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Abstract

Stars are born through gravitational contraction of the gas in the densest parts of interstellar clouds,
which are called molecular-cloud cores. Since molecular-cloud cores are formed from rather diffuse
atomic clouds, exploring formation and evolution of molecular clouds is a key to understanding a
vast diversity of stars and their planetary systems. Large-scale structures of molecular clouds have
extensively been studied mainly by observing the rotational transitions of carbon monoxide (CO).
The hyperfine-structure transition of the hydrogen atom (H), so-called 21 c¢m transition, has also been
observed to trace atomic clouds. Evolution from atomic clouds to molecular clouds is thus studied
by comparing the spatial distributions of the spectral lines of CO and H. However, the evolution is
not well understood, since there remains a gap between structures traced by these lines. This gap
corresponds to a diffuse part of molecular clouds that is not well traced by CO, and hence, it is called
the CO-dark molecular gas. In this thesis, we develop a new tool to fill this gap for full understanding
the molecular-cloud formation, based on the observations of the OH 18 cm transition in the radio
wavelength region.

The OH 18 cm transition, consisting of the four hyperfine structure (hfs) components at frequencies
of 1612 MHz, 1665 MHz, 1667 MHz, and 1720 MHz, have been observed toward a few representative
nearby molecular clouds with the Effelsberg 100-m telescope, the GBT 100-m telescope and Very
Large Array (VLA); a diffuse cloud HCL2E, a well-known photodissociation region p-Ophiuchi, cold
dark clouds L1183 and 1169, filamentary dark clouds Lupus-1 and Pipe nebula, a starless core TMC-
1(CP), and a filamentary structure in the north part of TMC-1 (TMC-1FN). From these observations,
the three types of the hyperfine intensity anomalies have been identified: (1) the 1612 MHz line
absorption, (2) the 1665 and 1667 MHz line absorption, and (3) the 1720 MHz line absorption.
Since no strong radio continuum background source is associated with the observed sources, these
absorptions appear against the cosmic microwave background (CMB). In order to explore the origin
of each hyperfine anomaly, a statistical equilibrium calculation code is developed. In particular,

the effect of the far-infrared (FIR) pumping and the line overlaps are found to be essential for



understanding the anomaly (3) found in TMC-1FN and TMC-1(CP). As a result, the above three
hyperfine intensity anomalies including the absorption features are successfully reproduced. The
physical conditions necessary to cause each anomaly are constrained to be: (1) a diffuse warm gas
(Tx > 40 K), (2) a gas kinetic temperature warmer than 90 K, and (3) a cold (7} < 30 K) and dense
(N(OH) > 10" cm™2) gas illuminated by the strong FIR radiation.

It is demonstrated that the gas kinetic temperature can be determined accurately from the intensi-
ties of the four hfs lines, for the (1) and (2) cases. This is a novel aspect of the OH 18 c¢m transition
as a good thermometer of molecular clouds. A temperature distribution in a molecular cloud pro-
vides us with information on the heating effect by UV field and/or dynamical interactions between
molecular clouds. This information is closely related to a molecular-cloud formation, since the UV
controls chemical reactions in molecular clouds, and the cloud-cloud collisions lead to core formation
there. We then apply this technique to the molecular clouds in HCL2E, L183, p-Ophiuchi, Lupus-1,
and Pipe nebula. As a result, the possible heating effects by the interstellar UV radiation (HCL2E
and 1.183), the UV radiation from nearby OB stars (p-Oph and Lupus-1), and the filament-filament
collisions (Pipe nebula) are revealed.

In addition, the interferometric observations of the OH 18 cm transition have been conducted
toward TMC-1FN with VLA. The hyperfine anomaly is not observed with VLA, which is contrary to
the (1) 1612 MHz and (3) 1720 MHz absorptions observed with the Effelsberg telescope toward this
source. We present that a cold and dense core embedded in TMC-1FN is revealed by VLA, where
the 1612 MHz and 1720 MHz absorptions are resolved out.

These results suggest that the OH 18 cm transition is a powerful tracer of a molecular-cloud
formation in a wide range of Hy density from diffuse clouds to dense cores, by combining the single-

dish and interferometric observations.
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CHAPTER 1. Introduction

In this thesis, a new tool to study molecular-cloud formation, that is the 18 cm transition of hydroxyl
radical (OH), is presented. Since stars are formed in dense parts of molecular clouds, the formation
process of molecular clouds is thought to largely affect the subsequent star-formation. Recent radio
observations, particularly those with ALMA (Atacama Large Millimeter/submillimeter Array), have
revealed the vast diversity of newly born stars and their disk/envelope systems in physical structures
and chemical compositions (e.g. Sakai et al. 2014; Oya et al. 2016). Their origins should be related
to the formation history of each star. In this context, understanding of formation and evolution
processes of molecular clouds is of fundamental importance.

For a long time, molecular clouds have extensively been studied mainly by the rotational transitions
of carbon monoxide (CO) (Dame et al. 1987; Mizuno et al. 1995; Fukui et al. 2008). On the other
hand, diffuse atomic clouds have been traced by the 21 cm transition of the hydrogen atom ([H I])
(Kalberla et al. 2005; Peck et al. 2011). However, the distributions of CO and [H I} are much different,
and hence, it is very difficult to investigate the transition zone from atomic clouds to molecular
clouds. Indeed, a diffuse part of molecular clouds, where CO molecules are photodissociated by
strong interstellar UV radiations, cannot fully traced by CO. Since such a diffuse gas (the so-called
CO-dark molecular gas) plays an important role in the transition from atomic clouds to molecular
clouds (Smith et al. 2014; Glover & Smith 2016), a new observational method to trace this region
has been awaited.

In order to solve this long-standing problem, we conducted observations of the OH 18 cm transition
and analyzed them by the non-LTE (local thermodynamic equilibrium) modeling. This transition is
considered to be a good tracer of the CO-dark gas (Ebisawa et al. 2015; Allen et al. 2015; Xu et al.
2016; Tang et al. 2017), since the OH molecules are easily formed in diffuse molecular clouds as an
intermediate species in the formation of CO. It has the A-type doubling transition at the wavelength
of 18 cm, which can be observed even in a diffuse condition due to its low critical density. Interestingly,

the OH 18 cm transition is known to exhibit intensity anomalies toward molecular clouds according



to previous observations (Mattila et al. 1979; Harju et al. 2000; Xu et al. 2016). However, its origin
is not well understood due to the complex excitation and de-excitation mechanisms. Solving the
origin of the anomalies is essential to make full use of the OH 18 cm transition as a tracer of the
transition zone from atomic clouds to molecular clouds.

With this in mind, we observed the four hyperfine structure (hfs) components of the OH 18 cm
transition toward several molecular clouds in order to explore the origin of the anomalies. As a
result, three types of the intensity anomalies are found: (1) the 1612 MHz line absorption, (2) the
1665 and 1667 MHz lines absorption, and (3) the 1720 MHz line absorption. A statistical equilibrium
calculation code is developed, which successfully reproduces the anomalies (1), (2) and (3) with gas
kinetic temperatures of > 40 K, > 90 K, and < 30 K, respectively. From these calculations, the
pumping mechanism of OH producing each anomaly are systematically understood. In particular,
the intensities of the four hfs lines of the OH 18 cm transition are found to be sensitive to the
gas kinetic temperature. Therefore, the gas kinetic temperature can be determined accurately from
the intensities of the four hfs lines of the OH 18 c¢m transition. The temperatures determined for
the observed sources range from about 30 K to 100 K, which are generally higher than the typical
temperature of molecular clouds traced by CO (~ 10 K). This result suggests that the OH 18 cm
transition indeed traces a diffuse warm part of molecular clouds.

The observation of the OH 18 cm transition with an interferometer was also conducted. In this
observation, the intensity anomaly was not found. This suggests that a cold dense core embedded in
a diffuse warm gas is picked up by the interferometer, while the emission (and absorption) from the
warmer extended gas surrounding the core is totally resolved out. Thus, the OH 18 cm transition can
be used to study a wide range of molecular clouds, from diffuse clouds to dense cores, by combined
analyses of data obtained by the single-dish telescopes and interferometers. Further observations of
the OH 18 cm transition would improve our understandings of molecular-cloud formation.

In Section 2.1, we present a brief review on current understandings of molecular clouds, which have
extensively been studied by observations and numerical calculations. In Section 2.2, we introduce

the hydroxyl radical (OH) as well as the intensity anomalies of its 18 cm transition observed to-



ward molecular clouds. Chapter 3 describes a basic scheme of observations how the spectral data
are obtained by radio single-dish telescopes. The performances of the telescopes employed in our
observations, the Effelsberg 100-m telescope, the Green Bank 100-m telescope, and the Very Large
Array, are also summarized in Chapter 3. Observational results, analyses and discussions on the
three types of the intensity anomalies (1)—(3) of the OH 18 cm transition are presented in Chapters

4-6, respectively. Finally, conclusions and future prospects are presented in Chapter 7.
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CHAPTER 2. Background

2.1 Molecular cloud

A molecular cloud is a relatively dense part of an interstellar medium (ISM). It is mainly composed
of molecular hydrogen (Hs) (~90%), followed by helium (~10%) and carbon monoxide (CO) (~0.01
%). Tt also contains small dust particles (silicate and carbonaceous compounds) whose mass is about
1% of the gas mass. Since molecular clouds are birth places of stars, understanding their formation
process is related to a vast diversity of newly born stars and planetary systems associated with them.
A typical Hy density (n(Hsy)) of molecular clouds ranges from 10% to 10° cm™3, where a diffuse part
(n(Hy) = 10%-10% cm™3) is called a diffuse cloud, while a dense part (n(Hy) = 10*-10° cm™2) is called
a dense core or a molecular cloud core (Figure 1).

Molecular clouds are formed from atomic clouds (n(Hy) = 1-10 cm™2), which are mainly composed
of hydrogen atoms (H) (Figure 1). Shielding of the interstellar UV radiation is responsible for the

formation of molecular gas from atomic gas, because it controls the photodissociation of molecules.

interstellar medium

uv
diffuse clo
H/H, H
: ic cloud
uv
uv

Figure 1. A schematic illustration of an atomic cloud (red), a diffuse cloud (cyan) and a dense core (blue).
Hy molecule is formed in the relatively dense region where the interstellar UV radiation is shielded. Stars

are formed in much denser region (dense core) by the gravitational collapse.
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Since atomic clouds are almost transparent to the UV radiation due to their low density, Hy molecules,
if even formed, are quickly photodissociated in atomic clouds. On the other hand, Hs molecules
can survive in molecular clouds, where the UV radiation is shielded. Dense cores in molecular
clouds are subject to gravitational contraction toward star formation. During this process, various
molecular species, such as radicals (OH, CH, NH), carbon-chain molecules (CoH, C4H, ¢-C3H,),
organic molecules (CH3;OH, CH3CONH,, HCOOH), and ions (HCO*, H3*) are formed through
chemical reactions in the gas phase and/or on surfaces of dust grains.

A gas kinetic temperature (T}) of molecular clouds is determined by a balance between the heating
and cooling. Main heating sources are interstellar UV radiations and cosmic rays, whereas the cooling
is dominated by spectral emission of gaseous species (mainly CO and C*) and thermal continuum
emission of dust grains. Since diffuse clouds are exposed to interstellar UV radiation to some extent,
their gas kinetic temperature depends on the strength of the UV radiation. The temperature tends
to be higher for lower Hy density conditions due to less shielding of the UV radiation, and it typically
ranges from 30 to 100 K. In contrast, the UV heating effect is negligible in a denser part (n(Hs)
> 103-10* cm™?), where the major heating sources are energy introduced by cosmic rays and that
released by gravitational collapse. In such a dense gas, a cooling by the rotational transitions of
CO and dust thermal radiation is so efficient due to frequent molecule-molecule and molecule-dust
collisions that the gas kinetic temperature is generally as low as ~10 K. Because of a low gas kinetic
temperature, molecular clouds are difficult to be observed directly in the optical or near-infrared
emissions, although they have recognized as dark patches obscuring the visible light of background
stars. Instead, they have been studied by observations of the thermal continuum emission from cold
dust grains in the mid- and far-infrared region as well as the rotational transitions of molecules in
the radio region.

In this study, we develop a new method to explore the molecular-cloud formation by radio astronom-
ical observations with single-dish telescopes and interferometers. So far, distributions of molecular
clouds have been studied mainly by observing the rotational transitions of CO. Although its abun-

dance is four orders of magnitude lower than Hs, it generally gives a bright emission in molecular
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clouds. It should be noted that the most abundant molecule in molecular clouds, Hs, is difficult to
be observed. Since Hy is a homonuclear molecule and has no electric dipole moment, the electronic
dipole transition does not occur between the rotational levels of Hy. Although the weak electronic
quadrupole transition is allowed, it is too faint to be observed in cold molecular clouds. Thus CO,
which is the second abundant molecule next to Hs, has extensively been observed as a tracer of
molecular clouds.

Dame et al. (1987, 2001) conducted large-scale mapping observations of the CO (J = 1-0) line in
the entire of the Galactic plane (Figure 2). They found that molecular clouds are concentrated on the
Galactic spiral arms and the ring-like region around the Galactic center (so-called molecular ring).
Zuckerman & Palmer (1974) estimated a star-formation rate (Rgr) in the Galaxy from a molecular

mass determined by CO observations (M,,, ~ 10° M), assuming that stars are formed within a

31 \ V2 102\ /2

They concluded that Rgp (~ Mpe/ts; ~ 10> Mgyr™) is about two order of magnitude lower

free-fall time:

than the observed value inferred from statistical observations of O and B stars (~1 Mg yr!)
(Biermann & Tinsley 1974). The low star-formation rate requires a mechanism that suppresses
star formation in molecular clouds, such as turbulence and/or magnetic field, although it is still
controversial.

Structures and kinematics of molecular clouds have extensively been studied by observing the
rotational transitions of CO and its isotopologues (**CO and C'®0). In particular, nearby molecular
clouds such as Taurus (d = 137 pc; Sunada & Kitamura 1999; Narayanan et al. 2008; Goldsmith et al.
2008), Lupus (d = 155 pc; Tachihara et al. 1996, 2001; Tothill et al. 2009), Ophiuchi (d =119 pc;
Loren 1989a,b) and Orion (d = 400 pc; Castets et al. 1990; Heyer et al. 1992; Plume et al. 2000)
are good targets for such studies. The total mass of each molecular cloud ranges from 103 to 10°
Mg. The observed velocity dispersions of the spectral lines of CO (and other molecules as well) are

generally larger than the thermal Doppler broadening:

Sk T 1In 2
AVewnm = \/ b77 (2)
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Figure 2. Top and bottom panels show the integrated intensity map and the position-velocity diagram
of the CO emission, respectively, along the galactic longitude (I) observed in the entire of the Galaxy by
Dame et al. (2001). As shown in the bottom panel, molecular clouds are concentrated on the so-called
molecular ring around the Galactic center, which are observed in high red-shifted and blue-shifted velocities
at [ ~ 0°-30° and [ ~ 330°-360°, respectively. Molecular clouds are also distributed in the galactic spiral
arms, such as the Perseus Arm seen in [ ~ 40°-160° (Vpsg ~ —40 — —100 km s~1) and [ ~ 200°-270° (V.sr
~ 40-100 km s7!), and the Carina Arm seen in [ ~ 290°-320° (Visr ~ 40 km s~!). Note that the low
velocity components observed in the entire of the galactic longitude originate from nearby molecular clouds

associated with the Gould’s Belt such as Aquila, Taurus, Lupus, Ophiuchi and Orion.

which equals to ~0.1 km s™! at 10 K. The broader linewidth suggests that molecular clouds are
generally turbulent.

Molecular clouds are birth places of new stars. Figure 3 shows the positions of the pre-main-
sequence stars observed toward the Taurus molecular cloud, overlaid on the Hy column density map
derived from the CO integrated intensity map observed toward the same region (Goldsmith et al.

2008). Most of the young stars, which are represented by diamonds and squares, are located in the
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Figure 3. The Hs column density map of the Taurus molecular cloud derived from the CO integrated inten-
sity map observed with FCRAO (Five College Radio Astronomical Observatory) telescope (Goldsmith et al.
2008). The cyan diamonds, the green squares and red asterisks represent the positions of pre-main-sequence
stars in the stage of extended/nebulous protostars, Class I or younger stars, and T Tauri stars, respectively,

according to Goldsmith et al. (2008).

regions with a relatively high Hs column density, suggesting that a star formation indeed occurs in
dense parts of molecular clouds. In addition, stars are remarkably aligned along the straight structure
in the B213 region ((«, 0) ~ (4"22™0%, 27°0’0")), whereas no star is found in the nearby filament
in the B211 region (a, §) ~ (4"18™0%, 27°30'0")). It is explained by different evolutionary stages of
these regions: B213 is more evolved than B211, and star-formation has already started. Hacar et al.

(2013) confirmed this picture on the basis of the mapping observations of the C'¥O and NyH™ lines
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Figure 4. The Hy column density map of (left) the Aquila cloud (d = 260 pc) and (right) the Polaris cloud
(d = 150 pc) derived from the Herschel SPIRE/PACS data obtained in the Gould’s belt survey (André et al.
2010). Various filamentary structures and dense cores along the filaments are extensively observed in the

both sources.

toward the large-scale filamentary structure elongated from B213 to 1.1495 (Figure 3). They reported
the bright C*O line and the faint NoHT line in the B211 region, which are contrary to the bright
N,H™ line and the faint C!®O line in the B213 region. Since the NoH™T line generally traces cold and
dense cores, where CO is frozen out onto dust grains, these results suggest that the B213 region is
indeed chemically more evolved than B211. They also studied the detailed velocity structure of the
B213/B211/L1495 filament, and identified velocity-coherent sub-filaments, which have typically 0.5
pc in length, within large-scale filaments. In addition, they reported that dense cores tend to be
clustered in a certain region, rather than uniformly distributed along the filament, suggesting that
dense cores are formed by fragmentation of the sub-filaments.

Such a formation scenario of dense cores and stars within a filamentary structure has extensively
been studied, particularly after the results of the Herschel Gould’s belt survey with Herschel Space

Observatory (André et al. 2010). The observed large-scale far-infrared continuum map revealed the
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ubiquity of filamentary structures in molecular clouds (Figure 4), as well as dense cores mostly asso-
ciated with the filaments. Recently, Arzoumanian et al. (2018) studied a filamentary structure in the
L1495 region (Figure 3) by using their CO, 3CO and C'®O observations with the Nobeyama 45-m
radio telescope. They identified several extended structures surrounding the filament by carefully
inspecting the line-of-sight velocity structures on the velocity channel maps and the self-absorption
features in the spectra. They argued that the filament repeatedly interacts with the sheet-like ex-
tended (diffuse) structures, and such interactions might trigger the star formation there. As explained
above, the spectral lines of CO have extensively been observed to study a large-scale structure of
molecular clouds as well as distributions and formations of dense cores and filaments. Thus, the
CO observations play central roles in studies on structure, kinematics, and formation processes of

molecular clouds.
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Figure 5. (left) The H column density map determined by MHD (Magnetohydrodynamics) numerical
calculations by Inutsuka et al. (2015). The white lines represent the mean magnetic field vector. Filamen-
tary structures are apparently almost perpendicular to the magnetic field direction. (right) A schematic
illustration of the molecular-cloud formation caused by multiple compression in the expanding H I shells

(Inutsuka et al. 2015).
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Figure 6. The spectra of the 1667 MHz, 1665 MHz, 1720 MHz and 1612 MHz lines of OH, C'¥0, 13CO,
CO, C* and [H I] observed toward the Galactic plane cloud G036.4+-0.0.

Spatial distributions and spectral lines of CO are often compared with those of the so-called 21 cm
transition of the H atom ([H IJ). It is the transition between the hyperfine levels due to proton-spin in
the ground electronic state of the H atom, and is known as a good tracer of atomic gas (Kalberla et al.
2005; Peek et al. 2011; Winkel et al. 2016). Molecular gas traced by CO is often surrounded by
an extended [H I] gas which has larger velocity dispersion than CO, suggesting that molecular
clouds are formed by compression of atomic gas (Tachihara et al. 2001; Heiner & Vazquez-Semadeni
2013; Pineda et al. 2013; Duarte-Cabral et al. 2015). Such a scenario is confirmed by numerical
calculations simulating molecular-cloud formation from atomic gas by hydrodynamic calculations
(Inoue & Inutsuka 2012; Inutsuka et al. 2015). Inutsuka et al. (2015) reported that molecular clouds
are formed in the interface of so-called H I shells, which are expanding shell-like dense structures
in atomic clouds associated with supernova remnants or H II regions, as schematically illustrated

in Figure 5 (right). They presented that a relatively cold (T, < 100 K) and dense atomic gas is
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readily formed in H I shells, and molecular clouds can be formed by multiple compression of these
cold atomic gas in the interface region. As shown in the left panel of Figure 5, the multi-compression
scenario well reproduces the filamentary structures in molecular clouds, according to the numerical
simulations by Inutsuka et al. (2015). Hence, understanding the interface of an atomic gas and a
molecular gas is closely related to the structure and the formation of molecular clouds as well as
subsequent dense-core and star-formation processes.

Nevertheless, it is still controversial how atomic clouds are evolved into molecular clouds, since
such transition regions are not well traced by neither CO nor [H I lines. This is because that
most CO molecules are photodissociated by the interstellar UV field in such a diffuse part, whereas
hydrogen mostly becomes Hy there. The diffuse molecular gas which is not well traced by CO
emission is called CO-dark molecular gas. About a half of molecular cloud mass comes from the CO-
dark region according to recent numerical calculations (Smith et al. 2014; Glover & Smith 2016).
This suggestion emphasizes an importance of tracing a CO-dark gas in molecular-cloud formation.
Although observational studies of a CO-dark gas are rather difficult, it would be traced by some
atoms, ions, or molecules which appear in chemical processes in the formation of CO, such as CH
(Sakai et al. 2012; Xu & Li 2016), C (Maezawa 2000; Kamegai et al. 2003; Pineda et al. 2017), C*
(Tang et al. 2016; Mookerjea et al. 2016) and, OH (Ebisawa et al. 2015; Allen et al. 2015; Xu et al.
2016; Tang et al. 2017). For example, Tang et al. (2017) conducted observations of the [H I], CO,
OH and C* lines toward many sources near the Galactic plane, and reported that about 18 % of
the clouds identified with OH are CO-dark. The C* ion also traces a CO-dark gas, whereas its
detection rate is generally lower than OH, according to Tang et al. (2017). They presented that a
denser part of a CO-dark molecular gas is not well traced by C*, since C* rather traces an atomic
gas and a diffuse molecular gas where the UV radiation is not well shielded. On the other hand, OH
can trace a diffuse molecular gas as well as much denser parts including dense cores, suggesting that
OH is a better tracer of a CO-dark molecular gas. Figure 6 shows representative spectra observed
by Tang et al. (2017) exhibiting that OH and C* traces the CO-dark gas. For instance, the ~41.9

1

km s™ component is seen in OH, whereas CO and its isotopologues lines are almost absent. These
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studies are essentially important to understand the evolution from atomic gas to molecular gas, that
is essential part of molecular-cloud formation. In this study, we tackle this long-standing problem

with radio observations of the OH 18 cm transition.

2.2 The OH 18 cm transition

The 18 cm transition of hydroxyl radical (OH) was the first spectral line from interstellar molecules
detected in the radio wavelength region (Weinreb et al. 1963). Since OH is easily formed in diffuse
clouds via the following oxygen chemistry (Hollenbach et al. 2009), it is relatively abundant in various
clouds including diffuse clouds. A neutral O atom, which is a main form of oxygen in diffuse clouds,

is ionized by the following reactions with H* and H3*:

O+H"—O"+H (3)

O + Hy* — OH' + H,. (4)

OH;™ is formed from O™ and OH™ through successive reactions with Hy:

O*+H,—OH"+H (5)
OHT + HQ — OH2+ +H (6)
OH2+ + HQ — OH3+ + H. (7)

Then, OH3™ forms HyO and OH by electron recombination reactions:

OH3" +e—H,O+H (8)
—OH + H, (9)
—OH+H+H (10)
— O+ Hy + H. (11)

An OH molecule returns to an O atom by photodissociation under the UV radiation:
OH + hv— 0O + H. (12)

Numerical calculations incorporating the above oxygen chemistry have been conducted to estimate

the abundance of OH relative to hydrogen atom (X (OH)) in diffuse clouds. Hollenbach et al. (2012)
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Figure 7. Abundances of molecules as a function of the visual excitation (A4,) equivalent to the depth into

the cloud calculated by Hollenbach et al. (2012). The diffuse-cloud condition is assumed for the density.

showed that the OH abundance is almost constant (10~7) over a wide range of the visual extinction
(A,) between 0.001 and 1, and it has a peak (X(OH) ~ 107°) at A, ~ 5, according to their chemical
model calculations assuming a diffuse cloud condition (Figure 7). Draine & Katz (1986) conducted
chemical model calculations assuming a gas compressed by a MHD (Magnetohydrodynamics) shock
in diffuse clouds, and reported that the OH abundance is enhanced as high as 5 x 107° in a shock
compressed gas. These studies suggest that OH indeed exists abundantly in diffuse clouds, and it also
traces the transition region in which molecular-cloud formation occurs. Since OH is a intermediate

molecule in the formation process of CO via following chemical reactions (van Dishoeck & Black

1988),
Ct + OH—CO™ + H (13)
—CO+H" (14)
CO* + H, - HCO™ + H (15)
HCO™ + e—CO + H, (16)
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Figure 8. The rotational energy level structure of OH. The display of the fine and hyperfine structure levels

is schematic and the separations of the split energy levels are not drawn to scale.

OH is considered to trace a diffuse part of molecular clouds, which cannot be well traced by CO, i.e.
CO-dark molecular gas.

In astronomical observations, OH has been observed in its rotational transitions in the far-infrared
(FIR) wavelengths region and the A-type transitions in the radio wavelengths region. In this study,
we observe the one of the latter transitions, the OH 18 cm transition. Figure 8 shows the rotational
energy diagram of OH, which consists of the two rotational ladders of the %Il /2 and 211, /2 states,
where the state is represented by **™'IIg (2 = ¥ + A). Here, ¥ and A denote the components of
the electronic spin angular momentum (S, |S| = 1/2) and orbital angular momentum (L, |L| = 1),
respectively, projected to the molecular axis (O-H bond). The 213 /2 and *I1; / ladders are caused by

the spin-orbit interaction between S and L, where ¥ and A are parallel (|2| = 3/2) and anti-parallel
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(12| = 1/2) to each other, respectively. It should be noted that |S| = 1/2 and |L| = 1 originate from
a single unpaired electron of the p, orbital in the OH radical. F and J in Figure 8 represent the
total angular momentum and that excluding nuclear spin of proton (I), respectively, which can be
writtenas F = R+ L+ S+ 1, and J = R+ L+ S, respectively, in a vector form. R is the angular
momentum of end-over-end molecular rotation.

Since OH is a relatively light molecule, energy separations between the rotational levels are quite
large due to its rapid rotation, which fall in the FIR wavelength regime. For example, the rotational
transition from *Il3;, J = 5/2 to I3, J = 3/2 and that from *II; ;o J = 3/2 to *I;;» J = 1/2
appear at the wavelengths of 120 ym and 163 um, respectively. Spectroscopic observations of the
rotational transitions of OH were studied by the airborne and space telescopes in the FIR wavelength
region, KAO (Kuiper Airborne Observatory) and ISO (Infrared Space Observatory), respectively.
However, their spatial resolution and sensitivity were limited. The PACS spectrometer of the Herschel
Space Telescope allowed much better spatial resolution (~10 arcsec) covering a frequency range
from 60 to 210 um, although its velocity resolution is still poor (150-200 km s~!) (Figure 9). The
heterodyne spectrometer HIFI of Herschel provided much better velocity resolution of 0.3 km s,
but its frequency range only covers the 163 pm transition. SOFIA (Stratospheric Observatory for
Infrared Astronomy) is now available to observe the rotational transition of OH (119 pm and 163
pm) with maximum velocity resolution lower than 0.01 km s~ (Figure 10). So far, these transitions
have mostly been observed toward high-mass star forming regions, since their upper state energies
are higher than 100 K from the ground state. On the other hand, they are fairly weak and difficult
to be observed in diffuse clouds, although there have been a few studies detecting these transitions
in absorption. The OH lines of the Galactic ISM are observed in absorption against the strong
background FIR continuum emission from hot cores with SOFIA (Wiesemeyer et al. 2016).

On other hand, each rotational energy level is slightly split into two levels, as indicated by + and
- in Figure 8. This is called as A-type doubling, that is the energy split caused by the coupling of
molecular rotation (R) and the orbital angular momentum (L), as schematically explained in Figure

11. This split is rather small in comparison with the energy gaps between rotational energy levels.
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Figure 10. The rotational transitions of OH (163 pm and 119 pum) observed toward the Cepheus A with
SOFIA (Gusdorf et al. 2016).

In case of OH, transitions between the A-type doubling levels in the same rotational energy state
appear in the radio wavelength regime. In particular, the A-type doubling transition in the ground
rotational state (*II3» J = 3/2) emits photons at the wavelength of 18 cm. Therefore, this transition
is called the OH 18 cm transition. Each A-type doubling level is further split into two hyperfine
levels through the ‘spin-spin’ interaction between the nuclear spin (I, [I|=1/2) of the proton and
the electronic spin (S). For example, the two A-type doubling levels in the J = 3/2 ?II;3/, ground
rotational state have two hyperfine sub-levels with F' = 2 and 1 each, where S and I are parallel

and anti-parallel to each other, respectively. Since the selection rule is AF = 0, &+ 1, the OH 18 cm
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transition has four hyperfine structure (hfs) components at frequencies near 1612, 1665, 1667 and
1720 MHz (left bottom of Figure 8), as summarized in Table 1. The same feature is seen in the other
A-type transitions. The 1665 MHz and 1667 MHz lines, where F' is unchanged in the transition, are
called main lines, while the 1612 MHz and 1720 MHz lines, where F' is changed by 41, are called
satellite lines. Since the upper state energy of the OH 18 cm transition is as low as 0.1 K, OH
molecules are easily excited to the upper state by collisions with Hy even in cold (~ 10 K) molecular
clouds. Furthermore, the critical density of this transition is quite low (< 1 cm™2), suggesting that
the OH 18 cm transition can trace diffuse clouds with relatively low H, density (10? cm™?), as shown
later in Chapter 4. Therefore, the OH 18 cm transition has been a unique probe of diffuse and dense
interstellar clouds, as well as late-type stars and external galaxies (e.g. Harju et al. 2000; Caswell

2004; Hoffman et al. 2005; Wolak et al. 2012; Darling & Giovanelli 2002).

5,

Figure 11. Schematic illustration of the the A-type doubling. For OH, the two spatial distribution of the
unpaired electron are possible, where they are parallel and perpendicular to the rotation axis (y-axis). These

states have slightly different rotation energies of OH.

It is well known that the relative populations of the hyperfine structure (hfs) levels can attain
values that deviate from intrinsic values attained in Local Thermodynamic Equilibrium (LTE), i.e.,
1612:1665:1667:1720 MHz = 1:5:9:1 (Table 1). This is caused by an interplay of excitation and
de-excitation through rotationally excited states (*Il3 J=5/2 and 2II;,, J=1/2) (Elitzur 1976;
van Langevelde et al. 1995). In fact, the 18 cm transition of OH often displays maser emission in star-
forming regions (mainly the 1665/1667 lines), supernova remnants (only the 1720 MHz line), and the

circumstellar envelopes of mass losing evolved stars (mainly the 1612 MHz line) (Gundermann et al.
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Table 1. Frequencies and line strengths of the OH 18 c¢m transition (2115 12d =3/2).

Transition v [MHz]* Su?? Su?/Su% 610
F=1-2 1612.2310 0.79 1.00
F=1-1 1665.4018 4.0 5.06
F=2-2 1667.3590 7.1 8.99
F=2-1 1720.5300 0.79 1.00

NOTE—® Darling (2003). ® Calculated from the Einstein’s A coefficients tabulated in Leiden Atomic and
Molecular Database (LAMDA) (Schéier et al. 2005).
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Figure 12. The spectra of the OH 18 c¢m transition observed toward the Centaurus A (van Langevelde et al.
1995) with ATCA which show clear conjugate features of the satellite lines. Namely, the 1612 and 1720 MHz

lines appear in absorption and emission, respectively, in the Vigg of ~540, 550 and 590 km s~!, whereas

they show emission and absorption, respectively, in the Vzgr of ~560 km s~!.

1965; Weaver et al. 1965; Cohen 1995). Furthermore, so-called “conjugate” behavior of the 1612

MHz and 1720 MHz satellite lines, which appear in absorption and emission, respectively, has been
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reported for sources with bright background continuum (van Langevelde et al. 1995; Weisberg et al.
2005; Kanekar et al. 2004). Observations of the OH 18 cm transition toward quiescent molecular
clouds have also been conducted extensively (e.g. Heiles 1968; Cudaback & Heiles 1969; Crutcher
1973; Myers et al. 1978). Mattila et al. (1979) carried out observations including the satellite lines
toward L134, and reported that the 1612 MHz line is fainter than the 1720 MHz line. Even more
extreme differences between the two satellite lines were observed toward the HII region W40 by
Crutcher (1977). They found that the 1612 MHz line shows absorption at velocities at which the
1720 MHz line shows emission. This “conjugation” of these two lines was also observed toward the
diffuse gas in the line of sight toward the active galactic nucleus Centaurus A (van Langevelde et al.
1995), as shown in Figure 12. In addition, the OH 18 cm transition has also been used to measure
the magnetic field strength of molecular clouds by using the Zeeman effect (e.g. Crutcher et al. 1993;
Troland & Crutcher 2008).

As for astrochemical interest, Turner & Heiles (1974) investigated the relation of the OH abundance
to the visual extinction in two regions of the Taurus molecular cloud. Harju et al. (2000) conducted
sensitive mapping observations of the OH 18 c¢m transition toward the filamentary Taurus Molecular
Cloud-1 (TMC-1) in Heiles Cloud-2 (HCL2) with the Effelsberg 100 m telescope. This filament
is famous for showing significant chemical differentiation: carbon-chain molecules are abundant in
the south-eastern part of the filament, whereas NHj is abundant in the north-western part (e.g.
Little et al. 1979; Hirahara et al. 1992). This chemical differentiation is naturally explained in terms
of an chemical evolutionary effect (Hirahara et al. 1992; Suzuki et al. 1992). Harju et al. (2000)
investigated the OH/C'0O abundance ratio along the ridge from such a chemical point of view, and
found that it is almost constant over the ridge. This indicates the almost constant abundance of
OH during cloud evolution. At the same time, they reported the intensity anomaly of the hyperfine
components. The 1612 MHz and the 1720 MHz lines, both in emission, are slightly brighter and
fainter, respectively, than expected for LTE (Figure 13). They argued that this anomaly is due to
the contribution of the far IR continuum emission from dust. However, the observed region is limited

to the small area of the TMC-1 ridge, and more observations are required to investigate the origin
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Figure 13. The spectra of the OH 18 cm transition observed toward TMC-1 (Harju et al. 2000). The 1612
MHz line is brighter than the 1720 MHz line.

of the anomaly. A similar hfs anomaly is observed toward a filamentary structure in the north west
part of TMC-1 (Xu et al. 2016). They compared spectra of [H I}, CO and OH, and suggested that
the OH 18 cm transition traces a CO-dark molecular gas.

As mentioned above, there have been vast observational studies of the OH 18 cm transition toward
molecular clouds, which revealed the hfs intensity anomaly of this transitions. Nevertheless, its origin
has not been understood well due to the quite complex pumping mechanisms of OH. However, this
information is necessary to interpret the observed OH spectra quantitatively. In this thesis, we find the
three types of hfs anomalies of the OH 18 cm transition in the course of our OH observations toward
various molecular clouds, and reveal the origin of each anomaly according to our statistical equilibrium

calculations. These anomalies are found to reflect different physical conditions of molecular clouds.
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From these results, we present that new aspects of the OH 18 cm transition as a unique tracer of

molecular-cloud formation.
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CHAPTER 3. INSTRUMENTS

3.1 Radio observations
3.1.1 Radio telescope

In this thesis work, we carried out the observations of the OH 18 cm transition using single-dish
radio telescopes and interferometers. In this section, we briefly explain the basic scheme how radio
telescopes work to observe the spectral emission of molecules (atoms) from the space. Roughly
speaking, single-dish radio telescopes are made up of an antenna, a receiver and a spectrometer
(Figure 14). An antenna collects radio signals from space to the focus point using a parabolic reflector.
For the prime focus optics, the receiver system is directly placed at the focus. For the Cassegrain
optics and the Gregorian optics, convex and concave subreflectors, respectively, are placed in front
of the primary focus of the main reflector in order to shift the focal point backward, and a receiver
system is placed at the resultant focus. The angular resolution of the telescope is determined by the

antenna diameter (D) and the wavelength of the signal (\) as,
A :
QHPBW ~ 5 (radlan). (17)

Namely, the resolution is better for a larger diameter of the main reflector and at a shorter wavelength

of observations. Therefore, large single-dish telescopes such as the Effelsberg 100-m, Green Bank

Antenna

sub reflector

IF amps|—{spectrometer]

main reflector

Figure 14. A schematic illustration of the radio telescope.
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100-m, Arecibo 300-m and FAST 500-m telescopes have been constructed to obtain a better angular
resolution in the centimeter-wave region.

The input signal collected by the antenna is converted to the electronic signal by a feed horn
placed on the focus, and is then introduced to the receiver. The main purposes of the receiver are
to amplify the input signal to the sufficient level for its analyses and to downconvert its frequency
to the intermediate frequency (IF). The former process is necessary, since a radio signal from space
is generally as weak as 10719-1072! W. A cooled low-noise amplifier (LNA) such as HEMT (High
Electron Mobility Transistor) operated at 20 K is usually used for this purpose. The downconversion
to the IF frequency makes low-noise amplification easier than in the original frequency and also
contribute to reducing the energy loss in the transmission cables. The downconversion is done with
a non-linear device, called as a mixer. Before the mixing, the input signal has to be coupled to a
reference signal generated by a local oscillator, which has a slightly different frequency (fro) from the
input signal (frr). The mixer outputs the IF signals of the frequencies of | frr+ fro|. Only the lower
frequency signal (f;r = |frr — fro|) is usually selected by the low-pass filter in the downconversion
process. Low frequency receivers (< 100 GHz) usually perform amplification and downconversion in
this order.

On the other hand, the order is reversed in the higher frequencies (> 100 GHz) receiver, since
no good LNA is available in the high frequency region. In this case, using a low noise mixer for
the downconversion is essential to achieve a good receiver performance, since its conversion loss and
noise mainly affects the noise temperatures of the total receiver system. Therefore, low noise super-
conductor mixers such as SIS (Superconductor-Insulator-Superconductor) and HEB (Hot Electron
Bolomerter) are used for this purpose. A cooled low-noise HEMT amplifier is usually employed as
the first stage IF amplifier, because its noise also contribute to the receiver noise. Then, the IF
signal is further amplified and/or frequency-converted to the other frequency, if necessary, before it
is introduced to the spectrometer.

A spectrometer is used to obtain a power spectrum as a function of the frequency (P(v)) from the

input signal (V'(¢)). There are several types of radio spectrometers. First, a filterbank spectrometer
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uses a bank of band-pass filters (BPFs) with different passbands to directly obtain the spectrum
from V(t). Although the concept is rather simple, the system becomes complex as the increasing
number of BPFs. Hence, the number of a channel is limited (e.g. ~ 512) in this case. The second
one is an acoust-optical spectrometer (AOS). In AOS, the input electric signal from the receiver
is introduced to a piezoelectric device, which generates an acoustic wave within the device. The
acoustic wave is then transmitted to a crystal such as TeO,, by which an irradiated laser beam
produces a certain diffraction pattern. The diffraction angle corresponds to the frequency, and the
intensity of the diffracted light to the spectral intensity. The spectra of the input signal can thus
be obtained by measuring the diffraction pattern using an array detector such as CCD. AOS can be
used to obtain a broader band width than the filterbank spectrometer, and was used for a long time
in the Nobeyama 45-m radio telescope. The third one is an autocorrelation spectrometer, which is a
kind of the digital spectrometer. In this spectrometer, digital autocorrelators are used to calculate
the autocorrelation of V'(t). The spectrum P(v) is obtained by performing Fast Fourier Transform
(FFT) to the autocorrelation function. This type of a spectrometer is called the XF spectrometer,
where X and F stand for autocorrelation and Fourier transform, respectively. The Fourier transform
spectrometer, or FX spectrometer, obtains the spectra by performing FFT and autocorrelation in this
order. The performance of the digital spectrometers have been improved as increasing performance
of digital devices. Most telescopes including the Effelsberg and GBT employ the digital spectrometer

as their backends.

3.1.2 Calibration

The spectrum observed by a radio telescope, which is a power as a function of the frequency P(v),

is usually represented in terms of an antenna temperature (74):

P(I/) = k’bTA. (18)

The antenna temperature is equivalent to a mean brightness temperature of the source weighted by a
beam pattern of the antenna. The energy loss by the atmosphere as well as that caused between the

aperture and the feed horn must be corrected to obtain the real antenna temperature of the source
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(T'4*), which can be written as,
1, = 1,220 (19)
n

where 7 and 7 are the optical depth of the atmosphere and the antenna efficiency, respectively. In

order to estimate 7 and 7 values, a chopper-wheel method (Penzias & Burrus 1973) is employed. In
this method, the two reference signals (P, and P,ps) are observed in addition to the spectra from
the source (Piource). Peky 1 measured toward the ‘sky’ with no radio source, whereas P,y is measured
by introducing an absorber, whose temperature is T, in front of the feed horn. They can be written

as,

Pops =Gk (Trx + Taps) (20)
Paoy=Gky [Trx + (1 = )Ty +n (1 — exp (—7)) Tam] (21)
Psource = GkaA + Pskya (22)

where G and Ty are the gain and the noise temperature of the receiver, respectively. Ty and Ty,
represent the atmosphere temperature and the ground temperature, respectively. Assuming that the
temperature is the same for the absorber, the ground, and the atmosphere (Tops ~ Ty ~ Typtm =
Tamb), the real antenna temperature of the source, T4*, can be determined from Py, Pabs, Psource
and T}, as

Prource — Pa
T,* — Tam source S y. 23
4 b Pabs - Psky ( )

The main beam temperature (Thp) is calculated from T4* by dividing the main beam efficiency
(Besy), which is a power received by the main beam of the antenna relative to the total power. If the
source has an extended structure comparable to the main beam, the T);5 would be the brightness
temperature of the source filling the main beam. We employ the main beam temperature as an
intensity scale in this thesis, since we study warm diffuse clouds extending in space.

Contributions of the radio sources behind the target are still included in T);5. The position-switch
and frequency-switch methods are usually used to subtract the background contribution as well as
a receiver response. In the position-switch method, a position with no radio source (OFF position)

is observed to measure a background emission of the source position (ON position). The antenna
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temperature of the source is calculated by the subtraction (T4 = T4(ON) - T4(OFF)). This estimate
is correct, as long as the receiver gain, the receiver noise and the atmospheric condition are the same
for the ON and OFF observations (and the background emission is the same in the ON and OFF
positions). Nevertheless, the atmospheric condition varies during the time for moving the antenna
between the ON and OFF positions, which result in worse signal-to-noise ratio. This effect can be
reduced by using the frequency-switch method, where the frequency of the local oscillator (fro) is
slightly shifted by a certain offset (fs,) instead of switching the position. The antenna temperature is
obtained by subtracting the two spectra observed with different fro. In this case, the time variation
of the atmospheric condition is small (or negligible), since switching f7o is much faster than switching
a position. The frequency-switch method is also useful when observing molecules tracing a diffuse
gas, such as OH, due to a difficulty in finding the OFF position. A drawback is that the spectrum can
be affected by the standing waves between the main reflector and the feed horn and/or between the
subreflector and the feed horn. However, this effect is not significant for the prime focus receiver in

the centimeter-wave region. Therefore, we employed the frequency-switch method in our observations

of OH.

Figure 15. The Effelsberg 100-m radio telescope.
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Table 2. Basic performance of the Effelsberg 100-m radio telescope?®

Receiver Spectrometer
18 cm/21 cm (1.29-1.73 GHz) FFTS
Tsys Beam efficiency HPBW Bandwidth Resolution
18 K (LCP), 19 K (RCP) 0.65 490 arcsec @ 1.66 GHz | 100 MHz 3.5 kHz

NoTE—* The system noise temperature (Tyys), the beam efficiency (Besr), HPBW of the 18 cm/21 cm
receiver are listed in the first, second and third columns, respectively. The instantaneous bandwidth and

the spectral resolution of the FFTS spectrometer are shown in the fourth and fifth columns, respectively.

3.2 Telescopes
3.2.1 Effelsberg 100-m telescope

The Effelsberg 100-m radio telescope of Max-Planck-Institut fiir Radioatronomie (MPIfR) in Ger-
many (Figure 15) is one of the two largest fully steerable single-dish telescopes in the world. It can
be used to observe a frequency range from 300 MHz to 90 GHz. We observed the four hyperfine
structure components of the OH 18 cm transition with the Effelsberg in 2013 and 2016 October.
In our observations, the 18 cm/21 cm prime focus receiver was used, whose system noise tempera-
ture was about 20 K. The HPBW (half-power beamwidth) beam size was 490 arcsec at 1.66 GHz.
The telescope pointing was maintained to be better than 20 arcmin, by observing nearby continuum
sources. The facility Fast Fourier Transform Spectrometer (FFTS) was employed as the backend; it
has an instantaneous bandwidth of 100 MHz with a frequency resolution of 3.5 kHz. The resolution
corresponds to a velocity resolution of 0.56 km s~ at 1667 MHz. The 1612 MHz and 1720 MHz lines
of the OH 18 cm transition were separately observed with two frequency settings. The 1665 MHz and
1667 MHz lines were observed in both frequency settings. We used the frequency-switching mode
with the frequency offset of 0.1 MHz. We hereafter use main beam brightness temperature (7/p)
as the intensity scale, which is calculated from the antenna temperature assuming a main beam
efficiency of 0.65. The rms noise levels of the observed spectra are about 8-16 mK. The performance

of the receiver and spectrometer are summarized in Table 2.
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Figure 16. The 100 meter Green Bank Telescope.

3.2.2 Green Bank Telescope

The 100 meter Green Bank Telescope (GBT) (Figure 16) in the United States is the other largest
fully steerable single-dish telescopes besides the Effelsberg 100-m telescope (Section 3.2.1). It is
located in the National Radio Quiet Zone (NRQZ) in West Virginia. It has an approximately 175 km
x 195 km rectangle shape, in which the use of any instruments emitting radio waves is restricted by
law. This minimize radio frequency interferences (RFI) from artificial signals which significantly affect

Table 3. Basic performance of the GBT 100-m radio telescope?®

Receiver Spectrometer
L-Band (1.15-1.73 GHz) VEGAS
Tsys Beam efficiency HPBW Mode Bandwidth Resolution
20 K 0.82 470 arcsec @ 1.66 GHz 11 23.44 MHz 0.4 kHz
16 11.72 MHz 0.2 kHz

NoTE—* The system noise temperature (Tsys), the beam efficiency (Bess), HPBW of the L-Band receiver
are listed in the first, second and third columns, respectively. The instantaneous bandwidth and the spectral

resolution for each mode of the VEGAS spectrometer are shown in the fifth and sixth columns, respectively.
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the observation detecting faint signals from space. GBT covers a wide frequency range from 100 MHz
to 115 GHz. We used GBT in 2015 and 2017 in order to observe the OH 18 cm transition toward
southern sky sources which was difficult to be observed from Effelsberg, although the maximum
elevation was as low as 20-30 degree even with the GBT. We employed the L-Band receiver, whose
system noise temperature was about 20 K. The HPBW beam size was 470 arcsec at 1.66 GHz.
The telescope pointing was maintained to be better than 20 arcmin by observing nearby continuum
sources. The VErsatile GBT Astronomical Spectrometer (VEGAS) was employed as a backend.
We used the VEGAS mode 11 on 2015, whose instantaneous bandwidth and spectral resolution are
23.44 MHz and 0.4 kHz, respectively. This resolution corresponds to a velocity resolution of 0.07
km s~ at 1667 MHz. Higher resolution mode 16 was used on 2017, whose instantaneous bandwidth
and spectral resolution are 11.72 MHz and 0.2 kHz, respectively. The four hfs components of the
OH 18 cm transition were simultaneously observed in the same frequency setting. We used the
frequency-switching mode with the frequency offset of 3.0 MHz. The performances of the receiver

and spectrometer are summarized in Table 3.

Figure 17. The Very Large Array.
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Table 4. VLA array configuration

Configuration Bz Binin Oupew@l.5 GHz 60;45@1.5 GHz

A 36.4 km 0.68 km 1.3 arcsec 36 arcsec
B 11.1 km 0.21 km 4.3 arcsec 120 arcsec
C 3.4 km 0.035 km 14 arcsec 970 arcsec
D 1.03 km 0.035 km 46 arcsec 970 arcsec

NoTE—The VLA is operated in the four array configurations. FEach array configuration properties are
shown. The maximum and minimum antenna separations (Bj,q; and By,in, respectively), the synthesized
beam width (g ppw) and the largest recoverable angular scale structure (6745) for configurations A-D are

represented in each column.

3.2.3 Very Large Array

The Very Large Array (VLA) of National Radio Astronomy Observatory (NRAO) is a large inter-
ferometer in the United States. It consists of 27 antennas with 25 m in diameter. They are aligned
in a characteristic Y-shape configuration with a radius of about 21 km (Figure 17). The A, B, C
and D array configurations are available to trace a wide range of spatial scales from about 1 arcsec
to 10 arcmin (Table 4). The most compact D-array configuration was used in our observations.
As a frontend, we employed the L-Band receiver to observe the four hfs components of the OH 18
cm transition. The 8-bit sampler was used as a backend, whose instantaneous bandwidth and the
spectral resolution were set to be 250 kHz and 0.651 kHz, respectively. The resolution of 0.651 kHz
corresponds to the velocity resolution of 0.117 km s~ at 1667 MHz. The field-of-view (FOV) was ~27
arcmin at 1.66 GHz. The typical rms noise temperature was ~ 1.6 mJy/beam, which corresponds to

0.19 K at 1612 MHz, for the resolution of 0.5 km s=* after the integration time of 10 hours.
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CHAPTER 4. Absorption feature in the 1612 MHz

line of OH

4.1 Introduction

In 2009, the project of our group observing the OH emission in various nearby clouds was conducted
with the MPIfR 100-m telescope at Effelsberg. The initial purpose is to compare the OH emission
with the CH emission to discuss the chemical evolution of molecular clouds. In the course of this
OH 18 cm transition observation, we fortuitously found the conjugate behavior, where the 1612 MHz
line is observed in absorption and the 1720 MHz line shows enhanced emission toward the whole
Heiles Cloud-2 (HCL2) region. This anomaly is different from that found by Harju et al. (2000),
and is similar to that found toward L134 (Mattila et al. 1979) and other molecular clouds mentioned
in Section 2.2. Although such anomalies have been discussed in terms of non-LTE effect (Elitzur
1976; Mattila et al. 1979), detailed analyses have not been reported because of a lack of high-quality
observational data of the satellite lines. In this Chapter, we demonstrate that this hyperfine anomaly
can be used as a good thermometer of molecular clouds over a relatively wide range of the Hy density.
The results obtained by the observations of the OH 18 cm transition toward the translucent cloud at
the eastern side of HCL2 (Figure 18), the cold dark cloud L183 (Figure 20), the p-Ophiuchi molecular
cloud (Figure 22), and the Lupus-1A molecular cloud (Figure 24), as listed in Table 5, are described.

Table 5. Observed sources

Source  R.A. (J2000) Dec. (J2000) Distance Telescope (year)

HCL2E 04"48™15%.1 25°35'15" 137 pc*  Effelsberg (2009, 2013)
L183  15"54™00°.5  —2°5149” 110 pc® Effelsberg (2013)
p-Ophiuchi 16726™31°.4  —24°21'44"” 119 pc® Effelsberg (2013)
Lupus-1A 1574275254  —34°0753".5 155 pc® GBT (2015)

References— ® Torres et al. (2007), ® Franco (1989), ¢ Lombardi et al. (2008)
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4.2 Observation

Observations were carried out with the MPIfR 100 m telescope at Effelsberg in 2013 October, and
the 100-m telescope at Green Bank in 2015 March. We observed the four hfs components of the

ground-state A-type doubling transition of OH (Table 1).

4.3 Data reduction
4.3.1 Effelsberg 100-m telescope

The CLASS (Continuum and Line Analysis Single-dish Software) software was used for the re-
duction of the Effelsberg data. For the data observed in 2013, we first folded the spectra using
the "FOLD” command, which is necessary to reduce the data obtained by the frequency-switching
method. In the frequency-switch observations, two slightly different frequencies of the local oscillator
(fro) are used, as explained in Section 3.1.2. The folding process calculates the average of the spectra
observed toward the same position with different fro. Contributions of the background as well as
the system response are subtracted by this process, as explained in Section 3.1.2. As for the data
observed in 2016, the folding process was automatically performed in the pipeline of the Effelsberg.
Then, we flagged the bad data, in which strong RFI (Radio Frequency Interference) signals interfere
the real signal from the source. The baseline was subtracted from each spectra by fitting the third
order polynomial function using the "BASE” command. We averaged the spectra observed toward
each source, where the rms noise of each spectrum is employed as the relative weight. Finally, the
intensity scale was converted from the antenna temperature (7,%) to the main beam temperature

(Tv ), assuming the main beam efficiency of 0.65 provided by the observatory.

4.3.2 GBT 100-m telescope

The GBTIDL, which is an IDL (Interface Description Language) package developed by the National
Radio Astronomy Observatory (NRAO), was used for the reduction of the GBT data. As in the case
of the reduction of the Effelsberg data, we first folded the spectra using the ”getfs” command. Then,
we flagged the bad data which suffer strong RFI signals. The baseline was subtracted from each

spectra by fitting the fifth order polynomial function using the "baseline” command. We averaged
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the spectra observed toward each source, where the rms noise of each spectrum is employed as the
relative weight. Finally, the intensity scale was converted from the antenna temperature (7,%) to

the main beam temperature (T)sp), assuming the main beam efficiency of 0.92 provided by the

observatory.

4.4 Result
4.4.1 HCL2E

HCL2E (Heiles Cloud-2 East) is a translucent cloud located at 1.5° east of HCL2 in Taurus molec-
ular cloud complex (referred hereafter as HCL2E) (Figure 18). The distance from the Sun is 137
pc (Torres et al. 2007). HCL2E has an apparent size of about 30/, and is connected to HCL2 in the
1BCO (J=1-0) emission (Narayanan et al. 2008; Mizuno et al. 1995) (Figure 18) and the [C I] emission

(Maezawa 2000). A relatively high C/CO ratio confirms the translucent nature of this cloud, where

TMC-\l(CP)
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Figure 18. Peak intensity image of the *CO (J=1-0) line (Narayanan et al. 2008). Solid circles represent
the observed positions in HCL2E. “A”is the “central” position, which is a peak of the [C I} intensity (Maezawa

2000). A cross mark represents the position of TMC-1 cyanopolyyne peak (CP).
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the typical LSR velocity of 6.4 km s~
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Table 6. Observed line parameters toward HCL2E, L.183, p-Ophiuchi, and Lupus-1A.

Source (offset) Visr FWHM Ty p(1612) Typ(1665) Typ(1667) Ty p(1720)
(ks (kms™) (K) (K) (K) (K)
HCL2E (0, 24') 6.06(2) 1.92(6) -0.045(9) 025(1)  0.30(1)  0.165(9)
HCL2E (0, 16') 6.21(3) 1.87(7) -0.04(1)  030(1)  038(1)  0.19(1)
HCL2E (0, 8 6.07(2)  1.93(4) -0.07(1)  0.39(1)  051(1)  0.23(1)
HCL2E (0/, 0/) 6.20(1) 1.81(4) -0.07(1)  043(1)  058(1)  0.27(1)
HCL2E (0, -8') 6.31(1) 1.70(4) -0.09(1)  040(1)  056(1)  0.28(1)
HCL2E (0, -16') 6.44(2)  1.80(6) -0.10(1)  0.26(1)  0.38(1)  0.23(1)
HCL2E (0, -24') 6.55(3)  2.08(9) -0.09(1)  020(1)  028(1)  0.17(1)
HCL2E (0, -32') 6.47(4)  1.91(9) -0.08(1)  0.18(1)  0.29(1)  0.17(1)
1183 (0, 0) 247(1)  1.37(1) 0.101(7)  0.357(7)  0.586(8)  0.063(7)
1183 (0, -8) 252(1)  1.71(2)  0.062(5)  0.273(5)  0.483(6)  0.084(5)
1183 (0, -16) 2.56(3)  2.15(7) -0.011(6)  0.086(6)  0.205(7)  0.037(5)
p-Oph (-3, /) 3.30(3)  2.02(7) -0.06(1)  0.21(1)  047(1)  0.25(1)
p-Oph (4, -12) 3.84(1) 1.81(3) -0.05(1)  0.54(1)  1.00(2)  0.33(1)
p-Oph (12, -15) 3.74(1)  1.80(2)  0.00(1)  0.63(1)  1.10(1)  0.27(1)
p-Oph (20/, -18) 3.72(1)  171(2)  0.11(1)  048(1)  0.85(1)  0.15(1)
Lupus-1A (#1)° (16, 16))/v/2  4.42(6)  1.92(4)  0.004(2)  0.018(2)  0.047(3)  0.004(2)
Lupus-1A (#2)° (8, 8) / V2 480(1) 157(2) -0.013(2) 0.107(2)  0.244(3)  0.084(2)
Lupus-1A (#3)* (0/, 0/) 5.23(1)  1.06(0) -0.015(4) 0.285(5)  0.583(7)  0.168(4)
5.03(1)  0.28(1)  0.037(9)  0.141(9)  0.22(1)  0.051(9)
Lupus-1A (#4) (-8, -8)/v2  537(1)  1.13(1) 0.023(3)  0.137(5)  0.293(8)  0.056(4)
5.50(1)  0.42(2)  0.005(6)  0.060(7)  0.1309)  0.037(6)
Lupus-1A (#5) (-16/, -16))/v/2  4.66(8)  252(0)  0.007(3)  0.021(3)  0.053(3)  0.001(3)
Lupus-1A (#2a)° (-8, 24')/v/2  478(1)  155(3)  0.009(4)  0.102(6)  0.24(1)  0.057(5)
459(1)  0.55(3)  -0.009(7)  0.104(8)  0.16(1)  0.056(7)
Lupus-1A (#2b)° (-16/, 32)/v/2 4.82(1)  1.20(2) 0.006(3)  0.074(3)  0.171(3)  0.037(3)
Lupus-1A (#3a)° (-16/, 16')/v/2 5.06(1)  142(3) -0.005(3) 0.080(3)  0.195(4)  0.037(3)

NOTE—* Position numbers are shown in Figure 24. The numbers in the parentheses represent the

standard deviation of the Gaussian fit in units of the last significant digits.
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the visual extinction is estimated to be about 4 visual magnitudes (Maezawa 2000). We observed
the four hfs components of the OH 18 cm transition with the Effelsberg 100-m telescope along the
strip line from south to north indicated in Figure 18; 8 positions with 8 spacing, which corresponds
to the HPBW beam size of the telescope. The result is shown in Figure 19. The absorption feature
in the 1612 MHz transition is evident for all the positions. Since no radio continuum source is known
toward HCL2E, this feature represents absorption against the cosmic microwave background (CMB).
Furthermore, the 1720 MHz line is observed in emission with an intensity much stronger than ex-
pected from LTE. The intensity of the 1720 MHz line relative to that of the 1667 MHz line is about
a half in HCL2E, which is 4.5 times higher than the expected value under the LTE condition (1/9).

The absorption in the 1612 MHz component and the enhanced emission in the 1720 MHz com-
ponent have been reported for a few other sources as mentioned in Section 2.2 (e.g. Crutcher 1977;
van Langevelde et al. 1995; Weisberg et al. 2005; Kanekar et al. 2004). It is known that this anomaly
occurs by collisional excitation to rotationally excited states and subsequent radiative relaxation to
the ground rotational state. Our observations further confirm that such conjugation occurs in qui-
escent clouds without bright background continuum emission. The observed line parameters are

summarized in Table 12.

4.4.2 L183

LL183 is an isolated cold dark cloud without any associated stars, whose distance from the Sun is
110 pe (Franco 1989). A dense core traced by NHj exists in the northern part of the cloud, which
has been subject to extensive astrochemical studies (e.g. Swade 1989; Dickens et al. 2000). A rather
diffuse molecular cloud traced by 3CO is extended toward the southern direction (Laureijs et al. 1995;
Lehtinen et al. 2003). We observed the OH 18 cm transition toward three positions with a spacing
of 8 from south to north, as shown in Figure 20. The observation was conducted with the Effelsberg
100-m telescope in 2013. Although the absorption feature of the 1612 MHz line is not clearly seen, the
intensity of the 1612 MHz line becomes weaker toward the southern positions, whereas the intensity of
the 1720 MHz line relative to the main lines increases (Figure 21). The relative intensities of the four

hyperfine components significantly deviate from the intrinsic line strengths, i.e., 1612:1665:1667:1720
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MHz = 1:5:9:1 (Table 1), and hence, they are clearly anomalous. This trend can also be seen in the
spectra observed toward the L134 cloud (1.5° south of L183) by Mattila et al. (1979), although the
signal-to-noise ratio of their spectra is rather poor. As shown in the bottom panel of Figure 21, a
marginal absorption feature of the 1612 MHz line may be seen at the southernmost position. The

observed line parameters are summarized in Table 12.

4.4.3 p-Ophiuchi molecular cloud

The p-Ophiuchi molecular cloud is an active star-forming cloud, whose distance from the Sun is 119
pc (Lombardi et al. 2008). It is illuminated by the nearby B2 V star HD147889 (Figure 22), and a
part of it constitutes a representative photodissociation region (PDR) (Yui et al. 1993; Liseau et al.
1999; Kamegai et al. 2003). We observed four positions at different distances from HD147889 with

the Effelsberg 100-m telescope in 2013. Three of them are aligned on a straight line connecting
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Figure 20. Contours show the integrated intensity map of 3CO (J=1-0) toward L183 reported by
Laureijs et al. (1995). The three circles represent the observed position in OH. The cross marks the po-

sition of the NH3 core of L183 (L134N) indicated by Laureijs et al. (1995).
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Figure 21. Observed spectra of the OH 18 cm transition toward L183. Vertical dashed lines represent the

typical LSR velocity of 2.5 km s™1.
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Figure 22. The p-Oph region: Black and red contours show the integrated intensity maps of C!#0 (J=1-0)

and 3CO (J=1-0) lines, respectively, overlaid on color image of the integrated intensity map of the [C I

(3P; — 3Py) emission (Kamegai et al. 2003). Large black circles represent the positions observed in the OH

18 c¢m transition. The position of the heating and ionizing star HD147889 is indicated by a star.
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Figure 23. Observed spectra of the OH 18 cm transition toward p-Ophiuchi. Vertical dashed lines represent
the typical LSR velocity of 3.8 km s~ 1.

HD147889 with the intensity peak of the [C I] emission (Kamegai et al. 2003, Peak II in Figure 22).
The other position is toward p-Oph A (Peak I in Figure 22). The 1612 MHz line appears in absorption
toward the two positions nearest to HD147889 (Figure 23). The absorption feature is less significant
for the more distant positions, and it eventually changes to emission behind the [C I] peak position.

The observed line parameters are summarized in Table 12.

4.4.4 Lupus-1

The Lupus 1 molecular cloud is a nearby dark cloud, whose distance from the Sun is 155 pc
(Lombardi et al. 2008) (Figure 24). This cloud involves Lupus-1A, which is known as a rich source of
carbon-chain molecules (Sakai et al. 2010). The Lupus-1 cloud has a characteristic straight structure

along the northwest to southeast direction, as revealed in the *CO (J=2-1) map by Tothill et al.
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Figure 24. Contours show the integrated intensity map of the CO (J=2-1) line overlaid on the optical
(blue DSS2) image toward the Lupus-1 cloud (Tothill et al. 2009). We observed the OH 18 c¢m transition

toward eight positions indicated by circles.

(2009) (contours in Figure 24). We conducted observations of the OH 18 cm transition toward five
positions along the strip line centered on Lupus-1A, which is perpendicular to the straight structure
(circles labeled #1-5 in Figure 24), using the GBT 100-m telescope in 2015. We also observed the
three nearby positions labeled #2a, 2b and 3a in Figure 24. Figure 25 shows the observed spectra
of the OH 18 cm transition. The OH hfs lines are the strongest at Lupus-1A (#3), where the two
velocity components with narrow and broad linewidths are detected, as indicated by blue and red
lines, respectively. The broad component is detected in all the observed positions, although it is very
faint and only visible in the 1667 MHz line at cloud peripheries (#1 and #5). The narrow component
is fainter than the broad component, and it is seen only toward a few positions in the central part of
the filament (#2 (marginal), #3, #4 and #2a). In the broad component, the 1612 MHz line shows

absorption or faint emission, while the 1720 MHz line is brighter than that expected under the LTE
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Figure 25. Observed spectra of the OH 18 cm transition toward the Lupus-1 cloud labeled as #1-5 (top)
and as #2a, 2b and 3a (bottom) in Figure 24. Vertical blue dashed lines represent the typical LSR velocity

of 5.0 km s~!. The intensities of the 1612 and 1720 MHz lines are multiplied by a factor of 3.
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condition. This anomaly is also seen in the narrow component except for Lupus-1A (#3 of Figure
24). Toward Lupus-1A, the relative intensities of the four OH hfs lines of the narrow component
are close to the LTE values (1:5:9:1), indicating a high density at this position. The observed line

parameters are summarized in Table 12.

4.5 Statistical Equilibrium Calculations

In order to constrain the physical conditions for absorption to occur in the 1612 MHz component,
we conducted statistical equilibrium calculations by use of the Large Velocity Gradient (LVG) formal-
ism (Goldreich & Kwan 1974). We employed the collisional cross sections calculated by Offer et al.

(1994), where the state-to-state collisional cross sections with ortho and para Hy considering the fine
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Figure 26. The expected intensities of the hfs lines of the OH 18 cm transition derived from our statistical
equilibrium calculations as a function of (a) the gas kinetic temperature (7}), (b) Ha density (n(Hz)), (c)

the OH column density (V(OH)), and (d) the Hg ortho-to-para ratio.
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Figure 27. The rotational energy diagram for the ground rotational state (*I1; /2 J = 3/2) and the first
rotationally excited state (*II5 /2 J = 5/2) of the OH molecule. The overpopulation in the F'=2 levels in
the ground rotational state is produced by the rotational transitions from the first rotationally excited state
(red ellipses). In this situation, intensities of the 1612 and 1720 MHz lines become fainter and brighter,

respectively, than those expected under the LTE.

and hyperfine structure levels are separately tabulated. We ignored the effects of line overlaps and

the FIR pumping in this section, which will be discussed in detail later in Chapter 6.
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The statistical equilibrium takes the form:

d T
(97) :Z {9;8;iAji [nj — Rji (ni — ny)]

j>i

hV'Z'
+ 9;Cj; [nj — n; exp (— kﬂjjk)l }

—Y " {9iBiAij [ni = Rij (n; — )]

i>j
hl/z"
+ ¢:Cij {nz — n; exp (— kbi)] }
=0, (24)

where Ty, ky, and h are the gas kinetic temperature, the Boltzmann constant, and the Planck con-
stant, respectively. n; and g; represent the population and the degeneracy of energy level ¢ of OH,
respectively. A;;, Cj;, and v;; are the Einstein A coefficient, the collisional rate, and the frequency of
the transition, respectively, between the levels ¢ and j; j in the first and third terms of Equation (24)
represents summation over all levels. R;; stands for the photon occupation number of the cosmic
microwave background (CMB) radiation at the frequency of the transition between the levels ¢ and

J as:

R 1
" exp (th'j/kaCMB> — 1,

(25)
where Ty equals 2.73 K.

Bi; in the first and third terms of Equation (24) denote the photon escape probability of the
transition between the levels i and j. We follow the standard large velocity gradient (LVG) model
(Goldreich & Kwan 1974), in which a spherical cloud is assumed to have a large constant velocity
gradient toward the center. A photon emitted at a center position of the cloud can be absorbed only
near the emitting region due to a large doppler shift produced by the large velocity gradient. On that
condition, the escape probability as well as the equation of the radiative transfer is constant through-

out the cloud. Therefore, the statistical equilibrium calculation can be solved without considering

the whole cloud structure. According to Goldreich & Kwan (1974), 8;; can be written as:

@'j:l —exp(—Tij). (26)

Tij

93



7,; is the optical depth of the transition between the levels ¢ and j:

B he
AT AV

N(OH)Bijgi(nj — n), (27)

Ti j

where AV and N(OH) are the linewidth and the OH column density, respectively. B;; denotes the
Einstein B coefficient of the transition between the levels ¢ and j.

It should be noted that the rotational transition from the first rotationally excited state to the
ground rotational state must be optically thick, in order to produce the 1612 MHz line absorption
by the mechanism explained in Figure 27. Therefore, the geometry of the cloud, which is not con-
sidered in the LVG approximation, might affect the results of the statistical equilibrium calculations.
However, such an exact treatment of the radiative transfer is very difficult, since it requires accurate
information on the density and velocity structures of the cloud. Therefore, it is left for future works,
although it is necessary for more quantitative analyses.

We confirmed that our program gives the same result as the statistical equilibrium calculation code
RADEX (van der Tak et al. 2007), if we employ a static spherical cloud model (Osterbrock & Ferland
2006).

Figure 26 (a) shows the intensities of the four hyperfine components of the ground rotational state
as a function of the gas kinetic temperature at the Hy density of 10° cm ™3, the OH column density
of 5x10™ ecm™2, and the H, ortho-to-para ratio (OPR) of 3. At low temperatures below 20 K, the
relative intensities of the hyperfine components are close to the LTE values (11612 : Ti665 : L1667 : L1720 =
1:5:9:1). However, the intensities of the 1612 MHz and 1720 MHz components become different
above 20 K, where the conjugate behavior of these two components develops. This is caused by more
efficient collisional excitations from the ground rotational state to the first rotationally excited state
with an increasing gas kinetic temperature. As schematically explained in Figure 27, the subsequent
rotational transitions from the first rotationally excited state to the ground rotational state (blue
and red lines) produce overpopulations in the F'=2 levels in the ground rotational state (red ellipses).
In this situation, the 1612 and 1720 MHz lines become fainter and brighter, respectively, than those

expected in the LTE condition. This trend is similar to that pointed out by Elitzur (1976). As the
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temperature is further raised, the 1612 MHz line appears in absorption above 40 K. Moreover, the
1665 MHz and 1667 MHz lines are also expected to be observed in absorption above ~80 K and ~90
K, respectively. Hence, the relative intensities of the hyperfine components are very sensitive to the
gas kinetic temperature above 20 K. The lower temperature limit for the anomaly originates from
the condition that the collisional excitation to the first rotationally excited state is possible to some
extent to cause non-LTE populations among hyperfine structure levels. It should be noted that a
deviation of the hyperfine intensities from the LTE values is also seen in the main line, which was
pointed out by Crutcher (1979). This point is discussed later in Chapter 5.

On the other hand, the hyperfine intensity ratio is almost constant over a wide range of the Hy
density (102107 cm™3) (Figure 26 (b)). If the H, density is higher than the critical density for
excitation to the first rotationally excited state (107 cm™3), intensities of the hyperfine components
tend to approach to the LTE values. As shown in Figure 26 (c), the 1612 MHz absorption feature
requires the high OH column density, typically 104 ecm~2, for the gas kinetic temperature of 40 K
or higher. In addition, it is worth noting that the intensities of the four hfs lines are also sensitive
to an Hy ortho-to-para ratio, when the temperature is higher than 20 K (Figure 26 (d)). If the Hy
ortho-to-para ratio is close to 0 (the case for only para-Hs), not only the 1612 MHz line but also the
other three lines appear in absorption at 50 K. Hence, we can determine the gas kinetic temperature,
the OH column density, and the Hy ortho-to-para ratio from the intensities of the four hfs component

of the OH 18 cm transition.

4.6 Results and Discussions
4.6.1 Analysis methods and error estimation

We derive the gas kinetic temperature, the OH column density and the Hy ortho-to-para ratio by
the following two steps: (1) least-square fitting of gaussian profiles to the observed spectral lines and
(2) another least-square fitting of the non-LTE model explained in Section 4.5 to the peak intensities
determined by the step (1). First, we least-square fit gaussian profiles to the observed spectra of the
four hfs lines of the OH 18 cm transition simultaneously, assuming that the LSR velocity and the

linewidth are identical for the four hfs lines. Thus, the peak intensities of the four hfs lines (195,
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Figure 28. A schematic illustration of our least-square analysis employed to determine the line parameters
of the observed spectra. A Gaussian profile is employed for a model function. Parameters are the peak
intensity (Ip), the LSR velocity (Visr) and the linewidth (AV') for a single line case. In the Gaussian fit
of the spectral line profile, w; is set to unity. Note that the four hfs lines of the OH 18 cm transition are
fitted simultaneously in the actual analyses, assuming that the LSR velocity and the linewidth are identical

for the four hfs lines, as described in the text.
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Iobs. Iobs. I9ks) the LSR velocity (Visg), and the linewidth (AV) are determined by the fit. Errors
of the obtained parameters are estimated from the residuals of the spectra by the error propagation,
as schematically explained in Figure 28.

Then, these peak intensities of the four hfs lines are used to determine the gas kinetic temperature,
the OH column density, and the Hy ortho-to-para ratio by using our statistical equilibrium model by
the least-square method. The H, density is fixed to be 10® cm™2, since the hyperfine intensities are

3 as explained in Section

insensitive to the Hy density within the range from 10? cm™ to 107 em™
4.5. The Hy densities of the observed sources are considered to fall within this range, as shown later
in Section 4.6.2. In this calculation, the chi-square is actually minimized:

=)

i=0,1,2,3

[0 (T;, N(OH), OPR) — I¢%|?

gy,

k3

where i=0, 1, 2, and 3 represent the 1612, 1665, 1667 and 1720 MHz lines, respectively. o, represents
the error of the intensity of the line 7, which is estimated from the residual of the gaussian fitting,
as explained above. Errors of the obtained parameters are evaluated by finding the value of each
parameter yielding Ax? = x* — x2,,, = 1. On the other hand, the errors are evaluated directly from
the residuals of the fit by the error propagation, as in the case of Figure 28, when the Hy ortho-to-para
ratio is fixed in the fit. In this case, the gas kinetic temperature and the OH column density are
taken as free parameters.

In order to verify that the error propagation method only considering the lowest order term (Figure
28) is appropriate for the error estimation in our model calculations, we carried out the above
least-square fittings of the simulated data. First, the simulated data are prepared as follows. The
intensities of the four hfs lines of the OH 18 cm transition are calculated by our statistical equilibrium
calculations assuming the typical gas kinetic temperature of 50 K, the OH column density of 5 x
10" cm™2, and the H, ortho-to-para ratio of 3. These intensities are used for the ‘real’ spectrum of

I and

the OH 18 cm transition, where the LSR velocity and the linewidth are assumed to be 0 km s~
1 km s7!, respectively. Then, we add the artificial white noise to prepare the simulated spectrum. To

this spectrum, we apply the least-square fittings in the first and second steps explained above. The
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line parameters and physical parameters (T}, N(OH), OPR) are thus determined by the fit. Errors of
the parameters are evaluated by the error propagation method (Figure 28). Finally, we compare the
‘real” value of each parameter and the value determined by the least-square fittings. If the deviation
of the determined value from the ‘real” value is smaller (larger) than the error of each parameter, the
fitting is classified as ‘correct’ (‘incorrect’) for the parameter. The simulation is repeated 1000 times,
and the number of ‘correct’ runs are counted for each parameter.

As a result, the intensities of the 1612, 1665, 1667 and 1720 MHz lines are ‘correct’ for 689, 676, 676,
and 704 runs, respectively. They are close to 68 %, suggesting that the errors evaluated by the error
propagation method in the first step of the least-square fittings (gaussian fitting) indeed correspond
to the 68 % confidence level (Ax? = 1). Hence, the error propagation method is considered to be
appropriate to evaluate the error of the line parameters.

As for the second step of the least-square fittings (non-LTE model), the T}, and N(OH) are ‘correct’
for 706 and 630 runs, respectively, when the Hy ortho-to-para ratio is fixed in the fit. Although the
counts for the OH column density of 630 is slightly small, they are almost comparable to 68%,
considering the statistical error of the simulation (\/m ~ 32). On the other hand, when the Hy
ortho-to-para ratio (OPR) is taken as a free parameter, the 7}, N(OH) and OPR are ‘correct’ for
740, 738, and 769 runs, respectively. In this case, the obtained counts are apparently larger than
68%, suggesting that the errors are overestimated due to the break down of approximation using the
lowest order term in the error propagation method employed here. Hence, the x? method is employed
to evaluate the error for this case, as explained above. However, this does not affect the contents
and the conclusions of this thesis described in the forthcoming parts, because OPR is taken as a free
parameter only for the spectra shown in Figure 29. We have indeed confirmed that the gas kinetic
temperature and OH column density determined for the fixed and free OPR are almost comparable
to each other for this spectrum.

x? divided by the degree of freedom (dof) is employed to check the quality of the fit. The fittings to
the spectra observed toward HCL2E, L183, p-Oph and Lupus yield the x?/dof of about 0.45-4.2, 10—

15, 6.8-27, 3.0-130, respectively. The x?/dof value sometimes exceeds the unity, suggesting that our
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model does not always reproduce the observed intensities well. Such a deviation might be caused by
the imperfect treatment of the cloud geometry and its velocity structure. The far-infrared pumping
effect and the effect of line overlaps might also contribute to this discrepancy, which is described
later in detail in Chapter 6. On the other hand, the absorption feature of the 1612 MHz line and the
enhanced emission of the 1720 MHz line are successfully reproduced by the fit even in the case of the
large x2/dof. It should be noted that the errors of the determined physical parameters (T}, N(OH),

and OPR) do not include the systematic error due to imperfection of the model.

4.6.2 HCL2E

We first analyze the spectrum averaged for the 8 positions observed in HCL2E (Figure 29). The
least-squares fit on the four hfs components yields the OH column density of 4.970% x 10'* cm ™2, the
gas kinetic temperature of 5573 K, and the Hy ortho-to-para ratio of 2.975% with the x?/dof of 1.6.
This result does not change within the error, if the Hy density varies between 102 cm ™2 and 10* cm 3.
The obtained parameters well reproduce the observed spectra (Figure 29). It should be noted that the
quoted errors do not include the systematic uncertainty due to the collisional rates used, the radiative
transfer effect, and the effect of neglecting infrared excitations to the excited rotational states. (e.g.

Litvak 1969) As shown in Figure 29, the LSR velocity of the best-fitting profile of the 1612 MHz

line (red line) slightly deviates from the observed spectra. It might be explained by multiple velocity

1612 MHz ‘ ‘ ‘ 1665 MHz | ‘ ‘ ‘ 1667 MHz | T ‘ 1720 MHz |
04l 1 | 1

N A

5 0 5 10 15 5 0 5 10 1 5 0 5 10 15 5 0 5 10 15
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Figure 29. Spectra for the four hfs components of the OH 18 cm transition prepared by averaging the eight
spectra (Figure 19) each observed toward the positions marked in Figure 18. Red lines show the Gaussian
profiles with the best fit parameters, namely the OH column density of 4.9418:3 x 10 ¢cm™2, the gas kinetic

temperature of 55':% K, and the Hy ortho-to-para ratio of 2.9'_%:;.
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components in the cloud, which are marginally seen as a wing component in the 1665 and 1667 MHz
lines (Vzsr = 0-5 km s7!). In this analysis, only a single velocity component is assumed due to the
insufficient velocity resolution and signal-to-noise ratio. A more sensitive observation of the OH 18
cm transition, as well as a further analysis considering multi velocity components is necessary for
more detailed analyses.

The gas kinetic temperature of 50 K corresponds to the FWHM linewidth produced by the thermal
Doppler broadening of ~0.5 km s~!. This is smaller by a factor of 3-4 than the linewidths of the
OH 18 cm transition observed toward HCL2E (Table 12). The linewidths observed toward L183,
p-Oph and the Lupus-1 (broad component) (Table 12) are also broad (> 1 km s™!) compared to
the thermal broadening. Such broad linewidths indicate the presence of supersonic turbulence or

complex velocity structures in these clouds.
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Figure 30. Gas kinetic temperatures (left) and OH column densities (right) for the eight positions observed
in HCL2E derived from our statistical equilibrium calculations as a function of the angular offset along

declination. Error bars show one standard deviation.

Further, we analyze individual positions to derive the OH column density and the gas kinetic
temperature. The Hy ortho-to-para ratio derived above is close to the statistical value of 3, and
hence, we fix it to 3 in the fit. The results are shown in Table 7. For HCL2E, the derived gas kinetic
temperature is 52 + 1 K toward the central position (position A in Figure 18), and rises to 61 £+ 1 K for

positions located closer to the cloud boundary (Figure 30, left). Since HCL2E is a translucent cloud
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whose visual extinction is about 4 magnitude (Maezawa 2000), this trend is naturally interpreted as
photoelectric heating of the gas under irradiation of the interstellar UV radiation. In contrast, the
OH column density is as high as (4-5) x 10 ¢cm™2 toward the central three positions, and decreases
to 3.5 x 10 cm™ at the peripheries (Figure 30 right). Toward the central position, the fractional
abundance of OH is estimated to be 1 x 10~7. This is a typical fractional abundance of OH reported
for diffuse and translucent clouds (Wiesemeyer et al. 2012; Weselak et al. 2010; Felenbok & Roueff
1996), and is consistent with chemical models (e.g. Le Petit et al. 2004, ; see also Chapter 2). In
addition, the Hy density is estimated to be ~2 x 103 cm™3, assuming the OH column density of 5
x 10" ecm™2, the OH fractional abundance of 107, and the cloud length along the line of sight of
1 pc. The Hy density of 2x 10% cm™3 is indeed between the range from 10? to 107 cm™3, where the
intensities of the OH hfs lines are insensitive to the density (Section 4.5). Hence, the assumption for
the Hy density of 10 cm™ in the fit (Table 7) is considered to be reasonable.

It should be noted that the gas kinetic temperature can be determined, even if the Hy density is

lower than 10? cm™3.

In this case, the intensities are sensitive to the Hy density. In such a diffuse
gas, the Hy ortho-to-para ratio is considered to be close to the statistical value of 3. Therefore, the
H, density, the gas kinetic temperature, and the OH column density can be determined by fitting

the four hfs intensities of OH, assuming the Hy ortho-to-para ratio of 3.
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Table 7. Derived parameters for HCL2E, LL183, p-Oph, and Lupus-1A® .

source  position T, [K] N(OH) [em™2] o/p ratio
HCL2E  (0,24) 58(1) 3.9(2)x10"  3(fixed)
HCL2E  (0/,16) 55(1) 4.3(3)x10™  3(fixed)
HCL2E (0',8) 53(1) 5.5(2)x10*  3(fixed)
HCL2E (0',0) 51(1) 5.7(2)x10%  3(fixed)
HCL2E (0',-8) 53(1) 5.3(2)x10%  3(fixed)
HCL2E  (0',-16) 58(1) 4.5(2)x101  3(fixed)
HCL2E (0',-24") 61(1) 4.3(2)x10™  3(fixed)
HCL2E  (0',-32)) 60(1) 3.8(3)x10"  3(fixed)
L183  (0,0) 10(fixed)  2.7(1)x10™  0(fixed)
L183  (0'-8) 31(8) 2.3(6)x10*  3(fixed)
L183  (0'.-16') 53(8)  2.0(13)x10™  3(fixed)
p-Oph  (-3.0) 56(4) 5.3(20)x 10 3(fixed)
p-Oph  (+4/-12)) 44(3) 7.1(18)x 10" 3(fixed)
p-Oph  (+12/-15) 39(2) 7.1(8)x10"  3(fixed)
p-Oph  (+20/-18) 28(7) 4.4(7)x101  3(fixed)
Lupus-1A (8, 8) / V2 56(4) 1.7(3) x10  3(fixed)
Lupus-1A  (0/, 0') (broad) 47(4) 2.1(2) <10 3(fixed)
Lupus-1A  (0/, 0') (narrow) 24(1) 0.3(1) x10™  3(fixed)
Lupus-1A  (-8', -8")/v/2 (broad) 42(7) 0.9(1) x10™  3(fixed)
Lupus-1A (-8, -8)/+/2 (narrow)  58(5) 0.2(5) x10™  3(fixed)
Lupus-1A  (-8', 24)/+/2 (broad) 52(6) 1.3(2) x10'  3(fixed)
Lupus-1A  (-8/, 24')/+/2 (narrow)  60(1) 0.5(3) x10™  3(fixed)
Lupus-1A  (-16', 32")/v/2 52(8) 0.7(2) x10™  3(fixed)
Lupus-1A  (-16, 16")/v/2 52(9) 0.9(3) x10™  3(fixed)

NOTE—* The numbers in the parentheses represent the standard deviation of the fit in the units of the

last significant digits.
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4.6.3 L183

A similar least-squares analysis is also carried out toward the dark cloud L183. Since the absorption
feature is not clearly seen in this source, the gas kinetic temperature of the source traced by the
OH line must be lower than ~50 K. Toward the dense core position, the intensity anomaly is almost
absent. This means that the gas kinetic temperature is low and the excitation to the first rotationally
excited state is inefficient. According to Figure 26, the gas kinetic temperature must be lower than
30 K for the intensities of the 1612 MHz line and the 1720 MHz line to be identical. We could
reproduce the observed hyperfine pattern with a gas kinetic temperature below 25 K. Table 7 lists
the result for a gas kinetic temperature of 10 K, which is the typical temperature for starless cores (e.g.
Benson & Myers 1989). It should be noted that the 1720 MHz line may look slightly brighter than
the 1612 MHz line. This is similar to what is reported for TMC-1 by Harju et al. (2000). However,
it cannot be explained by our statistical equilibrium calculations described in this Chapter. This
anomaly is revisited in Chapter 6 by considering FIR pumping effect. For the other two positions
of L183, the gas kinetic temperature is determined from the hyperfine intensities. The temperature
tends to increase toward the periphery (southern part), as shown in Table 7, indicating a contribution

of the photoelectric heating by the interstellar UV radiation.
4.6.4 p-Ophiuchi

Since the intensity anomaly of the hyperfine components is clearly seen toward the four positions of
the p-Ophiuchi molecular cloud, the gas kinetic temperature of each position is determined by least-
squares analysis. This region is known as a photodissociation region illuminated by the exciting star
HD147889. Weak radio continuum emission is extended over this region. However, its brightness
temperature is mostly less than 100 mK at 2.3 GHz (Yui et al. 1993; Baart et al. 1980) which is
much lower than the cosmic microwave background temperature. Hence, we ignore it in the analysis.
Furthermore, we assume the Hy ortho-to-para ratio to be the statistical value of 3. The gas kinetic
temperatures and the OH column densities derived for the four positions are summarized in Table
7. The temperature is found to decrease with increasing distance, r, from the exciting star with the

r~1/2 law (Figure 31), which is expected from the balance between the heating by the exciting star
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Figure 31. Gas kinetic temperatures for the four positions observed in p-Ophiuchi derived from our

statistical equilibrium calculations as a function of the apparent distance (r) from the exciting star HD147889
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(Figure 22). Error bars show one standard deviation. The temperature approximately follows the r law.

and thermal cooling. Kamegai et al. (2003) measured the excitation temperature of the fine structure
levels of the neutral carbon atom to be 38 K and 29 K toward Peak I and the [C I| peak (Peak II)
positions, respectively, by observing the 3P, — 3P, (492 GHz) and 3P, — 3P, (809 GHz) lines. These
temperatures are lower than the present estimate from the OH hyperfine anomaly, probably because

the [C I] lines trace denser regions in the PDR.

4.6.5 Lupus-1

We then apply the same statistical equilibrium analyses to the Lupus-1 data. The gas kinetic
temperature and the OH column density of the broad and narrow components are determined (Table
7), except for the (4+16', +16") and (-16’, -16’) positions due to the poor signal-to-noise ratio. As
shown in the left panel of Figure 32, the gas kinetic temperature tends to rise toward the northeastern
direction. Although the error of the derived temperatures are relatively large, this trend is apparent
in the spectra (Figure 25). At the northeastern position (#2), the 1612 MHz line shows marginal
absorption, indicating relatively high temperature, while it appears in weak emission at the south-

western position (#4). Such a slight temperature gradient suggests the existence of a heating source
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Figure 32. The gas kinetic temperatures (left) and the OH column densities (right) for the six positions
observed in Lupus-1 derived from our statistical equilibrium calculations along the northeast to southwest
direction. Derived parameters for the broad and narrow velocity components are indicated by red and blue

colors, respectively. Error bars denote one standard deviation.
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Figure 33. Viggr (left) and FWHM linewidth (right) for the six positions observed in Lupus-1 derived by a
Gaussian fit along the northeast to southwest direction. Derived parameters for broad and narrow velocity

components are indicated by red and blue colors, respectively. Error bars denote one standard deviation.

toward the northeastern direction. In addition, the Vygr velocities of the both velocity components
tend to systematically increase from northeast to southwest (Figure 33 left), and the linewidth tends

to be broader in the northeastern positions (Figure 33 right), suggesting the dynamical interaction
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from the northeastern side. The velocity gradient along the northeast to southwest is also reported by
Tothill et al. (2009); Benedettini et al. (2012) based on their CO and CS observations, respectively.

Figure 34 shows a large (~100 pc) scale [H I] map (blue image) including the Lupus-1 molecular
cloud within the yellow box (Tachihara et al. 2001). Since Lupus-1 is located between the Upper-
Sco and Upper-Cen-Lup OB associations, UV radiation and dynamical interaction from them are
considered to play an important role in the formation and shaping of the Lupus-1 molecular cloud
(de Geus 1992; Tachihara et al. 1996, 2001). Since the gas kinetic temperature tends to be marginally
higher in the north-eastern positions according to our OH observation, Lupus-1 seems to be more
heated by the UV radiation from the Upper-Sco OB association. Moreover, the velocity gradient and
the broader linewidth toward the north-eastern direction indicate a possible interaction between the

[H I] shell surrounding the Upper-Sco OB association and the Lupus-1 molecular cloud.
4.7 Summary of this section

As demonstrated in this Chapter, the hyperfine intensity pattern of the OH 18 cm transition is an
important probe for characterizing physical conditions of peripheries/envelopes of molecular clouds.
In particular, it is a good thermometer over a wide range of the Hy density. It is a good tracer of
warm envelopes of molecular clouds which have not been studied extensively with the lines of CO
and its isotopic species or the [H I] 21 c¢m line. These novel aspects of the OH 18 c¢m transition can be
useful to trace transition zones between molecular cloud cores and diffuse clouds, which is important
for an understanding of the formation processes of molecular clouds. However, the behavior of the
hyperfine components of the OH 18 cm transition has not fully been understood. For example, a
lower intensity of the 1720 MHz line than the 1612 MHz line cannot be explained by the statistical
equilibrium calculations presented here. Such an anomaly is also seen in TMC-1 (Harju et al. 2000)
and W40 (Crutcher 1977). We present more extensive observational exploration of this anomaly,

together with further modeling, in Chapter 6.
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Figure 34. Integrated intensity map of the [H I] emission in blue image overlaid on the 2CO in contours
(Tachihara et al. 2001). The red dots represent positions of OB stars (Tachihara et al. 2001). Two large
clusters in the Upper-Scorpius and Upper-Centaurus-Lupus OB associations can be seen. The Lupus-1 cloud
is located in the area enclosed by the yellow rectangle. We observed the OH 18 cm transition along the strip

line (#1-5 in Figure 24) parallel to the magenta arrow.
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CHAPTER 5. Absorption feature in the main lines

of OH
5.1 The Pipe nebula

In this Chapter, the new method using the hfs anomaly of the OH 18 cm transition to trace the
warm region is applied to another molecular cloud, the Pipe nebula. The Pipe nebula is a filamentary
(~ 3 pc x 18 pc) massive (~ 10* M) dark molecular cloud complex (Frau et al. 2015), which was
first observed in CO and its isotopologues by Onishi et al. (1999). Figure 35 shows a 2MASS visual
extinction (A ) map observed in the whole part of the Pipe nebula (Lombardi et al. 2006). As shown
in Figure 35, the Pipe nebula roughly consists of three regions; B59 at the western end, the stem
region which has a characteristic filamentary structure, and the bowl region exhibiting an extended
structure in the eastern part. Since the Pipe nebula is a nearby (~ 145 pc) object (Alves & Franco
2007) with little star formation activity except for the B59 region (Onishi et al. 1999), it has been

a good target to study molecular-cloud formation (Lada et al. 2008; Roman-Zuniga et al. 2010). It
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Figure 35. The visual extinction (Ag) map observed for the Pipe nebula (Lombardi et al. 2006). The

position of the #-Ophiuchi is represented by a yellow star mark.
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has also been a good target for magnetic-field structure studies by polarimetry (Alves et al. 2008,
2014; Franco et al. 2010). A bright B2 IV star, # Ophiuchi (HD 157056) is located at about 3 pc
away from the Pipe nebula (Figure 35), and the heating effect of the UV radiation from the star
has been proposed to understand the structure and the formation of the cloud (Onishi et al. 1999;
Gritschneder & Lin 2012).

A velocity structure of the Pipe nebula was studied in the >CO and its isotopologue lines. Figure

36 shows the integrated intensity maps of the '3CO (J = 1—0) (cyan contours) and 2CO (J = 1-0)
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Figure 36. (Cyan) The integrated intensity map of the '3CO (J=1-0) emission observed by Onishi et al.
(1999). (Red) The integrated intensity map of the 12CO (J=1-0) emission from 6 to 10 km s~! observed
by Onishi et al. (1999). (Gray) The visual extinction (Ax) map reported by Lombardi et al. (2006), which
is the same as Figure 35. Yellow circles represent the observed positions in the OH 18 cm transition. A

diameter of the circle corresponds to the HPBW beam size of the GBT 100-m telescope of 8 arcmin.
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(red contours) lines by Onishi et al. (1999) overlaid on the visual extinction (Ag) map of Figure 35.
The 2CO map is prepared by integrating over the velocity range from 6 to 10 km s~!. As shown in
Figure 36, the *CO line traces a filamentary structure elongated along the west to east direction,
which is seen in the visual extinction map. We hereafter call this structure as W-E filament. On the
other hand, the >CO map exhibits another filamentary structure extended along the south to north
direction (S-N filament) which is perpendicular to the W-E filament. According to Frau et al. (2015),
the W-E filament has a blue-shifted velocity (Vigg of 2-4 km s™!), whereas the S-N filament has a red-
shifted velocity (Vzsg of 6-7 km s™1). These filamentary structures are overlapped on the bowl region,
suggesting that they are colliding with each other there. This picture was predicted by Frau et al.
(2015) on the basis of their combined analyses of the optical polarimetry, the visual extinction, and
13CO data. They found that a gas in the bowl region tends to show a higher density and a broader
linewidth, as well as a stronger polarization degree and a smaller dispersion of polarization angle in
the optical observations, which is consistent with compressive motion caused by the filament-filament
collisions.

In this Chapter, we investigate the origin of the Pipe nebula by examining the following two effects:
(1) the UV heating from 6-Oph, and (2) the collisions between the W-E and S-N filaments. For
this purpose, we explored a temperature structure of the Pipe nebula by observing the OH 18 cm
transition. If the Pipe nebula is affected by the UV heating from #-Oph, the gas kinetic temperature
is likely to be increased with a decreasing distance from 6-Oph, as in the case of the p-Ophiuchi
molecular cloud (Section 4.6.4). In addition, the temperature should be increased at the interface of

the two filaments, if the filament collisions would occur.
5.2 Observation and data reduction

We observed the four hfs components of the OH 18 cm transition toward the Pipe nebula with
the GBT 100-m telescope in 2018. The integration time was about 1.5 hours/position. Such a long
integration time was necessary to obtain the rms noise temperature of 10 mK at a velocity resolution
of 0.2 km s7!. The data reduction was conducted in the similar way as that explained in Section

4.3.2. The observation was conducted along the two strip lines indicated by yellow circles in Figures
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36. The reference (0/, 0') positions of the strip-1 and strip-2 were (aag00, d2000) = (17"20™49°.0, -
26°53'8.0") and (17727™12%.0, -26°42'59.0"), respectively. On the strip-1, we assessed the UV heating
effect from #-Oph by determining the gas kinetic temperature as a function of the distance from the
star. The strip-2 is parallel to the W-E filament seen in the visual extinction (Ax) map (Figure 35)
and the *CO map (cyan contours in Figure 36). With the observation along the strip-2, we examine
if the temperature is raised at the interface of the W-E and S-N filaments, in order to examine the

possible collisions between them.

5.3 Result

Figure 37 shows the spectra of the OH 18 cm transition observed along the strip-1 (Figure 36).
The 1612 MHz line shows a clear absorption feature for all the observed positions. In contrast, the
1720 MHz line shows a brighter emission than that expected under the LTE condition. This trend
is the same as that presented in Chapter 4, indicating that we are looking at a warm (> 40 K) gas
component of the Pipe nebula in the OH 18 cm transition. The 1665 and 1667 MHz lines are the
strongest at the central position, and they become weaker toward cloud peripheries. The typical
Visr velocity of 3.3 km s™! is represented by blue dotted lines in Figure 37.

Figure 38 shows the spectra of the OH 18 cm transition observed along the strip-2 (Figure 36). The
top five spectra enclosed by a blue rectangle are observed in the stem region, whereas the bottom
four spectra enclosed by a red rectangle are observed in the bowl region. Toward the stem region,
the absorption feature of the 1612 MHz line and the enhanced emission of the 1720 MHz line are
observed, as is the case of the strip-1 (Figure 37). The 1665 and 1667 MHz lines, which are called

Lin the stem region, as in ordinary

"main lines”, are observed in emission at the Vygr of ~ 4 km s~
cases. However, the main lines sharply turn from emission to absorption around the boundary
between the stem region and the bowl region, which is apparent by comparing the spectra on the
(+16’, 0') and (424, 0') positions. Namely, the main lines show emission at the (+16', 0’) position,
whereas clear absorption features of these lines are seen in the (424’, 0) position. Furthermore, the

absorption feature in the main lines is the deepest at the (+32’, 0’) position, which is located at just

the interface of the W-E and S-N filaments (Figure36). Therefore, the origin of the absorption feature
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Figure 37. Spectra of the four hfs components of the OH 18 cm transitions observed toward the Pipe-nebula

along the strip-1 in Figure 36. The blue dotted lines represent the Vi gr of 3.3 km s~ 1.

in the main lines might be related to the collisions between these filamentary structures. It should

be noted that this is the first detection of the absorption feature in the main lines in the course of

our OH observations toward various molecular clouds without bright continuum sources. Detailed

analyses of the main lines absorption and associated discussions in relation to the filament-filament

collisions are discussed later in Section 5.5.
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Table 8. Observed line parameters toward the Pipe nebula along the strip-1.

A6 VISR FWHM  Typ(1612) Tup(1665) Trp(1667) Thp(1720)
(arcmin) (kms™') (kms™') (K) (K) (K) (K)

-16 3.27(1)  1.23(4)  -0.092(3)  -0.016(2)  0.026(2)  0.079(3)
-8 3.22(1)  0.82(1) -0.073(3)  0.055(3)  0.191(4)  0.105(3)
0 3.23(1)  0.57(1)  -0.074(4)  0.226(4)  0.450(4)  0.188(4)
8 3.34(1)  0.82(1)  -0.063(3)  0.088(3)  0.229(3)  0.081(3)
16 3.32(2)  1.30(4)  -0.062(2)  0.005(2)  0.051(2)  0.053(2)

@ A§ in the first column denotes a DEC. offset from the (as000, d2000) = (17720™49%.0, -26°53'8.0”) position.
The main beam temperatures (Tsp) of the four hfs lines of OH, the Vg value, and the linewidth (FWHM)
are obtained by a Gaussian fit, assuming that the Vygr values and the linewidths of the four hfs lines are
identical for each observed position. The error in the parentheses represents one standard deviation, which

applies to the last significant digits.

The four hfs components of the OH 18 cm transition consist of two velocity components in the

1

stem region at Vg of ~3.0 and ~4.0 km s™, which are represented by blue and red dotted lines

in Figure 38, respectively. Line parameters are summarized in Table 8. In contrast, the 3 km s=*
component is generally faint or almost absent in the bowl region, whereas the ~4.0 and ~5.0 km
s~! components are blended there. Hence, we could not determine the line parameters assuming two

velocity components due to poor signal-to-noise ratio. The line parameters are then determined by

fitting a single gaussian profile for the spectra in the bowl region (Table 9).
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Table 9. Observed line parameters toward the Pipe nebula along the strip-2. @

Aa Visk ~ FWHM  Tup(1612) Tarp(1665) Tarp(1667) Tap(1720)
(arcmin) | (km s7!) (km s™!) (K) (K) (K) (K)

Stem region -16 3.26

16 2.76

Bowl region 24 4.14
32 4.26
48 4.27

@ A in the first column denotes a R.A. offset from the (a2000, d2000) = (177277125.0, -26°42/59.0") position.
The main beam temperatures (Tysp) of the four hfs line of OH, the Vg value, and the linewidth (FWHM)
are obtained by a Gaussian fit, assuming that the Vygr values and the linewidths of the four hfs lines are
identical for each observed position. The error in the parentheses represents one standard deviation, which

applies to the last significant digits.
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5.4 Heating effect from 6-Ophiuchi

We determined the gas kinetic temperature and the OH column density for all the observed positions
along the strip-1 (Figure 36) in the similar way as that explained in Section 4.6.1, assuming the Hy
column density of 10> cm™3 and the H, ortho-to-para ratio of 3 (Table 10). Since the hfs intensity
anomaly of the OH 18 cm transition is insensitive to the Hy density from 102 cm =3 to 10° cm ™3, the
assumption of the Hy density of 10® cm™ is just arbitrary, and does not affect the results. Figure

Table 10. The derived parameters along the strip-1.2

AS | Ty (K) | N(OH) (10'* cm™2)
16" | 78 (3) 1.3 (3)

-8 | 66 (4) 1.0 (2)

0 | 55 (3) 1.1 (1)

8 | 61 (5) 0.99 (22)
+16' | 75 (3) 1.1(2)

The numbers in the parentheses represent one standard deviation of the fit in units of the last significant

digits.
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Figure 39. The gas kinetic temperatures along the strip-1 in Figure 36 determined by using our statistical
equilibrium calculations. The abscissa is the angular offset from the center (Table 8). Error bars denote one

standard deviation.
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39 shows the derived gas kinetic temperatures as a function of the angular offset along the strip-1
(Figure 35). The #-Ophiuchi star is closer to the northern positions on the left-hand side of Figure
39. The temperature is found to be higher in the cloud peripheries, indicating more efficient UV-
shielding effect near the center of the W-E filament. However, we found no temperature gradient as
a function of the distance from 6-Oph. Therefore, the heating effect from the star is not significant in
the gas kinetic temperature, based on this observation. The temperature rise in the cloud peripheries
would likely be caused by the interstellar UV radiation, as in the case of HCL2E (Figure 30 (left) in
Section 4.6.2). This result seems consistent with a result by Onishi et al. (1999). They reported that
the UV heating effect from 6-Oph on the cloud structure is negligible, since the total gravitational
energy of the cloud estimated from 2CO line is about two order of magnitude larger than the energy
distributed by a stellar wind from 6-Oph over a period of 10 Myr. Our OH observation further

confirms this picture in terms of the gas kinetic temperature.

5.5 The origin of the main lines absorption

In this section, we explore the origin of the absorption feature of the 1665 and 1667 MHz main lines
of the OH 18 cm transition, which is observed in the bowl region of the Pipe nebula (Figure 38).
This origin might be related to the interactions of the W-E and S-N filaments, since the absorption
is exclusively observed in the bowl region where these filaments are overlapped, and the absorption
is the deepest at just the interface of the filaments (i.e. (+32', 0’) position). Actually, the absorption
feature in the main lines is already predicted by our statistical equilibrium calculations presented in
Section 4.5. As shown in Figure 26 (a), the 1665 and 1667 MHz lines appear in absorption with a gas
kinetic temperature higher than about 80 K and 90 K, respectively. The absorption becomes deeper
as the increasing gas kinetic temperature. This prediction suggests that the main lines absorption
observed in the bowl region traces a warm gas with a gas kinetic temperature higher than 90 K.
A fact that the deepest absorption feature appears at the interface of the filaments means that the
heating effect by the filament-filament collisions would be the most significant at the interface.

The absorption feature in the main lines of the OH 18 cm transition can qualitatively be explained

in terms of the non-LTE effect. Most of the OH molecules excited to the rotationally excited states
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Figure 40. The rotational energy diagram for the 2II3 /2 states of the OH molecule. The overpopulation
in the lower A-type doubling levels of the rotationally excited states is produced by the A-type doubling
transitions (green and blue arrows). The subsequent rotational transitions (red downward arrows) produce

the overpopulations in the — levels of the J=3/2 states, respectively.

in the I3/, ladder (J = 5/2, 7/2 or higher) by collisions with H, molecules are quickly de-excited
to the ground rotational state (*II3/, J = 3/2) by the rotational transitions within the *II3, ladder
(red downward arrows in Figure 40). During the radiative decay, the A-type transitions within each
rotational level can occur, as represented by the blue and green arrows in Figure 40. Thus the
populations of the lower A-type doubling levels relative to the upper ones are slightly increased in
the 2H3/2 J = 5/2, 7/2, or higher states, as represented by the red ellipses in Figure 40. These

overpopulations in the lower A-type doubling levels subsequently produce a similar anomaly in the
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ground rotational state via rotational transitions within the Il ladder (red arrows in Figure 40).
In this situation, the excitation temperatures of the 1665 and 1667 MHz lines are decreased, and these
lines can appear in absorption against CMB, if they become lower than 2.73 K. It should be noted
that the A-type transitions in the rotationally excited states rarely occur compared to the rotational
transitions, since Einstein’s A coefficients of these transitions are about 10°-10'° times lower than
those of the rotational transitions (Offer et al. 1994). This suggests that the A-type transitions in the
rotationally excited states affect the population only slightly. Nevertheless, such a slight effect on the
population can significantly change the excitation temperature of the OH 18 cm transition because
of its small energy gap (AE ~ 0.08 K). The energy gap of 0.08 K is so small that the populations
of the upper and lower states of this transition are almost comparable even in the low temperature.
For example, assuming the excitation temperature of 2 K, 10 K and 100 K, the population difference
between the upper and lower states are about 2%, 0.4% and 0.04%, respectively. This implies that

the excitation temperature can be lower than 2.73 K, just by raising the lower state population
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Figure 41. The derived intensities of the OH 18 cm transition hfs lines as a function of the Hy density,
where the OH column density, the gas kinetic temperature, and the Hy ortho-to-para ratio are assumed to

be 5 x 10 ¢m™2, 100 K and 3, respectively.
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by only a few percent, which would be possible through the A-type transitions despite their slow
radiation rate. The collisional excitations to the upper rotationally excited states are more efficient
with increasing gas kinetic temperature, which leads to deeper absorption features of the main lines,
as shown in Figure 26 (a). Note that the contributions from the II; 5 state have little contributions
to the main lines absorption, since inter-ladder radiative transitions from 2II; /2 to 211, /2 are much
less frequent than those within the *II; 5 or II5/5 ladders.

Figure 41 shows the expected intensities of the hfs lines of the OH 18 cm transition derived from
our statistical equilibrium calculations. Here, the OH column density, the gas kinetic temperature
and the H, ortho-to-para ratio are assumed to be 5 x 10 cm™2, 100 K and 3, respectively. The
absorption features of the main lines as well as that of the 1612 MHz line are reproduced in the Hs
density range from 1 to 10 cm™3. Moreover, intensities of all the four hfs lines are insensitive to
the Hy density from 10% to 10® em™, as in the case of the result in Section 4.5 (Figure 26). This
suggests that the radiative transitions is dominant over the collisional transitions at this Hy density
range at the gas kinetic temperature of 100 K. This is consistent with the above description on the
origin of the main lines absorption, where the absorption is produced by A-type transitions through
the rotational decay.

In order to examine if our statistical equilibrium analysis can quantitatively reproduce the absorp-

tion feature in the main lines as well as the intensities of the 1612 and 1720 MHz satellite lines,

we first perform the least-squares fit on the OH spectra observed on (432', ') position (Figure
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Figure 42. Spectra for the four hfs components of the OH 18 c¢m transition observed on the (+32', 0')
position on the strip-2 (Figure 36). Red lines show the Gaussian profiles with the best-fit parameters derived
from our statistical equilibrium calculations, namely the gas kinetic temperature of 108 K and the OH column

density of 5.8 x 10" cm™2.
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42), which shows the deepest absorption feature. In this analysis, we conduct the same statistical
equilibrium calculation as that used in Chapter 4, assuming the Hy density of 10° cm™3 and the H,
ortho-to-para ratio of 3. As a result, the observed intensities of the four hfs lines are well reproduced
by the simultaneous fit, as shown in the red lines in Figure 42. The gas kinetic temperature and the
OH column density are determined to be 108 4+ 6 K and (5.8 4 1.1) x 10'® cm ™2, respectively. The
gas kinetic temperature of 108 K is apparently higher than that derived in the stem region along the
strip-1 (60-80 K) (Figure 39), suggesting the heating effect by the filament-filament collisions. From
this analysis, we confirm the applicability of our statistical equilibrium calculation to a cloud with a
gas kinetic temperature higher than 100 K by focusing on the main lines absorption.

It should be noted that radio continuum emission from background sources has only a limited effect
on the above results. According to Jonas et al. (1998), intensity of the 2.3 GHz radio continuum
emission in the Pipe nebula is 0.25-0.5 K. Assuming that the radio continuum emission at the
frequency of ~1-2 GHz mainly comes from the galactic H 11 regions toward the Pipe nebula, and
thus thermal free-free emission dominates the continuum emission, the spectral index is estimated to
be between -0.1 (optically thin) and 2 (optically thick) (Keto 2003). In this situation, the intensity
of the continuum emission (7ont) at the frequency of the OH 18 c¢m transition (1.612-1.720 GHz) is
also lower than ~0.5 K. Assuming the upper limit of T,,,; of 2.73 + 0.5 = 3.23 K, the gas kinetic
temperature is determined to be 97 + 7 K by fitting the OH spectra in Figure 42. Hence, the
gas kinetic temperature is overestimated by ~10 % at most, if we ignore the contribution of the
background free-free emission. However, the gas kinetic temperature of 97 K is still much higher
than those determined for the strip-1 (60-80 K). In this work, we assume T,,; of 2.73 K, since it
is difficult to estimate T,,; accurately for each observed positions due to the large beam size of the
2.3 GHz map by Jonas et al. (1998) (20’), and uncertainties in the spectral index. Although the gas
kinetic temperature might be overestimated by 10 % at most, this does not change the results in the
following sections. In particular, this assumption is negligible for the relative temperature structure

of the Pipe nebula.
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Figure 43. The gas kinetic temperatures along the strip-2 in Figure 36 determined by using our statistical
equilibrium calculations. The abscissa is the angular offset from the center (Table 9). Error bars denote one

standard deviation.

We then perform the same least-squares fit on all the spectra along the strip-2 (Figure 38) with
our statistical equilibrium calculations assuming T,,,; of 2.73 K, as explained above. The density
and the ortho-to-para ratio of Hy are assumed to be 10° cm™ and 3, respectively during the fit.
The derived gas kinetic temperatures and OH column densities are summarized in Table 11. Figure
43 shows the derived gas kinetic temperatures as a function of the angular offset from the center.
As for the stem region (right five points in Figure 43), the temperatures of the 3 and 4-5 km s~*
components are determined to be about 60-70 K and 70-80 K, respectively, as represented by blue
and red colors, respectively. Toward the bowl region (left four points in Figure 43), we assume only
a single velocity component due to insufficient signal-to-noise ratio, as described in Section 5.3. The
gas kinetic temperatures are determined to be 98 + 1 K and 108 + 6 K for the positions with A«
of 24" and 32, respectively. The gas kinetic temperature is determined to be 85 4+ 2 K at a further
eastern position (A« = 48"). As shown in Figure 43, the derived gas kinetic temperature is indeed

higher at the positions exhibiting the deep main lines absorption (A« = 24’,32") (Figure 38). Since

these positions are located on the interface of the two filamentary structures (Figure 36), the rise
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Table 11. The derived parameters along the strip-2.2

Aa | Visg (kms71) | T} (K) | N(OH) (10 cm—2)
Stem region | -16' 3.26 78 (1) 1.6 (1)
3.84 61 (1) 0.63 (6)
Y 3.12 75 (1) 0.97 (8)
3.85 68 (4) 0.55 (14)
o 3.08 75 (1) 1.2 (1)
3.74 68 (7) 0.58 (29)
8 2.95 75 (1) 1.00 (4)
3.73 70 (5) 0.90 (24)
16/ 2.76 81 (2) 0.85 (10)
3.57 71 (4) 1.1 (2)
Bowl region | 24’ 4.14 98 (1) 0.87 (7)
32/ 4.26 108 (6) 0.58 (11)
48' 4.27 85 (2) 1.4 (1)

The numbers in the parentheses represent one standard deviation of the fit in the units of the last significant

digits.

of the gas kinetic temperature can be interpreted as the heating effect by the collisions between the
filaments.

A warm gas, as high as 100 K, heated by the filament collisions is cooled down mainly by a rotational
transition of CO for the Hy density of 103 ecm™ (Inoue & Inutsuka 2012). The cooling time (fco0r)
is estimated to be around 10* year according to Koyama & Inutsuka (2000) with a cooling rate of
10726 erg em ™2 s7! (Inoue & Inutsuka 2012). Assuming that a warm gas expands with a constant

1 which corresponds to a typical velocity difference between the blue-shifted

velocity of 1.5 km s~
and red-shifted components of the Pipe nebula of 3.0 km s™! and 4-5 km s}, respectively, the gas
can extend in space by about 0.015 pc within the cooling time. This length corresponds to a typical

spatial scale of a shocked warm region, and hence we hereafter call it as Lyamm = 0.015 pc. On

the other hand, a cloud size along the line-of-sight direction (L;og) can be estimated from the H,
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density (n(Hz)), the OH column density (N(OH)) and the OH fractional abundance (X (OH)) with

the following equation:

N(OH)
X(OH)2n(H,)"

LLOS = (29)

We employ the H, density of 10* em™3 and the OH column density of 6 x 10 cm™2, whose values
are determined for Aa=32" position (Table 11). Assuming the OH abundance of 1077, which is a
typical value in diffuse clouds (Wiesemeyer et al. 2012), Lyog is estimated to be 3 x 10" cm ~ 0.1
pc. If the OH fractional abundance is one order of magnitude larger (X (OH) = 107°), which is a
possible value in a shocked gas according to Draine & Katz (1986), the Liog is could be 0.01 pc. The
latter value (Lros = 0.01 pc) for the shocked gas case (X(OH)=107°) is comparable to the Liarm
of 0.015 pc. This result suggests the presence of a shock compressive motion at the interface of the

two filaments, and suggests the filament-filament collisions picture in the Pipe nebula.
5.6 Summary of this section

We observed the four hfs components of the OH 18 c¢m transitions toward the Pipe nebula along
the two strip lines, and the gas kinetic temperatures are determined accurately. Along the strip-
1, the gas kinetic temperature is found to have no relation to the distance from the nearby star,
0-Oph, suggesting that the heating effect from #-Oph in the Pipe nebula is not significant. On
the strip-2, the absorption feature of the 1665 and 1667 MHz main lines is observed in the bowl
region, and the deepest absorption is observed just at the interface of the W-E and S-N filamentary
structures. Our statistical equilibrium calculations successfully reproduce this absorption feature
with a gas kinetic temperature higher than ~ 90 K, and the absorption is found to be deeper with an
increasing gas kinetic temperature. The derived temperature is indeed the highest at the interface of
the filaments, indicating the heating effect by the collisions between these filaments. We confirm that
the contribution of the radio continuum background emission along the line-of-sight direction have
only a limited effect on the above results. This observation demonstrates a unique characteristic of

the OH 18 cm transition as a new tool to study the molecular-cloud formation.
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CHAPTER 6. Absorption feature in the 1720 MHz

line of OH

6.1 Introduction

In the previous Chapters, we present the two types of hyperfine anomaly of the OH 18 cm transition;
(1) the 1612 MHz absorption and enhanced 1720 MHz emission tracing a warm gas (7, > 40 K),
and (2) the main lines (1665 and 1667 MHz) absorption tracing a warmer gas (7 > 90 K). In this
Chapter, we represent another type of hyperfine anomaly, which was found in the course of our survey
of the OH 18 cm transition toward various molecular clouds. Toward the cold dark cloud L183, the
1612 MHz line is brighter than the 1720 MHz line. This behavior is opposite to the above hyperfine
anomalies described in Sections 4.6.3 and 4.7. The same trend was pointed out in the north part
of TMC-1 ridge by Harju et al. (2000). Most notably, we have found an absorption feature in the
1720 MHz line and bright emission in the 1612 MHz line toward the north end of HCL2 (Figure
44). Recently, Xu et al. (2016) also reported the same anomaly in the northern part of HCL2 with
the Arecibo 300-m telescope. Such an anomaly cannot be reproduced by our statistical equilibrium
calculations mentioned in Chapters 4 and 5. It is predicted to be caused by far-infrared (FIR)
pumping of the OH molecules to the second rotationally excited level, as discussed by Harju et al.
(2000) and Elitzur et al. (1976). However, no quantitative analyses have been reported so far. For
a full understanding of the hyperfine anomaly of the OH 18 c¢m transitions based on the non-LTE

excitation calculation, we here investigate the anomaly by incorporating the effect of the far-infrared

pumping.

6.2 Observation and data reduction

We observed four positions in Heiles Cloud 2 (HCL2) (Figure 44) and the cold dark cloud L183/L169
(Figure 45) in the OH 18 cm transition with the Effelsberg 100 m telescope in 2013 and 2016. The
frontend and backend settings are the same as Chapter 4. The 18 cm/21 cm prime focus receiver was

used, whose system noise temperature was about 20 K. The HPBW beam size is 8.2". The FFTS
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Figure 44. Integrated intensity map of C!*0 (J=1-0) (5.15 km s~ < V sz < 5.45 km s~!; contours) and
13CO (J=1-0) (6.45 km s~! < Vigr < 6.95 km s~!; color) observed toward HCL2 (Sunada & Kitamura
1999). Circles represent the positions observed in OH, and their diameter corresponds to the HPBW of the

Effelsberg 100-m telescope.

spectrometer was employed as a backend, which has an instantaneous bandwidth of 100 MHz with a
frequency resolution of 3.5 kHz. The resolution corresponds to a velocity resolution of 0.56 km s=*
at 1667 MHz.

We observed the four hfs components of the OH 18 cm transition with two frequency settings,
where the 1612 MHz and 1720 MHz lines were separately observed. The 1665 MHz and 1667 MHz

lines were observed in both frequency settings. The telescope pointing was maintained to be better

than 20", by observing nearby continuum sources. We used the frequency-switching mode with the
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Figure 45. Contours show the integrated intensity map of 3CO (J=1-0) toward L183 reported by
Laureijs et al. (1995) (same as Figure 20). The cross marks the position of the NHs core of L183 (L134N)
indicated by Laureijs et al. (1995). We observed the OH 18 cm transition toward L183 and L169. L169 is
located in the southwest of L183.

frequency offset of 0.1 MHz. The rms (root-mean-square) noise levels of the observed spectra are
about 8-16 mK. The data reduction was conducted in the same way as that explained in Section

4.3.1.

6.3 Results

Figure 46 shows the spectra of the OH 18 cm transition observed on the straight structure in
the north part of HCL2 (Narayanan et al. 2008; Goldsmith et al. 2010), which we call TMC-1FN
(Figure 44). These spectra are best explained by three Gaussian profiles centered on Visr=5.5
km s7!, 6.5 km s7!, and 8.2 km s7!, respectively. The line parameters are summarized in Table
12. The 1612 MHz line appears in absorption in the red-shifted component (Vi5p=8.2 km s 1),

whereas it shows emission in the blue-shifted component (Vzsp=5.5 km s71). Tt is very faint in the
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Figure 46. (Left) Observed spectra of the OH 18 cm transition toward TMC-1FN. Three times the rms
noise of each spectrum is represented in the top right. (Right) The best-fit Gaussian profiles obtained by
assuming three velocity components shown by blue, green, and red lines, whose central velocities are 5.5,

6.5, and 8.2 km s—!, respectively. Magenta lines show the sum of these three velocity components.
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Figure 47. The 1612 MHz (solid) and the 1720 MHz (dashed) line spectra observed toward TMC-1FN.

central component (Vzgr=6.5 km s7!). The absorption feature of the red-shifted component traces
warm gas with a gas kinetic temperature higher than 40 K, according to our statistical equilibrium
calculations mentioned in Chapter 4. On the other hand, the absorption feature of the 1720 MHz line
is observed in the blue-shifted component. The conjugate behavior of these satellite lines in the two
velocity components is clearly seen in Figure 47, in which the spectra of the 1612 MHz and the 1720
MHz lines are overlaid with each other. The 1612 MHz and 1720 MHz lines show absorption and
bright emission, respectively, in the red-shifted component, whereas they show the opposite in the
blue-shifted component. We performed additional statistical equilibrium calculations, but the 1720
MHz line absorption could not be reproduced in spite of an extensive parameter search. Although
Xu et al. (2016) reported the absorption feature of the 1720 MHz line on the straight structure of
HCL2 located in the northwest of TMC-1FN, they could not reproduce it with non-LTE radiative
transfer model calculation, either.

A similar hfs intensity anomaly is also observed near the cold starless core TMC-1(CP) in HCL2

(Figure 44). Figures 48-50 show the observed spectra of the OH 18 cm transition toward three
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Figure 50. (Left) Observed spectra of the OH 18 cm transition toward 8 north from TMC-1(CP). Three
times the rms noise of each spectrum is represented in the top right. (Right) The best-fit Gaussian profiles
obtained by assuming two velocity components are shown by blue, and red lines, whose central velocities

are 5.6, and 6.3 km s~!, respectively. Magenta lines show the sum of these three velocity components.
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Figure 51. The observed spectra of the OH 18 cm transition toward L183 (left) and L169 (right). Three

times the rms noise of each spectrum is represented in the top right of each panel.
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positions located 24', 16/, and 8 north from TMC-1(CP), respectively, as indicated in Figure 44.
The 1612 MHz line is observed in faint emission or slight absorption for the red-shifted component
(Vsr=6-10 km s71), suggesting that this velocity component traces warm gas. On the other hand,
the 1720 MHz line is much fainter than the 1612 MHz line for the blue-shifted component (Vjsg
~ 5 km s71), although these two lines should have the same intensity in LTE (Ii12 : L1665 : Ti667 :
Lizoo = 1:5:9:1). Harju et al. (2000) also reported that the 1720 MHz line is fainter than the
1612 MHz line toward the north part of TMC-1 ridge. Again, this anomalous feature could not be
reproduced with our statistical equilibrium calculation described in Chapter 4. Figure 51 (left) shows
the observed OH spectra toward L183 (Figure 45), which we already showed in Chapter 4 (Figure
21). The 1720 MHz line is slightly weaker than the 1612 MHz line toward L183. This feature is
more evident in the dense core 1169, which is adjacent to L183 (Figure 45). As shown in Figure 51
(right), the 1720 MHz line is totally absent toward L169, whereas the 1612 MHz line shows bright
emission. An intensity ratio of the 1612 MHz line to the 1667 MHz line is about 1/3, which is three
times higher than the expected value of 1/9 in LTE. The line parameters are summarized in Table
12.

As described above, the 1720 MHz line absorption (or its faint emission) and the enhanced 1612
MHz line emission are observed toward several sources. Thus, revealing the origin of this anomaly
is important for a full understanding of the excitation mechanism of OH. For this purpose, we here

investigate the effect of far-infrared pumping of OH.
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6.4 Effect of FIR pumping

The hyperfine intensity anomaly is caused by the excitation and de-excitation between the rota-
tionally excited states and the ground state, as schematically illustrated in Figure 52. Emission from

the first rotationally excited state (J = 5/2 of ?Il3/5) to the ground state (J = 3/2 of *II3/5) produces
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Figure 52. Schematic illustrations of the intensity anomaly of the OH 18 cm transition. (left) The transition
from the first rotationally excited state to the ground state levels causes overpopulation in the F' = 2 levels
in the ground state, and the 1612 MHz line becomes weaker than expected under LTE. The 1720 MHz
line becomes brighter at the same time. (right) The transition from the second rotationally excited state
to the ground state levels works in the opposite way, and the F' = 1 levels of the ground state become
overpopulated. The 1720 MHz line and the 1612 MHz line become weaker and brighter, respectively, in this
case. The populations in the second rotationally excited state levels can be enhanced by the FIR pumping
from the ground state levels to the 2H1/2 J = 3/2 and 2H1/2 J = 5/2 state levels at wavelengths of 53
and 35 pm, respectively. The OH molecules are de-excited to the second rotationally excited state by the

subsequent spontaneous emission, as represented by magenta arrows.
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an overpopulation in the F' = 2 levels in the ground state due to the selection rule, as described in
Figure 52 (left). This anomalous population decreases the excitation temperature of the 1612 MHz
line and increases that of the 1720 MHz line. This leads to the 1612 MHz line absorption against
the CMB. On the other hand, emission from the second rotationally excited state (J = 1/2 of *I; 5)
to the ground state levels works in the opposite way (Figure 52, right). In this case, F' = 1 levels in
the ground state are overpopulated, increasing the excitation temperature of the 1612 MHz line and
decreasing that of the 1720 MHz line. Thus the 1720 MHz line can appear in absorption if this trend
is strong. In different parts of the ISM, both processes may occur with different contributions, but
the collisional excitation with Hy to the first rotationally excited state levels is more efficient than
that to the second rotationally excited state. The first effect is therefore dominant, producing the
absorption of the 1612 MHz line.

Nevertheless, the second effect can be dominant, if FIR pumping to the 2II; /2 J =3/2 and 211, /2
J = 5/2 states at wavelengths of 53 pm and 35 pm, respectively, are efficient. Most of the OH
molecules excited to these states radiatively decay to the 2II; » J = 1/2 state by subsequent rotational
transitions within the ?II; »» ladder, as represented by magenta arrows in Figure 52. This is because
the spontaneous emission rates of the transitions within the 2II;; ladder are typically one order of
magnitude higher than those of the inter-ladder transitions between the 2II; /2 and 211, /2 states. Then,
rotational transitions from the *IIy o J = 1/2 state to the ground rotational state might produce the
1720 MHz line absorption, as described before. It should be noted that the direct FIR pumping from
the 21_[3/2 J = 3/2 ground state to the 21_[1/2 J = 1/2 state at 80 pm does not contribute to the
population anomaly, because the subsequent radiative de-excitation back to the ground state occurs
under the same selection rules as the FIR pumping. These mechanisms are indeed confirmed by our
simulations, as described in Section 6.4.1.4.

The effect of FIR pumping on the excitation of OH was studied by Elitzur et al. (1976). These
authors showed that the 1612 MHz line becomes stronger and will display maser emission in extreme
cases, particularly in the dusty envelopes of stars, so-called OH-IR stars. They reported that the

1612 MHz maser can be explained by the FIR pumping to the *II;» J = 5/2 state by 35 ym photons
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emitted from warm dust grains (7, = 100-200 K). While no bright infrared source is associated
with our observed sources, the FIR radiation from dust grains in surrounding warm clouds would
contribute to the pumping to the 2II; 2 ladder. Therefore, we incorporate the effect of the FIR
radiation into our statistical equilibrium calculations to examine whether we can explain the 1720
MHz line absorption, and to constrain the physical conditions in the OH bearing clouds.

In addition, we consider line overlaps by following the formulation of Guilloteau et al. (1981). They
incorporated line overlaps of the far-infrared OH rotational transitions in their statistical equilibrium
calculations assuming a uniform condition in a spherical cloud, and reported that the pumping effect
due to the overlaps well explains the intensities of strong OH masers found in the dense envelopes of

compact Hy regions.

6.4.1 Statistical equilibrium calculation considering the FIR pumping effect

6.4.1.1.  Formulation

We incorporate the pumping effect by the FIR radiation from dust grains into our statistical
equilibrium calculation (Section 4.5) in a similar way to that reported by Elitzur et al. (1976). We
also consider the effect of line overlaps approximately, as described by Guilloteau et al. (1981). In

this case, the statistical equilibrium takes the form:

d(gin;)

7 :Z {9;BiAji [nj — (Rji + R;) (ni — nj)]
7>t
+ Z (9545 Py, (unti) 5 — G At Pl iy )
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k = (ug, lx) in the second and fifth terms of Equation (30) denotes summation over all transitions of
OH. Rfj is the photon occupation number of the dust FIR radiation at the frequency of the transition
between the levels ¢« and j. We examine two models for the derivation of Rfj. First, we assume that

the dust grains emit gray-body radiation of dust temperature T,; and spectral index ;. In this case,

Rfj can be written as:

Bad
R = ( . > n , 31
J V160 exp (hVij/k?de) —1 ( )

where 7 is a dilution factor of the dust thermal radiation. It is derived from the estimated intensity
of the FIR radiation at 160 um (I14) divided by the intensity of the blackbody radiation (times v7¢)
at this wavelength. We perform the calculation for £y values from 0 to 3. Although a higher value of
Bq gives a better fit to the observed spectra, there is no significant dependence on (; as long as it is
higher than 2. Therefore, (; is assumed to be 2, which has been reported as a typical value for the
diffuse ISM (e.g. Boulanger et al. 1996).

Second, we use DustEM to model the dust emission (Compiegne et al. 2011) ( https://www.ias.u-
psud.fr/DUSTEM /index.html) in order to derive R,f-lj. We employ the DustEM version calculated
by Jones et al. (2013). As shown later, the FIR emission predicted by the DustEM model better
reproduces the 1720 MHz line absorption of OH than the gray-body approximation, although it
depends on the dust temperature.

Bi; in the first and fourth terms of Equation (30) denote the photon escape probability of the
transition between the levels 7 and j, as explained in Section 4.5. Pj) k) is the probability that a
photon emitted in the transition between the levels ¢ and j is absorbed by that between the levels &
and [, which represents the effect of the line overlaps. We follow the formulation of 3;; and Py )
introduced by Guilloteau et al. (1981), where a spherical homogeneous cloud with no velocity gradient
is assumed. In this model, the analytical expressions of 3;; and F;) (k) are determined by considering
a photon emitted from the cloud center, and they are used throughout the cloud. Guilloteau et al.
(1981) reported that this assumption have only a limited effect, according to the comparison of their

results with those obtained from the exact treatment of the radiative transfer assuming a plane
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parallel cloud. It should be noted that the effect of the FIR pumping and the line overlaps are not

included in Chapters 4 and 5, which is equivalent to Rdj:O and Py k=0, respectively.

)

6.4.1.2. FIR model

The FIR pumping effect is incorporated by using the DustEM model by Jones et al. (2013) and
the gray-body profile. In the DustEM model, the interstellar radiation field (ISRF) strength and
the H column density are given as the parameters. We employ the ISRF strength of 0.4 G, since
it best explains the shape of SED observed toward TMC-1FN (Flagey et al. 2009) among the ISRF
values from 0.1 Gy to 1.0 Gy at a 0.1 G, interval (red solid line in Figure 53). Here Gq stands for
a scaling factor of the UV field with respect to the flux in the Habing field (Habing 1968). The H
column density is also determined to be 1.5 x 10?? cm 2. However, we use the H column density of
3 x 10?3 em~2 in the fiducial DustEM model for the statistical equilibrium calculations by scaling
the FIR intensity by a factor of 20 (red dotted line in Figure 53) so as that the 1720 MHz absorption
is reproduced. Apparently, this H column density is too large for the line-of-sight value by one order
of magnitude. We will discuss this point later in Section 6.4.2.1. In the gray-body model, the dust
temperature (7;) and the dilution factor (n) are estimated to be 15 K and 0.003, respectively, by
fitting the above DustEM model for the H column density of 1.5 x 10** cm~2 (blue solid line in
Figure 53). As in the case for the fiducial DustEM model, this gray-body profile is multiplied by a
factor of 20 (blue dotted line), which is employed in our statistical equilibrium calculations.

It should be noted that the observed intensities at 25, 60 and 70 pum are slightly higher than those
expected by the gray-body. Although the discrepancy is marginal in Figure 53, it is more evident in
the mean SED of Taurus molecular cloud complex averaged over a 44 deg? area including TMC-1FN
(Flagey et al. 2009). As shown in the solid red line in Figure 53, the DustEM model well reproduces
the excess feature at shorter wavelengths compared to the gray-body. The FIR intensities at 35,
53 and 120 pm are predicted to be 2.2, 3.3 and 48 MJy sr!, respectively, by the DustEM model
for the solid red line of Figure 53, while they are predicted to be 8.5 x 1075, 0.1 and 42 MJy sr—1,
respectively, with the gray-body for the solid blue line of Figure 53. Namely, the FIR intensities

calculated by the DustEM model at 35 and 53 pum relative to the 120 pm intensity are 2 x 10%
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and 29 times larger, respectively, compared to those calculated by the gray-body model. Higher
intensities in the 35 pm and 53 pm contribute to more efficient pumpings to the *IT;;» J = 5/2

and %I, /2 J = 3/2 states, respectively, which lead to the 1720 MHz line absorption, as described in

Section 6.4.
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Figure 53. (Cross) Intensities of the mid- and far-infrared radiation observed toward TMC-1FN. The
intensities are taken from Spitzer 70 and 160 pm maps by Flagey et al. (2009), IRAS 25, 60 and 100 pm
maps by Flagey et al. (2009), and Herschel 250, 350 and 500 pm archival data with observation IDs of
1342202252 and 1342202253. (Solid red line) The best-fitting DustEM (Jones et al. 2013) profile assuming
the ISRF of 0.4 G, which gives the best fitting result among the ISRF values from 0.1 Gg to 1.0 Gy at a 0.1
Gy interval. (Solid blue line) The gray-body profile which best explains the above DustEM model assuming
B of 2. The dust temperature (7y) is determined to be 15 K. The observed intensities in 25, 60 and 70
pm are stronger than those estimated by the gray-body, whereas they are well reproduced by the DustEM
model. The best-fitting DustEM and gray-body profiles are scaled by a factor of ~20, and are employed
in our statistical equilibrium calculations for the fiducial models, as shown by red and blue dotted lines,

respectively. In Figures 57 and 59, this scaling is represented by the flux at 160 pm.
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6.4.1.3. Condition for the 1720 MHz line absorption

n(H,) = 10% (cm™), OPR = 3
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Figure 54. The intensity of the 1612 MHz line (color) and the 1720 MHz line (yellow contours) on
the N(OH)-T}, plane derived from our statistical equilibrium calculation considering the effect of the FIR
radiation. (Left) The Hy ortho-to-para ratios is assumed to be 0. Contour levels are shown for the 1720 MHz
line intensity from -2.4 K to 0.2 K with 0.2 K interval. Dashed contours correspond to negative brightness
temperatures of the 1720 MHz line. The 1720 MHz line absorption and the bright emission of the 1612 MHz
line can be reproduced for N(OH) > 3 x 10'® cm™2 and T}, < 30 K (white solid circled area). The case
when the 1720 MHz line is brighter than the 1612 MHz line can be reproduced for N(OH) > 10! cm—2
and T, < 30 K (white dotted circled area). (right) The Ha ortho-to-para ratios is assumed to be 3. Contour
levels are shown for the 1720 MHz line intensity from -0.8 K to 1.0 K with 0.2 K interval. The 1720 MHz
line absorption and the bright emission of the 1612 MHz line can be reproduced for N(OH) > 2 x 10'°

em~2 and T}, > 40 K (white circled area).

Figure 54 shows the intensities of the 1612 MHz line (color) and the 1720 MHz line (contours)
derived from our statistical equilibrium calculation in the N(OH) — T} plane. The FIR pumping
effect is treated with the DustEM model by Jones et al. (2013) assuming an ISRF strength of 0.4
Gy and the H column density of 3 x 10?* cm™2 (red dotted line of Figure 53). The H, density is
assumed to be 10° cm ™2 as a representative value. The Hy ortho-to-para ratio is assumed to be 0
and 3 in the left and right panels, respectively. Dependences on these parameters are described later.

The linewidth is assumed to be a typical observed value of 1.0 km s~ 1.

102




Dashed contours in Figure 54 represent absorption of the 1720 MHz line, whereas the blue colored
region corresponds to absorption of the 1612 MHz line. As shown in Figure 54 (left), the case for which
the emission in the 1612 MHz line is stronger than that in the 1720 MHz line can be reproduced for
parameters contained in the area approximately enclosed by the dotted lines. Namely, an OH column
density higher than ~10' ¢cm™ and a gas kinetic temperature lower than ~30 K are necessary, if
the Hy ortho-to-para ratio is 0. A higher OH column density (N(OH) > 3 x 10' ¢cm™2) is required
to reproduce the 1720 MHz line absorption, as represented by the white solid lines. The reason why
such a high column density is needed for the 1720 MHz line absorption is that the transitions from
the second rotationally excited state to the ground state must be optically thick in order to produce
the anomalous population by the mechanism described in Figure 52. Assuming the Hy density of 103
em~? and the OH column density of 3 x 10'® em™2, the fractional abundance of OH is estimated to
be 1075, which is an order of magnitude higher than the typical value of the fractional abundance
in diffuse clouds (Wiesemeyer et al. 2012). However, the fractional abundance of OH is enhanced in
the shocked gas, and it can reach value as high as ~ 5 x 107> according to Draine & Katz (1986).
Hence the 1720 MHz line could appear in absorption in such an OH-rich gas which experienced the
shock. It should be noted that the case in which the 1720 MHz line is weaker than the 1612 MHz
line can be reproduced even with a typical OH fractional abundance of 1077.

Intensities of the 1612 MHz and the 1720 MHz lines are determined to be ~1-4 K and —(0.1-0.4)
K within the solid circle in Figure 54 (left), which are about one order of magnitude stronger than
those observed toward TMC-1FN (Figure 46). It can be explained by the beam-dilution effect with
a beam filling factor of ~0.1, a plausible value since the 1720 MHz line absorption traces a relatively
cold and dense structure, as shown in the following subsections.

For the Hy ortho-to-para ratio of 3 (Figure 54, right), the 1720 MHz line absorption is reproduced
for the OH column density of 10'® cm™2 or higher, and the gas kinetic temperature of 40 K or higher
(white circle in Figure 54, right). This absorption feature is the result of line overlaps, as shown
later in Section 6.4.1.4. In particular, line overlaps between the transitions from the first rotationally

excited state to the ground rotational state play an important role, where the overlaps between the
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Table 13. Velocity separation between the
hyperfine structure components of the J =
5/2, 21'[3/2 - J = 3/2, 21'[3/2 transitions of
OH (top), and that between hfs components
of the J = 1/2, ?Ily 5 — J = 3/2, 23

transitions (bottom)®.

transition 1 transition 2 dVv

(levell, level2) (levell, level2) (km/s)

(6, 2) (5, 2) 1.6
(6, 2) (5, 1) 4.7
(5, 2) (5, 1) 6.3
(8, 4) (7, 4) 2.1
(8, 4) (7, 3) 44
(7, 4) (7, 3) 6.5
(10, 2) (10, 1) 4.2
(10, 2) (9, 1) 3.0
(10, 1) (9, 1) 1.2
(12, 4) (12, 3) 44
(12, 4) (11, 3) 2.8
(12, 3) (11, 3) 7.1

NOTE—?% Levels in the first and second

columns are represented in Figure 8.

two transitions from the first rotationally excited state to the F' = 2 levels in the ground rotational
state, i.e., transitions marked (6, 2) and (5, 2), and (8, 4) and (7, 4) in Table 13, are significant.
Here, a typical observed linewidth of 1.0 km s™! is considered. In this situation, the transitions to
the F' = 2 levels can be readily saturated, while those to the F' =1 levels are not. Hence, the F' =1
levels in the ground rotational state are relatively overpopulated, which makes the 1720 MHz line

weaker. The 1720 MHz line can appear in absorption, if this trend is strong.
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It should be noted that the line overlaps among the transitions from the second rotationally excited
state to the ground state do not seriously contribute to the hfs anomaly. For instance, the overlap
between transitions (10, 1) and (9, 1), which we hereafter term the (10, 1)—(9, 1) overlap, produces
the overpopulation in the level 2 (F' = 2) in the ground rotational state. It makes the 1720 MHz line
brighter. However, this overpopulation is less effective than the overpopulation in the level 1 (F' = 1)
produced by the contribution of the first rotationally excited state, i.e., the (6, 2)—(5, 2) overlap.
This is because the former overpopulation is suppressed by the (10, 2)—(10, 1) and (10, 2)—(9, 1)
overlaps. Such a phenomenon also occurs in the other overlaps, and eventually the contribution of
the line overlaps among the transitions from the second rotationally excited state to the anomaly is
limited.

The collisional excitations to the first rotationally excited state occur more efficiently with a higher
gas kinetic temperature and a higher Hy ortho-to-para ratio. In addition, transitions from the first
rotational excited states to the ground rotational state must be optically thick in order to produce
the anomalous population by the above mechanism. Hence, a high OH column density (> 10'° cm™=2)
and a high gas kinetic temperature (> 40 K) are required to reproduce the absorption feature of the
1720 MHz line (Figure 54, right). However, the 1612 MHz line is much brighter than the 1665 MHz
line when the 1720 MHz line appears in absorption for the Hy ortho-to-para ratio of 3, as shown in
Figure 72 of Appendix A, which is inconsistent with the observation. Therefore, we assume the H,
ortho-to-para ratio of 0, the OH column density of 3 x 10* cm™2, and the gas kinetic temperature of
20 K (Figure 54, left) for our fiducial model in the following sections. Results for the Hy ortho-to-para

ratio of 3 and the OH column density of 3 x 10'* cm™2 are presented in Appendix A, for reference.

6.4.1.4. Dependence on FIR intensity and mechanism of the 1720 MHz absorption

Figure 55 shows the calculated intensities of the OH 18 cm transition as a function of the gas
kinetic temperature for the three cases of the FIR intensity. As noted above, the OH column density
and the Hy ortho-to-para ratio are assumed to be 3x10* cm~2 and 0, respectively. The effect of the
line overlaps is not considered in the left panels ((a)—(c)), whereas it is considered in the right panels

((d)—(f)). No FIR radiation is assumed to be present in the calculations illustrated in the top panels
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Figure 55. The derived intensities of the OH 18 c¢m transition hfs lines as a function of the gas kinetic
temperature, where the Hy density, the OH column density, and the ortho-to-para ratio of Hs are assumed
to be 102 em™3, 3 x 10'® cm™2, and 0, respectively. The effect of line overlaps is not considered in the left
panels ((a)—(c)), whereas it is considered in the right panels ((d)—(f)). The FIR radiation is not considered
in the top panels ((a) and (d)), whereas the gray-body approximation with the dust temperature of 15 K
is applied in the middle panels ((b) and (e)). The FIR radiation calculated by the fiducial DustEM model
(Jones et al. 2013) is employed in the bottom panels ((c¢) and (f)). The orange area in the panel (f) represents
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the region where the 1720 MHz line appears in absorption and the other three lines show emission.
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((a) and (d)), whereas the gray-body approximation with a dust temperature of 15 K applies for
the middle panels ((b) and (e)). The FIR radiation calculated by the DustEM (Jones et al. 2013) is
employed in the bottom panels ((c¢) and (f)). The ISRF strength of 0.4 Gy and the H column density
of 3 x 10% cm™? are assumed for the fiducial DustEM model, same as assumed for Figure 54.

As shown in Figure 55 (f), the 1720 MHz line absorption and the 1612 MHz line emission are
reproduced by the fiducial DustEM model considering the effect of the line overlaps for gas kinetic
temperatures lower than 30 K, which is consistent with the results in Section 6.4.1.3 (see the orange
are of Figure 55 (f)). The effect of the line overlaps produces a weaker 1720 MHz line, which is
clearly seen by comparing the left ((a), (b), (¢)) and right ((d), (e), (f)) panels of Figure 55. All the
four hfs lines of OH appear in absorption for gas kinetic temperatures higher than about 30 K. In
contrast to the fiducial DustEM model, the absorption only in the 1720 MHz line is not reproduced
by the model employing the gray-body approximation ((b) and (e)), although the 1720 MHz line
becomes weaker than for the calculations assuming no FIR radiation ((a) and (d)). This is because
the excitation to the ?II;» J = 3/2 and *II;;» J = 5/2 states via FIR radiation is more efficient in
the DustEM model than in the gray-body model, due to an excess of the FIR radiation at shorter
wavelengths in the DustEM model, as described in Section 6.4.1.2 (Figure 53).

In order to confirm this, we conduct the additional statistical equilibrium calculations assuming
the same conditions of Figure 55 (f), but also applying an artificial wavelength threshold (A;,) for
the FIR radiation, where no FIR radiation is assumed for wavelengths shorter than A\;,. Figures
56 (a)—(d) show the results with Ay, values of 60, 50, 30 and 0 um, respectively. The panel (d) of
Figure 56 (A =0 pm) is the same as the panel (f) of Figure 55. In the case of the Ay, of 60 um
(a), neither the 53 pum nor the 35 pum pumping effect is included, and hence, the 1720 MHz line
absorption is not reproduced. On the other hand, the 1720 MHz line becomes very faint with a gas
kinetic temperature lower than 30 K in the panel (b) (A, =50 pm). This is caused by the effect of
53 pm pumping, although the absorption feature is not reproduced. The intensity of the 1720 MHz
line is further decreased by the contribution from the 35 pym pumping effect in the panel (c¢) (A, =30

pm), and the absorption feature is reproduced. The calculated OH hfs intensities in the panel (c)

107



N(OH)=3x10"> cm™%, OPR=0

8 [{a) 1;,=60 um' 1612MHz | ] 8 [tb) %;,=50 um' 1612MHz ——— 1
: 1665MHz ] : 1665MHz ]
6L 1667MHz . 6L 1667MHz E
1720MHz 1 i 1720MHz ]
A N 1 g E
&%2 \ { &mz — 1
I \ 4 L
0 \ ' 0 f—
2f —_ . 2 b — 5
| | | | | | | I | | | | | | | I
10 20 30 40 50 60 70 80 90 100 10 20 30 40 50 60 70 80 90 100
T, (K) T, (K)
8 [©)4y=30um ' 1612MHz —— ] 8 ) Ay=0um = 1612MHz —— ]
: 1665MHz ——— : 1665MHz ——
6 1667MHz —— | 6 1667MHz ——— |
i 1720MHz i 1720MHz —
<4t 1 €47 ]
L2 B 1 £2F .
0 F— 0 —
o[ —~— ] 2 F ]
| | | | | | | I | | | | | | | I
10 20 30 40 50 60 70 80 90 100 10 20 30 40 50 60 70 80 90 100
T, (K) 7, (K)

Figure 56. The hfs line intensities of the OH 18 c¢m transition as a function of the gas kinetic temperature,
derived by introducing the artificial thresholds for the shortest wavelength in the fiducial DustEM model
(Jones et al. 2013), where the Hg density, the OH column density, and the ortho-to-para ratio of Hy are
assumed to be 103, 3 x 10 ecm~2, and 0, respectively. Models assumed in each panel ((a)-(d)) are the
same as those in Figure 55 (f) except for the FIR field. The threshold (Ay) is (a) 60 pm, (b) 50 pm, (c) 30
pm. No FIR radiation is assumed at the wavelength shorter than the threshold. The panel (a) is the same
as the panel (f) of Figure 55.

are almost comparable to those in the panel (d) (A =0 pm), suggesting that the FIR pumping effect
at a wavelength shorter than 30 pm is negligible. Therefore, the 1720 MHz line absorption can be
explained by the FIR pumping effect in 53 pm and 35 pm, according to Figure 56.

Figure 57 summarizes the above results as a function of the intensity of the FIR radiation at 160
pum (I169) for four combinations of an OH column density and a gas kinetic temperature. We employ
the I159 as a representative value to scale the FIR intensity, since the observed SED is the strongest
at this wavelength. It should be noted that the I;4o is estimated to be 1.4 x 10> MJy sr~! with the

fiducial DustEM model assuming an ISRF of 0.4 Gy and an H column density of 3 x 10* cm™2 (red

108



N(OH) =3x 10'% cm™ N(OH) =3 x 10" cm™

s l@7=20K | 1612MHz (©) T, =20K | 1612MHz
OPR=0 | 1665MHz | L 1665MHz 1
i 750Nz 08 | Sl A
< . f 06 | | 3 -
= ]
1 3 02 | | T
0 e 0 1 j
-1 e S 02 i i
10' 102 10° 10° 102 10°
-1 -1
I;50 (MJy s17) 1160 (MJy sty
12 — 12— ———————
10 | T=80K 1612MHz -—— o760k -
= [ Z h _ ! Z
| OPR=3 1667MHz —— | 08| OPR=3 1667MHz —— -
8 ! 1720MHz —— 06 L ‘ 1720MHz —— ]
—_ | : —_ ) T -
< 6F | ; 1< o4 ; .
S ogf l ‘ {= o2f l T — ]
5L l 0 l
1 0.2 F | -
0 . o P S S e— 0.4 N T i
10' 10 10° 10' 10 10°
I150 (MJy st I150 (MJy st

Figure 57. The intensities of the OH 18 cm transition hfs lines as a function of the intensity of the
dust thermal emission at 160 pm (I169) derived from our statistical equilibrium calculation. I160 is used as
a parameter to scale the FIR intensity profile of the DustEM model (Figure 53). The dotted lines show
I1go for the fiducial DustEM model, while the dashed lines show I;6p observed toward TMC-1FN. The Hy
density is assumed to be 10® cm™3. The column density of OH is assumed to be 3 x 10 cm™2 (left) or 3
x 10 ecm~2 (right). The gas kinetic temperature and Ha ortho-to-para ratio are assumed to be 20 K and
0, respectively, in the top panels, whereas they are assumed to be 60 K and 3, respectively, in the bottom

panels.

dotted line in Figure 53). The Hy ortho-to-para ratio is set to be 0 for the gas kinetic temperature of
20 K, while it is set to be 3 for the temperature of 60 K. The H, density is assumed to be 10% cm™3.
The DustEM model is applied for the FIR radiation, and the effect of the overlaps is considered. As
shown in Figure 57, the effect of the FIR radiation is pronounced for two parameter combinations:

high OH column density (3 x 10 cm™2) together with low gas kinetic temperature (20 K) (panel
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(a)), and low OH column density (3 x 10'* cm~2) and high gas kinetic temperature (60 K) (panel
(d)). The 1720 MHz line becomes weaker and the 1612 MHz line becomes stronger for increasing FIR,
radiation intensity in both cases. In the former case, the 1720 MHz line appears in absorption for an
FIR intensity larger than 10%> MJy sr~! (Figure 57 (a)). Note that the 1720 MHz line absorption is
also reproduced for T},=60 K and N(OH)=3x10" ¢cm~2 (panel (b)). This absorption is considered
to be caused by the effect of the line overlaps through the mechanism explained in Section 6.4.1.3,
since the intensities of the OH 18 cm transition are insensitive to the FIR intensity (Figure 57 (b)).

In Chapter 4, we presented that the OH 18 cm transition can be used as a thermometer for diffuse
(N(OH)~10" cm~2) and warm (T;~50 K) molecular gas. As shown in Figure 57 (d), the effect of the
FIR radiation is negligible for an 160 um FIR intensity lower than about 10> MJy sr~! under a diffuse
warm gas conditions (7,=60 K, N(OH)=3x10" cm~2). On the other hand, the absolute intensity
of the 1612 MHz line absorption is decreased by ~50% for ;59 = 500 MJy sr=t. This decrease of the
1612 MHz line intensity can cause a systematic error of ~10 K in the gas kinetic temperature derived
from our statistical equilibrium calculations assuming no FIR radiation. Hence, information on the
accurate FIR intensity is necessary in order to determine the gas kinetic temperature precisely, if T4
is higher than 10> MJy sr~!. Nevertheless, OH can still be used to explore a relative temperature
structure of a cloud. The 1612 MHz line absorption disappears for Iy larger than 4 x 103 MJy
sr~1, suggesting that the OH 18 cm transition cannot be used as a thermometer for clouds with such

strong FIR radiation fields.

6.4.1.5. Dependence on Hy density

Figure 58 shows the calculated intensities of the OH 18 cm transition as a function of the Hy density,
where contributions of the FIR radiation in panels ((a)—(f)) are the same as those in Figure 55. Here,
the OH column density, the gas kinetic temperature, and the Hy ortho-to-para ratio are assumed to
be 3 x 10 cm™2, 20 K, and 0, respectively. According to Figures 58 (e) and (f), the absorption
of the 1720 MHz line is reproduced for an H, density lower than 10 and 10® cm™3, respectively.
The Hy density is required to be sufficiently low for FIR pumping to be effective, because collisional

excitations with Hs becomes dominant over the FIR pumping as the Hy density increases. When
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Figure 58. The derived intensities of the OH 18 c¢m transition hfs lines as a function of the Hy density,

where the OH column density, the gas kinetic temperature, and the ortho-to-para ratio of Ho are assumed

to be 3 x 10! cm™2, 20 K, and 0, respectively. Models assumed in each panel ((a)—(f)) are the same as

those in Figure 55. The cyan areas in the panels (e) and (f) represent the region where the 1720 MHz line

appears in absorption.



the effect of the line overlaps is not considered (Figure 58, (c)), the 1720 MHz line is actually much
weaker than the 1612 MHz line, but it shows a faint emission. When the effect of line overlaps
and the FIR radiation assuming the gray-body are considered (Figure 58, (e)), the 1612, 1665 and
1667 MHz line also show absorption for the Hy density lower than 10 cm™3. On the other hand, the
absorption only for the 1720 MHz line is reproduced, for Hy densities between 10? and 10 cm™3, by
the DustEM FIR model assuming the line overlaps (Figure 58, (f)).

Figure 59 shows the intensity of the 1720 MHz line in the n(Hy)—I160 plane. Here, the OH column
density, the gas kinetic temperature, and the Hy ortho-to-para ratio are assumed to be 3 x 10

em ™2, 20 K, and 0, respectively (fiducial model). The DustEM model is employed for including the

T, = 20 (K), OPR = 0
10° ‘

10! 102 10°
-1
1160 (MJy sr)

Figure 59. The intensity of the 1720 MHz line on the I150—n(Hz2) plane derived from our statistical equi-
librium calculation considering the effect of the FIR radiation and line overlaps. I1g¢ is used as a parameter
to scale the FIR intensity profile of the DustEM model (Figure 53). A blue colored area corresponds to
negative brightness temperatures of the 1720 MHz line. The yellow dashed line represents a 1720 MHz line
intensity of 0 K. The FIR intensity at 160 ym (I169) stronger than ~ 102 MJy sr~! is necessary to reproduce
the 1720 MHz line absorption with the Hy density of 102 cm™3. Ijg stronger than 10> MJy sr—! is needed
with the Hy density of 103 cm™3.
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FIR radiation. The yellow dotted line represents the boundary between emission (red color) and
absorption (blue color) of the 1720 MHz line, revealing that the threshold value of the Hy density
increases with stronger FIR radiation (Figure 59). This trend is reasonable, since the FIR pumping
effect must be dominant over the collisional excitations with Hs in order to produce the 1720 MHz
line absorption. According to Figure 59, the absorption feature of the 1720 MHz line requires an Hy

1

density of ~10% em™ or lower for I, of 10° MJy sr™!, whereas it requires an Hy density of ~102

cm ™3 or lower for ;g of 102 MJy sr—1.
6.4.1.6. Dependence on Hy ortho-to-para ratio

Figure 60 shows the calculated intensities of the OH 18 cm hfs lines as a function of the Hy ortho-
to-para ratio for the gas kinetic temperature of 20 K. The Hs density and the column density of OH

are assumed to be 10 em™ and 3 x 10' cm~2, respectively. The ISRF strength and the H column
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Figure 60. The derived intensities of the four hfs lines of the OH 18 cm transition as a function of the Ho
ortho-to-para ratio, where the Ho density, the gas kinetic temperature and the column density of OH are

assumed to be 10% em™3, 20 K, and 3 x 10 cm™2, respectively.
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density for the DustEM model are assumed to be 0.4 Gy and 3 x 10?3 cm~2, respectively. The
effect of line overlaps is considered. According to Figure 60, the 1720 MHz line gradually becomes
weaker as the Hy ortho-to-para ratio becomes lower. The Hy ortho-to-para ratio of ~ 0 is necessary

to reproduce the 1720 MHz line absorption, if the Hy density is 103 cm™3.

6.4.1.7. Summary of this section

According to our new statistical equilibrium calculations that include effects of the FIR pumping
and the line overlaps, the absorption feature of the 1720 MHz line can be reproduced, when the OH
column density is high (> 10'® cm™2) | the gas kinetic temperature is low (< 30 K) and the H,
ortho-to-para ratio is low (~0) (Figure 54, left). The Hy density is also required to be lower than
103 cm ™3, when the ISRF strength and the H column density are assumed to be 0.4 Gy and 3 x
10?3 ecm ™2, respectively, in the DustEM model (Jones et al. 2013). The upper limit of the Hy density
becomes higher for stronger FIR radiation. On the other hand, effects of the FIR pumping and the
line overlaps are negligible for an OH column density lower than ~ 10'® cm~2 and FIR intensity at
160 pm lower than ~ 102 MJy sr~!. The absorption feature of the 1612 MHz line disappears with
the FIR intensity at 160 pum higher than 4 x 10> MJy sr~!. Nevertheless, the OH 18 cm transition
can still be used as a thermometer of a diffuse warm gas, as explained in Chapter 4, unless such a
strong FIR field (1169 > 5 x 10® MJy sr™!) is present.

The absorption feature of the 1720 MHz line is also reproduced with a high column density (>
10% ¢cm™2), a high gas kinetic temperature (> 40 K), and the Hy ortho-to-para ratio of 3 (Figure 54,
right). However, the 1612 MHz line emission is too strong compared to the observed intensities in
this case.

We have employed the collisional rate coefficients of OH reported by Offer et al. (1994) in our
statistical equilibrium calculations. Recently, Klos et al. (2017) reported new collisional rate coeffi-
cients, although the hyperfine structure of OH was not considered. We obtained hfs-resolved rate
coefficients by private communication (from Dr. Francois Lique), which are approximately calculated
from these fine structure rate coefficients by using the M-J random method (Klos et al. 2017). In

order to examine the robustness of our statistical equilibrium calculations described in the previous
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subsections, we also conducted the calculations by using these collisional rate coefficients. The results
are presented in Appendix B. Even with these collisional rate coefficients, the essential features of our
results on the hfs intensity anomaly do not change significantly. Thus, uncertainties of the collisional
rate coefficients are considered to have a limited effect on the results of the hfs intensity anomalies

of the OH 18 cm transition.
6.4.2 Fitting the observed spectra

We compare our new model with the spectra of the OH 18 c¢m transition observed toward TMC-
1FN, TMC-1(CP), L183, and L169. Since the 8.2 km s~ and 6.5 km s~ components of TMC-1FN
and the ~ 6.4 km s™! component of TMC-1 (CP) show absorption or faint emission in the 1612
MHz line, they are expected to trace warm molecular gas (Chapter 4). Hence, we determined the
gas kinetic temperature and the OH column density for these components (Table 14) assuming an
H, density of 10® ecm™3. On the other hand, the 5.5 km s~ component of TMC-1FN, the ~ 5.4 km
s~ component of TMC-1 (CP), L183, and L1169 show absorption or faint emission of the 1720 MHz

line, and hence, they likely trace cold dense regions.

6.4.2.1. TMC-1FN

The 1720 MHz line absorption is detected with ~3 ¢ confidence level toward TMC-1FN. To explain
this feature, the FIR intensity of ~ 10> MJy sr~! at 160 pm is necessary according to our new statisti-
cal equilibrium calculations. This is stronger by one order of magnitude than the value observed with
Spitzer (80-120 MJy sr™!) according to Flagey et al. (2009). In order to explain this, we assess the
geometrical effect of a filamentary structure, for which the FIR intensity inside might be enhanced.
Assuming that the filament is a cylinder with a Plummer-like density profile (Malinen et al. 2012),
the FIR intensity inside the filament can be 3-4 times stronger than the observed value. Details of
the calculation are described in Appendix C. A further factor of 2-3 necessary to explain the 1720
MHz absorption might be explained by contributions from a filamentary structure in the northwest
of TMC-1FN (Xu et al. 2016), another filament near TMC-1 (CP) (Figure 44), or by diffuse gas
extended in the southwestern part of HCL2 (Figure 44). However, contributions from other filamen-

tary structures might be small compared to the contribution from the nearest filament, since they

115



Table 14. Best fit parameters determined by our statistical equilibrium

calculation.

Source Visr n(Hs) T, N(OH) o/p
(km/s) (em™?)  (K) (em~?)

TMC-1CP(0/, 24)  6.62  103(fixed

5.1(14) x 10 0.1
4) x 10 0.3(fixed

TMC-1CP(0/, 8')  6.34  103(fixed

(fixed) 31(1) )
TMC-1CP(0/, 16')  6.35  103(fixed) 35(1) 5.0(4) )
(fixed) 43(1) 5.6(3) x 10 0.7(fixed)
(fixed) 30(3) 3.6(3) x 10"  0.1(fixed)

TMC-1FN 6.51  103(fixed 3

8.16  10%(fixed) 70(3) 1.4(4) x 10  3.0(fixed)

NoOTE—We derived the OH column density and the gas kinetic temperature
for the 6.5 km s~! and the 8.2 km s~ components of TMC-1FN, and the ~
6.4 km s~! component of TMC-1 (CP), where the Hy ortho-to-para ratio has
been changed from 0 to 3 with a 0.05 interval, and is fixed to the value that
gives the best-fit result. The error in the parentheses represents one standard

deviation. The Vi gr corresponds to those in Table 12.

occupy smaller solid angle than the nearest filament. In addition, contributions from the extended gas
component is limited, considering that the observed FIR intensity of this component is comparable
to that observed in TMC-1FN. Approximations employed in the calculations, in particular, neglect
of the velocity gradient in the treatment of the line overlap (Guilloteau et al. 1981), may also con-
tribute to this discrepancy. Contributions from non-local line overlaps (Cesaroni & Walmsley 1991;
Elitzur et al. 1976) caused by the velocity gradient within the cloud might explain more efficient FIR
pumping, although quantitative analysis on this effect is rather difficult.

For the 8.2 km s™! component, the gas kinetic temperature and the OH column density are de-
termined to be 70 + 3 K and (1.4 £ 0.4) x 10* cm™2, respectively, where the Hy density and the

ortho-to-para ratio are assumed to be 10° cm™ and 3, respectively. For the 6.5 km s~!

component,
the gas kinetic temperature and the OH column density are determined to be 30 £ 3 K and (3.6

+ 0.3) x 10" ecm™2, respectively. An H, ortho-to-para ratio of 0.1 provides the best fit, although
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it cannot be constrained by the fitting procedure. For the 5.5 km s™" component, the gas kinetic

temperature and the OH column density are estimated to be lower than 30 K, and higher than 10
cm ™2, respectively, in order to reproduce the 1720 MHz line absorption according to our statistical

equilibrium analysis.

T 18 L

1.2 0(1 0)
. 00(1 07—
OH 1667 MHz ——

—
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T, (K)

0.2

V. (km/s)

Figure 61. Spectra for the 1667 MHz (black) hfs line of the OH 18 c¢m transition, the 3CO (J = 1 — 0)
line (red) and the C'80 (J = 1—0) line (blue) observed toward TMC-1FN (Figure 44). The *CO and C'80
lines are averaged over the beam size of the OH 18 c¢m transition, as revealed by the white circle in Figure

44. Dashed lines show the velocities of the three components (5.5 km s~!, 6.5 km s~!, and 8.2 km s~ 1).

Figure 61 shows the spectrum of the 1667 MHz line of OH observed toward TMC-1FN with the
BCO (J =1-0) and C'®0 (J = 1—0) line spectra observed toward the same position with NRO 45-
m telescope (Sunada & Kitamura 1999). The *CO and C'®0 line profiles are prepared by averaging
these lines’ spectra over the beam size of the OH 18 cm transition. As shown in Figure 61, the 8.2
km s~! component, which is clearly seen in OH, is not detected in both ¥*CO and C'¥0. On the

other hand, the 6.5 km s~! component is clearly seen in ¥CO and C'80, while the C¥O emission
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is prominent for the 5.5 km s™" component. These results suggest that the 8.2 km s™ component

traces diffuse warm gas that cannot readily be traced by *CO, whereas the 5.5 km s~*

component
traces relatively cold and dense gas also traced by C'®0. The 6.5 km s~ component appears to trace
gas at intermediate temperature and density between these two structures. This picture is consistent
with the derived gas kinetic temperatures and the Hy ortho-to-para ratio (Table 14). In fact, the
gas kinetic temperature should be higher in the outer part of the cloud, which produces a deeper
absorption feature of the 1612 MHz line and brighter 1720 MHz emission. Since the higher Vyggr
components tend to trace a warmer part of the cloud in TMC-1FN (Table 14), the observed spectra
of OH seem to reflect the cloud structure with the increasing gas kinetic temperature toward cloud
peripheries as does the increasing Vi sg.

Figure 44 shows the integrated intensity maps of C'¥0O (J=1-0) (cyan contours) and ¥*CO (J=1-0)
(color) observed with the NRO 45-m telescope for the entire region of HCL2 (Sunada & Kitamura
1999). A prominent straight structure is seen in the northern part of HCL2 in the C*®*O map, which
also has been pointed out by Narayanan et al. (2008) and Goldsmith et al. (2010). Interestingly, the
velocity of the blue-shifted component detected in the OH 18 c¢m transition (Visg ~ 5.5 km s7!)
corresponds to that of C180 exhibiting the straight structure, whereas the velocity of the red-shifted
component seen in OH (Vzgr ~ 6-10 km s™1) corresponds to that of the southwestern extended gas in
the ¥CO map. These two structures are interfacing with each other, suggesting a compressive motion
as the origin of the straight structure (Figure 62). Such a compressive motion is consistent with the
decreasing velocity from southwest to northeast across the straight structure observed in *CO and
C!80. In addition, the existence of an [H I| cloud in the northeast of TMC-1FN is suggested by the
archival data of The Galactic Arecibo L-band Feed Array HI (GALFA-HI) Survey maps (Peck et al.
2011). Furthermore, the 6-10 km s™! component traces a diffuse warm gas, whereas the 5.5 km s=!
component traces a cold and dense core illuminated by the FIR radiation from dust grains, according

to our statistical equilibrium calculation. It is likely that the 5.5 km s~! component traces cold cores

surrounded by the warm envelope gas in HCL2.
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Figure 62. Schematic illustration of the cross section of TMC-1FN along the line-of-sight. The cold (~
20 K) and a dense core (5 km s™!) is formed by compressive motion of the extended warm gas (6-10 km

s71). We observe the source from the right hand side.

The 6.5 and 8.2 km s~! components show the 1612 MHz line absorption, in spite of the FIR

! component. This can be explained by the above picture of

pumping effect seen in the 5.5 km s~
TMC-1FN (Figure 62). A warm envelope gas traced by the 6.5 and 8.2 km s™' components is likely
to be illuminated by fainter FIR radiation than the gas traced by the 5.5 km s™! component. The
OH column density for the 6.5 and 8.2 km s~! components is also lower. According to the results
in Appendix C, the FIR intensity at 160 um is estimated to be ~400 and 100 MJy sr~! at positions
0.5 pc and 1.0 pc distant from the center of the TMC-1FN filament, respectively. The OH column
densities are determined to be 3.6 x 10 cm™2 and 1.4 x 10 cm~2 for the 6.5 and 8.2 km s *
components, respectively (Table 14). As described in Section 6.4.1.7, our calculation shows that the
FIR pumping effect is negligible, for an OH column density lower than 10> em~2 and I, lower than
100 MJy sr=t. On the other hand, the 1612 MHz line indeed appears in absorption for I lower
than 4 x 10® MJy sr™!, if the OH column density is 3 x 10 em™2 (Figure 57 (d)). Hence, even
though there might be a moderate FIR field (4 x 10® MJy sr™1), the 1612 MHz line absorption in
the 6.5 and 8.2 km s~! components can be reproduced as long as the OH column density is lower

than ~ 10 cm™2. Note that the intensities of the 1612 and 1720 MHz lines are slightly affected by

the FIR pumping effect in this case (Figure 57).
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6.4.2.2. TMC-1 (CP)

The OH spectra toward TMC-1 (CP) consists of the two components (5.36-5.59 km s~ and 6.34—
6.62 km s71), as mentioned in Section 6.3. The gas kinetic temperature is determined to be about
40 K for the red-shifted component (6.34-6.62 km s~! component), which shows weak emission or
absorption of the 1612 MHz line. On the other hand, the gas kinetic temperature is considered to
be lower than 30 K for the blue-shifted component (5.36-5.59 km s!), according to the DustEM
model considering the effect of the line overlaps. The FIR intensity is assumed to be 1.4 x 10 MJy
st—! at 160 um. However, only an upper limit to the gas kinetic temperature can be determined,
because of the limited signal-to-noise ratio. The derived parameters for the red-shifted components

are summarized in Table 14.

6.4.2.9. L183 and L169

As shown in Figure 51, the 1720 MHz line shows weak emission in L1183, and it is totally absent in
L169. From these results, the gas kinetic temperature is estimated to be lower than 30 K according
to our statistical equilibrium calculations that include FIR pumping (Figure 54). The gas kinetic
temperature of 30 K is lower than values determined for positions 8 and 16’ south from L183 in
Section 4.6.3 (31 K and 53 K, respectively). Previous studies have shown that there is a dense core
in the northern part of L183, which is traced in the NHj line (cross position in Figure 45) (Swade
1989; Dickens et al. 2000). A rather diffuse molecular cloud seen in *CO emission is extended
toward its southern part (Laureijs et al. 1995; Lehtinen et al. 2003). Thus the increase of the gas
kinetic temperature toward the southern peripheries in 183 indicates that photoelectric heating by

interstellar UV radiation is less effective in the core position.

6.5 Interferometric observation of TMC-1FN with VLA

For the full understanding of the origin of the 1720 MHz line absorption, we conducted the high-
resolution observation of the OH 18 cm transition with the Very Large Array (VLA) in 2017. We
examine the spatial distribution of the OH 18 c¢m transition with better angular resolution (46”) than
that of the Effelsberg telescope (8.2"). Assuming the above picture of TMC-1FN (Figure 62), the 5.5

km s~! component, which shows the 1720 MHz absorption, would be better traced by VLA than the
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Effelsberg telescope, since the extended components (Vzsg of 6.5 and 8.2 km s™!) are considered to be
resolved out in the interferometric observation. As shown later, the 6.5 and 8.2 km s~! components
are indeed almost resolved out. On the other hand, the 1720 MHz line shows emission at Vygr of 5.3

L TIn Sections

km s~! with VLA, although its absorption is marginally seen at Vjgr of ~5.0 km s~
6.5.2 and 6.5.3, we show that the 1720 MHz line emission (Visg ~ 5.3 km s7!) comes from a cold

dense core embedded in TMC-1FN, which was not resolved by the Effelsberg.

6.5.1 Observation and data reduction

The observation was conducted with VLA in 2017 February and March. We employed the D-
configuration of the array whose synthesized beam size was ~46”, which is more than 10 times
better than the beam size of the Effelsberg (8.2'). An instantaneous bandwidth and resolution of
the backend were 500 kHz and 0.244 kHz, respectively. The resolution corresponds to the velocity
resolution of 0.0439 km s~! at 1667 MHz. 3C147 was employed for the bandpass and the absolute flux
calibrations. We observed the J0431+2037 every an hour for the phase calibration. Total integration
time on source was 8.6 hours.

We used the CASA (the Common Astronomy Software Applications) package for the data reduction.
We used CLEAN algorithm to obtain images from visibility data, where the natural weighting was
employed. Continuum images were prepared by averaging over line-free channels. Then, we obtained
line images by subtracting the continuum image from the original ones. The field center of the
observation was TMC-1FN (-4', -4’) = (4"39™28°.7, 26931'27".0) (Figure 63), which is located on the

center of the straight structure seen in the C'¥0 map.

6.5.2 Spatial distribution of the 1667 MHz line

Figure 63 shows the integrated intensity map of the 1667 MHz line (Visp = 4.9-6.9 km s™')
observed with VLA (color), overlaid on the C'®O integrated intensity map (white contours) which is
the same as the cyan contours in Figure 44. Positions of TMC-1FN (0/, 0') and (-4, -4’) are indicated
by white and red circles, respectively, whose diameters correspond to the beam size of the Effelsberg

(8.2). The latter position is the field center of the observation. As shown in Figure 63, the 1667
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Figure 63. (Color) The integrated intensity map of the 1667 MHz line (Visg = 4.9-6.9 km s~!) observed
with VLA. (Contours) The C'80 integrated intensity map (V7sr=6.45-6.95 km s~!), which is the same as
the cyan contours in Figure 44. White and red circles represent the position of TMC-1FN and TMC-1FN
(-4/, -4"), with their diameters corresponding to the HPBW beam size of the Effelsberg 100-m telescope of

8.2". A yellow rectangle represents the zoomed region for Figure 64.

MHz line is concentrated on the center of the straight structure near the field center, and well traces
the C'80 distribution, which is more evident in the zoomed image within the area enclosed by the
yellow rectangle (Figure 64). This region is known to have higher Hy column density ((1-2) x 1022
cm~2) than its surroundings, according to the WFCAM extinction map and the Herschel SPIRE 250,
350 and 500 pm maps (Malinen et al. 2012). On the other hand, the 1667 MHz line is almost absent
in the southwest of the straight structure, which is contrary to the *CO emission extended there

(Figure 44). Furthermore, the 1667 MHz line is even absent toward TMC-1FN within the beam size
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Figure 64. The zoomed image of Figure 63 within the area enclosed by the yellow rectangle in Figure 63.

of the Effelsberg (white circle in Figure 63). These results suggest that extended components are
resolved out in the VLA observation, whereas dense and compact components of the cloud traced by

C™O are more sensitively observed with VLA than the Effelsberg telescope.

6.5.3 Spectra exhibiting the LTE intensity ratio

Spectra of the OH 18 cm transition observed with VLA obtained by averaging over the area within
the red circle in Figure 63 is shown in the left panel of Figure 65 (blue line), overlaid on the spectra

observed toward TMC1-FN with the Effelsberg telescope (red line). The vertical dotted lines repre-
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Figure 65. (Blue) Spectra of the OH 18 cm transition observed with VLA prepared by averaging over the
area enclosed by the red and white circles in Figure 63 are shown in the left and right panels, respectively.
(Red) Spectra of the OH 18 cm transition observed with the Effelsberg toward TMC-1FN (white circle in
Figure 63). The vertical dotted lines represent Vzsr of 5.3, 6.3, and 8.2 km s~1. The intensities of the 1612
and 1720 MHz lines are multiplied by a factor of three.
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sent the Vigg of 5.3, 6.3 and 8.2 km s~!. As shown in the left panel of Figure 65, all the four hfs
lines of the OH 18 cm transition are observed in emission at V;gr of ~5.3 km s~! with VLA. This is

apparently different from the 5.5 km s7!

component observed with the Effelsberg (red line), where
the 1720 MHz line appears in absorption. In addition, linewidth of the 5.3 km s~! component ob-
served with VLA (0.3-0.4 km s™!) is narrower than that of the 5.5 km s™! component observed with
the Effelsberg (1.0 km s™!) by a factor of ~2. According to our statistical equilibrium calculations
including the FIR pumping effect, an Hy density higher than 10* cm ™ and a gas kinetic temperature
lower than 20 K are necessary to reproduce the emission of all the four hfs lines (Figures 55 (f) and
58 (f)). Moreover, H, density higher than 10° cm™ is required to reproduce the comparable inten-
sities of the 1612 MHz and 1720 MHz lines (Figure 58 (f)). Therefore, the 5.3 km s component is
considered to trace a cold and dense core inside the 5.5 km s~ component.

At the Vigp of ~6.3 km s7!, the 1665 and 1667 MHz lines show faint emission in the VLA spectra,
while the signal-to-noise ratio is insufficient to detect this component in the 1612 and 1720 MHz
lines. Intensity ratio between the 6.3 and 5.3 km s~! components of the 1667 MHz line is determined
to be ~ 0.14 from the VLA data. This is lower by a factor of ~2 than the ratio between the 6.5 and
5.5 km s~! components derived from the Effelsberg data (~ 0.25), suggesting that the 6.3 km s™!
component is resolved out to some extent in the VLA observation. Such a resolving out effect is more

clearly seen in the 8.2 km s!

component, which is totally absent in the VLA spectra (Figure 65).
This is reasonable, since the 8.2 km s~! component traces a more extended gas than the 6.3 km s=*
component, according to the results in Section 6.4.2.1. The OH spectra obtained with VLA toward
TMC-1FN prepared by averaging over the white circle in Figure 63 is shown in the right panel of
Figure 65 for reference. All the four hfs lines of the OH 18 cm transition are indeed absent, which is
apparent in the 1667 MHz line map (Figure 63). Note that the absorption features of the 1665 and
1667 MHz lines at Vygr of 5-6 km s~! are artificial signals produced by sidelobes of strong emissions
around TMC-1FN (-4/, -47).

In order to explore the origin of the 1720 MHz line emission observed with VLA (Visr ~5.3 km

s~1) more precisely, we obtain the spectra of the OH 18 c¢m transition with a better signal-to-noise
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Figure 66. Spectra of the OH 18 cm transition observed with VLA prepared by averaging over the area
enclosed by the black contour in Figure 64. A marginal absorption feature of the 1720 MHz line is seen in

the Vigr of 5.0 km s~!. The intensities of the 1612 and 1720 MHz lines are multiplied by a factor of three.
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ratio than the left panel of Figure 65, by averaging over the area enclosed by the black contour
in Figure 64. This black contour corresponds to the 50 level (~0.35 Jy/beam) of the image. The
obtained spectra is shown in Figure 66. Again, the 5.3 km s~! component shows emission for all the
hfs components, whereas a hint of the absorption feature of the 1720 MHz line is seen in Vygg of 5.0
km s~!. Although this absorption feature is marginal, the 1612 MHz line also shows a peak in the
same velocity, and the 1665 and 1667 MHz lines exhibit a wing component there. The strong 1720
MHz emission (Vsg ~ 5.3 km s71) and its marginal absorption (Vzsg ~ 5.0 km s7!) suggest that
the gas traced by 1720 MHz absorption is also resolved out, and more compact component, which
shows the 1720 MHz emission, is revealed by VLA. This picture is confirmed by the fact that the
intensities of the 1665, 1667 and 1720 MHz lines relative to the 1612 MHz line for the 5.3 km s—*
component, which are determined to be 5.3+1.0, 8.6£1.6, 1.74+0.4, respectively, are close to those
expected under the LTE condition (5, 9 and 1, respectively).

Above all, TMC-1FN is considered to consist of four components; (1) a warm extended gas traced
by the 1612 MHz absorption (Vpsg ~ 8.2 km s7', T} > 40 K, N(OH) < 10% c¢cm~2, OPR ~ 3),
(2) an intermediate gas traced by the faint 1612 MHz emission which connects the 8.2 and 5.5 km
s~ components (Visg ~ 6.5 km s71, T}, ~ 30-40 K, N(OH) < 10'® ecm™2), (3) a relatively cold
and dense gas traced by the 1720 MHz absorption (Vzsg ~ 5.5 km s™!, T}, < 30 K, N(OH) > 10'%
em 2, n(Hy) < 10° em™3, OPR ~ 0), and (4) a cold dense core deep inside the cloud revealed by
VLA, which shows the LTE ratio (Visg ~ 5.3 km s7%, Ty, ~ 10 K, n(Hy) > 10* ecm™3, OPR ~ 0).
Physical conditions of these components can be estimated by different hfs anomalies of the OH 18 cm
transition. This result demonstrates the unique characteristic of the OH 18 cm transition as a tracer

of molecular-cloud formation over a wide range of Hy density from diffuse clouds to dense cores.
6.6 Summary

We have shown that the absorption feature of the 1720 MHz line of the OH 18 c¢m transition can be
reproduced by taking account of the effect of pumping of FIR radiation from dust grains. We have
developed a statistical equilibrium calculation code considering the effects of the FIR radiation and

line overlaps, and have investigated the origin of the 1720 MHz line absorption. As a result, the 1720

127



MHz absorption is found to trace a dense (N(OH) > 10" cm™2) and cold (T} < 30 K) core illuminated
by relatively strong FIR radiation from dust grains in surrounding clouds. On the other hand, we
have confirmed that the absorption feature of the 1612 MHz line can be used to determine the gas
kinetic temperature of the diffuse warm gas for a wide range of an H, density, even in the presence of
the FIR radiation. Toward TMC-1FN and TMC-1(CP), the gas kinetic temperature is determined
to be 30-70 K for the red-shifted component, whereas it is lower than ~ 30 K for the blue-shifted
component in which the 1720 MHz line is seen in absorption. Combined analyses of OH, 3CO, and
C™O suggest that the peculiar straight structure in HCL2 is likely formed by the compression of the
warm envelope gas in southwestern direction. Hence, its unique characteristics, combined with the
excitation calculations, make the quartet of the hfs lines of the OH 18 c¢m transition a powerful probe
to study molecular cloud formation and a tracer of CO-dark molecular gas.

Nevertheless, we still have the shortage of the FIR intensity by a factor of 2-3 in order to fully
reproduce the 1720 MHz absorption, even if we consider the filamentary structure of the cloud. This
contradiction might be explained by contributions from extended gas and other filaments, and effect
of non-local line overlaps. Since quantitative analyses on these effects are rather difficult, they have
to be left for future works. However, this study has clarified the mechanism of the observed 1720
MHz absorption in molecular clouds and its physical meaning, and it will be a stiff base for such
future studies. The full understanding of the hyperfine anomalies of the OH 18 cm transition is
essentially important for future observational studies of OH using the Five-hundred-meter Aperture
Spherical radio Telescope (FAST) (http://fast.bao.ac.cn/en/) and Square Kilometre Array (SKA)

(https://www.skatelescope.org/).
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CHAPTER 7. Conclusions and Future Prospects

We conducted sensitive observations of the four hfs components of the OH 18 cm transition toward
various molecular clouds with the Effelsberg 100-m telescope and the GBT 100-m telescopes. As a

result, we find three types of hfs anomaly of the OH 18 c¢m transition;

1. The 1612 MHz absorption in a diffuse warm gas (T}, > 40 K, 10 em™2 < N(OH) < 10'% cm™2).
2. The 1665 MHz and 1667 MHz absorption in a warmer gas than that for 1 (7} > 90 K).

3. The 1720 MHz absorption in a relatively cold and dense gas (T < 30 K, N(OH) > 10 cm™2,

n(Hy) < 10® ecm™?) illuminated by the strong FIR radiation from surrounding gas.

We developed the statistical equilibrium calculation code, which successfully reproduces these hfs
anomalies. From these calculations, the fundamental pumping mechanisms producing each hfs
anomaly as well as the physical conditions required to reproduce the anomalies are revealed.

As for the 1612 MHz line absorption, the gas kinetic temperature can be determined accurately
by fitting our statistical equilibrium calculation to the observation. The absorption feature of the
main lines (1665 and 1667 MHz) is observed only toward the Pipe nebula, where the two filamentary
structures are interfacing with each other. The gas kinetic temperature is required to be high (T} >
90 K), suggesting the substantial heating by filament-filament collisions. From these analyses of the
1612 MHz absorption and the main lines’ absorption, we demonstrate that the OH 18 cm transition
can be used as a good thermometer of diffuse warm gas (7} > 40 K), which is a key to understanding
the transition from an atomic gas to a molecular cloud (Chapters 1 and 2).

The 1720 MHz line absorption is observed on the straight structure of HCL2, TMC-1FN. Its weak
emission or faint absorption with the enhanced 1612 MHz emission is observed toward L169, L183
and TMC-1(CP). We conducted statistical equilibrium calculations that include the effects of the
line overlaps and FIR pumping. As a result, we find that the FIR pumping to 2II; /2 J =3/2 and

Il J = 5/2 states from the ground rotational state at 53 pm and 35 pm, respectively, plays an
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Table 15. Derived parameters (three sources).

source Visk FWHM Ty N(OH)
# | (am/s) (kmfs)  (K) (cm?)
W4N |1 | 40.0 1.1 37425 (2.3£1.9)x 10
2 59.6 4.0 > 35 < 6x10
60.6 1.4 - -

4 | 63.0 1.5 66+15  (1.540.6)x10™

W31C |1 | 283 2.9 69+2  (2.9+1.3)x10™
2 | 40.0 4.0 68+2  (3.3+1.7)x10M

SgrB2(M) | 1 | -80.8 36.5 —~ -

2 | -41.1 2.8 > 40 < 2.5x101
-23.3 40.6 100413  (4.440.7)x10%
4 1.0 11.8 116418  (1.840.2)x 10"

13.5 18.3  10(fixed) (3.1£0.2)x10'¢

t

NoTE—Gas kinetic temperature and OH column density of each velocity component toward W49N, W31C
and Sgr B2(M) derived with our statistical equilibrium calculation. Colored numbers in the second column

correspond to those described in the 1667 MHz line spectra in Figure 67.

important role, although further study is necessary to fully explain the shortage of the observed FIR
intensity.

We also conducted the interferometric observation of the OH 18 cm transition toward TMC-1FN
with VLA. The extended component traced by the 1612 MHz absorption is resolved out in the
integrated intensity map. Furthermore, the 1720 MHz line appears in emission with VLA at the
velocity where it shows absorption with the Effelsberg. The hfs intensity ratio is close to that
expected under LTE, suggesting that the VLA reveals a dense core deep inside the cloud.

All these results show that the OH 18 cm transition is a new and powerful tool to study molecular-
cloud formation, because it traces a variety of physical conditions over the wide range of an Hy density

and the gas kinetic temperature.
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Figure 67. The OH 18 cm line spectra observed toward (left) W49N, (middle) W31C and (right) Sgr B2M
with VLA. The continuum emission is subtracted. Color lines show the result of Gaussian fit, where the
systemic velocity and the linewidth are assumed to be the same for the four hyperfine components. The

emission features are produced by maser emission at the systemic velocity of the star-forming regions.

This method can be used to diagnose the Galactic spiral arm clouds. Their chemical compositions
have been studied by observing molecular lines in the submillimeter-wave and THz regions. They
are observed in absorption against the strong continuum sources (Godard et al. 2010; Gerin et al.
2011). Many submillimeter-wave absorption lines of interstellar hydrides such as CH, CH", SHT,
OH*, NH and HCI" have been detected in the Galactic spiral arms with Herschel (Gerin et al.
2010; Godard et al. 2012; De Luca et al. 2012; Persson et al. 2012; Indriolo et al. 2015; Liszt & Gerin

2016), revealing rich chemistry in diffuse ISM. On the other hand, it is difficult to determine the physi-
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cal condition of such clouds from the submillimeter-wave absorption lines, because the above hydrides
are mostly populated in the ground rovibrational state, and the excitation analysis is almost impos-
sible. However, physical characterization of these clouds is really awaited for detailed understandings
of their chemistry. In particular, information on the temperature is essential to evaluate the effect of
UV penetration. The OH 18 cm transition will solve this problem. To examine this possibility, we an-
alyzed VLA archival data of OH observed toward strong radio continuum sources, most of which are
well-known high-mass star-forming regions. Figure 67 shows the spectra of OH toward W31C, W49N
and Sgr B2(M), where the absorption features of foreground spiral arm clouds are seen in several
velocity components. The conjugate feature of the satellite lines similar to that observed in HCL2E
(Figure 19) is seen toward these three sources. The 1612 MHz line shows deep absorption compared
with the 1665 and 1667 MHz line absorption, whereas the 1720 MHz line shows emission. To analyze
these observational results, we incorporate the effect of the background continuum radiation into our
statistical equilibrium calculation, and conduct the least-square analysis to each velocity component.
The derived gas kinetic temperatures and OH column densities are summarized in Table 15, where
the density and the ortho-to-para ratio of Hy are assumed to be 10 cm™3 and 3, respectively. Note
that the results do not strongly depend on the Hy density, as demonstrated in Figure 26. The clouds
are indeed found to be warm (35-120 K) except for the three clouds (V,sg=60.6 km/s component in
W49N and V;gz=36.5 km/s and 13.5 km/s components in Sgr B2(M)) where the above anomaly is
not observed.

As shown above, the OH 18 cm transition is also a good tracer of the physical conditions of the
Galactic spiral arm. Such a study to determine the gas kinetic temperature provides us with basic
information in exploring the molecular-cloud formation in the Galaxy. Unfortunately, a long obser-
vation time (30-60 minutes per position) is required to obtain a sufficient signal-to-noise ratio for the
satellite lines, and hence, a large-scale mapping observation has not been feasible with the currently
available radio telescopes. However, this situation will be changed relatively soon. Mapping observa-
tions of the OH 18 cm transition with the FAST 500-m telescope, which is the largest radio single-dish

telescope in China, toward various molecular clouds will reveal their temperature structures with a
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better spatial resolution and sensitivity. Such studies will give us with important information on the
origin of the straight structure, which is ubiquitous in molecular clouds (Section 2.1) and indeed seen
in HCL2 (Figure 44), Lupus-1 (Figure 24) and the Pipe nebula (Figure 35). Moreover, observations
of the OH 18 c¢m transition toward external galaxies using the SKA, which will be the largest radio
interferometer available in the mid-2020s, will reveal the temperature structure of spiral arms of
external galaxies. All these studies would improve our understandings of molecular-cloud formation.

The work presented here will be a sound base for these future studies.
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APPENDIX

A. Results of the new statistical equilibrium calculations with various
parameters

Here, we present results of our statistical equilibrium calculations with different OH column densities
and Hy ortho-to-para ratios (Figures 68-73). Assumptions in the calculations for panels ((a)-(f)) are
the same as those in Figures 55 and 58.

Figures 68 and 69 show the calculated intensities of the OH 18 cm transition as a function of the
gas kinetic temperature, where the Hy ortho-to-para ratio is assumed to be 0 and 3, respectively. The
OH column density is assumed to be 3 x 10* cm™2. The 1720 MHz line absorption is not reproduced
with such a low OH column density, as described in Section 6.4.1.3. On the other hand, the effect
of the FIR radiation is seen for the gas kinetic temperature higher than 30 K, since the intensity of
the 1612 MHz line in panels (b), (c), (e), and (f) is slightly higher than that in panels (a) and (d).
The 1720 MHz line is also slightly fainter. The effect of the line overlaps is negligible for the Hy
ortho-to-para ratio of 0 (Figure 68), whereas the 1667 MHz line is slightly brighter by considering
the effect of the overlaps for the Hy ortho-to-para ratio of 3 (Figure 69).

Figures 70 and 71 show the derived intensities of the OH 18 cm transition as a function of the H,
density, where the Hy ortho-to-para ratio is assumed to be 0 and 3, respectively. Again, the 1720
MHz line absorption is not reproduced with the OH column density of 3 x 10* cm~2, whereas the
effect of the FIR is seen for the H, density lower than ~10% cm 3.

Figure 72 shows the calculated intensities of the OH 18 cm transition as a function of the gas kinetic
temperature, where the Hy density, OH column density, and Hy ortho-to-para ratio are assumed to
be 103 cm™3, 3 x 10 cm™2, and 3, respectively. The absorption feature of the 1720 MHz line is
reproduced for the gas kinetic temperature higher than about 50 K by considering the effect of the
line overlaps (Figures 72 (d)—(f)), as shown in Section 6.4.1.3. However, the 1665 MHz line appears
in absorption for the gas kinetic temperature higher than about 60 K, and the 1612 MHz line is too

strong compared to the 1665 MHz line for the gas kinetic temperature between 50 K and 60 K.
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Figure 73 shows the calculated intensities of the OH 18 cm transition as a function of the Hy
density, where the OH column density, the gas kinetic temperature, and the Hy ortho-to-para ratio
are assumed to be 3 x 10'® ecm™2, 20 K, and 3, respectively. Qualitative features of the four hyperfine
structure lines are similar to those derived for the Hy ortho-to-para ratio of 0 (Figure 55). On the
other hand, the effects of the FIR radiation and line overlaps are smaller for the Hy ortho-to-para
ratio of 3, and the Hy density required to show the 1720 MHz line absorption is lower by a factor
of ~2-3. It can be explained by more efficient collisional excitations to the first rotationally excited
state levels by collisions with ortho-Hy than para-Hs, which might compensate the FIR pumping

effect and the effect of the line overlaps.
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Figure 68. The derived intensities of the OH 18 c¢m transition hfs lines as a function of the gas kinetic
temperature, where the Hy density, the OH column density, and the ortho-to-para ratio of Hy are assumed
to be 103 ecm™3, 3 x 10" ecm™2, and 0, respectively. Models assumed in each panel ((a)—(f)) are the same

as those in Figure 55.
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Figure 69. The derived intensities of the OH 18 c¢m transition hfs lines as a function of the gas kinetic
temperature, where the Hy density, the OH column density, and the ortho-to-para ratio of Hy are assumed
to be 103 ecm™3, 3 x 10" ecm™2, and 3, respectively. Models assumed in each panel ((a)—(f)) are the same

as those in Figure 55.
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Figure 70. The derived intensities of the OH 18 c¢m transition hfs lines as a function of the Ho density,
where the OH column density, the gas kinetic temperature, and the ortho-to-para ratio of Ho are assumed
to be 3 x 10 cm™2, 20 K, and 0, respectively. Models assumed in each panel ((a)—(f)) are the same as

those in Figure 55.
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Figure 71. The derived intensities of the OH 18 c¢m transition hfs lines as a function of the Ho density,
where the OH column density, the gas kinetic temperature, and the ortho-to-para ratio of Ho are assumed

to be 3 x 10 cm™2, 20 K, and 3, respectively. Models assumed in each panel ((a)—(f)) are the same as

those in Figure 55.
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Figure 72. The derived intensities of the OH 18 c¢m transition hfs lines as a function of the gas kinetic
temperature, where the Hy density, the OH column density, and the ortho-to-para ratio of Hs are assumed
to be 103 ecm™3, 3 x 10 cm™2, and 3, respectively. Models assumed in each panel ((a)—(f)) are the same
as those in Figure 55. The orange areas in the panels (d)—(f) represent the region where the 1720 MHz line

appears in absorption and the other three lines show emission.
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Figure 73. The derived intensities of the OH 18 c¢m transition hfs lines as a function of the Hy density,
where the OH column density, the gas kinetic temperature, and the ortho-to-para ratio of Ho are assumed
to be 3 x 10! cm™2, 20 K, and 3, respectively. Models assumed in each panel ((a)-(f)) are the same as
those in Figure 55. The cyan area in the panel (f) represents the region where the 1720 MHz line appears

in absorption.
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B. Effects of uncertainties in the collisional rate coefficients of OH

We employ the collisional rate coefficients of OH calculated by Offer et al. (1994) in our statistical
equilibrium calculations. Here, we assess the robustness of our calculations by conducting our cal-
culations with the hfs-resolved collisional rate coefficients, which are evaluated by applying the M-J
random method to the new hfs-unresolved rates reported by Klos et al. (2017). These rate coefficients
have been provided by Dr. Frangois Lique. Although they are based on the new interaction potential,
the hfs-resolved collisional rate coefficients are not considered rigorously in the M-J random method
(Klos et al. 2017). Hence, we have just used these rates to confirm our results in the main text.

Figure 74 shows derived intensities of the OH 18 cm transition as a function of the Hy density
with the collisional rate coefficients by Offer et al. (1994) (dotted lines) and the new rate coefficients
(solid lines). It can be seen that all the four solid lines slightly shift to the left in comparison with

the dotted lines shown in the same color. This suggests that the FIR pumping effect is slightly less
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Figure 74. The derived intensities of the OH 18 cm transition hfs lines as a function of the Hy density.
Dotted lines represent results with the collisional rate coefficients of OH calculated by Offer et al. (1994),
whereas solid lines show those with the new rate coefficients calculated by applying M-J random method to
hfs-unresolved rates by Klos et al. (2017) (solid line). Effect of the FIR radiation is not included in the left
panel, whereas FIR radiation calculated with the fiducial DustEM model (N (H)=3 x 10?3 cm~2, ISRF=0.4
Go) is included in the right panel.
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efficient with the new rate coefficients. The Hy density required to show the 1720 MHz line absorption
becomes lower by a factor of about 2 with the new rate coefficients (Figure 74, right). Hence, the
FIR intensity must be 2 times stronger in order to reproduce the 1720 MHz line absorption with the
new rate coefficients, assuming the same H, density. Nevertheless, the new rate coefficients does not
change the qualitative features of the four hfs lines’ behavior. Furthermore, the absorption in the
1720 MHz line can be reproduced even with the new rate coefficients. Therefore, uncertainties in the
collisional rate coefficients of OH are considered to only have a limited effect, a factor of 2 at most, on
the results discussed in the Section 6.4. Nevertheless, we have to add a caveat that accurate collisional
rate coefficients considering the hyperfine structure are awaited for more quantitative analysis of the

hyperfine anomaly of the OH 18 cm transition.
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C. A geometrical effect of a filamentary structure

In this section, we considered the geometrical effect on the intensity of the FIR radiation in TMC-
1FN by taking into account the density profile and the geometry of a filamentary structure. We
assume that the filament has a cylinder shape with a radius of W and a length of 2L, as shown in
Figure 75. Its density profile is assumed to be the Plummer-like profile, which can be written as a

function of the radial distance from the central axis of the cylinder (s) (Plummer 1911):

Pe
pls) = —— 7 (C1)
(1+%)
By considering a position P inside the filament in Figure 75, where the distance from the center of
the cylinder O is r¢, the FIR intensity averaged over all directions (6 and ¢) can be written as:

2 2 92 (2 R(6,)
liner) = u)2 [T a2 [*a0 [ drp(s(rio.0) (©2)

™ Jo ™ Jo —R(6,9)
where u(v) denotes the FIR intensity per hydrogen at a given frequency v.  R(f,¢) and s(r, 0, ¢)

are defined as:

Ri(8,0) = Y2000 (g < g < 6,(g))

R(6, ) = os? (C3)
Ry(0,9) = 2= (6e(0) <0< Z)

2(r.0.6) = s2(r,0,¢) = si(rcosf +rosing) (0 <6 < 0.(¢)) (4

s3(r, 0, ¢) = si(rcosb) (0:(0) <0 < 3).

Here, 0.(¢) and s3(x) are represented as:

L

0.(¢)=tan"! ChH

@) VW2 —r2cos? ¢ (C5)
2
0 cos
se(z) = + ¢ (C6)
—7ro sin ¢

=% — 2x7r9sin ¢ + 7p. (C7)
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Figure 75. Schematic illustration of a cylindrical model to estimate the geometrical effect of a filament
on the intensity of FIR radiation. The FIR intensity at the position P inside the filament is determined by
averaging over all direction (6 and ¢). We also derived the FIR intensity along the line-of-sight perpendicular

to the cylinder crossing the position P, as an estimate of the observed intensity.

We define the following functions by substituting the relations 7 = ro/r,, W = W/r,, and L = L/r,
for Equations (C3)—(C7):

Ri6,6) - ~ ()
Ry(6,9) = 55 (0e(0) <0 < 3)
52 (r) =2 — 22y sin ¢ + 7o (C9)
. 32(r,0,¢) = 32(rcosf + fosing) (0 <6 < 0.(¢))
5°(r, 0, 0)= (C10)

32(r,0,¢) = 82(rcos0) (0e(0) <0 < 3).
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Then, Equation (C2) becomes

Oe R1(0,6) ,
Tinner (v, 70) = (v )4””&/ do [/ de/ d (14 3(7,0,0)) " * (C11)

R19¢

/ d@/RQ(G 7 (14 s3(7,60,0)) g] (C12)

R2(0,9)

On the other hand, the FIR intensity along the line-of-sight perpendicular to the cylindrical axis at

the position with the distance of ry from the center of the cylinder is:

Ios(v,ro)=u(v) /_\/\/:::__ip (\/7“2 + rg) dr. (C13)

Figure 76 shows the intensity ratio of Ijue.(v, ro) relative to I os(v, ro) as a function of the
distance from the center of the cylinder rq. Dependence on the FIR frequency (v) is canceled by the

division. Here we assume the Plummer-like profile reported by Malinen et al. (2012) (p.=9.02x10%
e

7o (pPC)

Figure 76. The ratio of the FIR intensity inside the filament (Z;pner (v, 70) in Equation (C12)) to that along
the line-of-sight perpendicular to the filament (Ios(v, ro) in Equation (C13)) as a function of rg. Here the
Plummer-like density profile (Equation (C1)) with p.=9.02x10* em~3, r,=0.012 pc, and p=1.84, and the
cylindrical length of 2.5 pc are assumed. The FIR radiation inside the filament within 1 pc can be stronger

by a factor of 3-4 compared to the observed value along the line-of-sight.
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em ™3 7,=0.012 pc, p=1.84), which is derived from WFCAM extinction map toward the filamentary
structure harboring TMC-1FN. The length of the cylinder is assumed to be 2.5 pc, which is estimated
from the Herschel 250 pm map (Figure 77) observed toward HCL2 region. According to Figure 76,
the FIR intensity at TMC-1FN, which is located at ~0.25 pc distant from the center of the filament,
is estimated to be about 4 times stronger than the observed intensity, assuming that the filament is
perpendicular to the line-of-sight direction. Therefore, the FIR intensity at 160um toward TMC-1FN

is estimated to be 300-400 MJy sr~! according to the observed value with Spitzer (Flagey et al. 2009).
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Figure 77. The Herschel SPIRE 250pm map on the HCL2 region obtained from archival data with the
observation IDs of 1342202252 and 1342202253. White circle represents the observed position of TMC-1FN
in the OH 18 cm transition and its beam size. A filamentary structure observed in C*¥O (Figure 44) is

clearly seen in the southwestern part of TMC-1FN.
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