and methanol, which
are the basic building-blocks of COMs, are found to have high D/H ratios in the protostellar
cores (Parise et al. 2004, 2006; Roberts & Millar 2007)

However, the vast majority of observations to date were conducted with single-dish tele-
scopes which cannot resolve the innermost vicinity of the protostar. A few interferometric
observations recently revealed the deuterium fractionation of water and COMs in the inner-
most vicinity of the protostar with a radius of 100 au (e.g., Coutens et al. 2013; Persson et al.

2018; Jorgensen et al. 2018). Nevertheless, the deuterium fractionation in protostellar cores is
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not well investigated by interferometers in terms of the chemical evolution from the prestellar
cores. Since these interferometric observations focus on the innermost part, the results cannot
directly be compared with that in the outer cold envelope which inherits the footprints of the

parent prestellar core due to the ‘resolving-out’ problem of the interferometers (Section 2.2.2).

1.4. Fractionation of *C species

Recently, anomalies of the 2C/13C ratio for carbon-chain molecules have also been recog-
nized in nearby cold and dense molecular clouds. Rotational spectral lines of the 3C isotopic
species of various molecules are now detectable with a reasonable observation time, thanks to
recent developments of receiver and back-end technologies in radio astronomy. So far, spec-
tral lines of the 3C isotopic species of abundant molecules, whose main isotopologue (normal
species) lines are optically thick, have widely been observed to derive the column density of the
normal species accurately. In this case, the 2C/!3C ratio of each species is usually assumed to
be the same as the elemental *C/'3C ratio, which is 60-70 in the solar neighborhood (Lucas
& Liszt 1998; Milam et al. 2005). On the other hand, some molecular species have been found
to show two kinds of anomalies of the 2C/*C ratio: (1) different *C/*3C ratios for different
carbon atoms in a single molecular species and (2) significantly high 2C/13C ratios for several

carbon-chain molecules in comparison with the elemental >C/!3C ratio.

As for the former anomaly, Takano et al. (1998) reported the non-equivalent abundances
of the three 3C species of HC3N toward the cold dark cloud TMC-1 (Cyanopolyyne peak;
CP). The abundance of the HCC'CN is higher than that of H¥*CCCN and HCCCN by
a factor of 1.4. Sakai et al. (2007) also reported a large difference between the *CCS and
C'3CS abundances toward TMC-1 (CP), the ratio of [C'3CS|/[**CCS]| being 4.2. A similar non-
equivalence of the *C isotopologues of a single molecular species is reported for CCH, CsS, and
C,H (Sakai et al. 2010a, 2013). Tt is proposed that these non-equivalent abundances of the *C
species reflect production pathways of each molecular species and/or originate from gas-phase
reactions interchanging the 3C position within a molecule (Sakai et al. 2010a; Furuya et al.

2011).

The second anomaly is that the 12C/!3C ratios of some carbon-chain molecules are signif-
icantly higher than the elemental ?C/*C ratio (60-70) in the solar neighborhood, indicating
that the 13C isotope is diluted in these molecules. The most striking result is reported for CCH
(Sakai et al. 2010a). The [CCH|/["*CCH] and |[CCH]/[C'3CH]| ratios are higher than 250 and
170 toward TMC-1 (CP), respectively. High 2C/!3C ratios are also seen in CCS, C3S, and
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C4H. Such a dilution of the *C isotopic species was theoretically predicted by Langer et al.
(1984), and it was confirmed for some carbon-chain molecules by the above observations. On
the other hand, Liszt & Ziurys (2012) reported the 2C/13C ratios of CS, HNC, and H,CS to
be in the range from 43 to 79 toward TMC-1 (CP), which is close to the elemental 2C/!3C
ratio. Hence, the degree of the *C dilution seems dependent on molecular species, although its

origin is still controversial.

According to Langer et al. (1984), the mechanism of the dilution of the 3C species is
as follows. In dense molecular clouds, the main reservoir of 3C is 3CO, because CO is the
most abundant carbon-bearing molecule. As carbon-chain molecules are produced by reactions
starting from C¥, their *C species are formed by the reaction from ¥C*. Although the ¥C*
ion is produced from 3CO with the reactions of He™, as 12C* from 2CO, 3C* goes back to

13CO by the following isotope exchange reaction (Langer et al. 1984; Roueff et al. 2015):
BCT +12C0 — BCO + 2CT + 35 K. (1.10)

This is the most important reaction for 3CT, because the reaction with Hy is a very slow
radiative association. The electron recombination is also much slower than the reaction with
12C0O. This exchange reaction is exothermic (Watson, Anicich, & Huntress 1978), and hence,
its backward reaction is slow at a low temperature. Then, the '2C*/13CT ratio tends to be
higher at a low temperature. The 3C species of various molecules produced from ¥CT thus
become less abundant. After the proposal by Langer et al. (1984), Woods & Willacy (2009)

and Furuya et al. (2011) also confirmed this trend by chemical model calculations.

1.5. Background of this thesis

So far, chemical evolution from molecular clouds to protostellar cores has almost been
established, and now evolution to protoplanetary disks is being explored. However, there still
exists a large missing link between chemistry of protostellar cores and that of protoplanetary
disks (Figure 1.6). Since very complex chemical processes both in the gas phase and on dust
grains would be expected from protostellar cores to planetary systems, it seems difficult to find
a possible link between them only by focusing on molecular species. Namely, molecules found in
protostellar cores are not always delivered to planetary systems as they are. One of the potential
links between interstellar chemistry and planetary chemistry is anomaly of molecular isotope
ratios. In the context of planetary science, the isotope anomaly is found in the small bodies in

the Solar System, such as meteorites and comets. The deuterium fractionation has been found
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in the so-called hot spots, which are micrometer-scale regions with isotope fractionations, in the
carbonaceous meteorites (D/H ~ 3 x 1072 at most; e.g., Busemann et al. 2009). The carbon
isotope anomaly is also found (Floss et al. 2006). Although the ?C/!3C anomaly in dust-
forming zones of AGB stars (e.g., Milam et al. 2009; Kahane et al. 1992; Tomkin et al. 1976)
is thought to mainly contribute to the anomaly in meteorites, the *C/3C anomaly in cold
molecular clouds may also be responsible. Hence, understanding the abundance anomaly of the
molecular isotopic ratios and its evolution in star-forming regions is of particular importance to
trace the material origin of the Solar System back to interstellar medium. It is however unclear
whether the isotope fractionation found in meteorites is inherited from that formed in the very
first stages of star formation (i.e., the prestellar- and protostellar-core phases) or is a product
in a late stage of the protoplanetary-disk phase. One of the reasons is that the evolution of the

isotope fractionation is not fully understood during the protostellar-core phase.

To investigate the evolution of isotope anomaly, two different approaches can be employed:
one is a statistical approach, which reveals the systematic evolutionary trend of the isotopic
ratios by observing many molecular cloud cores, and the other is a direct imaging of a particular
core, which can probe the evolution from the outer surrounding envelope to the inner region
near a newly born star. Although the evolution of deuterium fractionation is studied by the
former approach (e.g., Hirota, Tkeda & Yamamoto 2001; Bacmann et al. 2003; Crapsi et al.
2005; Imai et al. 2018), the evolution of the deuterium fractionation within a protostellar core
has not been well investigated due to the lack of the spatial resolution. As for the *C anomaly,
it is not clear whether it is inherited from prestellar cores to protostellar cores, because only

a limited number of sources has been investigated so far (the protostellar core L1527 and the

Protoplanetary system
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Figure 1.6: Schematic view of the evolution of a core and the approach of this thesis.
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four prestellar cores; TMC-1, L1521E, L.1521B, and L134N).

With this in mind, we investigated the isotope fractionation in the low-mass protostellar
core LL1527. We chose this source for the target source, because its physical and chemical char-
acteristics have well been investigated so far. L1527, which was found as a heavily obscured
infrared source (IRAS 04368-+2557) by the Infrared Astronomical Satellite (IRAS) survey (Be-
ichman et al. 1986), is located in one of the closest molecular clouds, the Taurus molecular
cloud, at a distance of 140 pc (1 pc = 3.09 x 10 m; Torres et al. 2007). It is classified as
an object in late Class 0 to early Class I phase (e.g., Motte & André 2001). Near-infrared
observations revealed that the scattered light image shows bright bipolar outflow cavities in the
east-west direction extending over ~ 10% au (Tobin et al. 2008, Figure 1.7 A). The molecular
emissions of CO and its isotopologues (}*CO and C'®0) also show the outflow with a 10*-au
scale (e.g., Bontemps et al. 1996; Zhou et al. 1996; Hogerheijde et al. 1998). On a smaller scale,
Atacama Large Millimeter /submillimeter Array (ALMA) delineated the outflow traced by the
CS emission within ~ 2000 au from the protostar, whose blueshifted and redshifted components
are in the west and east side of the protostar, respectively (Oya et al. 2015). The protostellar
envelope is also observed, and is found to have a flattened shape extending from north to south.
A nearly edge-on configuration of the envelope enables us to directly probe the midplane of the

envelope and the inner disk, making this source ideal for kinetic modelings.

Interferometric observations of CO isotopologues on a 2000-au scale showed the infalling
motion of the envelope gas (Ohashi et al. 1997; Yen et al. 2013). On the other hand, observations
of the 3CO and C'O (J = 2-1) lines on a 500-au scale suggest the existence of a Keplerian
disk (Tobin et al. 2012; Ohashi et al. 2014, Figure 1.7 B). In addition, Sakai et al. (2014a,b)
presented a clear infalling and rotating motion in the same envelope gas at a resolution of
~ 100 au with ALMA. The position-velocity diagram of c-C3H, in the envelope gas shows
the redshifted component on the southern side and the blueshifted one on the northern side,

indicating a infalling motion (Figure 1.7 C, D, and E).

The peculiar chemical characteristic of this source is also well investigated mainly with the
single-dish telescopes in the last decade. Sakai et al. (2008b) found that unsaturated carbon-
chain molecules such as C4Hy and C4H are abundant in L1527, which were thought to be
deficient in protostellar cores due to the deficiency of the carbon atom that could produce
carbon-chain molecules. The rotational temperatures derived for the carbon-chain molecules
suggest that they mainly reside in a warm region. In addition, mapping observations showed

that the carbon-chain molecules are concentrated within ~ 1000 au from the protostar (Sakai
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et al. 2010a). Hence, the carbon-chain molecules exist mainly in a warm and dense region in
L1527 rather than in the outer cold envelope where the prestellar-core environment remains.
It is proposed that these carbon-chain molecules are efficiently produced from CH, sublimated

from the ice mantle (WCCC; Sakai et al. 2008b; Sakai & Yamamoto 2013).

Recently, the chemical structure of L1527 at a disk scale (~ 100 au) is investigated with
ALMA. Sakai et al. (2014a,b) presented a drastic change in chemical compositions across the
centrifugal barrier of the infalling-rotating envelope (IRE) at the radius of 100 au. CCH and CS
mainly reside in the IRE outward of the centrifugal barrier, whereas SO and probably CH3;OH
are enhanced at the centrifugal barrier and may survive in the disk (Figure 1.7 C). The H,CO
emission traces both the IRE and the disk component. van’t Hoff et al. (2018) reported that
the Keplerian disk is warm enough for CO to be present in the gas phase, based on the ALMA
observations of 13CO, C'¥0, and Ny,D* with a subarcsecond-resolution observation. However,
the isotope fractionation in this source is not fully investigated. We therefore studied the
13C anomaly and the deuterium fractionation in this source with the single-dish telescope and

ALMA, respectively.

1.6. Outline of this thesis

In this thesis, the isotopic fractionations in L1527 are studied by radio astronomical ob-
servations. The outline of this thesis is as follows: In Chapter 2, the general description of
radio telescopes and observation techniques are briefly summarized. In Chapter 3, the over-
all chemical composition of LL1527 is revealed by the spectral line survey observation with the
Nobeyama 45-m telescope in the 3-mm band. The isotopic fractionations found in this survey
are presented. Complementary studies of the ¥C anomaly conducted with the IRAM 30-m
telescope are discussed in Chapter 4. In Chapter 5, the mapping observations of deuterated
species with ALMA are conducted to investigate the evolution of the deuterium fractionation

in L1527. Finally, Chapter 6 concludes the thesis, and presents the future prospects.
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Figure 1.7:  (A) Infrared image (4.5 pm) of L1527 by Tobin et al. (2008). (B) The integrated
intensity (moment 0; contours) and intensity-weighted mean velocity maps (moment 1; color)
of C180 (J = 2-1) by Ohashi et al. (2014). (C) The integrated intensity maps of c-C3Ha (523
439; color) and SO (N = 8-7, J = 7-6; contours) lines by Sakai et al. (2014a). (D) Schematic
illustration of the geometry of L1527. (E) a. Schematic illustration of the IRE. b. Maximum
velocity shift calculated from the model for the edge-on geometry. c¢. Position-velocity diagrams
of c-C3Hy (5a3—432; color) and SO (N = 8-7, J = 7-6; contours) along the midplane of the
envelope. Blue and black lines denote the maximum velocity shifts of the infalling-rotating and
Keplerian motion, respectively. Taken from Sakai et al. (2014a).
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CHAPTER 2

OBSERVATION TECHNIQUES

Because the molecular clouds are extremely cold (typically 10 K), molecules existing there
only emit a radio wave in a rotational transition. Molecular rotational lines have been detected
by ground-based radio telescopes since 1960s (e.g., Cheung et al. 1968). Telescopes used for
radio-wave observations are classified into two categories: single-dish telescopes and radio in-
terferometers. Single-dish telescopes are composed of a single aperture antenna, and have been
used for astronomical observations since 1930s. Interferometers are collections of telescopes that
can produce images having much better angular resolutions than a single aperture, by using
the aperture synthesis technique developed by Ryle through the 1950s and 1960s (e.g., Ryle &
Neville 1962). To date, a hundred or more of radio telescopes have been used for astronomical
purposes. The essential parts of their features and the instruments used in this thesis are briefly

described in this chapter.

2.1. Single-dish telescope

2.1.1. Components

The simplest radio telescope is a single aperture antenna to collect the faint emission
from astronomical objects. It consists of three components, as described below. A schematic

illustration of radio telescopes is shown in Figure 2.1.

Antenna

Radio emission from astronomical objects is collected by a main reflector of the telescope,
which is usually an antenna with a paraboloidal shape. A Cassegrain optics, in which a primary
reflector dish aims at a smaller convex secondary reflector, is often employed. The surface of the
main reflector needs to have an accuracy much better than the observing wavelength A (typically
less than A\/10 at least). It is difficult to maintain the surface of a large aperture antenna
because of a gravitational deformation. To overcome this difficulty, the main reflector is usually
designed by the homologous deformation technique: the main reflector deforms depending on
the elevation angle so that it can keep the paraboloidal shape. Although the focal position and
length change when the main reflector deforms, they are appropriately adjusted by changing
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the position of the secondary reflector.

Front end

The electromagnetic signals collected by the antenna, which is called radio frequency (RF)
signal, are fed into a receiver. Since a low-noise amplifier is not available for millimeter and
submillimeter wavelengths, the signals are first converted to the intermediate frequency (IF) of
a few GHz. For this purpose, a heterodyne mixer receiver is usually employed, which down-
converts the frequency of the signal by the heterodyne mixing with the local oscillator (LO).
As a nonlinear mixer device, a superconductor-insulator-superconductor (SIS) mixer, which
consists of a very thin insulator layer (AlO,) sandwiched by two superconductor layers (Nb), is
widely employed. The tunneling current between the two superconductors realizes the nonlinear

response.

Given that the RF signal Vgr and LO signal Vi, are written as

VRF(t) = Vi COS(QT(VRFt + ¢RF), (21)
Vio(t) = Vo cos(2mvLot + ¢ro), (2.2)

the output after mixing, Vir(t), can be obtained as

Ve (t) + Vio(8)]

‘/12 ‘/02
= 5 cos(4mvrpt + 2¢rF) + o cos(4mvLot + 2¢10)

Vir(t)

+ ViVhcos 27 (vre + vio)t + (drr + ¢L0))]
+ ‘/1‘/0 COS [27T(I/RF — I/Lo)t + (QbRF — QbLO)] . (23)

Here, we assume the nonlinear output as the square of the input signal for simplicity. By the
use of an appropriate bandpass filter, one can obtain the down-converted signal (IF signal) with
the frequency vip = |vrp — Yol (the last term in equation 2.3). The IF frequency is usually
around 4-12 GHz. For the given IF frequency, the output IF signal includes information on
two RF frequencies, vpo & vip. 10 + vir is called the upper side band (USB), and v1,0 — v is
the lower side band (LSB). Processing the signal without separating USB and LSB is called the
double side band (DSB) method, while using either USB or LSB is the single side band (SSB)
method. Most observatories now employ the two single side band (2SB) method, which can
separate one sideband from the other and obtain both USB and LSB signals simultaneously

by using two mixers. In this scheme, the unwanted signal, which is not completely filtered out
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from one side band, can be detected in the other side band. In case of imperfect separation of
the side bands, an ‘“mage line’ feature can be seen due to this effect, when the other side band

(image band) covers a frequency of an emission line.

The IF signal thus obtained is amplified by an IF amplifier chain to the level necessary
for the spectrometer. For the first amplification, high electron mobility transistor (HEMT) is

generally used.

Back end

The amplified IF signal is fed to a radio spectrometer. A digital spectrometer using an
autocorrelator is the most popular back-end. The IF signal is first digitized by a fast AD
converter, followed by the autocorrelation as a function of the delay time. The spectrum
is obtained by the Fourier transformation of the autocorrelation function. An acousto-optical
spectrometer (AOS) is another type of the spectrometer frequently used, based on the diffraction
of light by ultrasonic waves. The IF signal is induced into a piezoelectric transducer to generate
an acoustic wave in a crystal. This acoustic wave diffracts an irradiated laser beam according
to the amplitude and wavelength of the acoustic wave in the crystal. Thus, the direction of
the diffracted light corresponds to the frequency. By measuring the diffracted light by CCD

devices, the spectrum is obtained.

Secondary reflector

Cassegrain antenna

Mixer

vir|  Amplifier Spectrometer
DS
>

Figure 2.1: A schematic illustration of the observing system.
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2.1.2.  Switching mode

To eliminate atmospheric effects appeared on the spectrum, the switching procedure is

employed. Here, we briefly describe three observation modes used in our observations.

Position switching mode

In this mode, the telescope alternately observes two positions: an ON position, namely,
the source position, and an OFF position, a reference position which is free from emission. The
integration time of the OFF position and that of ON position are usually set to be the same.
The spectrum is obtained by subtracting the spectrum of the OFF position from that of the
ON position (Figure 2.2). The OFF position should be close to the ON position to minimize

the atmospheric variation between the two directions.

Frequency switching mode

In this mode, the telescope alternately observes two different frequency ranges toward the
target source. The spectrum with the targeted frequency range is obtained at the first period,
and that with the slightly shifted frequency range at the second period. The final spectrum is
obtained by mutual subtraction. The observing efficiency is higher than that of the position
switching mode, because no overhead time for driving the telescope is needed. On the other
hand, the ripples of the baseline are likely to appear to some extent. This technique can
therefore be applied to sources whose line emissions have a narrow linewidth so that the lines

are less affected by the ripples.

Wobbler switching mode

This mode also switches the ON and OFF positions alternately as the position switching
mode, but by wobbling the secondary reflector. This mode can achieve a higher observing
efficiency than the position switching mode, because the overhead time for driving the main
reflector is not necessary. On the other hand, caution must be taken for spatially extended
sources, because the beam throw by the wobbler is fixed to a certain small angle. Therefore

this mode is not appropriate for extended sources.

2.1.53. Calibration

A calibration procedure is needed to translate the output voltage from the spectrometer
into the intrinsic brightness temperature of the target source, because observed signal suffers
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from gain variations of the telescope system and the atmospheric attenuation. The chopper
wheel method is usually employed for this calibration (Ulich & Haars 1976). The power received

at the source position can be written as
Poy = Gk [Ta + (1 = 1) Tamp + e Tatm(1 — €77) 4+ Trx] (2.4)

where G is the gain, k the Boltzmann constant, T the antenna temperature, n; the forward
efficiency, T, the room temperature, T, the atmospheric temperature, 7 the optical depth
of the atmosphere, and Trx the receiver noise temperature!. The forward efficiency represents
the fraction of the signal fed into the receiver in the total signals that the antenna receives.
Because the antenna temperature Ty suffers from the atmospheric extinction and the feed loss,

the true antenna temperature 7T’y is written as

T

Ty = i
AT e

(2.5)

Position switching mode / Wobbler switching mode

ON OFF
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|
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Figure 2.2: The procedures of each observing mode.

Intensity is usually represented in units of temperature in radio astronomy, which corresponds to the black
body temperature giving the intensity under the assumption of the Rayleigh-Jeans approximation.
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The power at the off position is written as
Pog = Gk [(1 = 0¢)Tamp + 0 Taem (1 — €77) + Tix] - (2.6)

For calibration, the reference power is measured with an absorber inserted to the optical path

during the receiver:
Pavs = Gk (Tamp + Trx) - (2.7)

Here, the corrected temperature T is defined as:

P on P off TambTA
Tc = —Tam = .
¢ Pabs - Poff b Nt [Tamb - Tatm(l — 677)]

(2.8)

When the temperature of the absorber is assumed to be the same as the atmospheric tempera-
ture, the corrected temperature 7¢ is equal to the antenna temperature 7% . This is the simplest
method, because one can derive the antenna temperature without knowing 7 and 7. For a more
elaborate approach, 7; and 7 are determined by measuring another calibration power using a

cold load. In this method, an atmospheric model is used to assume T};,,.

The derived source antenna temperature 75 does not represent the brightness temperature
of the source, because the loss at the antenna is not included. The efficiency of the antenna is
usually provided by the observatory, which is derived from the observations of standard sources
whose absolute flux is already known, such as planets and quasars. The main beam efficiency
is often used, and is defined by the power received by the main beam of the telescope divided
by the power expected for the perfect aperture. The main beam brightness temperature, T,

is obtained by dividing the antenna temperature (7% ) by the main beam efficiency (7).

2.2. Interferometer

A weakness of single-dish telescopes is that the spatial resolution is relatively coarse. It is
roughly represented as 1.2A/D (A and D is the observed wavelength and the antenna aperture,
respectively). For instance, the angular resolution of the Nobeyama 45-m telescope is 16” at 100
GHz, which corresponds to a linear scale of 2200 au in the Taurus molecular cloud (d = 140 pc).
An interferometer is a technique to overcome this difficulty, which is an array of antennas that
work together to form a single telescope. The angular resolution of an interferometer can be

comparable to that of a telescope with an aperture equal to the maximum separation between
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the antennas.

2.2.1. Basic concepls

Signals obtained with the each antenna are transferred to a correlator after the time delay
to the other telescopes is compensated. In the correlator, the cross-correlation between two
signals from different antennas is calculated. This provides spatial information on the target
source, because the signals arriving from separated points of the source center arrive at slightly
different times at each antenna. A separation from the source center of o = (I,m) generates
a time delay of A7 = D - o/c, which will be detected as a difference of the phase between
antennas, A¢ = 2m(ul +vm). u and v are called spatial frequencies, as expressed by (u,v) =
(D, cos@/\, D,cos@/N), where D, and D, are the z- and y-components of the vector between
two antennas, D, respectively, and 6 is the angle between D and the vector from the telescope
to the source, sy (Figure 2.3). The cross-power spectrum, which is obtained by the Fourier
transform of the cross correlation, can be expressed as a function of spatial frequencies. This is
called visibility, which is a product of two-dimensional inverse Fourier transforms of the source
brightness distribution on the sky. Hence, the intensity distribution of the source is derived by

Fourier transform of the obtained visibility in the uv-plane to the Im-plane.

Here, a more detailed explanation of the above description is presented. An antenna
receives an electromagnetic signal &£;(t), which is written by using a frequency- and angle-

dependent amplitude E(s,v) as

Ei(t) = / / B(s, v)e* " dydQ. (2.9)

The source intensity distribution as a function of frequency, I(s,v) = |E(s,v)|?, is the final
product to be obtained. The Fourier transform of & (t) yields the amplitude integrated over
the solid angle:

A

Ev) = FIE(N)] = / O (2.10)
= / / / E(s, )™=t dtdy d (2.11)
_ // A/ — V) E(s,')d0 (2.12)
_ / E(s,v)dQ. (2.13)

The other antenna receives the signal with a geometrical time delay 7, = D - s/c. When a
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Figure 2.3: Schematic illustration of the concept of interferometers.

correction of the delay (7;) is applied to the antenna, the received signal is written as

&) = / / s, )2 =Tt 41,4, (2.14)

Ev) = e i T‘)/E(s v)dS). (2.15)

The interferometer outputs the correlation function of the two signals as a function of the delay

time 7:
C(r) = (& % ) /51 V&3t + 7)dt, (2.16)

where (f % g)(7) denotes the convolution of f and g. The cross-power spectrum C(v) can be

obtained by the Fourier transform of the correlation function:

C) = FICO(7)] = / C(r)e2mv" dr. (2.17)

Because the Fourier transform of the convolution of the two functions f and g is the product
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of the Fourier transforms of the two functions,

Flfxgl=FI[f] Flgl, (2.18)

the cross power spectrum can be obtained as follows:

Clv) = Fl&]F|&] (2.19)
= // E(s',v)E*(s,v)e>™" =™ d0/ dQ) (2.20)
= /|E(S,l/)|262m”(7g_7i)d9 (2.21)
= / I(s,v)e*™ 7= qQ) (2.22)

= /J(s, V) exp [QM'V (% — Ti):| dqQ. (2.23)

Here, we assume that the emissions from the different directions are incoherent, because they
arise from independent processes. The derivation of the equation (2.21) from the equation

(2.20) is based on this assumption.

Now, a convenient coordinate system is introduced to simplify the equation (2.23). The
origin of coordinates is chosen at the source center. The source intensity distribution is expressed
as I(o,v), where o = (I,m) is the vector from the source center (Figure 2.3). The equation

(2.23) is expressed as:

C(v) = exp [2m'u (D;s - Ti>} /[(a,y) exp (27rz'1/Dc' a) do (2.24)
= exp [ZM'V (D 50 Ti>} // I(1,m; v)e?™ tom) ddm, (2.25)

C

[e=]

The exponential factor extracted from the integral denotes the phase of C (v), which can be
compensated by appropriately choosing the time delay 7. The integral part is called the
visibility,

V(u,viv) = / / I(1, m; v)e®™ vm) didm = FLI(1,m;v))] . (2.26)
By the Fourier transform of the visibility, we obtain the source intensity distribution,

I(l,m;v) = F[V(u,v;v)] = //V(um; v)e” 2miuom) gy dy. (2.27)
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2.2.2.  Imaging procedure

In interferometric observations we obtain the visibility function, which is a function of
(u,v) determined by the antenna baseline D and the target direction s. Although we need a
complete visibility in the uv-plane to get the true intensity distribution 7(l, m;v), the measured
visibility is limited to certain points in the uwv-plane, because information obtained by a pair
of antennas corresponds to one component in the uv-plane. To sample as many points in the
uv-plane as possible, the antennas are configured so as to have as many different baselines
(distances between two antennas) as possible. In addition, observing at different times can
improve the sampling, because the rotation of the earth changes the projected baseline. The
obtained Fourier component of the intensity distribution in the uv-plane is called (u, v) coverage
U(u,v) (Figure 2.4). The observed visibility by the array, f)(u, v; V), is expressed by using the
true visibility V(u, v;v) as ]>(u, v;v) = U(u,v)V(u,v;v). The Fourier transform of the observed

visibility can be written as:

I(l,mv)=F [)A/(u,v; 1/)] = FlU(u,v)] « F [V(u,v;v)] (2.28)
= B(l,m)x I(l,m;v), (2.29)

where B(l,m) = F [U(u,v)] is called the synthesized beam. The obtained intensity distribution
I (I,m;v), the so-called dirty map, is the convolution of the true intensity distribution with the
synthesized beam. An incomplete sampling in the uv-plane produces ghost emission /absorption
features in an image, so-called side lobes. Some techniques to improve the quality of the obtained

image are developed as briefly explained below.
Weighting

A weighting function can be multiplied to the visibility in order to change the effective beam
shape and the side lobe level. There are two types of weighting: density weighting and uwv-

tapering.

Density weighting Density weighting is the method to weight the visibility data according
to the density of (u,v) points in the uv-plane. The uniform weight is a weight inversely
proportional to the sampling density. Because the change in the baseline length due to
the earth rotation is larger for longer baselines than shorter ones, lower spatial frequencies
are sampled more often than the higher ones. Hence, the uniform weighting gives higher
weight to higher spatial frequencies, resulting in a higher angular resolution but a worse

side-lobe level. On the contrary, the natural weighting scheme gives equal weight to
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all samples, suppressing the side lobes and the angular resolution. Briggs or robust
weighting creates an image between natural and uniform weighting (Briggs 1995). A

tunable parameter, robustness, defines a noise level.

uv-tapering Tapering scheme applies a Gaussian weight G(u, v) = exp[—(u? +v?)/20?] to the
visibility data. This puts lower weight on the high spatial-frequency data, and suppresses
artifacts arising from them. An extended source can well be depicted. This scheme is

usually applied in combination with the density weighting.

Deconvolution

A procedure that eliminates the effect arising from the incompleteness of (u,v) coverage and
reconstructs the intensity distributions is usually applied to the dirty image (Figure 2.4). Since
the dirty map is the convolution of the true intensity distribution and the synthesized beam, this
procedure is called deconvolution. One popular method of the deconvolution is called CLEAN
(Hogbom 1974). The CLEAN method reproduces the intensity distribution I(l, m;v) as a set of
point sources (1, m;v) = X1;6(l;, m;). First, the intensity peak of the dirty image is found, and
it is assumed to be a real emission (/;0(l;,m1)) in the image. Then a dirty image of this peak
emission is created, and is subtracted from the original dirty map. Then, the intensity peak
of the residual image is assumed to be a real emission (/5d(ls,m2)). This process is iterated
to determine [;0(l;, m;) until the peak of the residual image becomes lower than the specified
threshold value. Because the side lobe components can be significantly eliminated, this method

is widely used in radio interferometric observations.

Here we note an important caveat on incomplete sampling in the uv-plane, the ‘resolving-
out’ effect. Given an idealized square source with a shape of I(I, m;v) = I, for |l| < 0y, |m| < 6y

and otherwise I(l,m;v) = 0, the visibility is obtained as:

n(2mbyu) sin(2wbyv)

si
V(u,v;v) = 41,03
(u’ v I/) 070 27'('90’[,6 271'901)

(2.30)

Therefore, the visibility function goes almost zero, when the spatial frequencies u and v are
larger than 1/26,. Since the spatial frequencies can be written as D/\, the visibility function
becomes almost zero if g = \/2D, where D is the baseline length. This means that a pair of
antennas with a baseline of D has no sensitivity to a sufficiently extended source that satisfies
0o = A/2D. Interferometers therefore miss information on large angular scales. This is called
the ‘resolving-out’ effect (See Appendix in Wilner & Welch (1994) for a detailed discussion).

The largest angular scale for which an array has a sensitivity is determined by the minimum
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baseline in the array. Another array with a shorter spacing (baseline) is needed to observe an
extended source larger than the largest angular scale. ALMA has three types of array according

to the target (Section 2.3.3).

CLEANed image I(l,m;v) True image I(I,m;v)
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Figure 2.4: Relations between images of the HoCO 515-414 line in L1527 observed with the
ALMA ACA array. (Right column) The (u,v) coverage U(u,v). (Center column) The dirty map
(I(1,m;v); bottom) is the convolution of the unknown true intensity image (I(I,m;v); top) and
the synthesized beam (B(l,m); center) which is the Fourier transform of the (u, v) coverage. (Left
column) The CLEANed image I (I,m;v) is created by the deconvolution method to reproduce
the true image. The white ellipse shows the synthesized beam size.

2.2.83. Calibration

The absolute flux and phase of the observed visibility are not always correct due to the

atmospheric and instrumental effects. Thus, calibrations are needed to obtain a true visibility.
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The calibration procedures consist of several steps as follows.

Bandpass calibration The output response from the telescope has a frequency dependence,
which arises from the instrumental effects such as the intrinsic response from receivers
and the attenuation by cables, and the atmospheric effects such as delay offsets and
atmospheric lines. The bandpass calibration is a procedure to calibrate such a frequency
response of amplitude and phase. A strong point continuum source such as quasars is

observed to calibrate so as that the phase is zero and the amplitude is constant.

Phase calibration The observed visibility suffers from the atmospheric and instrumental time
delay caused in each antenna, which results in a temporal fluctuation of phase. To cali-
brate this fluctuation, a strong point source is observed every several minutes. Quasars
are often used as the phase calibrators, because their visibility can be modeled and the

spatial size is sufficiently small.

Gain calibration The observed visibility also suffers from the temporal fluctuation of ampli-
tude. Therefore, the amplitude of the phase calibrator is also measured in each phase

calibration to correct the amplitude fluctuation.

Flux calibration To derive the absolute amplitude of the target source, a scaling factor to
the observed amplitude of the phase calibrator is measured by observing the source whose
flux density is already known. Solar System bodies such as planets and satellites as well

as quasars are often used as flux calibrators. This calibration is done by the observatory.

2.3. Telescopes used in this thesis

2.3.1.  Nobeyama 45-m telescope

Nobeyama 45-m telescope (hereafter referred to as NRO 45 m) is operated by Nobeyama
Radio Observatory (NRO), which is a branch of the National Astronomical Observatory, Na-
tional Institutes of Natural Science, Japan. The telescope is located at a latitude and a longi-
tude of (35°56'409 N, 138°28'21”2 E) and at the altitude of 1,350 m. The main reflector has
a diameter of 45 m, which is one of the largest millimeter-wave telescopes in the world. The
position switching mode is employed for spectral line observations. The frequency coverage is
from 20 GHz to 116 GHz, which can be observed with several receivers. A single load chopper
wheel method is employed for the intensity calibration. As back-ends, a bank of AOSs and

autocorrelators can be used. Because the beam efficiency can fluctuate depending on the wind
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and telescope conditions, the intensity scale is usually calibrated by using the intensity of a
strong line observed simultaneously, whose accurate intensity is already measured under good

observing conditions.

2.3.2. IRAM 30-m telescope

IRAM 30-m telescope (hereafter referred to as IRAM 30 m) is operated by Institut de
Radioastronomie Millimétrique (IRAM), which is founded by the French Centre National de
la Recherche Scientifique, the German Max-Planck-Gesellschaft, and the Spanish Instituto Ge-
ografico Nacional. The telescope is located at the Pico Veleta near Granada, Spain, and the

latitude, longitude, and altitude is (37°4’6”29 N, 3°23'55”51 W) and 2,850 m, respectively.

It is equipped with a series of heterodyne receivers at the 3-; 2-; 1.3-, and 0.9-mm bands
(80-350 GHz). Spectral line observations can be conducted by the frequency-, position-, and
wobbler-switching modes. The intensity calibration is done with the chopper wheel method

with the ambient and cold (lig. Ny) temperature loads.

2.3.3.  Atacama Large Millimeter/submillimeter Array (ALMA)

ALMA consists of an array of fifty 12-m antennas (the 12-m array), with baselines ranging
from 15 m up to 16 km, located on the Chajnantor plateau at the altitude of 5,000 m in Chile.
Its high elevation and low humidity can minimize noise and signal attenuation due to earth
atmosphere. In addition to the 12-m array, the Atacama Compact Array (ACA), composed of
twelve 7-m antennas and four 12-m antennas, can also be used to image large scale structures
that are not well sampled by the 12-m array. The four 12-m antennas (total power (TP) array)
provide spatial information with spacings from 0 m to 12 m by autocorrelations. The 7-m array
samples baselines from 8 m to 40 m, bridging the baseline sampling gap between the 12-m array

and the TP array.

The ALMA front-end accommodates up to 10 different receiver bands. The bands available
in the latest operations range from Band 3, starting at 84 GHz, to Band 10, ending at 950 GHz,

to cover almost all the atmospheric windows.

The array has much higher sensitivity and higher resolution than conventional radio tele-
scopes. The baseline can be extended to 16 km, enabling us to image at an angular resolution
as high as 0.02 arcsec, which is smaller than other previous interferometers by about 1-2 orders

of magnitude (Figure 2.6). The state-of-the-art receivers and back-end technologies realize ob-
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servations with much higher sensitivity than earlier single-dish telescopes

roughly by two orders of magnitude.

and interferometers
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Figure 2.6: Comparison of angular resolutions with ALMA and the earlier interferometer
(PdBI). The left panel shows the c-CsHy 4390493 line in L1527 observed with the PdBI in-
terferometer and the right panel shows the ¢c-CsHy 593435 line in L1527 observed with ALMA.
ALMA realizes much higher angular resolutions. Adopted from Sakai et al. (2010a) and Sakai et

al. (2014a).

33



CHAPTER 3

LINE SURVEY OBSERVATION TOWARD L1527

3.1. Introduction

A detailed understanding of the origin and the fate of the chemical diversity described in
Chapter 1 is of great interest for astrochemistry in relation to the material origin of the Solar
System. As the first step toward this goal, it is important to reveal the chemical compositions of
representative low-mass protostellar sources in an unbiased way. Although spectral line survey
observations toward the hot corino source IRAS 16293-2422 have been conducted not only with
single-dish telescopes but also with interferometers (Caux et al. 2011; Jgrgensen et al. 2016;
Ligterink et al. 2017), no spectral line survey observations toward WCCC sources have been
reported except for that recently published by Lefloch et al. (2018) (See below). With this in
mind, we conducted the unbiased spectral line survey toward the prototypical WCCC source
L1527 in the 3-mm band with NRO 45 m, as part of the legacy project of Nobeyama Radio
Observatory. Here, we report the whole result of the survey. The presence of highly unsaturated
hydrocarbons is the most characteristic feature of interstellar chemistry. Hence, revealing the
whole chemical composition of the WCCC source and its comparison with those of other sources
such as prestellar cores showing cold carbon-chain chemistry (e.g., TMC-1 (CP); Kaifu et al.

2004) will give us valuable information on formation of these molecules in space.

As an independent study, a similar spectral line survey observation toward this source was
also carried out with the IRAM 30-m telescope, as part of the ASAT (Astrochemical Surveys At
Iram) program, whose brief summary result has recently been reported (Lefloch et al. 2018).
However, detailed data exploitation has not been presented. The ASAI survey almost covers
the frequency range of our survey in the 3-mm band with a larger beam size by a factor of 1.5.
Nevertheless, independent spectral line surveys with different telescopes are always important
for the fundamental sources such as L1527, because they give opportunities to confirm the
consistency of the results, and also provide additional information such as the source sizes by
taking advantage of the different beam sizes. Here, we report the results of our spectral line

survey with NRO 45-m.
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3.2. Observation

The spectral line survey observations of L1527 were carried out with NRO 45 m during
the seasons from 2006 to 2012. The frequency range was from 79.8 GHz to 116.8 GHz. The
observed position was (a0, d2000) = (041423539, 25°53/23"3), which is the position of the
protostar (Sakai et al. 2008b). In this observation, we used the SIS mixer receivers, S80 and
5100, simultaneously from 2006 to 2008, while we employed the dual-polarization side-band-
separating (2SB) SIS receiver T100H/V (Nakajima et al. 2008) from 2009 to 2012. The system
temperatures varied from 250 to 350 K in the former and from 150 to 250 K in the latter.
The intensity scale was calibrated by using the chopper-wheel method, and the calibration
uncertainty is estimated to be better than 20%. The telescope pointing was checked once every
1 to 1.5 hour by observing the nearby SiO maser sources (NML-Tau and Ori-KL). The pointing
accuracy was ensured to be better than 6”. The main-beam efficiency (n,,,) at 86 GHz was
0.43 from 2006 to 2008, 0.49 in 2009, and 0.42 from 2010 to 2012, as reported on the NRO
website. The antenna temperature (77%) is converted to the main-beam brightness temperature
(Twp) by Top = TX/Nmp. The beam size was 19” at 86 GHz and 15” at 110 GHz. A position
switching mode with the off-position (angoo, d2000) = (0424273539, 25°53'23"3), which is free

from the emission of CO isotopologue lines, was employed in all the observations.

Before 2010, a bank of acousto-optical radio spectrometers (AOSs), whose bandwidth, res-
olution, and channel spacing are 250 MHz, 250 kHz, and 125 kHz, respectively, were used. In
2011-2012, a bank of autocorrelators, SAM45 (Spectral Analysis Machine for the 45-m tele-
scope), whose bandwidth, resolution, and channel spacing were set to be 1 GHz, 244 kHz, and
244 kHz, respectively, was employed. The frequency resolution corresponds to the velocity res-
olution of ~ 0.8 km s~! at 90 GHz. This resolution is higher than the typical line width in this
source (~ 0.5-0.8 km s™!). Nevertheless, this resolution was chosen to cover the whole 3 mm
band within the limited observation time. Although the lines are partly frequency-diluted, the

integrated intensity is reliable.

In addition to the observations in the 3-mm band, a supplementary observation was con-
ducted in the 4-mm band with NRO 45-m from February to April 2012. This observation mainly
aims at investigating the deuterium fractionation of some fundamental molecular species. Thus,
only selected lines were observed. The side-band-separating (2SB) SIS mixer receiver T70H/V
was used as the front end with a typical system noise temperature of 200-300 K. The back-end
was SAM45, whose resolution was set to be 60.1 kHz. The beam size was 22" at 75 GHz. The
main-beam efficiency at 75 GHz was 0.45.
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Figure 3.2: Individual spectral line profiles of molecules detected in the 70 GHz band. AVisr

denotes the velocity shift from the Vigr of 5.85 km s~! of L1527. The N = 1-0 lines of NoD+
are shown in Figure 3.3.
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Figure 3.3: The hyperfine components of NoD™ and CHyCN. The results of the multiple Gaus-
sian fitting are also shown in red.
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3.3. Results

3.3.1.  Owerall results

Figure 3.1 is an overview of the observed spectrum in the 3-mm band, while its zoomed
view is shown in Appendix (Figure A.1). Figure 3.2 shows the spectra of the supplementary
observation in the 70-GHz band. Typically, the rms noise at the native spectral resolution
ranges from 5 to 15 mK in Ty, in the 3-mm band. This rms noise level is similar to or
even better than that of the spectral line survey toward the outflow shocked region L1157 B1,
which was also conducted with NRO 45-m as part of the legacy project of Nobeyama Radio
Observatory (Sugimura et al. 2011; Yamaguchi et al. 2012). The detected lines are identified on
the basis of spectral line databases, the Cologne Database for Molecular Spectroscopy managed
by University of Cologne (CDMS; Miiller et al. 2001, 2005) and the Submillimeter, Millimeter,
and Microwave Spectral Line Catalog provided by Jet Propulsion Laboratory (JPL; Pickett et
al. 1998). A line detection criterion is that the peak intensity of the line exceeds four times
the rms noise level at its expected frequency. In total, 243 emission lines and one absorption
line (CH30H 313414, AT at 107.01 GHz) are detected in the frequency range from 79.8 to
116.9 GHz (Figures 3.1 and A.1). Hence, the line density is 6.5 GHz~! with this sensitivity.
From the detected emission lines, 69 molecular species are identified in the 3- and 4-mm bands,
among which 37 species are isotopologues. These numbers are higher than those of L1157 Bl
(line density: 3.4 GHz ™!, detected species: 47 species including 15 isotopologues). This clearly

shows chemical complexity of LL1527. The detected molecules are summarized in Table 3.1.

In this survey, c-C3D is detected for the first time in interstellar clouds. Although ¢-CsD is
detected with the signal-to-noise (S/N) ratio higher than 4o, the velocity resolution is not high
enough to determine the line parameters by Gaussian fits. C,0, C3S, C¢H, HCNO, HCO3,
C4D, CoH3CN, and CH,DOH are tentatively detected with the S/N ratio higher than 3o. In
addition, CC¥CCH, 1-C3D and CH3CCD are also tentatively detected, because multiple lines
are marginally seen. Among the tentatively detected species in this survey, the detections of
CeH, HCNO, HCO3, C4D, and 1-C3D have already been reported by the higher sensitivity
observations (Sakai et al. 2007; Marcelino et al. 2009; Sakai et al. 2008c, 2009b).

For unidentified lines with the S/N ratio higher than 40, we carefully inspect whether they
are also detected in the ASAI survey, and find that none of them have corresponding features in
the ASAI data. Most of the unidentified lines that appear only in this survey are likely spurious
lines, which are mainly caused in the AD converters of the autocorrelators during the period

of our observations. Significant features of such spurious lines are shown in some panels of
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Table 3.1: Molecules detected in this observation.

Carbon-chain molecules and the isomers
CCH, CCH, C"3CH, CCD, C,0¢, CCS,
C30, C3N, I1-C3H, 1-C3D*, c-C3H, ¢-C3D,
c-C3Hy, c-3CCCH,, ¢-CCBCH,, c-CsHD, c-C3Do,
1-C3H,, C35¢%, CH3CCH, CH,DCCH, CH3CCD?,
HCCNC, HC3N, DC3N, HB¥CCCN, HC¥CCN, HCC!3CN,
C,H, C, D%, CCBCCH®, C4H,, CsH, HC5N, CgH®

Complex organic molecules

CH;0H, CH,DOH*, CH3CHO, c-H,C50, HCCCHO, Cy,H3CN®

Other species
CO, BCO, CBO, C70, BCO, CS, C¥S, 0338,
CN, BBCN, C¥N, SO, HNC, HN'3C, H’NC, DNC,
HCN, H3CN, HC'N, DCN, NoH*, N,D™,
HCO*, H¥CO*, HC®*O™, DCO™, D¥CO™
HCS*, HCO, HNCO, NH,D, H,3CO, D,CO,
H,CS, HDCS, CH,CN, CH,CO, CHDCO, HCO3; ¢, HCNO*

“Tentative detection

Figure A.1. In the frequency range observed only with NRO 45 m, 2 lines are unidentified, and
they should be verified in future observations. The intensity, line-of-sight velocity and FWHM
line width of the detected lines are determined by a single Gaussian fit. If the line profile is
blended with multiple lines such as nearby hyperfine components, multiple Gaussian functions
are employed to determine the line parameters. For the hyperfine components of NoD™ and
CH,CN, we assume that the line width and the line-of-sight velocity are identical among all
the components, and that the intensities are proportional to the line strengths, because the
hyperfine splittings are too small to fit them independently (Figure 3.3). Tables A.1 and A.2
in Appendix present lists of the line parameters of the identified molecular lines including
tentatively detected ones and unidentified lines. Note that some of the hyperfine components
of CCD show significant offsets in AVisg (Table A.2). This is probably because of insufficient
accuracy of the rest frequencies listed in CDMS. Vi sr denotes the velocity of the source in the

local standard-of-rest frame (LSR), which is about 5.85 km s~ for L1527.

As listed in Table 3.1, 27 species are carbon-chain species and their isomers. For saturated

molecules, the most fundamental species, CH3OH and CH3CHO, which are found in many cold
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prestellar cores (e.g., Kaifu et al. 2004; Vastel et al. 2014; Soma et al. 2018), are detected.
However, larger complex organic molecules such as (CH3),O and HCOOCH;3 are not detected
in this survey, while spectral lines of these species are detected in the 3-mm band with peak
intensities of a few 10 mK or stronger toward the hot corino sources such as IRAS 16293-2422
and NGC1333 IRAS4A (e.g., Caux et al. 2011; Bottinelli et al. 2004). A deficiency of complex
organic molecules in L.1527 was also reported on the basis of high sensitivity observations (Sakai

et al. 2008a).

3.3.2.  Column densities and rotational temperatures

In this observation, multiple transition lines with different upper-state energies are detected
for many species. Assuming a local thermodynamic equilibrium (LTE) condition, we determine
the rotational temperature and the beam-averaged column density for each species by using

the least-squares method with the following formula:

hv 1 1
b - L—e’ 3.1
b k pr(hy/kTmt) —1  exp(hv/kThy,) — 1} ( e’"), (3.1)
and
8mSp? hv E,
"~ 3hAU (Tor) -1 - N 3.2
’ ShAUU(TrOt) |:eXp <kTrot) :| P ( kTrOt) ’ ( )

where T}, is the brightness temperature, h the Planck constant, v the transition frequency, k
the Boltzmann constant, T}, the rotational temperature, T, the cosmic microwave background
temperature of 2.7 K, 7 the optical depth, S the line strength, u the dipole moment, Av the
line width at half maximum, U(T,.) the partition function, F, the upper state energy, and N

the total column density.

The partition function is numerically calculated from energies and degeneracies of the
rotational levels, which are taken from the spectroscopy databases CDMS and JPL. The beam-
filling factor is not included for simplicity. This assumption is reasonable especially for carbon-
chain molecules, because distributions of carbon-chain molecules such as CCH and C4H are
reported to be extended over 20"-40" (Sakai et al. 2010a), which is comparable to or larger
than the typical beam size of the observation (~ 20”). Uncertainties of the derived column
densities include the rms noise, the fitting error, and the intensity calibration uncertainty of
20%. Table 3.3 shows the column densities and the rotational temperatures derived by the

above analysis. The large uncertainty for C3N originates from large scattering of the data due
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to the poor S/N ratios.

For molecules for which only one transition line or multiple lines with almost the same
upper-state energies are detected, the column densities are derived under the LTE assumption
with the excitation temperatures of 10 K and 15 K. The range of the excitation temperature
is chosen on the basis of the rotational temperatures derived for other molecules in the above
analysis. The column densities thus evaluated are summarized in Table 3.4. A change in the
temperature by 5 K does not result in a substantial change in the column density (~ 20% or less
for most of the species). Optical depths of the lines are also listed in Table 5. Most of them are
less than 1. Hence, the column densities are reasonably estimated. An exception is the HCCNC
case. The column density of HCCNC changes by a factor of 2 between 10 K and 15 K. This
is likely due to the relatively high upper-state energy of the detected line (J = 10-9; E, = 26
K). Moreover, if we employ the J = 9-8 line (E, = 21 K) tentatively detected with the 3o
confidential level, the column density is derived to be about a half of that from the J = 10-9
line, assuming the excitation temperature of 10 K or 15 K. The column density of HCCNC

therefore has a relatively large uncertainty.

It should be noted that some molecules having an extended distribution might have the
excitation temperature lower than 10 K, because of contributions from less dense and colder
parts. However, the excitation temperature of 5 K does not cause a substantial change in the
column density (~ 20% or less) and the optical depth (0.4 or less) for most of the species. For
DNC and H¥CO™, the column densities would become ~ 2 times higher and optical depths

become ~ 2, if the excitation temperature were 5 K.

The low excitation temperature indicates that the emissions are not truly in the LTE
condition, but are sub-thermally excited. To examine whether LTE is a good approximation
for this observation, we compare the derived column densities with those obtained with the
non-LTE radiative transfer code RADEX (van der Tak et al. 2007). Simple molecules such
as C'80, CS, SO, HCN, H¥CN, HC*¥OT, CH30H, and CCH are examined, for which the
collisional cross sections are available. The collisional rate coefficients are taken from Yang et
al. (2010) for C'®0, Lique, Spielfiedel, & Cernicharo (2006) for CS and SO, Flower (1999) for
HC®™O*, Green & Thaddeus (1974) for HC®N and H'®CN, Spielfiedel et al. (2012) for CCH,
and Rabli & Flower (2010) for CH3OH. As summarized in Table 3.2, the column densities
derived by RADEX and those derived by the LTE analysis agree within the error over a range
of n(Hy) = 3 x 10°-3 x 10° em™2 and T}, = 10-30 K except for CS. The difference in the column

density of CS is about a factor of 2, but it does not change the conclusion of the discussion
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in Section 3.5 (see Figures 3.4 and 3.5). Larger molecules tend to exist in the denser part of
the cloud, and hence, the non-LTE effect could be smaller than the above cases. The non-LTE
effect on isotopic ratios is also negligible, because uncertainties of the derived column densities
are mostly caused by assumptions of temperature and Hy density, and their effects are canceled
out in the ratios. Thus, we employ the results obtained with LTE in the following analysis and

discussions.

The spectral lines of CO, *CO, CS, HCO*, HCN, and HNC are optically thick, judging
from the isotopologue lines. Hence, the column densities of these molecules shown in Table
3.4 are derived from the isotopologue lines, assuming the following isotopic ratios in the local
interstellar matter (ISM): 2C/3C= 60, 1°0/®0= 560, and 32S/3'S= 22 (Lucas & Liszt 1998;
Wilson & Rood 1994; Chin et al. 1996). As discussed later (Section 3.4.2), the 2C/!3C ratios
of carbon-chain molecules are higher than the local ISM value. However, we here employ the
standard values for the above fundamental species. Although the optical depths of C*O and
HB3CO™ lines are moderate, the derived column densities are consistent with those derived from

the C170, ¥C™0, and HC™®O™ lines (*80/'"0O= 3.2; Wilson & Rood 1994).

For molecules having the ortho and para species due to symmetry, they are analyzed
separately under the assumption of the same rotational temperatures, if the lines of both
species are detected. Free parameters for the fit are the total column density, the rotational
temperature, and the ortho-to-para ratio. For I-C3H,, ¢-C3H,, C4Hs, and CH,CO, the ortho-
to-para ratios are derived to be 2.81 £ 0.14, 2.2 + 0.3, 3.2 & 0.2, and 3.2 4+ 1.2, respectively.
c-C3Hs shows lower ortho-to-para ratio than 3, probably because an optically-thick ortho line
is used for the evaluation (See Chapter 3.5.2). For molecules of which only ortho lines are
detected, we assume the statistical ortho-to-para ratios: 3 for Hy'3CO, H,CS, NH,D, c-H,C30,
c-BCCCH,, and CH,CN, and 2 for D,CO and ¢-CsD,. For CH;CCH and CH3CN, the A and
E states caused by the internal rotation are analyzed separately under the assumption of the
identical rotational temperature. The A/E ratios are derived to be 0.98 £+ 0.14 and 1.07 £ 0.02
for CH3CCH and CH3CN, respectively. For CH3CHO and CH30H, the A/F ratio is assumed
to be 1, because only one line of the A state is detected. The column densities shown in Tables
3.3 and 3.4 represent the total column densities. The error of the column density of NHsD is

large because of the poor S/N ratio of the detected line.

We derive the upper limit to the column densities for important undetected species, OCS,
HCOOCH3, and (CHj)20, to compare them with those derived in IRAS 16293-2422. A spectral
line for which the highest S/N ratio is expected in the observed frequency range (i.e., J = 7-6
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at 85.14 GHz for OCS, 414313 EE at 99.32 GHz for (CH3)20, and 999—80ps A at 100.68 GHz for
HCOOCH3;) is used for the evaluation for each species. The 3o upper limit is derived from the

1

rms noise under the assumption of the line width of 1.0 km s™, as shown in Table 3.4.

In order to derive the beam-averaged fractional abundances of molecules relative to Hs
(X = N/N(H,)), we evaluate the beam-averaged column density of Hy, N(H,), from the C!"O
data. The N(H,) value is derived to be (8.2 + 1.6) x 10?2 cm™2 by assuming the rotational
temperature of 15 K and the N(C'O)/N(H,) ratio of 2.6 x 107 (Jgrgensen, Schéier & van
Dishoeck 2002). Note that this ratio is derived from the C'"O and dust continuum observa-
tions, and is lower than the ratio reported by Frerking, Langer, & Wilson (1982) in which
the canonical N(C'70)/N(Hy) ratio without depletion is discussed. The fractional abundances
of molecules are listed in Table 3.5. Here, we adopt the column densities derived with the

excitation temperature of 15 K for the species listed in Table 3.4.
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Table 3.2. Comparison of column densities derived by the non-LTE and LTE analysis.

Molecule N (cm™2)
Non-LTE LTE?*
C80 0.7-1.0)x 101 7.1(18) x 101

( )
CS (1.4-2.0)x 10 3.4(7) x 10"
SO (4.0-6.5)x10"2  1.1(9) x 10"
HCBO+  (3.5-7.5)x10  5.7(11) x 101
HCYN  (1.5-2.6)x10'  2.6(5) x 10
HBCN  (0.7-1.4)x10'  1.1(2) x 10
(1.2-2.2)x10%  1.5(3) x 10%
(2.3-3.4)x10"%  2.3(10) x 10

CCHP
CH3;OH®

Note. — The Hy density and the kinetic
temperature are set to be 3x10°-3x10% cm 3
and 10-30 K, respectively.

#The numbers in parentheses represent the
errors in units of the last significant digits.
For molecules listed in Table 3.4, the column
density derived with T, = 15 K is shown.

bTwo optically-thin hyperfine components
are used.

“The H, density is restricted to 3 x 1051 x
10% cm ™~ to reproduce the absorption feature
of the 31’3*41’4, A+ line.
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Table 3.3. Derived column densities, rotational temperatures, and optical depths of the lines
used for the evaluation.

Molecule N (cm™?) Tt (K) 7 range®

SO 1.1(9) x 1013 6(2) <0.21
CCS 6(2) x 1012 6.1(8) < 0.066
C50 1.8(11) x 10"*  11(5) < 0.034
C3N 6(7) x 1011 11(9) < 0.009
1-CsH 3.5(2) x 1012 11.5(12) < 0.067
-CsH 1.4(5) x 108 15(6) < 0.034
-C3H, 44(5) x 10 89(6) < 0.83

(
(
(
¢-BCCCH, 2.18(16) x 10! 8.
(
(
(

9 (fix)> <0.013
c-CCBCH, 1.07(16) x 102 8.9 (fix)® < 0.058
c-C3HD 1.9(2) x 10 8.9 (fix)> < 0.11
c-C3Dy 2.2(8) x 10 8.9 (fix)>  0.006
1-C3H, 1.23(7) x 10" 9.2(8) < 0.049
C4H 2.32(12) x 10" 12.3(4) < 0.26
C4H, 1.9(2) x 10*2  12.7(11) < 0.017
Cs;H 5.3(11) x 101" 33(26) < 0.002
HC3N 1.22(6) x 103 25(4) < 0.16
H¥CCCN A4(4) x 101 25 (fix)® < 0.002

1.4(4) (fix)
HCBCCN  2.4(3) x 101t 25 (fix)> < 0.0028
HCCBCN  2.5(8) x 101 25 (fix)® < 0.003
DC;3N 4.7(12) x 10" 25 (fix)> < 0.015
HC5;N 2.4(18) x 102 22(7) < 0.005
CH3CCH 7.0(6) x 10 14.2(15) < 0.070
CH,DCCH 9.83(13) x 10'2 14.2 (fix)* < 0.008

CH3;0H 2.3(10) x 103 13(8) < 0.030
CH3CN 2.54(15) x 10! 21(2) < 0.005
CH,CN 2.2(4) x 1012 8.6(19) < 0.010
CH,CO 7(3) x 1012 27(23) < 0.008
HCCCHO 2.4(3) x 10*2 16(13) < 0.004
Note. — The numbers in parentheses represent the

errors in units of the last significant digits.

#The range of the optical depths of the lines used in
the analysis.

PThe rotational temperature is assumed to be the
same as that derived for the normal species.
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Table 3.4. Derived column densities and optical depths of the lines used for the evaluation.

Molecule

Trot = 10 K

Trot = ]_5 K

N (cm™2) T range

N (ecm™2) T range

CO
13CO
C80
C'70
13CISO
CS

C*S
C*S
CNd
1SCN
CP°N
HCO*
HISCOJr
Hcl80+
DCO™*
D1300+
HNC
HN!3C
HNC
DNC
HCN
H3CN
HCN
DCN
NoHT
N,DF
CCH®
BCCH
C13CH
CCD

(4.4(16) x 108)>
5.1(

(5.1(13) x 10¥6)>  —
8(3) x 10'° 1.07
1.90(4) x 10 < 0.16
9(2) x 10 0.011

(3.1(6) x 10'3)c -
1.4(3) x 10*2 0.025
2.1(6) x 10 0.007
2.3(3) x 101 < 0.090
3.7(7) x 102 < 0.018
10(3) x 10 0.007

(2.9(7) x 1014)d —
4.8(12) x 10'2 0.47
4.8(10) x 10*  0.050

(1.5(3) x 1013)4 -
2.4(6) x 10! 0.040
(10(2) x 10'3)d —
1.6(4) x 10'2 0.092
3.1(7) x 10 0.020
4.5(11) x 1012 0.29

(5.5(11) x 108)d  —
9.1(18) x 1011 < 0.028
2.2(5) x 10 0.015
2.6(5) x 1012 < 0.11
5.8(3) x 1012 < 0.20
3.0(6) x 10" < 0.010
1.4(3) x 10 < 0.25
6.3(10) x 1012 < 0.007
9.4(19) x 1012 < 0.009
4.7(3) x 10" < 0.092

47

(4.0(10) x 10'8)> -
(5.9(15) x 1016)>
7.1(18) x 10%  0.48

2.1(4) x 10 < 0.088
1.1(3) x 10 0.007
(3.4(7) x 1013)° -
1.6(3) x 10" 0.014
2.3(7) x 101 0.004
2.6(5) x 101 < 0.051
4.2(8) x 102 < 0.011
1.1(2) x 10*2 0.004
(3.1(7) x 1014)d —

52(12) x 10'2  0.25

5.7(11) x 102 0.029
(1.8(4) x 1013)4 -
3.0(7) x 10 0.023
(1.2(3) x 1014)d -
1.9(5) x 10*2 0.052
3.7(8) x 10! 0.012

5.2(11) x 1012 0.16
(6.5(12) x 103)d  —

1.1(2) x 10 < 0.016
2.6(5) x 10 0.009

3.1(6) x 10 < 0.061
6.6(13) x 10> < 0.11
3.6(7) x 101Y < 0.006
1.5(3) x 10 < 0.14
7.5(15) x 10 < 0.004
1.1(2) x 10 < 0.005
5.6(11) x 10' < 0.053



Table 3.4 (continued)

Molecule T.o: =10 K Tt =15 K

N (cm™2) T range N (cm™2) T range
HCS* 3.8(8) x 10 0.008 4.3(9) x 101 0.005
HCO 5.3(11) x 102 < 0.023 7.2(14) x 10 < 0.013
c-H,C30 5.4(16) x 10" < 0.009 4.5(11) x 10" < 0.005
H,CO (1.2(3) x 1014)df 1.6(4) x 104)af
H,13CO 2.0(5) x 10!2 0.025 2.6(7) x 10'2 0.015
D,CO 1.8(7) x 1012 < 0.046 2.2(8) x 102 < 0.026
CH3CHO 1.6(3) x 102 < 0.009 1.6(4) x 102 < 0.005
H,CS 2.7(5) x 102 < 0.023 2.8(5) x 102 < 0.013
HDCS 6.3(18) x 10! 0.008 8(2) x 10M 0.004
HCCNC 5.2(16) x 10 0.005 3.1(9) x 10 0.003
HNCO 2.6(5) x 102 < 0.036 2.6(3) x 102 < 0.023
NH,;D 1.9(17) x 10*2 0.007 1.5(14) x 10*? 0.004
0CS < 2.3 x 10 - < 1.9x 10"
HCOOCH; < 1.3 x10% - < 9.7 x 102
(CH3)20 < 4.1 x 10" - < 5.0 x 10*2 -
Note. — The numbers in parentheses represent the errors in units of

the last significant digits.
aThe spectral lines of C*¥O are used for evaluation of the column
density, where the °0 /™0 ratio is assumed to be 560 (Wilson & Rood

1994).

PThe spectral lines of ¥*C*¥0O are used for evaluation of the column
density, where the 1°0 /0 ratio is assumed to be 560 (Wilson & Rood

1994).

“The spectral lines of the 3*S species are used for evaluation of the
column density, where the 32S/34S ratio is assumed to be 22 (Chin et

al. 1996).

dThe spectral lines of the '3C species are used for evaluation of the
column density, where the '2C/!3C ratio is assumed to be 60 (Lucas &

Liszt 1998).

“Two optically-thin hyperfine components are used for evaluation of
the column density.
fNo lines are observed in this survey.
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Table 3.5.

Fractional abundance relative to Hs, calculated from Tables 3.3 and 3.4.

Molecule X Molecule X

CO (4.8(16) x 10*5)a c-CsH, 5.3(12) x 10710
1BCO (7(2) x 1077 ¢-BCCCH,  2.6(6) x 10712
C*0 9(3) x 1078 c-CCBCH,  1.3(3) x 10711
B0 1.3(4) x 107° c-C3HD 2.4(5) x 10711
CS (4.2(12) x 10719)¢  ¢-C3D, 2.7(11) x 10712
S 1.9(5) x 1071 1-C3H, 1.5(3) x 1071
338 2.8(10) x 10712 C4H 2.8(6) x 107
CN 3.2(9) x 1079 C4H, 2.4(5) x 10711
BON 5.2(14) x 1071 CsH 6.4(18) x 10712
CN 1.4(4) x 1071 HC3N 1.5(3) x 10710
SO 1.3(11) x 10710 HBCCCN  1.8(6) x 10712
HCO* (3.8(11) x 10794 HCBCCN  2.9(7) x 10712
HBCOT  6.3(19) x 107! HCCBCN  3.0(11) x 10712
HCBO+  6.9(19) x 10712 DC3N 5.7(18) x 10712
DCO* (2.2(7) x 10710)d HCsN 3(2) x 10711
DBCO*T  3.6(11) x 10712 c-HyC30  5.5(17) x 10712
HNC (1.4(4) x 1079)d H,CO (1.9(6) x 1079)df
HN'3C 2.3(7) x 10711 H,*CO 3.1(10) x 1071
HYNC 4.5(13) x 10712 D,CO 2. 7(11) x 1071
DNC 6.3(19) x 10~ H,CS 3.5(9) x 10~
HCN (8(2) x 10710)d HDCS 10(3) x 10712
HCN 1.3(4) x 1071 NH,D 1.8(17) x 107
HCYN 3.1(9) x 10712 HCCNC 3.8(14) x 10712
DCN 3.8(11) x 1071 HNCO 3.2(7) x 10711
NoH* 8(2) x 1071 CH3;CHO  2.0(7) x 107"
N,D* 4.4(12) x 10712 CH3CCH  8.5(18) x 10710
CCH® 1.9(5) x 1078 CH,DCCH  1.2(2) x 10710
BCOCH 9(3) x 10711 CH3;0H 2.8(13) x 10710
C13CH 1.4(4) x 10710 CH3CN 3.1(6) x 10712
CCD 6.9(19) x 10710 CH,CN 2.6(7) x 10711
HCS* 5.2(15) x 10712 CH,CO 9(4) x 10711
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Table 3.5 (continued)

Molecule X Molecule X

HCO 9(2) x 1071 HCCCHO  3.0(7) x 107
CCS 7(3) x 10~ OCS <23 x 1071
C30 2.2(14) x 10712 HCOOCH; < 1.2x 10710

1-CsH 43(9) x 10711 (CHg)QO < 6.1 x 1071
-CeH  L7(T) x 10710

Note. — The numbers in parentheses represent the errors in
units of the last significant digits. The column density of H,
is evaluated from that of C'7O to be (8.2 & 1.6) x 10** cm™2.
For molecules listed in Table 3.4, the column density derived
with T, = 15 K is assumed.

ab.edefSee the footnotes in Table 3.4
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3.4. Isotopic ratios

3.4.1. Deuterated species

Since we detect 12 deuterated species with reasonably good S/N ratios, we here derive
their abundance ratios relative to the normal species, as summarized in Table 3.6. For the
isotopic species, we adopt the same rotational temperatures as those for the normal species.
For molecules for which the rotational temperatures are not derived by the fit, the ratios are
derived by assuming the excitation temperature of 15 K. Note that the results do not change
within the error limits, even if we adopt the excitation temperature of 10 K. The D/H ratio
(i.e., what fraction of the hydrogen atom is replaced by the deuterium atom in the species of
interest) is not the same as the abundance ratio, when the molecular species contains multiple
equivalent H or D atoms. The D/H ratios translated from the derived abundance ratios are

also shown in Table 3.6.

The abundance ratios derived in this study are consistent with the previous reports, as
shown in Table 3.6. Carbon-chain molecules (CCH and HC3N) and standard species (HCN,
HCO™, NyH*, and HNC) show moderate D/H ratios of ~ 0.04-0.05. Note that the D/H
ratios of HCO™ and HNC can be regarded as an upper limit and lower limit, respectively. The
H3CO™* and DNC lines could be optically thick, if we adopt the excitation temperature lower
than 10 K. For overcoming this situation, using the double isotope species such as DN'3C to
evaluate the D/H ratio would be preferable. CHyDCCH is statistically favored by a factor of 3,
because there are three equivalent hydrogen atoms in the methyl group to be deuterated. Thus,
the [CH,DCCH|/|[CH3CCH] ratio of 0.141 means a similar level of deuterium fractionation to

the other carbon-chain species, when the statistical weight is considered.

The moderate D/H ratio observed in this study is consistent with the interpretation re-
ported by Sakai et al. (2009b) and Sakai & Yamamoto (2013). In the WCCC sources, the
prestellar-core phase would be shorter than the chemical timescale of the C-to-CO conversion
(~ 10°® yr). The prestellar-core phase is not long enough for deuterium transfer reactions and
CO depletion onto dust grains to occur. Thus, the D/H ratios should be relatively low in the
WCCC sources (Sakai et al. 2009b). This is in contrast to the hot corino sources, and is thought
to be a consequence of a longer cold prestellar-core phase with high degree of CO depletion.
In fact, the [CCD]/|CCH] ratio is reported to be 0.18 in the hot core source IRAS 16293-2422
(van Dishoeck et al. 1995), which is much higher than that in L1527 (0.037).

On the other hand, the D/H ratios of ¢-C3Dsy, D2CO, and HDCS are found to be high

in comparison with those of other species. This trend is seen in other low-mass star-forming
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regions, as described below. The [HDCS|/|H,CS| ratio is 0.29, which is much higher than the
abundance ratios of the other species. The D/H ratio is still as high as 0.14, in which the
statistical weight of 2 due to the two equivalent hydrogen atoms is taken into account. The
high [HDCS|/|H2CS] ratio (0.29) is previously reported in the evolved prestellar core, Barnard
1, which is higher than the D /H ratios of the other molecules observed in this source (Marcelino
et al. 2005). Marcelino et al. (2005) reproduced the high abundance ratio of HDCS in their

steady-state gas-phase chemical model.

The derived [DyCO|/[H2COJ ratio of 0.014 is also high, because the D/H ratio (i.e., the
square root of [DoCO|/[H2CO|) is as high as 0.12. The high [D,CO|/[HoCO]J ratio is often
revealed in many low-mass star-forming regions including L1527 (e.g., Roberts & Millar 2007,
Parise et al. 2006). Parise et al. (2006) reported the high [D2CO]/[H2CO] ratio in L1527 (0.44),
while Roberts & Millar (2007) reported the [DoCO|/[H2CO] ratio of 0.016. Our result is close to
the result by Roberts & Millar (2007). Several mechanisms both in the gas-phase and the solid-
phase are proposed to account for the high DoCO abundance. Taquet, Ceccarelli, & Kahane
(2012) modeled the high D/H ratio, considering the abstraction and substitution of H by D
atom on ice surface (e.g., HoCO + D — HDCO + H; HDCO + D — D2,CO + H). Roueff et al.
(2007) suggested that the D/H ratio of formaldehyde is related to the deuterium fractionation
through CH3 (i.e., CHf + HD — CHyD™ 4 Hy + 390 K) in their steady-state gas-phase model,

because CH; produced from CHJ reacts with O atoms to form formaldehyde.

The derived [c-C3Ds]/[c-C3HD] ratio of 0.11 in L1527 is higher than the [c-C3HD]|/[c-CsHa]
ratio (0.044). The [c-C3HD]/|c-C3Hy| ratio of 0.044 is even lower than those of other molecules,
when the equivalent two H atoms in ¢-C3Hy are considered. Since the abundance ratio of a
doubly deuterated species, [XD3|/[XHD], should be statistically 4 times lower than that of the
singly deuterated one, [XHD|/[XH;], this result means that c-C3HD is more readily deuterated
than ¢-C3H,. On the other hand, Spezzano et al. (2013) reported that the [c-C3Ds]/[c-C3HD]
ratio is comparable to the [c-C3HD|/[c-C3Hs| ratio in the prestellar cores L1544 and TMC-1C,
although the errors of the ratios are large. They concluded that the observed D/H ratios can
be explained by simple gas-phase reactions (e.g., the successive deuteration of c-C3Hy by the
reaction with HoDT, DoH™, and D3 ). However, the situation can be different in L1527, because
the overabundance of c-C3Ds relative to c-C3HD cannot be explained by considering only a
single formation pathway. Hence, the result is puzzling, and chemical models may need to be

revisited.

It should be noted that the anomalous D/H ratios may also be related to the large beam
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size of the single-dish telescope, as discussed in Chapter 4.3. The D/H ratios derived from the
single-dish observations may suffer from systematic errors caused by the simplified assumption
of the same emitting region and the same excitation temperature. Thus, observations with high
spatial resolution are needed to solve the origin of the high D/H ratios of some molecules in

this source.

3.4.2. B(C-substituted species

In this survey, the 3C species of CO, C*O, CN, HCO*, DCO*, HNC, HCN, CCH, c-C3Hs,,
HC;3N, and HyCO are detected. Among them, we derive the 2C/13C ratios for the cases that
the column densities of the corresponding normal species are reasonably determined without
suffering from the high optical depth problem. The ratios for C*O, CN, CCH, HC3N, and
c¢-C3Hy are summarized in Table 3.7. For molecules for which the rotational temperatures are
not derived by the fit, the ratios are derived by assuming the excitation temperature of 15 K.
The results do not change within the error limits, even if the excitation temperature of 10 K is

adopted.

As described in Chapter 1, recent studies revealed that the high 12C/!3C ratios of molecules
are produced from C*. In L1527, CCH and HC3N show dilution of '*C species except for
HCC!CN (Table 3.7; Sakai et al. 2010b; Araki et al. 2016; Taniguchi, Saito, & Ozeki 2016). For
CCH, the dilution is confirmed in this survey, where the column density of the normal species
is derived from the optically-thin hyperfine components (J = 3/2-1/2, F = 1-1; 7 = 0.14,
and J = 3/2-1/2, F = 1-0; 7 = 0.13). In addition, the high *C/!3C ratios of ¢-C3H, are
confirmed. Note that the 2C/13C ratios of c-C3H, are even higher in the detailed analysis in
Section 4.1. On the other hand, the derived 2C/!3C ratios of HC3N are much less accurate
than the reported values, because the sensitivity of this survey is not as good as the previous

work (Araki et al. 2016).

Such a dilution process can occur even in the protostellar envelope of L1527, whose gas
kinetic temperature is 25 K (Sakai et al. 2010b). In order to verify this interpretation, we

consider the following relation under the steady-state approximation:

[13c+] B kb[BCO]
[1zc+] - k:f[12CO]’ (3'3)

where k¢ and ky, are the rate coefficients of the forward and backward reactions of (1.10),

respectively, and [X] denotes the abundance of X. These rate coefficients fulfill the following
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Table 3.6. D/H ratios.

Ratios This work Previous works
Abundance ratio D/H ratio® Abundance ratio
DB3CO* /H3CO* 0.057(19) 0.048
N,D* /NoH* 0.054(15) 0.06(1)¢
DCN/HCN 0.048(13)4 0.037(8)d°
DNC/HNC 0.045(14)4 0.046(4)%f
CCD/CCH 0.037(10) -
DC3N/HC3N 0.039(10) 0.0370(7)#
c-C3HD /c-C3H, 0.044(7) 0.022(4) 0.071(23)"
c-C3Dy/c-C3Hy 0.0050(18) 0.071(13) -
c-C3Dy/c-C3HD 0.11(4) 0.23(8) -
CH,DCCH/CH3CCH 0.141(12) 0.047(4) —
HDCS/H,CS 0.29(10) 0.14(5) -
D,CO/H,CO 0.014(6)4 0.12(3)  0.016(5)>9 0.4473 50
Note. — The numbers in parentheses represent the errors in units of the last

significant digits.

2The D/H ratio means the abundance ratio for the single deuteration, which
is corrected for the statistical weight caused by molecular symmetry (Persson

et al. 2018).

PThe [DCO*|/[HCO™] ratio reported by Jgrgensen, Schéier & van Dishoeck
(2004), where the column density of HCO™ is derived from the H¥*CO™ lines

by assuming the 12C/13C ratio of 60.
“Roberts & Millar (2007)

dThe column density of the normal species is derived from the *C species,
where the ?C/13C ratio is assumed to be 60.
*Roberts et al. (2002)

fHirota, Ikeda & Yamamoto (2001)

gAraki et al. (2016)
hSakai et al. (2009b)
Parise et al. (2006)
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relation:

AG
kb = k’f exXp (_k_T> N (34)

where AG represents the free energy difference between the right and left hand sides of the
reaction (1.10). Since ky,/k¢ is evaluated to be 0.2 at 25 K, the dilution process of *C™ is barely

possible in the warm region of L1527.

L1527 is a warm-carbon-chain-chemistry source, where CH,4 evaporated from dust grains
in the warm (2 25 K) and dense part near the protostar triggers efficient production of carbon-
chain molecules including ¢-C3Hy. CHy is thought to be formed by hydrogenation from the
neutral carbon atoms depleted onto dust grains in the cold prestellar core phase and/or the
less dense phase. The '2C/!3C ratio of the carbon atom is also expected to be higher than the
elemental ratio as the '2C*/!3CT ratio, because the neutral carbon atom (C) is formed from
electron recombination of the carbon ion (CT). Hence, the >C/!3C ratio of CH, formed on
dust grains would also be higher. This may also contribute to the dilution of the ¥C species of

the carbon-chain molecules.

The '3C atom is fractionated in molecules into two groups by the reaction (1.10). While the
molecules produced from C* show the high ?C/13C ratios, molecules produced directly from CO
are expected to have the normal 2C/*C ratio of 60-70, because *CO is the main reservoir of
13C. This fractionation is already confirmed in the cold prestellar core TMC-1: various carbon-
chain molecules show the dilution of '3C (Sakai et al. 2007, 2010b, 2013), while CH;OH, which
is formed through successive hydrogenation of CO on dust grains (Watanabe & Kouchi 2002),
shows the normal 2C/*3C ratio (Soma et al. 2015). Since the derived [C'®O]/[**C*0] ratio in
L1527 is consistent with the elemental ratio within the error, our study further confirms the

fractionation of *C species of carbon-chain molecules in the protostellar core, L1527.

The above situation is different from a high [*2CO]/[*3CO] ratio caused by the isotope se-
lective photodissociation (e.g., Visser, van Dishoeck, & Black 2009). This mechanism enhances
the 13C™T abundance, and subsequently decreases the '2C/!3C ratio in various molecules formed
from ¥C* (enrichment of the *C species). This is opposite to our observational trend. Thus,
this mechanism seems unimportant in this source. It is also suggested that a high [*?CO]/[**CO]
ratio in the gas phase is caused by the difference of the binding energy between *CO and 2CO
(Smith et al. 2015; Jorgensen et al. 2018). This can cause the lower abundance of 3C* relative
to 2C7, resulting in lower abundances of the *C species of various molecules. However, the
dilution of the ¥C species is widely found even in cold clouds, and this mechanism seems less

important than the mechanism mentioned in the above paragraph.
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The derived [CN]/[**CN] ratio (61 £ 17) is also comparable to the elemental ratio. In
diffuse clouds, dilution of 3C™" is not significant due to high temperature. If CN produced in
such an earlier phase of molecular cloud evolution still remains, the 12C/*3C ratio of CN is close
to 60-70. The derived >C/13C ratio of CN is consistent with the possible formation pathway
of HC3N: CyHy + CN — HC3N + H (Fukuzawa & Osamura 1996; Woon & Herbst 1996, 1997;
Takano et al. 1998). In the formation reaction of HC3N, the C-N bond in CN is considered to
be preserved. Thus, the [HC3N]/[HCC¥CN] ratio would be similar to the [CN]/[*3*CN] ratio of
61. This expectation is now verified in L1527 by the [HC3N|/[HCC'"CN] ratio of 49 + 15 (this
study) and 64.2 + 1.1 (Araki et al. 2016).

3.4.3. ' N-substituted species

The N species of CN, HCN, and HNC are detected in this survey. The N /N ratios of
the three species are consistent with one another within the error, as shown in Table 3.8. Sources
where the N /1°N ratios of CN, HCN, and HNC are derived are limited to Barnard 1 and the
protocluster OMC-2 FIR4. In both sources, the 1*N/!N ratios of the above three species are
comparable to one another (Daniel et al. 2013; Kahane et al. 2018), and the ratios are similar
to those derived in L1527 (Table 3.8). This result is consistent with the astrochemical models,
which predict that the molecules bearing the nitrile functional group (-CN) have a common
fractionation process (e.g., Rodgers & Charnley 2008). On the other hand, the N /!N ratio of
CN is reported to be significantly higher than that of HCN in the prestellar core L1544 (Hily-
Blant et al. 2013a,b). This report contradicts with our result in L1527. Further observations

are thus needed to solve this discrepancy.

Araki et al. (2016) reported that the YN /N ratio of HC3N is 338 4-12 in L1527. If HC3N
is produced from the reaction mentioned above (CoHy + CN — HC3N + H), the "N /!N ratios

of HC3N and CN should be similar. On the other hand, the “N/¥N ratio of CN (230 + 80)
is derived to be lower than that of HC3N. However, the error of this study is large, and this

discrepancy is also a target for future observations.

3.5. Comparison with other sources

3.5.1. TMC-1

In Figure 3.4, the column densities of molecules derived in this study in L1527 are compared

with those reported for TMC-1, which is the representative carbon-chain rich prestellar core.
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Table 3.7. '2C/'3C ratios.

c-C3Ha]/|c-*CCCH,]  200(30) -
c-C3Ha]/[c-CC3CH, 41(8) -

Ratios This work Previous works
[C180]/[13CO] 70(20) -
[CN]/[**CN] 61(17) —
[CCH]/[**CCH]| 210(60) > 1352
[CCH]/|C'*3CH]| 140(40) > 80
[HC3N]/[H3CCCN] 85(22) 86.4(16)", 100(20)¢
[HC3N|/[HC'CCN] 51(7) 85.4(17)", 90(15)°
[HC3N]|/[HCC'3CN] 49(15) 64.2(11)", 79(12)°
[

[

Note. — The numbers in parentheses represent the er-
rors in units of the last significant digits.

2Sakai et al. (2010b)

PAraki et al. (2016)

“Taniguchi, Saito, & Ozeki (2016). The temperature of
9.7 K is assumed.

Table 3.8. MN/¥N ratios.

Ratios L1527 B1®  OMC-2 FIR4¢

[CN]/[C"®N] 230(80) 2901150 270(60)
[HCN]/[HC'N]  250(80)¢ 33071 270(50)
[HNC]/[H'SNC] 300(100)¢ 225%7 290(50)

Note. — The numbers in parentheses represent the
errors in units of the last significant digits.

#This work

bDaniel et al. (2013)

°Kahane et al. (2018)

dThe column densities of the normal species are de-
rived from the '*C species, where the 2C/13C ratio is
assumed to be 60.
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Basically, the column densities are well correlated between the two sources. We note the

following trends.

1. The column density ratios (Ntyco—1/Npis27) of the nitrogen-bearing species (e.g., HC3N
and HC5N) and the sulfur-bearing species (e.g., CCS and HyCS) are higher than those
of the hydrocarbons.

2. For C,H, longer chain molecules have relatively low Nryc_1/Npis07 ratios. For instance,
the column densities of CCH and ¢/1-C3H are higher than those in TMC-1, while the
column densities of C4H and C5H are lower. This trend is more significant in longer
chains as reported by Sakai et al. (2008b). Note that Araki et al. (2017) reported that
CrH and CgH, are the exception: relative abundances of C;H and CgHs in L1527
compared to TMC-1 are higher than those of C¢H and C4H,, respectively.

The characteristics of WCCC, which are originally suggested by Sakai et al. (2008b), are further
confirmed. In WCCC, carbon-chain molecules are efficiently regenerated from CHy, which is
sublimated from the ice mantles after the onset of star formation. Longer chains tend to
be deficient in comparison with TMC-1, because they are produced more slowly than shorter
chains. The formation timescale of N-bearing chains can also be long due to slow neutral-neutral
reactions, suppressing the abundances of HC, N and other N-bearing species in WCCC sources
relative to the carbon-chain molecules. S-bearing species can remain deficient, if S-bearing

species are still depleted on dust grains due to their higher desorption temperatures than that

of CH4

As for COMs, the column density ratios relative to CH3OH in L1527 and TMC-1 are
compared in Table 3.9. The column densities in TMC-1 are taken from Soma et al. (2018).
The column density ratios in L1527 are almost comparable to those in TMC-1, suggesting that,
unlike the hot corino case, the formation of COMs is inefficient. This is consistent with the

WCCC mechanism described in Chapter 1 (Sakai & Yamamoto 2013).

3.5.2. IRAS 16293-2422

Figure 3.5 shows the correlation plot of the column densities derived in L1527 and those
in IRAS 16293-2422. This source is known to be a binary source, and the chemistry of each
component has been studied by interferometric observations as introduced in Chapter 1 (e.g.,
Jorgensen et al. 2016). However, we here discuss the beam averaged column densities at the

protostellar core scale (a few 1000 au) for a fair comparison with our line survey result for
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L1527 at a similar size scale. The beam-averaged column densities (beam size~ 11”-28") of
CH3CHO, HCOOCH3;, and (CHj3)20 in IRAS 16293-2422 are derived from the data reported
by Cazaux et al. (2003) by using a least-squares method, under the assumption of the LTE
condition. For other species, the beam-averaged column densities are derived from the spectral
line survey observation in 0.9-3-mm bands (TIMASSS; Caux et al. 2011) with the same method
as for L1527 described in Section 3. We note the following trends.

1. The column density ratios (Nig293/NpL1527) of the carbon-chain related molecules, CCH,

C4H, HC3N, and ¢-C3Hs, are around 0.1-1.

2. On the other hand, the column density ratios (Nyie203/Nr1s27) of the CH;OH, HoCO,
and CH3CHO are higher than ~ 10. Complex organic molecules such as HCOOCHj3 and
(CH3)20, which are characteristic species to hot corino sources, are not detected in
L1527. The upper limits of HCOOCHj3 and (CH3),0 in L1527 suggest that these species
are significantly less abundant than in IRAS 16293-2422 by two orders of magnitude or
more. Table 3.9 shows the column density ratios of COMs relative to CH3;OH in L1527
and TRAS 16293-2422. The high abundance of H,CO relative to CH3OH in L1527 is
consistent with the fast contraction scenario in WCCC, because the timescale for the
formation of CH;0H on dust grains is longer than that of HyCO (Taquet, Ceccarelli, &
Kahane 2012). On the other hand, CH3CHO shows the similar ratio among the 3
sources shown in Table 3.9. This result implies that CH3CHO may not be enhanced by

the hot corino chemistry.

3. The column density ratios of the S-bearing species are around 10-100 except for CCS.
CCS is efficiently produced during chemically young cold-core phase (Suzuki et al.
1992), and is not enhanced by the activity of the central protostar (Hirota, Sakai &
Yamamoto 2010). The faster contraction timescale in L1527 may result in the relatively

higher abundance of ‘remnant’ CCS in comparison with other S-bearing species.

As shown in Figure 3.5, the Nyig293/NL1527 Tatios range from 10%-10% (COMs) to 0.1 (carbon-
chain molecules). Chemical difference with such a high dynamic range of the column density
ratio (2 3 orders of magnitude) is noteworthy. For instance, Watanabe et al. (2012) conducted a
spectral line survey toward the Class 0-1 protostar R CrA IRS7B, revealing a higher abundance
of CCH and lower abundances of CH30H and SO, in comparison with IRAS 16293-2422. The
dynamic range of the column density ratios is 2-3 orders of magnitude, and is lower than the case

between L1527 and IRAS 16293-2422. Watanabe et al. (2012) concluded that R CrA IRS7B is
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a source with a mixture of hot corino chemistry and WCCC or a source under a strong influence
of the external UV radiation. The higher dynamic range of the column density ratios shown
in Figure 3.5 further confirms that the hot corinos such as IRAS 16293-2422 and the WCCC

sources such as L1527 are the two distinct cases in chemical composition.

The full chemical composition of sources can be characterized without any preconception
only by an unbiased spectral line survey with high sensitivity that can detect not only the
major species but also the minor species such as the COMs and carbon-chain molecules. Since
unbiased spectral line survey observations toward low-mass star-forming regions have been
carried out only toward a few representative sources such as IRAS 16293-2422, R CrA IRS7B,
and L1527, those toward other low-mass star-forming regions are of particular importance to

reveal the complete picture of the chemical diversity.
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Table 3.9. Column density ratios of organic species relative to CH3OH.

Species L1527 TMC-1 (CP*) TMC-1 (MP") TRAS16293-2422
H,CO 7(3) - — 1.1(8)
CH3CHO 0.08(5) 0.046(16)° 0.09(4)° 0.06(3)
CH,CO 0.31(19) 0.20(7) 0.09(4) -
c-H,C30 0.020(10) 0.011(2) - -
HCOOCH;3; < 0.42 (30) — 0.026(11)° 1.2(4)
(CH3)20 < 0.22 (30) < 0.13° 0.031(17)¢ 11(6)

Note. — The numbers in parentheses represent the errors in units of the last

significant digits. The column densities are taken from Soma et al. (2018) for TMC-
1. The beam-averaged column densities of CH3OH and other COMs (CH3CHO,
HCOOCH3, and (CH3)20) in IRAS16293-2422 are evaluated by the least-squares
fit of the observation data reported by Caux et al. (2011) and Cazaux et al. (2003),
respectively, under the assumption of the LTE condition.

*Cyanopolyyne Peak

bMethanol Peak

“The column density is the sum of two velocity components.
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Figure 3.4: The correlation plot of the column densities in L1527 (Np1527) and in TMC-1
(N1mc-1)- The dashed line represents Ni1507 = Npymc.1. The four dotted lines show the column
density ratio of 100, 10, 0.1, and 0.01. Column densities in TMC-1 are taken from the following
references: Loison et al. (2017, c-C3H, 1-C3H, ¢-C3Hso, and 1-C3Hs), Sakai (2008, C4H, C4Ho,
and CsH), Sakai et al. (2008b, C4H, C4Hg, and CsH), Sakai et al. (2010b, CCH), Gratier et al.
(2016, CH3CCH, HC3N, HCCNC, CH2CN, CH3CN, HNCO, C3N, CH2CN, C30, SO, CS, CCS,
HyCS, and HCS™), Taniguchi et al. (2016, HC5N), Soma et al. (2015, CH3OH), Soma et al.
(2018, CH5CO and ¢-HpC30), Crapsi et al. (2005, NoHT), and Hirota et al. (1998, HN'3C and
HBCN).
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Figure 3.5: The correlation plot of the column densities of carbon-chain molecules, COMs,
and S-bearing molecules in L1527 (Ny1597) and in IRAS 16293-2422 (Nig293). The dashed line
represents 11507 = Nig293. The four dotted lines show the column density ratio of 100, 10, 0.1,
and 0.01. The beam-averaged column densities in IRAS 16293-2422 are derived from Cazaux et
al. (2003) for CH3CHO, HCOOCH3, and (CH3)20. The column densities of other species are
derived from Caux et al. (2011).
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CHAPTER 4

COMPLEMENTARY STUDY OF THE C ANOMALY

In the last chapter, we revealed the 3C anomaly in L1527 for most of the basic C-bearing
species. In this chapter, we describe the complementary observations of the two molecules,
c-C3H, and Hy,CO, by the single-dish telescopes, and discuss their **C anomaly that could not
be investigated only by the line survey with the 3-mm band. In the next section, we analyze
c-C3Hs, for which many spectral lines lie in the higher frequency range that the line survey
of NRO 45 m could not cover. Then, we analyze the simplest COM, formaldehyde (HoCO),
whose minor isotopologues are not detected in the line survey due to the lack of sensitivity.

The content of section 4.1 is a part of the master thesis of the author (Yoshida 2016).

4.1. C—CgH2

c-C3Hs is a carbon-chain related molecule, and is known to exist widely in interstellar
clouds (e.g., Madden et al. 1989; Cox et al. 1989). It has two kinds of '3C isotopic species, as
shown in Figure 4.1. The off-axis '3C species (referred to hereafter as c-CC'3CH,) is statistically
favored by a factor of 2 in comparison with the on-axis *C species (referred to as c-'3CCCH,),
because there are two equivalent carbon atoms in c-C3H, for *C substitution for this species.
It was detected in TMC-1 and other sources (Madden et al. 1986; Gomez-Gonzélez et al. 1986;
Spezzano et al. 2012). During the spectral line surveys of L1527 with IRAM 30 m telescope
(the IRAM large program ASAI) as well as NRO 45 m, we detected many spectral lines of the
off-axis and on-axis ¥C isotopic species as well as those of the main isotopologue. On the basis

of these extensive datasets, we explore the *C abundance anomaly of c-C3H, in L1527.

C 13C C
/N a 15 AN
H S i T S T e w T S
c-C3Hy c-13CCCH,4 c-CC™CH,
(on-axis) (off-axis)

Figure 4.1: Molecular geometry of c-C3Hy and its 3C species.
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4.1.1.  Observations

In the analysis of c-C3Hs, the spectral line survey observation with IRAM 30 m is used
in addition to that with NRO 45 m. This section summarizes the observation with IRAM 30
m. See Section 3.2 for NRO 45 m. Observations with IRAM 30 m telescope were performed
in several runs between 2012 and 2013, as part of the ASAI (Astrochemical Surveys at IRAM)
Large Program. The survey covers the spectral bands at 3 mm (80-112 GHz), 2 mm (130-
173 GHz), and 1.3 mm (200-276 GHz). The beam size is 29”, 17", and 12" at 86, 145, and
210 GHz, respectively, as reported in the IRAM website!. The wobbler switching mode was
employed with a beam throw of 180”. This amount of the beam throw is enough, because
most of the emission comes from the 15”"-20" diameter area around the protostar according
to the interferometer observations combined with single-dish observations (Sakai et al. 2010b).
The frontends were the broad-band EMIR receivers, and the back-ends were the fast Fourier
transform spectrometers (FTS) in their 195-kHz resolution mode, corresponding to the velocity
resolutions of 0.21-0.73 km s~! at the 1-3-mm bands. The antenna temperature (7%) was
converted to the main-beam brightness temperature (7},,,) by dividing by Beg/Fe. Here, Beg
and Fg are beam efficiency and forward efficiency, respectively. The Beg/Fog value is 0.85,

0.80, and 0.67 at 86, 145, and 210 GHz, respectively.

4.1.2. QOwerall results

In the Nobeyama observations, we detected 7 lines of c-C3Hy in the 3-mm band (Table
4.4). Later, we further detected 8, 9, and 17 lines in the 3-mm, 2-mm, and 1.3-mm bands in the
ASAT observations. Examples of the observed spectra are shown in Figure 4.2, along with the
best Gaussian fit to their profiles. In total, 41 lines of c-C3Hy were detected, among which 7
transitions were observed both in the Nobeyama and ASAI observations. Even high excitation
lines of 81 8-8ys and 8,78 g, whose upper state energies are as high as 77 K (53 em™!), were
detected. The detected lines are summarized in Tables 4.1 and 4.4, and are also shown in the
energy level diagram (Figure 4.3). Since ¢-C3Hj has a pair of equivalent H nuclei, the rotational
levels are classified into the ortho and para species. Radiative and collisional interconversions
between the ortho and the para species are strongly forbidden, and hence, the ortho and the
para species behave as different molecular species. In our observations, 19 and 18 lines were

detected for the ortho and para species, respectively, while the remaining 4 lines detected in

Thttp: //www.iram.es/IRAMES /mainWiki/Iram30mEfficiencies
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the 1.3-mm band are blended lines of the ortho and para species.

In addition to the lines of normal species, we also detected the lines of the *C isotopic
species. The line parameters of c-CC¥CH, and c-'*CCCH, species (Figure 4.1) are summarized
in Tables 4.2 and 4.3, respectively. For c-CC"¥CH,, we detected 6 lines in the 3-mm band in the
Nobeyama observations, and 2, 4, and 7 lines in the 3-mm, 2-mm, 1.3-mm bands, respectively,
in the ASAI observations. In total, we detected 19 lines for c-CC'¥CH,, as summarized in
Tables 4.2 and 4.4. In contrast to the normal species, c-CC*¥CH, does not have the ortho and
para classification, because the two hydrogen nuclei are no longer equivalent. For c-13CCCHs,,
we detected 3 lines in the 3-mm band in the Nobeyama observations, and 2, 1, and 3 lines in the
3-mm, 2-mm, 1.3-mm bands, respectively, in the ASAI observations, as summarized in Tables
4.3 and 4.4. Hence, c-"*CCCH, is definitively detected, as shown in Figure 4.2. This species

has the ortho and para states as in the case of the normal species.

4.1.8.  LTFE analysis for c-C3Ho

Assuming the local thermodynamic equilibrium (LTE) condition, we determine the rota-
tional temperatures and the beam-averaged column densities of c-CsH, and its *C species by
using the least-squares analysis with the equations (3.1) and (3.2). The partition function is
numerically calculated from energies and degeneracies of the rotational levels, which are taken
from the spectroscopy database, CDMS (See also original spectroscopy references: Bogey et al.

1986; Vrtilek et al. 1987; Bogey et al. 1987; Spezzano et al. 2012).

Because the size of the emitting region is comparable to or smaller than the telescope beam
size, the effect of beam dilution has to be taken into account. This correction for the beam
dilution is particularly important in this analysis, because the 1-, 2- and 3-mm data, which result
in different beam sizes, are used simultaneously. Furthermore, the correction is also necessary
for the 3-mm data taken with the two different telescopes. The correction for the beam dilution
is made by dividing the observed intensity by the beam dilution factor n = 62/(0% + 62), where
05 and 6, denote the source diameter and the antenna beam width (FWHM), respectively.
This correction factor assumes a Gaussian beam and a Gaussian distribution of the source
emission. The FWHM beam widths are assumed to be 1.7 x 103 /v(GHz) and 2.4 x 10* /v(GHz)
in arcseconds for NRO 45 m and IRAM 30 m, respectively, on the basis of the beam sizes
mentioned in Sections 3.2 and 4.1.1. Sakai et al. (2010b) reported that c-CsHy is distributed
within a diameter of 2000-3000 au from the protostar, which corresponds to the size of 15—

20”. Thus, the size of the emitting region is assumed to be 20”. The intensities of the high
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excitation lines (F, 2 30 K) in the 3-mm band observed with NRO 45 m are brighter by a
factor of 1.3-2.4 than those observed with IRAM 30 m, which further supports such a compact
distribution. In the least-squares analysis, the ortho and para species are treated as different
molecules, and the ortho-to-para ratio is taken as a fitting parameter. This analysis is possible
owing to the large dataset of the observed line intensities. Relative weights of the data in
the least-square analysis are determined by the errors of the line parameters including the
uncertainty of the intensity calibration (20%). The total (ortho plus para) column density is
derived to be (1.08 & 0.16) x 10 cm~2. The ortho-to-para ratio is evaluated to be 3.1 4= 0.4,
which is comparable to the statistical weight of 3. This ratio is consistent with the previous
report by Takakuwa et al. (2001) (2.540.5). The rotational temperature is (8.3 +0.3) K, which
is lower than that reported for C4Hs in 1.1527 of 12.3 K (Sakai et al. 2008b). The errors denote
the standard deviation of the fit.

We also estimate the column densities of the two ¥C species, c-*CCCH, and c-CC¥CHs,
by assuming LTE condition. The column density and the rotational temperature of c-**CCCH,
are evaluated to be (3.5 0.7) x 10" em™2 and (8.6 & 1.5) K, respectively, by assuming the
same ortho-to-para ratio as the normal species. On the other hand, the column density and
the excitation temperature of c-CC¥CH, are determined to be (1.79 & 0.19) x 10* ¢cm™2 and
(7.34+0.4) K, respectively. The abundance ratio of [c-C3Hy|/[c-'*CCCHy] is thus determined to
be 310 £ 80, whereas that of [c-C3Hy|/[c-CCCHy| is 61+ 11. Here, [c-CC¥CH,| represents the
total abundance of the c-CC3CH, species without any correction for the statistical factor of 2
(Figure 4.1; Section 4.1.2). These results are higher than the ratios expected for the condition
that 3C is randomly distributed among the three carbon atoms and the elemental abundance

ratio of '2C/3C is 60-70, as shown in Table 4.5.

Figure 4.4 shows the residuals in the least-squares fit divided by the uncertainty 67 of
each line, (Tops — Tt ) /0T, where Ty, and Tg, are the observed intensity and the best-fit value,
respectively. The uncertainty of the intensity 67 for each line is estimated by taking into
account the Gaussian fitting error of the line profile and the calibration uncertainty. Figure
4.4 shows slight systematic residuals in the fit. Intensities of the lines with high and low upper
state energies systematically show positive residuals, while those of the lines with moderate
upper state energies tend to have negative residuals. Such a systematic trend can also be
seen, even if the different source sizes of 15” and 30" are assumed. This may indicate that
the source includes two components having different rotational temperatures. The physical
structure of the source (i.e., the gradient in the density and the temperature) may also play a

role. However, the systematic residuals are eliminated by a non-LTE analysis described below,
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and we therefore consider that the systematic residuals mainly originate from imperfection of

the LTE assumption.

4.1.4. LVG analysis for c-C5Hy

We employ a large velocity gradient (LVG) analysis based on the non-LTE radiative transfer
code RADEX (van der Tak et al. 2007) for the analysis of the normal species. If the gas kinetic
temperature is assumed to be 25 K (Sakai et al. 2010b), the Hy density and the total column
density of c-C3H, are determined to be (2.9 £+ 0.5) x 10° cm™ and (8.8 £ 1.1) x 10" cm™2,
respectively. Even if the gas kinetic temperature is assumed to be 10 K for reference, the total
column density of c-C3Hy does not change very much ((1.18 £ 0.11) x 10'* ¢cm™2). Figure 4.5
shows the residuals of the fit for the gas kinetic temperature of 25 K, calculated in the same
way as in Figure 4.4. The systematic errors seen in Figure 4.4 are now eliminated in Figure
4.5. Although the non-LTE analysis is favorable as seen here, the collisional cross sections are
not reported for the '3C isotopic species. Hence, we cannot determine the abundance ratios of
the 3C isotopic species relative to the normal species by using the non-LTE analysis. Since
the total column density derived from the non-LTE analysis differs from that derived from the
LTE analysis only by 20%, we employ the LTE results for discussions of the 2C/!3C ratio of
c-C3Hs.

4.1.5.  Discussion

The 2C/13C ratios of ¢-C3H, derived from the column densities are summarized in Table

4.5. The averaged 2C/13C ratio of c-C3H, is calculated as

3[C-C3H2]
[-3CCCHa] + [-CC3CH,]”

R,, = (4.1)
The numerical factor 3 is introduced because three carbon atoms are available for the *C
substitution. The R,, value is evaluated to be 150 £ 30 under the LTE condition. As shown in
Table 4.5, the 12C/13C ratios of ¢-C3H; are thus found to be higher than those expected from
the interstellar elemental abundance ratio of 60-70 (Lucas & Liszt 1998; Milam et al. 2005).

The derived ?C/3C ratios of c-C3Hy are 1.5 times higher than that derived from the NRO
45 m data only (Section 3). This discrepancy would originate from the limited numbers of
detected lines. In this analysis, 41 lines including optically thin lines in 1.3-3 mm-bands are

used to derive the column density of the normal species, while only 7 lines are detected in
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the line survey observation with NRO 45 m, some of which are relatively optically thick. The
optically-thick lines suppress the column density of the normal species, which would make the

12C/13C ratio lower.

As described in the Introduction, it is reported that several carbon-chain molecules show
the abundance anomaly of the 3C species. For CCH, CCS, C3S, C,H, and HC3N, the 3C
abundances for different carbon atoms in a single molecular species are different from one
another. In order to compare the abundance of the two 3C species (Section 4.1.2), we calculate
the [c-13CCCH,]/[c-CC¥CH,] ratio to be 0.20 & 0.05. If *C were randomly substituted for
the three carbon atoms, the [c-'3CCCHy]/[c-CC'¥CH,| ratio would be 0.5. Hence, the observed
ratio indicates that c-CC™CH, exists more favorably than c-'3CCCH,. It has been thought
that the main production pathway for c-C3Hjy is the electron recombination of C3H3. This is
because the cyclopropenyl cation C3H3 is a major ionic species, which is produced by the gas-
phase reactions starting from CH, (Sakai & Yamamoto 2013). Since C3H; has three equivalent
carbon atoms, c-C3H, produced from C3H3 cannot contribute to the abundance anomaly of

13C species. Hence, other reactions have to be considered as the dominant production pathway

(e.g., CQHQ + CH — CgHQ + H)

Another possible reason for the abundance anomaly of the two 3C species is the exchange
reaction between c-'3CCCH, and c-CC'3CH,, although it is uncertain whether this reaction
happens for the closed shell molecule, c-C3H,. The zero-point vibrational energies of c-1*CCCH,
and ¢-CCBCH, are evaluated to be lower than the normal species by 8.74 K and 53.2 K,
respectively, by using the molecular constants by Dateo & Lee (1997). Hence, it would be
possible that c-CC3CH, is enhanced relative to c-1*CCCH,, if the exchange reaction is possible.
In case of 3CCH and C'3CH, the reaction such as

BCCH+H — CB¥CH+H (4.2)

is proposed (Sakai et al. 2010a). It is thus interesting to explore whether a similar process
is possible for c-C3H,. It should be noted that the isotopologue with the lowest zero-point
vibrational energy tends to have higher abundances for CCH, CCS, and Cs3S, although this
trend is uncertain for C4H (Sakai et al. 2007, 2010a, 2013). This fact may suggest possible
contribution of the position exchange reactions (Sakai et al. 2010a; Furuya et al. 2011). More
detailed studies of these reactions as well as chemical model calculations for the 3C species in

molecular clouds are awaited.
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Table 4.4. Number of detected lines.

NRO 45 m IRAM 30 m
Species 3 mm 3mm 2mm 1.3mm Total
C—C3H2 Ik 8 9 17 41
c-CCCH, 6 2b 4 7 19
c-1B3CCCH, 3 2b 1 3 9

2All the transitions are also detected with IRAM 30 m.
b A1l the transitions are also detected with NRO 45 m.

Table 4.5. The observed 2C/!3C ratios of c-C3Hp.

Ratio Observed® Expected”
[C—CgHg]/[c—CC13CH2] 61 +11 30-35
[c-C3H,] /[c-13CCCH,| 310 £ 80 60-70
B[C—CJHQ]/([C—0013CH2]+[C‘13000H2]) 150 £+ 30 60-70
[c—l3CCCH2]/[c—CC13CHg] 0.20 £ 0.05 0.5
Note. — The errors represent the standard deviation.

2Ratios directly derived from the column densities of ¢-C3Hs,
c-BCCCH,, and c-CC"CHa,.
PRatios expected for the condition that *C is randomly dis-

tributed among the three carbon atoms and the elemental abun-
dance ratio of **C/13C is 60-70.
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4.2. H,CO

Formaldehyde (HyCO) is an important parent species in interstellar production of complex
organic molecules (COMs). In the gas phase, it is formed through a series of ion-molecule
reactions starting from C* (Figure 4.6a). It can also be formed on dust grains through hydro-
genation of CO (Figure 4.6b). However, the relative contributions of these two mechanisms are
still controversial. They would be different from source to source, and their characterization
is of fundamental importance in understanding the production mechanism of COMs in each
source. In this section, we investigate the formation mechanism of formaldehyde in low-mass

star-forming regions by focusing on its *C species.

As mentioned in Chapter 1, various carbon-chain molecules produced from C* at low
temperature show a 2C/!3C ratio higher than the elemental >C/13C ratio of 60-70 (dilution
of 13C). On the other hand, the ['2CO]/[**CO] ratio remains almost constant (60-70), because
13CO is the main reservoir of 13C. It is therefore expected that molecules formed directly from
CO have the 2C/'3C ratio of 60-70. Therefore, the molecular '2C/!3C ratio can be used to
explore the relative contribution of the gas-phase and the solid-phase productions of molecules.
We apply this method to HoCO in order to investigate its formation process. The main difficulty
for determination of the 2C/!3C ratio of formaldehyde is the high optical depth of the normal
species lines. Hence, we observe the lines of Hy'*CO and H,C'®0, which are optically thin.
Since a significant anomaly of %0 /180 ratio is not known in dense molecular clouds, the use of
H,C™¥0 for determination of the [HoCO|/[Ho'3CO] ratio under the fixed 0 /O abundance is

reasonable.

a) Gas phase reactions
Ct s CHyt s CH3t s CHst —— CHs

oo

H.CO* -2 H.COH*—— H,CO

b) Hydrogenation on grain surface

.........................

CO -t HCO 1> H.CO ™------ >CH30H ------- >COMs

Figure 4.6: Possible formation pathways of formaldehyde
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4.2.1.  Observation

Although the spectral lines of Hy'3CO and HoC'®O at the 2-mm band (J = 2-1) are covered
in the ASAI survey, the sensitivity of the survey is not good enough to detect the HyC*®O lines
toward 1.1527. We therefore carried out the supplemental observation to improve the sensitivity.
Additional observation with IRAM 30 m was conducted on January 2017, which only covered
the spectral band at 2 mm to observe J = 2-1 lines of Hy®*CO and HyC*O. The frequency
switching mode was employed, because the typical linewidth is much narrower (< 1.0 km s71)
than the period of the baseline ripples. The frontends were the broad-band EMIR receivers, and
the back-ends were the F'T'S spectrometers in their 195 kHz resolution mode, which corresponds
to the velocity resolution of 0.41 km s~! at 140 GHz. The obtained data are concatenated with
the ASAI data.

4.2.2.  Results

The observed line parameters are summarized in Table 4.6. As shown in Figure 4.7,
the 215111 and 29911 lines of Hy!3CO are clearly detected. The 2p5-1g; line of HyCBO is
tentatively detected with the S/N ratio lower than 3o, while the 2;5—1;; line is clearly detected
with the S/N ratio above 100. We evaluate the [Hy'3*CO]/[HyC'®O] ratio by deriving the column
densities under the assumption of the LTE condition. The excitation temperature is assumed
to be 515 K. The column densities are derived by using only the 215—1;; line for both of the
species, because the 2p;—1¢; line of HoC'80 is detected with the S/N ratio lower than 3o. The
[Hy'3COJ/[HoC'8O] ratio is evaluated to be 9 + 3, yielding the 2C/?3C ratio of 65 + 19 under
the assumption of the elemental 0 /'O ratio of 560 (Wilson & Rood 1994).

The derived [HoCO|/[H2'*CO] ratio is close to the elemental 2C/!3C ratio. This result
likely indicates that formaldehyde inherits the 2C/!3C ratio of CO. According to the inter-
ferometric observations discussed in Chapter 5.6, the emission of formaldehyde comes from
innermost region near the protostar where the thermal desorption efficiently occurs. Maret et
al. (2004) also revealed the significant contribution from the thermal desorption of formalde-
hyde in the vicinity of the protostar on the basis of their single-dish observations, although
their observations cover a larger region which encompasses not only the warm region around
the protostar but also the outer cold envelope. Hence, the [HoCO|/[Hy"*CO] ratio obtained in
this study seems consistent with the picture of the formation of HoCO via hydrogenation of
CO on the dust grains. Note that this result does not completely deny the contribution from

the gas-phase formation pathway. We can just say that the contribution from the grain surface
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reactions would overwhelm that from the gas-phase reactions.

4.2.8.  Observation toward the prestellar core L1544

Because the efficient thermal desorption from dust grain does not occur in low temperature
conditions of prestellar cores, the gas-phase reactions may have a non-negligible contribution
to the production of formaldehyde in comparison with the case of protostellar cores. With this
in mind, we supplementarily observed the prototypical prestellar core, L1544, in Taurus, as a
reference. The observation toward L1544 was conducted with IRAM 30 m at the same period
as that for L1527. We observed the 2;5-11; line of Hy'*CO and H,C'8O. The '3C species was
clearly detected, while the 80 species was tentatively detected (Figure 4.8). The 30 upper
limit to the column density of HoC'®O is therefore derived on the assumption of the same line
width as that of Hy'*CO (the FWHM line width of Av = 0.58 km s™!). The lower limit to the
[Hy'3CO]/[H2C'BO] ratio is evaluated to be 12, when the temperature is assumed to be 5-15
K. This ratio corresponds to the upper limit of the >C/!3C ratio of 50.

On the basis of the above result, it is likely that the dilution of 3C species in formaldehyde
does not occur in L1544. However, an apparent caveat is that the line of 8O species is not
clearly detected. Hence, further confirmation is needed. In L1544, the emission of CH3OH,
which is thought to be formed only on dust grains, has been detected (Vastel et al. 2014;
Bizzocchi et al. 2014). The observed intensity of the CH3;OH emission is reasonable in view of
the recent gas-grain chemical model considering nonthermal sublimation processes from dust
grains (Vasyunin et al. 2017). Moreover, the recent mapping observations revealed that HoCO
follows the CH30H distribution in L1544 (Chacon-Tanarro et al. 2018). These results indicate
that formaldehyde is liberated from dust grains as well as methanol in L1544 by nonthermal

processes (Section 1.2.1). Hence, the solid-phase formation by hydrogenation of CO may mainly

02 H2CO 212111 "% H.C0 201m1 | | Y " H2C0 20-101] 0. TH2C0 202-To]

0.020

0.015]

0.010

0.005

0.000

0.00 !
-15 -10 -5 0 IS 10 15 -15 -10 -5 0 5 10 15 -15 -10 -5 0 5 10 15 -15 -10 -5 0 5 10 15
AVigg [kms™] AVigp [km 371] AVigg [km's l] AVigg [km Sil]

Figure 4.7: The observed spectral lines of the 3C and '®O species of HoCO in L1527. AVisr
denotes the velocity shift from the Vigg of 5.85 km s~! of L1527. The results of Gaussian fitting
are also shown in red.
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contribute to the derived *C/'3C ratio, resulting in the ratio close to the canonical value.

4.3. Concluding remarks on the carbon fractionation

In this thesis, we have determined the ?C/!3C ratios of CO, CN, CCH, HC3N, c-C3H,,
and HoCO on the basis of the extensive data of the line survey observation. We have found a
significant dilution of the ¥C species for the carbon-chain related molecule c-C3H,. This further
confirms that the '3C anomaly is an important phenomenon in astrochemistry. Other carbon-
chain molecules such as C,H,,,, C,N, and C,,S are therefore expected to show the dilution of *C
species in prestellar- and protostellar-cores, because they are mainly produced by the gas-phase
reactions from CT. On the other hand, the 2C/!3C ratio of HoCO has been found to show a
similar value to that of CO, indicating that it is mainly produced on dust grains through the
hydrogenation reactions of CO. Thus, COMs such as HCOOH, HCOOCHj3, and CH30CHj3,

which are thought to be produced similarly, are expected to have similar ratios to that of CO.

On the other hand, it remains unclear whether the 3C dilution of carbon-chain species
can be used as the tracer for the chemical evolution. For CCH and HC3N, the 2C/*3C ratios
have been examined in several prestellar cores. The lower limits of the ['*CCH|/|[CCH] and
|C'3CH]/|CCH] ratio are derived to be 250 and 170, respectively, in TMC-1 (CP) (Sakai et al.
2010b). The 2C/!3C ratios of HC3N are derived in three prestellar cores, L1521B, L134N, and
TMC-1 (Takano et al. 1998; Taniguchi, Ozeki, & Saito 2017). The averaged >C/!3C ratios
over the three C isotopologues of HC3N are evaluated to be 95 4+ 8, 67 £ 10, and 70 & 5 in
L1521B, L134N, and TMC-1, respectively. The derived ?C/13C ratios in these prestellar cores

are comparable to or even lower than the '*C/!3C ratios in L1527. This indicates that the

0.05 H2"3CO 212-111 0.004 H2C"80 212-111
0.003
0.04 0.002
g 0.03 g 0.001
o -~ 0.000
e 002 & —0.001
0.01 —0.002
—0.003

0.00%W" L;LT,A’—J"L | ‘ | 0.004 | | | | |
-15 -10 -5 0 5 10 15 -15 -10 -5 0 5 10 15
AVigg [kms™'] AVigp [kms™']

Figure 4.8: The observed spectral lines of the 13C and %O species of HoCO in L1544. AVisr
denotes the velocity shift from the Vigr of 7.2 km s™! of L1544. The results of Gaussian fitting
are also shown in red.
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evolutionary trend from prestellar cores to protostellar cores is not seen. However, the number
of sources studied is still small, and hence, more extensive observations toward other sources

are needed to examine the evolutionary trend in a statistical way.

It should be noted that determination of the '2C/!3C ratio requires accurate determination
of the column density of the normal species. This was indeed possible by conducting line survey
observations in the present study, where a large number of lines were used to conduct a fine
analysis. However, such an analysis is not always possible for a statistical study. On the other
hand, the anomaly in the ?C/!3C ratio among different carbon atoms in a single molecule
can be studied only by observations of the *C species, which usually emit optically thin lines.
Once the cause of the 2C/13C anomaly in a single molecule is established by more observational
studies, it could be a new tracer to understand chemical processes and physical conditions of

molecular clouds.
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CHAPTER 5

MAPPING OBSERVATION OF DEUTERATED SPECIES

WITH ALMA

5.1. Introduction

The deuterium fractionation is known to proceed in dense and cold conditions during the
prestellar-core phase (e.g., Hirota, Tkeda & Yamamoto 2001; Bacmann et al. 2003; Crapsi et
al. 2005; Parise et al. 2006; Hirota et al. 2011). It is expected to decrease after the onset of
star formation, when the central protostar starts to heat the parent core (e.g., Emprechtinger
et al. 2009; Friesen et al. 2013; Imai et al. 2018). Although this temporal variation of the
deuterium fractionation has extensively been examined by observations toward prestellar- and
protostellar-cores, most of the previous studies are conducted by single-dish telescopes. In these
observations, small-scale structures in protostellar cores associated with star formation are not
resolved, and hence, the obtained deuterium fractionation is one averaged over a few 1000-au-
scale area. A limited angular resolution in single-dish observations thus hinders the study of
the evolution of deuterium fractionation from the parent core to the disk-forming region around
the protostar. However, such high-resolution and high-sensitivity observations of deuterated

species are now feasible thanks to the Atacama Large Millimeter /submillimeter Array (ALMA).

Murillo et al. (2015) observed the DCO* (J = 3-2) line with ALMA toward the low-
mass star-forming region harboring the Class 0 protostar, VLA1623. They found that the
distribution of the DCO™ emission has a ring structure with a 1000-au scale which probably
traces the disk-envelope interface. Although the distribution of DCO™ is revealed in their work,
the spatial variation of the deuterium fractionation is not investigated. Persson et al. (2018)
recently conducted the observations of formaldehyde (HyCO) and its minor isotopologues in-
cluding D, 13C, 180, and O toward the Class 0 protostellar binary IRAS 16293-2422. They
only focus on the deuterium fractionation in the closest vicinity of the protostar, where HoCO
efficiently sublimates from dust grains due to protostellar heating. Therefore, it is still unclear
how the deuterium fractionation evolves from the outer cold envelope at a few 1000-au scale
to the disk-forming region around the protostar at a 100-au scale. This is of particular impor-

tance in exploring the origin of the deuterium fractionation found in small Solar-System bodies
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(Ceccarelli et al. 2014).

In this Chapter, we tackle this problem through observations of HoCO and CCH and their
deuterated species toward the low-mass protostellar source L1527, which is a prototypical warm
carbon-chain chemistry (WCCC) source (Section 1.2.2 and Chapter 3). HoCO is a fundamental
organic molecule, which is ubiquitously found in various interstellar sources. It is thought to
be formed by hydrogenation reactions of CO on dust grains as well as gas-phase reactions
(e.g., Taquet, Ceccarelli, & Kahane 2012; Soma et al. 2018). Parise et al. (2006) reported
that the [HDCO]/[H2CO)] ratio is extraordinarily high in L1527 (1.7) in comparison with other
Class 0 sources, while Roberts & Millar (2007) reported a similar ratio to others (0.06). These
results are based on the single-dish observations, and hence, the high-resolution observations
with ALMA will be able to resolve this contradiction. On the other hand, CCH is one of
the fundamental carbon-chain molecules. It is proposed to be enhanced in the WCCC sources
through evaporation of CHy in a lukewarm region around the protostar and subsequent chemical
reactions in the gas phase. Since CCH is characteristic to the WCCC source, we also study this

species in addition to HyCO.

In order to delineate the spatial variation of the deuterium fractionation from a few 1000-au
scale to a 100-au scale, we employ the Atacama Compact Array (ACA) of ALMA in combination
with the main array to fill the short spacing data. By including the ACA data, we will be able to
achieve a maximum recoverable size of around 20”, which corresponds to a linear scale of around
3000 au. High sensitivity of ALMA will allow us to detect the weak emissions of deuterated
species with an S/N ratio high enough for the purpose of this study.

5.2. Observation

The L1527 data analyzed here were observed during several Cycles of ALMA. Details of
the ALMA observations are summarized in Table 5.1. The field center is (asggoo, 02000) =
(04139™53389, 26°03'9”8). We observed the HyCO (515-414), DoCO (404-303 and 493-32), CCH
(N = 3-2), and CCD (N = 3-2) lines with the 12-m array and ACA, as well as the HDCO
(413-312) and HoCO (595—404) lines only with ACA. Parameters of the observed line emissions
are summarized in Table 5.2. The native frequency resolution is 122 kHz for the observation
of CCH and H,CO with the 12-m array, which correspond to 0.15 km s~! and 0.10 km s},
respectively, while it is 61 kHz for the other observations. The velocity channels are rebinned
to the resolution with 0.15 km s~! and 0.085 km s~!, for the 12-m data and the ACA data,

respectively, to compare the data observed with the different velocity resolutions.
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The uncertainty of the absolute flux calibration is 10%. A structure extended over 19”
or larger is subject to the resolving-out effect according to (ALMA Partnership et al. 2016,
See Section 2.2.2). This is derived from the minimum baseline (8.8 m) of the ACA Band 7
observation, whose maximum recoverable scale is smallest in all the ACA observations that we
conducted. The data were imaged and CLEANed with Common Astronomy Software Appli-
cations (CASA), by using Briggs weighting with a robustness parameter of 0.5 (Section 2.2.2).
Self-calibration is not applied for simplicity. The primary beam correction is done for all the

images.

5.3. H,CO

5.8.1. Distributions

Figures 5.1 (a)—(d) show the integrated intensity maps of the HyCO (515-414), DoCO (4os—
303 and 453-329) and HDCO (413-312) lines observed with ACA. Although the spatial resolution
of the HyCO line (5719 x 3721 with the position angle (P.A.) of 57°) is better than other species
due to the difference in observing frequencies, the image of the HoCO line is smoothed to
the similar resolution to those of the deuterated species ((676 x 575), P.A. = —76°) for a fair
comparison. The HoCO line emission is peaked at the protostar position, and is concentrated
in the vicinity of the protostar (r ~ 5”). In contrast, the DoCO and HDCO line emissions
have rather extended distributions (~ 10”), where peak positions are shifted from the protostar
position. Figures 5.1 (e)—(f) shows the position-velocity (PV) diagrams of the three species along
the disk/envelope direction (P.A. = 180°). The H,CO line shows a high velocity component of
~ 1-2 km s™! shifted from the systemic velocity (5.8 km s™'), whereas the deuterated species

does not.

In order to delineate the different spatial distributions between the normal and deuterated
species in detail, we combined the 12-m array data to the ACA data. Figure 5.2 shows the
integrated intensity maps and the PV diagrams along the envelope direction for the HoCO (55—
414) and DyCO (4s4—303 and 493-329) lines. Although the HyCO (515414) line and the D,CO
(494—303) line have better spatial resolutions (~ 079) than that of the DoCO (453-322) line, the
outer taper of 1”1 is applied for imaging the above two lines so as to have the similar spatial
resolution to that of the DoCO (493-322) line. The difference between the normal and deuterated
species is clearly seen in the combined images. It is further confirmed that the distribution of
the normal species is concentrated around the protostar, while that of the deuterated species

extends over ~ 10”. In the PV diagram, the HyCO emission shows a spin-up feature to the
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protostar along the envelope direction at a 2” scale. Namely, the southern and northern sides
of the protostar are blueshifted and redshifted, respectively. The maximum velocity shift from

! as also seen in the ACA data. In addition, a

the systemic velocity is as high as about 2 km s~
weak feature of the counter velocity component (the redshifted component on the southern side
and the blueshifted one on the northern side) can be seen (Figure 5.2). This feature suggests
that HoCO resides in the infalling-rotating envelope, as already reported with the same 12-m
array data (Sakai et al. 2014a; Oya et al. 2015). On the other hand, the DoCO emission does not
show such a spin-up feature to the protostar. The maximum velocity shift from the systemic

velocity is as low as about 0.5 km s™!. This indicates that the deuterated species is deficient

in the infalling-rotating envelope where the normal species is abundant.
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5.3.2. Column density and temperature of Dy CO

To quantitatively reveal the radial dependence of the deuterium fractionation along the
envelope direction, we here derive the column density of DoCO and the gas kinetic temperature
from the two DoCO lines observed with ACA. The radiative transition between different K
levels of DoCO is very weak due to symmetry, and hence, the relative populations between the
K = 0and K = 2 levels are considered to be almost thermalized to the gas kinetic temperature.
We prepare the spectrum for each circular area along the envelope direction (Figure 5.1 ¢), as
shown in Figure 5.3. The diameter of the sampled areas (770; ~ 1000 au) is comparable to the
major axis of the synthesized beam of the ACA observations (6”6), and the center is every 375
from the protostar position. The column densities and kinetic temperatures are derived from
the integrated intensities of the two lines under the local-thermodynamical equilibrium (LTE)
condition. The derived column densities and temperatures are shown in Figure 5.4. Here, the
total (ortho and para) column density is shown, where the ortho-to-para ratio is assumed to
be the statistical value of 2. The column density is the highest at the position 770 south to
the protostar ((2.3 £0.2) x 10" ¢cm™2), where the integrated intensities are the highest of the
seven areas. The gas kinetic temperature is the highest at the protostar position (20 + 3 K),
although it is almost constant throughout the envelope (17-20 K). The temperature at the
protostar position is slightly lower than that of c-C3Hy averaged over the 1”7 x 1” region at the
protostar (23-33 K) and significantly lower than that of SO averaged over the 1” x 2” region
at the protostar (> 60 K) reported by Sakai et al. (2014b). This comparison suggests that the
D,CO lines mainly trace the outer cold envelope. The derived temperature is comparable to or
lower than the desorption temperature of CO, and hence, the deuterium fractionation can be

efficiently proceeded there.

Note that the DoCO line emissions may suffer from an absorption by a foreground gas
in the north part to the protostar, because the line profile shows a double-peak feature. The
column density and temperature may therefore have large uncertainties at the north positions.

In the following section, we discuss the D/H ratios in the southern side of the envelope.

5.3.3.  D/H ratios obtained with the ACA data

Assuming the temperature of DoCO derived from the ACA data, we first evaluate the
D/H ratios in the southern envelope. Figure 5.5 shows the line profiles at the selected positions
in the southern envelope. The top left panel and the bottom left panel show the spectra of

the ACA data extracted from a circular region (r = 3’5; ~ 500 au) centered at the protostar
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position and the position where the integrated intensity of the DoCO 444303 line is the highest,
respectively. The characteristics of the spectra of HoCO, HDCO, and D,CO obtained with
ACA are summarized as follows. The H,CO and HDCO lines have absorption dips around the
systemic velocity at the protostar position. The high velocity component (Av ~ 1-2 km s7!)
can be seen in the HyCO emission. The HDCO line also has the high velocity-shift component
near the protostar position, although it is weak compared to that of the normal species. Even
in the position about 1000 au apart from the protostar, the peak velocities of the HoCO and
HDCO lines are slightly blueshifted from those of DoCO, and hence, they may also be weakly
affected by the self-absorption. Note that the HyCO 515414 line is likely optically thin even in
the outer cold envelope, because the line of para species (595—4o4) is detected with an intensity
which is consistent with the statistical ortho-to-para ratio of 3. As an example, the spectra of
the ortho and para lines at 1000 au south to the protostar ((Aca, Ad) = (0”, —=770)) are shown
in Figure 5.6.

We derive the D/H ratios at the protostar position, the DoCO peak position, and the three
positions south to the protostar with a separation of 3”5: (A«, AJ) = (0", 0”), (1”71, —6"8),
(0", =3'5), (0", —=770), and (0", —10”5). The spectra along the envelope are shown in Figure
5.7 (b). The integrated intensity in the blueshifted side from the systemic velocity (5.0-5.6 km
s71) is used, in order to avoid the effect of the absorption from the foreground gas and the high
velocity component. We assume the LTE condition and the statistical ortho-to-para ratios of 3
and 2 for HoCO and D,CO, respectively. The temperature is assumed to be the same as that
of DoCO, which is derived from the total integrated intensities of the K = 0 and 2 lines. The
derived abundance ratios are summarized in Table 5.3. The [D,CO|/[HDCO] ratio is almost
constant throughout the envelope, while the [HDCO]/[H2CO] ratio decreases with decreasing

distance from the protostar.

The gas kinetic temperature and the rotational temperature are not always the same: the
former one is generally higher than the latter, because the radiation process contributes to
decreasing the populations in the upper-state level. If we assume the rotational temperature as
low as 10 K, the [HDCO|/[H,CO] ratios become about a half of that derived by assuming 20
K, probably because the transition used to evaluate the column density for the normal species
has a higher upper state energy than those of the deuterated species. Nevertheless, we can
conclude the decreasing trend of the deuterium fractionation along the envelope, even if the
rotational temperature in the outer envelope (> 1000 au) is as low as 10 K and that in the

protostar position is 20 K.
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We also derive the [HDCO]/[H2CO]| ratio by using the high velocity component (2.0-5.0
km s7!) at the protostar position and the 375 south position. The [HDCO|/[H,CO] ratio at
the protostar position and the 3”5 south position are derived to be 0.13-0.23 and 0.08-0.13,
respectively, where the rotational temperature is assumed to be 20-40 K. These values are lower

than those derived for the 5.0-5.6 km s~ components at all the positions (> 0.37).

5.3.4. D/H ratios with the combined data

The ACA observation does not fully resolve the distributions of HoCO and D,CO. In order
to evaluate the D/H ratios at the intensity peak position of DoCO and the protostar position,
we also analyze the combined image of the 12-m array and ACA (Figure 5.2). We here focus on
three positions: the protostar position which traces the disk component ((Aa, Ad) = (07, 0”);
position A in Figure 5.2 b), the infalling-rotating envelope (IRE) about 220 au south to the
protostar ((Aa, AJ) = (07, —176); position B), and the southern peak where the integrated
intensity of the DoCO 44—303 line is the highest ((Aa, AJ) = (171, —7'5); position C). These
regions are indicated in Figure 5.2 b in dashed circles. Although the integrated intensity of
the DoCO 404303 line is also strong near the position 0”-3"” north to the protostar, we exclude
this position because the line profile of the DoCO line shows a double-peak feature due to the

absorption by a foreground gas.

The spectra are shown in Figure 5.5. They are prepared for the circular region with a
radius comparable to the major axis of the synthesized beam (0’9; ~ 125 au). The integrated
intensities of the disk and IRE components (positions A and B, respectively) are evaluated for
the velocity ranges of 2.0-4.0 km s~ and 4.0-5.0 km s™!, respectively, which are set to exclude
the contamination from the other components: the velocity shifts of > 1.8 km s~! and 0.8-1.8
km s~! roughly correspond to r < 100 au and r ~ 100-300 au, respectively (Sakai et al. 2014b).
Because the DoCO emissions are not detected in these velocity ranges, the column densities of

D,CO are derived from the 30 upper limits of the 494303 line spectrum:

/Tdv < 30(1+ €)\/vaAv, (5.1)

where o is the rms noise, € the calibration uncertainty (0.1), vy, the spectral resolution, and Av
the velocity width used for the evaluation of the integrated intensity. The assumed rotational
temperature ranges are 30-90 K and 30-50 K for the disk and IRE components, respectively
(Sakai et al. 2014a). In the DoCO peak position, the emission lines of HoCO and D,CO

are peaked almost on the same velocity, as shown in Figure 5.5, and hence, the total column

93



densities are derived from the total integrated intensities. The column density of DoCO and the
gas kinetic temperature are derived to be (7.54:0.8) x 10!? cm 2 and 1943 K, respectively. The
column density of HyCO is derived under the assumption of the same temperature as DoCO.

The derived [D2CO|/[H2CO] ratios and the D/H ratios (i.e., the square root of [D;CO|/[H2CO|)

in the three positions are summarized in Table 5.4.

The derived [DoCO]/[H2COJ ratio is as high as 0.8 in the D,CO peak (position C), while
it is lower than 0.03-0.04 in the IRE (position B). Hence, the decrease of the deuterium frac-
tionation along the envelope is further confirmed in the combined data. The upper limit of
[D2CO|/|[H2COJ ratio for the disk component (position A) is higher than that in the IRE,
mainly because integrated intensity of the normal species in the disk (Visg = 2.0-4.0 km s7!)

is weaker than that in the IRE (Viggr = 4.0-5.0 km s71).

5.4. CCH

5.4.1. Distributions

Figure 5.8 shows the integrated intensity maps of the two hyperfine components of the
CCH and CCD (N = 3-2) lines observed with ACA. Although the original spatial resolution of
the CCH lines (6”8 x 570, P.A. = —59°) is better than that of the CCD lines, the images of CCH
are smoothed to have the similar resolution to that of the deuterated species ((774 x 676), P.A.
= —40°) for a fair comparison. The distributions of the two hyperfine component lines of CCH
shown in Figure 5.8 look different from each other probably due to the poor S/N. The stronger
hyperfine component (F' = 3-2 and 2-1) is centrally peaked, while the weaker one (F' = 2-2)
shows a rather elongated distribution along the envelope direction. The distributions of the
two CCD lines are similar to those of the HDCO and D,CO: the peaks are ~ 10” south to the

protostar.

Figure 5.9 shows the integrated intensity maps, where the 12-m array data are combined
with the ACA data. The stronger hyperfine component shows a double-peak feature in the vicin-
ity of the protostar (500 au). This component traces the infalling-rotating envelope, because
the PV diagram along the envelope direction (Figure 5.10) shows the high velocity component
and the counter velocity component as in the case of HoCO. On the other hand, the double-peak
feature is marginally seen in the weak hyperfine component of CCH (Figure 5.9 b). The CCD
emissions are strong in the south-western and south-eastern parts of the protostar. The emis-
sions in the south-western and south-eastern parts are also seen in the CCH lines, especially

in the south-west side. These spatial components coincide with that of C**O (J = 2-1) line in
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Table 5.3. Abundance ratios of HyCO and CCH obtained with the ACA data.

(Aa, A§)  [D,CO|/[HDCO| [HDCO|/[H,CO| [D,CO|/[H,CO| [CCD]/[CCH]

(0", 0”) 0.20(3) 0.37(5) 0.076(10) 0.038(7
(0", =3’5) 0.23(3) 0.37(5) 0.086(10) 0.036(6)
(0", =7"0) 0.25(3) 0.68(10) 0.168(19) 0.072(11)"
(0", —1075) 0.23(3) 1.4(2) 0.34(6) 0.099(18)"
(171, —6"8)> 0.25(3) 0.66(9) 0.163(18) 0.070(10)"
Note. — The numbers in parentheses represent the errors in units of the last significant

1is used, unless

digits. The integrated intensity with the velocity between 5.0-5.6 km s~
otherwise stated.
*The integrated intensity of the DoCO 4(4-3¢3 is the highest.

PThe total integrated intensity is used.

Table 5.4. D/H ratios obtained with the combined data.

Region Disk IRE D,CO peak
Position (0", 0") (0", —1"6) (171, =7"5)
Velocity range (km s71) 2.0-4.0 4.0-5.0 4.5-7.1
Temperature (K) 30-90 30-50 19.3*
ID,CO|/[H,CO] <014 <030 <003 <004 081(12)
VD2COJ/[H,CO] <037 <055 <016-<020  0.90(7)
[CCD]/[CCH] — < 0.016 > (.32

aDerived from the DyCO lines
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the ALMA archival data (Figure 1.7 B; Ohashi et al. 2014), indicating that they originate from
the cavity wall of outflow, where the UV radiation would enhance the production of CCH.

The PV diagram of CCD along the envelope direction (Figure 5.10 b) does not show the
emission from high velocity component, suggesting that CCD is deficient in the infalling-rotating

envelope, as in the case of D,CO.

96



0.8} : (o.d, 10.5) |
0.6} ;
0.4} E

0.2t : 1

0.8

.
S
2
~
e

0.0

0.8/ peor st (0.0,-10.5) -

0.6r

0.4F

Intensity (K)

0.2r

0.0 i
4 5 6 7 8
Vigr (kms™')
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in the left side, and the combined data in the right side. The spectra are extracted within the
circular area with the radius of 3”5 and 0”9 for the ACA and combined data, respectively. The
vertical dashed lines show the systemic velocity (5.8 km s71).
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Figure 5.7:  The spectrum along the protostellar envelope: (a) the formaldehyde lines obtained
by the combined image, (b) those by the ACA data, (c) the CCH (N = 3-2, J = 5/2-3/2,
F = 2-2) and CCD lines obtained by the combined image, (d) those by the ACA data. The
vertical dashed lines show the systemic velocity (5.8 km s™!). The corresponding velocities for
the satellite lines of CCD are also shown in vertical lines. The spectra are prepared for the
circular area with the radius of 3”5 and 0”9 for the ACA and combined data, respectively.

100



oryex [HODI/[apo] oy eatop
0} pojdures are (p) Ul seaIe 93IYM O], "RIRD YV 9 [IM POUIqUIOd dIv BIRD ARIIR W-Z] oY} N ‘Q'G oIMSI] Se owes o], :6'C o3I

(09so1e) DY (00s01R) DY (09s01R) DY (09sore) vy
0T 0 0T—= 0T 0 OT—
z0'0— ——— e SI-—- 20'0- o G T —
050°0—
00°0 00°0 S20°0-
— o —
= = 200 = 0000
g > g > 3 >
g 200 =g S g seoo <
[ g 71 voo g . 8
L g - g =~ 0500 g
5 500 < E 900 £ B sw00 &
- L L 0010
90'0 800 SZ1°0
0T'0 0ST'0

"9ZIS B[ POZISOYJUAS o1}
MOUS SOOI o31YM oY, "uoryisod 1e3s0j01d oy MOySs SYIRW SSOW oY, 7/T-¢/€ PU® ‘g/¢-¢/C ‘¢/5¢/L =4 ‘C/¢C/s =1 ‘T¢= N adD (p)
‘¢/ec/spue ‘g/eg/L T/LT/6 =4 C/ST/L=rTE=NADD (0) T =4 C/eT/e=r €= N HDOD (4) ‘T¢puege=,°C/¢c
-7 \ C=/r'C¢= N HDD AE VOV Uam paurejqo (1D pue HOO jo syuouoduwod sugredAy o) Jo sdewr A}1suajur pajeIsojur o, :Q'G oIngrq

(0eso1R) DY (0asore) vy (0asore) Oy (0esore) DY
0¢ 0 0¢— 0¢ 0 0¢— -
0c— 0= e 0E— 0¢ _ 0 ONomI
. 0 ne 00s
20— 0zZ—
& 00 = 4 r
o o ¥ 01—
2 2 £ w 2§ 2
= v = 7 0 %
w0 w0 o jos} o w0
g g = 90 & £ ot (0] g
[
- g0 ,INH
- (014
(U
HJD ()
91 0€

(00s01R) OV

101



‘Apparyoadsar ‘| _wreaq AfW g pue G = 0 9I9YM
‘ann pue HOD I0] 0(0¢ puR 0()Z oI S[RAIJUI [9AS] O} PUR ‘O¢ pUR O()] € dIv S[OAJ] INOJU0D JSOMO] Y], 'SOUI[ d)I[[oIes o1} I0J A}D0[PA
Surpuodsor100 oY} pue (;_8 U §°G) A}DO[AA OIWYSAS 9} 9)eIIPUL SOUI| [@IUOZLIOY dY [, “uorsod 1e3s0301d oY} MOYS SOUI[ [BITLIOA dJIYM O[],
"popnpout osye are (D) 10§ ¢/1-¢/€ = 4 Pue HD 10 1-g = ) soul] oyqeges o], “(,08T1 = "V'd) UOo10a11p odojoaus a1} Suore soul] g/¢-z/G

pue g/6-g/L = A ‘¢/eC/S =1 ‘T-¢= N DD (qQ) pwe g-¢ = 4 ‘¢/¢¢/S = ‘T€ = N HDD () Jo sweiderp AJ oY, :0['G oIS

(0asore Temsuy

1e) 19s]j0 Temluy
0T S 0 S— (0]

] H

uopnjosey

(_ureaq A
weaq A

Leo

(s umy) £3190[0 A

102



5.4.2.  D/H ratios

We estimate the D/H ratios in the southern envelope with the ACA data. Figure 5.11
shows the line profiles at the selected positions in the southern envelope. The lines of CCH
and CCD are affected by the self-absorption at the protostar position. The CCD N = 3-2,
J = 7/2-5/2 spectrum has three peaks, because this line is splitted into two components with
similar intensities (F' = 9/2-7/2 with Su? of 2.5 D? and F' = 5/2-3/2 and 7/2-5/2 with Spu? of
3.2 D?), both of which suffer from the self-absorption. On the other hand, the peak velocities
almost correspond to the systemic velocity in the outer envelope (r 2 1000 au), indicating that

they are free from the self-absorption.

We derive the D/H ratios at the same four circular areas along the envelope direction as
in the case of HoCO. The diameter of the sampled areas (770) is comparable to the resolution
along the north-to-south direction, and the center is every 3”5 from the protostar position. The

spectra are shown in Figure 5.7 (d).

The D/H ratio is derived in the following ways. In the positions near the protostar (Ad = 0”
and —3”5), the integrated intensity in the blueshifted side from the systemic velocity (5.0-5.6
km s7!) is used. The J = 7/2-5/2, F = 5/2-3/2 and 7/2-5/2 component is employed for
the evaluation of the column density of CCD, in order to avoid the contamination from other
satellite lines. The rotational temperature is assumed to be 30 K, and the LTE condition is
assumed. In the outer regions (Ad = =770 and —10”5), we derive the D/H ratios by using the
total integrated intensities. The rotational temperature is assumed to be 20 K. The derived
abundance ratios are summarized in Table 5.3. The change in the rotation temperate by 10 K
does not change the results within the error. The CCH line is likely optically thin, because the
intensity ratio to the weaker hyperfine component (J = 7/2-5/2, F = 3-3; Su? = 0.065 D?) is

almost comparable to the intrinsic intensity ratio of about a half.

In addition to the ACA observations, we also analyze the combined data with the 12-m
array observations, as in the case of formaldehyde. The spectra at the three positions mentioned
in Section 5.3.4 are shown in Figure 5.11. The derived [CCD]/|CCH] ratios are summarized in
Table 5.4. The D/H ratio is not evaluated at the protostar position, because CCH is deficient
in the disk component inward of the centrifugal barrier (Sakai et al. 2014b), as can be seen in
Figure 5.11. Because the CCD and CCH emissions are not detected in the IRE (position B) and
the DoCO peak (position C), respectively, the 30 upper limits are estimated by the equation
(5.1). The derived D/H ratios are summarized in Table 5.4. The D/H ratio exceeds 0.32 at the
D,CO peak, where the deuterium fractionation is thought to be efficiently proceeded, while it
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is less than 0.016 in the IRE. Thus, the decrease in the D/H ratio along the envelope is seen
also for the CCH case.

In addition, we evaluate the D/H ratio in the outflow cavity wall region (white square in

Figure 5.9). In the outflow cavity wall, the [CCD|/|CCH] ratio is derived to be 0.06-0.07, which

is almost independent of the assumption of the excitation temperature.
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Figure 5.11: The same as Figure 5.5, but for the spectrum of CCH (N = 3-2, J = 5/2-3/2,

F = 2-2) and CCD lines. The vertical dashed line shows the systemic velocity (5.8 km s~1) and
the corresponding velocity for the satellite lines.
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5.5. Discussion

5.5.1.  Origin of the different distributions and the radial change of the deuterium fractionation

The H,CO emission concentrates in the vicinity of the protostar, where the HDCO and
D,CO emissions are weak. This indicates that the normal species is preferentially produced
in the vicinity of the protostar, because the selective destruction of the deuterated species is
unlikely to occur. In the inner envelope near the protostar, HoCO is thought to be released
into the gas phase from dust grains when the temperature becomes higher than the desorption
temperature of about 40 K due to the protostellar heating. A possible reason for the deficiency
of the deuterated species can therefore be the low deuterium fractionation in the ice mantle.
This scenario is theoretically proposed by Furuya et al. (2016) to account for the low deuterium
fractionation of water in the innermost region near the protostar (e.g., NGC1333 IRAS 2A;
Coutens et al. 2014). Water is efficiently formed on dust grains via hydrogenation of the oxygen
atom before the deuterium fractionation efficiently occurs, and hence, a large amount of the
normal species is stored in the ice mantle (Section 1.2.1; Figure 1.2). This leads to the decrease
in the [HDO]/[HO] ratio inward of the water snowline. If a large amount of formaldehyde is
formed and preserved in the ice mantle before the deuterium fractionation becomes efficient,
the amount of the deuterated species on ice can be significantly less than that of the normal
species. Note that Furuya (2017) reported methanol does not show the decrease in the D/H
ratio by the gas-grain chemical model, because it is efficiently formed only on the surface layers
of the ice mantle during the later stage of the ice formation. The present result shows that this

picture cannot simply be applied for the HyCO case.

As in the case of formaldehyde, the [CCD]/[CCH] ratio is found to decrease with decreasing
distance from the protostar, indicating that the normal species is preferably produced in the
vicinity of the protostar. In L1527, carbon-chain molecules are efficiently produced from CHy
sublimated from the dust grain (WCCC; Sakai & Yamamoto 2013). Because the desorption
temperature of CHy is around 25 K, CCH in the IRE is considered to be produced by the
WCCC mechanism. CHy is formed on the ice by the hydrogenation of the C atom, which is
mainly depleted before its conversion to CO in the gas phase (Section 1.2.1). The D/H ratio of
CH, can therefore be low in the ice mantle, resulting in the low [CCD]/[CCH] ratio in the IRE.

In the outer envelope, the conditions necessary for the efficient deuterium fractionation
are fulfilled. Namely, the temperature is low (< 20 K) and the density is high (= 10°-10°
cm™3). The deuterated formaldehyde is thought to be formed on the ice surfaces to explain

the observed high D/H ratio. If this is the case, they are sublimated via non-thermal processes
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such as reactive desorption (Garrod et al. 2006) and comic-ray-induced photodesorption (Prasad
& Tarafdar 1983), because the derived temperature is significantly lower than the desorption

temperature of 40 K.

The different processes of the deuterium fractionation between the inner and outer en-
velopes are likely responsible for the radial change in the D/H ratios. The [HDCO]/[H2CO|
ratio decreases with decreasing distance from the protostar, because HDCO is abundant in
the outer envelope (r ~ 1000 au) while the normal species is abundant in the vicinity of the
protostar. The [DoCO]/[HDCO] ratio is almost constant throughout the envelope, because the
sublimation of the deuterated species from dust grains can be negligible in comparison with

those produced in the outer envelope.

5.5.2.  Comparison with the single-dish observations

As mentioned in Section 5.1, the deuterium fractionations of HoCO in L1527 are previously
examined by Parise et al. (2006) and Roberts & Millar (2007), based on the single-dish obser-
vations. Parise et al. (2006) reported that the [DoCO|/[HDCO] and [HDCO]/[H2CO] ratios are
0.28702% and 1.77%% while Roberts & Millar (2007) reported 0.29 4 0.05 and 0.066 + 0.013,
respectively. The [Do,CO|/[HDCO] ratios obtained by the single-dish observations are consis-
tent with that by our study (0.20-0.25). It is because the distributions of DoCO and HDCO
are similar, and the [DyCO|/[HDCO] ratio is almost constant throughout the core. On the
other hand, the [HDCO]/[H2CO]| ratios are not consistent with one another, likely because
of the different spatial distributions between the normal and the deuterated species (HDCO).
The normal species resides in the inner disk, the infalling-rotating envelope, and the outflow,
while HDCO and D,CO only resides in the outer envelope. The previous studies assume the
same emitting region and the same rotational temperature between the normal and deuterated
species, which seems too simplified. Since the single-dish observation encompasses the whole
emitting region of H,CO, the [HDCO]/[H2CO] ratio would be low in single-dish observations,
as in the case of Roberts & Millar (2007). The extremely high [HDCO]/[H2CO] ratio of 1.7
by Parise et al. (2006) could originate from the underestimation of the column density of the

normal species which is derived from some spectral lines strongly self-absorbed (Maret et al.

2004).

The lower limit of the [CCD]|/|[CCH] ratio of 0.3 is also significantly higher than that ob-
tained by the line survey observation (0.037; Table 3.6), probably because the single-dish tele-

scope encompasses the whole emitting region of the normal species, as in the case of formalde-
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hyde. In the outflow cavity wall, the D/H ratio would be lower than that in the DoCO peak,

probably because the density is lower and the temperature is higher.

5.5.3.  Comparison with chemical models

The formation and deuteration of formaldehyde and other complex organic molecules are
studied through astrochemical modeling by Taquet, Charnley, & Sipila (2014). They trace
the deuterium fractionation during the early stage of the star formation from the prestellar to
protostellar phases, taking into account the multilayered structure of the ice mantles (Section
1.2.1; Figure 1.2). According to their result, the radial abundance profile of formaldehyde in the
protostellar phase consists of three regimes: the cold external envelope with the temperature
lower than the desorption temperature Ty, the cold intermediate envelope where the temper-
ature is higher than Ty of H,CO but lower than that of water, and the warm inner envelope
with the temperature higher than Ty of water (Figure 1.3). The abundance of formaldehyde
rises abruptly in the intermediate envelope. The distribution of the observed HoCO emission
is roughly consistent with this picture, although the third regime could not be seen due to
the lack of spatial resolution. The radial profile of the D/H ratios of formaldehyde can also
be classified into the above three regimes, and does not contradict to our observation which
reveals the difference of the deuterium fractionation between the outer envelope and the inner
envelope. However, the observation and the model are not consistent with each other in some
points. First, the [HDCO|/[HyCO| ratio is as low as 0.1 in the cold envelope in the chemical
model, while it is even above unity in this observation. Second, the [HDCO]/[H2CO] ratio in
the cold outer envelope and that in the cold intermediate envelope are similar in the model,
while it is higher in the outer envelope in this observation. Hence, we would like to point out
that some chemical mechanisms may be missing to account for the high deuterium fractionation

in the outer cold envelope.

5.6. Summary and Conclusion

The deuterium fractionation is an important tool in understanding the chemical evolution
from prestellar cores to protostellar cores. In this study, we have presented the high spatial
resolution observation of HoCO, CCH, and their deuterated species toward the low-mass pro-

tostellar core L1527.

(1) The distributions of HyCO and its deuterated counterparts are clearly different from

107



each other: the former is concentrated in the vicinity of the protostar, whereas the latter is
extended more widely at a 1000 au. With a higher spatial resolution image combined with the
12-m array data, Do,CO is found to be absent in the inner envelope (r < 250 au) where the
normal species is abundant. The same trend can be seen for CCH and CCD, although they are
also abundant in the outflow cavity wall. The temperature derived from the two D,CO lines
is as low as 20 K in the outer envelope, indicating that the deuterated species of HyCO are

produced in the gas phase reactions and/or sublimated non-thermally from dust grains.

(2) The measured [HDCO]/[H,CO| and [CCD|/|CCH] ratios along the protostellar enve-
lope decrease with decreasing distance from the protostar. This is because the efficient sublima-
tion/production of the normal species due to the temperature rise results in the low deuterium
fractionation in the inner envelope. On the other hand, the [D,CO|/[HDCO] ratio is constant.
Since the deuterated species is absent in the vicinity of the protostar, the [D,CO|/[HDCO)] ratio
mostly traces the ratio in the outer envelope. The decrease of the deuterium fractionation is

also confirmed in the combined image.

(3) The [HDCO]/[HoCO] is almost unity in the outer envelope. This ratio is higher than
that predicted by the astrochemical gas-grain model including the multilayered structure of ice
mantles, and hence, some chemical processes would be missing to explain the observed D/H

ratio.

(4) The gas phase D/H ratios in the innermost warm regions are found to be comparable
to or lower than the previous reports based on single dish observations, likely reflecting the
D/H ratios preserved in the ice mantles, as is suggested in the case of organic molecules by the
high spatial-resolution observation toward IRAS 16293-2422 (Persson et al. 2018; Jorgensen et
al. 2018).

The striking difference of the D/H ratios between the inner and outer envelope originates
from the difference of time scales between the deuterium fractionation and the evolution of
ice mantles. Since deuterium fractionation starts from the reaction with HJ, the time scale of
deuterium fractionation is roughly given as 7 ~ 1/k[H7], where k denotes the rate coefficient
of the reaction. The rate coefficients of ion-molecule reactions are usually comparable to the
Langevin rate coefficient (2 x 107 ecm3s™!). The H4 abundance is determined by the balance

between its formation and destruction. Hj is formed from reactions (1.2) and (1.3), and is

destroyed by abundant neutral species such as CO and O. Therefore, the following relation
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holds for the balance of the Hi abundance under the steady-state approximation:
¢[Ha] =k([CO] + [O])[H], (5.2)

where ( is the cosmic-ray ionization rate coefficient (2 x 10717 s7!). Because the sum of the CO
and O abundances relative to Hy can be assumed to be the oxygen abundance of 3.5 x 1074,
the time scale of deuterium fractionation is 5 x 10° yr, which is independent of the H, density.
On the other hand, the adsorption time scale of gas-phase species onto dust grains is roughly
given by 7 ~ 105/(10* cm™3/ng) yr, when the dust size distribution is taken into account
(e.g., Caselli et al. 1999). Hence, the time scale of adsorption onto dust grains is shorter than
that of deuterium fractionation in typical prestellar cores (nyg > 10* cm™2). This means that
molecules adsorb onto dust grains before the chemical equilibrium, resulting in low D/H ratios
in the bulk of ice mantles. The D/H ratios of gas-phase molecules which originate from the
thermal sublimation from dust grains and subsequent gas-phase reactions can therefore be
altered in the vicinity of the protostar. This effect needs to be considered, when the evolution

of the deuterium fractionation to the protoplanetary stage is explored.
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CHAPTER 6

CONCLUSION

6.1. Summary of this thesis

During the last decade, molecular isotopic ratios, especially the molecular D/H ratios, have
been used for the chemical diagnostics to study the evolutionary stages from prestellar cores
to protostellar cores. However, several questions regarding the isotopic ratios remain to be
addressed. First, the spatial distributions of the D/H ratios in protostellar cores are not well
known. Although the decreasing trend in the D/H ratios along the protostellar evolution has
been studied in a statistical manner, it is unclear whether this trend can be seen within a single
protostellar core. It is awaited to resolve the structures of a protostellar core, such as disk,
envelope, and outflow, and to reveal the distribution of the isotope ratios, in order to trace
the evolution of the isotopic ratios from prestellar cores to protoplanetary systems. Second,
isotopic fractionations other than deuterium are not well investigated in the context of the
chemical evolution. For instance, the *C fractionation, which can be caused at low temperature
by the isotopic exchange reaction like the deuterium fractionation, has been studied only for
limited molecular species toward limited sources. Hence, comprehensive understanding of the

13C fractionation by observing a variety of molecular species is needed.

One strategy to investigate the evolution of the isotopic ratios is to reveal statistical trends
by observing many sources in different evolutionary stages. However, it is important to in-
vestigate one source as a testbed, because neither a full picture of the ¥C fractionation nor
distribution of deuterium fractionation has been explored so far. We have therefore conducted
extensive observations with high spatial resolution and high sensitivity toward the representa-
tive Class 0 low-mass protostellar source L1527, and have gained new insights into the chemical

evolution of isotopic ratios.

6.1.1. Qwerall chemical composition of L1527

In order to reveal the chemical composition of this source without any preconception, we
first conducted a sensitive spectral line survey observation in the 3 mm band toward L1527

with the Nobeyama 45 m telescope. In total, 69 molecular species are identified, among which
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27 species are carbon-chain species and their isomers, including their minor isotopologues. To
characterize the chemical composition of L1527, we compared it with those of the prototypical
hot corino chemistry source IRAS 16293-2422 and the prestellar core TMC-1 (CP). The chemical
composition of L1527 is found to show a clear WCCC characteristic: unsaturated organic
species such as C,H (n =3, 4, 5,...) (carbon-chain molecules) are abundant, while saturated
complex organic molecules such as HCOOCH3 and (CHj)2O are deficient in comparison with
hot corino chemistry source such as IRAS 16293-2422. Although both prestellar cores and
WCCC sources are characterized by rich carbon chain molecules, the longer carbon chains are
relatively deficient in L1527 in comparison with the prestellar core TMC-1. This indicates
that the carbon-chain molecules in L1527 are not just the remnants of those produced in the
parent prestellar-core phase, but are produced in the protostellar-core phase, because the longer

carbon-chain molecules take longer time to be formed.

6.1.2.  Molecular **C/*3C ratios at a 1000 au scale

We presented a first comprehensive study to determine the 2C/13C ratios of various species
in a protostellar core. Based on the line survey observation and the supplementary observations,
we evaluated the 2C/13C ratios of CO, CN, CCH, HC3N, c-C3H,, and H,CO. The 2C/13C
ratios of CO, CN, and H,CO are comparable to the elemental ?C/!3C ratio of 60-70, while
those derived for CCH, HC3N and c-C3H, show higher '2C/13C ratios than the elemental ratio.
Our result further confirms the possible mechanism of the *C dilution: the molecules produced
from the C* ion suffer from the *C dilution, whereas the molecules produced from CO or those
produced before the *C dilution occurs show the normal ?C/*3C ratio close to the elemental
ratio. On the other hand, it remains unclear whether the *C dilution of carbon-chain species
can be used as the tracer for the chemical evolution, because the *C dilution is examined only

for a few sources so far.

6.1.3.  Molecular D/H ratios at a 1000 au scale

In the line survey in the 3 mm band as well as the supplemental observations in the 4 mm
band with NRO 45 m, we detected 11 deuterated species. The derived molecular D/H ratios
are a few percent regardless of molecular species with some exception, which is consistent with
previous studies. The molecular D/H ratios averaged over the 1000 au scale is relatively lower
in L1527 than those reported for hot corino sources. This feature would originate from the

relatively shorter timescale of the prestellar-core phase for the WCCC source L1527.
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6.1.4. Distributions of deuterated species within 1000 au

To reveal the spatial distributions of the deuterium fractionation in L1527, we conducted
the ALMA observation of CCH and HoCO and their deuterated counterparts. The distribu-
tions of HoCO and its deuterated isotopologues are found to be clearly different from each
other. The emission of HyCO is concentrated in the vicinity of the protostar (r < 250 au), in-
dicating the efficient evaporation from dust grains. On the other hand, the deuterated species
mainly reside in the outer envelope (r ~ 1000 au), and do not show the emission in the vicin-
ity of the protostar. The deuterium fractionation in the outer envelope is derived to be high
([D2COJ/[H2COJ~ 0.8). On the other hand, it is found to be lower in the vicinity of the pro-
tostar (|[D2COJ/[HoCO|< 0.04). The similar trend can also be seen for the [CCD]|/|CCH] case.
Hence, the degree of the deuterium fractionation in the protostellar envelope most likely de-
creases with decreasing distance from the protostar within a 1000 au scale. A shorter timescale
of ice evolution relative to that of deuterium fractionation makes the D/H ratios in the inner
layers of the ice mantles low, likely leading to the observed low D/H ratios in the vicinity of
the protostar. This means that the high deuterium fractionation caused in the cold protostellar

envelope would not be inherited to the protoplanetary-disk phase as it is.

6.2. Future prospects

As described above, we successfully revealed the striking difference in the spatial distri-
butions between the main isotopologue and its deuterated counterparts in the low-mass proto-
star L1527. This result indicates that the protostellar activities and the associated structural
changes provide a substantial influence on the isotopic ratios. Moreover, the deuterium frac-
tionation obtained with ALMA is found to be significantly different from those derived based
on the single-dish telescopes, probably because observations with the unresolved large beam
of the single-dish telescopes have a large uncertainty. Hence, it is indispensable to investigate
protostellar cores by high spatial-resolution observations with ALMA to bridge the isotopic
ratio reported in prestellar cores and that in protoplanetary disks, although the single-dish
observations are also important to reveal the chemical characteristic averaged over a whole area
of a target source. Open questions to be addressed by the high spatial-resolution observations

are briefly described as follows.
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6.2.1. Deuterated species

It is still unclear whether other protostellar sources show a similar evolutionary behavior in
deuterium fractionation to that observed for L1527 case. Because the physical parameters of the
protostar such as the luminosity and the elapsed time after its birth would have an influence
on environmental conditions and chemical compositions in the outer envelope, observations
toward other protostellar cores would reveal the difference in the deuterium fractionation among
protostellar cores. For instance, the only Class 0 source in which the deuterium fractionation
is extensively studied with ALMA, IRAS 16293-2422, does not show the different distributions
between the normal and deuterated species of formaldehyde at a 1000 au scale, unlike the L1527
case (Persson et al. 2018). This difference between L1527 and IRAS 16293-2422 may originate
from the difference in the physical and chemical environment in the protostellar cores. On the
other hand, Ceccarelli et al. (2001) reported DoCO peaks 1200 au south to the protostar by a
wider mapping observation toward TRAS 16293-2422. In addition, the measured D/H ratios in
the close vicinity of the protostar in IRAS 16293-2422 with ALMA (e.g., Jorgensen et al. 2018;
Persson et al. 2018) are systematically lower than those reported with the single-dish telescopes
(e.g., van Dishoeck et al. 1995). This indicates that a large scale structure that could be
resolved out even with the ACA observations may exist, and hence, short-spacing observations
with the total power array of ALMA would provide us with new information on the large-scale
distribution of deuterated species in this source. Since few observations have been conducted
to study the radial dependence of the deuterium fractionation in protostellar cores, future high
resolution interferometric observations including the shorter baseline toward other sources could
shed light on any possible dependence on the physical and chemical environment in protostellar

cores.

The high spatial-resolution observations can also be used to study the formation mechanism
of deuterated species. To understand the formation (and deuteration) pathways of HyCO, it is
worth investigating the distributions and the deuterium fractionation of other organic species
which are formed on the ice mantles, such as CH3OH. In L1527, D,CO is found to be abundant
in the outer envelope (1000 au apart from the protostar). If CH3OH and its deuterated species
are similarly distributed, it is likely that H,CO is also formed on the ice mantle, because
CH30H is formed only on the ice mantles. If the deuterium fractionation of CH3OH in the
outer envelope differs from that of HyCO, the deuteration mechanisms are different between
H,CO and CH30H: the difference may indicate that the deuteration of HoCO is proceeded
mainly in the gas phase. Since the previous single-dish observation reported a slightly lower

deuterium fractionation of CH3OH ([CH,DOH]/[CH30H] < 0.03) than that of H,CO (Sakai
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et al. 2009b), it is interesting to confirm whether this difference can also be seen by high

spatial-resolution observations.

6.2.2. 13C species

It is interesting to see whether the '3C anomaly found for carbon-chain molecules can be
seen at a 100 au scale. The ratio may decrease to the standard value (60-70) near the protostar,
if destruction and reproduction of the carbon-chain molecules is active in the warm condition
where the mechanism of the dilution does not work well. On the other hand, Jgrgensen et
al. (2018) recently reported that the 2C/!3C ratio of CH3OCHj3 is two times lower than the
standard ratio in IRAS 16293-2422, when the statistical weight of 2 for the *C substitution
of CH30OCHj is taken into account. They suggested that '2CO can be desorbed more easily
than ¥CO due to the difference of the binding energy between the two (Smith et al. 2015),
resulting in the low 2CO/3CO ratio in the ice surface in the region where the dust temper-
ature is just around the CO sublimation. Because CH3OCHj is thought to be formed on the
ice surface in the warming-up phase of protostellar cores, the ?C/13C ratio of CH;OCHj; can
also be low. The difference of the *C fractionation between carbon-chain molecules (dilution)
and molecules formed from CO on the ice (enrichment), if exists, will be transferred into car-
bonaceous compounds formed on dust grains. Hence, the ¥C anomaly in the vicinity of the
protostar provides us with a possible link to the anomaly found in meteorites. In particular,
carbon-chain molecules are generally non-volatile species, and hence, they are adsorbed onto
dust grains in the closest vicinity of the protostar. Therefore, carbon-chain molecules can be de-
livered into the disk in the solid phase: probably they will be polymerized to form carbonaceous
compounds, which would be a source of pre-solar organic materials. Hence, it is important to

examine whether the 2C/!3C anomaly can be seen around the centrifugal barrier (r ~ 100 au).

We can also investigate whether the different >C/13C ratio between two *C isotopologues
(e.g., BCCH vs C¥CH and c¢-'3CCCH, vs c-CC!¥CH,) is also observed at a 100 au scale.
Previous studies on the *C anomaly revealed that the most stable 3C species tends to be
the most abundant among all the 3C isotopologues of a molecular species, implying that the
exchange reaction between '3C species plays a role. If the exchange reaction such as equation
(4.2) actually happens, the difference in abundances between two 3C species could be eliminated
toward the protostar due to the temperature rise. Hence, the distributions of the 3C species
would contains novel information on the basic chemical process occurring in molecular clouds,
although detailed experimental and theoretical studies on related chemical reactions are also

needed.
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