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Abstract

In order to understand the formation mechanism of interstellar molecules and
clarify the relation between the chemical composition and the physical condition in
massive star-forming regions, | have conducted mapping observations of O-, NH-, and
NlHz-bearing organic molecules toward SgrB2 and survey observations of cyclic-C,H,0

and CH;CHO toward several massive star-forming regions.

First, we have conducted the mapping observations of the O-bearing large organic
molecules (CH3O0H, C,H;OH, HCOOCH; and (CH;)20) toward the SgrB2 molecular
cloud and investigated the relation between the distribution of the O-bearing molecules
and ILIT regions. Mapping observations were carried out in the range of RA x DEC ~
2' x 3" including submillimeter continuum sources SgrB2(N) and (M) associated with I 11
regions. We found that all molecules have emission peak within 10"-15" of SgrB2(N) and
all molecular abundances are enhanced toward emission peak compared to the gas-phase
reaction models. Especially, both of CI[;OIl and (CH;3),0 emission peaks are located
within 10% from SgrB2(N) and theses peaks are also coincident with the position of
the centimeter continuum sources. Their distributions are compact. It is believed that
SerB2(N) is younger than SgrB2(M) and star-formation is active. This indicates that
production mechanisms of CH30H and (CH;);0 are closely related with star-formation.
FFrom compact distribution around H II regions and enhancement of the abundance, it is
likely that CH30H 1s produced on the grain surface and evaporated from grain mantle
by UV radiation from young O,B-type stars embedded in SgrB2(N). (CH3),0 is believed
to be produced from CH3OH in the gas-phase. Therefore, (CHs);0 around M 11 regions
would be produced from dust-evaporated CH,0OH. C,H;OH and HCOOCH; have also
peaks within ~ 20" from SgrB2(N) and are more extended than CHz;0H and (CH,),0.
HCOOCII; is produced in the gas-phase from H;CO which can be also produced in
gas-phase reactions. On the other hand, the extended distribution of CoHzOH cannot be

explained by gas-phase chemistry. In SgrB2, it is known that 510 is extended and 510 is



thought to be produced in the gas-phase from Si released from grain through sputtering.
Sputiering is induced by active motions in a molecular cloud. C;H;OI may be produced
on the grain and evaporated through such sputtering. For production mechanism of the
O-bearing molecules, it is likely that grain-surface chemistry plays an important role.

Next, in order to investigate the spatial relation between the distributions of the NII-
and NH;-bearing molecules and H 11 regions or dust continuum we performed mapping
observations of CH3NH,, CH,NH, NH,CHO and NH,CN toward SgrB2. We obtained
the results different from the O-bearing molecules. The CH3NH,, CH;NH and NI,CHO
distributions have peaks at the west of SgrB2(N) and (M) and they are elongated from
the north to the south. The NH,CN distribution shows a strong peak al ~ 50" northeast
of SgrB2(N). In this peak methanol maser emission also has a peak, and intensity peaks
of HNCO and HCO} are located near this position. In HNCO peak it is believed that
there may be an infrared source which is younger than SgrB2(N). NH,CN may also
be excited by FIR from this very young source. We compared our mapping results
with 1.3 mm dust continuum which has strong peaks at SgrB2(N) and (M) and has an
envelope elongated from the north to the south. This envelope shape is similar to the
distributions of the NH- and NHg-bearing molecules. The distribution of HCaN which
traces high density (~ 10% em ~7) gas, is also close to the envelope shapes of the NH- and
NH;-bearing molecules. This indicates that the NII- and NH;-bearing molecules reflect
Lhe high density gas rather than II II regions. Moreover, the [ractional abundances of
these molecules are not enhanced from those predicted by gas-phase reaction models.
On the other hand it is suggested that the NII- and NII;-bearing molecules are produced
from NHjy and NH; in gas-phase. NlI3 is believed to be produced on dust grain, and NIH,
is produced from NH;. Therefore the formation mechanism of the NH- and NI;-bearing
molecules may be related to NHa.

Lastly, we expand the observations of large organic molecules to several massive
star-forming regions. Since we recently detected a new interstellar cyclic molecule
eyclie-CyHyO which is an isomer of CH3CHO in SgrB2(N), we searched for cyclic-C,11,0
and CH3CHO in several massive star-forming regions. We detected these molecule in
more than 20 massive star-forming regions and several other organic molecules (CH,O0H,
C;H;0H, HCOOCHs, (CHs); 0, HCOOH, ColI3CN, and C,H;CN ete) were also detected
in these star-forming regions. We estimated the fractional abundances and the excitation
temperatures of these molecules, and fournd that most of the fractional abundances are
enhanced by a few orders of magnitude in all of the sources comparing to those predicted

from pure gas-phase reaction models. This indicales that the observed abundances of

]



large organic molecules cannot be explained by gas-phase reactions.

When we compared our results with the models including grain surface reactions,
a parl of abundances can be explained by these reaction models. However there are
no models which can explain all abundances of observed molecules. We found that all
molecular abundances, except for cyclic-C 40 and CH3;CHO, increase with the increase
in either of gas kinetic temperature and dust temperature. This indicates that these large
organic molecules are formed on the grain and are released back to the gas-phase with
the increase in the dust temperature. Although the abundances of cyclic-C,H,0 and
CH3CHO increase with the gas kinetic temperature, it seems that there is no correlation
between the abundances and the dust temperature. This indicates that contribution
of gas-phase reactions would be larger than that of grain-surface reactions. We also
found positive correlation between the column densities of C;H,;O group (cyclic-CoH 0
and CH3CHO) and that of CoHsOH. These results support an assumption that C;H,0
group i1s produced from dust evaporated C;H;O0H in the gas-phase. On the other
hand, the excitation temperatures are different from species to species: low excitation
temperature were derived (10-40 K) for cyclic-C;HyO, CHzCHO, and HCOOH whereas
high temperature (70-250 K) for CH;OH, (CH3)20, C;H3CN and C,H;CN. Temperatures
of C;H;O0H and HCOOCH; were intermediate. Variety of excitation temperatures
seems to indicate the molecular line emission arises in regions with different physical
conditions. However we cannot exclude a possibility of subthermal excitation condition,
and high spatial resolution mapping observations of these molecules in several massive

star-forming regions may be necessary.
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1. Interstellar Molecules

More than one hundred molecules have been detected in interstellar space up to the
present (Table. 1). Most of these molecules are found in a few standard sources, and
each source has its own characteristics; carbon chain molecules are found mainly in dark
clouds such as Taurus Molecular Cloud-1 (TMC-1), large organic molecules in massive
star-forming regions such as Orion Molecular Clond-1 (OMC-1) and Sagitiarius B2
(SgrB2), and metal-containing molecules in circumstellar envelops of late-1ype stars such
as [RCH10216. Although the carbon chain molecules are short-lived, such molecules can
exist in the dark clouds because kinetic temperatures of dark clouds are very low (~ 10
). These molecules have double or triple bonds and contain few hydrogen atoms. Since
hydrogen is the most abundant atom in the universe, this is the most prominent feature
of chemistry in the dark clouds. On the other hand, in regions where many massive stars
arc formed, many kinds of molecules are detected. In this way, chemical composition

changes from source to source, and varies along with the evolution of a molecular cloud.

Of these observed molecules, some molecules are used as probes of physical
conditions in a molecular cloud. Symmetric-top molecules such as NII;, CIH;CCH, and
CH4CN are used to derive gas Kinetic temperatures of a cloud because the transitions
between different K components occur only by collision. Since the most abundant
species, H,, does not have a permanent electric dipole moment, it is not observed by
radio wave. Then second abundant species, CO, is used to estimate the II; column
density using an empirical conversion factor with respect to H;. Since the electric dipole
moment of CO is small (0.11 Debye), the excitation temperature of CO is nearly equal
to gas kinetic temperature. Therefore, CO is also used to derive gas kinetic temperature.
HCN has high critical density (~ 10" cm™?), so that the HCN transitions are used as

high density tracers.

2. Formation Mechanism of Interstellar Molecules

Since the density and the temperature in interstellar space are much lower than
those in the terrestrial conditions, it is very difficult to produce the molecules by
reactions which normally occur in terrestrial conditions : ternary association in which
a third species receives excess reaction energy. Then two-body ion-molecule reactions

with no activation energy barriers are considered. All of the interstellar species cannot



Chapter 1 6

be explained by this ion-molecule reaction scheme. It is hard to explain the formation
of saturated organic molecules only by the gas-phase reactions. Because reaction rates
of 1on-molecule reactions to form saturated organic molecules are very small and the
abundances of observed saturated molecules cannot be explained. For example, for

methanol, following reactions have been proposed (Herbst & Leung 1989):

CHY + H,0 — CH,OHT + he (1.1)
CH30H} + e — CH,0H + H. (3:2)
Since the rate coefficient of reaction (1.1) is small (~ 107" em®s™! T' = 300 K)(Millar et

al. 1991), observational results in hot core cannot be reproduced by such reactions. In
the same way, ethanol is believed to be produced as follows {(Herbst & Leung 1989):

HyO* + CyH, — C,II;0H; + he (1.3)
C,H} + H,0 — CoH;0HF + hw (1.4)
CoH; 01} + e — C,411;0H + H. (1.5)

The abundances relative to the Hy abundance are predicted to be X(CH;H;01T) ~ 10-12
(7' = 50 I)(Lee et al. 1996). This value is about four orders of magnitude lower than
that of observational results. Then grain-surface reactions in which grain plays a role
of a catalyst are proposed. Iydrogen molecules which are the most abundant molecule
in the interstellar space are also believed to be formed on the grain-surface. Some solid

molecules have also been detected in the grain-mantles by infrared observations.

2.1. Gas-phase Reactions

In gas-phase, molecular bonds can be created through radiative association:
A+B-+ AB+ he

in which the excess bond energy is released through the emission of a photon. In
principle, the reaction product could also relax through a collision with the third species,
but due to the low densities in the interstellar space, this is highly unlikely. Reactions
between two neulral species are predicted to be very slow at low temperatures due to

their weak long-range interaction and high activation barriers.
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On the other hand, ion-molecule reactions are fast (~ 107 ecm®s™!) due to small

aclivation energy barriers, and this type of reaction is assumed to be the dominant
creation process for molecules in interstellar clouds. Practically, there are many
molecular 1on in interstellar space, indicating a lot of interstellar molecules are produced
by ion-molecule reactions. Moreover, many 1on-molecule reaction models have been
developed (Suzuki et al. 1979; Herbst & Leung 1989; Millar et al. 1991; Lee et al. 1996),

and abundances of simple molecules are well explained by these ion-molecule reactions.

2.2. Grain-surface Reactions

The major problem in the gas-phase chemistry is that it does not explain how
molecular hydrogen, Ha, is formed since the simple radiative association H + H — Hy + he
is very improbable. Due to the low densities in the interstellar space, there is not the
third species which receive the excess bond energy of this reaction. In the interstellar
space, only dust grain can receive this excess energy. It is commonly accepted today that
H; is formed through recombination of two adsorbed H atoms on a grain surface and the
I1; molecule is subsequently evaporated to the gas phase (the sublimation temperature
is ~ 4 Iv). In contrast to cold dark clouds, there are several species whose abundances
cannot be explained by ion-molecule reactions in massive star-forming regions. Observed
abundances of large organic molecules are higher than the predicted abundances from
chemical models of gas-phase reactions by a few orders of magnitude, In order to explain
the observed abundances of large organic molecules, grain-surface reactions have been
incorporated. Molecules formed on dust grain are believed to be evaporated to the

gas-phase from grain mantles which are heated by UV radiation from young O,B-stars.

Charnley et al. (1992} developed a model for two cores in Orion-KL: the Compact
Ridge and the Hot Core. They calculated the abundances of large organic molecules
which were evaporated from grain mantle or formed from dust-evaporated precursor
species in gas-phase. They considered that the difference in chemical compositions
between two cores was caused by the difference between initial mantle composition. Their
results explain a part of the observational results in Orion-KL. Moreover, Caselli et al.
(1993) considered the last 10° yr of the accretion phase of a protostellar object embedded
in a dense and massive cloud with density and temperature gradients. They include
N-bearing molecules (CHzN1z, C;H3CN and C3H;CN), and explain the observational
resull. of CHaCN in Hot Core. A chemical model for G34.340.2 were developed by
Millar et al. (1997), by considering three component: ultracompact core, compact core,
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and Halo.

Thus several chemical models imcluding grain-surface reactions are developed, and
succeeded to explain a part of observed abundances of large organic molecules. However,

there are no chemical models which can explain all of molecular abundances.

3. Chemistry of Massive Star-Forming Regions

With respect to chemical composition, most studied massive star-forming regions
are Sgri2 and OMC-1. In S5grB2, many species were detected for the first time. OMC-1
has two well-known regions : the Hot Core which is active star-forming region and
the Compact Ridge which does not show sign of star-formation. It is known that the
chemical composition of these regions are different; The Hot Core is rich in N-bearing
molecules, ColI3CN and CoH;CN and the Compact Ridge is rich in O-bearing molecules,
C,H;011, HCOOCH; and (CHj)20. Such large organic molecules have high abundances
in these regions, which are a few orders of magnitude higher than gas-phase reaction
model predictions. Therefore it 1s believed that such large organic molecules are formed
on the dust grain. In order Lo observe these organic molecules in radio wave, they
must evaporale {rom grain mantles. Then a heating source is needed. In a massive
star-forming region, UV radiation from young O,B-stars embedded in a H II region 1s
considered as a heating source. However the past observations of large organic molecules
were limited toward one or a few points in a central region of a molecular cloud so that
a spatial relation between the distributions of large organic molecules and H 11 regions
is still unknown. If large organic molecules are evaporated from a grain-mantle which
is heated by UV photon from O,B-stars, such molecules can only be found around H II
regions. And it is unknown if there is any difference belween the distributions of large
organic molecules and simple species which are formed by gas-phase reactions. It is

necessary to investigate the distributions of large organic molecules.

Simple species are used as probes which trace a physical condition of a molecular
clond. It is clear that large organic molecules are closely related with star formation
because most of the large organic molecules are detected only toward massive star-forming
regions. However there are many evolutional stage in the massive star-forming regions
and it 1s unknown what a condition of star-formation large organic molecules reflect.

It is important to compare abundaces of several large organic molecules with the

physical conditions (temperature, density and dust temperature, etc) in several massive
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star-forming regions.

4. The Motivation and Contents of the Thesis

In order to study the relation between the chemical composition and the physical

condition in massive star-forming regions, [ discuss the following issues:

I. Production mechanism of large organic molecules which are abundant in massive

star-forming regions,

2. The spatial relation between the distribution of large organic molecules and the H

I1 regions or the dust continuum,

3. The relation between the abundances of large organic molecules and the physical

conditions in several massive star-forming regions.

The outline of this thesis is as follows; In Chapter 2, mapping observations of
the O-bearing large organic molecules (CII;OH, C,I[; O, HCOOCH;, and (CH;),0)
toward massive star-forming region SgrB? are described. 1 discuss the production
mechanism of the O-bearing molecules and the spatial relation between the distribution
of these molecules and the Il II regions. The same mapping observations of the NH
and NII;-bearing molecules (CH3NHz, CH,NH, NH;CHQ, and NH,CN) toward SgrB2
are described in Chapter 3. Moreover, | compare the distributions of the NH- and
Nll;-bearing molecules with dust continuum distributions in this chapter. In Chapter 4,
I report detection of a new cyclic interstellar molecule, eyclic-CoH,0, toward SgrB2,
and survey observations of cyclic-C3H,0 and its isomeric molecule, CH3CHO, in several
massive star-forming regions. These two molecules were detected in more than 20
star-forming regions and other large organic molecules (CH;OH, C;H;0H, HCOOCHS,
(CH3),0, HCOOH, C,H4CN and C;H;CN, etc) were also detected in these sources. |
discuss the relation between molecular abundances of the large organic species and the
physical conditions in each source. Finally, [ summarize the results of this thesis, and

present the conclusions.
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Table 1.

Interstellar molecules detected as of December 1998

Simple hydrides, oxides, sulfides, and related molecules

Ha(IR ) CO NHz CS Na(l*
HCl 510 SiH (IR) Si5 AICT*
H,0 50, Cy(IR) H,5 KCI”
N,O 0Cs CIG(IR) PN AIF"
O,
Nitriles, acetylene, derivatives, and related molecules
C3(IR) HCN CH3CN HNC CoH3(IR)
C:(IR) HC:N CH3CsN HNCO C,I5(IR)
40 HCsN CH3C5N? HNCS
35 HC#N CHzCoH HNCCC
C,Si* HCgN CH53CyH CH3NC
HC N CHazCH2CN HCCNC
CH;CHO CHCHON
Aldehydes, alcohols, ethers, ketones, amides, and related molecules
HCO Cllz0H HCOON CHeNH HyCq
H,CS ClHzCH,0H HCOOCH ClIzNH; H,Cy
CH,CHO CHySH CHzCOOH NH,CN HyCg
NH,CHO (CH3z)0
HzCCO (CH3),CO
Cyclic molecules
e—C3Hq 5iC, c—Czll c—Cell,0
Molecular ions
CHY(OPT) nco+ HCNH* H;0* HNT
HCS* noco* HC;NHT Hoc+ H
cot H,COH* SO+
Radicals
Ol Coll N C,0 ;5
CH CaH CaN NO NS
CH; Cyll CsN 50 5iC*
NH{UV) CsH HCCN*® HCO SiN*
NH; CgH CH,CN MgNC Cp*
HNO Crll CCHaN MgCN
CgH NaCN

With respect to molecules detected in the range of infrared, optical, and ultraviolet,

the wave length range are indicated as IR. OPT, and UV, respectively in parenthesis.

*Detected only in the circnmstellar envelope of late-type star ITRCH10216.

"Claimed but not yet confirmed.
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Mapping Observations of the
O-bearing Organic Molecules
toward Sagittarius B2
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ABSTRACT

Mapping observations of the O-bearing large organic molecules, methanol (CH3;0H}),
ethanol (C3H;OH), methyl formate (HCOOCT;) and dimethyl ether ((CIH;),0], were
carried out toward SgrB2, using the 45-m radio telescope of the Nobeyama Radio
Observatory. Emissions of CH3OH and (CHy),0 peak at ~ 10" northeast of the
continnum source, SgrB2(N), and FWHM of their distributions are comparable to or
smaller than the beam size, 17". Emissions of C,H;01l and HCOOCH, also peak
toward SgrB2(N), with diameter < 14", and are extended to the whole mapping region.
This 1s different from CH30H and (CHs;)2O results. Since the upper energy levels of
observed C;H;0H and HCOOQOCH; lines are lower (13-18 K) than those of CH3;OH and
(CH3)20 (31-328 K), the transitions of C,H;OH and HCOOCH, can be excited even
in low temperature region. It is likely that extended distribution of HCOOCH; is due
to those of precursor M, CO which produced in gas-phase reactions. Extended C,II;OI1
emission may be due to sputtering which release Si or Si-bearing material from grains to

gas-phase.

The fractional abundances of these molecules are obtained to be X{CH30H) = 3
x 1078, X(C,II;0H) = 4 x 107, X(HCOOCH,) = 2 x 107?, and X{(CH;),0) = 2
x 107%, respectively. Comparing these values with predicted values by pure gas-phase
maodels, we found that the observational results are higher than the predictions by 2—4
orders of magnitude. This indicates that the abundances of the O-bearing large organic
molecules are hard to be explained by pure gas-phase reactions, whereas grain-surface
reactions seem to play more important roles. Since emission peaks are near SgrB2(N),
it is likely that dust grains are heated by UV radiation from young O,B-stars in H 11
regions, then the O-bearing molecules produced on dust grains are evaporated into the

gas-phase.

1. Introduction

[n massive star-forming regions many saturated molecules are detected. Especially,
it is known that SgrB32 which is located in the Galactic center region is rich in large
organic molecules, and many molecules were detected in this molecular cloud for the first
time. Although simple molecules can be formed by the ion-molecule reactions in the

gas-phase, the large organic molecules cannot be explained by such reaction scheme. The
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abundances of large organic molecules derived from observations are much higher than
those predicted by gas-phase chemical models by a few orders of magnitude. Therefore,
it is believed that the grain-surface reactions play important roles in producing large
organic molecules in massive star-forming regions. I organic molecules are produced
on dust grains, heating source is needed in order for the molecules to be observed in
the gas-phase. Some 50 compact H II regions, maintained by the ionizing UV radiation
from young massive stars, have been resolved by interferometric observations in the
centimeter continuum emission and the radio recombination lines toward SgrB2 (Gaume
et al. 1995; De Pree et al. 1995, 1996). The majority of these compact H II regions
are concentrated to two compact cores, SgrB2(M) and SgrB2(N), where submillimeter
continuum is strong. It is believed that many young O,B-stars are embedded in these

cores, and they heat dust grains, making molecules evaporated,

There are some line survey observations toward SgrB2(M) and (N) (Sutton et al.
1991; Nummelin et al. 1998), and many large organic molecules have been detected.
However, these observations are limited toward one point or a few points. Therefore
spatial relation between large organic molecules and H 11 region is still unknown very
well. We also need to investigate whether the distributions of molecules which are
believed to be formed from dust-evaporated molecule are correlated with their parent
molecules. In order to clarify this relation, we carried out mapping observations of the
O-bearing large organic molecules, CH;OH, C,H;OH, HCOOCH;, and (CHs),0, toward
SgrB2.

2. Observations

Observations were performed from 1993 November to 1994 January. We used the
3 mm and 4 mm receivers simultaneously. The system temperatures of the receivers
were ~ 350 K and ~ 300 K, respectively. For the backend, we used two sets of
acousto-optical spectrometers (AOS), one with a bank of eight high-resolution AOS
with the frequency resolution of 37 kHz and 40 MHz bandwidth, and the other with a
bank of eight wide-band AOS with the frequency resolution of 250 kHz and 250 MHz
bandwidth. Pointing was checked every two hours by observing the 510 maser in VX
Sgr. The estimated pointing accuracy was ~ 5" rims. The observations were made in
position-switching mode. The line parameters, beam sizes, receiver and main-beam

efficiencies are summarized in Table 1. All molecules were observed with the 15" grid
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spacing in a range of 2' x 3" (RA x DEC). Moreover, transitions of C;1I;0H and the 744
- 17 transition of (CH3),0 at 104.7 Gz were observed with the 10" grid spacing in a
range of 40" x 40" toward SgrB2(N). The on-source integration time was 2-10 minutes.

3. Results
3.1. CH,0H

We show profiles of CH3OH toward its emission peak in Figures 1{a) and 1(b).
We observed two transitions at 88940.047 MIlz and 88594.843 MHz. Since both of
transitions are the K-lype doubling transitions of 155 - 114 A, their line strengths and
the upper level energies are almost equal. Therefore these two lines reflect the same
physical condition. The profiles of these transitions are very similar. CH3OH lines

Vand ~ 73 km s7') at the emission peak,

have two velocity components (~ 64 km s~

! component is weaker than that of the 64 km s

and the intensity of the 73 kin s~
component by a factor of 2 - 3. 64 km s~ is consistent with the typical radial velocity
for large organic molecules toward SgrB2. Gaussian fitting was applied to the profiles,
and the line width were obtained to be ~ 9 km 57! for the 64 km s~! component and

' component. respectively. Other organic molecules also

~ 6 km s™! for the 73 km s~
have two velocity components. According to Miao et al. (1993), spectra of the 10y 45 -
9, transition of CoHsCN toward SgrB2(N) show velocity components at 63 and 75 km
s™'. In a similar way, spectra of the 10g - 9 transition of C;H3;CN and the 83 - Ts1
IZ transition of HCOOCI; also have two velocity components at 63 and T4 km 57! for
C,H3CN, and at 64 and 75 km s~ for HCOOCIL,, respectively. Near SgrB2(N), the high
velocity components of these molecules have narrow line width (~ 3 - 6 kin s™'), and the
low velocity components are broader (~ 9 - 12 km s™') and stronger (~ factor 2) than
the high velocity components. This indicates that these molecules and CH;0H exist in

the same volume.

Integrated intensity map of the 88594.843 MHz line is shown in Figure 2(a).
Emission peak is located about 10" northeast of SgrB2(N), and there is little emission
toward SgrB2(M). Above mentioned organic molrcules also peak at a region with
diameter < 0.1 pe toward SgrB2(N), while almost no emission is detected toward
Sgri2(M) (Miao et al. 1993). The emission distribution around SgrB2(N) is compact
and its FWHM is comparable to or smaller than the beam size (FWHM) at this
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frequency of 17", which corresponds to 0.7 pe if the distance to SgrB2 is assumed to be
8.5 kpe.

3.2. (CH,),0

We observed two different energy level transitions of (CH3),0 : the Ty5 - 7y 7 lines
at 104.7 GHz (Ey=3!1 K) and the 15413 - 151,14 lines at 88.7 GHz (E,=117 K). (CI;);0
has four torsional substates, AA EEAE, and EA, due to internal rotation of two CII;
groups. The frequency separation between components of Lthe T34 - 7y 7 lines are about
2.6 Mllz, and these are separated enough (Figure 1{c)). On the other hand the 15,5
- 151,14 lines are separated by 1.4 Mllz, and all substates lines are completely blended
(Figure 1(d)). Visg is 62 - 65 km s™'. Line width of the 15513 - 15,4 line is 15 -

20 km 57! and those of each component of the 726 - Ty7 line are 4 - 6 km s™'. The
integrated intensity maps of both lines, integrated over all components are shown in
Figures 2(b) and 2(c). The distributions of both lines are similar. Both lines peak about
10" northeast of SgrB2(N), and this peak coincides with that of CH3OH, The 155,53 -
15,14 line also distributes compactly around the peak like CH30H, and the T4 - 77
line slightly extended toward the west of SgrB2(M). Such a similarity of the distribution
between CH3OIH and (Cll3),0 is also seen in ONMC-1. According to Minh et al. (1993),
hoth of emission of CH30H and (Cl;),0 peak al the southern condensation that has
formed by the interaction of the outflow from IRc2 with the quiescent material (Blake et
al. 1986). Integrated intensity of the 15544 - 15,14 lines is lower than that of the 744 -
Ty 7 lines. This may be due to the energy level difference of the observed transition (117
Ik and 31 K).

3.3. C,H,0H & HCOOCH,

We ohserved two C;H;OH transitions, the Ty- - 6,4 line at 104487.22 MHz and the
515 - 1o line at 104808.62 MHz. The Tyz - 6,6 line is blended with the 115,-105, and
the 11g4-104, lines of C;II;CN at 104490.364 MHz. The profile of the 5,5 - 454 hine
which is not blended with other lines as shown in Figure 1{e). The emission of these

lines appeared in almost of our observing points. Visg is 60 - 73 km s™" and line width

of the 55 - 4g4 line is 12 - 24 km s™'.

Since the Tor - 6,5 line is blended with C3H3CN, we show only the integrated
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intensity map of the 5,5 - 4g4 line (Figure 2(d)). The distribution is extended in our
mapping area. This is different from our ClI30H result. The upper level energy of the
515 - 404 lineis low (13 K), so that this transition can be excited even in low temperature
region. Emission peak of the 5 5-44, transition is located at SgrB2(N) and the second
peak is located about 40" west of SgrB2(M).

For HCOOCH,, we observed the T, - 6,5 . and A lines. They are separable
as shown in Figure 1(f). Visgr and line width are 61 - 70 km s~ and 5 - 12 km s7',
respectively. Integrated intensity maps of two transitions are shown in Figures 2(e) and
2(l), respectively. Both maps have emission peak located about 14" east of SgrB2(N).
The A-species line has other peaks at ~ 30" south of SgrB2(N) and at ~ 35" west
of SgrB32(M), and the E line has a sub peak at ~ 25" southwest of SgrB2(M). These
transitions also have low upper level energy (18 K) so that this is the reason for extended
distribution to be excited. The reason why the O-bhearing organic molecules have
extended distributions will be discussed in section 4.3.

3.4. Column Densities

FFor molecules we observed two different energy transitions ((CHy),0 and C31I;0H),
we made the column density and the rotation temperature maps. For the other molecules
(CH50I1 and HCOOCIH;), at each emission peak. we assnmed the rotation temperatures,
Tiors by using the line survey data of this region taken by the NRO 45-m radio telescope
(Ohishi et al. 1998) and the SEST 15-m radio telescope (Nummelin et al. 1998), and
derived the column densities. The column densities were derived by assuming that all
lines are optically thin under the LTE condition. This analysis is called the rotation
diagram analysis, and is commonly adopted for the analysis of molecular lines observed
in interstellar medium (See Appendix). Oblained rotation temperatures and column

densities are listed in Table 2.

We found the rotation temperature of CH3OH to be 148 K toward 5grB2(N)
from the NRO survey data using the rotation diagram analysis. On the other hand,
Nummelin et al. (1998) cstimated the temperature toward SgrB2(N) by introducing two
components: core and halo. They [ound high rotation temperature of 238 X and very
small beam filling factor, gy = 0.008, for core. For halo, they found low temperature
of 45 K. Since our mapping result of CH3OIl shows compact distribution, we adopted

a temperature of 200 k. We obtained the column density of CII;OH to be 1.5 % 1017



Chapter 2 17

em™2, which is smaller than the value, 5 x 10'® cm~2, obtained by Nummelin et al.

(1998) for core. This may be because of very small beam filling [actor they estimated.

For (CH3)20, the rotation temperature was estimated using the 1543 - 15,14 and
the Ty - Ty7 lines, The rotation temperature were obtained 1o be ~ 60 I toward the
column density peak which coincides with the emission peak (10" northeast of SgrB2{N))
and ~ 70 K toward SgrB2(N). These temperatures are lower than the value, 194 K,
oblained by Nummelin et al. (1998). This discrepancy may arise from the difference
of transitions m the analyses. However, the column density we obtained toward the
column density peak, 7.6 x 10" cm™2, is close to the value 7.9 x 10" em™? obtained by
Nummelin et al. (1998) toward SgrB2(N). We show the column density and the rotation
temperature maps in Figure 4. The range of the column density is (3 - 8) x 10" c¢m ~*
excluding the data less than 2 ¢ level, and those of the rotation temperature is 20 - 70
K. The distribution of the column density also concentrates toward the emission peak.

This indicates (CHs).0 abundance is enhanced greatly toward this position.

For C3l1;0H, we performed the analysis like for (ClH;),0. However, the Typz - 614
line is blended with the 1155 - 1055 and the 1155 - 104, lines of C;H3CN. Therefore we
tried to estimate the contribution of CoHsCN lines to the Tz - 6y line of CyHz0I1 and
to remove the contribution. When we observed the Ty - 65 line of C;H5OH, we found
other lines of C3H3CN in the same spectrometer. These lines have rotation quantum
number, J, equal to the 1152-105; and the 11g3-104 2 lines of C,HaCN and different
projected quantum number, £, (K = 3-8 and 10). Then we estimated the contribution of
the 11g2-10g,; and the 1lg3 - 1042 lines of C3II5CN fromi the other C,H3CN lines using
the rotation diagram analysis. However we could not express the population distribution
of C,H3CN by a single rotation temperature and could not estimate the contribution of
C,H,CN at 104.5 GHz line.

Since the other C3II3CN line emissions are only detected toward SgrB2(N), the
contribution of the 1lg4-104; and the 1144 - 104 lines of CoHzCN to the Toz - 616
line of C;H;0H would be limited toward SgrB2(N). Therefore toward SgrB2(N), the
column density of C;H;0H was derived with the method like for CH3;0H. The rotation
temperature toward SgrB2(N) were obtained using the frans and the gauche transitions
observed Ly the line survey. We obtained the rotation temperature of 72 K toward
SgrB2(N) from NRO data. Nummelin et al. (1998) also obtained 73 K toward the
same position. Then we assumed rotation temperature toward the emission peak of

the 5, 5-4g.4 line to be 70 K. The column density toward the emission peak, 1.9 x 10'¢
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em™2, is higher than 4.2 x 10" em™ obtained by Nummelin et al. (1998). We showed
the column density and the rotation temperature maps in Figure 5 together with the
integrated intensity of the 1156 - 1055 and the 1155 - 1054 (these lines are blended) lines
of C;H;CN. Toward SgrB2(N), the column density was calculated assuming a rotation
temperature of 70 K. The range of the column density is (1-20) x 10" em™2.

The second peak appears about 45" northwest of the strongest peak in both of the
column density and the rotation temperature maps. Neither of the 545 - 4; 4 nor the 7 ; -
Gos lines show pealk in this position in their integrated intensity maps, and no continuum
source has been detected toward this position. In this second peak, the column density is
higher (~ 5 x 10'% cm ~?) than the surrounding region by about an order of magnitude,
and the rotation temperature is ~ 150 K. Moreover, we found the third peak at ~ 40"
west of SgrB2(M) in both of the column density map and the rotation temperature map.
This position nearly coincides with the peak of integrated intensity, The column density
and the rotation temperature in this position are N ~ 8 x 10" em ~? and Ty ~ 50 K,
respectively. The third peak is close to the sub emission peak of the 7,5 - 6,5 A line of
HCOOCH,.

For HCOOCH3, we found the rotation temnperature of 55 K toward SgrB2(N) using
the a-type transitions of NRO data. On the other hand Nummelin et al. (1998) assume
the rotation temperature of 200 K and obtained the column density of 1.1 x 10'® em™?
which is higher than our result. This discrepancy would also be due to difference in
transitions in analyses. We assumed the rotation temperature of 60 K and obtained the

column density of 7.7 x 10" em™2,

4. Discussion
4.1. Abundances of the O-bearing Molecules

We derived the fractional abundances of O-bearing molecules relative to hydrogen
molecule in their emission peaks. Since all of emission peaks are located near Sgr32(N)
we assumed the column density to be N(II;) =5 x 10 ¥ em™% (Martin-Pintad et
al. 1990). Derived abundances of molecules are shown in Table 2. Compared with values
from a pure gas-phase model (Lee et al. 1996), observed abundances are higher than the
calculated results by 2-4 orders of magnitude (Table 2). This indicates that abundances
of the O-bearing large organic molecules cannot be explained by pure gas-phase reactions,
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and other reaction scheme such as grain-surface reactions may be necessary.

Then we compared our results with models including grain-surface reactions (Caselli
el al. 1993, hereafter CIIH; Charnley et al. 1992, hereafter CTM). Qur results of CH3OH,
HCOOCH; and (CH4)0 are similar to the predicted abundances in the Compact Ridge
model of CTM. lowever, observed C;H;0H abundance is higher than the Compact
Ridge model values of CTM and CHH by 3-4 orders of magnitude, and higher than the
Hot Core model predictions of both of CTM and CIHH by 5-6 orders of magnitude.

It is believed that important elements which are initially included on the dust mantle
are CO, Hy0, NH5, CH,, H,CO, and CH;0H, and so on. Such composition of dust
mantle cannot explain present observational results of C,H;0H. Charnley et al. (1995)
investigated the gas-phase chemistry in dense cores where ice mantles containing ethanol
and other alcohols have been evaporated. Their calculations showed that methanol,
ethanol, propanol, and butanol drive a chemistry leading to the formation of several large
ethers and esthers. Evaporated ethanol reacts with molecular jons, HCO' and H30%,
and protonated ethanol is produced. This protonated ethanol reacts with methanol or
ethanol, and recombines with an clectron, and finally, CH;OC;H; and (C,H;),0 are
formed. According to their calculation, these molecules attain high abundances and
should be present in detectable quantities within cores rich in ethanol and methanol. If
such molecules were detected, it would be a strong evidence that ethanol is one of the
important elements of dust mantle, and present observational results would be explained

by this model.

4.2. Comparison of Spatial Distribution with those of Other Molecules and
the Spatial Relation to H Il Regions

The emission peaks of all observed molecules coincide with the continuum source
SgrB2(N) within 15", In this region the 5 GHz continuum emission peaks (See Figure 1
of Martin-Pintado et al. 1990; Benson & Johnston 1981). Such distribution is very
different from emission of several simple molecules ; HC3N J = 11 - 10 peaks in the west
of SgrB32(M) and elongated [rom the north to the south (de Vicente et al. 1997), SO 24-1,
peaks near SgrB2(M) and (N) (Figure 3), and C*0O J = 1 - 0 peaks toward SgrB2(M)
and elongated widely (Lis & Goldsmith 1991). These simple molecules are believed to
be produced by ion-molecule reactions or neutral-neutral reactions in the gas-phase.

Then the difference between the distributions of the O-hearing large organic molecules
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and those of simple molecules indicates that the O-bearing large organic molecules are

produced under localized conditions different from those for simple molecules.

Many observational facts suggest that SgrB2(N) is younger than SgrB2(M). High
velocity 11,0 masers (Reid et al. 1988) show that this region is young, because these
masers appear to last for only ~ 7 x 10" yr alter the formation of an ultra compact H II
region (Genzel & Downes 1979). Based on the HC3N observations (Lis et al. 1993), the
outflow age of SgrB2(N) is calculated to be 5,000 years and that of SgrB2(M) is 10,000
years. Lis et al. (1991) derived a relation between the luminosity-to-mass ratio and star
formation rate per unit. Based on their hypothesis, Miao & Snyder (1997} estimated the
luminosity-to-mass ratio of ~ 30 LM for SgrB2(N) and ~ 450 LMz for SgrB2(M).
In fact, the presence of only 3 UC I 1l regions in SgrB2(N) indicates that only a few
massive stars have recently formed. The core mass of SgrB2(N) is estimated to be ~ 107
Mg, (see, Goldsmith et al. 1990; Lis et al. 1993); there appears to be plenty of material
from which more stars are formed. In contrast, there are 30 O and early B-type stars
presently located in SgrB2(M) (Gaume & Claussen 1995). With so many massive stars
in this region, the strong UV radiation field would dissociate all but the most tightly
bound molecules.

Therefore it is likely that the O-bearing large organic molecules are closely related
with ongoing massive star-formation, and exist in early phase of evolution of molecular
cloud. Caselli et al. (1993) have calculated abundances of several large organic molecules
in Orion Compact Ridge and Hot Core. In this model, during the collapse phase of the
molecular cloud, molecules are liberated from grains into the gas-phase and also formed
in the gas-phase, which dramatically increases their abundances. The authors found that
after 10° yr, due to the higher gas density and the transitory nature of large abundances
of organic molecules in ion-molecule chemistry, many molecules tend to decrease sharply
in abundance. If SgrB2(N) is younger than SgrB2{M) our observational result. that the
O-bearing large organic molecules are concentrated toward SgrB2(N) is consistenl with
this scenario. Although no model caleulations have been made for SgrB2, such scenario

proposed for Orion might be applied to SgrB32.

4.3. Extended Component of the O-bearing Molecules

For C3H;0H and HCOOCH;, the extended distributions are also seen. The upper

level energies of these transitions are lower (13-18 K) than those of CI1;01I1 and (CH;),0
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(31-328 K). Therefore, although these transitions of CH3OH and (CH3)20 can be excited
toward only high temperature region (for example SgrB32(N)), those of C;H;0H and
HCOOCH; can be excited even in low temperature region. 36 GHz emission of CH;0H
is also extended [rom the northeast of the SgrB2(N) to the west of S5grB2(N) and (M)
(Liechti and Wilson 1996). This indicates that CH3;O0H exists even in the extended
region. Since CH;OH can be produced even in gas-phase reaction, CII;OI which exist
far from IT 1T regions may be produced in gas-phase reaction. On the other hand,
HCOOCH; is believed to be produced from dust-evaporated H,CO in the gas-phase

reactions as follows:

CHsOH} + H,CO —» IL,COOCT: + H,
H,COOCH] + ¢ — HCOOCH; + H (2.1)

The sublimation temperature of HyCO is lower (~ 45 K for n{l;) ~ 10%) than that of
CH;0H (~ 70 K for n(Hy) ~ 10%) (Nakagawa 1980). This indicates that H;CO can
evaporate in lower dust temperature region. Therefore, distribution of H;CO may be
extended than those of CH30I1. Since H;CO can also be produced even in the gas-phase
reactions, if reaction 2.1 is correcl, the extended distribution of HCOOCII; may trace
that of Hy;CO which is evaporated from low temperature dust grains or produced in
gas-phase reactions.

For (CH3)20, the 155,43 - 15;,4, line shows compact distribution, however, the 7,4 -
717 line shows slightly extended distribution. (CH;);0 is believed to be produced from
dust-evaporated CH;0H in gas-phase reactions like HCOOCH; as follows:

CHsOH? + CH30H — (CHs),OH* + H,0
(CHy),OH* + ¢ — (CHy),0 + 1 (2.2)

Therefore the slightly extended distribution of (CH;),0 would reflect the extended
distribution of low energy CH3;OH emission. However, the reactants of this reaction are
related with only CH30H, so that this distribution would be more compact compared to
HCOOCH;.

Sublimation temperature of C,;H;0H is similar (~ 67 K for n(H;) ~ 10°) with that of
Cll;01H. Therefore if CHsOH which exist [ar from 11 11 regions were evaporated from dust
grains, C3lI;0H could also be evaporated from dust grains. However, dust temperature
of the SgrB2 molecular cloud is low (~ 34 K) (Gordon et al. 1988). Therefore we need

to consider some candidates which heat dust grains except for SgrB2(N).
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The subpeak of the 555 - 4,4 line of CaHsOH which is located in the west of
SgrB2(N) is close to the sub peak of ICOOCII;. In this position, C;H;0I11 shows slightly
higher rotation temperature (~ 50K) than the surrounding region. This indicates that
very young IR sources which cannot be observed by radio continnum may be embedded.

If such young sources existed, they would heal dust grains.

According to Schilke et al. (1997), SiO is produced in the gas-phase of molecular
outflows, throngh the sputtering of Si-bearing material in grains. The sputtering is
driven by neutral particle impact on charged grains in C-type shocks. And it is known
that Si0O lines are broadened and shifted relative to the emission from the ambient gas
(Martin-Pintado et al. 1992). It is likely that dynamical effects are responsible for the
release of Si, or Si-bearing material, from the grains into the gas-phase. In the SgrB2
molecular cloud, SiQ is detected and it is well known that the distribution is extended
widely (Martin-Pintado et al. 1997). This indicates that there are some turbulence which
may occur sputtering of the Si-bearing material in grains in a wide region of the SgrB2
molecular cloud. C;H;OH may also be released during such spultering process as well.

5. Conclusions

We carried out mapping observations of the O-bearing large organic molecules
toward the SgrB2 molecular cloud. All emission peaks are located within 10”-15" of
SgrB2(N} which 1s associated with H II regions and in which there are young O,B-type
stars, Especially, CIT;0H and (Cll3)20 distributions are compact and close to each
other. (CH3),0 is believed to be formed in the gas-phase from CH3OH that has been
evaporated from dust mantle. Since CH;OH has high abundance in the emission peak,
(Cl3),0 would be formed from abundant and highly excited CIH;OH in this region. And
the distributions of the O-bearing molecules associated [l IT regions indicate that the

production of these organic molecules are closely related with active star-formation.

C;H;0H and HCOOCH; show extended distributions. The low energy transition of
(CII3)20 also show slightly extended distribution. This trend is seen in the case of low
energy 36GHz emission of CH3;OH. This indicates that these molecules exist in a region
far from I 11 regions. It is believed that HCOOCT; is produced from CHzOHF and
H,CO, and (CI;);0 is produced from CH30I1] and Cl30H. Therefore the extended
distributions of HCOOCH; and (Cll3),0 would reflects those of low energy CH;OH.
Since production mechanism of (CH;);0 is related to only CH50II, the distribution
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would more reflect that of CII3OII rather than HCOOCI;, and be compact. The
extended distribution of C;H;0H cannot be interpreted by gas-phase reactions. Since
in SgrB32, 510 which is produced in gas-phase through the sputtering shows extended
distribution, C;H; Ol may be also evaporated from dust grains by such sputtering.

We obtained the colummn densities of the O-bearing molecules to be N{CH30H) =
1.5 x 10'7, N{CyH;0H) = 1.9 x 10'%, N(IICOOCH;) = 7.7 x 10", and N((CHj3);0) =
7.6 x 10'", respectively, in the emission peak. The fractional abundances of X {CIH;0H)
=3 x 107%, X(C;H;0H) =4 x 107¥, X(ITCOOC'H;) = 2 x 107%, and X((CH;),0) =
2 x 1077, respectively. This observational results cannot be explained by pure gas-phase
reaction models, however, the model calculations which include grain-surface reactions
for two hot cores in Orion-KL, Compact Ridge and Hol Core, can nearly explain
observational results except for C,H;OH. Il C;H;OI were one of the element which 1s

initially included on the dust grains, observational results could be reproduced.
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Appendix

Rotation Diagram Analysis

The rotational temperature and the column density were determined from the
observed line intensities using the rotational diagram method, which is commonly
adopted for the analysis of molecular lines observed in interstellar medium (e.g. Turner
1991). This method is based on the assumption that the lines are optically thin and that
the rotation temperature between the upper and lower levels of the transition is much
higher than that of the 2.7 K continuum background. The observed line intensity [ Ti,dv

is proportional to the column density N as lollows :

jT ’ SrivpSN ( E, )
) = —————pxn | —
Lt 340 ex) T

where v is the transition frequency, S the line strength, g the dipole moment, @ the

partition function at temperature T, and E, is the encrgy of the upper level. From

this we can obtain the following relation :
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In this method, a plot of the natural logarithm of the line intensities versus the

energy of the upper level should produce a straight line whose itercept at E,, = 0 is

proportional to the molecular column density and whose slope gives Ti,,.
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Table 1. Line parameters and characteristics of the NRO 45-m telescope

Molecule Transition Frequency E.* Opts” Db
Milz] (ST R )

CH;0OH 15313-1440 At 88594.843 328 17 50

CH;0H 153 12-144.01 A” 38940.047 328 17 50

(CH,).0 152,0a-155 14 AA 285709.072 117 17 50

(C'Hy)20 152,13- 151,04 B 88707.644 117 17 50

(C'H4).0 1531315114 EA 38706.216 117 17 50

(C'Hy),0 15215-151,14 AE 38706.216 117 17 50

HCOOCH;, Tio615 E 88843.176 18 L¥ 50
HCOOCH, T16-615 A 88851.620 18 17 50
C,;H;01 Tor-616 104487.22 16 15 49

C,H;0H 515404 104808.62 13 15 49

(C'H3),0 Taa-Ti7 AA 104705,93 31 15 49

(C'H4),0 T25-T1,7 EE 104703.30 31 15 49

(Cll3),0 T26-T17 EA 104700.62 31 15 49

(C'H3)20 T25-T17 AL 104700.62 31 15 49

* 5, 1s the upper level energy above the ground state
bg,1, 15 the beam size

“Bis 15 the main beam efficiency
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Table 2. Fractional abundances of the observed molecules at the emission peak and

predicted abundances from chemical model

model calculations

Molecule b 1 N X Lec el al® Caselli et al.b Charnley et al.c
(K]  [em™?] G.Re H.C* C.Rf H.C8
CH,OH 200" 1.5(17) 3(-8)  6.5(-10) 2.0(-5) Lo(-10) 7.2(-7) L.7(-10)
C;H;0H TOM O 1.9(16)  4(-9)  2.4(-13)  85(-12) 4.4(-13) 9.2(-12) 4.2(-14)
IHCOOCH; 60  7.7(15) 2(-9)  5.6(-12) 3.7(-8)  L3(-13) T7.7(-9) 4.4(-12)
(CH,),0 60  7.6(15) 2(-9) L7(-13)  32(8) 1.0(-13) 1.5(-8) 1.3(-15)

*Gas-phase model; Ty, = 50 K, ny = 10° em™3, 10° yr (Lee et al. 1996)

"Model for Orion-KL (Caselli el al. 1993)

“Model for Orion-KL (Charnley et al. 1992)

1Compact Ridge; T, = 100 K, ny = 10° em™, 3.2 x 10* yr

“Hot Core; 1}, = 200 K, nyy = 1.3 x 107 em™, 3.2 x 10" yr

ICompact Ridge; T, = 100 K, ny = 2 x 10° cm™3,4 x 10* yr

EHot Core: Ty = 200 Ix, nyy = 2 x 107 em™2. 6.3 x 10" yr
y Tk » TtH [ ¥

WP 4 is assumed

a(b) means a x 10°.



Chapter 2 27
-III{IllllIIIllIiIII||I|_ _IIII[I||11I|IIII1I1'I|IIT_
1 | CH,OH 15,5 = 14, A" " 4 | CHOH 15,,, - 14,,, A" B
X ] &
¥ 1 =
L
‘|_11r|1|l||1|[||i||r1]r1|_ G.E _|1r|rri]H|F||r]|i1|!1r‘
: {CHG}E’G ?E.ﬂ- - ?i,? {E) : ™ {CHE}EG 152.1:! - 15].14 {d} by
08 £ ¢ uen A i i
r EI a ] 04 CZHECH =
.06 [ EE o | ]
% 1 EA+AE 1 & |
£ 04 1 Fo02 [
02 F : [
IGCWU U- .dM
ﬂ L
-I'I'I[Irf'lllT'll'lrll'Ii'lIfl- _I'Ifl'lrl'lrl'Il'ITri'I['I]'r'lT_
| C,HOH 5, - 4,, (e) | 06 [~ HCOOCH, 7, - 6,5 () -
'04 | :? __ o
—— i P ﬂ14 I~ =]
o) 1 B i a
‘e 0.2 <+ te i 1
i ] o2 7
0 T 0 a“
I 1 1 | I.l Ih i 11 | L1 | L1l | | I | ‘I [ | I_
0 20 40 60 80 100 120 0 20 40 60 80 100 120
V (km/s) Vi(km/s)

Fig. 1.— Spectra of (a) CH30H 155 13-14, 10 A* transition at 88594 843 MHz; (b) CH;0H
153 12-144,31 A~ transition at 88940.047 MHz; (¢) (CHz),O T4 6-7y 7 transition at 104700.62
MHz (EA, AE), 104703.30 MHz (EE), and 104705.93 M1z (AA); (d) (CHz3)20 152,15-151 14
transition at 88706.216 MUz (EA, AE), 88707.641 MHz (EE), and 88709.072 MHz (AA);
(e) C;H;0H 5, 5-4g,4 transition at 104808.62 MHz. Question mark indicate unidentified
line; () IICOOCH; 7, 4-6, 5 transition at 88843.176 MIlxz () and 88851.620 Mz (A).
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Fig. 2.— Integrated intensity distribution of (a) the 153 15-14,4 19 A transition of CH;OH;
(b) the 7257y 7 transition of (CHz),0; () the 15;,5-15; 14 transition of (CH3);0; (d) the
51,510, transition of CaHsOH; (e) the 7y 4-6; 5 A transition of HCOOCH;; () the 7y 6-
iys I transition of HCOOCH;. Two crosses represeni the position of SgrB2(M) and
SgrB32(N). The contours are 10 to 90 % in steps of 10 % of the maximum value. The

circle in the lower lefi-hand corner indicates the beam size, 0,,,.
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Fig. 4.— The column density and the rotation temperature maps of (CH3),0. left - The
contours are 3,4, 5, 6, 7 and 7.5 x 10'* cm~2. right : The contours are 20, 50, 60, 65 and
70 K. The (0,0) position is RA(1950.0)=17"14™10.%0, Dec(1950.0)=-28°21'15"(SgrB2(N)).
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Fig. 5.— The column density and the rotation temperature maps of C,H;0H (solid line)
and the integrated intensity of the 115-10g lines at 104429311 MHz of Co2H,CN. left - The
contours are 1, 2, 3, 4, 7, 10, 50, 100 and 500 x10'® cm ~2. right : The contours are 10,
20, 30, 40, 60, 80, 100, 150 and 200 K. the contours of integrated intensity of C3HaCN
are 20 to 90 % in steps of 10 % of the maximum value 9.2 K*km s~'. The {0,0) position
is RA(1950.0)=17"14"10.°0, DEC(1950.0)=-28°21'15".
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NH,-bearing Large Organic
Molecules toward Sagittarius B2
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ABSTRACT

Mapping observations of methylamine (CH;NII,), methylenimine (CH,NH),
formamide (NH;CHO) and cyanamide (NII,C'N) were carried out toward SgrB2, using
the 45-m radio telescope of the Nobeyama Radio Observalory. The mapping observations
of CHzNH; and CH;NH were carried out for the first time.

CH3NH; has the strongest emission peak at ~ 17" southwest of SgrB2(N) and the
second peak at ~ 38" south of SgrB2(M). The second peak position coincides with
SgrB2(S) where OH maser has been detected. The emission distribution is elongated
from the north to the south in the west of SgrB2(M) and (N), and the FWHM of the
distribution is about 1.2" x 2',

The emission peak of CH;NH is located south of the CH3NH, peak and ~ 19"
northwest of SgrB2(M). The distribution of CH;NII is also extended from the north to
the south. The FWHM of the distribution is slightly wider, ~ 2’ x 3’ because of larger
beam size (49") than that of CIIsNH, (217).

In the case of NH;CHO, we observed two transitions, 5; 5 - 4, 4 at 102.1 Gz and 54 4
- 434 at 105.9 GHz. The distribution of these two lines are different. The 5,5 - 4,4 line
peak is located ~ 42" west of SgrB2(M) and the second peak is localed ~ 58" northeast
of SgrB32(N). Emission peak of the 554 - 424 line is ~ 17" southwest of SgrB2(N). The
FWHM of the distribution of the 5, 5 - 4,4 line is about 2" x 3.5/, and that of 53,4 - 453

line is smaller than that of the 5,5 - 4,4 line, about 1" x 1.5,

The distribution of NH;CN is different from those of the other NH- and NH,-bearing
molecules; emission peak 15 located at ~ 54" northeast of SgrB2(N). The distribution
shows a L-like structure which is extended [rom the north of the SgrB2(N) to the west
of SgrB2(M) and (N). The size is about 2.3" x 2.5".

We compared our results with previous observations and found that the elongated
distribution of the NH- and NH;-bearing molecules are very similar to the envelope of
the 1.3 mm dust continuum (Gordon et al. 1993) and the HC3N J =1 - 0 line (de
Vicente et al. 1997). The distribution of NH,CN is similar to those of HNCO (Minh
et al. 1998; Wilson et al. 1996) and CH3OH maser at 36 GHz (Liechii et al. 1996).

Emission peaks of these molecules are also located near the emission peak of NH,CN.

From the mapping observations of the NH- and NH;-bearing molecules, we found

that the production mechanism of these molecules may be different from the O-bhearing
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and for CN-bearing organic molecules, which are believed to be produced on dust grains
and are evaporate from dust mantle by UV radiation from O B-stars in II IT regions.
It is likely that the NH- and NHj-bearing molecules refleet the distribution of the high
density gas. This indicates that production mechanism of the NH- and NII,-bearing

molecules may be the gas-phase reactions like HC3N.

1. Introduction

The NH- and NH;-bearing organic molecules (CH3 NIz, CII,NH, NH,CITO and
NI CN) were discovered toward SgrB2 for the first time, and have not been detected
in other objects for many years. DLxistence of methylamine (CH3NH,) was originally
suggested in SgrB2 by Fourikis et al. (1971) on the basis of a marginal detection of the
242 - L1 Aa-state transition at 83.78 GHz, and Kaifu et al. (1974) claimed its detection
by observing the 515 - 553 Aa-state and the 4, - 45y As-state transitions at 73 and 86
GHz, respectively. Methylenimine (CHyNIT) was originally observed by Godfrey et al.
(1973) on the basis of the 15 - 1;; transition at 5.3 GHz. Recently, Dickens el al. (1996)
carried out a survey of CHyNH in several molecular clouds with various temperatures,
and detected it toward some molecular clouds. They found that the abundance ratio,
CHoNH/HCN, in cold, dense regions with no sign of star formation could bhe explained hy
pure gas-phase reactions, however in hot regions, the CII;NH abundance was enhanced.
Bernstein et al. (1995) noted that CII,NII is a product of UV irradiation of model
interstellar icy grain mantles. Formamide (NH,CITO) was first detected at 6 cm (Rubin
et al. 1971). Kuan and Snyder (1996) mapped this molecule toward SgrB2(N) using the
three-element millimeter array of the Berkeley-Illinois-Maryland Association (BIMA)
al Hal Creek Radio Observatory. They found NII;CHO was detected only toward
SgrB2(N). Cyanamide (NII,CN) was first detected at 8.5GIHz and 100.6GHz by Turner
et al. (1975) toward SgrB2. Then Turner (1991) detected several transitions of this

molecule toward SgrB2 and Orion-K1L.

Since these molecules are large organic molecules and the saturation degrees are high,
it is believed that their formation on the dust grain is important like other O-bearing
large organic molecules (CH;OH, C,H;0H, HCOOCH;, (CH;):0 ete). However, there
have been few observations of the NH- and NH;-bearing large organic molecules, so that
the formation mechanism of these molecules are still unknown. In order to study the

chemical role of dust grains on production of organic species in massive star forming
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regions, it is important to compare the distributions of these molecules with H 11 regions
and/or dust continuum distributions. Then we carried out mapping observations toward

SgrB2 in the NH- and N;-bearing molecular species.

We performed mapping observations of the O-bearing large organic molecules (see
Chap. 2). Since nitrogen is one of the basic element in the universe as oxygen, it is
importanl to investigate molecules which include nitrogen, and to analyze the results
together with the observational results of the O-bearing molecules.

2. Observations

The initial observations in the CIHaNII; lines were made in 1996 September, using
the 12-m radio telescope of the National Radio Astronomy Observatory at Kitt Peak,
Arizona. We used the 3 mm SIS receiver, with system temperature was ~ 300 K. In
the observations, we simultaneously used the hybrid autocorrelator with the 600 MHz
total bandwidth with the frequency resolution of 781 kHz, and the filter banks with the
frequency resolution of 1 MHz. The pointing was checked by observing planets(Jupiter,
Saturn and Venus), and focus was checked at the same time. The beam size at the
frequency of CH3;NH,; was about 707, The on-source integration time was about 30

minutes per point.

Higher spatial resolution observations in the CH3NIl; and CH;NH lines were made
in 1997 April and May, and those in the NH,CHO and NH;CN lines were made in
1998 April using the 45m radio telescope of the Nobeyama Radio Observatory. We
used three SIS receivers covering the 7 mm, 4 mm and 3 mm regions. Typical system
temperatures of the three receivers were ~ 200 ,~ 300 and ~ 350 K, respectively. The
backend was consisted of two sets of acousto-optical radio spectrometers (AOSs), one
with a bank of eight high-resolution AOSs with the frequency resolution of 37 klz and
40 MHz bandwidth, the other with a bank of eight wide-band AOSs with the frequency
resolution of 250 kHz and 250 MHz bandwidth. The pointing was checked every two
hours by observing the Si0 maser of VX Sgr. The estimated pointing accuracy was ~ 5"
rms. The observations were made in position-switching mode. The line parameter, beam
sizes and main-beam efficiencies are summarized in Table 1. The on-source integration

time was 60 - 320 seconds per position.
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3. Results
3.1. CH,NH, and CH,NH

At Kitt Peak, we observed six lines of CII;NH;: the Aa 1, - Ogp line at 79009.6
MHz, the Aa 3,3 - 3pa line at 76839.7 MHz, the Aa 5,5 - 5g5 line at 73044.9 MHz, the
Fa 1_; - Op line at 79209.4 MHz, the Ea 2_; - 2¢ line at 78928.1 MHz, the Ea 4_, - 4¢
line at 76782.5 MHz. The Ea 1_; - 0y linc was observed as absorption and the other
lines were observed as emission. We mapped the Aa 3,5 - 3g3 and the Aa 5,5 - 5y5 line
and the intensity of the Aa 3,3 - 3p3 line was slightly stronger than the Aa 5,5 - 5o
line. Their emission peaks were found near both of SgrB32(M) and SgrB2(N). However,
since the beam size was larger (~ T0") than the separation between SgrB2(N) and (M)

(~ 50"), we could not see which source corresponded to the CHyNII, emission peak.

-

Therefore we carried out higher spatial resolution (beam size = 49" and 15"-21")
mapping observations using the 45-m radio telescope. We observed the Aa 4, - 404
line at 75135.452 Mz of CH3;NH;, because this transition was expected to have the
highest intensity from Kitt Peak observations. We also observed the 444 - 3, 5 line al
105794.118 MHz and the 3p3 - 2y2 line at 35065.723 Mllz of CH;NH. In Figures 1(a)
~ 1{c), we show profiles of these transitions. The mapping area is about 3'20” x 4'40"
which includes SgrB2(M) and SgrB2(N), with a grid spacing of 20". The 3p3 - 252
transition of CHyNH has the Vigg of 53 ~ 68 km s7! and linewidth of 13 ~ 30 km s,
There exists a small peak velocity gradient from the north (~ 68 km s™') to the south
(~ 53 km s7'). The 4g4 - 315 line of CH,NH is blended with the H™¥CCCN J =12 - 11
line at 105799.093 MHz, separated from CH;NH about 14 km s™'. The detected lines
have linewidth between 22 ~ 32 km s7', and it was hard to separate two lines. The Aa
414 - 40,4 line of CH3NH; has the Vigg of 38 ~ 67 km s™" and linewidth between 10 ~

18 km s™'. These Visp and linewidth are typical for large organic molecules in SgrB2.

We show integrated intensity maps of these molecules in Figures 2(a) and 2(b). For
CIH,NH, only the map of the 355 - 2, ; line is shown. The emissions of both molecules
are elongated from the north to the south in the west of SgrB2(M) and (N}, and there
is little emission in the eastern side. This is consistent with that the emission of many
molecular species suddenly weaken in the east. For instance, in the west of SgrB2(M)
and (N}, it is known that HC3N has peak and is elongated from the north to the south
(de Vicente et al. 1997).

The FWHM of the distribution of CH3NH; is (RA x DEC) = 1.2' x 2. The peak
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position of CH3NH; 15 located about 197 southwest of SgrB2(N). This is displaced
from those of other O-bearing and CN-bearing organic molecules (CH;0H, C,H;0H,
HCOOCH;, (CH;3);0, C;H3CN and C;H;CN, etc) which are concentrated toward
Sgri2(N) and the 5 GHz continuum source. (See Chap. 2; Miao & Snyder 1997). And
the second peak is ~ 38" south of SgrB2(M), which coincides with SgrB2(5) where OH
mascr has been detected. The brightness temperatures of CHyNI are higher than those
of CII;NII; in the whole mapping region. The distribution is also extended from the
north to the south like CH;NII;, but becanse the beam size at 35 GHz (~ 49") is larger
than that at 75 GHz (~ 21"), CH;NH emission looks slightly more extended (2' x 3').
The peak position of CHNH is ~ 30" south of the strongest peak of CH3NH; and ~ 19"
northwest of SgrB2(M).

3.2. NH;CHO

We observed the 5,5 - 4,4 line at 102064.353 MHz and the 5,4 - 453 line at
105972.601 MHz. The profiles of these transitions are shown in Figures 1(d) and 1(e).
The 5,5 - 4,4 transition has the Vigp of 50 ~ 73 km s~ and the linewidth of 11 ~ 24
km s~'. There exists a small peak velocity gradient from the northwest (~ 73 km s™')
to the southeast (~ 50 km s™'). In the 53 - 435 line, the Vigg is 58 ~ 70 km s~! and
the linewidth is 10 ~ 20 km s™'. Peak velocity has a small gradient from the north (~
70 km s71) to the south (~ 58 km s™').

The mapping area of NH;CHO 1s about 240" x 440", with a grid spacing of 20".
This area includes SgrB2(M) and (N}, but is slightly smaller than those of CH;NH; and
CII;NH. Integrated intensity maps of NII,CHO are shown in Figures 2(c) and 2(d). In
the 5, 5-4; 4 transition, the distribution is clongated from the north to the south in the
wesl of SgrB2(M) and (N), like CII;NII; and CH,NI. The FWHM width of the emitting
region is about 2' x 3.5/, The peak position of this line is located about 42" west of
SgrB32(M) and a weak peak is located ~ 58" northeast of SgrB2(N). In the 55, - 434 line,
the emitting region is elongated from the north to the south like 5,5 -4; 4 line, however,
is more compactl than that of the 5,5 -4, 4 line. The FWHM of the emitting region of
the 5,4 - 453 line is about 1" x 1.5". The peak position ol the emitting region is about
17" southwest of SgrB2(N). This peak position is displaced from that of the 5,5 - 4;
line about 44” and nearer to SgrB2(N) than the peak position of the 5,5 - 4,4 line.

Since the kinetic temperature of SgrB32(N) is higher (~ 400 K} than that of
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Sgri32(M) (~ 300 K) (de Vicente et al. 1997) and the energy of the 5,4 - 4323 line is
higher {27 K) than that of 5;5 - 4,4 line (18 K), it is considered that near SgrB2(N),
NH,CHO is highly excited than SgrB2(M). Previous interferometric observations of
NI, CHO were made in the 455 - 35, and the 45, - 354 line (IKuan and Snyder 1996)
using the BIMA array with the spatial resolution of 10."8 x 4."6. They [ound a compact
ermission peak toward SgrB2(N). The difference between our single dish map and the
interferometric map is probably because of the different beam sizes between the two
observations. Furthermore interferometric observations are not sensitive to extended

ernissions.

3.3. NH,CN

The Visg of the 5,4 - 4,5 line of NH2CN is 50 ~ 73 km 57! and the linewidth is 10
~ 2% km s7'. The mapping area in this line is about 320" x 4'40”. The distribution of
NI, CN is quite different from those of three other molecules(Figure 2(e)). The strongest
emission peak is located about 54" northeast of SgrB2(N). The emission is elongated
from the north of SgrB2(N) to the west of SgrB2(M) and (N). The second peak of the
515 - 114 line of NH;CIHO coincides with this emission peak of NH,CN, and the shape of
cmission region of NI;CN in the west of SgrB2(M) and (N) is similar to that of the 5, 5
- 414 line of NH,CHO. In this strongest emission peak, some other observations show
similar results; 36 Gllz meihanol emission peaks (Liechti and Wilson 1996}, and the
elongated shape of methanol distribution is similar with that of NH;CN. Wilson et al.
(1996) found the peak of the 1y, - Ogg line of HNCO located ~ 45" north of SgrB2(N).
This HNCO peak is about 23" west of NH,CN peak. Moreover, Minh et al. (1998)
found that HCOF and HNCO exist mainly at 2’ north of SgrB2(M). This peak position
is ~ 35" northwest of NH;CN peak. We show these molecular emission peaks in the
integrated intensity map of NH,CN.

3.4. Column Densities and Fractional Abundances

The column densities of these molecules were derived from the observed intensities
toward their emission peaks using the rotation diagram analysis (See Chap. 2 Appendix).
We assumed the excitation temperatures of CHzNI,; and CHyNII derived using the line

survey dala al NRO (Ohishi et al. 1998) and at SEST (Nummelin et al. 1998) like
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O-bearing molecules.

For NI1,CHO, since we observed the 5,5 - 4, , line and the 5, - 4,4 line, we
estimatled the rotational excitation temperature and the column density simultaneously.
The column density map and the rotational excitation temperature map are shown in
Figure 4. We found that the rotational excitalion temperature toward the emission peak
of the 534 - 425 line was negative and could not obtain the column density, Then we
needed to assume the excitation temperature to estimate the column density. Since
the rotational excitation temperatures of a region surrounding the emission peak of
the 534 - 423 line are about 100 K (Figure 4), we assumed the temperature higher
than 100 K. Practically, from the SEST data, Nummelin et al. (1998) oblained 176 K
toward SgrB2(N) and we obtained 149 K toward the same position from the NRO data.
Therefore we assumed 130 . The column density of NH,CHO toward the emission peak
of the 524 - 423 line was obtained to be 2.5 x 10" em™*. Toward the emission peak of
the 5,5 - 434 line, the column density and the rotational excitation temperature were

obtained to be N = 2.5 x 10" cm™ and T}, = 23 K, respectively.

In contrast, Kuan and Snyder (1996) found N(NH,C'HO)=4.9 x 10'% ~ 2.7 x 10'¢
cm™? with the spatial resolution of 10”.8 x 4”.6, Sutton et al. (1991) found 2.6 x 10'®
cin”¢ using a 14" beam toward SgrB2(N), and Turner (1991) found 1.2 x 10" em™
using a 75" beam toward SgrB2{OH). The differences between our result and other
observational results are probably due to the different beam sizes, the different excitation

and the different observing position.

Irom NRO data, we obtained the rotation temperature of NH,CN of 49 K for
SgrB2(NW) which is located about 1’ west of Sgri32(N) and not associated H 11 regions.
Then we assumed 50 K for the emission peak of NH,CN. The column density was 4.0 x

10" em™2.

At the emission peak, we derived the [ractional abundance N(moleeule)/N(H;) to
be (3-13) x 10719, (4-18) x 1070, (5-25) x 107", and (8-40) x 10", for CII;NH,,
CHaNH, NH,CHO, and NHLCN, respectively. The column densities of H; used here
were 1.0 x 10*" em™? toward SgrB2(M) and 5.0 x 10*' cm™? toward SgrB2(N) from
Martin-Pintado (1990).
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4. Discussion

4.1. Comparison of Spatial Distribution with those of Other Molecules and
Dust Continuum

The distributions of the NII- and NHy-bearing molecules are different from those
of the O-bearing molecules (See Chap. 2). However, there are some species whose
distributions are similar with those of the NH- and NH;-bearing molecules.

de Vicente et al. (1997) performed the observations of the HC3N J = 1-0 line. The
emission peak of HC3N is about 20" west of SgrB2(M) and the distribution is elongated
from the north to the south in the west side of SgrB2(M) and (N). This elongated
distribution is similar to those of the NH- and NH;-bearing molecules. Furthermore all
molecules we observed except for NH,CN have peak in the west of SgrB2(M) and (N).
Toward the north, this elongated distribution of HC3N bends to the east. This trend
is also seen in the case of the NH- and NHj-bearing molecules. The 5;5 - 4,4 line of
NH,CHO shows the second peak which is located ~ 58" northeast of SgrB2(N}, and the
emission distribution slightly bends toward this position from the west of SgrB2(N).
CH;NH shows the distribution structure which is slightly elongated toward the northeast
of SgrB2(N). Since ITC3N is a high density tracer, the distributions of the NII- and
NIl;-bearing molecules may reflect high density gas.

The map of the HC3N line is almost identical to those of the CH3CN J = 5-4 line
(de Vicente et al. 1997}, which is a gas kinetic temiperature tracer, and the 1.3 mm dust
emission (Gordon et al. 1993). The emission of the 1.3 mm continuum has prominent
peaks toward SgrB2(M) and (N). However, its extended envelope shape is similar to those
of HCaN and the NH- and NH;-bearing molecules. We reproduced the 1.3mm continuum
map in Figure 3. This suggests that the distributions of the NH- and NHj-bearing
molecules trace the dust distribution. The similarity among the distributions of the NH-
and NHy-bearing molecules, those of HC3N and dust continuum suggests that the NII-
and NH,-bearing molecules exist in the entire region where gas column density is high.
This is very different from the behaviors of the O-bearing molecules whose distributions

shows strong peaks toward H I regions.

Furthermore, NII,CN shows emission peak toward the north of SgrB2(N). The
emission of NII;CN is extended from the west to the east in the north of SgrB2(N)
and from the north to the south in the west of SgrB2(M) and (N). This distribution

is connected with each other and the shape is like a character L. Toward the north of
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SgrB2(N), some other species peak here. The 4, - 303 and the 595 - 40,4 lines of HNCO
and the 4g4 - 3ga and the 505 - 494 lines of [ICOJ have emission peak which is located
35" northwest of NH,CN emission peak (Minh et al. 1998). They identified redshifted
and blueshifted high-velocity components which are located symmetrically around

the emission peak, along the Galactic plane. The flow energies are enough lo initiate
new star formation in this position. Thercfore the authors concluded that large-scale
collapsing motion may cause a strong shock in this position and result in enhancement
of HCO3F and HNCO. Wilson et al. (1996) found that the peak of the 1y, - Ogg line of
HNCO is located about 23" west of our NH;CN peak. They concluded that HNCO could
be exciled by absorbing far and mid-infrared photons. llowever, no continuwm source
has been detected toward this position by submillimeter observations. Therefore there
may be an infrared source which is much younger than SgrB2(N) in this position. Since
NH,CN has comparatively low vibrational excited energy level, this molecule may also
he excited by far and mid-infrared photons. 36 GIIz methanol maser has a peak which
coincides with the NH,CN peak (Liechti el al. 1996).

4.2, Formation Mechanism of the NH- and NH;-bearing Molecule

Now we compare our results with several chemical models: for instance, the gas-
phase model of Lee et al. (1996), the grain-surface model of Allen and Robinson (1977)
and the three-phase (gas, mantle and grain) model of Hasegawa et al. (1993)(Table 2).
The model abundances which include only the grain-surface reactions are much higher
than our observational results by 2-3 orders of magnitude. The abundances of CH,NH,
and CH;NH obtained from the observations are similar to both of the pure gas-phase
model and the three-phase model. The abundance of NI CIIO has not been calculated
in neither of the grain-surface model nor the three-phase model, and the abundance
of NII,CN has not been calculated in the three-phase model. Therefore we could not

conchide which model can explain our observational results for NH,CHO and NH,CN,

Dickens et al. (1997) found CH;NH in several molecular clouds, and that relative
abundances, CH,NH/HCN, in region where gas kinetic temperature is high is higher
than those in region where gas kinetic temperature is low. On the other hand, since
Cl; NI, NH,CHO and NHRCN include nitrogen as the NHy-group, these molecules may
be related to NHa. The linewidths, Vs, velocity structures and the spatial distributions
of these NHy-bearing molecules and those of CII,NH are similar, so that we considered

that observed NH- and NH;-bearing molecules exist in the same physical environment
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and the formation mechanism are similar. In the gas-phase, formation mechanism of
all of these molecules are thought to be related with NHs. According to Herbst (1998),
these NH- and NHs-bearing molecules are formed from NHj or NII; radical as follows:
CIIF + NII; — CIINIHT + H + he
CIHNHS + e — CH,NH + H (3.1)

CHI + NH; — CILNHT + he

CH3NHY + e = CII3NH, + 1T (3.2)
NH; + H,CO — NH,CHO + H (3.3)
NIls + CN — NILCN+ H (3.4)

According to van Dishoeck (1993), NH; is formed from ion-molecule reactions and
photolysis of NHg, and NHy is formed on dust grain. Flower et al. (1993) suggest that
NI, is formed from NHg which is formed on dust grain. In short, it is considered that
reaction (3.1} is also related with NI;, and we considered formation mechanism of
CII;NII may be related to N3 rather than IICN. On the other hand, NI; is believed
to be produced on dust' grains. Since the distribution of the 1.3 mm dust continuum
is similar with those of the NH- and NHj-bearing molecules, these molecules may

be produced from NIy which was produced on dust grains and was evaporated from
them. However, in order to clarify the relation of the N1I,, Nz and NH-, NH,-bearing
molecules, higher spatial resolution map of Nll; and NI are necessary. Although there
are some NH; maps toward SgrB2 (Huattemeister et al. 1993 ; 1995), they observed
with low spatial resolution (~ 40”). Peng et al. (1993) found that NH,D and "NH;
concentrate toward SgrB2(N) using the BIMA millimeter-wave interferometer, however,
interferometric observations do not have sensitivity for extended distribution. In order to
compare the extended envelope shape of the NH- and NHj-bearing molecules with NIl
distribution, high spatial resolution single dish mapping observations in higher [requency

transitions, such as NH;D are essential.
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5. Conclusions

We have mapped CHs;NH,, CH,NH, NH;CHO and NII;CN toward SgrB2 molecular
cloud. The emission of all molecules are elongaled from the north to the south, and
the peak positions are shifted from H II regions, SgrB2(M) and (N). This is very
different from the results of the O-bearing and the CN-bearing organic molecules which
show prominent peak toward SgrB2(N). These results may suggest that the formation
mechanism of the NH- and NH;-bearing molecules are different from the O-bearing and

the CN-bearing molecules.

We obtained the column densities, 1.3 x 10" em™2, 1.8 x 10" em™2, 2.5 x 10"
em™?, 84 x 10" em™?, for CH3NH,, CH,NII, NH,CHO, and NH,CN toward the
emission peak, corresponding to the fractional abundances of (3-13) x 1071, (4-18)

x 10710, (5-25) x 10719, (2-8) x 107", respectively. We compared these results with
several model calculations ; the pure gas-phase model (Lee et al. 1996G), the grain-surface
model (Allen & Robinson 1977), and the three-phase model (Hasegawa et al. 1993).
The calculated abundances of the grain-surface model are higher than our observational
results by 2-3 orders of magnitude. Other models do not. include all of observed molecules

and difference between the pure gas-phase and the three-phase model are small.

The similarity of the linewidths, Visp, the velocity structures and the spatial
distribution of the NH- and NHj-bearing molecules implies that these molecules are
produced in the gas-phase under the same physical condition via NII;/NH;.

However, we need to compare distributions of the NH- and NH;-bearing molecules
with higher spatial resolution NH; and NII; maps in order to clarily the production

mechanisms of CHaNH;, CH,NH, NH,CHO and NH,CN.
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Table 1. Line parameters and beam sizes of the NRO 45-m telescope

Molecule Transition Frequency E® Bt Tnb"
[MHz] K] "] %]
CHNH, 41,4404 An 75135.452 24 21 50
CH,NH %5205 35065.723 18 49 90
o3 105794118 30 L3 49
NH,CHO Byl 102064.353 18 16 19
PRI 105972.601 27 15 19
NH,CN Byl 100629.500 29 16 49

*Fy 18 the upper level energy above the ground state
"0 15 the beam size

Nk 18 the main beam efficiency
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Table 2.  Comparison of column densities (V) and fractional abundances (.X') with
theoretical interstellar chemical models

Molecule  Tio® N X model calculations
[K]  [em™% gas-phase”  grain-surface® three-phase?
CHsNHy 50 1.3(15)  3(-10)=1(-9)  1.6(-10) 1.1(-8) 6.5(-10)
CILNH 80 1.8(15) 4(-10)=2(-9)  1.6(-10) 8.9(-T) 8.9(-10)
NH,CHO 150 25(15)  5(-10)—3(-9) : 1.6(-7) :
NILCN 50  4.0(14) 8(-11)—4(-10)  2.7(-10) 1.0(-8) :

g are assumed.

P = 50 K, ny = 10° em™2, 10° yr (Lee et al. 1996)

Iy = 10 K, Ty = 70 K, nyg = 10° em™2, 10° yr (Allen & Robinson 1977)
My = Ti = 10K, nyg = 2 x 10" em™3, 10° yr (ITasegawa et al. 1993)

a(h) means a x 10P.
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of IT 11 regions SgrB2(M) and (N). Dot mark in Fig.(e) indicates the emission peak of the
log - Opp line of HNCO (Wilson et al. 1996). X in Fig.(e) indicates the emission peak
of the 444 - 3u3 line and the 5455 - 45,4 line of HNCO and HCOJ (Minh et al. 1998).
Asterisk marks in Fig.(e) indicates the emission peak of the 4_; - 35 maser line at 36 GHz
of methanol (Liechti et al. 1996). The circle in the lower left-hand corner indicates the

beam size, 0,
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Detection of a New Cyclic Molecule
c-CoH,40O, and Survey Observations
of c-CoH,O and CH;CHO toward

Massive Star-Forming Regions
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ABSTRACT

We detected a new interstellar cyclic molecule, ethylene oxide (cyelic-C,H,O
hereafter ¢-C,11,0), toward SgrB2(N). Our results indicate the rotation temperature,
Ti = 18 K, and the column density, N(c-C;I11,0) = 3 x 10" cm™2, corresponding to
the fractional abundance relative to molecular hydrogen of 6 x 107''. This is at least
a factor of 200 higher than the abundance for this molecule calculated by a gas-phase
model by Lee et al. (199G6). This indicates that the grain chemistry might play an

important role in the production of ¢-C,H, 0.

In order to investigate the relation belween the grain chemistry and the production
of ¢-CyH;0, we carried out survey observations of ¢-Cyll,0 and its structural isomer
acelaldehyde (CH3;CHO) toward 20 massive star-forming regions and two dark clouds.
¢-Cal14 0 and CH3CHO were detected in 10 massive star-forming regions, and CH,CITO
was also detected in five other massive star-forming regions. Column densities and
rotational temperatures were derived using the rotation diagram method. The resulting
rotational temperatures of ¢-CoH,0 and CH3CHO are in a range of 8-36 K. Since kinetic
temperature ol regions where c-C,H,0 and CH3CHO were detected are in a range of
40-400 K, low rotational temperatures of both molecules indicate that these species are
excited in the outer, cooler parts around the hot core regions or that the excitation
is significantly subthermal. Column densities of these molecules were derived to be
(0.1-2.1) % 10" em™? for ¢-CoH,40 and (0.2-5.0) x 10" em™? for CH,CHO | respectively.
The fractional abundances with respect to Hy are X(c-C,H,0) =1 x 107" - 6 x 1071,
and X(CH3CHO) =7 x 107" - 3 x 1072,

We also detected multiple transitions of CH;0II, C,H;0H, (CH;),0, HCOOCH;,
HCOOH, C,H4CN, and C,H;CN. Comparing the abundances of ¢-C,H,0 and CH;CHO
in each source with those of other large organic molecules, we found that although the
abundances of other organic molecules increase with increasing the dust temperature
of ecach cloud, abundances of ¢-C3H,0 and CH;CIO show little correlation with dust
temperatures. And the rotation temperatures of other organic molecules are higher than
those of ¢-C;H;0 and CH3CHO. This may indicate that the molecular line emission
arises in regions with different physical conditions: ¢-Cy11,0, CH3CHO and [COOH
which show low rotation temperatures exist in cooler outer region around the hot core
region; CHzOH, (CHy),0, C;H4CN and C.H;CN which show high rotation temperature
exist in a hol region near the central stars; and C;H;0H and HCOOCH, which show

intermediate rotation temperature exist in a region between the hot and cooler part.
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We investigated the relation between the column density of CoII;OH and that of
CaH40 group (c-CH, O 4+ CH3CHO). Because Co ;01 1s believed to be precursor of
the formation reaction of ¢-C3H ;0 and CI;CHO in the gas-phase. We found positive
correlation between them. Since the fractional abundances of C;H;OH are enhanced
toward all sources in which C;H;O0H is detected, it seems that C;H;0H is produced on
the grain-surface. And the fractional abundances of C3H,0 group are also 1-3 orders of
magnitude larger than the predicted value from pure gas-phase reaction model toward all
sources excepl for Orion-5, This indicates that since ¢-Cyl1,0 and CH3CHO are produced
from C,H;0H which is evaporated from grain-mantle, the fractional abundances of
c- UL O and CHLCHO are enhanced.,

1. Introduction

Ethylene oxide (¢-C,H,0) is a three-membered C-O-C ring, with each carbon fully
hydrogenated. It is a higher energy isomer of molecules, acetaldehyde (CI;CHO) and
vinyl alcohol (CH,CIHIOH). Only CH3CHO has been detected thus far in the ISM,
although searches for CH,CIHOH have been attempted (Irvine et al. 1989). Although
ClH5CHO has been detected toward both giant molecular clonds {(e.g. Gilmore et al. 1976)
and dark clouds (Matthews et al. 1985}, the production mechanism is still unknown. It
is believed that the production and destruction pathways of ¢-C,I1;0 is close to that
of CI;CITO. Therefore, the detection of ¢-C;H,0 would provide information about
production mechanism of these C,H,O group. Then, firstly, we searched for ¢-C,H;0
toward SgrB2 molecular cloud where a number of large organic molecules have been

detected.

Because of the unusual structure of ethylene oxide relative to most known interstellar
molecules, it is also interesting to investigate the distribution and abundance of such a
molecule and compare them with other organic molecules, CH3011, C;H;0H, C3H5CN,
and C,HsCN, etc. Since structural isomers Lypically share some production and
destruction pathways, the relative abundance of two such isomers may be able to provide
important constraints on astrochemical models. Therefore, we surveyed c-C,11,0 and
Cll3CHO in a number of molecular clouds. The majority of the targeted sources are
warm/hot (Ty ~ 40-400 K) and dense (ny, ~ 10°-10° em ~?) molecular clouds. On
the other hand, other large O-bearing molecules (CH5OI11, CyH;OII, HCOOCH; and

(CH3)20 have been detected toward regions where methanol maser was detected in the
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past. Therefore, we picked up some methanol maser sources as our survey targets.

[n section 2 we describe the details of the observations. In section 3 we present
the results of the detection of ¢-C3H, O toward Sgr32, and the survey observations
of ¢-CyH4O and CH3CHO in massive star-forming regions. In section 4 we compare
the abundances of ¢-C;11,0 and CH3;CHO with chemical models, abundances of other
organic molecules, and physical conditions of each source. Finally, in section 5, we

summarize our main conclusions.

2. Observations

2.1. Detection Observations of ¢-C;H,0 at Haystack, NRO, and SEST

The search observations of ¢-C,H,0 were carried out using three radio telescopes;

Haystack!, NRO?, and SEST?.

The observations at Haystack to search for the lowest energy transition of ¢-C5H,0,
111-0go at 39581.6 Mllz, were performed during 1995 November. We used the 7 mm
HEMT receiver which resulted in a typical system temperature of 150-230 K. The
backend consists of an autocorrelator spectrometer with 53.3 MHz bandwidth and the
frequency resolution of 52 kllz. The observations were made in dual beamswitch mode.
Pointing was checked every two hours by observing Mars and Jupiter. The pointing
accuracy was estimated to be 5" rms. Follow-up observations of other 7 mm transitions
of ¢-CyH,Q in SgrB2(N) were performed from 1996 December to 1997 March, using the

same experimental procedure described above.

After the possible detection of the 1y;-0gp transition toward SgrB2(N), we checked
data obtained from two spectral line surveys toward three positions (M [RA(1950.0) =
17844™10.%4, DEC(1950.0) = -28°2203"], NW [RA(1950.0) = 17"14™06.°6, DEC(1950.0)
= -28°2120"], and N [RA(1950.0) = 17%44™10.51, DEC(1950.0) = -28°21'17"]) in the

'Radio astronomy at the Haystack Observalory of the Northeast Radio Observatory Corporation is
supported by the National Science Foundation.

*Nobeyama Radio Observatory is a branch of the National Astronomical Observatory of Japan, an
interuniversity research institute operated by the Ministry of Education, Science and Culture of Japan,

The Swedish ESO-submillimeter Telescope is operated jointly by ESO and the Swedish National

Facility for Radio Astronomy, Onsala Space Observalory, at Chalmers University of Technology.
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SgrB2 molecular cloud. Spectra in the frequency ranges of 30-50 and 79-116 GHz
were taken with the 45-m telescope of Nobeyama Radio Observatory (NRO) (Ohishi
et al. 1998), and in the frequency ranges of 218-263 Gllz with the 15-m Swedish
ESO-Submillimeter Telescope (SEST) (Nummelin el al. 1998).

The Nobeyama spectral survey was performed from 1988 December to 1996 May.
We used a HEMT receiver for the 30-35 GHz observations, and SIS receivers for the
35-50 GGHz and the T9-116 GHz observations. The typical system temperatures of the
HEMT receiver were 150 K, and those of SIS receivers ranged from 300 to 600 K. For
the backend, we used a bank of acousto-optical spectrometers (AOS) with the frequency
resolution of 250 kHz and the bandwidth of 250 MHz each. Pointing was checked every
two hours by using the Si0 maser from VX Sgr, and the pointing accuracy was estimated

to be better than 5" rms. The data were taken in position-switching mode.

The SEST spectral survey was carried out from 1990 August to 1994 November. The
Schottky receiver used in 1990-1991, which had the system temperatures around 1300
I, was replaced in 1991 with an SIS-equipped receiver with the system temperatures of
typically 600 Ik. The SEST wideband AOSs used [or the survey have channel separations
of 0.7 MHz, resulting in the frequency resolution of 1.4 MHz. Pointing accuracy was
estimated to be less than 5" rms. The observation was carried out in dual beam-switching
maode. Transition data and characteristics of telescopes are listed in Table 1.

2.2. Survey Observations of ¢-C;H,0 and CH;CHO toward Southern
Sources

Survey observations toward southern sources were performed using the 15-m radio
telescope of SEST in October 1997, The 1.3 mm and 3 mm data were ohtained
simultaneously using the IRAM-built 230/115 Glz SIS receiver, with both channels
tuned to single-sideband (55B) operation. The system temperatures were 200-600 K in
the 1.3 mm band and 180-250 K in the 3 mm band. The main-beam efficiency is 60
% for the 230 GHz band and 75 % for the 115 GHz band. The telescope pointing and
subreflector locusing were checked regularly by the Si0 masers in VX Sgr and Al Sco.
We estimate the uncertainty in antenna temperature due to pointing and calibration
errors to be 20%. The 3 mm receiver channel was connected to a narrow-band (86 MHz)
acousto-optical spectrometer (AOS) with a nominal channel separation of 43 kHz, and
in the 1.3 mm band a wide-band (1 GHz) AOS with a channel spacing of 700 kHz per
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channel was used. All data were obtained in dual beam-switching mode. Transition data

of ¢-C3I1,0 and characteristic of telescopes are listed in Table 2.

2.3. Survey Observations of ¢-C;H,0 and CH;CHO toward Northern
Sources

Survey observations toward northern sources were carried out using two radio

telescopes; the 12-m radio telescope of NRAOY, and the 45-m radio telescope of NRO.

In the observations at NRAOQO, transitions of ¢-C3I1, 0 and CH3CHO in the frequency
ranges of 220-250 GHz were observed in 1998 April. We used the 1| mm SIS receiver
with the system temperature of 600-1000 K. The backend consisted of the hybrid
autocorrelator spectrometer with 300 MHz bandwidth (1wo receivers hooked up to 300
MHz total bandwidth each) and two filter hbanks with the channel separations of 250 kHz
and 500 kHz. The observations were carried out using the position switching mode with
an offset of 3’ in azimuth. Pointing was checked every four hours through continuum
measurements of both Jupiter and DR2I, and pointing accuracy was estimated to be 5"

rms.

The Nobeyama observations were performed in 1998 May. We used two SIS receivers
covering the 4 mm and 3 mm regions. Both receivers were used simultaneously. The
system temperatures of these receivers were 300-350 K. The backend consists ol two sets
of acousto-optical radio spectrometers (AOSs), one with a bank of eight high-resolution
AOSs with the frequency resolution of 37 kllz and 40 MHz bandwidth, the other
with a bank of eight wide-band AOSs with the frequency resolution of 250 kHz and
250 MHz bandwidth. Pointing was checked every two hours by observing nearby 5i0
mascrs. The estimated pointing accuracy was ~ 5" rms. The observations were made
in position-switching mode. The line parameters and beam sizes are summarized in
Table 3.

We secarched for ¢-Cy;H40 and CH3CHO in 11 southern sources and 12 northern
sources. These sources are listed in Table 4. In these sources, G34.340.2 were observed

at SEST, NRAO, and NRO.

MNational Radio Astronomy Observatory at Kitt Peak, Arizona
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3. Results
3.1. Detection of c-C.H,0

We detected 10 transitions of ¢-Cyll,O toward SgrB2(N). The lines which were
identified as c¢-CyH,40 have Visg of 60 ~ 64 km s™', with one transition at 69 km s,
The last line is emitted from an energy level which is only 2 K above the ground state,
and may suffer from self absorption. The former velocities are typical for large organic
molecules toward the SgrB2 molecular cloud. Linewidths of observed lines are in a range
of 10-30 km s™', and are consistent with those of other large organic molecules, Of
these ten lines, seven lines which were clearly identified as ¢-C;1,0 were included in the
rotation diagram analyses, and the rotation temperature and the column density were
derived to be T,,, = 18 K and N(c-C,I11,0) = 3 x 10" em™*. We showed spectra of

c-C 140 in Figure 1, and the rotation diagram of ¢-C,H,0 in Figure 2.

3.2. Survey of ¢-C;H,0 and CH,CHO

¢-CoHyO and CH3;CHO were detected toward 10 sonrces (NGC 6334F, G327.3-0.6,
G31.4140.31, G34.340.2, DR21(OH), NGC 7538, W3(H,0), W5lel/e2, Orion Hot Core
and Orion Compact Ridge). Moreover CIH;CHO was detected toward G322.240.6, Orion
3N, GT75.7840.34, G10.4740.03 and Orion-S. Spectra of ¢-Cyl1,0 and CH3CHO are
shown in Figure 3.

The radial velocities of the ¢-Cyl;0 and CH,CHO lines are consistent within 2-3

1

km s™! and agree well with velocities measured for lines from other molecules towards

all of the sources.

In order to estimate the fractional abundances of ¢-C;H,0 and CH;CHO relative
to Hz, we have calculated the beam averaged Il, column density from the integrated
intensity of the C'"O (J = 1-0) line at 112359 MIlz, with respect to southern sources,
which was located within the wide-band AOS spectrum centered on the CH;CHO
(616-515 A, E) line of the SEST observations. On the assumption that X["0]/X['70]
= 3.65 (Penzias 1981), X[C'®0] = N(C'®*0)/N(H;) = 2 x 1077 (Frerking et al. 1982),
and C'0 is optically thin, we have estimated Hy column densities using an equation
N{Hg) = X["O]/X[TO]X[C"™O] x N(C'70). For northern sources, we referred to the

1; column densities in literatures.
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In order to compare intensities of lines in the 1.3 mm and 3 mm bands of southern
source observations, we applied a correction for the beam-filling factor to the intensity
of each observed line. Assuming that both of the source brightness distribution and the
antenna response are Gaussian, Lhis correction lactor, 1., can be written as

__0
" ﬂ?nl: + '93

where 4, is the source size and 0, 1s the (frequency dependent) beam-size of the antenna.
In our analysis we have adopted a source size equal Lo the size of the smallest beam,
20" (at 254 GHz). The corrected main-beam brightness temperature was subsequently
calculated as T, /5., and if the spectral-line emission arises in a source having a Gaussian
brightness distribution with a FWHM of 20", this quantity will be equal to the peak
brightness temperature of the source. The adopted source size is in agreement with size
estimates for G327 (Bergman 1992}, G31 (Cesaroni et al. 1991), and G34 (Mehringer &
Snyder 1996). Alter this correction we derived the rotation temperatures and the column
densities for ¢-C;H40 and CH3CHO using the rotation diagram method. The difference
between the beam size of 3 mm data of NRO and these of 1 mm data of NRAO are
small, so that we did not apply the correction for the beam-filling factor for northern

source observations.

The rotation temperatures of ¢-C,H,0 and CH;CHO are in the range of 8 - 36 K,
and the differences among sources are small. The column densities are (1.2-30) x 10"
em™ for ¢-C3I1,0 and (0.2-50) x 10™ em™? for CH3CHO, respectively. The fractional
abundances relative to Hy are X(c-C3I1,0) = 1 x 107" - 6 x 107", and X(CH;CHO)
=7 x 100" - 3 x 107", Abundances of CH3CHO are always higher than those of
c-Cql140, The ratio, N(CH3CHO)/N(c-C,H40), varies between 1.2 (SgrB2(N)) and
13.2 (W5lel/e2). The resulting rotation temperatures, molecular column densities, and

fractional abundances relative to 1l for each source can be found in Table 5

In the regions where ¢-C;H,0 and CH;CHO were detected we coincidentally
detected several other large asymmetric molecules, e.g., CH,0H, C;H;0H, HCOOII,
HCOOCH;, (CT3)20, CoH3CN, C;H;CN, and hydrogen recombination line H40e. These
molecules, except for the recombination line, were also analyzed using the rotation
diagram analysis. Fractional abundances of these molecules are X{CH30H) = 4 x
1079 - 1 x 1078, X(C;H;0H) = 2 x 1079 - 2 x 1078, X((CH3);0) =7 x 10719 - 4 x
10-8%, X{HCOOCH;) =5 x 1070 -9 % 1078, X(C,HaCN) =1 % 107 . 2 x 10-9,
X(CaH;CN) = 2 x 107 - 3 x 107, and X(ITCOOH) = 1 x 10~" - 1 x 10~°. Thus

the fractional abundances are different in Jdifferent sources. The rotation temperatures
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are also varied in different sources and could be divided into three groups @ high T,
(70-250 K) for CH3OH, C;H3CN, C3II;CN and (CT3)20, low Ty (10-40 K) for ICOOH,
and intermediate T, (33-80 K) for C,I;OII and HCOOCH;. This indicates that the
emission of these molecules may arise in regions with different physical conditions. The

column densities, and the fractional abundances are also listed in Table 5.

4. Discussion

We found ¢-C,H,0 and CH3CHO toward dense (ny, ~ 10°-10° em™), warm/hot
(T ~ 40-400 K) molecular clouds with ongoing O,B star-formation. This indicates that
the production of ¢-CyI1,0 and CHiCHO may be related with massive star-formation.
In this section we discuss formation mechanism of bhoth molecules and relation between

the abundances of ¢-Cy11,0 and CH3CIHO and physical condition of each source.

The beam sizes of northern source observations are larger (16”-27") than separation
ol Orion Hol Core and Compact Ridge (~ 10"), so that the data of them include
the other contributions. And during the Orion observations at NRO, we could not
obtain above-mentioned pointing accuracy (~ 3") because of strong wind. Therefore
we averaged the data of Hot Core and Compact Ridge, and call them "Orion™ data

herealter.

4.1. Chemistry of the C;H,0 group

Laboratory experiment of production of ¢-C;H,0 and CH;CHO has been made
(ITawkins & Andrews 1983). In liquid argon the reaction between ethylene and ozone
produces primarily ¢-CyH,0, CHyCHO, and T, CCO. CH;CHOH is also produced via
this reaction, however, is maybe converted into 1;CCO by Hy elimination. CH,CHOH
is thermodynamically less stable than CH,CHO, and the barrier to isomerization via
intermolecular rearrangement is predicted to be high(~ 4,300 K) (ITawkins & Andrews

1983). Non detection of CHCHOI might be caused by the high energy barrier.

In "hot core” sources, such as SgrB2(N), the formation of complex molecules is
thought to invelve gas-phase reactions ol simple saturated species which have been
liberated from grain surfaces due to energelic processes associated with star formation.

According to Tlerbst {1997), two possible pathways to the formation of C,I1,0, where
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C, 0,0 indicate ¢-C3H, 0, CH3CHO, and CH,CHOIL, involve C;H; and C,H;0OH, both
of which are suggested to be either totally formed on grains or via grain synthesis of

precursors. The first route to Cyll,O is the following neutral-neutral reaction,
O + Cull, = C,H,0 + 1 (1.1)

which has been studied in the laboratory and is rapid. The laboratory experiment has
heen performed by mass spectroscopy, so that branching ratio to each isomeric form is

unknown. Another production pathway might be the following chain of reactions:

CHf + C:H;0OH — C11,0% + CH,,
C,H;0% 4 e — C,H,0 + 1. (4.2)

The new standard chemical model of Lee et al. {1996) predicts a fractional abundance
of 5 x 107" for the isomeric group of molecules, ¢-C,I1,0, CH3CHO, and CH;CHOI
combined. From our data of the detection of ¢-CH40 toward SgrB2(N) and the
survey observations of ¢-C,I1,Q and CH3CHO, fractional abundances, X (c-C,H,0

+ CH3CHO), are in the range from 7 x 107" (Orion-S) to 3 x 10~% (G327.3-0.6).
Observed fractional abundances, excepl for Orion-5, are 1-3 order of magnitude higher
than the predicted value from the chemical madel. On the other hand, an enhancement
of CoHsOH abundance (~ 107%) has heen reported in Orion-KL (Ohishi et al. 1995)
and suggested ils formation on dust grain. Therefore ¢-C,H;0 and CHiCHO may be
produced via reaction (4.2), and because of enhancement of C;H;OH, which is formed

on dust grain, the enhancement of ¢-C,H40 and CH3;CHO was introduced.

On the other hand, CH3CHO has also been detected in dark cloud (Matthews et al.
1935), however, C;H;OH has not been detected in dark cloud. Because dust temperature
is very low (~ 10 K) in dark clouds, therefore molecules produced on dust grains cannot
be evaporated from them. Herbst & Leung (1989) proposed following reaction to form
CHsCHO for dark cloud:

HsOF + C,ll; — CoI150™ + he (4.3)

The rate coeflicient of reaction (4.3) is & =4 x 107" ('T/300)~"¢ em®s™1. Therefore,
reaction (4.3) effectively proceeds in low temperature rather than in high temperature.
C,H50% recombines with an electron, and CII;CIO is produced. According to their
calculation for temperature < 10 K, predicted abundance of CII;CIIO is 1.1 x 10~

in the steady state. This value is consistent with observed value 6 x 1077 in TMC-1
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(Trvine et al. 1987). Therefore CH3CHO i dark cloud is produced by the reaction

different from that in hot core.

It is important to compare the abundances of ¢-C;H,0 and CH3;CHO with that
of CoHsOH which is thought to be a precursor of the C3H,O group molecules. If
¢-Cyl140 and CH3CHO are produced by reaction (1.2), there must be positive correlation
between the column densities of C3H,0 group and C,H;0H. The relation between
the column densities N{c-C,I1,0+CIH;CHO)and N(C31150H) is shown in Figure 4.
N(e-CyH, O+ CH3CHO) increases with the increase of N(C,I;0H). Therefore it is
concliuded that the formation scheme in hot cores to e-Cu 11,0 and CH3CHO is consistent
with the reaction (4.2).

4.2. Comparisons of Observed Molecular Abundances with Chemical
Models

We compared the fractional abundances of molecules with the pure gas-phase
model (Lee et al. 1996). We show in Figure 5 a plot of ratios of observed fractional
abundances relative to calculated fractional abundances from the pure gas-phase model.
Since ¢-CyH,0 is not distinguished from CH4CHO in the model calculations, the
sum of abundances of ¢-CoH,0 and CH3CHO are plotted. All of observed molecular
abundances, except for C,H3CN and HCOOH, are enhanced by 1-4 orders of magnitude.
C31153CN has been delected toward G34.340.2 using the BIMA array with 13."3 x 8."3
angular resolution (Mehringer & Snyder 1996), and they found N(C,IH;CN) = (4.3-7.1)
x 10" ¢m™2, This value is an order of magnitude larger than our single dish result.
This difference is due to compact distribution of C;H3CN smaller than our single dish
beam size, Qualitatively, this compact distribution of C3II3CN is probably valid for
the other hol-core sources as well. Therefore, we might underestimate the C,H3CN
abundances toward such hot-core sources. Figure 5 indicates that the abundances of
almost of large organic molecules in hot molecular clouds cannot be explained by only
pure gas-phase reaction scheme, and other reactions, e.g., the grain-surface reactions,
may be more important. However, we should note that in this gas-phase model the gas
kinetic temperature and the density of Hy are assumed to be T}, = 50 K and 10° em™,

respectively, and these are intermediate values in observed molecular clouds.

The model including the grain-surface reactions have been developed [or the hot
cores in Qrion (Charnley, Tielens, & Millar 1992, herealter CTM; Caselli, Hasegawa, &
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Herbst 1993, herealter CHH) and G34.340.2 (Millar, Macdonald, & Gibb 1997, hereafter
MMG). We show the abundances of the observed molecules and predicted abundances
from these models in Table 6. In Figures 6 ~ 8, we plot ratios of observed fractional
abundances relative to calculated abundances from these models. In Orion two hot-core
sources (Compact Ridge and llot Core) are considered. The physical conditions are
(Blake et al. 1987): Ty = 100 K, ny = 2 x 10% em™ for the Compact Ridge, T, = 200
K, ny = 2 x 107 em™? for the Hot Core. C'lomparing our observed molecular abundances
with the model values by CHH, we found that the calculated abundances of (C'1l3),0 in

Compact Ridge and HCOOI in Hot Core are close to the obhserved values.

[lowever, the abundances of C,I1,0 (c-C,Il, + CHyCHO) and CH;OH predicted
by the Compact Ridge model are 1-4 orders of magnitude higher than observed values
whereas the Hot Core model underestimates all of molecules by 1-7 orders of magnitude
except for HCOOH, Cy;H;CN and CyH;CN. Comparing with the model by CTM,
observed (Cll3),0 abundance is close to that of the Compact Ridge model, and observed
C,H,0 and CH30H abundances are also similar. The sources where C311,0 abundance is
low are similar to the Hot Core rather than the Compact Ridge. The other way, in both
of CHII and CTM, the Compact Ridge model underestimates the abundance ol C;H;011
by 2-3 orders of magnitude, and the Hot Core model also underestimates it by 4-5 orders
of magnitude. And both the Hot Core model by CITH and by CTM underestimates the
abundance of (CHa)O by 5-7 orders of magnitude.

In the G34.3 model, three components are considered: an Ultra Compact Core (T}
= 300 K, ny, = 2 x 107 em™?), a Compact Core (Ty = 75-190 K, ny, = 10° cm™3),
and a Halo (T}, = 18-75 K, ny, = 800-10° cm™?). In sources where C,11,0 abundance is
high observed abundances of C;H,0 are close to this model value, and those of (CH;),0
and CHzOH agree well with the model. However, in sources where their abundances
are low C;I1;O and CI;010l abundances are lower than this model by 1-2 orders of
magnitude, and all observed C;H;O0Il abundances are higher than this model by 4-6

orders of magnitude.

In chemical models which considers hot molecular eloud conditions, Lthe abundances
of these organic molecules increase {rom the onset of dust evaporation to abundance peak
(10%- 10% yr). The variation of abundances of our observed molecules might indicate a

chemical evolution of observed molecular clowd.

We note that these chemical models have assumed equal temperatures of gas and

dust. In the observed molecular cloud, gas temperatures and dust temperature are
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different. Further development of chemical model considering several physical conditions

are necessary,

4.3. Comparison of Observed Abundances of Molecules with Gas Kinetic
Temperatures and Dust Temperatures

Now we investigate a relation between the fractional abundances of molecules and
physical condition of each source. We compare the fractional abundances with kinetic
temperatures of each source (Figure 9). The abundances of molecules increase with
increasing kinetic temperature, except for SgrB2(N). On the other hand, when we
compared the abundances with the dust temperatures of each source (Figure 10), the
abundances of molecules, except for ¢-CyH,0 and CH;CHO, increase with increasing
dust temperature. Since the data points for (CHy)20 and HCOOH are few, it is unclear
whether there are correlations between the dust temperatures and the abundances of
(Cll3),0 and HCOOI. Our observational results are consistent with the scenario that
large organic molecules are formed on dust grains and are released back to the gas-phase

by evaporation from grain mantle, or are formed from dust-evaporated molecules.

On the other hand, although there are sufficieni data with respect to -C;H,0 and
CIHaCHO, it seems thal there are no correlations between the dust temperature and the
molecular abundances. Therefore grain-surface reaction may not play an important role
in the production of ¢-CyH, 0 and CH3CHO.

4.4. Excitation of Molecules

The deduced rotation temperatures of observed molecules can be grouped as follows:
Tro for ¢-Col11,0, CL3CHO, and HCOOH are low (10-40 K), in contrast T, for CH;0H,
C,H;CN, CHCN, and (CHs;),0 are high (70-250 K), and T\, for IICOOCII; and
C,Hs0H are intermediate (35-80 K). The relation between the rotation temperature

versus molecular abundance are shown in Figure 11 of cach molecule.

The difference of T, (CH30H) for southern sources (70-82 K) and those of northern
sources (150-210 K} may be due to difference of transitions used in our study. Although
several transitions of CHaOH were detected toward southern sources, only two transitions
were detected toward northern sources. It is known that excitation of CII;OI1 in hot

molecular cloud is complicated (Turner 1991; Sutton et al. 1991). The difference of
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Tea(C2HsON) for southern sources (70-103 K} and those of northern sources (130-175 K)
may also be due to difference of transitions used in the observations. Toward southern
sources both of gauche and frans transitions were detected, however, toward northern
sources only gauche transitions were detected. According to Pearson et al.(1997), the
rolation temperature derived [rom gauwche transitions is higher than that from frans

transitions,

Rotation temperatures of molecules trend to become higher and approach to the
as kinetic temperature with decreasing electric dipole moment. However, all molecular
dipole moments we observed are larger than thal of CO (0.11 debye) which is one of the
probe of gas kinetic temperature. The dipole moment of our observed molecules are g,
= 1.88 debye for ¢-C,I1L,O, p, = 2.423 debye lor CH;CHO, g = 1.44 debye for CH;0H,
s, = 1.438 debye (Irans - trans), p, = 1.264 debye (gauche! - gauchet), p. = 1.101
debye (gauche? - gauchel) for CoH;OH, py = 1.302 debye for (CH3),0, g, = 1.63 debye
for IICOOCHs, u, = 3.815 debye for C;H,CN, p, = 3.85 debye for C;lI;CN, and p,
= L.396 debye for HCOOIL Therefore, the variety of rotation temperatures can not be
atlributed to the difference of dipole moments, but seems to indicate that the molecular

line emission arises in regions with different physical conditions.

4.5. Star Formation Rate vs Molecular Abundances

I'rom comparison of molecular abundances with the dust temperatures, we concluded
that the abundances of organic molecules evaporated from grain mantle increase with
the dust temperature. If the dust temperature increase with the evolution of molecular
cloud, the abundances of molecules closely related to the grain-chemistry increase with

the evolution of molecular cloud.

Lis el al. (1991) pointed outl that, if the far-infrared luminosity is produced
through reprocessing of the stellar radiation from stars, the luminosity-to-mass ratio
provides a measure of star-formation rate per unit mass. Gordon (1988) estimated the
luminosity-to-mass ratio in several molecular clouds. The author found L;ig/M to be 5.9
I’*lf’h:l'::.} for SgrB2(N), 140 L@HS for W51 A and 1500 L@Ma for OMC-1. Since W51A
includes our observed regions Wh1el /e2 and our Orion results is an average of Hot Core
and Compact Ridge, it is valuable to compare these Lyg/M ratios with our results. If the
Lir/M provide a measure of star-formation rate per unit mass, star-formation rates are

high in sources where the abundances of large organic molecules, such as the O-bearing
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and CN-bearing molecules, are high.

Therefore the abundances of these large organic molecules can be used as a monitor

of chemical evolution of the hot core regions.

5. Conclusions

We have detected a new cyclic interstellar molecule, ethylene oxide (¢-C,H,0),
toward SgrB2(N). Then that we surveyed this molecule and its isomer, acetaldehyde
(CII;CHO), in several star-forming regions, and have detected these molecules in hot
molecular clouds, DR21(OH), NGC 7538, G34.340.2, W3{H,0), W5lel /e2, Orion Hot
Core, Orion Compact Ridge, NGC 6334F, G327.3-0.6, and G31.414+0.31. Acctaldehyde
was also detected in Orion-S, Orion Compact Ridge, (110.4740.03, G322.240.6,

175.78-0.34, and Orion 3'N. We also detected CH5OH, C;HsOH, HCOOCHS;, (CHj);0,
CyH3CN, CoH3CN, and HCOOII toward these sources. For each of these molecular
species, rotation temperatures, column densities and [ractional abundances were deduced

using the rotation diagram analysis. Our main conclusions from these observations are:

e The rotation temperature and column density ol ethylene oxide toward SgrB2(N)
are Troo = 18 K, and N{c-C;H,40) = 3 x 10" em ~%, respectively. Fractional
abundance relative to Hy is X(c-CoH40) = 6 x 107", This is a factor of more

than 200 higher than the abundance predicted by pure gas-phase reaction models.

e The rotation temperatures of observed molecules can be divided into three
groups : low temperatures (10-40 K for ¢-C,IH,0, CH;CHO and HCOOT, high
temperatures (70-250 K) for CH;0H, (CH3):0, C;HCN and CH;CN, and
intermediate temperatures (35-30 K) for HCOOCH; and C3H;0H. This resulls
indicate that these molecular line emissions may arise in regions with different

physical conditions.

¢ The fractional abundances are 1 x 107" - 6 x 107'? for ethylene oxide and 7 x
10712 - 3 x 1077 for acetaldchyde. These values are higher than the abundance
predicted from pure gas-phase reaction models by a factor of 10-600. The ratio
[CH,CHO]/[e-CyH,0] varies [rom 1.2-13.2.

e The abundances of CH3QH, C:I1;0T1, HCOOCH,, CHaCN, and C;HaCN vary in

different molecular clouds by 1-4 orders of magnitude and increase with increasing
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dust temperature. This results may indicate the chemical evolution of observed
molecular cloud. However, there seems no correlation between the abundances of
ethylene oxide or acetaldehyde and the dust temperature, suggesting that these

species may be formed in the gas-phase.

¢ We compared our observational results with some chemical reaction model including
grain-surface reactions and considering physical condition of hot molecular cloud.
These models reproduce a part of our observational results, however, there are no
current chemical models which can sufficiently explain all of the abundances of
large organic molecules, especially, C,H; 0. More development of detail model

Ca |'l.". 1 ] allons are necessa ry.

e The formation reactions to ¢-CoH,0 and CH4CHO in hot cores are found to start
from C;H;OH, which is evaporaled from grain mantles.
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Table 1. Molecular transition data and characteristics of telescopes lor

detection ohservations

Transition Rest freq. Telescope E* 0.

Transition [MTz] Telescope [K] []
11,1-00,0 39 581.60 Haystack 2 57
ta22-di 3 41579.43 NRO 21 40
Yi-4a2 47 094.97 NRO 99 35
D5,0774,1 47 556.90 NIO 25 35
B12-22) 104 688.62 NRO 12 16
63,4-52,3 219512.82 SEST 40 23
Sog-T1,7 235 106.08 SEST 52 71
818-To,7 235106.11 . . .
Aa1-d32 249 161.61 SEST 32 20
55,044 249623.57 SEST 15 20
81,7 T2 254 231.79 SEST 59 20
827118 254 235.72

af, is the upper level energy above the ground state

b0 .1, is the beam size
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Tahble 2. Malecular transition dala and characteristics of the SEST

observations.
Rest freq. Transition E.x A 0 us” Mot

[MHz] [IK] [10-1 s=1] ["] (%]
c-CH,0:

94 664.6 d13— 22 10 0.12 53 75
225468.0 Sy2 —dan 33 1.06G 22 GO
226043.1 T16— 025 A7 1.GG 22 GO
226072.0 Ta6— G5 47 1.6G 22 GO
249 623.6 T . 35 2.30 20 60
254 231.8 BT 59 2.48 20 60
254 2357 8a:—Ts a9 2.48 20 G0
CH;CHO:

112 248.7 B = Bl 2] 0.47 15 75
112254.5 G1g— 515 I2 21 0.47 45 (]
223650.1 12y 12— 1111 & T2 3.92 23 G0
223 660.6 B | A 72 3.92 23 60
249 323.9 13212 = 12541 A a3 5.36 20 G0
249 326.6 13202 — 12911 & 93 5.36 20 GO

2fy 1s the upper level energy above the ground state
b A, is the Einstein’s A coefficiency
“Biun 18 the beam size

dyn 18 the main beam efficiency
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Table 3. Molecular transition data and characteristics of the NRO/NRAO

observations

Rest freq. Transition Aq” Pt el

[MHz] [IK] [10~* 577 ["] [%]
C-C-;' qu:

94 6646 13— 20,2 10 0.12 Y7 47
226043.1 Tye — 025 47 1.66 27 45
226072.0 Tag — Oy 5 T 1.GG 27 45
235106.1 Sos— T1,7 52 2.33 26 45
235 106.1 i 52 2.33 26 45
249623.6 S50 — dup 35 2.30 24 45
C'H4CHO:

98 863.3 S =i 17 0.31 16 49

98 900.9 Bii=dig 17 0.31 16 19
223650.1 12, 12=11;, 4, I 72 3.92 26 45
9293 660.6 Bl 72 3.92 26 45
2493239 13202 — 12510 A 93 5.36 24 45
249 326.6 13202 — 1221 £ 93 5.36 24 45

*F, is the upper level energy above the ground state
b4, is the Einstein’s A coefficiency
f)p 15 the beam size

b 18 the main beam efficiency
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Table 4. Source coordinates and radial velocities with respect Lo the local standard of

rest, Visg.

Source ar(1950.0) &(1950.0) W.sn Telescope
(kms™')

W3(H,0) 02"23™17.53 +6G1°38'58.0" —47 NRO,NRAO
TMC-1{NH,) 04N38™ 750 +25°42'23.3" 5.8 NRO
TMC-1 04"38™38.56  +25°35'15.0" 5.9 NRO
Orion-S 05"32m45.54  —05°26'05.0" +6.6 NRO,NRAO
Orion Compact Ridge 05"32™46.55  —05°24'30.0"  +38 NRO

Orion Hot Core 05"32m47 50 —05°24'23.0" 48 NRO ,NRAO
Orion 3'N 05"32™51.50 —05°20'50.0" 49 SEST
(G322.240.6 15" 4™50.50  —H6°28'00.0"  —56 SEST
G327.3-0.6 I15M49™ 1556  —54°28°07.0" —45 SEST
(G333.13—-0.43 I6"17™16.58  —5H0°28'17.0" —52 SEST
(3339.88—1.26 164824 58  —46°03'33.9" -39 SEST

NGC 63341 IThIT™32.53  —35°44'02.5" -7 SEST
G351.6—1.3 1Th25M56.50  —36°37'54.0" —12 SEST

Ms? 18M00™36.53  —24°22'53.0"  +10 SEST
(G10.4740.03° 18"05™40.53 —19°52'21.0" 468 SEST
(:29.96-0.02 18843™27 51 —02°42'36.0" 4974 NRO
G31.4140.31 18R44™59.52  —01°16°07.0" 497 SEST
(334.3+0.2 18M50™46.52  401°11°13.0" 458 SEST,NRO, NRAO
Wslel fe2 19M21™26.53  4+14°24'36.0" 457 NRO,NRAO
(G75.78+40.34 20M9™5250  437°17702.0"  —0.1 NRO,NRAO
DR21(O11) 20371452 +42°1210.0" -3 NRO,NRAO
NGC 7538 2381 1™36.95  +61°11'49.0"7 =57 NRONRAO

*NGC 63341, G351.4140.64

EPNGC 6523
“W31(1)



Chapter 4

70

Table 5. Rotation temperatures, column densities, and fractional abundances relative

to 1y
Source Molecule T [K] N3em™?) X
NGC 6334F c-CyH,0 36410 (1.1 £0.6) x 10™ 6% 10~
CH;CHO 2241 (2.8 4+ 0.6) x 10" 1 x 107*
CHsOH 88+16 (3.44+2.1) x 10'® 2% 1077
C,H:OH 83457 (1.7 + 2.8) x 10'* 9% 107
CH;0CH; 145454 (7.5 £ 5.6) x 10% 4 x 1078
HCOOH 38414 (1.9 £ 1.7) x 10™ g% 1010
(327.3-0.6 c-CoH, O 2947 (6.4 +3.2) x 10'3 3 % 10-10
CH;CHO 2141 (5.0 + 0.8) x 10 3x 107
C'HsO1l 80413 (2.0 £ 1.2) x 108 1 &0
C,H;0H 97449 {1.042.2) % 10" L 3102
CH50CIH, 170490 (6.3 +6.3) x 10'* 3x 1078
1HCOO0! 27415 (1.7 £2.8) x 10" 9 s1p=10
G31.4140.31 c-C,H,0 3546 (6.7 £2.2) x 10" 4 %10~
CH,CHO 3142 (1.8 +£0.4) x 10™ 1 %107
("H3;OH 9516 (1.4 £0.7) x 108 9 % 10-8
C,11;01 94423 (2.7 £ 1.5) x 10%® 2% 10°8
CHL0C1, 147437 (3.7 + 1.9) x 10'% R
HCOOH 44420 (1.6 + 1.6) x 10" 1 x10°?
(G34.340.2 ¢-CoH, O 17T£7 (6.6 +8.3) x 10" 2 % 10-10
CH;CHO 2241 (2.4 £0.2) x 10" 8 x 1010
C'H;0H 9617 q? 6+ 1.4) x 101° 9 % 107#
', H;OH 75137 (1.7 £ 2.1) x 10" 6 x 10-?
CH50CH, 137432 (3.7 + 1.8) x 101° ] %:10-®
C,H;CN [150] 3.2 x 10 1 %16~
C,HsCN [150] 8.1 10M 3 w107?
IHCOOCH, 35+13 (1.4 £ 1.0) x 10" 5 a0 10—
G10.4740.03 c-CyH,0 (30] <3.9 x 10" < % 10mW
CH3CHO 3344 (2.1 £0.7) x 10™ 2.5 1072
CH,011 96416 (2.7 + 1.4) x 10'¢ 2x 1077
C,H,0H [100] 13 % 1010 1 % 10—
Ell00H; 139423 (4.4 + 1.5) x 101? 3 %1078
HCOOH 23 1.5 x 10" x 10~



Chapter 4 71
Table 5- -Continued
Source Molecule Tea [K] N4em™?] X
Sgri32(N) c-CL 11,0 1843 (3.3 £0.9) x 10" 6 x 10"
Cll;CHO" 841 (4.0 +£2.0) x 10" 8 x 10~1
CH4OHY 148426 (8.3 +3.2) x 10'¢ 2 x 1078
C,1;0H" 7249 (7.5 £3.1) x 10 2% 1077
CH.OCH,® 5545 (2.7 +£0.4) x 10'® TR0~
HCOOCH," TA£45 (2.6 & 2.5) x 10'* 5 e
C:HaCNE 157439 (1.7 % 1.2) x 10'8 35 1910
C,I1;CNP 180489 (1.1 £ 0.8) x 10'° 2 x 1077
HCOOH" [30] 7.1 % 10" 87 1
DR21(0OIT) - 1,0 114£0 (2.5 £ 0.0) x 10'% L 3% Hg=10
Cl;CHO 1841 (7.3 +0.7) x 10" 4 x 10710
Cl;0H [150] 2.5 x 10" l x 1078
C,11s0H [150] 2 e g G |
HCOOCH; [70] < 1.0 x 10" <5x%x 107
Cyll5CN [150] o WL o
C,H;CN [150] < 4,2 x 10" £gnarge
NGC 7538 c-Co HL 0 [20] 1.6 x 10" 2 x 10~1
CI;CHO 1843 (4.2 £3.1) x 10" 5% 101
CH;OH [150] < 2.6 x 10 i
C,l1;0H [150] <83 x 101 <lx1071°
HCOOCH, [70] oo R D <8x 107"
CollaCN [150] B P |
CoII;CN [150] < 2.5 % o < 3ue g Y
W3(1,0) -y 1,0 [20] 1.3 x 10" | x 10="
CI;CHO [20) 2 8 Fan-1
CHs;OH [150] .95 1008 4 x107°
C,H;0H [150] < 1.1 x 10" T 5
HCOOCH; [70] < 9.3 x 10"? & ] Rigg
C,I12CN [150] g T o <6 x 10712
C,H;CN [150] <3 1M <4 x 107"
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Table 5- -Continued
Source Molecule Tt [IK] N3em=?] X
Whlel fe2 e-C,H, 0 1242 (1.9+1.0) x 10¥ 4 x 107!
CHsCHO 1441 (25+£07) x 10 5x 10710
CH,0H 208 1.0 % 1017 2 % 1077
C,Hs 01 169428 (3.1 £ 1.1)x 10"  6x10°°
HCOOCH; 80443 (1.24£1.0) x 10" 2 % 10°8
C.H;CN 236499 (164 1.0) x 10" 3 x 1071°
C,llsCN [150] 1.4 % 108 3% 10-°
Orion-S e-CH,0 [20] < 1.3 x 10" SR
CH,CHO [20] 5.9 x 1013 7 x 10712
CH,0MH [150] < 7.7 % 101 < 1 x 1071
C,H;0OH [150] < 3.0 x 101 <4x10~ "
HCOOCH,;  [70] < 2.4 x 10" T B )
C,H3CN [150] < 1.1 x 10" < 1x 107"
C,ylIsCN [150] < 0.7 x 101 <11
Orion Compact Ridge  ¢-C,HL,0 |20] 1.2 x 101 4 % 1071
CH4CIO [20] 2.5 x 1013 8 x 1071
CH,;OH 152 4.9 x 10'° 2% 1077
C;H;0H 1150] < 2.8 x 10M < O x 10719
HCOOCH; [70] 3.4 x 101 1 x10°%
CyH3CN [150] s 2 14 3 % 1010
C3;H;CN [150] 48 1 6 % 107
Orion Ilot Core c-CoH, 0 2549 (24+1.7)x 10" 2x10°1°
CH;CHO 3642 (5.7+038) x 10" G6Gx10""°
CH;OH 152 1.4 % 10¥7 | x 107°
C,I1;0H [150] 1.5 x 10" 2% 1078
HCOOCH; 63414 (944£33)x 10" 91078
C,;H4CN 9347 (2.14+03)x 10" 2x107*
C,HzCN [150] LB 3 10-2

*The column densities and the abundances of southern sources (NGC 6334F, G327.3-
0.6, G31.41+4+0.31, G34.34+0.2, and G10.17--0.03) listed were assumed a 20" source size

"The column densities and abundances listed were obtained from the line survey data

(Ohishi et al. 1998)

Brackets indicate fixed T,
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Table 6. Iractional abundances of the observed molecules and predicted abundances

[rom chemical models

CHH> CTM" MMG*

C.R? H.C* CR H.C# UCch o
Molecule X 105 yr  10°yr 10" yr 10*% yr 107 yr 104 yr
Co 11,00 9(-12)=3(-9) 2.0(-8)  1.2(-12) L4(-10) 3.5(-11) 1.4(-9) 1.9(-9)
ClI;0H 4(-9)-1(-6)  2.0(-5) 9.2(-12) T7.2(-T) L.7(-10) 6.1(-7) 9.3(-7)
C,H;0H  2(-9)-2(-8)  8.5(-12) 2.9(-13) 9.2(-12) 4.2(-14) L.1{-14) 1.2(-13)
(CI1,),0 7(-10)—4(-8) 1.3(-8) 1.8(-14) 1.5(-8) 1.3(-15) L.7(-9) 1.5(-9)
HCOOCH; 5(-10)—9(-8) 3.7(-8)  1.9(-14) T7.7(-9)  4.4(-12) 8.7(-10) 1.5(-9)
CH5CN 1(-10)=2(-9) 1.8(-10}) 1.8(-9)
C,1;CN 2(-9)=3(-8)  1.0(-9)  2.4(-8)
HCOOH 1(-11)=1(-9) 1.3(-10) 1.4(-9)

*Caselli, Hasegawa, and Herbst (1993)

"Charnley, Tielens, and Millar (1992)

“Millar, Macdonald, and Gibb (1997)

Model for Orion Compact Ridge; Thua=1Tgas=100 K, ny=10% em™*
“Model for Orion Hot Core; Tius=Tgus=200 K, ny5,=1.3x107 em™

"Model for Orion Compact Ridge; Tiin=100 K, ny=2x 10% cm~

3

s\odel for Orion Hot Core; Ty, =200 K. ny=2x 107 em™?

"Model for Ultra Compact Core of G34.340.2; T1i,=300 K, 1yy,=2x 107 em™

iModel for Compact Core of G34.340.2 ; Ty, =75-190 K, ny,=10% cm™3

IC,HL4O indicates c-CyH,0 + CH;CHO

a(h) means a x 10",
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The motivation of this thesis is to clarify the production mechanism of large organic
molecules which are related to the grain-surface chemistry and to understand the relation
between the chemical composition and the physical condition in massive star-forming

reglons.,

Firstly, T have made mapping observations of the O-, NH-, and NH;-bearing
molecules toward the SgrB2 molecular cloud to clarify the production mechanism of
these molecules. Secondly, based on the detection of new interstellar molecule, ethylene
oxide {(c-CyH,0), toward SgrB2(N), T have made the survey observations of ¢-C,11,0
and its structural isomer acetaldehyde (CH4CIIO) toward several massive star-forming

regions. The main results obtained with the present study are described below,

1. Formation Mechanism of Large Organic

Molecules

It has been believed that a large organic molecule is closely related to dust grains up
to now, hecause the observed abundances of some large organic molecules are higher than
predicted values from pure gas-phase reaction models by a few orders of magnitude. If
this hypothesis is correct, the distributions of these molecules are limited toward around
the H II regions, because there are young stars in H 1I regions and UV radiation from
these stars can heat dust grains. Therefore | expected that the emission of molecules we
observed in present study would be limited toward IT 1T regions: for example, SgrB2(N)
in the SgrB2 molecular cloud. [However, our mapping observations of these large organic
molecules toward the SgrB2 molecular cloud have provided different results from my
expectation. The emission of CH30H and {CII3);0 are limited to around the H IT region
SgrB2({N) because of higher upper level energies, however, the emission of the other
large organic molecules are extended. C;H;0H and HCOOCH; have emission not only
toward SgrB2(N), but also toward regions where there are no stars, and the NII- and
NH;-bearing molecules show emission peak toward region where there are no stars (See
Chap 2,3).

And we compared observed molecular abundances with several chemical models.
The fractional abundances of CH;01H, (CH,),0 and HCOOCII; can be explained by
models which include both of the gas-phase reactions and the grain-surface reactions,

however, those of CHaNH; and CII.NH are close to both of the pure gas-phase reaction
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model and above-menlioned reaction models. These results indicate thal not of all of

large organic molecules are produced on grain surface, but in the gas-phase.

Moareover, | found several excitation condition of these large organic molecules from
the survey observations of ¢-Cyll;0 and CHyCHO toward several massive star-forming
regions. The deduced rotation temperatures can be divided into three temperature
groups: 10-40 K for ¢-C,11,0, CHzCHO and HCOOH, 35-80 K for HCOOCH; and
C,lIsOH, and 70-250 K for CH,OH, (CHj3),0, CoH3CN and CHLCN (See Chap. 4). It
is interpreted that the variety of the rotation temperature indicates thal the molecular
line emission arises in regions with different physical conditions. Of course, we cannot.

vanish a possibility that the excitation of these species can be significantly subthermal.

The distributions of CH30I1 and (CH3),0 which show high rotation temperature
are limited toward H 11 regions. The distribution of C,II3CN is also limited toward H 11
regions {See Chap 2). According to Miao & Snyder (1997), CoH5CN shows compact
distribution toward SgrB32(N) and fractional abundance of C,I;CN is found to be ~
1078, This fractional abundance is higher than our result by an order of magnitude.
This is interpreted because of difference of beam sizes 6."7 x 2.7 for interferometric
observations of Miao & Snyder (1997) and 15" for our single dish abservations, indicating
that the distribution of CoH;CN is very conmipact. Miao et al. {1995) also found that the
emitting regions of CaHaCN and C,I;CN are limited toward SgrB2(N) and two velocity

components (~ 63 km s~

and 71 km s7'). In our ohservations, CH;OH profile also
has two velocity components (~ 64 km s™' and 73 km s™'). This indicates that these

molecules coexist in the same volume.

On the other hand, the distributions of CyH;OH and HCOOCIH; which show
intermediate rotation temperatures are extended. HCOQOCH; is believed to be produced
from CH3OHS and H,CO in the gas-phase. Therefore the distribution of HCOOCH,
would reflects those of CII;0H and HyCO. Although CH;OH and H,CO are helieved to
be important elements which are included m the dust mantle, they can also be produced
in the gas-phase reaction. Therefore the distribution of 11,€C0 may be extended and
those of HCOOCH; will be extend. In [act, low energy transition of CII;OH at 36 GHz
shows extended distribution. On the other hand, the extended distribution of CoH;OH
cannot be interpreted through gas-phase reactions, so that heating source except [or
SgrB2(N) is necessary. In SgrB2, it is well known that 5i0 emission is extended. 510
could be produced in the gas-phase through the sputtering of grains. Since it is known

that SiO emission shows very wide velocity width up to 100 km s™', there may be a
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violent motion which induces sputtering in SgrB32, and C;H;0H may also be evaporated

during the sputtering process. CH3OH and H;CO can be evaporated as well.

| also found that production mechanism of ¢-CoIH;0 and CH3CHO would be different
from other organic molecules. When I compare the abundances of large organic molecules
with gas kinetic temperatures and dust temperatures of cach source, the abundances
of CIIL0H, CullsOH and HCOQCH;, increase with the increase of the gas kinetic
temperature and the dust temperature, and those of C,H;CN and C;H;CN increase
with the increase of the dust temperature. In contrast, the abundances of ¢-C,H,0
and CH3CHO increase with the increase of the gas kinetic temperature, but do not
increase with the increase of the dust temperature, This indicates that the contribution
of gas-phase formation from CzHzOH is much larger than that of grain-surface formation
with respect to ¢-Cyl1,0 and CH4CHO. On the other hand, in the case of the CH;01,
C;HsOH, CaH3CN and CyH5CN, since the contribution of grain-surface formation is
large, these molecules are evaporated along with increase of the dust temperature,

making their abundances higher.

Thus I found that the contributions of the grain-surface reactions and the gas-phase
reactions are different for different large organic molecules. [ summarized the production
mechanisms and the excitation conditions of large organic molecules in Table 1, and
show general idea of their spatial distributions and the contribution of grain-surface
reactions in Figure 1. However, it should be mentioned that this idea is a working idea.
In order to confirm this hypothesis, it is necessary to map in these molecules toward

several massive star-forming regions.

2. Chemical Evolution and Star-Formation

In the Sgri32 molecular cloud, there are two continuum sources whose evolutional
stage are different: SgrB2(N) and SgrB2(M). SgrB2(N) is believed to be younger than
SgrB2(M) and most large organic molecules are detected toward SgrB2(N). On the other
hand, SgrB2(M) is more evolved and UV radiation from many early-type stars probably
has destroyed the large organic molecules previonsly formed from gas/grain chemistry.
Moreover, | found variation of abundances ol large organic molecules in several massive
star-forming regions and positive correlation between the molecular abundances and
the gas kinetic temperature or the dust temperature (See Chap 4). The increase of the
abundances of CH;OH, CyHOH, CH4CN and C311;CN with the increase of the dust
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temperature indicates that dust grains are heated and abundances of molecules, that
were evaporated from dust grains or produced from evaporated molecules, have increased

along with the physical evolution of melecular clond.

According to Charnley et al. (1992), abundances of (CHz)20 and HCOOCH;
increase with evolution after evaporation of dust grains up to about 10" year and
decrease dramatically after that. Caselli et al. (1993) also found that the abundances
of C,H3CN and C3H5CN increase up to about 10° year after evaporation from dust
grains for Orion Compact Ridge model. Our observational results would show chemical
evolution up to abundance peak (10*°-10% year) after evaporation from dust grains. Lis
et al. (1991) pointed out L;g/M provides a measure of star-formation rate. In the source
which Ljg/M is high (1500 L@h‘la for OMC-1) abundances of large organic dust related
molecules are high, and in the source which L;z/M is low (5.9 L,E,Mél for SgrB2(N})

they are low. This support above-mentioned hypothesis.

Therefore I conclude that the abundances of molecules which are closely related to
grain-surface reactions can be used as diagnostics of the evolution of hot-core regions of

molecular cloud.
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Table 1. Formation mechanism and excitation

condition of large organic molecules

Molecule Formation Reactant Excitation
mechanism temperature
C,H4CN, CaH;CN dust HCN high
Cll;0H1 dust? gas Co,n high
(CHs),0 gas CH;OH; ,CH,0H high
C,H; O dust CyoH,y intermediate
HCOOCH; gas CH4;0HF,I1,CO intermediate
NH- and NH;-bearing molecule gas NH;,NH; intermediate
C; 11,0 HCOOH gas CyH;011 low

a0, HL 0 indicates e-CoHL,0 + CHLCIIO

PBoldface indicates most important reaction
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NH- and NH2-
bearing pfolecule

¢-C2H40,CH3CHO
HCOOH

high Excitation temperature low

large Contribution of small
grain-surface reaction

[ig. 1.— General idea of spatial distributions, excitation temperature, and contribution

of grain-surface reaction to form large organic molecule
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