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Abstract

Shocked regions ubiquitously exist in interstellar space as seen in star-forming regions, su-
pernova remnants, and active galactic nuclei. These shocks deeply affect not only on physical
conditions but also on chemcal compositions of the interstellar gas. So far, many spectral line
surveys have been concucted in the millimeter- and submillimeter-wave regions toward high-
mass or low-mass star-forming regions. These results revealed existences of various molecular
species. It has often been claimed that some molecules would be produced through the shock.
However, such star-forming regions generally have so complicated structures that it is difficult
for us to distinguish the effect of shocks from their observational data.

In order to cope with this problem, we conducted a line survey in 3 mm wavelength (78-115
GHz) using the Nobeyama 45 m telescope toward L1157 B1, where is a shocked region caused
by the interaction between the outflow from the low mass protostar IRAS 20386+6751 and the
ambient gas. This region is apart from the protostar by ~ 1/, and hence, we can observe the pure
shock chemistry without suffering from the protostar activities. In this region, we detected 130
lines of 29 species including some complex organic molecules such as HCOOCH3, CH3CHO, and
NH>CHO, and a phosphorus-bearing molecule PN, which is the first detection of this molecule
in the low-mass star-forming region. We found that the shocked region of L1157 B1 is chemically
rich. Evaporation of molecules from grain mantle plays an important role for the rich chemistry
in the gas-phase.

To expand our understanding of the shock chemistry, we conducted a line survey toward
L1448 B1/R1, which are shocked regions caused by internal bow shocks in the outflow from the
protostar from L1448 mm. These regions are located in the vicinities from the protostar (~
250 AU). In these shocked regions, we only detected SiO and SO, and found that the chemical
composition of the shocked gas is different from that of L1157 B1.

Finally, we investigated the shocked region associated with the supernova shock toward a
supernova remnant, IC 443. The supernova shock is considered to compress the diffuse and
to form a shell-like structure. The pre-shocked gas in IC 443 is therefore considered to be a
photodissociation region. In such a cloud, the UV radiation effect is important and the gas
temperature is relatively high. In this region, we detected 44 lines of 14 species. We detected
the CH3O0H lines in this region for the first time, but they are very weak.

Based on these results, we compared the characteristics of each shocked region. Some molecules
such as CH3OH show significant variation of their abundance. The absorption of CO onto the
grain mantle is necessary for the production of CH3OH. Hence, the lack of CH3OH line in 1.1448
B1/R1 implies that the grain-mantle has already evaporated by the star-forming activity. Simi-
larly, the low abundance ratio of CH3OH in IC 443 may be due to the relatively high temperature
of dust grains in the pre-shocked gas due to the UV heating. After all, we found that the shock
chemistry is dominated by the grain mantle evaporation. It is determined by the pre-shocked
conditions, more specifically the grain-mantle composition of the pre-shocked gas.
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Chapter 1

Introduction

1.1 Interstellar Clouds

Interstellar space is not completely vacuum, but is filled with diffuse gas and dust called
interstellar matter. The most abundant element is hydrogen and the next is helium. The second
row elements such as C, N, and O have abundances of the order of 10~* relative to hydrogen.
The gas-to-dust mass ratio is about 100 around the solar neighborhood.

Interstellar matter is not uniformly distributed, but is more or less localized in interstellar
clouds. The temperature and density of interstellar clouds are shown in Figure 1.1. Most of
diffuse interstellar clouds are located on the straightline with constant pressure in Figure 1.1.
This means that diffuse interstellar clouds are generally in pressure equilibrium. Apart from
diffuse intercloud gas, interstellar clouds are classified into diffuse clouds and molecular clouds,
depending on the major form of hydrogen. In diffuse clouds, 50 % or more hydrogen is in a form
of atomic hydrogen, whereas molecular hydrogen is dominant in molecular clouds. When dense
parts are formed in molecular clouds by gravitational instability and/or cloud-cloud collisions,
they are subject to gravitational collapse. This leads to formation of new stars.

1.1.1 Diffuse Clouds

Diffuse clouds are defined as interstellar clouds with the density of 10-100 cm ™3 and the total
visual extinction of a few magnitude or less. In diffuse clouds, interstellar UV radiation well
penetrates into the central part, and hence, hydrogen atoms and hydrogen molecules coexist.
Since the photodissociation of molecules by the UV radiation is significant, only simple molecules
such as CO, CN, CH, OH, and H:,T can exist there. The most important heating mechanism
is the photoelectric heating, where electrons ejected from dust grains due to absorption of the
UV radiation heat the gas. The cooling mechanism is mainly emission of fine structure lines of
fundamental atoms and ions such as Cy; and O;. The temperature of diffuse cloud is thus 30 K
- 100K.

1.1.2 Molecular Clouds

As the cloud density increases, the interstellar UV radiation is shielded in the central part of

the clouds, and hence, hydrogen can be in molecular form. This is a molecular cloud. When

3

the Hy column density reaches a few times 10?! cm™3, corresponding to the visual extinction,

Ay of a few magnitude, the UV radiation cannot penetrate into the molecular cloud. In such a



condition, the cosmic-ray mainly contributes to the cloud heating. On the other hand, cooling
processes are dominated by molecular line emissions and dust continuum emissions. Through
the balance of the heating and cooling processes, the gas kinetic temperature in molecular clouds
becomes 8-15 K as far as other heating mechanisms such as star formation inside the clouds do
not contribute. A radiowave observation of molecules is an effective method to study such cold
clouds. Since typical rotational energy level spacing of molecules is an order of a few K, the
rotational levels are easily excited by the collision with Hs molecule. Then, their emissions
(mostly rotational transitions) can be observed by radiotelescopes.

Various molecules are formed by the gas-phase chemical reactions. In particular, ion-molecule
reactions play a central role in production of molecules. Cosmic rays ionize the hydrogen
molecules, which start chemical reactions as:

H2—|—c.r.—>H2++e

Hf +Hy — H +H

HI + A — HAT + H,
HAT +B — ABT + H.

In this way, various molecules are formed in interstellar clouds. It is also known that even in such
a low temperature emvironment, chemical reactions on the dust grain proceed efficiently (Tielens
1982). Grain consists of grain core (silicate or graphite) and icy grain mantle (See Figure 1.2).
In cold conditions, H2O ice is produced by a reaction of O atom and H atom adsorbed on grain
core, which makes grain mantle. Various molecules including complex organic molecules are also
formed on the grain mantle by reactions of accreting atoms and molecules.

Star-forming regions harbor hot cores or hot corinos, which are hot and dense cores around
newly born protostars (e.g. Blake et al. 1987; Herbst and van Dishoeck 2009). They show some
chemical richness of complex organic molecules such as CHsOH, HCOOCH3, and CH3CHO.
These molecules are thought to be produced from CO by grain surface reactions (Herbst and
van Dishoeck 2009). Since the sublimation temperature of CO is as low as 20 K, such complex
molecules are thought to be produced mainly on dust grains in the starless core era, where the
temperature is as low as 10 K.

1.2 Shock Physics

In space, supersonic motion of gas is ubiquitous, and it causes shock everywhere. We briefly
discuss physics of the shock in this section. We here consider the ideal one-dimensional distur-
bance propagating a homogeneous medium with a constant velocity u; along the x axis. In this
case, all quantities are determined by = and time (t).

Then, we introduce the frame of referece traveling with the velocity u;. The undisturbed
material enters the shock at x1, where its velocity, density, and temperature are uy, p1, and 17,
respectively. On the other side of the front at zs, these quantities are expressed as ug, p2, and
T5. Between x1 and xa, p and u are functions of x, and T' may be irrelavant because the thermal
equilibrium is not realized.
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Figure 1.1: Temperature and the density of interstellar clouds.
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1.2.1 Adiabatic Process with B =0

By considering conservation of the mass and the momentum, the following equations hold;

pP1Ul = p2u2 (1.5)
p1+ prui = p2 + pous. (1.6)



In the adiabatic shock, the energy increase rate of the gas in unit area of the front per unit time
equals the rate at which work is done on the gas by pressure forces. This can be represented as:

1 1
ul <2p1u% + U1> + uUip1r = u2 <2p2u% + UQ) + UuzpP2.- (17)

The U; denotes the internal energy of the fluid per unit volume. If the gas on each side of the
shock front is assumed to be the perfect gas, the internal energy is simply

v=-L_, (1.8)

v—1

From equations (1.7) and (1.8), we obtain the following relation:

1 2 Y 1 2 Y
U1 <2,01u1 + § - 11?1) = Uy <2p2u2 + 5= 11?2 .

By using equation (1.5), we obtain:

2y ;1 9 . 2v D2
+ P2y Y P2 1.9
v Yy=1m 2y —1p (1.9)

We eliminate py, by using equation (1.6) as:

) Gw)nes |

2 2 2 2
uy + | —— — — — | p1+ — (p1ul — pau =u
? (7—1 P2 p1 Pz(p 1 pa) !

2y p2 > <p1 ﬂ

2 2, 2 2

uy + | —— ——1l)uy+ci|——1]| =ui, 1.10
2 <71> [(m 2 p2 ! (1.10)

(1.11)
where ¢2 = p L. By using equation (1.5) again, this can be written as
2 2
U9 27y Uz U5 1 U9
— — | = - —(—==-1)]| =1 1.12
() G- am ()] 012
(1.13)
where M = “L. This is callsed as Mach number. When z is defined as uz/u; = z, the equation
(1.12) becomes
9 1 1
(y+ D)z — 2y I+ g |e+2yg5 +7-1=0. (1.14)
The solutions of this equation are
-1 2 1
SO et " S
y+1 y+1M2
Since the former solution does not generate the shock, we apply the latter to obtain:
-1 2 1
2 _7 i (1.15)

u1:'y+1+7+1ﬁ'



On the other hand, the following relation can be obtained from the equation (1.6):

1
P14 —(prud — pod)
b1 b1
1 P2 2>
=1+ — (v} - "
cs< T
— 1+ M? <1 - “2> (- 1.5).
uy

We substitute ug/u; by equation (1.15) to obtain the follwing relation:

12y 1
p2:1+M2<1_’V_7>

p1 vy+1 ~+1M2
2 1
S /6 S (1.16)
v+1 v+1
2M? — 1
ikt (1.17)
T+1

When w7 is much higher than ug, (i.e. M — o0), the equation 1.15 is simplified as:

ug  y—1
w y+1

In the case of the atomic gas, v = 5/3 can be applied, and we then obtain:

w4 p1

uz 1 P2y

which means the density increse by a factor of 4 at maximum. From the equation (1.17), and
the condition that py > p;, we obtain:

2

9 U9 5 2 3p1ug

=p1+ 1—-— = — .
P2 = p1 T p1ug ( U1> P1U1,Y 1 4

If we denote the mass of a molecule as u, pV = uN. From the equation of state,

1% 2
kTQ = P2 = H — plu%ﬁ
P2

N ppz v+1

2v -1 3 5
—_— — —pui.
('7+ 1)2 puy 16/"”1

If we employ u; = 10 km s™!, and pu = 1.3/Na g, T5 becomes as high as 2970 K. Hence, the
shock heating is significant in the adiabatic shock.
1.2.2 Isothermal Process

In the isothermal condition, equation (1.7) cannot be valid. On the other hand, we have:

po_p2 KT _0p_ o

= c. 1.18
P P2 2 dp ° ( )
Thus, equation (1.6) becomes:
p1 (e +ui) = p2 (¢ + ud) (1.19)
p1L \uy Uy uy



For simplicity, we use the following relationship:

2_~n_, (1.20)
Uy P2
2
C 1
(=% - (1.21)
u? 2

Then, we obtain

%(C—F.I'Q):C-i-l.

(1.22)
The non-trivial solution of this equation is z = (, and hence,
P2 ui
P1 Cs

Therefore, in an isothermal shock, the dencity is enhanced by M? times, where M is the Mach
number. If we assume u; = 10 km s~! and ¢, = 0.3 km s~!, the compression by a factor of 103 can
occur. In actual situations, the intermidiate state between the adiabatic and isothermal shock is
usually realized, and the enhancements of the temperature and the density are mitigated. If the
magnetic field exists, the situation can be more complicated. Since the magnetic field efficiently
propagates the energy, the shock front discontinuity is softened.

1.3 Shock Chemistry

1.3.1 Chemical Processes in Shocks

Shocks cause local and temporal raise of temperature and abrupt increase of density, and
hence, they significantly affect the chemical compositions. Since interstellar clouds are in low
temperature (10-30 K) and low density (10%- 106 cm~3) conditions, chemical processes are usu-
ally restricted to exothermic reactions or reactions with small endothermicity. Furthermore,
desorption from grain mantle is not efficient. However, shock allows chemical processes which
cannot proceed in ordinary interstellar conditions, which realizes characteristic chemical com-
positions. One example is promotion of exothermic reactions and reactions with high activation
barrier. For instance, the reaction

Ct +Hy —» CH"+ H (1.24)

is exothermic by 0.4 eV (4600 K). This reaction can only proceed in adiabatic shocks, which
enhances the abundance of CH". A high abundance of CHT in diffuse clouds is interpreted
in this way (e.g. Sheffer et al. 2008). Another example is sublimation of grain mantle and
disruption of grain cores. Dust grains consists of silicate and graphite materials, which are
covered with the HoO ice (mantle). In shocked regions, mantle species are released into the gas-
phase thermally or non-thermally. In case of strong shock, the grain core is destroyed or eroded
to liberate non-volatile species such as SiO into the gas-phase. In some cases, molecules are
destroyed by shocks. Thermal dissociation as well as reactions with Hy and O, are responsible
for destruction. These three are representative chemical processes in shocked regions.



In molecular clouds, the shock chemistry was historically invoked to account for rich chemical
composition in high-mass star forming regions. For instance, the prototypical hig-mass star
forming region Orion-KL shows rich spectral lines of various saturated complex organic molecules
such as CH3OH, HCOOCH3, (CH3)20, and CoH5CN as well as sulfur containing molecules such
as SO and SOz (e.g. Blake et al. 1987; Schilke et al. 1997; Tercero et al. 2005). Since these
molecules are not detected or very deficient in cold molecular clouds (Herbst and van Dishoeck
2009), they are thought to be formed in high temperature regions around the protostar, called
hot cores. Although a heating mechanism of hot cores is still controversial, strong shock caused
by stellar wind and/or energetic outflows from newly formed high-mass stars play an important
role. Hence, the shock chemistry has often been discussed in relation to the hot core chemistry,
where the above three characteristic chemical processes are considered (e.g. Nomura and Millar
2004). In the following sections, a few examples of shock chemistry are highlighted.

1.3.2 Sulfur Chemistry

Although SO and SOs are observed ubiquitously in interstellar clouds, they are extremely
abundant in high-mass star-forming regions. Hence, the shock chemistry of sulfur-bearing
molecules were extensively discussed. Pineau des Foréts et al. (1993) conducted two-fluid MHD
models of shocks propagating in molecular clouds of ny density ranging from 10% to 10 cm™3,
with velocity from 5 to 40 km s~!. They focused on formation of sulfur-bearing moelcules such
as SO, SO9, CS, and HsS in high-mass star-forming regions. They assumed that main form of
sulphur is atomic, and suggested that SO is readily produced by the reaction of S and Oy. The
reaction of SO and O contributes to production of SOs.

On the other hand, Charnley (1997) described the producution processes of sulfur-bearing
species through grain mantle evaporation in high-mass star-forming region. He assumed the
major form of the sulfur on the grain mantle is HaS. In his model, S atom is formed through the
abstraction reactions such as HoS — SH — S, after HS is released into the gas-phase. Although
these reactions are endothermic, endothermicity can be overcome in the high temperature con-
ditions in shocks. Since it takes 10* yr or more for HoS to be converted into SO and other
molecules, abundance ratios, SO/HyS and SO/SOq, can be used as good indicators of the time
elapsed after the grain mantle evaporation.

1.3.3 Silicon Chemistry

Another cases of molecules specific to shocked regions is silicon-bearing molecules including
SiO and SiS. It is well known that silicon-bearing molecules including SiO is absent in the gas-
phase of cold molecular clouds (Kaifu et al. 2004). This is interpreted as complete depletion
of silicon onto dust grains. In fact, silicate is a main component of grain cores. In high-mass
star-forming regions, strong spectral lines of SiO and SiS are observed (e.g. Blake et al. 1987).
These species sometimes follow distribution of molecular outflows, and hence, they are thought
to be sputtered out from grain cores in shocked regions. Later, the SiO emission was found in
shocked regions caused by outflows from the low-mass protostar L1157 (Mikami et al. 1992).
Now, SiO is widely used as an indicator of shocks.



1.3.4 Organic Chemistry

Various complex saturated organic molecules were detected in high-mass star-forming regions,
and shock chemistry was thought to be responsible for them. Recently, a direct evidence of their
relation to shock chemistry was found by sensitive radio astronomical observations. Arce et
al. (2008) detected molecular lines of complex organic molecules such as HCOOCH3, CH3CN,
HCOOH, and C2H5OH in the L1157 B1 shocked region. Sugimura et al. (2011) also detected
additional complex organic molecules such as CH3CHO, and a deuterated methanol CHo,DOH.
They conducted a chemical model calculation for all above complex species and concluded that
the grain surface chemistry is critical for the production processes of these complex organic
molecules.

1.4 Aim of This Thesis

As mentioned above, the shock chemistry has mainly been investigated toward high-mass star-
forming regions. However, it is difficult to extract the effect of shocks from other star-formation
activities because of general structural complexity of high-mass star-forming regions. Because
of this reason, our understanding of a role of shocks on chemical processes has still been limited.
Shocks will enhance chemical reactions which do not occur in cold conditions, and at the same
time, will heat up dust grains to supply various molecules formed there into the gas-phase.
Although the latter contribution is strongly recognized by detection of organic molecules in the
shocked region L1157 B1 (e.g. Arce et al. 2008; Herbst and van Dishoeck 2009; Sugimura et al.
2011), the former contribution has also been discussed for a long time (e.g. Blake et al. 1987;
Nomura and Millar 2004; Brouillet et al. 2013). Hence, it is still important to explore their
relative contributions by observations, in order to fully characterize the shock chemistry. This
is the pricipal motivation of this thesis.

To cope with this problem, we focus on threee well-defined shocked regions with different
characters. They are L1157 B1, L1448 B1/R1, and IC 443 G I. L1157 B1 is a shocked region
caused by an interaction between a molecular outflow from the low-mass protostar L1157 mm
and an ambient cloud. L1448 B1/R1 is a high velocity shock in a jet launched from the low-
mass protostar L1448 mm. On the other hand, IC 443 G I is a shocked cloud associated
with an old supernova remnant. Observations of these shocked regions require high sensitivity
instruments, because their emissions are relatively faint in comparison with those from high-
mass star-forming regions. For this reason, observations toward these shocked regions have been
limited to fundamental and abundant species (Mikami et al. 1992; Avery et al. 1996; Bachiller et
al. 1997; van Dishoeck et al. 1993). Such high-sensitivity observations are now possible, thanks
to recent developments of receiver and backend technologies (e.g. Arce et al. 2008; Sugimura
et al. 2011). By taking this advantage, we have conducted a spectral line survey which covers
a whole 3 mm band (80-115 GHz) for the three target sources, and have characterized their
chemical compositions without any preconception.

1.5 Outline of This Thesis

After describing the observational instrument, the Nobeyama 45 m telescope, we show the
overall results of the line survery of L1157 B1 in Chapter 3. which is a shocked region caused by
interactions between outflows from the protostar L1157 mm and the ambient gas. In Chapter



4, we report the detection of PN (Yamaguchi et al. 2011) in L1157 B1. This molecule is an
important species as a biological molecule, although this is a first detectin in the low-mass star-
forming region. In Chapter 5, we report the overall results of the line survey of 1.1448 B1/R1,
which is a shocked region caused by outflows from the protostar L1448 mm. In Chapter 6, we
present the overall results of the line survey of the supernova remnant, IC 443 G 1. In Chapter
7, we compare the shock chemistry in the regions studied, especially, in L1157 B1 and IC 443
G I, and discuss what determines the characteristic of the shock chemistry.



Chapter 2

Observation

2.1 Nobeyama 45 m Telescope

The Nobeyama 45 m Telescope (Figure 2.1), which started its full operation in 1982, still has
a top level performance in the 3 mm wavelength observation. Since the surface accuracy of the
parabola antenna is required to be within 1/20 of the observation wavelength, the big telescope
such as Nobeyama 45 m telescope has a problem of gravitational deformation. In order to cope
with it, the frame structure supporting the main reflector is designed to have a homologous
structure to keep the accuracy after the deformation. In addition, the main reflector consists
of ~ 600 panels, which can be remotely manuplated by actuators for the alignment. By the
holography method using a satellite, the panel displacement from the paraboloide is measured,
and the result is used for corrections. The sub-reflector is also operated automatically, according
to the shift of the focal point caused by the deformation of the main reflector. The thermal
deformation must also be taken care of because the radio telescope is also used in the exposed
condition in daytime. The hanicomb-sandwitch panels, each of which is coverd with CFRP
(carbon-fiber-reinforced-plastic, which has a lower thermal expansion coefficient than metal),
are used for the main reflector. The backward of the main reflector is covered with sunshade
panels, and the 70 fans circulate the air in the back structure.

The angular resolution of the antenna is usually described by the HPBW ( half-power beamwidth)
as:

HPBW = K x \/D (2.1)

K is a coefficient which depends on the illumination pattern of the main reflector, and is usually
~ 1,2. D denotes the diameter of the aperture of the antenna, and X is observation wavelength.
Hence, the angular resolution of Nobeyama 45 m telescope ranges from 15” to 20” in the 3
mm band (80-115 GHz). In order to keep the tracking accuracy for this resolution, the master
collimator is used, which stands on the center of the telescope isolated from the main reflector.
The master collimator is first directed to the object. The main reflector then follows the direction
of the master collimator. This mechanism realizes accurate tracking of the big telescope.
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Figure 2.1: Nobeyama Radio Observatory 45 m Telescope.
http://www.nro.nao.ac.jp/ nrod5mrt/pictures/photo/image/

2.2 Receiver

2.2.1 Heterdyne Receiver

The radiowave reflected by the sub-reflector is introduced into the receiver optimized for the
required observation frequency. Since the thermal emission from molecular clouds, which is a
target of our study, is not polarized, we can observe two orthogonal polarizations to improve
sensitivity. Several receivers are prepared for observation of the frequency range from 22 to 150
GHz. Generally, there are two types of receivers. One directly amplifies the received radio-
frequency signal (RF, hereafter), whereas the other amplifies the intermediate frequency which
is down-converted from RF by mixing the local oscillator (LO) signal with a non-linear device
(Figure 2.2). Since the conversion loss of the RF energy is inevitable, it is ideal to directly
amplify RF. In the 45 m telescope, RF is directly amplified in the frequency range below 40
GHz. Since it is technically difficult to directly amplify RF in the frequency range above 40
GHz, the low-loss mixer is used for down-conversion (heterodyne receiver). A typical example
of the heterodyne receiver is the SIS mixer receiver (See Section 2.2.3).
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Figure 2.2: The basic schematic of the heterodyne receiver. Top: The receiver for the frequency
range above 70 GHz, on which the low noise amplifier is not readily available. Bottom: The
receiver for the frequency range below 50 GHz, on which the low noise amplifier is abailable.
HEMT (High Electron Mobility Transistor) is used as the amplifier.

2.2.2 Frequency Convertor

In a heterodyne receiver, the most important part is the mixer for the RF and LO signals.
For example, the non-linear semiconductor diode shows the following I-V characteristic;

- nfon (1) 1) o
kKT

where Vy = i and Iy, denotes the inverse saturation current, £ Boltzmann constant, e electron

e
charge, T' the mixer temperature, 7 the coefficient which indicates the capability of the diode,
respectively. The exponential part is expanded as follows:

Vo o1V 1 v?
I=1314+—+=-|— — | = cee— 15, 2.3
0{ +V0+2<V0> +6<VO>+ } 23
If the third or higher terms are ignored, this equation is approximated to be

ol A (E)) ”

If we input the RF and LO signals, which are represented as:

Vi(t) = Vi cos (wst + ¢s) (2.5)
Vi(t) = Vip cos (wit + ¢1) (2.6)
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respectively, the output current from the mixer is represented as
i = K Vi(6) + Vi(0))?
1 1 1
= 3 (Vg +Vig) + 5Kvs% cos 2 (wst + ¢s) + 5Kvlg cos 2 (wit + ¢1)
+K Vo Vig cos [(ws + wi) t + (ps + ¢1)]
+K Vi Vi cos [(ws — wy) t + (s — ¢1)] - (2.7)

The first, the second, and the third terms in the equation denote the DC component, the double
frequency component for the RF signal, and the double frequency component for LO signal,
respectively. The fourth and fifth terms describe the combination and difference frequency
components, respectively. The heterodyne receiver outputs the difference frequency component
by using an appropriate filter.

There are three types of heterodyne receivers, which are SSB (Single Side Band), DSB (Double
Side Band), and 2 SB (Two Side Band). The frequency relation in the heterodyne receiver is

VRF = VIO T VIF

where vrp is the radio frequency, vr,o the local oscillator frequency, and vip the intermediate
frequency. Thus, the receiver has a sensitivity for the two RF frequencies for the given vr and
vLo- The higher frequency, vo + v, is called Upper Sideband (USB), while the lower fre-
quency, vo - vy is called Lower Sideband (LSB). The DSB receiver has a sensitivity efficiencies
for both sidebands. SSB mixer chooses one from USB or LSB by an appropriate filter. In a
DSB mixer, the one sideband only contributes to adding noise to the other sideband, which
degrades the sensitivity. In case of the line observation, the contamination from the other side
band makes confusion in the identification of the observed lines. Now, the waveguide type 2SB
receiver is used in TZ1 HV receiver for the 45 m telescope. In this receiver, two polarization
signals are separated, and each is converted by 2SB mixer. Thus, the observation efficiency is
much enhanced.

A way to separate the two sidebands is to use two mixers driven by the LO signal with a
phase shift of 90°. Then, the output IF signals are combined with the phase shift of 0° and
90° to derive the two side band signals (Figure 2.3). Here, we consider the situation where we
obtain the USB component from IF 1.

We denote the USB and LSB components of the received signal as cos(wyt+¢y) and cos(wr,t+
¢1,), respectively. The local oscillator signal is denoted as cos(wrot). As shown in Figure 2.3,
when the RF is introduced as 90° hybrid circuit — 0 mixer 1 0 — 90° hybrid circuit, the USB
component is given a phase shift, as

cos(wyt + ¢y) — cos(wyt + ¢u + 90°) — cos((wy — wro)t + ¢y + 90°)
— cos((wy — wrLo)t + ¢y + 90°). (2.8)

Similarly, the LSB component becomes

cos(wrt + ¢r,) — cos(wrt + ¢r, + 90°) — cos((wro — wr,)t — ¢r, — 90°)
— COS((MLO — wL)t — d)L — 900) = Sin((wLQ — wL)t — ¢L) (29)
On the other hand, the USB component on the mixer 2 is given a phase shift, as
cos(wut + ¢u) — cos(wut + ¢u) — cos((wy — wLo)t + du)

— cos((wy — wro)t + ¢u + 90°). (2.10)
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Figure 2.3: A block diagram of 2SB receiver.
The LSB component becomes
cos(wrt + ¢1,) — cos(wrt + ¢r,) — cos((wro — wL)t — ér,)
— cos((wro —wr)t — ¢, +90°) = —sin((wrLo — wrL)t — ¢L). (2.11)

The signals from the mixer 1 and 2 are coupled to obtain the only USB component. In the same

way, the LSB component is obtained at IF 2.
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Figure 2.4: Left: The photon assisted tunneling model on the mixer. Right: The V — I char-
acteristic curve of the SIS mixer. The solid line indicates the case without the LO signal. The

dashed line is the case with the local frequency.
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2.2.3 SIS Super Conducting Mixer

For the Nobeyama T100 H/V and TZ1 H/V receivers, the SIS (Superconductor /Insulator/Superconductor)
mixers are employed. The SIS device has a structure where a several nm of insulator is sand-
wiched by two superconducting electrodes. An SIS mixer works by the following two mechanisms,

(1) The V — I characteristic has a strong non-linearity.
(2) The tunnel current on the SIS mixer varies at the difference frequency of the
input RF and LO signals.

The left side of Figure 2.4 indicates the semiconductor model of the energy structure of SIS,
and the shaded zone is in the superconducting condition, where electrons make Cooper-pairs.
The superconducting electrons occupy these energy levels as many as possible, and almost no
vacant level is left. This part corresponds to the valence band. The levels higher by more than
twice the energy of the superconducting gap (2 A in Figure 2.4 left) is the conduction band,
where only quasi-particles can exist. In Figure 2.4, Vg, I4c, e, andf denote the difference in
the electrical potential, the tunnel current, the charge of the electron, and the RF frequency,
respectively. As indicated in Figure 2.4 (right), the tunnel current is almost negligible for 0 <
Vae < 2A/e. However, when the electromagnetic wave with the energy hf is fed into the mixer,
the tunneling current appears if nhf + Vg > 2A, where n is integer. In this condition, the
V —1I curve in Figure 2.4 (right) changes from the solid line to the dashed line causing the steps
with the voltage interval of hf/e. This phenomenon is called photon assisted tunneling (PAT).
When the RF signal (v) is led into the mixer, the PAT current varies with the beat frequency
of [v — v1,0|. Hence, the IF frequency signal can be obtained by using the low-pass filter.

At Nobeyama Radio Observatory, the Nb/Al-AlOy/Nb type of the SIS mixer is used. Since
Nb has a relatively high transition temperature of 9 K and the large gap energy, it can be used
up to the frequency of 700 GHz. The SIS mixer has a high conversion efficiency, because the
differential resistance changes steeply compared with the traditional diode when the RF signal is
input into it. In addition, since the SIS mixer has the low thermal noise due to the low operation
temperature and the low shot noise due to the low operation current, it realizes the low receiver
noise temperature of the several times of the quantum noise limit A f/k.

2.3 Spectrometer

2.3.1 Autocorrelator (AC)

The AC (Autocorrelator), which we used in the present thesis, is based on the Wiener-
Khintchine theorem that the inverse Fourier transformation of a power spectrum equals the
autocorrelation of the signal z(¢). The input signal V(¢) is multiplied with V(¢ 4+ 7), which is
the same signal delayed by 7, and the autocorrelation function is obtained as:

1 (T2
C(1) = lim / V)V (t + 7)dt. (2.12)
It is Fourier-transformed to give the power spectrum as

P(v) = % /_OO C(r)e 2V qr, (2.13)
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In an autocorrelator, the input signals (IF signals) are first converted to the digital data at a
certain sampling rate. After this conversion, a shift resister gives the signal a delay by the time
of 7. After the AND operation with the non-delayed data, the autocorrelation is calculated.
The maximum delay time is determined by the number of the shift registers, NV, to be N7 . By
the sampling theorem, the full frequency range and the maximum frequency resolution can be
estimated to be Av = 1/7 and Av/N = 1/(2NT), respectively. Such a digital autocorrelator has
some advantages over analogue spectrometers as AOS (Acousto-optical Spectrometer) that the
filter can change the observable frequency range or the frequency resolution, and AC has little
performance variation and low noise. Each autocorrelator at Nobeyama Radio Observatory has
2048 channels, and several frequency range modes from 2 GHz to 16 MHz, where the frequency
resolution becomes higher in this order. In our line survey, we mainly used 2 GHz mode with two
channels bind in order to cover as wide frequency ranges as possible. As a result, we obtained
the frequency resolution of ~ 1 MHz and the velocity resolution in 90 GHz of ~ 3 km s~! (Figure
2.5, Figure 2.6).
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Figure 2.5: The SiO (2-1) spectrum obtained Figure 2.6: The SiO (2-1) spectrum obtained
with the AC (autocorrelator). with the AOS (acousto-optical Spectrometer).

2.3.2 Acousto-optical Spectrometer (AOS)

The acousto-optical spectrometer (AOS) is a spectrometer utilizing the diffraction phenomenon
of the ultrasonic sound wave propagating through a crystal. The IF is amplified, and is intro-
duced into a piezoelectric device, which converts the electric signal to the supersonic sound wave.
The ultrasonic sound wave propagates through the acousto-optical element, and is absorbed by
the absorber. When the laser beam is irradiated into the crystal, it is diffracted by the compres-
sional wave pattern of the ultrasonic sound wave. We can obtain the spectrum by detecting the
diffracted laser with the CCD camera, where the diffraction angle and the diffraction intensity
correspond to the frequency and the intensity of the signal, respectively.

At Nobeyama Radio Observatory, there are three types of AOS, which are AOS-H with the
40 MHz band width, AOS-W with the 250 MHz band width, and AOS-U with the 500 MHz
band width. In each case, a Reticon with 2048 channels is used for the detection device. Thus,
AOS-H and AOS-W have the frequency resolutions of 20 kHz (the velocity resolution of 0.07 km
s at 90 GHz) and 122 kHz (the velocity resolution of 0.07 km s~ at 90 GHz), respectively.
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Figure 2.7: A block diagram of Acousto-optical spectrometer (AOS). Observatory.
http://www.nro.nao.ac.jp/ nrod5mrt /outreach /ov_spectr.html

Although almost all the spectral lines of molecules can be observed with the velocity resolution
of 3 km s™!, some molecular lines have the line width with 3 km s~! or narrower. In this
cases, we utilized the high AOS-H. For example, we show the line of NoH* (1-0) (Figure 2.8
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Figure 2.8: The spectrum of NoH™ (1-0) ob- Figure 2.9: The spectrum of NoHT (1-0) ob-
tained with AC. tained with AOS-H

and 2.9). Although this molecule is observed in the line of the sight toward L1157 B1, it mainly

1

exists in the ambient gas. Hence, the line profile has a line width narrower than 1 km s™", and

the hyperfine structure due to the quadrupole moment of the N nuclei is resolved. In order to
observe such a line profile, observations with AOS were sometime effective.

2.4 Calibration

In radio astronomy, the intensity is represented in the temperature scale by using the Rayleigh-
Jeans law. We employed the chopper wheel method for intensity calibration. When we look at
a source, the output from the receiver system is as

Von = C1(1—Ysourcee_ﬁr + Tatm(l - 6_7—))- (214)

17



On the other hand, the output voltage is as
Voff = CTatm(l - e_T) (215)

where an off-position (no-source position) is observed. Here, C, Tiource; Tatm and 7 denote
a constant specific to the device, the emission power from the source in the outer space, the
atmospheric emission, and the opacity of the atmosphere, respectively. If we insert a radio-wave
absorber (chopper) of temperature T,p,s into the optical path of the telescope, the output is
written as:

Vabs = CTabs- (216)

If we assume that the temperature of this absorber is equal to the atmospheric temperature, we
obtain the emission power of the source as
Von — Vorr
Tsource = H X Tatm. (2.17)
Tsource 18 the antenna temperature of the observed source outside the atmosphere, which is also
indicated as T7;. If the weather condition is bad and the opacity of the atmosphere becomes
high, the temperature difference between the absorber and the atmosphere cannot be ignored.
Hence, this method empirically has error of ~ 20 %.
The beam-averaged radiative temperature of the source can be obtained by correcting the
main beam efficiency as

T3
Thmb

Trnb =

(2.18)
where 7y, for example, of T100 H/V receiver used for the observation of L1157 B1 was 50 %

at 80 GHz, 47% at 90 GHz, and 43 % at 100 GHz, respectively. The beam size also changes for
these frequencies ranges to be 20", 18", and 17", respectively.
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Chapter 3

L1157 B1

3.1 Outflow Shock in L1157 B1

L1157 B1 (d = 440 pc: Viotti 1969) is a famous shocked region caused by an interaction
between bipolar outflow from the low-mass protostar IRAS 2038646751 and the ambient gas.
This bipolar outflow is well collimated (Figure 3.1), whose dynamical age is reported to be 1.8
x 10 yr (Umemoto et al. 1992). Mikami et al. (1992) detected a broad blue-shifted SiO (.J
= 2—1) line toward L1157 B1 (Figure 3.1), and suggested that SiO is liberated into gas-phase
by disruption of silicate grains by the shock. The direct evidence of the shock was revealed
by the detection of near-infrared Hy emissions (Davis & Eisloffel 1995; Nisini et al. 2010Db).
Very recently, strong emission of HoO liberated into the gas-phase by the shock was detected
toward L1157 B1 with Herschel (Nisini et al. 2010a). The physical property of the shocked
region was studied, for instance, by Hirano and Taniguchi (2001), Umemoto et al. (1999), and
Bachiller & Pérez Gutiérrez (1997). The high kinetic temperature of 130-140 K is attributed to
the shock heating (Umemoto et al. 1999), whereas the Hy density is deduced to be ~ 10° cm ™3
by observations of high density tracers such as CS and SiO (Mikami et al. 1992; Bachiller &
Pérez Gutiérrez 1997). L1157 B1 is separated from the protostar by 1’ (0.13 pc), and hence, we
can observe the ‘pure’ shocked region without being hampered by the complicated structure of
the protostar core even with the single dish telescope.

Abundances of fundamental molecules in L1157 B1 were reported by Avery and Chiao (1996)
and Bachiller and Pérez Gutiérrez (1997). These results clearly indicated that the abundances
of some molecules such as SiO, CH30H, HyCO, and SO are enhanced by the shock. The
detailed distributions of molecules in L1157 B1 were obtained by interferometric observations
(e.g. Benedettini et al. 2007), which demonstrated the clumpy nature of the shocked gas.
Moreover, Arce et al. (2008) detected some complex organic molecules such as HCOOCH3,
HCOOH, and C2H5O0H, whereas Codella et al. (2009) conducted a high resolution imaging of
CH3CN with PdBI. Nisini et al. (2010a) reported a line survey in the submillimeter-wave region
toward L1157 B1 with Herschel, where the CH3OH line emissions are found to be dominant.

As described above, L1157 B1 is one of the best objects for detailed studies on the shock
chemistry. We therefore conducted an unbiased spectral line survey toward this source in the
3 mm band with the Nobeyama 45 m telescope (NRO 45 m), as a part of the legacy project
of Nobeyama Radio Observatory. The initial result verifying the feasibility of the line survey
was reported by Sugimura et al. (2011). They observed the frequency ranges of 88.6-91.0 GHz
and 96.3-97.5 GHz, and detected several lines of complex organic molecules such as CH3CHO
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and HCOOCHj3, as well as a line of mono-deuterated methanol CHyDOH. With the aid of the
chemical model calculation for these complex organic molecules, they suggested the desorption
of grain mantle species, which are formed by grain-surface reactions in the cold era, contributes
to the abundances of some molecules such as HCOOCH3 and HCOOH in L1157 B1. They
also pointed out that gas-phase reactions could also be effective for production of a few species
such as CH3CHO even within the short dynamical timescale of the bipolar outflow (1.8 x 10%
yr) (Umemoto et al. 1992). This result confirmed importance of the grain-surface production
and the subsequent evaporation of complex organic molecules by the shock in L1157 B1. In
other words, the composition of complex organic molecules in the gas-phase reflects that in
grain mantles. The abundance ratios such as [HCOOCH3]/[CH30H]|, [HCOOH]/[CH30H], and
[CH3CHO]/[CH30H] are around 0.003-0.01, which are lower than those reported for a prototyp-
ical hot corino of the low mass star-forming region, IRAS 16293-2422, by more than one order
of magnitude. Furthermore, the deuterium fractionation ratio [CHyDOH]/[CH30H] shows the
similar difference: [CH,DOH]/[CH30H] is 0.01-0.03 toward L1157 B1, whereas it is 0.9 toward
IRAS 16293-2422 (Parise et al. 2002). These results may suggest that the chemical composition
of grain mantles is different between protostellar cores and ambient clouds (Sugimura et al.
2011).
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Figure 3.1:  Left: L1157 star-forming region by Spitzer Space Telescope (NASA,
http://www.spitzer.caltech.edu/images/1872-ssc¢2007-19al-Baby-Picture-of-our-Solar-System).
B1, where we focused on in our research, is formed through the interaction between the
blue-shifted molecular outflow from L1157 and the ambient gas. L1157 B1 is separated from the
protostar by (20”,-60"). B2 is separated by (35”,-95") in the downstream of B1. We conducted
an observation in this shocked region. Right: SiO (J = 2-1) spectrum detected by Mikami
et al.(1992). B, C were obtained in B1, and in the position separated from the protostar by
(45" -105"), respectively. SiO was not detected toward the protostar (A). They detected SiO
(J = 2-1 line) in regions where the interaction occurs between the outflow and the ambient gas.
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Encouraged by the early results mentioned above, we extended the spectral line survey to the
whole 3 mm band, covering the frequency range from 78.1 to 115.6 GHz. From this observation,
a complete chemical composition of the L1157 B1 shocked region is revealed, whose general
feature is presented in this chapter.

3.2 Observation

The observation of L1157 B1 was conducted with the NRO 45 m from March to May 2009,
from December 2009 to May 2010, and from December 2010 to May 2011. L1157 B1 is the
brightest CO clump located in the blue lobe of the bipolar outflow, whose coordinate is a/(J2000)
= 20M39™09%.75, §(J2000) = 68°01'15.9” (Aa = 20", A§ = —60" from the protostar IRAS
20386+6751). The off-position is taken at «(J2000) = 20"39™09%.75, §(J2000) = 68°21'15.9".
In this observation, we used the dual-polarization sideband-separating SIS receiver T100 H/V
(Nakajima et al. 2008). The system temperatures ranged from 150 to 200 K in winter and
about 250 K in spring. The intensity scale was calibrated by the chopper-wheel method, and is
estimated to be accurate within 20 %. The image rejection ratio was measured by injection of
artificial monochromatic signal, and was confirmed to be better than 10 dB for most cases. The
main-beam efficiency (7)) and the beam size are 0.41 and 18", respectively, at 90 GHz. The
pointing of the telescope was checked by observing the nearby SiO maser source (T Cep), and
was maintained to be better than 8”.

The backend is a bank of auto-correlators (AC). Until May 2010, the bandwidth and the
channel spacing were 512 MHz and 0.5 MHz, respectively in order to cover a wide-frequency
range by sacrificing the spectral resolution. From December 2010, they were upgraded to 2
GHz and 0.488 MHz, respectively. In order to enhance the signal-to-noise ratio, two successive
channels were summed up, yielding the frequency resolution of 1 MHz. This corresponds to the
velocity resolution of ~ 3 km s~! at 90 GHz. Since the typical velocity width of the spectral
line toward L1157 B1 is broader than 5 km s~! except for a few molecules, this resolution is
sufficient. Although the intermediate frequency (IF) output range of the side band separating
SIS receiver was 2 GHz for LSB and USB each, the backend capability limited the actual
instantaneous bandwidth to 1.2 GHz for each sideband until May 2010. From December 2010,
the IF output range was extended to 4 GHz for LSB and USB each. Furthermore, we were
able to obtain the LSB and USB data simultaneously, thanks to the upgrade of the backend.
These significantly improved the efficiency of the survey. Note that we additionally used the
high resolution spectrometer (AOS-H; 37 kHz resolution) for a few lines, although it has a band
width of only 40 MHz. The total observation time was 300 hrs.

3.3 Results

3.3.1 Detected Molecules

Figure 3.2 is the overview of the observed spectrum toward L1157 B1 in the frequency range
from 78.1 to 115.8 GHz, whereas Fig. Appendix A.1 shows its expansion. The rms noise level
achieved is 4-10 mK at the frequency resolution of 1 MHz. With this sensitivity, we detected
many weak lines in addition to strong lines such as HCO*, CH3OH, and CS. We assigned the
observed lines by using the molecular spectral line databases, CDMS (Muller et al. 2005), JPL
(Pickett et al. 1998), and NIST (Lovas et al. 2009). The spectral lines from the image side
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band are indicated as ‘image’ in Fig. A.l. A basic criterion for detection is that the line has
the integrated intensity with the confidence level higher than 40. However, we also picked up
some lines even below this confidence level, if other lines of the same molecule are definitively
detected. All the detected molecules are summarized in Table 3.1. In total, 130 lines of 29
species are detected. Table 3.2 lists the parameters of the detected lines, which are obtained by
the Gaussian fitting. Almost all lines have broad velocity widths (FWHM) ranging from 5 to 9
km s™!, indicating that these lines do not originate from the ambient gas but from the shocked
region. However, the lines of some molecular ions (e.g. NoH*, H'3CO™) and the isotopic species

of CO exceptionally show narrow velocity widths ranging from 2 to 3 km s

This suggests
that they are emitted from the ambient gas. The peak velocities of most lines are blue-shifted
with respect to the systemic velocity of the ambient gas of about 2.7 km s~!. Exceptions are the
lines of molecular ions and the isotopic species of CO, as in the case of the line widths. We will

further discuss the relationship between the line width and the peak velocity in Section 3.4.2.

Complex Organic Molecules

CH3;0H 13CH;0H CH2;DOH C;H;0H CH3CHO
NH,CHO HCOOH HCOOCH3;

Nitrile and Other Nitrogen-containing Molecules

HCN H'¥CN HC'N HNC HNCO
HC3sN CH3CN

Carbon Chain Molecules

CoH CCS CH3CCH H,CCO
Sulfur-containing Molecules

CS 13CS C338 C31s 0CS
SO 3450 SO, H,CS NS
CH3SH ?

Molecular Tons

HCO™ H3CO+*  HCSt NoH™

Other Molecules

SiO 28i0 308i0 Sitt0 ? Sis 7
CcO BCO C80 C'"0 c-C3H,
PN CN BCN

Table 3.1: Molecules Detected toward L1157 B1.
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Table 3.2: Observed Line Parameters

Frequency Molecules  Transition E, Ty Vi Av# J Tvpdv

(GHz) (em™1) (K) (km/s) (km/s) (K-km/s)

79.0993132 CH3CHO  4(1,3)-3(1,2) E 823  0.05+0.01 0.9940.81 4.84+1.30  0.2740.05
79.1501659 CH3CHO  4(1,3)-3(1,2) A=~ 818  0.06+0.01 0.52+0.68 7.57+1.41  0.51+0.06
80.076652  H,CCO 4(1,4)-3(1,3) 15.7  0.03+£0.01 1.364+0.62 5.5640.95  0.20+0.03
80.832117  H,CCO 4(0,4)-3(0,3) 6.74  0.01£0.01 1.2941.64 5.53+2.72  0.0840.03
81.50517 ccs 7(6)-6(5) 10.7  0.05+£0.01 0.2040.48  6.5440.90  0.36=0.04
81.8814677 HC3N 9-8 13.7  0.38+£0.04 -0.88+0.23 7.5640.81  2.98+0.05
83.688093 SO 8(1,7)-8(0,8) 25.5  0.2140.02 -0.634£0.27 6.07+0.76  1.6140.04
84.521169  CH3;0H 5(-1,5)-4(0,4) E 28.1  3.01+0.09 -0.5540.03 5.78+0.19  18.69+0.04
84.5423295 NH,CHO  4(0,4)-3(0,3) 7.06  0.03£0.01 -0.55+1.03 6.54+2.31  0.2140.04
84.7461702  3°SiO 2-1 424 0.2140.02 -1.37+£0.32 6.48+0.58  1.7340.04
84.97022 BCH3OH  8(0,8)-7(1,7) AT+ 56.7  0.0240.01 -0.93+1.33 10.4042.71  0.24+0.06
85.139121  OCS 7-6 114 0.06+£0.01 0.0440.80 9.974+2.14  0.72+0.09
85.338893  ¢-C3Hy 2(1,2)-1(0,1) 448  0.1240.02 0.44+0.24  4.63+0.79  0.6440.05
85.3479 Hcst 2-1 427 0.05£0.01 0.35+0.41 4.69+1.11  0.26+0.05
85.568084  CH30H 6(-2,5)-7(-1,7) E 51.9  -0.04+0.01 -0.2740.73 6.35+£1.40 -0.30£0.07
85.759199  29Si0 2-1 429  0.2940.03 -1.5240.34 7.31+0.70  2.7240.06
86.054961  HC'®N 1-0 2.87  0.0840.02 0.35+0.33 5.66+1.08  0.5740.05
86.09395 SO 2(2)-1(1) 134 0.2540.04 0.4240.28  5.594+0.92  1.78+0.05
86.181413  CCS 6(7)-5(6) 16.2  0.02+£0.01 -0.71+1.18 5.5942.13  0.15+0.04
86.3399215  H'CN 1-0 2.88  0.2340.02 0.2140.25 10.39+£0.98 2.7540.06
86.54681891 HCOOH 4(1,4)-3(1,3) 9.43  0.0240.01 3.44+1.97 6.41£3.68  0.11+0.05
86.7542884  HBCOT 1-0 2.89  0.1140.01 2.7440.12  2.44+2.33  0.28+0.03
86.84696 Sio 2-1 435  2.084+0.19 -1.5840.52 9.274£1.00 22.00+0.06
87.284105  C,H 1-0, J = 3/2-1/2, F =1-1 291  0.06+0.02 -0.0240.79 6.00£1.62  0.43+0.07
87.316898  CoH 1-0, J = 3/2-1/2, F =2-1 291  0.4440.07 -0.0140.23 6.57+1.13  3.18+0.08
87.328585  CoH 1-0, J = 3/2-1/2, F = 1-0 291  0.23£0.02 -0.2040.20 5.6840.52  1.5240.08
87.401989  C,H 1-0, J =1/2-1/2, F = 1-1 292 0.2140.04 -0.1340.53 6.85+1.58  1.95+0.09
87.407165  CH 1-0, J = 1/2-1/2, F =0-1 292  0.1140.04 0.304£0.98 6.04+2.71  0.70+0.08
87.44647 CoH 1-0, J =1/2-1/2, F = 1-0 292  0.07£0.01 0.6740.40 4.3040.67  0.35%0.07
87.8488726 NH,CHO  4(1,3)-3(1,2) 9.40  0.0440.01 0.314£0.83  5.51+£1.55  0.24+0.04
87.925237  HNCO 4(0,4)-3(0,3) 7.33  0.2340.02 0.02+0.20  7.74+0.63  1.8540.06
88.6316022 HCN 1-0 296 584051 -1.2140.76 12.68+£1.40 74.37+0.05
88.843117  HCOOCH; 7(1,6)-6(1,5) E 125 0.03+£0.01 -0.04+0.71 3.854+1.55  0.11£0.03
88.851641  HCOOCH; 7(1,6)-6(1,5) A 125  0.02+0.01 -0.44+0.60 5.2241.03  0.11+0.03
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Table 3.2: continued

Frequency  Molecules Transition F, TvB Visr Av f Typdv

(GHz) (em™1) (K) (km/s) (km/s) (K-km/s)

89.188523 HCO™* 1-0 2.97 2.24+0.26 0.9540.25 6.20£0.77 18.1540.04
89.314589 HCOOCH; 8(1,8)-7(1,7) E 14 0.03+£0.01  3.01£0.60  8.16+1.20  0.3240.05
89.316668 HCOOCHj3 8(1,8)-7(1,7) A 14

89.40791 CH;DOH 2(0,2)-1(0,1) ep 4.5 0.03+0.01 0.20+0.62  6.88+1.15  0.2740.04
89.5791785 HCOOH 4(0,4)-3(0,3) 7.48 0.03£0.01 0.72+0.63  5.05£1.09  0.1840.03
90.663568 HNC 1-0 3.02 1.274+0.14 1.344+0.15  4.73+0.55  7.00+0.05
90.979023 HC3N 10-9 16.7 0.69+£0.08  -0.69+0.16  6.29+0.77  4.954+0.05
91.959206 CH3CN 5(4)-4(4) 88.6 0.03+0.01¢ -0.37+1.16* 7.54+1.91¢ 0.23£0.07¢
91.971374  CH3CN 5(3)-4(3) 53.9  0.10£0.01% 1.1140.32%  4.7140.54% 0.75+0.07°
91.980000 CH3CN 5(2)-4(2) 29.1 0.09+0.01¢ -0.13+0.56* 6.2440.99 0.70+0.07*
91.985284 CH3CN 5(1)-4(1) 14.2 0.16+0.03*  0.994+0.50%  3.4440.67% 0.78+0.07¢
91.987054 CH3CN 5(0)-4(0) 9.2 0.25+0.02%  0.59+0.37* 6.0840.65% 1.67+0.08*
92.494308  13CS 2-1 4.6 0.17+0.02 0.49+0.20  5.08+0.56  1.064+0.05
93.0983627 HCOOH 4(1,3)-3(1,2) 9.98 0.04+0.01 0.56+0.55 5.50+1.18  0.25%0.05
93.1733922 N,HT 1-0 3.11 0.17+0.03 1.46+0.61 4.47+0.92 1.16£0.07
93.580859  CH3CHO 5(1,5)-4(1,4) AT+ 10.9 0.10+£0.01 0.63+0.26  5.21+£0.62  0.7940.04
93.595276  CH3CHO 5(1,5)-4(1,4) E 11.0 0.08+0.02 0.75+0.46  7.14+1.49  0.76+0.05
93.870107  CCS 8(7)-7(6) 13.83 0.06+£0.01 0.19+0.49  6.65+£1.70  0.5140.04
93.9797695 PN 2-1 4.7 0.04£0.01 -0.63+0.39 8.34+1.14 0.50£0.04
94.405163  PCH3;0H  2(-1,2)-1(-1,1) E 8.62

94.407129  3CH30H 2(0,2)-1(0,1) A*T 4.72 0.09+0.01 1.8040.61 9.76+1.35  1.01£0.06
94.411016  '3CH30H 2(0,2)-1(0,1) E 13.8

95.169463 CH3OH 8(0,8)-7(1,7) ATt 58.1 0.84+0.10 0.22+0.14  5.26£0.65  5.0940.04
95.9143090 CH30OH 2(1,2)-1(1,1) ATT 14.9 0.20+0.02 -0.25+£0.17  5.51+0.68 1.23£0.04
95.94734 CH3CHO 5(0,5)-4(0,4) E 9.68 0.06£0.01 0.18+0.22 5.40+0.38  0.35+0.04
95.96338 CH3CHO 5(0,5)-4(0,4) AT+ 9.62 0.07£0.01 0.57+0.28  4.49+0.65  0.3940.04
96.2742 CH3CHO 5(2,4)-4(2,3) A=~ 15.9 0.02+0.01 -0.31£0.68 3.47+£2.22 0.07+0.02
06.4129495 (348 2-1 4.82 0.26+0.02 -0.44+0.09  6.4040.47 1.7740.04
96.42562 CH3CHO 5(-2,4)-4(-2,3) E 15.9 0.03+0.01 0.66+0.69  4.77+1.68  0.234+0.03
96.475523  CH3CHO 5(2,3)-4(2,2) E 16.0 0.03+0.01 0.714£0.57  4.51+1.43  0.214+0.03
96.632668 CH3CHO 5(2,3)-4(2,2) AT 16.0 0.04+0.01 1.5840.18  4.5240.62  0.194+0.03
96.739362 CH3OH 2(-1,2)-1(-1,1) E 8.71 3.04+0.31¢  1.18+0.22% 3.45+0.16% 12.3+0.2°
96.741375 ~ CH3OH 2(0,2)-1(0,1) Att 484  4.37+£0.12° 0.79+0.16° 6.86£0.47%  32.840.1°
96.74455  CH3OH 2(0,2)-1(0,1) E 140  0.85+0.09 ¢ 0.06+0.45¢ 7.024+1.16%  5.3+0.1%
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Table 3.2: continued

Frequency Molecules Transition E, TvB WVisr Av f Tvipdv

(GHz) (em™1) (K) (km/s) (km/s) (K-km/s)

96.755511 CH3;0H 2(1,1)-1(1,0) E 19.5  0.2240.02 -0.35+£0.22 6.62+0.69  1.48+0.03
97.1720639  C338 2-1 4.86  0.0440.01 0.81£0.87 10.31£1.55 0.49+0.06
97.3012085  OCS 87 14.6  0.0740.01 -0.2940.36 5.60+1.08  0.4340.04
97.582804 CH3;0H 2(1,1)-1(1,0) A=~ 15.0  0.4540.01 -0.48+0.09 5.88+0.17  2.86+0.03
97.715317 3480 3(2)-2(1) 6.32  0.1240.02 0.104£0.29  6.15+1.13  0.8340.04
97.9809533  CS 2-1 4.90  3.38+0.29 -0.33+0.30 7.654+0.81 27.1740.05
98.792289 HCOOCH; 8(4,4)-7(4,3) A 222 0.0240.01 0.22+0.81  4.95+1.40 0.15+0.05
98.863328 CH3;CHO  5(1,4)-4(1,3) E 11.5  0.1240.01  0.44£0.19  5.67+0.33  0.8040.04
98.900948 CH3CHO  5(1,4)-4(1,3) A=~ 11.5  0.1140.02 0.68+£0.28  5.694+0.91  0.724+0.04
99.29987 SO 3(2)-2(1) 6.41  2.53+£0.22 0.06+0.17  5.80+0.55 17.7140.03
100.076392  HC3N 11-10 20.0  0.6240.04 -0.9940.16 6.84+0.48  4.55+0.05
100.094514  H,CCO 5(1,5)-4(1,4) 19.1  0.054+0.01 0.2740.35 4.20+0.51  0.21+0.04
100.681545 HCOOCH; 9(0,9)-8(0,8) E 17.3  0.0440.01 -2.49+0.52 6.174£0.93  0.30+0.04
100.683368 HCOOCH3  9(0,9)-8(0,8) A 17.3

100.990102  CoH;OH 8(2,7)-8(1,8) 24.4  0.0240.01 0.63+£1.11 4.48+1.82  0.12+0.04
101.4778095 H,CS 3(1,3)-2(1,2) 15.9  0.2440.02 -0.72+£0.24 7.23+0.52  1.85+0.05
101.981429  H,CCO 5(1,4)-4(1,3) 19.3  0.05+0.01 0.41£0.25 5.3440.50  0.2840.04
102.0642656 NHoCHO  5(1,5)-4(1,4) 12.3  0.0240.01 -0.66+£0.31 4.74+0.86  0.15+0.03
102.5479844 CH3CCH  6(0)-5(0) 12.0  0.03+0.01 0.66+£0.36  11.1+1.0  0.3340.04
103.0399065 H,CS 3(2,2)-2(2,1) 43.5

103.040452  H,CS 3(0,3)-2(0,2) 6.87  0.13+£0.01 -0.71£0.18 6.58+0.37  0.89+0.02
103.0518468 H,CS 3(2,1)-2(2,0) 435  0.0240.01 -1.1740.43 6.464+0.92  0.1440.02
104.0294183 SO, 3(1,3)-2(0,2) 5.38  0.3240.02 -0.6940.15 6.09+£0.34  2.21+0.05
104.2392952 SO, 10(1,9)-10(0,10) 38.0  0.13+£0.01 -0.36£0.32 6.54+0.63  0.97+0.05
104.48726 CoH50H 7(0,7)-6(1,6) 16.2  0.03£0.01 1.21+1.00 5.45+1.82  0.15+0.03
104.61704  H,CS 3(1,2)-2(1,1) 16.1  0.1740.01 -0.86+0.15 6.534+0.60  1.1540.04
104.808632  CoH;OH 5(1,5)-4(0,4) 9.31  0.03+£0.01 0.5740.47 5.67£1.00  0.2040.03
105.4642181 NH,CHO  5(0,5)-4(0,4) 10.6  0.04+0.01 0.19+£0.37 6.04+0.81  0.2240.03
106.347726  CCS 9(8)-8(7) 174 0.0740.01 -0.1840.24 5.974+0.47  0.4940.03
107.01377 CH3;0H 3(1,3)-4(0,4) AT+ 19.7  -0.1740.01 0.22+0.19  6.2240.37 -1.1340.02
108.1267202 HCOOH 5(1,5)-4(1,4) 13.0  0.0240.01 -0.26+0.55 6.22+1.15  0.12+0.02
108.780201  13CN J=3/21/2, F =32 Fi=1,F,=2-1 365 0024001 1.26+£0.77 599+1.62 0.12+0.02
108.893963 CH3;0H 0(0,0)-1(-1,1) E 9.12  0.38+£0.06 -0.024+0.22 6.20£1.01  2.69+0.03
109.173634  HC3N 12-11 23.7  0.594+0.03 -0.83+0.08 6.41+£0.41  4.11+0.03
109.25222 SO 2(3)-1(2) 14.6  0.35+0.04 -0.02+0.21 6.10+0.75  2.67+0.03
109.463063  OCS 9-8 18.3  0.0740.01 -0.45+0.14 6.0840.52  0.4740.04
109.7821734 C'80 1-0 3.66  0.42+0.01 3.0240.04 2.264+0.25  1.3240.02
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Table 3.2: continued

Frequency Molecules Transition E, TvB WVisr Av f Tvgdv
(GHz) (em™1) (K) (km/s) (km/s) (K-km/s)
109.905749 HNCO 5(0,5)-4(0,4) 11.0  0.22+0.03 0.48+0.28 5.914+0.89  1.77+0.05
110.2013543 '3CO 1-0 3.68 1.694+0.09 3.31£0.06 3.09+0.23  6.04+0.03
110.3494703 CH3CN 6(4)-5(4) 92.3  0.04+0.01 0.554+0.45 3.11+0.60 0.1440.03
110.3643537 CH3CN 6(3)-5(3) 57.6  0.0840.01 0.304+0.21 5.2240.49  0.514+0.04
110.374989  CH3CN 6(2)-5(2) 32.8  0.0840.01 -0.264+0.29 5.29+0.70  0.4740.04
110.381372  CH3CN 6(1)-5(1) 17.9

110.3834999 CH3CN 6(0)-5(0) 129  0.17£0.01  2.174£0.30 9.474+0.58  1.68+0.05
110.880447 HCOOCH3 9(5,5)-8(5,4) A 30.0 0.03+£0.01 1.2840.73 4.17£1.27  0.184+0.03
112.248728  CH3CHO 6(1,6)-5(1,5) AT+ 14.7  0.05+0.02 0.49+0.97 4.384+1.66  0.23+0.04
112.254524  CH3CHO 6(1,6)-5(1,5) E 14.7  0.05£0.02 0.65+0.95 4.924+1.98  0.27+0.04
112.358982  C'70 1-0 3.75  0.06+0.01 2.1840.35 3.34+0.69  0.2440.04
112.8914435 HCOOH 5(2,3)-4(2,2) 20.1 0.03+0.01  0.36+0.84 5.84+1.57  0.15+0.03
113.1233701 CN 1-0, J =1/2-1/2, F = 1/2-1/2 3.77 0.06+£0.02  0.78+0.68 4.47+1.51 0.34+0.04
113.1441573 CN 1-0, J =1/2-1/2, F =1/2-3/2 3.77 0.2840.02 0.224+0.18 5.40+£0.34  1.65+0.05
113.1704915 CN 1-0, J =1/2-1/2, F =3/2-1/2 3.78  0.3240.01 0.314+0.11 5.58+£0.26  1.9440.05
113.1912787 CN 1-0, J =1/2-1/2, F = 3/2-3/2 3.78 0.36+0.02  0.27+£0.14 5.28+0.38 2.20+0.04
113.4101860 CCS 8(9)-7(8) 23.3  0.02+0.01 2.00£1.06 8.09£1.89  0.2240.05
113.4881202 CN 1-0, J = 3/2-1/2, F =3/2-1/2  3.79  0.40+0.03 0.67£0.17 4.26£0.41  1.954+0.04
113.4909702 CN 1-0, J =3/2-1/2, F =5/2-3/2 3.79  0.96£0.03 0.194+0.08 5.86+0.21  6.19+0.04
113.4996443 CN 1-0, J =3/2-1/2, F = 1/2-1/2 3.79 0.25+0.01  0.21£0.16 5.83+0.31 1.60+0.04
113.5089074 CN 1-0, J = 3/2-1/2, F = 3/2-3/2 3.79  0.29+0.03  0.454+0.15 5.31+£0.67  1.7740.05
113.5204315 CN 1-0, J =3/2-1/2, F = 1/2-3/2 3.79 0.02+0.01  -0.22+1.00 6.94+2.25 0.2040.04
113.75661 HCOOCH; 9(3,6)-8(3,5) A 22.8  0.03+£0.01 -0.2840.64 5.36+£1.41  0.2040.03
114.94019 CH3CHO 6(0,6)-5(0,5) E 13.5  0.08+0.01 0.10+0.32 5.084+0.76  0.44+0.05
114.959911  CH3CHO 6(0,6)-5(0,5) AT+ 13.5  0.07+£0.01 0.31+0.42 5.104+0.91  0.42+0.05
115.153935 NS J =5/2-3/2, F =7/2-5/2 e 6.14 0.05£0.01  2.20+0.54 3.73£1.13 0.19+0.04
115.156812 NS J =5/2-3/2, F =5/2-3/2 ¢ 6.60  0.04+0.01 2.844+1.06 8.79+2.36  0.38+0.04
115.2712018 CO 1-0 3.85 7.83+0.36  0.89+0.15 5.64+0.29 51.174+0.06
115.556253 NS J=5/2-3/2, F =7/2-5/2 f 6.19  0.07+0.01 -0.004+0.30 4.80+0.60  0.424+0.05
115.570763 NS J=5/2-3/2, F =5/2-3/2 { 6.18  0.06+0.02 -0.714+0.58 4.34+1.13  0.394+0.05

?Obtained from the data taken with the high resolution spectrometer (Av = 37 kHz).
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Table 3.3: Possibly Detected Molecules and Unidentified Lines

Frequency Molecules Transition E, TvB WVisr Av [ Tupdv
(GHz) (em™1) (K) (km/s) (km/s) (K-km/s)
Tentative

80.704938 Sit%0 2-1 4.04  0.02+0.01 -0.794+0.73 5.024+1.25 0.1140.03
86.22378 (CH3)20 2(2,0)-2(1,1) AE 5.81 0.02+0.01 -2.59+0.90 5.47+1.61 0.144+0.04
88.166832 HB3CCCN  10-9 16.2  0.03£0.01 1.814+0.97 5.574+1.60 0.18+0.04
89.861484 HCOOH 4(2,3)-3(2,2) 16.3  0.02+0.01 0.124+2.32 6.2843.92 0.164+0.05

90.145634 HCOOCH; 7(2,5)-6(2,4) E 13.7  0.02+£0.01 0.74£0.80 4.58£1.99 0.0940.04
90.156511 HCOOCH; 7(2,5)-6(2,4) A 13.7  0.02+£0.01 -0.09£1.79 8.32+3.75 0.2140.05

90.771564 SiS 5-4 9.08 0.03£0.01 4.74+£0.71 3.24+£2.34 0.10£0.03
91.75132 HSCN 8(0,8)-7(0,7) 13.8 0.03+0.01  1.404+0.76 2.41+9.74 0.084+0.03
101.13916 CH3SH 4(0)-3(0) A 9.0 0.044+0.01 0.82+1.07 14.3£2.3  0.32+0.04
101.13965  CH;SH 4(0)-3(0) E 9.0

106.743244 3430 2(3)-1(2) 14.5 0.02+0.01 -0.03+0.62 4.95+1.39 0.10+0.04
108.9242772 SiS 6-5 12.7 0.01+0.01 -1.96+0.45 11.8+1.0 0.15+0.03
Unidentified*

80.5350 U 0.02 5.90+£1.43 0.1340.03
88.0313 U 0.03 5.75£1.51 0.2540.05
92.8078 U 0.06 5.67+1.06 0.3940.05
96.6038 U 0.03 5.66+0.79 0.2140.03
100.0581 U 0.05 4.10£0.56  0.2640.04
107.2141 U 0.02 7.2241.27 0.19+0.03
115.0794 U 0.02 5.70+2.54 0.1940.05

#Obtained from the Gaussian fit.
*Frequencies are based on the peak positions of the observed spectral profile, assuming the Vi,
of 2.7 km s~ L.
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Molecules N (Twot =12 (K)) N (Tyot = 30 (K)) N (Trot = 50 (K))
(cm~2) (cm~2) (cm~2)
CH3;0H (1.740.5)x 10" (2.840.9)x 10" (5.1£1.9)x 10"
13CH;0H (3.5£0.7)x 10" (1.1£0.2) x10™ (2.240.5)x 10
CyH;0H (3.742.2)x10%3 (4.742.7)x10%3 (9.245.6) x10'3
CH3CHO (2.6+0.9)x10"3 (3.241.3)x10" (5.242.3)x10"3
NH,CHO (2.4£1.1)x10"2 (3.5£1.7)x10"2 (5.943.1)x10"2
HCOOH (1.941.0)x10"3 (2.1£1.1)x10% (3.3£1.9)x10%
HCOOCH;3 (9.745.1)x 1013 (6.643.8)x 1013 (9.245.6)x 1013
HCN (1.3£0.3)x10™ (2.6+0.5)x 10 (4.0£0.8)x 10
HBCN (4.9£1.0)x10"2 (9.9£2.0)x10'2 (1.6£0.3)x 10"
HCN (1.04£0.2) x10"2 (2.1£0.5)x10"2 (3.340.7)x10™
HNC (1.7£0.5)x 10" (2.440.8)x 10" (3.4£1.3)x10"
HNCO (2.840.7)x 10" (3.8£1.2)x10" (6.4£2.4)x10"
HC3N (4.241.0)x10%3 (1.940.6) x10%3 (2.040.8) x10%3
CH3CN (3.1£1.4)x 10" (1.740.8)x 10" (8.443.8)x10"2
CoH (2.3£0.9)x 10 (3.8£1.7)x10™ (5.84£2.8)x 10
Cccs (6.842.8)x 102 (4.842.1)x10'2 (5.942.9) x10'2
CH3CCH (2.541.0)x10"3 (2.6+£1.2)x10"3 (4.0£1.9)x10"
Cs (2.2£0.7)x10™ (2.4£0.8)x 10 (3.3£1.3)x10™
3¢S (6.3+1.6) x 102 (8.342.7) x 102 (1.240.5)x10%3
338 (2.841.0)x10"2 (3.6£1.5)x10"2 (5.14£2.3)x10"2
Cs (1.24:0.3) x 1013 (1.540.5)x 1013 (2.140.8)x 1013
0Cs (7.942.4)x10%3 (5.1+1.9)x10%3 (6.042.5)x10%3
SO (2.240.6)x 10 (2.440.8)x 10 (3.3£1.3)x10™
3130 (1.240.5)x 10" (1.4£0.6)x 10" (2.1£1.0)x 10"
SO, (3.1£0.7)x 10 (1.340.4)x 10 (1.840.7)x 10
H2CS (1.040.5)x 10 (3.1£1.2)x10%3 (4.0£1.7)x10"3
NS (1.3£0.5)x 10" (1.4£0.6)x10*3 (1.9£0.9)x 10"
HCO* (2.540.8) x10%3 (3.5+1.2)x10%3 (5.042.0)x10%3
HBCO* (4.444.4)x 10" (6.846.8)x 10" (9.9410.0)x 10!
HCS™* (1.94£0.7)x10"2 (2.6£1.1)x10"2 (3.7£1.7)x10"2
NoH* (3.0£0.7)x10%0 (4.5£1.3)x10%0 (6.5£2.3)x10%0
Sio (6.841.9)x10'3 (8.542.8)x10%3 (1.240.5)x10™
%8I0 (6.841.7)x10"2 (9.242.9)x10"2 (1.3£0.5)x 10"
30510 (4.4£1.1)x10"2 (6.0£1.9)x10'2 (8.6£3.2)x10'2
CO (1.7+1.4)x10"" (1.040.3) x10'7 (1.340.5)x10%7
13Co (8.74£2.1)x 10" (1.1£0.3)x 106 (1.6+0.6) x 106
cl7o (1.1£0.4)x10™ (1.5+0.6) x 10 (2.24£0.9)x 10
c#o (1.540.3)x10% (2.040.6) x10% (2.841.0)x10%
c-CsHy (3.6£1.1)x10"2 (7.74£2.8)x10"2 (1.440.6)x10*3
PN (1.24£0.4)x10"2 (1.60.6) x 10'2 (2.2£1.0)x10"2
CN (1.540.5) x 1014 (1.940.7) x 1014 (2.741.1)x 10
1BCN (4.442.7)x10"2 (6.344.0)x10"2 (9.346.2)x10'2
H,CCO (ortho)  (9.943.3)x10'2 (9.643.8)x 1012 (1.340.6) x 1013
HyCCO (para) (1.241.4)x10'2 (1.441.7)x 102 (2.042.3) x 102

Table 3.4: Column Densities of Detected Molecules.
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Molecules N (Trop = 12 (K)) N (Trot = 30 (K)) N (Tior = 50 (K)) Transition

(cm™?) (cm™?) (cm™?)
(CH3)20 < 4.8x10'? < 9.4x10'? < 1.7x10'3 4(1,4)-3(0,3) (99.325 GHz)
CoH3CN < 1.2x10M < 6.4x10' < 8.0x100 11(1,10)-10(1,10) (101.637 GHz)
CH5CN < 3.5x10'2 < 3.4x10'2 < 4.9x10'2 9(1,9)-8(0,8) (93.949 GHz)
HDO < 8.5x1012 < 2.4x1012 < 2.6x1012 1(1,0)-1(1,1) (85.78CGHz)
C4H < 2.9%x10%3 < 1.2x10%3 < 1.2x10'3 11-10, J = 23/2-21/2
C3H < 1.1x10'2 < 1.1x10'2 < 1.4x10'2 Mlyp J =9/2-7/2, F = 5-4 e (97.995 GHz)
I-C3Hy < 2.1x10! < 1.9x10! < 2.3x10! 5(1,5)-4(1,4) (102.99 GHz)
I-C4Hy < 3.5x10!1 < 2.0x10" < 2.3x10M 10(1,9)-9(1,8) (89.687 GHz)
C3S < 7.7x10M < 2.8x10M < 2.7x10M 15-14 (86.708 GHz)
HCsN < 1.1x10' < 8.5x10! < 5.7x10! 31-30 (82.539 GHz)
HNCS < 6.4x10M < 6.8x10M < 1.0x10"2 8(0,8)-7(0,7) (93.83 GHz)
HSCN < 7.4x10M < 8.0x10™M < 1.2x10'2 8(0,8)-7(0,7) (91.75 GHz)
PO < 5.5x10! < 6.1x10" < 8.2x10! J,F =5/2,3-3/2, 2 (109.206 GHz)

Table 3.5: Upper Limits to Column Densities for Undetected Molecules.
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3.3.2 Column Densities of Molecules
Rotation Temperature and Column Density
For the molecules detected in multiple transitions, we calculated rotational temperatures. The

832 SuNv E,
Tpdv = 20T - 1
/ b 3U eXp( kTmt) (3.1)

is not a good approximation for a low rotational temperature case, because it assumes that the

conventional formula,

rotational temperature is much higher than the cosmic microwave background temperature, T,.
Hence, we employed the following rigorous equation,

hv 1 1
Tm = 7 — 1—e T 9
87-[-3:u25’u1]\[ hv Eu
Ty = W{exp <kTrot) —1}exp <_kTrot> . (3.3)

Here, Ty, is defined in eq. 2.18. Results are summarized in Table 3.6. Overall, the rotation
temperatures are below 40 K except that for CH3CN, which corresponds to the gas kinetic
temperature. Although these molecules reside in the shocked region, these rotation temperatures
are significantly lower than the kinetic temperature of 130-140 K estimated by Umemoto et al.
(1999). As shown by the shock model of Bergin et al. (1998), the cooling timescale of the shocked
gas is a few hundred years, which is much shorter compared with the dynamical timescale of
the outflow (1.8 x 10* yr). The rotation temperatures seem to reflect this cooling effect. Since
the Hy density is about 10° cm™2, the rotational level population are not always thermalized
(non-LTE effect). This also contributes to the low rotation temperature.

However, the rotation temperatures have large uncertainties, and also show significant scat-
tering from molecule to molecule. This is probably due to the limited range of the upper state
energy of the transitions employed in the analysis. Hence, we fixed the rotation temperature to
be 12 K, 30 K, and 50 K in order to derive the column densities of the molecules. The range
of the temperature is set by referring to the result of the rotation temperature. The results are
shown in Table 3.4. The upper limits to the column densities for non-detected molecules are
also derived in the same way, as summarized in Table 3.5.

3.3.3 Complex Organic Molecules

Sugimura et al. (2011) reported the lines of the oxygen-bearing organic molecules such as
CH30H, CH3CHO, HCOOH, and HCOOCHj3. We detected other transitions of these molecules
as well as three new lines of CoHsOH, which was first found in this source by Arce et al. (2009).
These results confirm rich organic chemistry in L1157 B1.

We detected five emission lines of CH30H in addition to the four lines reported by Sugimura
et al. (2011). Since CH3OH is very abundant in the L1157 B1 shocked region, the b-type
transitions were observed with moderate intensities in addition to the a-type transitions. Here,
the a-type and b-type transitions mean that they are caused by the dipole moment projected on
the a and b principal axes. More importantly, we detected the 6_o5—7_17 E and 31 3—404 AT
lines in absorption, as shown in Fig. 3.3. Since there is no strong millimeter-wave continuum
source toward L1157 B1, these are absorptions mainly against the cosmic microwave background.
This indicates a non-LTE condition for the rotational level population of CH30OH in this source.
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Molecules Trot
CH3OH (A+E) 6.9+4.1

CoH50H 32.340.6
CH3CHO (A+E) 11.8+3.9
NH,CHO 9.1:£5.2

HC3N 39.2418.5
CH3CN 64.2417.0
CoH 4.842.2

CCS 20.6410.1
0CS 14.0+7.4
SO 6.8+6.5

SO, 22.7+1.4
H,CS 21.349.3

Table 3.6: LTE Rotation Temperatures and Column Densities.

Usually, these lines are observed in emission in star-forming regions. For instance, Goldsmith et
al. (1983) reported the 313 — 494 AT line in emission toward the Orion KL hot core, and the
TIMASS survey toward the low-mass hot corino source IRAS 16293-2422 (Caux et al. 2011) also
shows emissions of these two lines. We evaluated the brightness temperature of the 313 — 404
A1 line to be —0.19 K with the non-LTE radiative transfer code, RADEX (van der Tak et al.
2007), assuming a kinetic temperature of 50 K, an Hy density of 10° cm™3, a line width of 6.5
km s~!, and a column density of 3 x 10'® cm™2. The negative brightness temperature means
absorption against the cosmic microwave background. For the kinetic temperature of 100 K and
the Hy density of 106 cm™3, typical values for hot core sources, it appears to be emission of 0.71
K, because the rotational level population becomes close to the LTE condition. Therefore, this
line is sensitive to the physical condition. A more detailed analysis will be presented in section
3.4.1.

CH3CHO is detected toward high-mass star-forming regions (e.g. Gottlieb 1973; Ikeda et al.
2001) and hot corino sources of low-mass star forming regions such as IRAS 16293-2422 (Cazaux
et al. 2003). Although this molecule is detected toward cold dark clouds such as TMC-1 and
L134N (Matthews et al. 1985), the fractional abundance relative to Hy tends to be higher in
hot cores and/or hot corinos than in cold dark clouds. Sugimura et al. (2011) detected three
lines of this molecule, and evaluated the fractional abundance to be (1.3-2.6) x 10~8. This value
is higher by two orders of magnitude than that in TMC-1 (6 x 107!0; Matthews et al. 1985),
which suggests that CH3CHO in L1157 B1 does not originate from the ambient component
simply compressed by the shock but is related to the shock chemistry. In the present survey, we
newly detected 13 lines of this molecule.

Arce et al. (2008) detected 9 lines of HCOOCH3 toward L1157 B1 in the 3 mm and 1.3 mm
bands with the IRAM 30 m telescope. Sugimura et al. (2011) detected additional two transitions
(716 —61,5 and 81,8 — 71,7) with NRO 45 m. In the present line survey, we detected the 844 —743
A, 99—80s (A+E), 955 —854 A, and 936 — 835 A lines. This further confirms the existence of
HCOOCH;3 in L1157 B1. So far, HCOOCH3 had been thought to be specific to hot cores/hot
corinos (e.g. Cazaux et al. 2003; Kuan et al. 2004; Bottinelli et al. 2004; Sakai et al. 2006),
and had never been detected toward cold dark clouds (Requena-Torres et al. 2007). Sugimura
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et al. (2011) reported on the basis of the chemical model calculation that it is impossible to
explain the abundance of HCOOCH3 obtained for L1157 B1 by the gas-phase production within
the dynamical time scale of 1.8 x 10* yr. They concluded that it is more reasonable to invoke
the grain-surface reactions for production of HCOOCH3 (e.g. Garrod and Herbst 2006). It is
therefore likely that HCOOCH3 detected toward L1157 B1 is evaporated from grain mantles by
the shock.

Arce et al. (2008) also detected two lines of HCOOH. Sugimura et al. (2011) also found the
40’4 - 3073 line. We newly detected the 4174 - 31737 4173 — 3172, 5175 — 4174, and 5273 — 4272 lines.
This molecule is known to exist in the high-mass star-forming regions such as Ori KL (e.g. Liu
et al. 2002), low-mass star-forming regions such as IRAS 16293-2422 (Cazaux et al. 2003), and
cold dark clouds such as 1.183 (Requena-Torres et al. 2007). Now the existence of this molecule
in the shocked region is well established.

In the present line survey, we detected four lines of NHoCHO (404 — 30,3, 41,3 — 31,2, 515 —
414, and 595 — 40.4). This is the first detection of this molecule in L1157 B1. Although this
molecule contains the nitrogen atom unlike the other organic molecules mentioned above, it is
also suggested to be produced through grain-surface reactions including CO, N and H (Tielens
and Hagen 1982). So far, NHyCHO was detected toward high-mass star-forming regions (e.g.
Bisschop et al. 2007), but was not found in low-mass star-forming regions or cold dark clouds.
Recently, Kahane et al. (2013) reported the detection of NHoCHO in IRAS 16293-2422. They
suggested that the abundance of NHoCHO (~ 10710) in IRAS 16293-2422 can be achieved by
the exothermic neutral-radical reaction between HoCO and NHy. They also pointed out the
similarity of abundances of this molecule among SgrB2, Orion-KL, IRAS 16293-2422, and the
comet Hale-Bopp. They concluded that the energetic radiative processes in massive star-forming
regions may not be necessary for the production of this molecule. The abundace of NHyCHO in
L1157 B1 is calculated to be 1.4 x 1079, which is no less than that in IRAS 16293-2422. It is
controversial whether NHoCHO originates from the gas-phase reaction in the shocked region, or
comes from the grain mantle evaporated by the shock. However, the time scale of the HoCO +
NH,; reaction should be longer than 10* yr for NHs,, and hence, the gas-phase production may
be difficult in L1157 B1, considering the lifetime of the outflow (1.8x10%* yr). This supports the
grain mantle origin of NHyCHO in L1157 B1.

Arce et al. (2008) further detected CoH5OH (41,4 —30,3) toward L1157 B1. We newly detected
the 827 —81.8, 70,7 — 61,6, and 51 5 — 40 4 lines, confirming the existence of CoH5OH. According to
Charnley et al. (1992), this molecule has the origin of grain surface chemistry, since it is difficult
to reproduce the abundances of CoH5OH in the compact ridge of Orion KL (107%) and some
hot core sources such as W51 (1078, Turner 1991) by gas-phase production process because of
the slow radiative association of H3O1 and CoHy. In fact, CoHsOH is not observed toward dark
clouds (Irvine et al. 1987). The abundance ratio relative to Hy in L1157 B1 is 2.2 x 107%.
Since this abundance ratio is comparable to the value obtained toward hot cores by Millar et
al. (1988), and Bisschop et al. (2008), it seems that CoH5OH in L1157 B1 is produced on the
grain surface, and evaporated by the shock as in the case of other complex organic molecules.

In addition to above oxygen-containing complex organic molecules, we detected the CH3CN
(Jk = bx — 4k, 6x — bk; K = 0-4) lines. This molecule is known to exist in hot cores/hot
corinos (e.g. Churchwell et al. 1992), and is regarded as an useful tracer to study the dense
part near the protostars (e.g. Beltran et al. 2004). Note that Arce et al. (2008) detected
the Jx = 14 — 13 (K = 0-3) lines toward L1157 B1, and Codella et al. (2009) conducted
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a high resolution mapping observation of the Jx = 8x — 7x (K = 0-4) line with the PdBI
interferometer to trace the bow shock structure.

In the present survey, four lines of HoCCO (414 — 313, 404 — 30,3, 51,5 — 41,4, and 514 — 413)
were detected. This is the first detection of HoCCO in L1157 B1. This molecule is known to exist
in cold dark clouds such as TMC-1 and L134N as well as high-mass and low-mass star-forming
regions (Kaifu et al. 2004; Blake et al. 1987; van Dishoeck et al. 1995). The broad line width
in L1157 B1 indicates that this molecule also resides in the shocked region.

3.3.4 Carbon-Chain Molecules

We detected five lines of CCS (Jy = 7g — 65, 67 — 5g, 87 — 7g, 95 — 87, and 89 — 7g) and
six hyperfine component lines of CoH (N = 1 — 0). Carbon-chain molecules are known to be
abundant in young starless cores such as TMC-1 and Lupus-1 A (e.g. Suzuki et al. 1992; Kaifu
et al. 2004; Sakai et al. 2010) as well as in low-mass star-forming regions exhibiting the warm
carbon-chain chemistry such as L1527 and IRAS 15398-3359 (Sakai et al. 2008; 2009). The
CCS lines in L1157 B1 have broad line widths of 5-6 km s~! and blue-shifted peak velocities of
(—0.2-2.3) km s~!, which are similar to those of other lines emitting from the shocked region.
Similarly, the CoH lines have the line widths of 4-7 km s~!, and peak velocities of (—0.2-0.7)
km s~!. These results indicate that both CCS and CyH mainly reside in the shocked region.
So far, CoH and HC3N have been detected in shocked regions (Bachiller and Pérez Gutiérrez
1997). The present detection of CCS gives rise to an interesting problem of the formation of
these carbon-chain molecules in the shocked region.

The column density of CoH (2.3 x 10* em™2) in L1157 B1 is comparable to that in L1527 (5
x 10'* cm™2) where is known as a nursery for various carbon-chain molecules. In addition, the
abundance ratio of CCS to CoH in L1157 B1 is 3 x 1072, which is similar to that in L1527 (1.0 x
10~2). However, other longer carbon-chain molecules such as C3H, and C4H were not detected in
L1157 B1. These results indicate that although short carbon-chain molecules, CoH, and CCS,
can be produced in L1157 B1, the chemical process is different from the warm carbon-chain
chemistry (WCCC; Sakai et al. 2008, 2009, 2010), and is inefficient to produce other longer
carbon-chain molecules.

3.3.5 Sulfur-bearing Molecules

As for sulfur-bearing species, we detected CS (J =2—1), 13CS (J =2-1), C3S (J =2-1),
038 (J=2-1),0CS (J=7-6,8—7,and 9—38), SO (Jy = 22 — 11, 33 — 2, and 23 — 13),
3180 (Jn = 32—21), SO2 (81,7 — 80,8, 31,3 — 20,2, and 101,9— 100,10), H2CS (31,3 — 21,2, 30,3 — 20,2,
32,1 — 220, and 312 — 211) , and four hyperfine components of NS (2 =1/2, J =5/2—-3/2) in
addition to CCS, further confirming the rich sulfur chemistry in the L1157 B1 shocked region. In
contrast to SiO, which is considered to be produced through the disruption of silicate grains by
the shock (Mikami et al. 1992), Charnley et al. (1997) suggested that many sulfur-containing
molecules can be produced through the gas-phase reactions from HsS evaporated from grain
mantles. According to the mapping observation toward L1157 by Bachiller et al. (2001), the
distribution of SiO is concentrated to the shock front such as Bl and B2, whereas that of SO
is more extended. This seems consistent with the grain-mantle origin of the sulfur-bearing
molecules in contrast to SiO which requires the disruption of silicate grains by strong shock. We
will compare the spectral line profiles of the sulfur-bearing molecules with that of SiO to see
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such differences in Section 3.4.2.

Charnley (1997) suggested that the SO/HsS and SO/SO2 abundance ratios could be an indi-
cator of the time elapsed since the grain mantle evaporation, since the sulfur-bearing molecules
are produced from HsS through gas-phase reactions in such a process as HoS — SO — SOs.
Abundance ratios of SO5, HyCS, CS, and OCS relative to SO in L1157 B1 range from 0.45 to 1.4
(Table 3.9). Massive star-forming regions tend to indicate much wider ranges of abundance ra-
tios of these sulfur bearing molecules, which may result from the complexity of those regions. It
seems that only abundance ratio of N(SO2)/N(SO) in Table 3.9 are comparable among sources.
The N(SO32)/N(SO) ratio of 1.4 in L1157 B1 is attainable in the dynamical timescale of 1.8 x
10* yr of L1157 Bl as indicated by Charnley (1997). Since his chemical model assumes high
temperature conditions (100-300 K) of the hot core, and the shocked gas cools down quickly
as shown in Section 3.3.2, it seems difficult to directly apply this model to the L1157 B1 case.
Therefore, sulfur-bearing molecules would not be produced with enough abundances through
gas-phase reactions, and hence, we cannot deny the grain-mantle origin of these sulfur-bearing
molecules in L1157 B1.

3.3.6 Other Molecules

In addition to above-mentioned molecules, we detected the spectral lines of fundamental
molecules such as SiO (J = 2—1), Sil%0 (J = 2-1), 3¥SiO (J = 2-1), 2Si0 (J = 2—1),
HC3N (J = 9-8, 109, 11-10, and 12—11), 9 fine and hyperfine components of CN (N =
1 —0), HCN (J = 1-0), H!3CN (J = 1-0), HCN (J = 1-0), HNC (J = 1-0), CO (J =
1-0), 3CO (J = 1-0), C"O (J =1-0), C*¥0 (J = 1-0), HCO* (J = 1-0), HI3CO* (J =
1—-0), HCST (J = 2—1), and NoH" (J = 1 — 0). Owing to the high sensitivity of the present
survey, we were able to detect the spectral lines of the rare isotopic species. The isotope ratios
will be discussed in Section 3.3.9.

Iglesias and Silk (1978) reported a chemical model indicating a substantial decrease of HCO™
behind a 10 km s~! shock propagating into a dense molecular cloud. This model suggests that
the large density increase behind the shock front destroys ions. In a few thousand years after the
shock, the HCO™' abundance drops by two orders of the magnitude from that in the pre-shocked
gas. However, the fractional abundance of HCO™ relative to Hy in L1157 B1 is 1.5 x 1078,
which is comparable to that in a dark cloud, TMC-1 (Ohishi et al. 1992). In addition, this
ratio in the protoster, L1157 mm, is 1.5 x 10~%. The line profile of HCO* (1 — 0) in L1157 Bl
exhibits the broad line width and the blue-shifted peak velocity (6.2 km s~ 0.95 km s~!), which
indicate existence of this molecule in the shocked region. Hence, it seems that the significant
destruction of HCO™ does not occur in L1157 B1, where the shock velocity is as high as 20 km
s~!. However, another molecular ion, NoH*, has a lower abundance in L1157 B1 than in L1157
mm. The column density ratio N(NoH")p115781/N (NoH)L1157mm is ~ 0.1. The line profile of
NoH* (1-0) in L1157 B1 indicates very narrow line width (1 km s™1), and the peak velocity is
comparable to the systemic velocity of 2.7 km s~!, which evidence the ambient cloud origin of
the line. Therefore, on the contrary to the case of HCO', NoH™ may significantly be destructed
in the shock.

Chemical models predict that the high temperature reaction increases the abundance ratio,
N(HCN)/N(HNC), although HCN and HNC originate from the common precursor, HCNH"
(Allen et al. 1980, Herbst 1978). For example, Schilke et al. (1992) reported the ratio of ~ 80
in the vicinity of Orion KL, while Hirota et al. (1998) found that the ratios are similar to one
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another, and are lower than 1 in dark clouds. The column density ratio, N(HCN)/N(HNC),
in L1157 B1 is ~ 25. The high temperature condition caused by the shock would enhance this
ratio.

3.3.7 Possible Detections

Possible detections are summarized in Table 3.3. First, we possibly detected the 8pg — 797
(30) line of HSCN. This molecule was identified as an interstellar molecule toward Sgr B2(N)
by Halfen et al. (2009). However, more stable geometrical isomer, HNCS, was not detected in
L1157 B1 with the rms noise level of 5 mK (7%) for the 797 — 60,6, 80,8 — 70,7, and 999 — 8p 8
lines, although they are detected with similar intensities to HSCN in Sgr B2 (Frerking et al.
1979). Second, we can see the SiS (J = 6 — 5) line at Vi, of -2.0 km s~! with the confidence
level of 5. Sugimura et al. (2011) reported the tentative detection of SiS (J = 5 — 4) with
the confidence level of 60, though the peak velocity is red-shifted (~ 4.7 km s~1). Hence, the
detection of SiS in L1157 B1 is still controversial. Furthermore, we noticed the CH3SH (49 — 3¢)
line with the confidence level of 8. Several other lines of CH3SH around this line have weaker
intrinsic intensities, and hence, they were not detected. Although we are fairly confident on
the detection of this species, we still need to observe the other lines with higher sensitivity for
confirmation.

Sugimura et al. (2011) reported non-detections of (CHs3)2O toward L1157 B1, which are
typically seen toward hot cores of high-mass star-forming regions along with HCOOCH3 and
CH3CHO (e.g. Bisschop et al. 2007). Within our observational frequency range, many lines
of (CH3)20 are included. Although we have a hint for the (CHgz)20 line (229 — 21,1), other
lines with stronger intrinsic intensities were not detected. Hence, we still need more sensitive
observations to claim detection of this species.

3.3.8 Important Non-detections

We did not detect CoH3CN, though several lines with reasonable intrinsic intensities are
included in our observational frequency range. Moreover, we did not detect the NHoCN (47 4 —
31,3) and CH2CN (40,4 — 30,3) lines, which have been detected toward Sgr B2(M) (Wannier and
Linke 1978; Irvine et al. 1988).

Although we detected a few short carbon-chain molecules, CCS and CoH, and HC3N, as well
as carbon-chain related species, c-C3Hs, we could not detect longer carbon-chain molecules such
as C3H, C4H and HCsN. The carbon-chain chemistry in L1157 B1 seems to be different from
that in young starless cores, where various long carbon-chain molecules such as C4H and HCsN
are detected (Sakai et al. 2008).

Sugimura et al. (2011) detected CHoDOH by observing the 292 — 1o € line (Quade and
Suenram 1980). Although some other lines of deuterated molecules such as HDO (119 — 15 1),
NH2D (113 — 1p,1) and HDCS (e.g. 303 — 20,2) were included in our observational frequency
range, we did not detect them in the present survey. Since Bachiller and Gutiérrez (1997) could
not detect the DCO™ and DCN lines toward L1157 B1, our non-detection of above deuterated
molecules is not surprising.

In spite of our effort, 7 lines are still unidentified, as listed in Table 3.3. A criterion for the
U line is that the line has an integrated intensity with the confidence level higher than 40 and
is not assigned to known spectral lines in the databases (CDMS, JPL, and NIST). It is also
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confirmed that they do not come from the image band. Their line widths suggest that they are
emitted from the shocked region.

3.3.9 Isotopic Species

The integrated intensity ratio between C3*S and C33S (J = 2—1) (hereafter denoted as
I(C318)/I(C338)) is 5.9 (Sugimura et al. 2011), which is similar to the 3*S/33S isotope ra-
tio in interstellar clouds (6.2741.01, Chin et al. 1996). Similarly, the I(C3%S)/I(13CS) ratio is
evaluated to be 1.67, which is close to the I(C34S)/I(13CS) ratio in interstellar clouds (1.87-2.92,
Chin et al. 1996). If the isotopic ratios in L1157 are assumed to be similar to those in nearby
interstellar clouds, these results mean that the C34S, C33S and '3CS lines are optically thin.
On the other hand, the I(*2CS)/I(*3CS) ratio is found to be 26.6, which is about a half of the
12¢/13C isotopic ratio in interstellar clouds (60; Lucas and Liszt 1998). Hence, the '2CS line is
slightly optically thick toward L1157 B1. In addition, the I(32S0)/I(34SO) ratio for the 35-2;
lines is derived to be 21.3. Since this value is similar to that reported for interstellar clouds by
Chin et al. (1996) (24.445.0), we can conclude that the 32SO and 34SO lines are optically thin.

The 1(285i0)/1(??Si0) and I(*¥Si0)/I(3°SiO) ratios for the J = 2—1 lines are evaluated to
be 8.1 and 12.7, respectively. These are 0.41 and 0.43 times of the terrestrial isotopic 28Si/?%Si
and 28Si/30Si ratios (19.7 and 29.8), respectively. On the other hand, I(??SiO)/I(3°SiO) ratio
(1.57) is consistent with the terrestrial isotopic ratio (1.51). Hence, the 28SiO line is optically
thick, whereas the 29SiO and 3°SiO lines are optically thin.

The I(H*2CN)/I(H!3CN) ratio for the J = 1—0 lines is derived to be 27, which is lower than
the standard 12C/13C ratio in interstellar clouds (60) by a factor of 0.45. The I(HCN)/I(HC'N)
ratio is 130, while the interstellar value of N /1PN is 237 (Lucas and Liszt 1998). Hence, the
HCN line is slightly optically thick. On the other hand, I(H!¥CN)/I(HCN) is determined to
be 4.8. If we calculate the [H*CN]/[HC°N] ratio by assuming [H'3CN]/[H'2CN] of 1/60 and
[HC'N]/[HCN] of 1/237, this ratio should be 4.0. Since this value is close to the observed
value, the H¥CN and H'CN lines can be regarded as optically thin.

We evaluated the I(12CH30H)/I(13CH30H) ratio to be 51.4 for the sum of the 2_1 9 —1_1 1,
202 — 1og ATT and 292 — 1p1 E lines. On the other hand, the ratio is 21.2 for the 8y — 717
AT lines. Since the latter ratio suffers from the possible maser effect of this line (e.g. Plambeck
and Menten 1990), we employ the former value for comparison. The I(*2CH30H)/I(*3CH30H)
ratio is close to the standard interstellar 12C/'3C ratio of 60, and hence, we can say that the
12CH30H lines are not optically thick.

3.4 Discussion

3.4.1 Excitation Calculation
Absorption Lines of CH;0H

We detected two absorption lines of CHsOH (6_25—7_17 E, 313—404 ATT; Yamaguchi et al.
2012; Figure 3.3) in L1157 B1. This result means that the excitation temperatures of these two
lines are lower than the cosmic microwave background temperature (2.7 K). This result clearly
indicates the non-LTE condition for the rotational level population of CH3OH in this source.
Then, we applied the non LTE radiative transfer code, RADEX (van der Tak et al. 2007), to
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31,3 —40,4 AT line. We found that this line is sensitive to the physical condition of clouds, and
the absorption feature well reflects that in L1157 B1.

. _6(-2,5)-7(-1,7) E

3(1.3)-4(0.4) ATF
-0.1r . 1

.

-50 -40 -30 -20 -10 O 10 20 30 40 50
Vigr (km/s)

Figure 3.3: The absorption lines of CH30H (6_25 — 7_17 E and 313 — 404 ATT)

Statistical Equilibrium Calculation

We employed the statistical equilibrium calculation in order to analyze the observed inten-
sities. This method calculates the rotational level population by considering excitation and
de-excitation processes by collision, absorption, and emission. We used the code 'RADEX’ (van
der Tak et al. 2007), in our calculation. The outline of the RADEX program is described in
Appendix C.

First, we applied this method to all CH30H transitions, and compared the observed values
using the minimum y? method. We assumed three column densities of CH30H, 10'* ¢cm~2,
10" cm™2, and 10' cm™2 for simplicity. We found that only 10 cm™2 can well reproduce the
observed intensities (Figure ??). We fixed the kinetic temperature to be 64 K which is derived
from the CH3CN rotation temperature. Then, the Hy density is determined to be 2 x 10° cm™3
(Figure 3.5).

Next, we calculated column densities of some simple species by use of the chi-square method,
assuming the Hy density derived for CH3OH, and the kinetic temperature. The results are
listed in Table 3.7. The statistical equilibrium calculation is more preferable for interstellar
clouds, because it employs the different excitation temperatures for the different transitions.
However, the collisional cross section data are not available, and hence, we practically use the
LTE method. The difference between these two methods are confirmed to be small in our case.

3.4.2 Comparison of Vj,-Av Diagram
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Figure 3.4: Statistical equilibrium calculation for the CH3OH lines. The vertical axis indicates
the radiation temperature, and numbers on horizontal axis correspond to the transitions of
6_25-T—1,7 B, 210-11,0 ATT,2_15-1_11 E, 202-101 ATF, 202-101 E, 211-110 E, 211-110 A7,
31,3-40,4 A*T and 00,0-1—1,1 E. The cross, star, open square, and closed square represent the Hy
density of 2 x 104, 7 x 10%, 3 x 10, and 1 x 10% cm™3, respectively.
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Figure 3.5: (a): Statistical equilibrium calculation of CH3OH radiation temperatures with the
kinetic temperature of 64 K, and the column density of 10* cm™
Figure 3.4. The minimum y? method indicates that the Hy density of 2 x 10° cm™2 is the best

fit. (b): The enlarged part of (a) shows that higher excitation lines show the best fit with the

Hy density of 2x10° cm™3.

Molecules N (Tyor = 12 (K)) Radex

(cm~?) (cm~?)
CH30H (1.740.5)x 10"  1x10%
HCN (1.140.5)x 10 2x10
HBCN (2.340.6)x 102 4x10'2
HCPN (1.3£0.5)x10*2  7x10%
HNC (1.7£0.5)x 10 9x10'2
HNCO (2.840.7)x10"  2x10'3
HC3N (4.241.0)x 10" 1x10'3
CH3CN (3.141.4)x10%  7x10'2
CS (2.240.7)x 10"  1x10™
0Cs (7.942.4)x10"  6x10'3
SO (2.240.6)x10*  1x10*
SOq (3.14£0.7)x10*  8x10%
H,CS (1.0£0.5)x10*  2x10'3
HCO™* (2.54+0.8)x10%  2x10'3
HCS* (1.94£0.7)x10'2  3x10'2
NoH™ (3.04£0.7)x 101 2x10%
SiO (6.841.9)x10"  4x10'3
S0 (6.841.7)x10*2  4x10'?
CcO (1.74£1.4)x10*7  2x10%7
13Co (4.441.1)x10%  2x10%
c-C3Hy (3.6£1.1)x10*2  2x10'2
CN (1.54+0.5)x10*  1x10*

Table 3.7: Column Densities of Simple Molecules Calculated by the LTE Method (left) and

Statistical Equilibrium Method (right).
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Figure 3.6: (a): Vig-Avw plots for SiO (J = 2 — 1) CH30H (5_15 — 40,4), and 3CO (1-0). (b):
Those for all spectra. The size of the circle approximately represents the intensity. The vertical
dotted line at Vig: = 2.7 km s~! shows the systemic velocity of the L1157 cloud.
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Figure 3.7: Vig-Av plots for various molecules. See Figure 3.6(b) and its caption for the size

of the circle. The vertical dotted line at Vi = 2.7 km s~! shows the systemic velocity of the

L1157 cloud.
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Since L1157 Bl is a shocked region impacted repeatedly by the blue lobe of the molecular
outflow, typical line profiles tend to be blue-shifted with respect to the systemic velocity of the
quiescent gas (~ 2.7 km s~1). Furthermore, they show broad line widths from 5 to 9 km s~
The peak velocity (Vis;) and the line width (Awv) are approximately determined by assuming
the Gaussian profile, although the actual profile is slightly asymmetric. The results are given
in Table 3.2 with the fitting errors. Although the spectral resolution is about 3 km s~!, we can
determine the Vi value much more precisely by the fit, as shown in Table 3.2. The Vi and Av
values thus determined should reflect differences of the distributions of molecules to some extent.
In this section, we discuss the relation between Vig, and Av for various kinds of molecules.

For this purpose, we employ the SiO (J = 2—1), CH30H (5_15 — 404 E) and 13CO (J = 1-0)
lines as the standard lines (Fig. 3.6(a)). Among many CH3OH line, we choose this line, because
it is relatively strong and is free from blending of other lines. SiO is considered to be released
into the gas-phase through disruption of silicate grains by strong shocks (Mikami et al. 1992).
Hence, the distribution of this molecule is concentrated around the shock front of the outflow
(e.g. Bachiller et al. 2001). As the result, the SiO (J = 2 — 1) line shows the most blue-shifted
peak velocity and the broadest line width. Namely, it has Vi of —1.6 4+ 0.5 km s~! and Av of
941 km s!, which is located near the upper-left corner of the Vig,-Awv plot (Fig. 3.6(a)). On
the other hand, CH3OH is produced in grain mantles, and is released into the gas-phase by the
sputtering. The mapping observation by Bachiller et al. (2001) indicates that the distribution
of CH3OH is more extended than that of SiO, although the emission peak is close to that of the
SiO emission. Since CH3OH is evaporated more easily than SiO, the evaporation of CH3OH can
occur even under weaker shocks. Hence, the peak velocity is less blue-shifted than the SiO line,
and the line width is narrower. For example, the line profile of the 5_1 5 — 40 4 E line has Vjq of
—0.5540.03 km s~! and Av of 5.840.2 km s~!. In contrast, the 3CO (J =1-0) line is mainly
emitted from the quiescent ambient gas, and hence, the peak velocity and the line width (Vig, =
3.340.1 km s, Av = 3.140.2) are much different from those of the SiO and CH3OH lines. This
is also true for the C'®0 (J = 1-0) line. The Vi, values of the ¥CO (J = 1-0) and C'¥0O (J
= 1-0) are 3.3 and 3.0 km s™!, respectively, which are close to the systemic velocity (~ 2.7 km
s~1). If the line profile reflects the distribution of molecule as seen in the above representative
molecules, the line width will systematically decrease as the peak velocity becomes closer to the
systemic velocity. In fact, the correlation diagram of Vig-Aw for all the detected lines indicates
such a trend, as shown in Fig. 3.6(b). In the following subsections, we will discuss the Vjg-Av
plot for each class of molecules.

Organic Molecules

Figures 3.7(a)-(d) indicate the Vig-Av diagrams of CH;OH, CH3CHO, HCOOH and HCOOCHj .
As mentioned above, the CH3OH lines have redder Viy, and narrower Av than the SiO (J =
2—1) line (Fig. 3.6(a)), although the plots are scattered considerably. As mentioned above,
the difference between the two molecules reflects the difference of their distributions, and then
the difference of their production processes. The averaged position in the diagram is (Vig,, Av)
= (0.1 km s7!, 5.9 km s~!). Figure 3.8 (a) and (b) show the correlation plots between the
Visr values and the upper-state energies (E,) of the CH3OH lines and between the line widths
and F,, respectively. No apparent correlations are found, indicating that the emitting region is
almost the same for these lines.

The CH3CHO lines show a similar trend as shown in Fig. 3.7(b). The averaged position
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Figure 3.8: Top: For CH30H line profiles, (a) is the Viy-F, diagram, and (b) is Av-E,, diagram.
Here, E, denotes the upper state energy of the transition. There seems no apparent correlation
in both diagrams. Bottom: For fundamental molecules, (d) is the Viy-Fp, and (d) is the Awv-
Ep diagram, respectively, where Ep denotes the desorption energy. There seems no apparent

correlation.

44



in the diagram is (Vig;, Av) = (0.6 km s~!, 5.2 km s~!) for the CH3CHO lines, although the
individual data of the CH3CHO lines are scattered due to a low signal-to-noise ratio. A slight
difference of the averaged Vg between CH30H and CH3CHO might indicate the difference of
production processes between them. Sugimura et al. (2011) suggested a possibility of the gas-
phase production of CH3CHO in the shocked region in contrast to the CH3OH case. A more
extended (higher Vig;) nature of CH3CHO looks consistent with their suggestion. However, this
argument apparently requires more statistics. Similarly, the averaged positions for the HCOOH
and HCOOCH3 lines seem to have higher peak velocities and narrower line widths in comparison
with those of the SiO (J = 2 — 1) line (Figure 3.7(c) and (d), respectively). Nevertheless, the
line profiles of CH3CHO, HCOOH, and HCOOCH3 still have lower peak velocities and broader
line widths than those of ¥CO, which means that they do not mainly come from the ambient
gas.

Sulfur-containing Molecules

Figures 3.7(e)-(h) are the Vis,-Av diagrams for CS and its isotopomers, SO and its isotopomer,
SO4, and HyCS. The averaged positions for these molecules in the diagram are also shifted toward
the lower-right direction in comparison with that of SiO (J = 2—1). Mikami et al. (1992) pointed
out that the SiO (J = 2—1) line is detected only toward shocked regions such as L1157 B1 and
L1157 B2, whereas CS (J = 2—1) can also be seen toward the protostar position (L1157 mm).
The mapping observations of L1157 by Bachiller et al. (2001) indicated that the distribution of
CS (J = 3—2) is more extended than that of SiO (J = 3 —2), although the distributions of both
the CS and SiO emissions have a peak around the shocked regions. The same situation holds
for SO (Bachiller et al. 2001). The difference of the averaged positions in the Vig-Av diagram
reflects the difference of the distributions between these sulfur containing molecules and SiO.
As mentioned in section 3.3.5, these sulfur-containing molecules are thought to be produced by
the gas-phase reactions in the high temperature gas from HsS evaporated from grain mantles
(Charnley 1997). If so, the sulfur-containing molecules in L1157 B1 originate from the grain
mantle as in the case of the organic molecules, and hence, the averaged positions in their Vig-Awv
diagrams are expected to be similar to each other. However, the data for the sulfur-containing
molecules tend to be located in the lower Wiy (average = —0.27 km sfl) in comparison with
those for organic molecules such as CH3CHO, HCOOH and HCOOCH; (average = 0.43 km s~ 1)
in Figure 3.7. This systematic trend may indicate that the distributions of the sulfur-containing
molecules are different from those of the organic molecules in the shocked region.

Carbon-chain Molecules

Figures 3.7(i) and (j) are the Vig-Av diagrams of CoH and CCS, respectively. As in the
case of organic molecules and the sulfur-containing molecules, the averaged positions in the
Visr-Av diagrams for these carbon-chain molecules are shifted toward the lower-right direction
in comparison with that of the SiO (J = 2 — 1) line. Namely, they have higher peak velocities
and narrower line widths than the SiO (J = 2 —1) line. The averaged line widths are from 5 to
7 km s~!. This feature suggests that the lines of carbon-chain molecules mainly come from the
shocked regions. It seems likely that the production of these carbon-chain molecules is triggered
by the grain mantle evaporation, not by the disruption of grain cores.

Recently, production of carbon-chain molecules through the evaporation of CHy is reported
for some low-mass star-forming regions (Sakai et al. 2008). This is called warm carbon-chain
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chemistry (WCCC). In WCCC, carbon-chain molecules are produced in a lukewarm region (7" ~
25 K) around the protostar, where HoO is still frozen-out. The evaporated CHy reacts with C*
to form CQH;;, which is a precursor ion for CoH and CoHy. The similar process may be possible
in the shocked region. However, HoO is also evaporated from dust grains and can be a main
destructor for C™ in L1157 B1 unlike in L1527. Hence, the production efficiency of carbon-
chain molecules would not be very high. Our result will be useful for further studies of the
carbon-chain chemistry in the shocked region.

Other Molecules

Figures 3.7(k) and (1) are the Vig-Av diagrams of CO with its isotopomers and molecular
ions, respectively. The '2CO line shows the exceptionally lower peak velocity and broader line
width than the other CO isotopomers, because it well traces the outflow and the shocked region
due to its high optical depth. On the other hand, the rare CO isotopomers mainly trace the
ambient gas. A similar situation can be seen for the molecular ions (HCO* and H!¥*CO™) and
CS (CS, 13CS, and C?3S). The optically thick HCO™ line tends to trace the outflow and the
shocked region, whereas their rare isotopomer lines trace the ambient gas. The NoH™ line has
the peak velocity approximately close to the systemic velocity of the ambient gas and the narrow
line width of 1.14 km s~ !, and hence, the NoHT ion mainly exists in the ambient gas.

In the above subsections, we have compared the Vig-Av plots for some classes of molecules.
Such a plot is found to be useful to study the distribution of each molecule qualitatively from
the single dish data. However, our results have to be confirmed eventually by high spatial
resolution observations with interferometers. It should be noted that the Vig,-Aw plots are not
the consequence of the different desorption energies of molecules. This is confirmed by the
absence of correlation of Vig,-Av with the desorption energies, as shown in Figure 3.8 (¢) and
(d). Once the icy grain mantle is sublimated, all the molecular species contained in the mantle
are liberated into the gas-phase.

3.4.3 Comparison with Star-forming Regions

We have detected several organic molecules such as HCOOH, HCOOCH3, CH3CHO, and
CoH50H in L1157 B1. They are typically found in hot-core/corino sources. Because of ener-
getic star-forming activities, their chemical compositions are different from those in cold qui-
escent dark clouds such as TMC-1 and L134N. The chemical composition in L1157 B1 is also
significantly different from that in dark clouds in that these dark clouds are rich in carbon-chain
molecules rather than saturated organic molecules. Therefore, we employed the representative
star-forming regions, IRAS 16293-2422, Sgr B2, and Orion KL for comparison.

TRAS 16293-2422 is a famous low-mass hot corino source, which involves a binary protostar
system. The chemical composition of this source is much different from that in cold dark
clouds in that various saturated complex organic species and some shock tracers such as SiO
are detected. These characteristics are considered to originate from the high gas density and
energetic star-forming activities. Thus, we think that TRAS 16293-2422 can be a good source
for comparison with L1157 B1 shocked region.

The Orion-KL is a gigantic and complex high-mass star-forming region including several com-
ponents, which are distinguished by their chemical and physical natures. The “extend ridge”
position corresponds to a peak in molecular and dust emission about 24” northeast of IRc2.
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L and

Its kinematic signature is characterized by a relatively undisturbed gas of Av ~ 3 km s~
Viee ~ 10 km s~!. The “hot core” position is almost centered at IRc2. This region indicates
somewhat active traits with the dense and warm material, the higher velocity dispersion of Aw
~ 5-10 km s7!, and a Vi ~ 5 km s~!, which is blue-shifted with respect to the ambient cloud.
The “compact ridge” position is located about 8” southwest of IRc2, which also shows warm
and dense physical conditions, though relatively quiescent compared with the “hot core”. The
“plateau” is formed by a high-velocity bipolar outflow originating from the vicinity of IRc2, and
is traced by CO, SiO and vibrationally excited Hy. Hence, we choose “hot core”, and “compact
ridge” for comparison because of their rich chemistry.

Sgr B2 mainly consists of three parts, which are denoted as N, M, and NW. In Sgr B2(N),
spectral lines of complex organic molecules are conspicuous, and the rotation temperatures of
molecules often exceed 200 K, while SOz is the dominant source of emission in Sgr B2(M). Sgr
B2(NW) traces the cloud envelope, where rotation temperatures range from 15 to 50 K. Here,
we choose Sgr B2(N) for comparison because it seems to represent the organic chemistry in the
cloud.

In Table 3.8, we summarize the molecular abundance ratios relative to CH3OH in the above
sources and L1157 B1. Since CH30H is the most fundamental saturated organic molecule, we
employed this as a reference molecule. By taking the abundance ratios, we can escape from
the beam dilution problem which is essentially different from source to source. In L1157 B1,
the abundance ratios of organic molecules range from 1073 to 1072. This tendency is similar to
those in massive star-forming regions. On the other hand, those abundances in IRAS 16293-2422
seem higher by one or two orders of magnitudes.

In Figure 3.9 and 3.10, we plot the abundances of various molecules relative to CH3OH for
Orion KL hot core, compact ridge, SgrB2(N), and IRAS 16293-2422 against that for L1157 B1.
Overall, IRAS 16293-2422 shows higher abundance ratios than L1157 B1, especially in complex
organic molecules such as HCOOH, HCOOCHj3, and CH3CHO. On the other hand, Sgr B2(N),
and Orion KL (Hot Core, Copact Ridge) tend to have comparable or lower abundance ratios of
HCOOH, CH3CHO, and CoH50H, although CH3CN is more abundant by one to two orders of
magnitude than in L1157 B1. These result may indicate that production processes of oxygen-
containing organic molecules are different from that of CH3CN.

The molecular abundances in L1157 B1 are rather similar to those in high-mass star-forming
regions in spite of significant differences in physical conditions. As discussed by Sugimura et al.
(2011), complex organic molecules in L1157 Bl are considered to originate mainly from grain
mantle. If this is also the case for high-mass star-forming regions, the grain mantle compositions
in L1157 B1 would be similar to those in Ori KL and Sgr B2. In contrast, the grain mantle
compositions in L1157 B1 are much different from those in the low-mass protostar, IRAS 16293-
2422. The grain mantle of IRAS 16293-2422 should be very rich in complex organic molecules.

In general, the grain mantle compositions vary along the physical evolution of clouds. In the
starless core phase, when the cloud temperature is as low as 10 K, hydrogenation processes are
dominant, because heavy species such as C, N, O, OH, CO, and HyCO cannot move around the
surface. Hence, formation of complex species is not very efficient. If grain mantle is evaporated
by shocks or sudden protostellar heatings at this stage, the abundances of complex organic
molecules in the gas-phase would not be very high. This seems to be the situation for L1157 B1
and probably for Ori KL and Sgr B2. Since the evolutionary speed of high-mass stars is very
fast, chemical processes on dust grains during the warm-up phase do not work efficiently. On
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the other hand, low-mass protostars such as IRAS 16293-2422 evolve slowly, and warm-up the
surrounding region gradually. In this case, heavy species can move around the surface, and have
a chance to react with other heavy species, although this process competes with hydrogenation
(Garrod and Herbst 2006). However, the H atom abundance on the surface becomes lower for
higher grain temperature, and hence, the hydrogenation is suppressed in the warm-up phase.
Because of these reasons, the complex organic molecules are produced efficiently on grain surface
of low-mass starforming regions to give their high gas-phase abundances.

The abundances of sulfur-bearing molecules in L1157 B1 are compared with those in other
regions. For this purpose, we employ SO as a standard molecule, and calculated the abundances
relative to SO (Table 3.9). The abundances are generally higher than those in the cold quiescent
dark cloud L134N. For OCS, CS, and H5CS, the ratios in L1157 is higher than those in Ori KL
(hot core and compact ridge) and Sgr B2(M). This reflects higher abundance of SO in these
regions. Ori KL and Sgr B2 are very active high-mass star-forming regions, and hence, much
more sulfur is supplied from dust grains there than in L1157 B1. Since carbon is mostly fixed
to CO, SO is expected to be produced efficiently. This picture is consistent with the result that
the SO/SO; ratio does not vary very much among the sources.

Molecule L1157 B1 IRAS 16293 Sgr B2(N) Orion KL(HC) Orion KL(CR)

CoH50H  0.022(14) - 0.0055¢ 0.02/ 0.004f
CH3CHO  0.015(7) 0.17¢ 0.0064¢ - 0.000519
NH,CHO  0.0014(8)  0.0007° 0.002¢ 0.001/ 0.0008/
HCOOH  0.011(7) 0.21¢ 0.00084¢ 0.0055f 0.0037f
HCOOCH;3 0.057(34) 1.3 0.0091¢ 0.1/ 0.083/
CH3CN  0.003(11) 0.033¢ 0.13¢ 0.028/ 0.013/
HNCO 0.016(6) 0.039¢ 0.00034¢ 0.14f -
0CSs 0.046(20) 0.22¢ 0.0013¢ 0.0797 0.073f
SO 0.13(5) 0.35% 0.07¢ 1.4f 0.677
SO, 0.18(7) 0.33¢ 0.16° 0.857 0.437
H,CS 0.059(34) 0.427 0.096¢ 0.0061f 0.0033/
SiO 0.04(16) 0.007¢ 0.000014° 0.0437 0.02/

“Cazaux et al. (2003) *Kahane et al. (2013) “van Dishoeck et al. (1995) Blake et al. (1994)
°Nummelin et al. (2000) fSutton et al. (1995) 9Tkeda et al. (2001)

Table 3.8: The molecular abundance ratios to CH3OH compared with other sources.
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N(SO) N(H:S)/N(SO) N(SO2)/N(SO) N(OCS)/N(SO) N(CS)/N(SO) N(H»CS)/N(SO)

Source (em?)

Sgr B2(N)® 3.5x107 - 2.3 0.019 - 1.4
Sgr B2(M)¢ 6.2x1017 - 8.1 0.0082 - 0.0012
Hot Core? 1.5%x10%7 - 0.63 0.058 0.033 0.0045
Compact Ridge® 2.0x107 - 0.65 0.11 0.04 0.0049
Extended Ridge® 1.1x10% - 0.42 <0.9 3.0 0.31
L134N¢ 2.0x10M 0.04 0.2 0.1 0.05 0.03
L1157 Bl 2.2x10M 0.8-1.34 1.4 0.36 1.0 0.45

“Nummelin et al. (2000). “Sutton et al. (1995). ©Ohishi et al. (1992). 9Bachiller and Peréz
Gutiérrez (1997).

Table 3.9: Abundace ratios to SO of sulfur-baring molecules.
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Chapter 4

Phosphorus-containing Molecules

4.1 Interstellar Phosphorus-containing Molecule

Phosphorus is a relatively abundant element, whose cosmic abundance relative to H is 4 x
10~7. Although it is lower by two orders of magnitude in abundance than those of the other
third-row elements like Si and S, six phosphorus-containing molecules have been identified in
space. They are PN (Turner and Bally 1987; Ziurys 1987; Turner et al. 1990), CP (Guélin
et al. 1990), PO (Tenenbaum et al. 2007), HCP (Aguindez et al. 2007), CCP (Halfen et al.
2008), and PH3 (Agundez et al. 2008; Tenenbaum and Ziurys 2008), where the detection of PH3
is tentative. Among them, PN is the only phosphorus-containing molecule found in molecular
clouds, while all of them are detected toward the envelopes of evolved stars like IRC+10216.
So far, PN has been detected toward high-mass forming regions such as Orion KL, W51, and
Sgr B2, whereas it has not been found in cold starless cores (Turner and Bally 1987; Ziurys
1987; Turner et al. 1990). Hence, high temperature chemistry is thought to be important for
its production (Turner and Bally 1987; Ziurys 1987).

A theoretical model for the gas-phase phosphorus chemistry in molecular clouds was first
discussed by Thorne et al. (1984) on the basis of the laboratory experiment of the reaction
rates for phosphorus-containing molecules. Later, Millar and Herbst (1987) and Millar et al.
(1991) presented the chemical model simulations including phosphorus-containing molecules,
and indicated that PN is the most stable phosphorus-containing molecule in the gas-phase of
molecular clouds. Charnley and Millar (1994) considered the phosphorus chemistry in hot cores,
and proposed that PN is formed from PH3 evaporated from grain mantles. However, this scheme
has not been confirmed because of limited observations, and hence, the phosphorus chemistry
is still poorly understood.

L1157 B1 is a famous shocked region in the L1157 molecular cloud, which is formed by the
interaction between the ambient gas and the blue lobe of the outflow from the low-mass protostar
IRAS 2038646751 (Umemoto et al. 1992; Mikami et al. 1992). In the course of the spectral
line survey with the Nobeyama 45 m telescope, we fortuitously detected the J = 2-1 line of PN
toward L1157 B1. In this chapter, we present the detection of PN, and discuss the phosphorus
chemistry in the shocked region.
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4.2 QObservations

Observations were conducted with the 45 m radio telescope at Nobeyama Radio Observatory
from 2010 February to May. Frequencies and line strengths of the PN (J = 2-1) line and
the other shock tracer lines (SiO and CH30H) are listed in Table 4.1. The 2SB SIS receiver,
T100 H/V, was used in the observations, whose system temperature ranged from 150 to 250 K
(Nakajima et al. 2008). The image rejection ratio is typically higher than 13 dB. The main-beam
efficiency (7mp) is 0.45, and the half power beam width (HPBW) of the telescope is 18”. We used
autocorrelation spectrometers (ACs) and acousto-optical radio spectrometers (AOS-Hs) as the
backend, whose velocity resolutions are 1.6 km s~! and 0.118 km s~!, respectively, at 94 GHz.
We checked the telescope pointing by observing the nearby SiO maser source (T Cep) every
hour, and maintained the pointing accuracy to be better than 8”. We observed the spectral
lines listed in Table 4.1 toward the B1 and B2 positions (Bachiller and Pérez Gutiérez 1997),
as well as toward the protostar position of IRAS 20386+6751. The observed positions in L1157
are given in Table 4.2. The offsets of the B1 and B2 position from the protostar position are
(20", -60") and (45", -105"), respectively. The position-switching mode was employed for all the
observations, where the off position was taken at (c2000.0, 92000.0) = (20139™9.75°%, 68°21'15.9").

4.3 Results

4.3.1 Detection of PN

We detected the J = 2-1 line of PN toward the position B1 in the course of the spectral line
survey. The line profile is shown in Figure 4.1, where AC is used as the backend. The systemic
velocity of the quiescent gas is 2.7 km s~!, whereas the molecular lines observed toward B1 show
a slightly blue-shifted feature. The Vis, value for the PN (J = 2-1) line is -0.66 km s~!, which
is reasonable for the line at the B1 position. Here we employ the rest frequency of the PN (J
= 2-1) line without the hyperfine structure (93979.7695 MHz) taken from CDMS. We carefully
checked the available molecular line databases (CDMS and JPL), and found no accidentally
overlapping lines of molecules known toward this source either in the signal or image bands. In
fact, we find no line emission in the corresponding image frequency according to our line survey
observation. Furthermore, no coincidence of other molecular transitions with PN (J = 2-1) was
reported in the Ori KL spectrum by Turner and Bally (1987). Based upon these results, we
conclude that the detected line is the J = 2-1 line of PN.

The J = 2-1 line of PN splits into the hyperfine components due to the nuclear quadrupole
interaction of the N nucleus (I = 1), as shown in Table 4.1. The F' = 3-2 and 2-1 components
have the frequencies which are close to the above frequency without the hyperfine structure,
whereas the F' = 1-0 and F' = 2-2 components appear at the slightly red-shifted velocity by
4.9 km s~ (Table 4.1). The F = 1-0/2-2 components were not detected clearly in this study,
because of its weak intrinsic intensity (0.27 times of the F' = 3-2/2-1 components), although a
little hump marginally seen at the high velocity side in the AC spectrum may be a sign of the
F = 1-0/2-2 components.

After the detection of PN toward B1, we conducted observations toward the B2 (see Figure
3.1 for its position) and protostar positions as well as the B1 position with the higher spectral
resolution by using AOS-H. The B2 position is located in the downstream of B1, where the
outflow is decelerated and the velocity widths of various molecules become narrower than those
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Figure 4.1: Observed spectral line profiles of PN, CH30H, and SiO toward L1157 B1, B2, and
the protostar position. The IRAS position (L1157 mm) is (a2000.0, 02000.0) = (20"39™06.2°,
68°02'15.9”). The position offsets for B1 and B2 from the IRAS position are (20", -60”) and
(45", -105"), respectively. Vertical lines represent the systemic velocity of the L1157 cloud. As
for the AOS-H spectrum of PN, 16 channels are summed up to improve the signal to noise
ratio. The resultant velocity resolution is 1.9 km s~!. The Vi velocity for PN refers to the rest
frequency without the hyperfine splitting, and that for CH3OH refers to the rest frequency of
the 202-1p1 AT line. The hyperfine splitting is not resolved in this observation.
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in the B1 position (e.g. Bachiller and Pérez Gutiérez 1997). Toward the B2 position, we also
detected the PN (J = 2-1) line (Figure 4.1). The Vi, value for the PN line is 1.7 km s~! toward
B2, which is close to the systemic velocity of the L1157 cloud. On the other hand, we did not
detect the PN line toward the protostar position (Figure 4.1). These results likely suggest that
the distribution of PN is localized in the shocked region.

4.3.2 Line Profiles

Here we compare the line profiles of PN (J = 2-1) with those of the shock tracer lines, CH;OH
(Jig = 2x-1) and SiO (J = 2-1) (Figure 4.1). The line widths of PN are 3.8 km s~! and 3.7
km s~! toward Bl and B2, respectively, which are narrower than those of SiO, 7.9 km s~! and
5.2 km s~ !, respectively (Table 4.3). On the other hand, they are rather close to the line widths
of CH30H, 6.6 km s~! and 4.2 km s~! toward B1 and B2, respectively (Table 4.3), although
toward B1, the line width of PN is still narrower than that of CH3OH. The CH30H molecule in
the gas-phase originates from the evaporation of the grain mantle caused by shock (Avery and
Chiao 1996), whereas SiO is supplied mainly by disruption of the silicate grains (Mikami et al.
1992). The requirement for the grain disruption under stronger shock conditions is evidenced
by the broader SiO line profiles as compared to those of the CH3OH lines. Hence, it seems that
the formation of PN is related to the grain mantle evaporation rather than the disruption of the
grains.

4.3.3 Column Densities

We calculate the column density of PN, assuming the local thermodynamic equilibrium (LTE)
and optically thin conditions, as summarized in Table 4.4. The excitation temperature is un-
certain for PN, and hence, we calculate the column density for three excitation temperatures,
Tiot = 12 K, 30 K, and 50 K, referring to other molecules observed in this region as in the
case of Chapter 3 (Sugimura et al. 2011; Arce et al. 2008; Bachiller et al. 1995). The column
density toward the B2 position is almost comparable to that toward the Bl position. These
values are lower by one or two orders of magnitude than those reported for Ori KL, W51 and
Sgr B2 (Turner and Bally 1987), as shown in Table 5. The fractional abundances of PN relative
to Hy are also evaluated (Table 4.5). Here the N (Hs) value of 2 x 102! cm~2 based on the C'80
observation is used for the B1 and B2 positions, whereas 5 x 102! cm~? is used for the protostar
position (Bachiller and Pérez Gutiérrez 1997). The fractional abundances of PN in L1157 Bl
and B2 are found to be comparable to or higher than those found in the high-mass star forming

regions.

4.3.4 The PN Detection in Another Shocked Region in NGC 1333

After detection of PN in L1157 B1, we intended to explore how ubiquitous this molecule is in
shocked regions. For this purpose, we observed the NGC 1333 TRAS 4 region.

NGC 1333 IRAS 4 is a low-mass binary system in Perseus. This region harbors two class 0
protostars, IRAS 4A and 4B, toward which some complex organic molecules such as CH3CHO
and HCOOCH3 are detected (Bottinelli et al. 2004). The high-velocity SiO emission traces the
bipolar outflow from IRAS 4A, and blue/redshifted components are well distinguished in the
map observed by Lefloch et al. (1998, Figure 4.2). From the extent and the terminal velocity
of each component, the typical dynamical ages are estimated to be 3500 and 3200 yr for the
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Figure 4.2: SiO (J =2 — 1) map in NGC 1333 IRAS4 (Lefloch et al. 1998). The lowest contour

1

and contour interval are 1 and 0.5 K-km s, respectively. The ambient SiO component is

indicated in black contours. The white circle indicates the observed position.

blue and red wings, respectively. In this outflow, the average abundance of SiO is calculated to
be 3.5 x 1078, Apart from this outflow, more extended narrow line emission of SiO was found,
whose peak velocity corresponds to that of the ambient gas. Typical line widths range from
0.4 to 1.2 km s~!. SiO abundances in this component are (1-5) x 10710, being lower by two
orders of magnitude than that of the outflow from IRAS 4A. This component is considered to
originate from the outflow of the protostar SVS 13b located at the northwest of IRAS 4 with
the separation of 2/, which occurred much earlier than the outflow of IRAS 4'3). Lefloch et al.
(1998) estimated that the ambient component was formed in the timescale of ~ 10 yr (Figure
4.2).

We conducted the observation of PN (J = 2 — 1) toward a shocked region in the outflow
of IRAS 4A, which corresponds to the Hy (1 — 0 S(1)) peak, CHH16, named by Choi et al.
(2006)'9), and tentatively detected its narrow emission (Figure 4.3). The peak velocity is 7.1
km s~1, which is close to that of the ambient gas (7.8 km s~1). The line width is 1.5 km s™!,
although it is not resolved.

The peak velocity of the ambient component of SiO line (J = 2 — 1) in this region is 8 km
s!, and the line width is 2.4 km s~!. On the other hand, the peak velocity is -3.6 km s~! and
the line width is 12 km s~! for the blueshifted component of the outflow from IRAS 4A (Figure
4.3(b)). In comparison, the lack of the blue-shifted component in the PN line (J = 2 — 1) seems
to indicate that PN is not abundant in the shocked region currently caused by the outflow of
IRAS 4A but in the ambient gas affected by the old shock.

4.4 Discussion

Although the ground-state electric structures of the phosphorus and nitrogen atoms are iso-
valent with each other, their gas-phase chemistry in interstellar clouds is much different. For
instance, the PT ion and its hydrides (PH;") do not react with Hg, and hence, the ion molecule
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Figure 4.3: Spectral line profiles of PN (J = 2—1), SO (23—15), and SiO (2-1) detected in L1157
Bl (a) and NGC 1333 IRAS 4 (b). Each vertical dashed line indicates the systemic velocity of
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reaction scheme starting from P is ineffective (Thorne et al. 1984). Therefore, the phosphorus
ions and atoms would tend to be depleted onto dust grains before reacting with the gas-phase
species.

According to Charnley and Millar (1994), the most abundant phosphorus-bearing molecule on
grain mantles is PHg, which is formed through hydrogenation of the P atom on grain mantles.
This molecule is evaporated in the shocked region, which triggers the gas-phase phosphorus
chemistry. First, PH3 reacts with the H atoms to produce PHs and PH by abstraction reactions
such as

H + PHs — PHs + Ho, (4.1)
H+ PHy; — PH + Ho.

Although these reactions have the activation-energy barriers, they can proceed in warm condi-
tions with the gas temperature greater than 100 K. Then, PH reacts with the oxygen atom to
form PO, which further reacts with the nitrogen atom to produce PN as,

N+ PO — PN+ O, (4.3)
or PH directly reacts with the nitrogen atom to form PN as,
N+ PH — PN + H. (4.4)

Note that the following reactions would also contribute to the PH and PO productions, and
eventually to the PN production, according to the UMIST database.

PH, + O — PH + OH, (4.5)
PH2+O—>PO+H2

With the gas kinetic temperature of 100 K and the initial PH3 fractional abundance of 1.2 x
1078, Charnley and Millar (1994) predicted that PN can be formed on a time scale of >10% yr
after mantle evaporation, and can reach an abundance of a few x 10~°. This is higher by one
order of magnitude than the observed values for L1157 B1 and B2. As they pointed out, the
PN abundance directly scales with the adopted PHs abundance, which is arbitrarily assumed
to be 1.2 x 107® in their calculation. This initial abundance of PH3 may be high, considering
that the cosmic abundance of P is 4 x 10~7. Even if the PH3 abundance is lower by an order
of magnitude than the above assumption, our observational result for L1157 B1 and B2 can be
explained.

The model requires the high temperature conditions (7" > 100 K) in order to overcome the
activation barriers of the abstraction reactions 4.1-4.2. Indeed, such a high temperature condi-
tion is fulfilled in some parts of L1157 B1 and B2, according to the NH3 observation (Umemoto
et al. 1999). The reaction time scale for these initial reactions is estimated to be less than 1000
yr according to the abundance curve of PH3 in the simulation (Figure 1 of Charnley and Millar
1994). Since the cooling time of the shocked region is from a few 100 to 1000 yr, a substantial
part of PH3 will be converted to PH. The subsequent reactions to form PN are all exothermic
without reaction barriers, and hence, they can proceed even after the temperature becomes
below 100 K. The model requires the time scale of 10* yr for the PN production. Since the
timescale of the outflow is reported to be 1.8 x 10* yr (Umemoto et al. 1992), PN can certainly
be formed in the shocked region of L1157 B1. Conversely, PN is not abundant in a fresh shock,
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Table 4.1: Observed Lines

Molecule  Transitions  v(MHz) Su?
PN? 2-1, ' =3-2 93979.8913 21.1750
2-1, F=2-1 93979.7707 11.3438
2-1, FF =1-0 93978.4749 5.0419
2-1, FF =2-2 93978.2075 3.7813
2-1, FF =1-1 93982.3207 3.7813
CH;0H 21,1 1, E 96739.362  1.2134
22-lo1 AT 96741.375  1.6170
%9101 B 9674455  1.6166
Sio 2-1 86846.96 5.8692

@ The J = 2-1 frequency without the hyperfine structure is 93979.7695 MHz (CDMS). The
frequencies listed here are calculated from the molecular constants reported by Cazolli et al.
(2006) and Raymonda and Klemperer (1971).

as observed in NGC 1333. However, the model by Charnley and Millar (1994) aims at hot cores,
and hence, more detailed simulations including the shock structure would be necessary.

In the above scheme, PHj is first released into the gas-phase by the evaporation of grain man-
tles through sputtering processes, and it is then converted to PN through gas-phase reactions.
Thus, the gas-phase phosphorus chemistry and the formation of PN can be triggered by rela-
tively mild shocks, as opposed to the case of SiO, which requires the disruption of the silicate
grains due to strong shocks. The narrower line widths observed for PN as compared to that of
SiO supports this picture.

For further validating the above formation scenario, it would be very interesting and important
to search for other phosphorus-bearing molecules which the model predicts to be abundant. The
possible candidates will be PHg and PO, which have not been detected in molecular clouds so
far. PH3 and PO are expected to be abundant in the relatively short time scales (< 10 yr and
< 10* yr, respectively) after the mantle evaporation, according to the model by Charnley and
Millar (1994). However, we could not detect PO lines (J = 2.5-1.5) in the observation of L1157
B1 with the rms noise level of ~ 3 mK (Tyg). The upper limit of the column density is 5.5 x
10 ¢cm™2. The PO may be consumed for the production of PN in the case of L1157 B1. The
production pathway of PN is still to be resolved through the observation.

As mentioned in Section 4.1, the phosphorus chemistry is poorly understood in spite of a rela-
tively high elemental abundance of P. Considering the importance of the phosphorus chemistry
in the prebiotic evolution in space, its detailed understanding is required. The present detection
of PN in the shocked regions provides us with an important clue to it.
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Table 4.2: Observed Positions

Source a(J2000) 0(J2000)
hms ol

L 1157 B1 20 39 09.8 +68 01 15.9

L 1157 B2 2039 124  +68 00 40.9

L 1157 mm (IRAS) 2039 06.2 +68 02 15.9

Table 4.3: Line Parameters®

Molecules / Sources Av TvB f Tyvpdv Visr rms
(km/s) (K) (Kkm/s)  (km/s)  (mK)

PNB1 384+ 04 0.035+0.011 0.19 £ 0.03 -0.64 £+ 0.17¢ 11

B2 37405 0.054 £0.012 0.24 £+ 0.03 1.7 £ 0.2¢ 12

CH;0H B1 6.6 + 0.3° 6.2 + 0.2° — 0.9+ 0.1° 169
B2 4.2+ 0.2° 7.8 +0.2° — 1.8 + 0.1° 185
IRAS 4.5+ 0.4° 2.0 4+ 0.1° — 1.6 + 0.2° 128

SiO B1 7.9+ 0.2 3.6 £0.2 314+ 0.4 -1.3 £ 0.1 159
B2 5240.1 44+ 0.2 21.9 £0.3 1.55 + 0.05 155

¢ Based on the AOS-H data. Av, T\yp and Vi, are obtained by a single Gaussian fit. The blue
wing (Vigr < -10 km s™1) of the SiO emission toward Bl is ignored in the fit.

b Obtained only for the 292-191 AT transition. The overlapping of the other lines is not taken
into account.

¢ Calculated on the basis of the rest frequency without the hyperfine splitting. This is close to
those of the F' = 3-2 and F' = 2-1 components.

Table 4.4: Column Densities of PN

Sources N (Tyot = 12K) N (Tyort = 30K) N (Tyor = 50 K)
(cm™2) (cm™2) (cm™2)
Bl (4.240.9)x10*  (7.44+1.7)x10"  (1.140.3)x10!2
B2 (5.3£1.1)x10*  (9.442.0)x10M  (1.440.3)x10!2
IRAS® <2.9x1010 <5.2x101° <7.9x101°

@ Line width is assumed to be 1 km s~ L.
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Table 4.5: Comparison with Other Sources

Sources Npn (ecm™2) Npn/Nu,

L1157 B1  (4.2~11)x10*  (2~6)x10719
L1157 B2 (5.3~14)x10*  (3~7)x10710
L1157 IRAS  <7.9x10'0 <1.6x10~ !

Ori (KL)® 4.3x1013 1.7x10710
W51M* 1.1x103 1.1x10~1
Sgr B2¢ 1.7x10'2 1.7x10712

“Turner & Bally (1987)
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Chapter 5

L1448 B1/R1

5.1 Internal Shock in Molecular Bullet around L1448 mm

L1448 mm (L1448 C(N)) is a low-mass Class 0 protostar in Perseus, whose mass and dynamical
age are 0.03-0.09 Mg and (4-12)x 103 yr, respectively (Hirano et al. 2010). This source was
discovered by Bachiller et al. (1990) from detection of the high velocity CO outflow emission.
By the 350 GHz continuum observation (Hirano et al. 2010), a circumstellar disk with a size
of ~90 AU was found, which is elongated perpendicularly to the outflow axis. The mass of the
disk is estimated to be ~0.11 M. A well collimated jet from L1448 C(N) along the outflow
axis was found through observations of the SiO and CO lines. This jet is extremely energetic
(called extremely high velocity (EHV) outflow), and possesses several clumpy structures, called
bullets, with almost equal spacing of ~500 AU (Figure 5.1 middle). These bullets are considered
to originate from internal bow shocks in the jet beam which were formed as a consequence of
the episodic outflow with the period of ~15-20 yr. Particularly, the innermost pairs of bullets
(B1, R1) show higher excitation conditions (ngs ~ 106 ecm=3, T4, =500 K) than L1157 B1 (ngy,
~(1-5)x10° ecm ™3, Tign, ~100-300 K), as shown by the multi-line observation of SiO (Nisini et
al. 2007; Figure 5.1 right). In L1448 B1 and R1, the maximum jet velocity reaches ~80 km s~!
(Figure 5.1 right), while it is around 20 km s~! toward L1157 B1. Since the distance between
L1448 B1 and R1 is ~ 500 AU, their dynamical timescale is ~10 yr, which is much shorter
than that toward L1157 B1 (~ 10* yr) (Hirano et al. 2010, Nisini et al. 2007, Umemoto et al.
1992). For these reasons, the chemical composition of the B1 and R1 bullets in L1448 will be
much different from that in L1157 B1. Only a few molecules like SiO, CH30H, and SO have
so far been detected in the downstream of the red lobe: (Aca, Ad) = (16”7, -34") (Tafalla et
al. 2010). In spite of such importance, the molecular line observations have been limited to
fundamental species, so far in L1448 B1 and R1. More sensitive and wide range observations
are thus necessary for full characterization of the shock chemistry in L1448 B1 and R1, and for
comparison with the L1157 B1 shocked region.

5.2 Observation

In order to investigate the shock chemistry in an unbiased way, we conducted the line survey
in the 3 mm wavelength with the Nobeyama 45 m telescope toward the protostar position of
L1448 C(N) in June 2012. This survey covered the full frequency range of the 3 mm band (79-
116 GHz). By observing the protostar position ((2000) = 3%25™38.8%, §(2000) = 68°44'05.0"),
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Figure 5.1: Left: CO (2 — 1) emission from the L1157 outflow (Bachiller and Pérez Gutiérrez
1997). The lowest contour and contour interval are 11 K-km s~!. Middle: High-velocity SiO
(J =8—17, left) and CO (J = 3 — 2, right) emissions in L1448 C(N). The velocity ranges are
+(51 to 70) km s~! (Hirano et al. 2010). Blue and red contours represent the blue-shifted and
red-shifted emissions, respectively. A well collimmated outflow can be seen, which contains of
many bullets. Right: The SiO spectra toward L1448 mm (Nisini et al. 2007). The extremely
high velocity (EHV) outflow can be recognized by the double peaked velocity profile.

we covered both the B1 and R1 components within the beam (~ 20”) because the B1 and R1
components are apart from the protostar only by a few arcsecond. We distinguished the spectral
line emissions of the shocked region from those of the protostellar core by the line shape and the
velocity. The pointing of the telescope was checked by observing the nearby SiO maser source
(NML-Tau). The receiver and the backend settings are the same as described in section 3.2.
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Complex Organic Molecules

CH3;O0H
Nitrile and Other Nitrogen-containing Molecules
HCN HB¥CN  HCYN  HNC HN3C

HNCO  HC3N DCsN CH3CN NHy;D

Carbon Chain Molecules

CoH C,H CCS CH3;CCH CH;DCCH
H,CCO

Sulfur-containing Molecules

CS 13¢CsS C338 343 0CS

SO 3180 SO, H,CS HDCS

NS

Molecular Ions
HCOt H®CO* HC1®Ot HCSt NoH*
Other Molecules

SiO 250 30510 Sit®0
CO 13C0o C180 cl"o HCO ?
C—C3H2 C—C3HD C—C3H CN 1BCN

Table 5.1: Molecules Detected toward L1448 mm.

5.3 Results

In the unbiased spectral line survey observation toward L1448 mm, we covered the frequency
range from 79 to 116 GHz, and achieved the typical rms noise level of ~ 10 mK (Typ) at the
frequency resolution of 488 kHz. The composite spectrum for the whole spectral range is shown
in Figure 5.2. We detected 115 lines of 26 species in the observation (Table 5.1). However,
the most of the lines show narrow line features whose line width is typically 2~3 km s=', as
shown in Figure 5.3(b). Since the observation beam involves the L1448 mm protostar, these
narrow emissions are thought to come from the protostellar core and its envelope. Note that the
protostellar disk (< 1”) is much smaller than the observed beam, and hence, its contribution
is negligible. On the other hand, the SiO (J = 2 — 1) and SO (Jy = 32 — 21) lines show the
spectral line feature specific to the EHV component. They show a double-peaked profile with
the velocity shift of £(60-70) km s~! in addition to the narrow component. Furthermore, the
HCN line seems to have a weak broad wing component in addition to the narrow component.
Hence, the observed beam contains a few different emitting regions. In this chapter, we focus
on the EHV component, which is specific to L.1448. Although SO, HNCO, HCN, CH30H, CS,
and SiO reside in the shocked region of L1157 B1, only SO and SiO show the EHV feature.
This indicates that the chemical composition of the EHV bullets (R1 and B1) is much different
from that of L1157 B1l. In particular, the HCN and CH3OH lines are very bright in L1157
B1, whereas they are almost missing in the EHV bullets. Furthermore, the EHV component of
SiO has a different velocity shape from that of SO. This probably originates from the different
production mechanisms of the two species in the EHV flow.

Nisini et al. (2007) conducted the SiO multiple-line observation toward L1448 mm, B1, and
R1. From the LVG calculation using the RADEX code (Appendix C), they deduced the cloud
condition, where Ty, = 300 K, and n(Hz) = 8x10°cm™3. With these parameters, we calculated
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the SO column densities in L1448 mm, 1.1448 B1, and L1448 R1 (Table 5.2).
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Figure 5.3: Left: Line profiles of several molecules observed in L1157 B1. Right: Line profiles
observed in L1448 mm, B1, R1. Only SO (32-2;) and SiO (2-1) lines indicate the broad profiles.

5.4 Discussion

5.4.1 Broad Lines of SiO and SO

As mentioned in Section 3.3.5, SO is considered to be produced through the gas-phase reactions
triggered by evaporation of HaS from grain mantle, while SiO is liberated into the gas-phase by
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the disruption of silicate grains. This difference is suggested in the I(SO)/I(SiO) ratio. The
ratio is higher in the protostar position than in B1 and R1 shocked regions. If the production
processes of SO and SiO were the same (i.e. if both molecules were directly sputtered from the
silicate grains), such a clear difference of abundance ratios would not be seen.

In addition, we could not detect the broad component of the SO line from L1448 B1, and
R1 (Figure 5.4), while it is seen in the SO line (J = 32 — 2;). In contrast, both molecules show
similar broad line profiles in L1157 B1. The SO3/SiO ratio in L1448 B1 is less than 0.2, while
that in L1157 B1 is 1.5. Hence, SO; is relatively deficient in L1448 B1. In L1157 B1, the jet
velocity is ~ 10 km s~!, and the dynamical timescale is estimated to be 1.8 x 10* yr. This is
comparable to the production timescale of SO and SO,, as suggested by Charnley et al. (1997).
Hence, SO and SO9 may efficiently be produced in the gas-phase reactions. On the other hand,
the jet velocity is as high as ~ 100 km s~! in L1448 Bl and R1, and the dynamical timescale
of 11448 B1 and R1 is only ~ 10 yr. Hence, it seems likely that an observable amount of SOq
cannot be produced in L1448 B1 and R1 within such a short time scale.

5.4.2 Non-detection of CH;0H and Other Molecules

We were not able to detect the typical shock tracers CHsOH, HCN, and CS in the EHV gas
of 11448 B1 and RI1 regions, although their narrow components are detected. Considering the
stronger emission of the SiO (J = 2-1) line in B1 than in R1, we calculated the upper limit of
these molecules relative to SiO for B1 (Table 5.3). We assumed the line widths of 40 km s™!,
which was estimated from the B1 component of SO (35-21) line, although the line profile is not
appropriately represented by the Gaussian profile.

Tafalla et al. (2010) detected the EHV components of CH3OH (2x-1x, 3x-2k; ~ 70 km s~ 1)
as well as of SO, SiO, and HoCO toward the down stream of the red lobe, where is apart from
the protostar by (16", -34"). At this position, the column density of CH3OH was reported to be
1.6 x 10'3 cm™2 for the EHV component. This value is lower by an order of magnitude than our
upper limit (2 x 10'* cm™2). Note that this limit may be overestimated by the broad line width
of SO (32-21) line employed for the present estimation. However, the CH3OH/SiO abundance
ratio in B1/R1 is evaluated to be less than 2, which is even smaller than the corresponding ratio
(2.5) at the position observed by Taffala et al. (2010). In our obtained S/N ratio, we could not
detect a particular EHV component. As far as we focus on B1 and R1 regions, there seems to
be a certain difference of the SiO, SO and CH3OH lines as shock tracers. Although Tafalla et al.
(2010) detected various molecular lines with EHV components in the outflow at the downstream
of R1, it is not clear whether those molecules directly from the jet from the protostar. Rather,
they seem to originate from the interactions with the ambient gas just like the L1157 B1 case.
Our result gives important upper limits to the molecular abundances of the shocked bullets at
the closest vicinity of the protostar.

Sources  N(SO) (em~2) I(SO)/I(SiO)

L1448 mm 2x10M 6.6+1.9

L1448 B1 2x 101 0.3640.10
L1448 R1 8x1013 0.3340.09
L1157 B1 1x10™ 0.81+0.22

Table 5.2: SO Column Densities Calculated by RADEX.
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Figure 5.4: Left: SO and SOs line profiles in L1157 B1. Right: the same line profiles in L1448

min.

Molecules N(ecm™2) N(X)/N(SiO) N(X)/N(SiO)*
(L1448 B1) (Red Lobe)

CH30H < 2x10 <5 (3.3£0.5) x 10
HCN < 2x10M < 5x1073 4.0+0.5
HNC < 2x1011 < 5x1073 -

NoH*t < 3x10M < 8x1073 -
HCO™ < 3x10M < 8x107*  (3.940.3)x1072
CS < 1x10'2 < 3x1072 2.340.2
SO, < 8x10'2 < 0.2 1.440.3

Table 5.3: Column density upper limits of molecules undetected in L1448 B1, and the comparison
with the result by Tafalla et al. (2010). Our limits and the column density of SiO in Bl are

calculated by RADEX.
@Tafalla et al. (2010)

While we found the various molecules in L1157 B1, we were not able to detect molecules

originating from the shock phenomenon other than SiO, and SO in L1448 B1 and RI.

In

particular, CH3OH and other organic molecules are not detected. This indicates the difference
of the nature of the grain mantle (See section 1.1) between L1157 B1 and L1448 B1/R1, although
we cannot completely rule out the possibility that CH3OH is completely destroyed in the strong
shock. L1448 B1 and R1 are located near the protostar with similar distances (~ 250 AU). In
such a condition, grain mantle would already have evaporated due to the star-forming activities
around the protostar. As seen in the discussion in L1157 B1 section, the richness of complex
organic molecules in the gas-phase depends on the grain mantle. It is likely that the lack of
grain mantle in the pre-shocked gas has made the chemistry very simple in comparison with the
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L1157 B1 case. We discuss this point in final chapter.
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Chapter 6

IC 443 GI

6.1 Supernova Shock in IC 443

In supernova remnants, we can also expect the shock compression and heating of the gas,
resulting in the shock chemistry. However, the physical situation of the supernova shock seems
to be much different from the outflow shock. A blast wave of a supernova sweeps up the diffuse
interstellar gas during its expansion, producing a shocked shell. It is proposed that the shock is
often dissociative (Reach et al. 2002, Wang and Scoville 1992). Furthermore, the pre-shocked
gas is a diffuse gas without rich ice mantles on dust grains. These features contrast to the outflow
shock case such as L1157 B1, where dust grains are covered with rich ice mantles in a relatively
dense region. Hence the chemistry of the supernova shock should be different from that of the
outflow shock. The principal purpose of this chapter is to clarify the chemical composition of
the supernova shock, and to compare it with that of the outflow shock.

IC 443 is a supernova remnant located in Gemini, which is ~ 1.5 kpc apart from the Solar
System. The age is estimated to be ~ 3 x 10% yr (Chevalier 1999). It has been observed in various
wavelengths from X-ray to radio (Abdo et al. 2010, Fesen and Kirshner 1980, van Dishoeck et
al. 1993). All these results indicate several shell-like complex structures of interacting regions.
Abdo et al. (2010) observed ~ rays from this region with the Fermi Gamma-ray Space Telescope,
and found its extended distribution. This is thought to be produced by the cosmic-ray particles
accelerated by the supernova. Near the shock front, broad and asymmetric line profiles of CO
and OH are observed. From the observations of several rotational transitions of HyCO, the
gas kinetic temperature of the region is estimated to be 100-200 K, while a typical rotation
temperature of molecules is around 20 K (van Dishoeck et al. 1993). Ziurys et al. (1989)
reported that while the abundances of SO, CS, CN, and NH3 are not so much different from
those in cold dark clouds, the abundances of HCO™ and SiO seem to be enhanced by the shock.
van Dishoeck et al. (1993) detected the submillimeter-wave lines of some simple molecules such
as CS, HCN, SO, SiO, and HoCO toward several positions in this cloud, and found that the G
I position (Figure 6.1) is the richest in molecules among the various observed positions.

However, these previous observations focused on the fundamental species. Indeed, they could
not detect a typical shock tracer, CH3OH, and other complex organic molecules, seen in L1157
B1. More sensitive observations for more complex species in the 3 mm wavelength region are
necessary for full characterization of the shock chemistry in IC 443, and for its comparison with
other shocked regions.
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Figure 6.1: Left: Map of the shocked molecular hydrogen emission at 2.1 pm in the IC 443 region
(van Dishoeck et al. 1993). G I position is indicated by the red circle. Right: Line profiles of
various molecules obtained toward G I position (van Dishoeck et al. 1993). Some lines such as
CO (J=2-1),CO (J =3—2), and HCOT (J =1 — 0) show a sharp absorption due to the
foreground gas.

6.2 Observation

We chose the position G I («(J2000) = 06"16™43%.4, §(J2000) = 22°32'33.5") for the spectral
line survey to characterize the chemical composition. Toward this position, many lines had been
detected by van Dishoeck et al. (1993). We covered a frequency range from 78 to 116 GHz
in the line survey with the Nobeyama 45 m telescope. The off-position is taken at «(J2000)
= 06"20™01°.08, 6(J2000) = 22°18'39.1” (van Dishoeck et al. 1993). We used the TZ1 H/V
receiver and SAM 45 with the spectral resolution 488 kHz. Two channels of SAM 45 were
summed up to enhance the signal-to-noise ratio. The resulting velocity resolution of ~ 3 km s~!
at 90 GHz is fine enough for the typical line width of > 10 km s~! in this region. The pointing

of the telescope was checked by observing the SiO maser source (U-Ori).

6.3 Results

6.3.1 Detected Molecules

Figure 6.2 is an overview of the observed spectrum toward IC 443 G I in the frequency range
from 78.1 to 115.8 GHz, whereas Fig. Appendix B.1 shows its expansion. The rms noise level
achieved is 12-20 mK at the frequency resolution of 1 MHz. With this sensitivity, we detected
several weak lines in addition to strong lines such as CO, 3CO, HCO*, HCN, SiO, and CS.
We identified the observed lines by using the molecular spectral line databases, CDMS (Muller
et al. 2005), JPL (Pickett et al. 1998), and NIST (Lovas et al. 2009). The spectral lines from
the image side band are indicated as ‘image’ in Fig. B.1. A basic criterion for detection is that
the line has an integrated intensity with the confidence level higher than 40 at the expected
frequency. All the detected molecules are summarized in Table 6.1. In total, 44 lines of 14
species are detected. Table 6.2 lists the parameters of the detected lines, which are obtained by
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the Gaussian fitting. Almost all lines have broad velocity widths (FWHM) ranging from 7 to
22 km s~!. This indicates that these lines do not originate from the ambient gas but from the
shocked region. However, the isotopic species of CO exceptionally show narrow velocity widths
ranging from 3 to 4 km s~!, which suggests that they are mainly emitted from the ambient gas.
The peak velocities of most lines are blue-shifted with respect to the systemic velocity of the

ambient gas by about -4 km s~

Exceptions are the isotopic species of CO, as in the case of
the line widths. We will further discuss the relationship between the line width and the peak

velocity in Section 6.4.1.

Saturated Organic Molecules
CH3OH
Nitrogen-containing Molecules

HCN H3CN HCYN HNC HC3N
CN

Carbon Chain Molecules

CyH c-C3Hso

Sulfur-containing Molecules

CS C318 SO 3150 SO, ?
Molecular Tons

HCOt  HBCO* N,HT

Other Molecules

Sio 29810 6{0) BCO C*®o

Table 6.1: Molecules Detected toward IC 443 G 1.
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Rest Frequency Molecules Transition E, Tvs Visr Av f Tyvsdv
(GHz) (em™1) (K) (km/s) (km/s) (K-km/s)
82.0935437 c-C3Ha 2(0,2)-1(1,1) 4.47 0.04£0.01 -5.51£0.72 7.63+1.39 0.33£0.05
83.688093 SO9 ? 8(1,7)-8(0,8) 25.5 0.02£0.01 -6.81£1.36 12.114+2.69 0.26+0.13
84.521169 CH3;OH 5(-1,5)-4(0,4) E 28.1 0.05+0.01 -7.064+0.63 11.714+1.17 0.6240.09
85.338894 c-C3Ha 2(1,2)-1(0,1) 4.48 0.10£0.01  -5.47+£0.58 10.82+1.12 1.154+0.09
85.759199 29810 2-1 4.29 0.04£0.01 -7.16£0.67 7.20+1.30 0.31+0.06
86.0549664 HC'N 1-0 2.87 0.06£0.01 -6.2840.82 10.054+1.59 0.64+0.10
86.09395 SO 2(2)-1(1) 13.4 0.09+0.01 -8.2440.45 11.834+0.84 1.134+0.11
86.3399215 HBCN 1-0 2.88 0.19£0.01 -7.01£0.36 14.9140.69 3.02+0.19
86.7542884 HBCOT 1-0 2.89 0.22£0.02  -6.33+£0.35 14.8440.66 3.47+0.56
86.84696 SiO 2-1 4.34 0.54+£0.06 -8.09+£0.31 14.7440.59 8.47+0.56
87.284105 CoH 1-0, J = 3/2-1/2, F = 1-1 2.91 0.06£0.01  -4.284£0.50 6.70+0.98 0.43+0.25
87.316898 CoH 1-0, J = 3/2-1/2, F = 2-1 2.91 0.46£0.04 -5.60£0.31  9.35+0.58 4.58+0.35
87.328585 CoH 1-0, J = 3/2-1/2, F = 1-0 2.91 0.25+0.02  -5.054+0.25 7.08+0.48 1.8840.30
87.401989 CoH 1-0, J =1/2-1/2, F = 1-1 2.92 0.304+0.05 -4.86+£0.68 6.40+1.11 2.06+0.21
87.407165 CoH 1-0, J =1/2-1/2, F = 0-1 2.92 0.12+£0.03  -3.46+£2.30  16.7+4.2 2.18+0.21
87.44647 CoH 1-0, J =1/2-1/2, F = 1-0 2.92 0.06+0.01 -6.28+0.71 16.25+1.39 1.0440.26
88.6316022 HCN 1-0 2.96 3.17+0.14  -9.02+0.53 19.78+1.06  66.76+3.78
89.1885247 HCOT 1-0 2.98 4.2140.36  -8.914+1.07 22.7242.43 101.8145.75
90.663568 HNC 1-0 3.02 0.65+£0.03 -6.30+£0.21 12.0840.39 8.36+£0.50
90.979023 HC3N 10-9 16.7 0.05£0.01  -9.59+0.80 11.87+1.53 0.63+0.08
93.1733922 NoH+ 1-0 3.11 0.11£0.01 -6.26+0.36 14.534+0.69 1.70+0.12
95.169463 CH30H 8(0,8)-7(1,7) AT+ 58.1 0.07£0.01 -6.06£0.59 4.86+0.93 0.36+0.06
96.4129495 s 2-1 4.82 0.06£0.01 -6.55+0.47 11.9240.90 0.76+0.08
96.739362 CH30H 2(-1,2)-1(-1,1)

96.741375 CH30H  2(0,2)-1(0,1) A+ 484 0.13+0.01 -547+0.54 15.35+1.05  2.12+0.14
96.74455 CH30H 2(0,2)-1(0,1) E

97.715317 3430 3(2)-2(1) 6.32 0.03£0.01 -8.77+£0.74 10.33+1.43 0.33+0.06
97.9809533 CS 2-1 4.9 1.55+£0.05 -6.53+0.14 11.76+0.26 19.40+1.12
99.29987 SO 3(2)-2(1) 6.41 0.63+£0.07 -6.83£0.28 12.6640.53 8.49+0.52
100.076392 HC3N 11-10 20 0.07+0.01  -9.12£0.38  9.384+0.73 0.70+0.07
104.0294183 SOq ? 3(1,3)-2(0,2) 5.38 0.07£0.01 -9.49£0.66 3.96+0.93 0.30+0.04
104.2392952 SOq ? 10(1,9)-10(0,10) 38 0.03+£0.01  -7.91+£1.19 10.52+2.25 0.34+0.07
108.893963 CH30H 0(0,0)-1(-1,1) E 9.12 0.04£0.01 -3.06£1.09 9.89+2.07 0.42+0.09
109.173634 HC3N 12-11 23.7 0.05£0.01 -8.92+0.94 13.454+1.81 0.72+0.19
109.25222 SO 2(3)-1(2) 14.6 0.1940.01 -6.87£0.27 10.89+0.52 2.2040.16
109.7821434 Cc180 1-0 3.66 0.20£0.01  -4.4440.15  3.40+0.29 0.72+0.07
110.2013534 13CO 1-0 3.68 2.3840.14  -4.194£0.11  3.7240.18 9.4340.57
113.1233701 CN 1-0, J =1/2-1/2, F =1/2-1/2  3.77 0.10£0.01  -6.32+£0.55 9.97+1.06 1.06+0.60
113.1441573 CN 1-0, J =1/2-1/2, F = 1/2-3/2 3.77 0.454+0.02  -6.44+0.26 13.97£0.51 6.69+0.71
113.1704915 CN 1-0, J =1/2-1/2, F = 3/2-1/2  3.78 0.46+£0.02 -6.53+0.34 13.6840.64 6.70+0.70
113.1912787 CN 1-0, J =1/2-1/2, F = 3/2-3/2 3.78 0.55£0.02 -6.21+0.19 12.2840.35 7.19+0.67
113.4881202 CN 1-0, J = 3/2-1/2, F = 3/2-1/2 3.79

113.4909702 CN 1-0, J = 3/2-1/2, F =5/2-3/2  3.79

113.4996443 CN 10, J = 3/2-1/2, F = 1/2-1/2  3.79 36+0.7
113.5089074 CN 1-0, J = 3/2-1/2, F = 3/2-3/2  3.79

113.5204315 CN 10, J = 3/2-1/2, F = 1/2-3/2  3.79

115.2712018 CcO 1-0 3.85 17.01+0.78 -6.76+£0.39 14.63+0.77 264.98+15.20

Table 6.2: Line Parameters Observed in IC 443 G 1.
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6.3.2 Complex Organic Molecules

Although van Dishoeck et al. (1993) reported the non-detection of CH3OH line in IC 443
clumps, we detected six emission lines of CH3OH, which are 5_15 — 404 E, 808 — 717 ATT,
2_172 — 1_1’1, 2072 - 10’1 A++, 2072 - 10’1 E, 0070 - 1_171 E lines. We were unable to detect any
absorption line of CH3OH in contrast to the L1157 Bl case. This is mainly due to the low
abundance of CH3OH in IC 443 G 1. The integrated intensity of 2x — 1x line (~ 2 K-km s~1)
is indeed weaker than that observed toward L1157 B1 (~ 50 K-km s~!) . van Dishoeck et al.
(1993) attributed their non-detection of CH3OH to the low density of the pre-shocked gas (~
10* cm™3), where the photo-dissociation effect is significant. With the improved signal-to-noise
ratio, we succeeded in detecting the CH3OH lines in the shocked region (Vg ~ -6 km s™1 Av ~
10 km s~1). This result suggests that CH3OH is formed to some extent on dust grains in diffuse
clouds and this molecule can be used as a shock tracer even in some supernova shock cases,
although its emissions are not bright. On the other hand, we failed to detect other complex
organic molecules such as HCOOCH3;, CH3CHO, CH3CN, NH,CHO, and HCOOH observed
in L1157 B1. Considering weak intensities of CH3OH lines, these non-detections seem to be
reasonable.

6.3.3 Carbon-chain Molecules

We detected six hyperfine component lines of CoH (N =1 — 0). As mentioned in Chapter 3,
carbon-chain molecules are abundant in young starless cores like TMC-1 and Lupus-1 A (Sakai
et al. 2010), or low-mass star-forming regions such as L1527 and TRAS 15398-3359. The total
integrated intensity of CoH lines is ~ 12 K-km s~! while this is ~ 8 K-km s~! in L1157 BI.
Considering the Vs, value and the line width, CoH resides in the shocked gas. On the other
hand, we could not detect any CCS line in IC 443 G I. As mentioned in section 3.3.4, we detected
CCS lines in the shocked gas of L1157 B1. These results indicate that the chemical processes
for productions are different between CoH and CCS. In addition, we detected the HC3N lines
(J=10-9,11—-10,12—11), which were previously undetected by van Dishoeck and al. (1993).
However, these lines are much weaker than those in L1157 B1 (averaged intensity ratio Itc443cr/

It115781 ~ 0.16).

6.3.4 Sulfur-bearing Molecules

We detected several lines of sulfur-bearing species. They are CS (J =2—1), C**S (J =2-1),
SO (Jny = 22— 11,35 — 21, and 23 — 13), 3*SO (Jny = 32 —21), and tentatively detected SOs lines
(81,7 — 80,8, 1019 — 100,10). On the other hand, we were unable to detect OCS, HoCS, and NS
detected in L1157 B1. Sulfur-containing molecules can be produced through gas-phase reactions
from HoS supplied from evaporation of grain mantle, rather than direct evaporation of grain
mantle or disruption of the silicate grain through which SiO is considered to be produced. We
had already found that the SO and SO, abundances in L1157 B1 and L1448 B1 are different
from each other (Section 5.4.1 and Table 5.2). This may be caused by the difference of the
dynamical timescales of outflows.

6.3.5 Other Molecules

In addition to the above-mentioned molecules, we detected the spectral lines of fundamental
molecules such as ?8Si0 (J =2 — 1), 29SiO (J = 2 — 1), 7 fine and hyperfine components of CN
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(N=1-0), HCN (J =1-0), H¥CN (J =1 -0), HC®’N (J =1 -0), HNC (J =1 - 0), CO
(J=1-0),3CO (J=1-0),C80 (J=1-0), HCOT (J =1-0), HB3CO* (J =1-0), and
NoHT (J =1 —0). As seen in the L1157 B1 observation, we were able to detect the spectral
lines of some isotopic species.

6.3.6 Isotopic Species

The integrated intensity ratio I(C32S)/I(C34S) is evaluated to be 25.543.1. This value is
similar to that reported for interstellar clouds by Chin et al. (1996) (24.4+5.0), and hence, we
can conclude that the C32S and C34S lines are optically thin. Similarly, the I(32S0)/I(3*SO)
ratio for the Jy = 39 — 21 lines is 25.744.9, indicating that the 32SO and 3*SO lines are also
optically thin in IC 443 G L.

The I(?8Si0)/1(*°SiO) ratios for the J = 2 — 1 lines are evaluated to be 27.145.6. This
value is similar to the terrestrial isotopic 28Si/?°Si ratio 19.7. Hence, 28SiO and ??SiO lines are
optically thin.

The I(H'2CN)/I(H3CN) ratio for the J = 1 — 0 lines is calculated to be 22.141.9, which
is lower than the standard '2C/!3C ratio in interstellar clouds (60) by a factor of 0.37. The
I(HCYN)/I(HC'N) ratio is 104417, although the interstellar value of “N/!N is 237 (Lu-
cas and Liszt 1998). Hence, the HCN line is slightly optically thick. On the other hand,
I(H¥CN)/I(HC'N) is calculated to be 4.740.8, which corresponds to the interstellar value of
4.0 calculated in Section 3.3.9. Hence, H'*CN and HC'N lines can be regarded as optically
thin.

6.4 Discussion

6.4.1 Comparison on a Vj,-Av Diagram

Typical line profiles observed toward IC 443 G I tend to be blue-shifted with respect to the
systemic velocity of the quiescent gas (~ -4 km s~!), and show broad line widths from 5 to
20 km s~!. Because of this, the peak velocity (Viis;) and the line width (Av) are expected to
show correlation. Hence, we examine this correlation. The peak velocity and the line width
are approximately determined by assuming a single Gaussian profile, although the real profile
is slightly asymmetric as in the case of L1157 B1. The results are listed in Table 6.2 with the
fitting errors. Although the spectral resolution is about 3 km s~!, we can determine the Vi
value much more precisely by the fit, as shown in Table 6.2. The Vi, and Awv values should
reflect differences of the distributions of molecules to some extent. As in the case of L1157 B1,
we will discuss the relation between Vi, and Av for various molecules.

We employ the SiO (J = 2—1), CH30H (5_15 — 404 E) and 13CO (J = 1-0) lines as the
standard lines (Fig. 6.3(a)). As seen in the L1157 B1 section, the SiO (J = 2—1) line shows the
most blue-shifted peak velocity and the broadest line width. Namely, it has Vi of —8.1 £ 0.3
km s~! and Awv of 14.740.6 km s™', which is located near the upper-left corner of the V-
Av diagram (Fig. 6.3(a)). On the other hand, CH30H is produced in grain mantles, and is
released into the gas-phase by sputtering. Since CH30H is evaporated more easily than SiO, the
evaporation of CH3OH can occur even under weaker shocks. This nature of CH3OH is reflected
in the velocity profile. Namely, the peak velocity is less blue-shifted than the SiO line, and the
line width is narrower. For example, the line profile of the 5_1 5 — 404 E line has Vjs;, = -7.1£0.6
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Figure 6.3: (a): Vig-Awv plots for SiO (J =2 — 1) CH30H (5_15 — 40.4), and 3CO (1-0) in IC
443 G 1. (b): Those for all spectra. A size of the circle approximately represents the intensity.
The vertical dotted line at Vi, = -4 km s~! shows the systemic velocity of the IC 443 G I cloud.
The two strong lines in the upper left corner of the right panel are HCO' and HCN, which are
broad due to the saturation effect.

km s~! and Av = 11.741.2 km s~!. In contrast, the 13CO (J =1-0) line is mainly emitted from
the quiescent ambient gas, and hence, the peak velocity and the line width (Vjg, = -4.2+0.1 km
s7!, Av = 3.7£0.2) are much different from those of the SiO and CH3OH lines. This feature
can also be seen in the C180 (J = 1-0) line. In fact, the Vis values of the *CO (J = 1-0) and
C180 (J = 1-0) are -4.2 and -4.4 km s~!, respectively, which are close to the systemic velocity
(~ -4 km s~1). If the line profile reflects the spatial distribution of molecule as seen in the above
three molecules, the line width will systematically decrease as the peak velocity becomes closer
to the systemic value. The Vig-Awv plot for all the detected lines shows such a trend, as shown
in Fig. 6.3(b), although the correlation is not tight. In the following subsections, we will discuss
the Vig-Av plot for each class of molecules.

CH;0H

Figures 6.4(a) presents the Vig-Awv diagrams of CH3OH. As mentioned above, the CH3OH
lines have higher Vi5; and narrower Av than the SiO (J = 2—1) line (Fig. 6.4(a)), although the
plots are scattered. The higher excitation lines tend to have lower Vi values and wider line
widths. The averaged position in the diagram is (Vig, Av) = (-5.4 km s71, 10.45 km s71).

Sulfur-containing Molecules

Figures 6.4(e) and (f) are the Vig-Av diagrams for CS and its isotopomers, and SO and its
isotopomer, respectively, detected in IC 443 G I. The averaged positions for these molecules in
the diagram are also shifted toward the lower-right direction in comparison with that of SiO
(J = 2—1) in spite of a large scatter. The difference of the averaged positions in the Vig-
Av diagram reflects the difference of the spatial distributions between these sulfur containing
molecules and SiO. As discussed in the L1157 B1 case (Section 3.4.2), these sulfur-containing
molecules are thought to be produced by the gas-phase reactions in the high temperature gas
from HyS evaporated from grain mantles (Charnley 1997), whereas SiO is produced through
the disruption of the silicate grain. Hence, the averaged positions in their Vig-Av diagrams
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are expected to be similar to each other. The diagrams of CS, SO, and their isotopomers are
consistent with expectation. It should be emphasized that the position of the sulfur-bearing
molecules in the Vig-Av diagram are similar to that for L1157 B1.

Carbon-chain Molecules

Figures 6.4(g) and (h) are the Vig,-Aw diagrams of CoH and ¢-C3Ha, respectively. As in the case
of CH3OH and the sulfur-containing molecules, the averaged positions in the Vig-Av diagrams
for these carbon-chain molecules are shifted toward the lower-right direction in comparison with
that of the SiO (J = 2 — 1) line. This trend is the same as in L1157 B1. Namely, they have
higher peak velocities and narrower line widths than the SiO (J = 2—1) line. The averaged line
widths are from 9 to 10 km s~!. This feature confirms that the lines of carbon-chain molecules
mainly come from the shocked regions. It seems likely that the production of these carbon-chain
molecules is triggered by the grain mantle evaporation, not by the disruption of grain cores.

Other Molecules

Figures 6.4(c) and (d) are the Vig-Av diagrams of CN and HC3N. The average peak velocity
of HC3N lines is -9.2 km s~—!, which is slightly lower than that of SiO (-8.1 km s~!), and hence,
HC3N may be produced in the extreme shock in IC 443 G 1. This is in great contrast to the
behavior of HC3N in L1157 B1. Figures 3.7(i) and (j) are the Viy-Av diagrams of CO with
its isotopomers and molecular ions, respectively. The >CO line shows an exceptionally lower
peak velocity and broader line width than the other CO isotopomers, because it well traces the
outflow and the shocked region due to its high optical depth. The narrow component tends
to be saturated, and hence, Vi tends to shift to the bluer velocity with a broader line width.
On the other hand, the rare CO isotopomers mainly trace the ambient gas. Although a similar
situation was seen for the molecular ions (HCO' and H¥CO™) in L1157 B1, the positions of
HCO™T and H'3CO™ in the V,-Av diagram are (-8.9 km s™1, 22.7 km s7!) and (-6.3 km s,
14.8 km s~ 1), respectively, for IC 443 G I. Hence, both isotopomers of HCOT seem to reside
in the shocked region. The Vig-Av diagram of the NoH™T line (-6.3 km s7t 14.5 km s_l) also
indicates that this ion exists in the shocked region. . This result is evidently different from that
in L1157 B1, where NoH seems to mainly exist in the ambient gas.

The difference of the line profiles may reflect different distributions of molecules in the shock.
It is eventually related to the production mechanism of each molecule. However, the detailed
distribution needs to be investigated by interferometric observations.

6.4.2 Comparison of Molecular Abundances with Dark Cloud

We calculated the column densities of detected molecules with the RADEX code except C34S,
H'3CO™, C'®0, and CyH, for which the collisional data were unavailable and we employed the
LTE approximation (Table 6.3). Referring to the results of LVG calculation by van Dishoeck
et al. (1993), we adapted the kinetic temperature Ty, = 100 K, the Hy density = 1x10%cm—3
Assuming the N(CO)/N (Hy) ratio ~ 1074, we also calculated the abundance ratios to Hg, and
compared them with those obtained toward a dark cloud, TMC-1.

van Dishoeck et al. (1993) could not detect CH30H in IC 443, and obtained an upper limit of
the abundance ratio of 1x1071°. However we obtained the abundance ratio of 2.8x10~8. This
value is higher than that in TMC-1 by an order of magnitude, though the abundance ratio is
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lower than that in L1157 B1 (~ 107%). It seems that the CH3OH abundance is enhanced in the
shocked region of IC 443 G I to some extent. Non-detection of CH3OH by van Dishoeck et al.
(1993) seems to be due to insufficient excitation of the CH3OH lines in the submillimeter wave
region. Hence, the millimeter wave spectral line survey is essential for chemical characterization.

The fractional abundance of HC3N relative to Hy is evaluated to be 3x10710. This is lower
than 6x10~? in TMC-1. This result indicates that HC3N is not so efficiently produced in IC
443 G 1. In the Section 6.4.1, we saw the Vg values of HC3N lines are comparatively low (~
-9 km s! in average). These results may pose the possibility that HC3N is produced in the
extreme shock because of the high peak velocities of detected lines, although its chemical process
is puzzling.

The abundance ratio of CoH in IC 443 G I is similar to that in TMC-1, which are 4.5x1078
and 5x1078, respectively. This molecule is often considered as a photodissociation product.
However, we detected CoH with the similar abundance in L1157 B1. It seems that the condition
for the CoH production does not so much depend on the pre-shocked condition. It may be
produced in the shock.

The abundance ratio of CS is 2x107® in IC 443 G I while it is 1x107® in TMC-1. The SO
abundance in IC 443 G I is 2x107%, which is slightly higher than that in TMC-1 (5x1079).
These results may suggest that SO and CS abundances are enhanced in the shocked region
compared with dark clouds.
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Molecules N N(X)/N(HQ) N(X)TMcfl/N(HQ)TMcfl

(cm~?)

CH;0H 2.8x10M 2.8x10°8 2x107Y
HCN 1x10 1x10~8 2x10~8
HI3CN 6x1012 6x10~10 -
HC!»N 9x 10 9x10~1 -
HNC 2x 1013 2x1079 2x10~8
HNCO < 3x1012 < 3x10710 2x1078
HC3N 3x1012 3x10~10 6x1079
CH3;CN < 8x10'! < 8x10~H 1x1079
CS 2x1014 2x108 1x10~8
S (4.941.3)x 102 4.9x10710 -
0Cs < 1x10™ < 1x1078 -
SO 2x1014 2x10~8 5x1077
SO, 2x1013% 2x1079 1x1079
H,CS < 4x1012 < 4x10710 < 3x1079
HCO* 3x 101 3x10~8 8x107*
H3COt (5.441.2)x 102 5.4x10~10 2x10~10
NoH* 5x1012 5x10710 5%x1078
SiO 3x1013 3x107* < 2x10712
29810 1x10'2 1x10~10 -
CO 1x10'8 1x10~* (assumed) 8x107°
Bco 5x1016 5%x1076 -
ct8o (1.040.2) x 1015* 1x1077 -
CoH (4.541.4)x 10~ 4.5%x1078 5x1078
c-CsH, 8x 1012 8x10710 1x10~8
CN 5x 1014 5x10~8 -

*derived from LTE approximation
#tentative detection

Table 6.3: Column Densities Calculated by RADEX.
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Chapter 7

Classification of Shock Chemistry

7.1 Summary of the Three Shocked Regions

In preceding chapters, we described the characteristics of chemical composition in L1157 B1,
L1448 B1 and R1, and IC 443 G I. In this chapter, we will focus on the difference among these
shocked regions. Although these three sources are shocked regions, their origins are different
from one another. L1157 B1 is the shocked region caused by an impact of the molecular outflow
on the ambient cloud. L.1448 B1 is also a shocked region in the star forming region, but it is an
internal shock within the high velocity jet. On the other hand, IC 443 is a molecular cloud clump
formed by the shock compression by the supernova explosion. Hence, the physical conditions of
these three regions are different, as summarized in Table 7.1

The spectral line survey in the 3 mm band was conducted for these three regions with the
Nobeyama 45 m telescope. We detected 29, 3, and 14 molecular species from L1157 B1, 1.1448
B1, and IC 443 G I, respectively. Apparently, chemical richness is different from source to source.
First, we discuss the chemical compositions of L1157 B1, which shows the richest chemistry
among the three sources.

L1157 B1 L1448 B1 IC 443 G 1
Shock Origin Outflow High Velocity Jet  Supernova
Apparent Shock Velocity — 10 km s—! 40 km s—! 15 km s~ !
Average Temperature 100 K 300 K 100 K
Average Density 2x10% cm ™3 8x10° cm ™3 1x10% cm—3
Detected Species 29 3 (EHV) 14
Chemistry Rich Poor Moderate

Table 7.1: Shock Natures of Three Regions.

7.2 Comparison with the Chemical Model

First, we compare the measured chemical compositions in L1157 B1 with the chemical model,
which was conducted by Nomura (private communication). This chemical model simulation
assumes the pre-shocked gas density of 10° cm™3, a temperature of 10 K, and a shock velocity
of 20 km s~!, where the shock model by Jiménez-Serra et al. (2008) is used. As for the reaction
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rates, the UMIST database for astrochemistry is employed (Nomura and Millar 2009). The
initial The initial condition of the chemical compositions is assumed to be those of quiescent
molecular clouds at 10 K, where CH4, CH3OH, HCOOCH3, and CoHsOH are in grain mantle.
The result is indicated in Figure 7.1. In all the panels, the vertical axis indicates the abundance
ratio relative to Ho, and the horizontal the time elapsed since the shock.

Carbon-chain Molecules

The upper left panel of Figure 7.1 shows the gas-phase production of carbon-chain molecules.
We assume that CH4 and CoHy originate from the grain mantle. According to our observational
results, the abundances of CoH, HC3N, and CH3CCH decrease in this order. This order is
qualitatively reproduced in the simulation around ¢ = 10* yr, which corresponds to the dynamical
timescale of the outflow from L1157 mm. However, these abundances are lower by two or three
orders of magnitude than observed values of CoH and HC3N (Figure 7.2). Hence, production
of the carbon-chain is not well reproduced quantitatively. In Chapter 3, it is suggested that
carbon-chain production triggered by the evaporation of CHy (WCCC effect; Sakai et al. 2008,
2009, 2010) may also work in shocked regions. This mechanism is already taken into the model,
but the above comparison suggest that it is insufficient to explain the observed abundance of
CoH and HC3N. Hence, it seems necessary to consider that the carbon-chain molecules reside
on grain mantle and are liberated into the gas-phase by shocks. The CoH abundance relative to
Hy toward the protostar position of L1157 is 3x10™% (Bachiller et al. 1997), which is lower by
about two order of magnitude than that toward the B1 position (1.2x1077). Similarly, the HC3N
abundance toward the protostar position is 4.6x107!0, whereas that toward the Bl position is
5x1079. Again, the shocked region shows the higher abundance. This clearly indicates necessity
of carbon-chain production mechanism specific to shocked regions, which should be production
on grain mantle. Although the carbon-chain production on grain mantle has not been considered
seriously, the present result suggests that it should be explored theoretically and observationally.

Sulfur-bearing Molecules

The upper right panel of Figure 7.1 indicates temporal abundance variations of sulfur-bearing
molecules after the shock. Except HS, OCS, and S, almost all molecules are assumed to be
produced through gas-phase reactions. Around ¢t = 10% yr, the abundances of OCS, SO3, SO,
H5CS, NS, and HCS™ decrease in this order in the model. However, the observed results are
much different. The order is CS, SOs, SO, HoCS, OCS, NS, and HCS*. As indicated in Table
3.4, CS, SO3, SO, and HyCS have similar column densities. The calculated abundances of CS and
SO in Figure 7.1 are around 10710 at ¢ = 10* yr, and they are too lower than the observational
results (Figure 7.2). This result posts the question of the gas-phase production of sulfur-bearing
molecules.

Organic Molecules

For organic molecules, we present two results with different initial conditions. The lower
left panel in Figure 7.1 shows temporal abundance variations of HCOOH, CH30OH, CoH5O0H,
H2CCO, CH3CHO, HCOOCH3;, and (CHgz)20, where CHy, HCOOH, CH30H, and CoH5OH are
assumed to originate from the grain mantle, while HoCCO, CH3CHO, HCOOCH3, and (CHs)20
abundances are produced in the gas-phase after evaporation of parent molecules (CH3OH,
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HCOOH, CyH50H). In the lower right panel, CH3CHO is also assumed to originate from the
grain mantle. Although the CH3CHO abundance ratio of ~ 10~® observed in L1157 B1 can
be reproduced in both models, HCOOCH;3 abundance ratio of ~ 10™® can be attainable only
by the grain surface production of HCOOCH3. We detected HoCCO with the abundance ra-
tio of ~ 107 in L1157 B1. Since our gas-phase production model for this molecule indicates
the abundance ratio lower than 10719, it may be difficult to produce HoCOO in the gas-phase
process after the shock. This molecule may also be produced mainly on the grain surface, and
evaporated by the shock. Finally, since the upper limit to the abundance ratio of (CHs)20 ob-
tained from our observation is ~ 1079, it is difficult to confirm whether this molecule originates
from the gas-phase, or the grain-surface reaction. In our simulation, the abundance ratio of this
molecule does not exceed 1071V in the gas-phase reaction.
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Figure 7.1: The chemical model simulation. The temporal abundance variations of various
molecules are shown. The time is measured from the time when the shock occurred (Nomura,
private communication).

As seen above, the present chemical model does not fully account for the observed abundances
in L1157 B1. There are two reasons for this. First, the model itself is based on many assump-
tions. For instance, many reaction rate coefficients of the gas-phase reactions still have large
uncertainties in spite of many efforts. Furthermore, the initial abundance of grain mantles is
completely unknown, and we have to assume it arbitrarily. This seriously affects the molecular
synthesis after the shock. Second, the abundances obtained from the observations have their own
limitations. They are ’averaged’ abundances over the telescope beam size, and hence, small-scale
structures in the shock are not considered at all. Chemical differentiation is expected within
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Figure 7.2: The differences between observed and calculated abundaces.

the shock, as partly inferred from the Vig,-Awv diagram, while the abundances reported in the
previous chapters do not include this effect. Apparently, more detailed physical and chemical
modeling is necessary for the shocked region. We can stress that our observed abundances in
L1157 B1 can be a good starting point for such efforts.

7.3 Grain Mantle Compositions: A Key to Chemical Difference
among Shocked Regions

Here, we can suggest the formation process of molecules on the basis of our observational
results (i.e. abundances and Vig,-Awv diagram). For simplicity, we classify molecules into four
categories: (1) molecules which are produced by disruption of grain cores; (2) molecules which
are directly supplied from grain mantle; (3) molecules which are formed by the gas-phase re-
actions triggered by evaporation of parent molecules from grain mantle; (4) molecules which
were already in the ambient cloud (pre-shocked cloud). They are shown in Table 7.3. Note that
the classification is sometimes arbitrary, as indicated by 7’ marks. Thus, the most important
process in the shock chemistry is evaporation of molecules from grain mantle. In other words,
the chemical composition of grain mantle mostly governs the gas-phase chemical composition.
The chemical composition of grain mantle depends on the physical and chemical state of the
pre-shocked gas. For instance, a dense starless core in a molecular cloud has chemically rich
grain mantle around grain cores, because atoms and molecules are depleted onto dust grains to
proceed a variety of grain-surface reactions. This is accelerated for denser clouds. In contrast, a
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diffuse cloud should have a relatively poor grain mantle. The first reason is that the collisional
molecules are lower than in molecular clouds because of lower gas density. The second reason is
high desorption rate of atoms and molecules due to high temperature (30-100 K). For instance,
CO is not well absorbed at this temperature range, and hence, the formation of CH3OH on
grain mantle will not be efficient. From this consideration, the different chemical composition
of the different shocked regions mainly originate from the grain mantle compositions, which are
determined by the pre-shocked physical conditions. We will discuss the L1448 B1/R1 and IC
443 G I results from this viewpoint.

7.4 Comparison of L1157 B1 with IC 443 G I and L1448 B1/R1

According to van Dishoeck et al. (1993) the pre-shocked gas in 1C443 in a photodissociation
region (PDR), which has a typical visual extinction Ay of ~ 3, and a gas density of N(Hg) ~
10* em™3. In such a diffuse cloud, the interstellar UV radiation plays a major role in heating.
Following the ultraviolet (hr) absorption by dust grains, a photoelectron is ejected with kinetic
energy of hv — W, where W denotes the work function for the dust grain. The photoelectron
collides with Hs molecules or H atoms, transferring a part of its kinetic energy to the collision
partners. Along with the cooling by spectral line emissions of fine structure transitions C* and O
and CO rotational transitions, the gas kinetic temperature of a diffuse cloud becomes 20 - 100 K.
The dust temperature is generally lower than the gas temperature to some degree. The relatively
high temperature hinders processes of the grain mantle chemistry. CH3zOH is not produced
efficiently in PDRs for lack of enough CO on dust grains. Therefore, other organic molecules
produced from CO are not abundant on dust grains in PDRs. When a PDR cloud is affected
by the shock, the temperature is temporarily raised, and the organic molecules formed on dust
grains are liberated into the gas-phase, as in the case of L1157 B1. However, organic molecules
are poor on dust grains and their sublimation does not enhance the gas-phase abundances very
much. This trend can actually be seen in the composition of the abundances in the IC 443 region
with those in L1157 B1 (Table 7.2 and Figure 7.4). In IC 443 G I, the CH3OH density is indeed
lower by an order of magnitude than that in L1157 B1. This is not due to a difference of the
strength of the shock. The abundance ratios are almost independent on the desorption energy, as
shown in Figure 7.3. This means that the all molecules contained in grain mantle are released into
the gas-phase, regardless of the strength of the shock. Hence, the abundance difference between
the two sources represents the difference of grain mantle compositions. As mentioned above,
L1157 B1 shows the many lines of complex organic molecules such as HCOOH, HCOOCH3, and
CH3CHO. These observational results also seem consistent with above consideration.

Absence of CH3OH in L1448 B1/R1 can be understood in the same way. The shock in 1.1448
B1/R1 is that caused in a high velocity jet just launched from the protostar. Hence, the gas and
grains have passed through the vicinity of the protostar, and have experienced a temporary high
temperature conditions. It seems likely that most of grain mantle has already evaporated in this
process. Silicon and sulfur are much more non-volatile and can survive the high temperature
environment around a protostar. They are liberated into the gas-phase in the shock in the jet.
In other words, dust grains are covered with little grain mantle.
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Molecules N(X)1caazar/N Ha)icaazar N(X)pis71/N (H2)L115781

CH3;0H 2.8x1078 5x1077
HCN 1x1078 1x1077
HI3CN 6x10710 2x1079
HCIN 6x10~10 3.5%x10710
HNC 2x1079 4.5%x1079
HNCO < 3x10710 1x10~8
HC3N 3x10~10 5x10~?
CH3CN < 8x10~ 1 3.5%x107?
CS 2x10~8 5x108
C3s 4.9%x10710 6x1079*
0CSs < 1x10°8 4x1078*
SO 2x1078 5x10~8
SO, 2x10~9% 4x10~8
H,>CS < 4x10710 1x10~8
HCO™* 3x108 1x10~8
H3COt 5.4x1010% 2.2x10~10%
NoH* 5x10710 1x10~10
SiO 3x1077 2x10~8
29810 1x10~10 2x1077
CcO 1x10~4 1x10~4
BCo 5x10~6 1x10~°
Cr0 1x107 8x10~ ™
CoH 4.5x1078* 1.2x10°™
c-C3Hs 8x10~10 1x107°
CN 5x1078 5%x10~8

*derived from LTE approximation
F#tentative detection

Table 7.2: Column Density Ratios to Hy Density Calculated by RADEX.

The Silicate Grain Disruption

SiO0

Grain Mantle Production and Evaporation by Shock
CH3O0H HCOOH HCOOCH3; HNCO NH,;CHO

CS CoHs;CN  HCN 7 CH3CN ?
Gas-phase Production

CH3;CHO SO SO, PN CN
CoH 7 CCS ? CH3CN ? CsHy 7 CS7?
HyCS

Ambient Gas
HCO*t HB3COt NyHt

Table 7.3: The classification of production processes of molecules detected in shocked region.
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Chapter 8

Conclusion

In this thesis, the unbiased spectral line surveys in the 3 mm wave band have been carried
out with the Nobeyama 45 m telescope toward three shocked regions, L1157 B1, L1448 B1/R1,
and 1C443 GI, which have different origins of shocks. The spectral line survey in the 3 mm band
is very useful to grasp chemical compositions of the sources, because rotational spectral lines
of many fundamental molecules fall in this band. As the result, we delineated characteristic
chemical compositions for these three sources.

L1157B1 is a shocked region formed by an impact of molecular outflows from the low-mass
protostar on the ambient cloud. It is found to harbor very rich chemistry. Various saturated
organic molecules, sulfur-bearing species, and carbon-chain molecules were detected in addition
to the fundamental species such as CO, HCN, HCO™, and their isotopic species. In particular,
we first identified PN, NHoCHO, and HyCCO in this source. Rich chemical composition is
thought to originate from evaporation of grain mantle in shocked region.

L1157 B1 L1448 B1/R1 IC443 G |
CcO CO
H2 \ H l
HCOOH e H
2 4 H

-@. @ @
CHsOH HsOH
/ HCOOCHs

CO
Figure 8.1: Schematic illustration of grain mantle for the three observed sources.

In contrast, L1448 B1/R1 is found to have rather poor chemistry. Only SiO and SO were
detected in our observations. Spectral lines of CH3OH, which is regarded as a shock tracer
molecule, have not been observed. This shocked region is formed in the high-velocity jet, and
hence, grain mantle surrounding the dust grain is already lost in the pre-shocked gas, because
it has already experienced the warm condition around the protostar. This seems to be the main
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reason why the CH3OH and other organic molecules are deficient in this source.

IC443 GI is a shocked region formed by the supernova expansion. This region is found to
be chemically rich, but not as rich as L1157 B1. The CH30H lines are indeed very weak, and
were detected for the first time in the present study. Since this region is formed by compression
of a diffuse gas, the pre-shocked gas would be in a higher temperature condition than that for
L1157 B1. For this reason, the grain mantle has not been grown up to harbor various organic
molecules including CH3OH.

From these results, the major conclusions are summarized as follows:

(1) The evaporation of grain mantle makes an essential contribution to the gas-phase chemical
compositions of shocked regions.

(2) The chemical compositions of shocked regions strongly depend on the pre-shocked condi-
tions, specifically the grain mantle compositions of the pre-shocked gas. The situations for
the three sources are schematically illustrated in Figure 8.1.

(3) The chemical model of the shocked region is found to be still infancy. In particular, the
production of carbon-chain molecules is not well implemented. Further improvement of
the model as well as consideration of the physical structure of shock is indispensable.

These results mean that we can investigate the chemical compositions of grain mantle by observ-
ing the gas-phase chemical compositions of shocked regions. Although the chemical composition
of grain mantle has been studied by infrared observations (Herbst and van Dishoeck 2009), iden-
tification of complex species is very difficult. The radio astronomical approach using shocked
regions would open a new window in studying chemical composition of grain mantles. In addi-
tion, the present results indicate that it is very dangerous to judge the shock by a single shock
tracer, because some shock tracers like CH3OH do not always appear in all shocked regions.
CH30OH must be formed on dust grain before the shock, if it can be used as a shock tracer. Full
chemical analyses by a spectral line survey, as done in the present thesis, are thus indispensable
for chemical identification of shocks.
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Appendix C

RADEX Calculation

In order to investigate the physical and chemical conditions of molecular clouds, the LTE
assumption cannot always be applied. The rotation diagram method assumes a single excitation
temperature fitted to the line intensities as a function of upper level energy. We found out from
rotation diagram that rotation temperatures of many species are not comparable to the kinetic
temperature deduced from CH3CN. Hence, the excitation temperature cannot be approximated
by kinetic temperature. LTE method is only valid in such a case as high-density clouds as seen
in star-forming regions.

Statistical equilibrium method is applied on the assumption of a local excitation, which in-
cludes the balance of excitation and de-excitation rates. Radex O method is summarized as
follows.

The transfer equation for radiation propagating a distance ds is

dl,ds = j, — a1, (C.1)

where j, and «, express the local emission and extinction coefficients, respectively. The source

function combines these two terms as

Jv. (C.2)

Qy

Sy

With the transport equation in its integral form and the definition of the optical depth,
dt, = a,ds, the radiation from the medium, I,, can be written as

I, =1,(0)e ™ —|—/ ’ SV(T,',)e*(T”*TL)dTZ’, (C.3)
0

where I,,(0) is the background radiation entering into the medium.

Radex program focuses on transitions of a molecule consisting of N levels with spontaneous
downward rates A,;, Einstein coefficients for stimulated transitions B,; and Bjy,, and collisional
rates Cy; and Cf,, between upper levels u and lower levels (.

The downward collisional rate is written as

Cul = NcolVul» <C5)

where neo| is the number density of the collision partner (Hs molecule in cm™3) and 7, is the
downward collisional rate coefficient (in cm=3s~!). The rate coefficient is defined as Maxwellian

164



average of the collision cross section, o,

kT 2/ 1 \? BT
il = o Ee E/Fang R :
- ( £l ) (kam) [ o , (C.6)

where F is the collision energy, k is the Boltzmann constant, Ti;, is the kinetic temperature,

and p is the reduced mass of the system. The upward rates comes through detailed balance as:
Ju _ .
7lu = f)/uliue hl’/k,‘_[‘kln7 <C7)
g1
where g; is the statistical weight of level ¢. For a transition v — [ with the rest frequency v,

the local emissivity is written as:

. hVul
Jv = 47

Ny Aui o, (CS)
in which n,, is the number density of molecules in level u and ¢, is the frequency-dependent line
emission profile. The absorption coefficient is expressed as

hVul
(8% =
v 4

(nlBluSOV - nuBulez) ) (CQ)

where ¢, and x indicate the line profiles of absorption and stimulated emission, respectively.
On the assumption of complete angular and frequency re-distribution of emitted photons,
¢, = , = Xu, s0 that the source function is expressed as

Ny Ayl 2hy3l <gunl >_1
S = = U -1 , C.10
ol nlBlu - nuBul c? gina, ( )

using the relations between Einstein’s A and B coefficients. The excitation temperature Tey is
defined through the Boltzmann equation

M _ Gu

= Pexp [~ (Bu — Ey) /KT , (C.11)
ny gi

where F; is the energy of level i, resulting in the specific intencity of a black body radiation at
Tex as Sy, = By(Tex). In the interstellar cloud, the line broadening mainly occurs from Doppler
effect. Line widths are much larger than expected from the kinetic temperature unless observed
in very cold and dark cloud cores. Considering random macroscopic gas motions or turbulence,
a Gaussian line profile is represented as:

1
vpy/T

where vp,u,n, and ¢ denote the Doppler width, the velocity vector of the moving gas at the

¢y = exp [— (V —Vy — V- n@) /u%} ; (C.12)

C

position of the scattering, a unit vector in the direction of the propagating beam of radiation,
and the light speed, respectively. The Doppler width is the 1/e half-width of the line profile,
which is AV/2v/In2 where AV is full width at half-maximum (FWHM).

The knowledge of the level populations n; enables us to solve the radiative transfer equation
exactly. Though the density in molecular clouds is often too low to attain LTE, statistical
equilibrium (SE) can be assumed as

N N

dni

dt =0= ;anji — N, ;R] = fz - nﬂ)i, (013)
J7F JF
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where P;;, the destruction rate coefficient of level 7, and the formation rate coefficient Pj; are
defined as

py={ At Bl Cyli>J) (C.14)
BijJy, + Cyj (i <)
In Eq. C.14,
Bijj,/ = Bl]/ J,,gb(v)dy (C15)
0

expresses the number of induced radiative (de-)excitations from state i to state j per second per
particle in state 4, and

1
J,=— [ LdQ (C.16)

:47T

is the specific intensity I, integrated over solid angle df2 and averaged over all directions, which
means that SE equations take into the calculation the effects of non-local radiation.
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Appendix D

A List of Names

CO Carbon-monoxide

HCN Hydrogen Cyanide
HNC Hydrogen Isocyanide
HCO™ Formyl Cation
N>H™ Protonated Nitrogen
C2H Ethynyl Radical
HCOOH Formic Acid
CH3CHO Acetaldehyde
HC3N Cyanoacetylene
CH;3CN Acetonitrile (Methyl Cyanide)
HCOOCH3; Methyl Formate
CoH5;CN Ethyl Cyanide
CH3OH Methanol
C>;H;0H Ethanol

¢-C3Hs Cyclopropenylidene
SiO Silicon Monoxide

SO Sulfur Monoxide

SO, Sulfur Dioxide

OCS Carbonyl Sulfide
NH;CHO Formamide

H>CO Formaldehyde

of Chemical Species
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H>CS Thioformaldehyde
HNCO Isocyanic Acid
CH3;CCH Methyl Acetylene
H>CCO Ketene

CH3SH Ethanethiol

SiS Silicon Monosulfide

PN Phosphorus Nitride
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