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Abstract

Stars are thought to be formed in dense molecular cloud cores. It, however, still remains
unclear how and when the star formation process takes place. In order to understand the (low-
mass) star formation process, I have studied the density structure, stability, and evolution of
globules (isolated dense cores) on the basis of dust extinction measurements. Dust extinction
measured at near-infrared wavelengths provides a robust measure of the column density. On
the basis of near-infrared imaging observations, I derived extinction distributions toward ten
globules, and investigeted their radial density structure by using the Bonnor-Ebert sphere
model. The Bonnor-Ebert model describes a pressure-confined self-gravitating isothermal gas
sphere in hydrostatic equilibrium. Using the data of my ten globules and four globules in
the literature (three star-forming and eleven starless globules), I investigated the stability of
globules on the basis of &, which characterizes the Bonnor-Ebert sphere as well as the
stability of the equilibrium state against the gravitational collapse. I found that more than
half of the starless globules are located near the critical state of the Bonnor-Ebert sphere
(Emax = 6.5+ 2). Thus, I suggest that a nearly critical Bonnor-Ebert sphere characterizes
the typical density structure of starless globules, and it approximates the initial condition of
gratitational collapse. Remaining starless globules show clearly unstable states (Emax > 6.5).
Since unstable equilibrium states are not long sustainable, I expect that these globules are
on the way to gravitational collapse or that they are stabilized by non-thermal support. It
was also found that all the star-forming globules show unstable solutions of Emax > 10, which
is consistent with the fact that they have started gravitational collapse. I investigated the
evolution of a collapsing gas sphere whose initial condition is a nearly critical Bonnor-Ebert
sphere. I found that the column density profiles of the collapsing sphere mimic those of the
static Bonnor-Ebert spheres in unstable equilibrium. Since the evolutionary timescale increases
with decreasing density, the collapsing gas sphere resembles marginally unstable Bonnor-Ebert

spheres for a long time. I found that the frequency distribution of €. for the observed starless
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globules is consistent with that from model calculations of the collapsing sphere. In addition
to the near-infrared observations, I carried out radio molecular line observations (C'®0 and
NoH*) toward the same ten globules. I confirmed that most of the globules are dominated by
thermal support. The line width of each globule was used to estimate the cloud temperature
including the contribution from turbulence, with which I estimated the distance to the globules

from the Bonnor-Ebert model fitting.
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Chapter 1

Introduction

1.1 Historical Overview

Stars are the most fundamental component of the universe, and are thought to be formed
in the interstellar molecular clouds. In the past decades, observations at radio and infrared
wavelengths revealed that cold and dense condensations within molecular clouds are closely
related to the formation of stars. These condensations, “dense molecular cloud core”, eventually
form stars through gravitational collapse. Fruitful information on the origin of stars can be
obtained from the information about physical evolution of dense cores including the onset of
gravitational collapse. It, however, still remains unclear what is the initial condition for the
gravitational collapse, when the collapse takes place, and how the collapse proceeds. This is
mainly due to observational difficulties to probe physical properties of dense cores, because
they are highly opaque objects, in particular at optical wavelengths. To understand the star
formation process, it is crutial to probe internal structure of dense cores, their stability against

self-gravity, and their evolution toward star formation.

Historically, molecular clouds and dense cores were firstly recognized as “dark markings”,
which absorb the light from background stars, on the optical photographic plates (Barnard

1919). Molecular clouds consist of molecular gas (99 % in mass) and dust (1 % in mass).
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The dust significantly contributes to absorption and scattering of star light. Thus, molecular
clouds in the solar neighborhood can be seen as “dark clouds” against background stellar
fields. By using extinction, general catalogs of dark clouds have been made by, for example,
Barnard (1927), Lynds (1962), Feitzinger & Stuwe (1984), and Clemens & Barvainis (1988).
Bok & Reilly (1947) firstly drew attention to small, round, dense dark clouds, and suggested
a possibility of star formation there. They proposed to call such condensations “globules”.
An isolated geometry from neighboring clouds is another important characteric of globules.
Physical properties of globules, such as size, mass, and density, are similar to those of dense
molecular cloud cores, suggesting that globules are the isolated counterpart of dense cores.
Since the strength of dust extinction toward dark clouds is directly proportional to the total
amount of dust along the line of sight, extinction maps of dark clouds and/or globules provide

important imformation on their size, morphology, mass, and density (e.g., Dickman 1978).

After the discoveries of molecular lines from dark clouds in a few decades from the 1960’s
(e.g., OH line: Weinreb et al. 1963), “molecular clouds” became alternative term to describe
dark clouds. Since the main component of molecular gas, molecular hydrogen Hs, is not directly
observable under the physical condition in molecular clouds, the next most abundant molecule,
CO, and the other less abundant molecules, such as CS, NHs, plays important roles in tracing
molecular gas distributions and in probing the kinematics and chemical composition of molec-
ular clouds. In the past a few decades, extensive survey of molecular clouds and /or dense cores
by using radio telescopes have been carried out by, for instance, Scoville & Solomon (1975),
Blitz (1980), Dame et al. (1987), and Benson & Myers (1989). Physical properties of molecular
clouds, e.g., density, mass, and size, have large dynamic ranges as summarized in Table 1.1
(adapted from Cernicharo 1991 and van Dishoek et al. 1993). Cold, dark molecular clouds
and giant molecular clouds (GMCs) are important objects to study star formation process. It
is known that hierarchical structure is commonly observed in molecular cloud complexes; for
instance, CO observations of the Cygnus OB7 complex (Falgarone et al. 1992) revealed that

hierarchy exists in all observable scales, from entire cloud complex (tens of parsecs) down to
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0.1-pc size structure (Fig. 1.1). Molecular cloud complexes have substructure: e.g., massive
(star-forming) clumps, which may form cluster of stars, and dense (pre)protostellar cores, which
may form single star or multiple systems (see, e.g., Williams et al. 2000).

In recent years, it was suggested to distinguish between isolated star formation (see, e.g.,
Ward-Thompson 2002) and cluster star formation (see, e.g., Pudritz 2002). It is known that
low-mass stars are formed in both isolated and clustered mode of star formation, while high-
mass star formation occurs exclusively in cluster-forming massive clumps in GMCs. Thus, it
is most likely that different physical processes dominate in isolated and clustered star forming
regions. Since most of stars are thought to be formed as member of clusters in GMCs (e.g.,
Lada 1999), less massive molecular clouds as well as isolated dense cores (i.e., globules) do
not significantly contribute to the star formation activity in the Galaxy. Small and isolated
molecular clouds have been paid great attention because they are ideal sites to study physical
process in star formation; their simple shape and isolated geometry from neighboring clouds
enable us to model their internal structure. I review low-mass star formation process in isolated

dense cores in the following sections.

1.2 Physical Properties of Young Stellar Objects (YSOs)

Low-mass star formation begins with gravitational collapse of dense cores having a density
of ~ 10* ¢cm™ and a size of order 0.1 pc. The infalling material forms an embryonic star
in the core, and surrounding circumstellar material accretes onto the forming star. YSO in
this phase is called protostar. Stars acquire most of their final mass through accretion in this
phase. Since protostars are highly obscured by dusty envelope, they are invisible at optical
wavelengths for the most of this phase. Jets and molecular outflows are commonly associated
with protostars. After most of surrounding material accretes onto forming stars and/or is
swept away by outflows, stars become visible at optical wavelengths. YSO in this phase is

called pre-main-sequence star or T Tauri star (TTS). TTSs are in the process of the quasi-
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static contraction. They turn into main sequence stars at the onset of hydrogen burning at the
centar.

Y'SOs refer to variety of objects, from the earliest main mass acccretion phase (protostar) to
the more evolved pre-main-sequence phase. Various types of YSOs can be classified on the basis
of their spectral enegy distributions (SED) as shown in Figure 1.2. It is popular to classify
YSOs into three classes (Class I, II, III) using the slope, a = dlog AFy/dlog A\, of SEDs at
infrared wavelengths (Lada & Wilking 1984; Adams et al. 1987; Lada 1991). Deeply embedded
young protostars show positive o values (a > 0) because strong infrared excess emission comes
from their circumstellar /envelope material in addition to the photospheric blackbody emission.
They are classified as Class I source. The lifetime of Class I sources is estimated to be ~ 10° yr
(e.g., Wilking, Lada, & Young 1989). The value of o decreases with decreasing circumstellar
material surrounding YSOs. Class IT (—1.5 < o < 0, age of ~ 10° yr) and Class I1I (v < —1.5,
age of ~ 107 yr) correspond to the pre-main-sequence star, in particular classical T Tauri star
and weak-line T Tauri star, respectively.

André, Ward-Thompson & Barsony (1993) introduced an additional class, Class 0, which is
the youngest protostar phase. Class 0 sources are characterized by (1) no detection of central
stars at near to mid infrared wavelengths (< 10 um), (2) a high ratio of the submillimeter
to bolometric luminosity, (3) a SED resembling cold blackbody of less than ~ 30 K. Class 0
sources are thought to extremely young protostars in the midst of main mass accretion. The
lifetime of Class 0 sources are estimated to be ~ 10 yr on the basis of the ratio of the observed

number of Class 0 sources to the number of Class I sources (e.g., André & Montmerle 1994).

1.3 Initial Conditions of Isolated Star Formation

Dense cores can be divided into two groups: one is the starless dense core and another is the
star-forming dense core that is associated with YSOs. The comparison study of both starless

and star-forming dense cores is important to provide essential information on the evolution of §

12



density, velocity, and chemical structure of dense cores as well as their relative lifetime.

1.3.1 Lifetime of Dense Cores

The Infrared Astronomical Satellite, IRAS, provided extensive data to identify deeply embedded
YSOs, i.e., protostars, in dense molecular clouds and to investigate association of protostars
with dense cores (e.g., Beichman et al. 1986). The ratio of the number of cores with protostars
to the number of starless cores provides an important constraint on the lifetime of starless
cores, because typical timescale of YSOs observed as embedded protostars is known (~ 10° yr).
Several observational studies suggest that the typical lifetime of starless dense core is several
times of 10° yr (e.g., Visser et al. 2002; Lee & Myers 1999; Onishi et al. 2002), which is several
times larger than the free-fall time of gas at a density of ~ 104 cm~3. These studies were mostly
based on the IRAS point source catalog to identify protostars. Since low-luminosity protostars
may escape from detection in the IRAS catalog (see, e.g., Young et al. 2004), the estimated

lifetime of starless dense cores serves as the upper limit.

1.3.2 Density Structure of Dense Cores

One of the most straightforward ways to probe density structure of dense cores is to observe
dust. It is established that gas-to-dust ratio in molecular clouds is fairly uniform (e.g., Bohlin,
Savage, & Drake 1978; Ryter 1996). Molecular line observations, on the other hand, are
highly affected by chemical abundance and excitation conditions of molecules. It is known that
molecular depletion is serious for some species, e.g., CO, CCS, and CS, in cold starless dense
cores (e.g., Caselli et al. 1999; Aikawa et al. 2001), which may cause misleading interpretations

of observations.
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Dust Emission Observations

Important findings on density structure of dense cores were provided by observing thermal dust
emission at millimeter and submillimeter wavelengths using bolometer cameras on single-dish
radio telescopes. Since dust emission traces gas column density, i.e., N(H;), radial density
profile of dense cores can be derived by assuming spherical symmetry in core’s shape. It was
found that starless dense cores show similar shapes of density profile (Ward-Thompson et al.
1994, 1999; André et al. 1996), which consist of flat inner region (p ~ constant) steepening
toward outermost region (p o 772). More recently, Bacmann et al. (2000) studied density
structure of starless cores on the basis of dust extinction measurements at mid infrared (~ 7
um) wavelengths using the Infrared Space Observatory (ISO). They confirmed the existence of
inner flat region in starless cores, and determined the shape of density profile at outermost low-
density region that cannot be revealed from ground-based submillimeter observations. They
found that typical column density profile of starless cores gets steeper than N (Hy) o r7t
at radii greater than 5000-10000 AU, suggesting that reservoirs of mass for the future star
formation in starless cores are finite, i.e., p & r™P with p > 2 at outer region. In other words,
dense cores appear to be decoupled at some specific radii from their ambient medium. Similar
result, i.e., existence of steep edge, has also been reported by Tomita et al. (1979) who studied
density structure in and around the optical boundary of large globules based on extinction
measurements at optical wavelengths. I note that if density distributions of dense cores are
truncated at specific outer radii, observed steep edge, i.e., N(Hs) oc 77? with p > 1, in column

density profiles can naturally be explained.

For star-forming dense cores, it was found that they are well fitted by the single power-law
density profile (p o r?) with p ~ 1.8 (e.g., Class 0 core: Shirley et al. 2002; Class I core:
Young et al. 2003). These results confirm that star-forming dense cores show the higher degree
of central condensation than that for starless cores. The presence of central star/disk system

and surrounding envelope, however, makes it diffucult to model density structure based on
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single-dish observations. The combination of both a single-dish telescope and higher resolution
observations with interferometer is needed to reveal density structure of star-forming cores from
the center to the outermost region.

Recently dust temperature gradient in cold dense starless cores has been reported (e.g.,
Evans et al. 2001; Ward-Thompson, André, & Kirk 2002). Since the intensity of thermal dust
emission is proportional to the sum of the product of dust temperature and density along the line
of sight, the temperature gradient systematically affects the column density distributions which
are derived by assuming a constant dust temperature. I note that extinction measurements from
the mid-infrared imaging (e.g., Bacmann et al. 2000) can also be affected by dust temperature
distributions, because both absorption and emission from the line-of-sight medium should be

taken into account at these wavelengths.

Dust Extinction Observations

Observations of dust extinction (Ay) at optical to near-infrared wavelengths provide more
reliable measure of column density than any other methods. Dust extinction is not affected by
dust temperature distribution and can reliably trace column densities from the core center to
low-density outer regions. There are two standard ways for extinction mapping; one is the star
count method (e.g., Dickman 1978) based on the measurements of stellar density, and the other
is the near-infrared color excess (NICE) method (Lada et al. 1994; Lada, Alves, & Lada 1999)
based on the measurements of color excess, e.g., Ey_g, of background stars. Since extinction
cross-section of dust grains decreases with increasing wavelengths (e.g., Cardelli et al. 1989),
extinction measurements at near-infrared wavelengths can probe regions of large column density
(typically Ay < 50 mag at H and K). At near-infrared wavelengths, the reddening/extinction
law is less affected by dust properties, e.g., grain growth, than that at optical wavelengths
(e.g., Cardelli et al. 1989). In other words, observations of extinction at optical wavelengths
are sensitive to the change in dust optical properties (e.g., Whittet et al. 2001; Kandori et al.

2003). Such observations provide important information on dust grains itself (e.g., size and
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composition).

On the basis of near-infrared observations, Alves et al. (2001) demonstrated that the
Bonnor-Ebert sphere model (Bonnor 1956; Ebert 1955) fits observed radial column density
profile of the dark globule Barnard 68 remarkably well (Fig. 1.3). The Bonnor-Ebert sphere
is the simplest model to describe a pressure-confined self-gravitating isothermal gas sphere in
hydrostatic equilibrium. The shape of the Bonnor-Ebert density profile consists of flat central

2

region surrounded by a steeper outer region of p oc 77%, which resembles the typical density

structure of starless dense cores obtained in previous (sub)millimeter dust emission observa-
tions. The best fit Bonnor-Ebert solution of Barnard 68 gives a density contrast (central-to-
surface density ratio) of 16.5, which exceeds the critical value of 14 for stable equilibrium of |
the Bonnor-Ebert sphere. Such a condition, i.e., unstable equilibrium state, should not be
long sustained, suggesting that the globule is on the way to gravitational collapse or that the
globule is stabilized by other mechanisms, e.g., magnetic support and/or turbulence (see, e.g.,
multi-pressure polytrope model: McKee & Holliman 1999). It remains unclear which physi- -
cal mechanism is actually important in Barnard 68. In order to understand initial conditions
for star formation, it is crutial to know density structure of dense cores before and after the
onset of gravitational collapse. Such studies require a number of dense core samples with well- -

determined physical properties. However, no statistical studies of density structure of dense

cores based on near-infrared extinction measurements has been carried out.

1.3.3 Velocity Structure of Dense Cores

Molecular line observations provide important information on the gas motion in dense cores.
The existence of non-thermal turbulence in molecular clouds is well known (e.g., Mac Low &
Klessen 2004). The observed linewidths are in general larger than those expected {rom gas
kinetic temperatures (typically ~ 10 K); the origin of the excess in linewidths is attributed .

to the non-thermal turbulent motion of gas in molecular clouds. Thus, in addition to the
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thermal pressure, turbulence is considered to contribute to the support of dense cores against
self-gravity. It is well known that a qorrelation exists between observed linewidths and the size
(and mass) of molecular clouds (linewidth-size relation: Larson 1981). The relationship that
linewidth increases with increasing cloud size in a power-law fashion, holds even in dense cores
(e.g., Fuller & Myers 1992). For dense cores in low-mass star forming regions, which are the
smallest end of hierarchy of molecular cloud structure, the observed linewidths become close
to the thermal line width (e.g., Myers 1983; Hotzel et al. 2002a; Tatematsu et al. 2004); the
turbulent pressure appears to be smaller than or comparable to the thermal pressure in dense
cores. The observations of velocity gradient in dense cores provide measure of rotational enegy,
which can also contribute to the support of cores against self-gravity. Goodman et al. (1993)
presented that the ratio of rotational to gravitational energy, 3, is the order of 1072, suggesting
that the rotation of dense cores is not important with respect to the support of cores. The

result is confirmed by recent observations (e.g., Caselli et al. 2002).

One of the most important outcomes from molecular line observations is the kinematic
evidence of infall gas motion in gravitationally collapsing clouds (see, e.g., Evans 1999). A
schematic illustration in Figure 1.4 shows how the infalling gas motion in dense cores forms an
asymmetric profile in optically thick line emission (e.g., CS J = 2 — 1 line). A double-peaked
asymmetric profile with a stronger blue-shifted portion (blue-skewed profile) provides evidence
of infall motion. This asymmetry originates from an inward gas motion and an inwardly
increasing excitation temperature, T,,, of molecular lines with high critical density; red-shifted
emissions from higher T¢, regions can be absorbed by the lower T, gas, which makes the red-
shifted peak weaker than the blue-shifted peak. Infall asymmetry line profiles were observed
toward some Class 0 protostars (e.g., Walker et al. 1986; Zhou et al. 1993); recent observations
of the IRAS 0419141522 revealed detailed velocity structure of the envelope gas around the
Class 0 source (Belloche et al. 2002).

Extensive surveys of infall asymmetry profile in starless dense cores have been carried out

(Lee et al. 1999, 2001, 2003). Subsonic infall motions, typically around 0.05 km s~!, were
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detected in some infall candidate cores, which are ~ 10 — 20 % of the total number of observed
starless dense cores. This result suggests that the gravitational collapse of dense cores begins
before the formation of enbryonic central star. In their surveys, it was also found that infall
asymmetry profiles widely distributed over core radii of ~ 0.1 pc, which is too extended to
be explained by the standard “inside-out” collapse scenario (Shu 1977). Though “run-away”
dynamical collapse scenario (Larson 1969; Penston 1969) provides extended infall velocity dis-
tribution, the assumed initial density condition for collapse in the model, uniform density f
sphere, is inconsistent with typical density structure of starless dense cores, i.e., the Bonnor-
Ebert like profile. It should be fruitful to investigate the gravitational collapse of a gas sphere
whose initial density condition is close to the Bonnor-Ebert sphere (e.g., Foster & Chevalier
1993; Ogino, Tomisaka, & Nakamura 1999). If the initial condition is set to the nearly critical
Bonnor-Ebert sphere with central density of ~ 10* em™2 and temperature of 10 K (Aikawa et
al. 2004), the time scale of the collapse is several times the free-fall time, which is comparable
with the lifetime of starless dense cores derived from observations (e.g., Visser et al. 2002; Lee
& Myers 1999; Onishi et al. 2002). The expected inward gas velocity remains subsonic (< 0.1
km s71) for the most of total collapse time, which is consistent with observed infall velocities in
dense starless cores (e.g., Lee et al. 1999, 2001, 2003). Thus, the collapse of the Bonnor-Ebert
sphere may provide a successful scenario to describe the process of gravitational collapse in

dense cores.

1.4 Thesis Work

In my thesis, I mainly fucus on the density structure, stabitily, and evolution of globules
(isolated dense cores) in order to understand low-mass star formation process (Chapter 2).
On the basis of extinction (Ay) measurements of both starless and star-forming globules at
the near-infrared wavelengths, I investigated density structure and stability of ten globules

using the Bonnor-Ebert sphere model. I studied the evolution of the density structure of
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starless globules by comparing observations with the theoretical calculation of a collapsing gas
sphere whose initical condition is close to the Bonnor-Ebert sphere. In addition to the near-
infrared observations, I carried out radio molecular line observations toward the globules to
investigate the degree of turbulent motion in each object. The Bonnor-Ebert model fitting
studies of globules based on near-infrared imaging observations have been reported for four
sources: Barnard 68 (Alves et al. 2001), Barnard 335 (Harvey et al. 2001), Coalsack Globule II
(Lada et al. 2004; Racca et al. 2001), and Lynds 694-2 (Harvey et al. 2003). With the limited
number of globules with well-defined physical properties, statistical studies were impossible.
By using the data of my ten globules and four globules in the literature, I have performed the
first systematic study of the density structure of globules based on the near-infrared extinction

measurements.

The reddening/extinction law is my particular interest, because dust optical properties are
closely related to the size and composition of dust grains (e.g., Mathis, Rumpl, & Nodesieck
1977). I studied dust optical properties in the dark cloud Lynds 1251 based on optical imaging
observations at multiple wavelengths, B, V', R, and I (Chapter 3). In addition to the extinction
mapping of the cloud, I derived distributions of the ratio of total to selective extinction, Ry =
Av/Eg_y, in Lynds 1251 for the first time. The value of Ry is a measure of wavelentgh
dependence of the interstellar extinction, representing the shape of the reddening/extinction
curve (e.g., Cardelli et al. 1989). I investigated how much Ry can vary in a single dark cloud by
comparing observations with the well established value of Ry ~ 3.1 for the diffuse interstellar
medium (e.g., Whittet 1992). This is the first study to create Ry map of a dark cloud on the
basis of the average color excess measurements, i.e., Eg_v, Eyv_g, and Fy_; at multiple optical

bands.

In Appendix A, I introduce the development of a virtual observatory (VO) prototype in the
Japanese group of the Atacama Large Millimeter/submillimeter Array (ALMA-Japan). The
- VO prototype system consists of two data pipelines that can reduce raw observational data

taken by the near-infrared and radio telescopes. I developed a near-infrared data reduction
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pipeline, and implemented it into the VO system. The pipeline has additional functionarities
to perform data analysis, stellar detection/photometry and extinction mapping of dark clouds,

which enable us to reduce and analyze huge amount of near-infrared data automatically.
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Table 1.1 Physical properties of interstellar molecular clouds

Giant Molecular ~ Molecular Cloud /  Star-Forming Dense Core
Cloud Complex Dark Cloud Complex Clump (Pre/Protostellar)

Size (pc) 10 — 60 2-20 0.1-2 <0.1
Density [n(Hz) cm ™3] 100 — 500 10% — 10 103 ~ 10° > 105
Mass (M) 10* — 108 10% — 104 10 — 108 0.1 -10
Linewidth (km s~1) 5—15 1—10 0.3-3 0.1-0.7
Temperature (k) 15 —-20 10— 30 10 - 30 7-15
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Figure 1.1 Maps of molecular gas distributions in the Cygnus OB7 complex (Falgarone et al.
1992). (a) Large scale map based on the 3CO J =1 — 0 observations. (b) Map of a subregion
with higher angular resolution using the same line. (c) '?CO J =1 — 0, (d), (e), and (g) are
based on the *CO J = 1 — 0 observations. (f) and (h) are based on the 8CO J =1 — 0

observations.
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Figure 1.2 A schematic illustration of the classification of YSOs in different evolutionary stages
based on the shape of SEDs (figure taken from Bachiller 1996).
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Figure 1.3 Optical and near-infrared images of the globule Barnard 68 (upper left: B, V, and
I composite image, lower left: B, I, and K composite image), and the radial Ay profile of the
cloud which is well fitted by the Bonnor-Ebert sphere (right). The dots and solid line represent

the azimuthally averaged Ay and best-fit solution of the Bonnor-Ebert sphere, respectively.
Figures are taken from Alves et al. (2001).
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Chapter 2

Near Infrared Imaging Survey of Bok

Globules: Density Structure

Kandori, R., Nakajima, Y., Tamura, M., Tatematsu, K., Aikawa, Y., Naoi, T., Sugitani, K.,
Nakaya, H., Nagayama, T., Nagata, T., Kurita, M., Kato, D., Nagashima, C., and Sato, S.,

The Astronomical Journal, Submitted.

Abstract

On the basis of near-infrared imaging observations, we derived visual extinction (Ay) distribu-
tion toward ten Bok globules through measurements of both the color excess (Ey_x) and the
stellar density at J, H, and K (star count). Radial column density profiles for each globule
were analyzed with the Bonnor-Ebert sphere model. Using the data of our ten globules and
four globules in the literature, we investigated the stability of globules on the basis of &€ ax,
which characterizes the Bonnor-Ebert sphere as well as the stability of the equilibrium state
against the gravitational collapse. We found that more than half of starless globules are located
near the critical state (max = 6.5 & 2). Thus, we suggest that a nearly critical Bonnor-Ebert

sphere characterizes the typical density structure of starless globules. Remaining starless glob-
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ules show clearly unstable states (max > 10). Since unstable equilibrium states are not long
maintained, we expect that these globules are on the way to gravitational collapse or that they
are stabilized by non-thermal support. It was also found that all the star-forming globules
show unstable solutions of &max > 10, which is consistent with the fact that they have started
gravitational collapse. We investigated the evolution of a collapsing gas sphere whose initial
condition is a nearly critical Bonnor-Ebert sphere. We found that the column density profiles
of the collapsing sphere mimic those of the static Bonnor-Ebert spheres in unstable equilib-
rium. Since the evolutionary timescale increases with decreasing density, the collapsing gas
sphere resembles marginally unstable Bonnor-Ebert spheres for a long time. We found that the
frequency distribution of ynax for the observed starless globules is consistent with that from
model calculations of the collapsing sphere. In addition to the near-infrared observations, we
carried out radio molecular line observations (C'80 and NyH*) toward the same ten globules.
We confirmed that most of the globules are dominated by thermal support. The line width
of each globule was used to estimate the cloud temperature including the contribution from
turbulence, with which we estimated the distance to the globules from the Bonnor-Ebert model

fitting.

2.1 Introduction

Probing the physical evolution of dense cores toward the onset of star formation is of great im-
portance in understanding the nature of the star formation process. The star formation process
as well as the characteristics of forming stars are probably mostly determined by the properties
of the nursing cores, such as size, mass, temperature, turbulence, and density structure, right
hefore the gravitational collapse. In order to clarify the initial condition of star formation, it is
important to provide a number of dense core samples with well defined physical properties.

Bok globules (i.e., isolated molecular cloud cores) are ideal sites for studying isolated star

formation processes because of their simple shape and isolated geometry from neighboring
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clouds. These characteristics of globules enable us to model their internal structure (e.g.,
density). For these reasons, detailed observations of some well-known globules have been done.
Alves et al. (2001) reported a high-resolution dust-extinction (Ay ) study of the starless globule
Barnard 68, based on near-infrared observations. They presented a radial column density profile
of the globule which is well fitted by the Bonnor-Ebert sphere model (Bonnor 1956; Ebert 1955).
Because the density structure is well determined, molecular abundances in Barnard 68 have
been studied by comparing dust extinction with molecular distribution (Bergin et al. 2002;

Hotzel et al. 2002a, 2002b; Di Francesco et al. 2002; Lai et al. 2003).

An unbiased survey of both starless and star-forming globules is important to provide essen-
tial information on the evolution of density, velocity, and chemical structure of globules as well
as their relative lifetime. Statistical studies of globules (dense cores) have been conducted based
on the observations of thermal dust emission (e.g., Visser et al. 2001, 2002), dust extinction in
the mid-infrared (Bacmann et al. 2000), molecular line emission (e.g., Launhardt et al. 1998;
Caselli et al. 2002), and a combination of these (e.g., Tafalla et al. 2002; dust and molecular
line emissions). However, no statistical studies of the density structure of globules based on
the near-infrared extinction have been carried out. Recently, the dust temperature gradient in
cold starless cores (e.g., Evans et al. 2001; Ward-Thompson, Andre, & Kirk 2002) has been
pointed out, and this may systematically affect the column density distribution derived by
assuming a constant dust temperature. The measurements of extinction in the mid-infrared
surface photometry (e.g., Bacmann et al. 2000) can also be affected by dust temperature
distributions, because both absorption and emission from the line-of-sight medium should be
taken into account at these wavelengths. As a column density tracer, near-infrared extinction
measurement is one of the most straightforward methods with no ambiguity caused by dust
temperature distribution. Near-infrared extinction measurements can trace dust column den-
sities at low-density outer regions of the globules, where (sub)millimeter dust emission cannot

be detected.

The aim of our near-infrared (J, H, and K,) imaging survey of Bok globules is to reveal
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the evolution of radial density structures of globules from the starless to protostellar phases
as well as to derive their fundamental physical parameters (e.g., size, temperature, mass, and
external pressure) on the basis of the measurements of dust extinction. We investigated the
radial Ay distribution for each globule using the Bonnor-Ebert sphere model. The solutions
of the Bonnor-Ebert sphere can be characterized by the dimensionless radial parameter &,

which describes the stability of the gas sphere against gravitational collapse, and the critical

state is achieved at &,,x=06.5. By combining our results for ten Bok globules with previous

reports on four sources, we investigate the difference in physical properties, in particular the
Emax Value, between the globules in the starless phase and those in the star-forming (protostellar
or gravitational collase) phase, which is likely to be related to the difference in evolutionary

stages of the globules. In order to investigate the velocity structure of globules, we observed

the same globules using the 45 m radio telescope of Nobeyama Radio Observatory with the |

C¥80 (J =1 — 0) and/or NoH* (J = 1 — 0) molecular lines.

The procedures of our observations and data reduction are described in § 2.2. The distribu-

tion of dust extinction (Ay) for each globule is obtained in order to derive the radial Ay profile

and to fit it by the Bonnor-Ebert sphere model (§ 2.3 and 2.4). We investigate the difference in |

the physical properties between the starless and star-forming globules and discuss implications

for the evolution of globules in § 2.5. Our conclusions are summarized in § 2.6.

2.2 Observations and Data Reduction

2.2.1 Source Selection

We observed ten Bok globules, CB 87, CB 110, CB 131, CB 134, CB 161, CB 184, CB 188,
FeSt 1-457, Lynds 495, and Lynds 498. These were selected from a unified catalog of dark
clouds (Dutra & Bica 2002; compilation of 21 dark cloud catalogs) with the following criteria:

1) globules whose angular sizes are less than ~5', (2) those having simple shapes (circular
g
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or elliptical), (3) those well isolated from neighboring clouds, (4) those located in the solar
neighborhood (distance of less than ~500 pc), and (5) those observable from both hemispheres.
The properties of the observed globules are summarized in Table 2.1. Column 1 lists the
name of the globule, Columns 2 and 3 list the equatorial coordinates (J2000) of the center of
the target field. Column 4 gives the distance to the globule from the catalog (Dutra & Bica
2002). The distance to the nearby and compact globules is difficult to determine. The lack of
foreground stars toward globules makes spectro-photometric distance measurements impossible,
and the distance estimation from LSR velocity (kinematic distance) is not reliable for nearby
clouds. Thus, the listed distances are only values assumed by associating observed globules
with neighboring larger molecular clouds whose distance is known. Column 5 represents the
association of IRAS point sources within the optical boundary of each globule. A Class I
protostar (IRAS 19179+1129) is associated with CB 188 (Launhardt 1996; Yun & Clemens
1992), whereas no evidence of star formation is shown for the other nine globules. For CB 184,
a Class II source (IRAS 19116+1623) is located near the globule (Launhardt 1996), but its
physical association with the globule is not known. Since star-forming activity is not taking
place around the center of CB 184, we will treat CB 184 as a starless globule in this paper.
‘The Bonnor-Ebert model fitting studies of globules based on near-infrared extinction have been
reported in four sources in the literature: Barnard 68 (Alves et al. 2001), Barnard 335 (Harvey
et al. 2001), Coalsack Globule II (Lada et al. 2004; Racca et al. 2002), and Lynds 694-2
(Harvey et al. 2003). A Class 0 protostar (IRAS 19345+0727) is associated with Barnard
335. The other globules have no IRAS sources, while Lynds 694-2 shows strong evidence of gas
inward motion (Lee, Myers, & Tafalla 1999, 2001; Lee, Myers, & Plume 2004). Thus, we will
classify Lynds 694-2 as a star-forming globule in this paper. There are two recent reports on
the density structure of Coalsack Globule II based on similar analyses. We mainly refer to the
observations of Lada et al. (2004) because their near-infrared observations are more sensitive

than those of Racca et al. (2002).
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2.2.2 Near-Infrared Data

We carried out near-infrared (J, H, and K) imaging observations of Bok globules using the
infrared camera SIRIUS (Simultaneous three-color InfraRed Imager for Unbiased Surveys; Na-
gayama et al. 2003; Nagashima et al. 1999) on the 1.4 m telescope, IRSF (InfraRed Survey
Facility), at the South African Astronomical Observatory (SAAQ). Observations were made
over two periods from 2002 July 30 to August 12 and from 2003 June 24 to July 14. SIRIUS
has three 1024x1024 pixel HgCdTe infrared detectors (HAWAII array), which enables us to
take J, H, and K, images simultaneously. IRSF/SIRIUS can image a large FOV of ~7/7x7'7
with a scale of 0745 /pixel, and the limiting magnitudes (S/N=10) for a typical 10-minute ex-
posure time reach 18.9, 18.3, and 17.3 mag at J, H, and K, respectively. Thus, this survey
is much deeper than previous extensive surveys (e.g., 2MASS, DENIS). For each globule, we
performed a 15-minute integration with a set of dithered 20 s or 30 s exposures except CB
110 and FeSt 1-457, whose integration times are 45 and 60 minutes, respectively. The dithered
spatial interval was 30" or 40”. Since the apparent diameter of each target globule is less than
5, we covered its entire extent at one time. The typical seeing during the observations was
079—1"4 (FWHM), corresponding to 2—3 pixels. To correct detector flatness and pixel-to-pixel
variation, we obtained twilight flat and dark frames at the beginning and end of the nights.
We observed some sets of near-infrared standard stars listed by Persson et al. (1998) during

the observations for photometric calibration.

We processed the observed data in a standard way of near-infrared image reduction (i.e.,
dark subtraction, flat-field correction, and median sky subtraction) with the IRAF! (Image
Reduction and Analysis Facility) and the IDL (Interactive Data Language, by Research Sys-
tems, Inc.) routines. After subtraction of averaged dark frame, each object frame was divided

by normalized flat frames. For correcting thermal emission pattern and the fringe pattern from

1 TRAF is distributed by the National Optical Astronomy Observatories, which are operated by the Associ-
ation of Universities for Research in Astronomy, Inc., under cooperative agreement with the National Science
Foundation.
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the atomospheric OH emission, we constructed a median sky frame to be subtracted from the
object frame. Since all the observed targets are located in the very crowded field of the Milky
Way, we did not adopt the self-sky, with which the residual signal of (bright) stars cannot be
excluded on the resulting self-sky frame. Therefore, we constructed the sky frame for each
band by taking the median of dithered frames toward the different several (four to eight) ob-
jects observed in the same night, which resulted in a sky frame with no stellar residuals. This
“average” median sky does not reflect the actual sky for each object because the median was
taken across several object frames. We compared the “average” median sky frame with the
self-sky frame for each object in order to correct their different sky levels, and the final (level-
matched) median sky frames were made for each object. Though the thermal emission pattern
is adequately corrected in the final median sky frames, the OH fringe pattern is time-averaged.
We confirmed that the effect of the time-variation of the OH fringe pattern is within accept-
able levels by checking the sky noise level of the final combined object frames. After the sky
subtraction and frame-registration, we combined all the dithered images for each object with a

3o clipping. We show three-color (JH K) composite images of globules in Figure 2.1,

For the source detection and photometry, we applied the IRAF/DAOPHOT package (Stet-
son 1987) to the images. We measured the instrumental magnitudes of the detected stars having
a peak intensity greater than 4.0 ¢ noise level above the sky background by fitting a point-
spread function (PSF) and subtracting it from the image. We iteratively performed stellar
detections and psf-fitting photometries to the source-subtracted image in order to collect over-
looked sources in the previous procedure. We manually checked the results of the photometries
and removed some false detections by visual inspection. We summarize the results of stellar
detection in Table 2.2. For calculating the plate solution, we matched the pixel coordinates of
a number of detected stars with the celestial coordinates of their counterparts in the 2MASS
point source catalog (Cutri et al. 2003) and obtained the transformation coefficient using the
IRAF/IMCOORDS package, which resulted in an acceptable positional error of less than 075

(rms). All the stars detected in our observations were cataloged separately with respect to
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the filters (JHK,). These stars of single-band detections were used to generate an extinction
map at each band with a star count method. We applied the following equations for the color

conversion from the IRSF to the standard CTIO/CIT photometric system:

(J = H)grr = 0.980x(J — H)pgp +0.029 for (J — H)pep > 0.35,  (2.2.1)
(J=H)gr = 1.047%(J = H)pep for (J — H)pep < 0.35,  (2.2.2)

(H~ K)grp = 0.912%(H — Kg)psp (2.2.3)

These were derived from measurements of red standard stars (see, Nakajima et al. 2004 for

details).

2.2.3 Molecular Line Data

o

We have carried out molecular line observations toward ten globules using the 45 m radio .

telescope of Nobeyama Radio Observatory over four observing periods (2003 March 10-19,

2003 April 8-10, 2004 January 9-12, and 2004 February 3-10). The observed objects are the

same as those observed by IRSF/SIRIUS. The receiver employed was the 25-element focal-plane

array receiver BEARS consisting of double-sideband SIS mixers (Sunada et al. 2000). All the

target globules in Table 2.1 are mapped in position-switching mode in C80 (J = 1 —0) at ‘

109.782173 GHz (JPL catalog; see, http://spéc.jpl.nasa.gov/) and/or NoH* (J =1 — 0) at
93.1737767 GHz (Caselli, Myers & Thaddeus 1995) on a 13”7 grid spacing. The half-power
beamwidth for each element beam was estimated to be ~17”8 at 93 GHz and ~15”1 at 109
GHz. The map coverage (~4'x4’) is sufficiently large compared with the extinction feature of
globules. As a back end, we used a digital autocorrelator with a 37.8 kHz frequency resolution
(~0.12 kms™" at 93 GHz, and ~0.10 kms™" at 109 GHz). The intensity was calibrated using the
standard chopper-wheel method, and is expressed in terms of the corrected antenna temperature
T3. To correct for the sideband ratio, we calibrated 77 using the intensity obtained with the

single-sideband receiver S100. The scaling factor from T of BEARS to that of S100 for NoH*
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(J =1 — 0) was measured by ourselves, and that for C'*O (J = 1 — 0) was provided by
the observatory. A typical value of the scaling factor for each BEARS element was ~ 1.5.
We estimated the main beam efficiency of S100 at 93 and 109 GHz to be 0.515 and 0.442,
respectively, by interpolating values at 86, 100, and 115 GHz provided by the observatory. The
pointing accuracy was typically better than 7" by observing SiO maser sources at 43 GHz every

1-1.5 hours during the observations.

2.3 Derivation of Ay and Molecular Line Parameters

Ay measurement is one of the most straightforward ways to probe the density structure of
dark clouds. There are two standard ways to do extinction mapping; one is the star count
method (e.g., Dickman 1978; Cambrésy 1999; Dobashi et al. 2004) based on the measurements
of the stellar density, and the other is the near-infrared color excess (NICE) method (Lada
et al. 1994) based on measurements of the stellar color excess (e.g., Eg_x). By considering
the stellar density in H and K, at the densest region of globules, we decided which method is
better for each target globule. We analyzed CB 131, CB 134 and CB 188 with the star count

method and analyzed the other globules with the NICE method.

2.3.1 Star Count

On the basis of the stars detected in the J, H, and K bands, we derived extinction maps (A,
Ap, and Ag,) for CB 131, CB 134, and CB 188 using the star count method (see, e.g., Kandori
et al. 2003). A logarithmic cumulative stellar density log V measured at the magnitude myy

can be converted to extinction Ay as

Ay (Aa, AS,my0) = mag — [ [log N(Aa, Ad, mx )] (2.3.1)
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.where Aa: and AJ are the offset positions from the equatorial coordinate of ima‘ge center, and
! is the inverse function of f = log N;et(my), which is the logarithmic cumulative luminosity
function (i.e., Wolf diagram; Wolf 1923) constructed in the extinction-free reference field (see
Fig. 2.2). Though f is often assumed to be linear as f = a + bm,, we fitted it with a 4th-order |

polynomial because the function shows a slightly curved shape.

To measure stellar density distribution, log N(Aa, Ad, my ), we arranged circular cells (typ-
ically ~30" in diameter) separated by 9” intervals on each observed field (~7'x7' area), and
counted the number of stars falling in the cells up to the threshold magnitude m 0 (see Table
2.2 for the definition) which is well above the limiting magnitudes. The diameter of circular
cells depends on the stellar density in each cloud field. We smoothed the stellar density map
with a Gaussian filter (FWHM=13"5) to reduce noise. In order to derive A;, Ay, and Ag,, we
numerically calculated f~! in equation (2.3.1) after substituting the actually measured stellar
density log N(Aa, Ad,myp) into f~. In the resulting extinction maps, A, tends to be satu- ‘
rated at the densest region of the cloud, but sufficiently reveals the diffuse extinction feature
around the cloud, and Ag, has the opposite tendency. In order to relieve saturation, we made

a composite Ay map by combining the A, Ay, and Ag, data with the following equation:

Ay = OZRKS\/AKS + (1 — Oz)RHvAH for Ay > Ar}r}ax/Q (232) _

Ay = [BRyvAyg+(1—-B)RywA; for Ay < AF*/2 (2.3.3)

where o and [ are the weighting parameters defined as Ay /AR and Ay /(A%*/2) where
AR denotes the maximum value of Ay in each analyzing field. The R,y denotes the standard

conversion factor from Ay to Ay in Rieke & Lebofsky (1985), which is 3.55 and 5.71 for J °
and H, respectively. For K, we assumed Ay = 9.44Ag, on the basis of equation (2.2.3) and i
the conversion factors in Rieke & Lebofsky (1985). These conversion factors depend on the :
assumption of dust optical properties, in particular Ry. We discuss systematic uncertainties |

in the derivation of Ay in the Appendix. The resulting Ay maps for CB 131, CB 134, and CB ;
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AL

188 are shown in Figure 2.2. Typical uncertainty of Ay in the reference field (Ay ~ 0 mag) is

estimated to be ~0.9 mag.

2.3.2 Near-Infrared Color Excess

On the basis of the stars detected both in the H, and K, bands, we derived extinction (Ay)
maps for CB 87, CB 110, CB 161, CB 184, FeSt 1-457, Lynds 495, and Lynds 498 using the
NICE method. If we assume that the population of stars toward the observed field is invariable,
the mean stellar color in the reference field < H — K >, can be used as the zero point of
color excess. The color excess distribution toward globules can be derived by subtracting
< H — K > from the observed H — K of stars. Since the extent of each analyzed field is
relatively small (~ 7" x 7'), our assumption on invariant stellar population seems plausible. To
measure color excess distribution, we arranged circular cells (~30" diameter) spaced at 9" (the
same alignment as used in the star count analysis) on each observed field. We calculated the

mean stellar color in each cell and derived their color excess as

Ey_k (Ao, Ad) = {i (H—X/_K)_Z

i=1

(2.3.4)

ref

} (Aa, AS) — (H — K)

where (H — K); is the color index of the i-th star in a cell, and N is the number of stars
falling in a cell. (H — K ) is the mean color of stars in the reference field (see, Fig. 2.2). We
converted the H — K color excess to Ay using the reddening law of Rieke & Lebofsky (1985) as
Ay = 15.9 x Ey_g. We then smoothed the resulting Ay map in the same manner as used in
the star count analysis. The resulting Ay maps are shown in Figure 2.2, Typical uncertainty

of Ay in the reference field (Ay ~ 0 mag) is estimated to be ~0.6 mag.

2.3.3 Molecular Line Parameters

We derived the observed molecular line parameters, LSR velocity, peak temperature, line width,

and effective sound speed, for each globule. We observed NoH* (J = 1 — 0) for FeSt 1-457
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and C80 (J = 1 — 0) for the other globules. We show the spectrum observed at the center of
each globule in Figure 2.3. For the NoH* spectrum fitting we took into account their hyperfine
structure and line optical depth effect (using the same procedure as described in Tatematsu et
al. 2004). The intrinsic relative intensity and rest frequency of hyperfine components are taken
from Tiné et al. (2000) and Caselli et al. (1995), respectively.

We derived the total line width AV, and non-thermal line width AVyT for the spectrum
by assuming that a gas kinetic temperature 7} is equal to 10 K. AV, and AVyt can be
obtained from AV@: = AVZ, — (8n2)kTi/Mobs, and AV = AV3. + (8In2)kTy/m, where m
and mmeps is the mean molecular weight (2.33 amu) and the mass of the observed molecule.
The thermal line width AVp(= (81n2)kTi/m) for m = 2.33 amu and Ty = 10 K, is 0.443 km
s~!. Derived line widths are listed in Table 2.3. We found that thermal line width is larger
than non-thermal line width for most of the observed globules. Thus, it is likely that observed
globules are dominated by thermal support with a small contribution from the non-thermal
turbulence. The thermal and non-thermal components of the line width can be characterized
by a temperature as T = AVEm/k8In2 and Tyt = AV@rm/k8In2, respectively. We derived
Teg = T} + Tyt for each globule in Table 2.3 as a cloud-supporting temperature which includes
non-thermal contribution. In order to estimate the distance to the globules, we will use Teg in
combination with the Bonnor-Ebert model fitting of globules in §2.4.2. In this paper, we only
use the information on molecular line width. Detailed studies such as comparison between dusf

extinction and molecular distribution will be reported in a subsequent paper.

2.4 Density Structure

2.4.1 Bonnor-Ebert Sphere Model

In order to model the internal density structure of Bok globules, we used the Bonnor-Ebert

sphere model (Bonnor 1956; Ebert 1955), which is a modified Lane-Emden equation describing a
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pressure-confined self-gravitating isothermal gas sphere in hydrostatic equilibrium. The density

structure of a Bonnor-Ebert sphere can be obtained by solving the following equation:

1d [ ,do —o

- L) = 4.1

ZHT ( . 5) e (2.4.1)
where ¢ is the logarithmic density contrast, ¢(¢) = —In{p/p.); p and p. are the volume

density and central volume density, respectively. ¢ is the dimensionless radial parameter,
& = (1/C)V/4rGpe; r, G, and C; are the radius, gravitational constant, and isothermal sound
speed, Cs = (kT/m)'/?, where k, T, and m are the Boltzmann constant, kinetic temperature,
and mean mass of the molecule (2.33 amu), respectively. Under the standard boundary condi-
tions, ¢(0) = 0 (i.e., p = pc at r = 0) and d¢(0)/dé = 0 (i.e., dp/dr = 0 at 7 = 0), equation
(2.41) can be solved with numerical integration. If the gas sphere is confined by external
pressure P, at the core boundary radius R, the solutions of the Bonnor-Ebert sphere can be

characterized by the dimensionless radius £ e = £(r = R) as

Emax = g\/llepc. (2.4.2)

s

£max 18 a stability measure of the gas sphere against the gravitational collapse (Bonnor 1956;
Ebert 1955). Critical state is achieved at £, = 6.5 corresponding to the density contrast of
pc/pr = 14. For asolution with €., > 6.5, the equilibrium state is unstable to the gravitational

collapse. The Bonnor-Ebert sphere mass M and the external pressure P, are calculated as

d§
Py = Cs2pe¢max) (2.4.4)

d
M = 4m3p65§,ax(—¢) (2.4.3)
£=&max

where a = C;/(4nGp.)Y/2.
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2.4.2 Bonnor-Ebert Model Fitting of Bok Globules

Derivation of Column Density Profile

For a comparison of observational data (i.e., Ay) with a theoretical Bonnor-Ebert density
distribution, radial Ay profiles for each globule were constructed. We set annuli spaced at 9"
around the center of the core that is the Ay intensity peak (see Table 2.4), and calculated
averaged Ay values at each annulus (see Figure 2.4). For apparently elliptical globules (CB
87, CB 161, and CB 184) we performed ellipse fitting to the Ay distribution, and “equivalent”
radius, 7 = Vab , was substituted for radius where a and b are the respective semi-minor and
semi-major axes of the ellipse for the cores. Fitted ellipticity and position angle for the globules
are listed in Table 2.4. It is possible that the observed globules with circular projected shapes
are actually pole-on prolate ellipsoids. In this case, the shape of the observed Ay profile should
be steeper than that for the intrinsic shape. Since there is no effective method for estimating
how ellongated a globule is along the line of sight, we assumed that the line of sight length of

globules is the same as the projected diameter.

We manually masked extinction features likely to be unrelated to the globules (e.g., the
other clouds on the same image, diffuse streaming feature; see Fig. 2.2), and masked regions
were omitted in the circularly averaging procedure. Furthermore we recalibrated the relative
zero point of extinction for the analyzed globules by subtracting background extinction (i.e.,
Ay offset value). The Ay offsets have been derived from averaging Ay within the annulus of
150" to 200" radius, which is sufficiently larger than the primary extinction feature of globules.
Actually, the subtracted values as Ay offset are small (typically ~ 0.5 mag), and it solely
depends on where we set the reference fields in the star count or color excess analysis. In order
to convert Ay to the Hy column density, we used the relationship between the optical color
excess Fg_y and the hydrogen column density, N(HI + Hy)/Ep_yv = 5.8 x 10?! cm~2 mag™’
(Bohlin, Savage, & Drake 1978), where N(HI + H,) = N(HI) 4+ 2N(H;). This relationship is

based on the UV absorption line measurements toward the stars of slightly obscured lines of

40




sight (Ez_y < 0.5 mag). By assuming that (1) all hydrogen in the cloud is in a molecular form
and that (2) the ratio of total-to-selective extinction Ry (= Av/ Eg_y) is equal to the standard
ISM value of 3.1 (e.g., Whittet 1992), we obtained'N(Hg)/AV =94 x 10®° cm™ mag™!, and
used it to derive the Hy column density. The resulting column density profiles are shown in

Figure 2.4.

Derivation of Model Parameters

Since the particular solution of the Bonnor-Ebert sphere is characterized by the parameter
Emax (Bq. [2.4.2]), we set radius R, temperature 7', and central density pe of the sphere as
free parameters in the fitting procedure of the Bonnor-Ebert sphere. In order to construct a
model density profile, we performed numerical integration to the two first order equations as
divisions of equation (2.4.1). Resulting & and ¢ are scaled to derive the radius and density
in a model density profile. For the different values of R, T, and pc, the corresponding model
density profile changes accordingly. We integrated the model profile at each impact parameter
to calculate the column density. In order to match the resolution between the model and the
actual column density data, the model column density projected onto the Ao-Aé plane was
convolved with the same beam as used in the star count or color excess analysis (cylinder-shaped
beam convolved with the Gaussian), and we constructed a column density profile for a Bonnor-
Ebert sphere. We made calculations of the resolution-matched Bonnor-Ebert column density
profile for various free parameters, and evaluated the fit for resulting density distributions by
calculating a reduced x?. In Figure 2.4, we show the result of the Bonnor-Ebert fit to the
radial column density profile of the globules. The dots and error bars represent the average
N (H,) values at each annulus of 9” intervals and the rms values of data points in each annulus,
respectively. The solid line denotes the radial column density profile of the best-fit Bonnor-
Ebert sphere which is convolved with the same beam as used in the Ay measurements. The
dashed line denotes the Bonnor-Ebert model profile before the convolution. In Tables 2.4 and

2.5, we list the derived Bonnor-Ebert parameters for globules including previous reports on
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four sources (Barnard 68, Barnard 335, Coalsack Globule II, and Lynds 694-2).

In the x2-procedure, coverage of the fitting part in the radial profile ranges from the min-
imum radius (center) to the radius where the observed Ay value reaches ~1 mag (detection
limit). In some cores (Lynds 495 and Lynds 498), deviation of observed profiles from the
Bonnor-Ebert sphere appeared at diffuse outskirts (Ay < 1 mag), for which we reset the fit-
ting part to avoid the apparent deviation. The Bonnor-Ebert fitting parameters were actually
well constrained from the data within the “shoulder” of the density distribution; the x2-fitting
results are not sensitive to the selection of fitting part unless there is no significant kink in the
column density profile. In Figure 2.5 we show the example of x? distribution for CB 161 on
the po — R, po — T, and R — T plane. We estimated the uncertainty in the best-fit parameter
by taking the second derivative of x* with respect to each parameter b; at the region of the x?
minimum as o} = 2(8*x?/ 0b§)“1 (e.g., Bevington & Robinson 1992), where o is the one-sigma
uncertainty for each parameter, in our case, R, dp., and 0T'. We discuss possible systematic

uncertainties in the derivation of £yax in the Appendix.

Distance to the Globules

Since there are no effective methods for accurately measuring distance to the starless, com-

pact, and nearby (d < 300 pc) globules except for the limited case (e.g., interaction with HII

region of known distance, existence of foreground stars toward them), the distances listed in

Table 1 are only values assumed in consideration of the known distance to neighboring dark
clouds. Recently, Hotzel et al. (2002b) and Lai et al. (2003) presented detailed discussion on

the relation between the physical parameters of a Bonnor-Ebert sphere. On the basis of the

column density measurements and the radial profile fitting with the Bonnor-Ebert sphere, the

dimensionless radius € nax, angular radius #r, and central column density N can be determined

from observations. Substituting the relations of R = gD o< D and p. N8g'D™! o« D71

into equation (2.4.2), we can obtain D~'T =constant (Lai et al. 2003). If the temperature T

is accurately determined from observations, the distance to the globules can be constrained.
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Theoretically, supporting force in a Bonnor-Ebert sphere is purely thermal pressure, but

actual clouds also have non-thermal support, e.g., turbulence and magnetic fields, which are
widely observed in molecular clouds (see, e.g., Larson 2003). We assume that non-thermal
support can be included in the model by replacing the isothermal sound speed C; = (kT /m)"/?
in equation (2.4.2) with the effective sound speed Cog = (kTuz/m)Y2, where Tog = T} + TNT
(see §2.3.3). On the basis of Tug from our molecular line observations, we corrected the initially
assumed distance to the globules diy; (see Table 2.1) as d = (Teg/TsE)din; Where Tqg is the
best-fit temperature of a Bonnor-Ebert sphere under an assumed distance of dini, and d is
the corrected distance. Finally we derived all the distance-dependent parameters of best-fit
Bonnor-Ebert spheres (e.g., radius, central density, and mass) as listed in Table 2.5. We note

that the corrected distance to the starless globule FeSt 1-457 is estimated to be ~ 70 pc, which

makes this globule one of the nearest dark clouds.

2.5 Discussion: Stability and Evolution of Globules

In this section, we discuss the internal structure and stability of globules by using the data of

the ten globules from our observations and four from the literature.

2.5.1 Physical Properties of Globules

Though we have estimated physical properties of globules by assuming the Bonnor-Ebert
model, there are actually other theoretical models (e.g., Shu 1977; Larson 1969; Penston 1969;
| McLaughlin & Pudritz 1997; Plummer 1911). Bacmann et al. (2000) presented that a Bonnor-
Ebert-like model (a finite size sphere with inner uniform density region and p o 72 outer
envelope) fits well with the column density profile of globules obtained from mid-infrared 7 Jum
absorption measurements, but that a singular-isothermal-sphere (SIS) or singular logotrope
sphere cannot reproduce the observed profile well. By considering the resolution of our ex-

tinction maps (~30") and possible geometric error of globules (e.g., deviation from spherical
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symmetry), it is not possible to make meaningful comparisons between the Bonnor-Ebert model
and other Bonnor-Ebert-like models (see, e.g., Figure 2 in Harvey et al. 2003, which compares
the Bonnor-Ebert model with a Plummer-like model). Here, we simply assume the Bonnor-

Ebert model.

As described in the previous section, the dimensionless radial parameter £, determines the
shape of a Bonnor-Ebert density profile as well as the stability of the equilibrium state against
the gravitational collapse. We plot globules on the &, versus density contrast diagram in the
upper panel of Figure 2.6. Since {nax has one-to-one correspondence with density contrast, all
the Bonnor-Ebert spheres are distributed along the solid curved line. We found that more than
half of starless globules (7 out of 11 sources) are located near the critical state, £may = 6.5+ 2.
Thus, we suggest that a nearly critical Bonnor-Ebert sphere characterizes the typical density
structure of starless globules. The remaining starless globules show clearly unstable states
(Emax > 10). When we divide starless globules into two groups with respect to the critical line
(§max = 6.5), there are three stable starless globules and eight unstable starless globules. The
majority of starless globules is located in the unstable states (£,.x > 6.5) if the uncertainties
in £max are not taken into account. We also found that all the star-forming globules have larger
&max values (> 10) than that of the critical Bonnor-Ebert equilibrium state, which is consistent
with the fact that they have started gravitational collapse. In the lower panel of Figure 2.6,
we show the fitting error in &max for each globule. Filled gray circles denote the fitting results
for some globules with considerable features of ambient extinction if the masked region on the
Ay map (see Fig 2.2) is included in the derivation of the column density profile. In addition to
the {max diagram in Figure 2.6, we made histograms of logarithmic density contrast for starless
and star-forming globules (Figure 2.7). Similar characteristics as descrived above can also be

seen in the histograms.

To see the relationships between derived physical properties of globules in Tables 2.4 and
2.5, we made correlation diagrams between density contrast and the other physical parameters

of globules in Figure 2.8. We consider that the horizontal axis (density contrast) represents
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the evolutionary states of globules, because globules should evolve toward higher central con-
densation to form stars. We can see from panels (e) and (f) in the figure that temperature
Tex and external pressure Fe of globules appear roughly constant regardless of the density
contrast. If we assume constant Teg and P, the Bonnor-Ebert model parameters for each
density contrast value can be constrained. The broken line in each panel is the relationship for
the Bonnor-Ebert spheres with a constant Teg of 13.2 K and Py of 5.3 x 10* K ecm™3, which
are the median values for the globule samples. The median value of Py is slightly larger than

the previously reported ISM pressure in the solar vicinity of ~ 2.8 x 10* K cm™ (McKee 1999).

The overall trend in the data point distributions in Figure 2.8 can be approximated by
Bonnor-Ebert spheres with a constant “effective” temperature and a constant external pressure.
The relations for the radius and mass (panels [c¢] and [d]) remain roughly constant against the
density contrast, suggesting that these quantities are not sensitive to the evolutionary states
of globules. This result agrees with the NoH* observations of molecular cloud cores in Taurus
(Tatematsu et al. 2004), in which there is no remarkable difference in core radius and mass
between starless cores and cores with stars. Since the density at core boundary is derived
from Puw/Te, the density at core center n. is directly obtained for each density contrast
value and shows a proportional relationship against the density contrast as shown in panel (b).
Accordingly, the density contrast and Ay show positive correlation. The data points in panel
(a) are located slightly lower than the broken line because of a beam dilution effect in the Ay
measurements with ~ 30” resolution. For molecular cloud cores located in regions of higher
pressure (e.g., dark cloud complex) than in the solar vicinity, the Bonnor-Ebert relationship in
panels (a) and (b) should be shifted upward corresponding to the larger value of Py /Tes. We
can see from panel (a) that the density contrast value is simply estimated from the Ay (column

density) measurements under the assumption of the Bonnor-Ebert sphere with a. constant Teg

and Py.
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2.5.2 On the Selection Bias of the Globule Samples

Here we briefly consider the selection bias in our globule samples. The peak Ay values for our
observed globules range from ~ 6.5 to 41 mag. We selected globules that were opaque at optical
wavelengths, i.e., with few stars in the background of the cloud on the Digitized Sky Survey
image. These sources are expected to have Ay greater than at least 5 mag, and expected to
be sites of future star formation, i.e., so-called “dense cores”. The lower limit of the peak Ay
for the globules may be determined by the criterion in our target selection. Thus, it is possible
that the diffuse cores of low column densities are not included in our globule sample as in the
case of previous studies on dense cores (e.g., Visser et al. 2002; Lee & Myers 1999; Jijina et al.

1999).

2.5.3 Implications for the Stability of Globules

It is interesting that there are starless globules showing larger density contrast than that of
the maximum value (~14) for stable Bonnor-Ebert spheres (see § 2.5.1), because unstable
equilibrium states should not last long without any extra stabilizing force such as magnetic
pressure and/or turbulent pressure (e.g., McKee & Holliman 1999). Since unstable equilibrium
states cannot last long, the globules of large density contrast should not exactly be the Bonnor-
Ebert sphere even if they mimic the Bonnor-Ebert density profile. Similar results have also been
reported from the mid-infrared extinction study of starless dense cores (density contrasts are
generally ~10—80; see Table 3 of Bacmann et al. 2000). If we consider a simple case in which
the non-thermal pressure components have the same radial dependence as the thermal pressure,
the theoretical Bonnor-Ebert model can be modified by replacing its kinetic temperature term
with Tz as described in § 2.4.2. In this case, the shape of the Bonnor-Ebert density profile
as well as the stability criteria (i.e., the value of £m. or maximum density contrast) hold
unchanged compared with the purely thermally supported case. This modification cannot

provide a realistic explanation for the stability of the large density contrast globules, suggesting
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either that they are already collapsing toward higher central condensation as discussed in §
2.5.4, or that the stabilizing mechanisms accounting for their large density contrast are more
complex. The Bonnor-Ebert assumption for the globules is not valid in these cases. We note
that our result is in marked contrast to one in which most of the clumps observed at 850 pm
dust emission in the Orion B molecular cloud complex are in stable equilibrium based on the

Bonnor-Ebert analysis (Johnstone et al. 2001).

A non-isentropic multi-pressure polytrope model (McKee & Holliman 1999) may provide
successful interpretation allowing larger density contrast than that of the critical Bonnor-Ebert
sphere. Curry & McKee (2000) developed a composite polytrope model which also allows large
density contrast. These two models provide a stable equilibrium solution of arbitrarily large
density contrast by adjusting the contributions from the non-thermal pressure components,
i.e., turbulent and magnetic pressure. Galli et al. (2002) studied the effects of the interstellar
radiation field (ISRF) on the cloud stability. They reported that a cloud’s maximum density
contrast increases with increasing intensity of the ISRF if the stabilizing effect of external
heating of the cloud as well as produced temperature gradient are considered. These models
are possible alternatives to the Bonnor-Ebert sphere providing larger value of maximum density
contrast (> 14). The shape of their density profiles have characteristics similar to those of the
Bonnor-Ebert sphere (see, Fig. 3 and 4 in Galli et al. 2002, Fig. 10 in McKee & Holliman
1999), that is a flat inner region surrounded by steeper envelope decreasing with power-law,
in particular p o r~* where o ~ 2. It seems difficult to distinguish them only from the
observed shape of the density profile. In other words, each model should provide similar density
profiles and corresponding density contrast values for the same observational dataset. Detailed
observations of velocity and temperature structure of dense cores are needed to determine the

most realistic model.

Major differences among the models discussed above are the supporting mechanisms of the
cloud and the stability criterion, i.e. the value of the critical density contrast. The actual

density contrast value for globules can be obtained through the Bonnor-Ebert fit (see Table
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2.4), but its critical value is not always known (i.e., model dependent). Molecular cloud cores
will evolve toward higher central condensation and start collapsing when their density contrast
exceeds a certain critical value. Based on this argument, initial density structure of globules
right before the collapse can be determined if we constrain the value of its critical density
contrast. Initial density conditions for star formation will provide a good starting point for the
theoretical calculations. For example, given initial density profile of a globule, time evolution
of mass accretion rate can be calculated (e.g. Whitworth & Ward-Thompson, 2001), which is

a key parameter for constraining the mass of a newly formed star.

In order to estimate the value of critical density contrast from observations, it should be
worth investigating the frequency distribution of density contrast for a number of starless
globules. Since unstable equilibrium states should not be long sustainable, we expect that the
detection probability for stable globules is much higher than that for unstable ones. Thus, it is
likely that the frequency distribution of density contrast shows a sharp decrease toward larger
density contrasts at a certain bin, which should correspond to the density contrast critical for
collapse. Though the number of our samples (11 sources) is not large, we present the histogram
of density contrast for the starless globules in Figure 2.7. The density contrast of the starless
globules is mostly populated near the critical Bonnor-Ebert sphere and decreases toward the
larger density contrast, suggesting that the actual critical density contrast of globules is not very
different from that for the Bonnor-Ebert sphere. We note that the decrease toward a smaller
density contrast may be caused by the detection limit (see, § 2.5.2) and/or the formation
mechanism of globules. A statistical study with a larger number of samples is our future plan.

In Table 2.4, three of fourteen globules are fitted as a stable equilibrium state of the Bonnor-
Ebert sphere. These stable globules might increase their density contrast quasi-statically to-
ward the onset of dynamical collapse with gradually increasing external pressure and/or with
decreasing internal turbulent pressure (Nakano 1998). For the case of rapid increase of external
pressure, core collapse triggered by a compression wave should be taken into account (e.g.,

Hennebelle et al. 2003, 2004; Motoyama et al. 2004).
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2.5.4 Slow Collapse of A Nearly Critical Bonnor-Ebert Sphere

After gravitational collapse begins, globules evolve toward higher central condensation. If we
assume an extreme case in which all the globules fitted as unstable Bonnor-Ebert equilibrium
states are already collapsing, the difference in & .y is attributed to different evolutionary stages
of globules. Since the Bonnor-Ebert spheres provide a good fit to starless globules, it is mean-
ingful to consider the gravitational collapse of the Bonnor-Ebert sphere (e.g., Foster & Chevalier
1993; Ogino, Tomisaka, & Nakamura 1999). We expect that the critical Bonnor-Ebert sphere
can approximate the initial condition of collapse, because a large fraction of the starless globules

are located near the critical state, {qnax = 6.5 £ 2, as shown in § 2.5.1.

In order to make quantitative comparisons of the density structures between our observations
and a collapsing gas sphere starting from a nearly critical Bonnor-Ebert sphere, we used the
result of theoretical calculations from Aikawa et al. (2004). In their calculation, the central
density n.(H) and kinetic temperature 7" of the critical Bonnor-Ebert sphere were set as n.(H) =
2 x 10* cm™3 and T = 10 K, respectively. No cloud rotation, magnetic fields, or non-thermal
turbulence were considered, and a fixed boundary condition of zero velocity was adopted at the
outermost radius of R = 0.2 pc, which is slightly larger than the critical radius of an equilibrium
sphere (see, Aikawa et al. 2004). We note that the initial condition parameters of nc(H), T,
and R, are consistent with the observed physical properties of globules around £may = 6.5 (see,
Tables 2.4 and 2.5). The initial density distribution was multiplied by a constant factor o of
1.1 in order to initiate collapse. The slight density enhancement of o = 1.1 is preferable to
approximate the collapse from a nearly critical Bonnor-Ebert sphere. The time scale of the
collapse is several times the free-fall time, ~ 1.2 x 108 yr (~ 4 x tg), which is comparable with
the observational lifetime of starless dense cores (~ 10° yr; e.g., Visser et al. 2002; Lee & Myers

1999).

Figure 2.9 shows the evolution of a radial column density profile of the collapsing sphere

for the case of o = 1.1 described above. The gray solid line denotes initial column density
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profile (¢ = 0 yr), and the black solid, dotted, and broken lines denote density profile at
specific times of 4.4 x 10%, 4.4 x 105, and 1 x 10° yr, respectively. We found that the column
density profiles of the collapsing sphere are well fitted with the static Bonnor-Ebert spheres
(equilibrium solutions) in the range of &max < 25 within the relative density difference of 2%.
The plus symbols show the best-fitting result for each collapsing profile with the Bonnor-Ebert
sphere, which are labeled with corresponding €,.x values; for example, the density profile of the
collapsing sphere at 4.4 x 10° yr mimics the unstable Bonnor-Ebert sphere of £, = 7.6. This
result suggests that observed starless globules with large density contrasts are gravitationally
collapsing objects. Figure 2.10 shows the relationship between &.x versus density contrast.
The solid line is for the Bonnor-Ebert sphere, and the dotted line is for the collapsing sphere
which plots the best-fitting &,.x values against the density contrast of the collapsing sphere.
The plus symbols denote the elapsed time of the collapsing sphere at 10% intervals of the total
collapse time. Since the free-fall time scale increases with decreasing density, a collapsing gas
sphere starting from a nearly critical Bonnor-Ebert sphere should mimic marginally unstable
Bonnor-Ebert spheres for a long time. Thus, this is qualitatively consistent with the fact that
the & max for the starless globules is mostly populated near the critical state (7 out of 11 sources)
and the remaining starless globules show clearly unstable states (§max > 10; 4 out of 11 sources)
as shown in § 2.5.1. From the model prediction, we note that 50% of collapsing globules should
be located in £,,x = 6.5 — 8.5, and the rest of the globules should have £,,,x larger than ~8.5.
The fraction is consistent with our result that half of the starless globules with £ . > 6.5 are

located in €y = 6.5 — 8.5 (4 out of 8 sources, see Fig. 2.6).

As discussed above, the density structure of the observed globules can be explained in terms
of the slow collapse of a nearly critical Bonnor-Ebert sphere. The anticipated inward velocity

from the model calculation remains subsonic? for a long time; the peak inward velocity is less

2 In § 2.4.2, we have estimated distance to the globules using Teg from radio molecular line observations as
shown in Table 2.3. A collapsing motion in the globules should contribute to the derivation of Teg if the motion
is large enough compared with the observed molecular line width. Since predicted inward velocity from the
model is small, it is likely that the contribution of collapsing motion to the derived distance is negligible.
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than ~ 0.1 km s™" for ~ 108 yr, which is ~ 80% of the total collapse time (see, Fig. 1 of Aikawa
et al. 2004). Previous reports on the observations of CS (J = 2 — 1) (blue) asymmetry profile,
indicative of gravitational collapse in dense cores, provided infall candidates in ~10—20 % of
the starless core samples (Lee, Myers, & Tafalla 1999, 2001; Lee, Myers & Plume 2004). It is
possible that the rest of the starless cores have a slow collapse motion which is hard to detect.
Radio molecular line observations of infall asymmetry profiles with sufficiently high velocity
resolution (e.g. ~ 0.01 km s™!) are necessary to confirm the scenario of slowly collapsing
globules. Among the starless globules in Figure 2.6, the gas inward velocity for Lynds 694-2
(Emax = 25+ 3) was measured as 0.05 — 0.07 km s~ (Lee, Myers, & Tafalla 2001; Lee, Myers

& Plume 2004), which is consistent with the prediction from the collapse model (a = 1.1).

2.6 Summary

We have carried out a near-infrared (J, H, and K,) imaging survey of ten Bok globules using
the infrared camera SIRIUS on the IRSF 1.4 m telescope in South Africa. ‘AV distributions for
the ten globules were derived through measurements of the H — K color excess or the stellar
density at J, H, and K, (star count). The radial column density profile for each globule was
analyzed using the Bonnor-Ebert sphere model, which well fits the profile within observational
uncertainties, and physical properties of globules, e.g., size, central density, temperature, mass,
external pressure, and center-to-edge density contrast, were derived. The dimensionless radial
parameter €., determines the shape of a Bonnor-Ebert density profile as well as the stability
of the equilibrium state, e.g., the solution of &max > 6.5 is unstable to the gravitational col-
lapse. We investigated the stability of globules on the basis of €max for ten globules from our
observations and four globules in the literature. In addition to the near-infrared imaging, we
have carried out radio molecular line observations toward the same ten Bok globules using the
95-element focal-plane SIS receiver BEARS on the 45 m telescope of Nobeyama Radio Obser-

vatory (NRO). We measured line width of the globules for independent measurements of the
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“effective” temperature including the contribution of turbulence. It was confirmed that most
of the globules are dominated by thermal support. Since the distance-dependent parameters
of the Bonnor-Ebert sphere were derived using the initially assumed distance to the globules,
derived best-fitting temperature was affected by the distance assumption. We constrained the
distance to the globules by comparing the temperature from the molecular line width with the

temperature from the Bonnor-Ebert fitting, and rescaled distance-dependent physical quantities

of globules.

(1) We found that more than half of the starless globules (7 out of 11 sources) are located
near the critical state, £max = 6.5 == 2. Thus, we suggest that a nearly critical Bonnor-Ebert
sphere characterizes the typical density structure of starless globules, and it approximates the

initial condition of gravitational collapse.

(2) We found that four out of eleven starless globules show clearly unstable states ({mex >
10). Since unstable equilibrium states should not be long sustained, we expect that they are
already collapsing toward higher central condensation or that extra force (e.g., magnetic and/or
turbulent pressure) accounting for large &max stabilizes the globules. It was also found that all
three star-forming globules have unstable solutions of ., > 10, which is consistent with the

fact that they have started gravitational collapse.

(3) We investigated the collapse of the Bonnor-Ebert sphere from a nearly critical state using
the model calculation of Aikawa et al. (2004), and found that the column density profiles of the
collapsing sphere mimic those of static Bonnor-Ebert spheres (unstable equilibrium solutions).
By relating £max to the collapsing sphere at a specific time, the evolutionary state of globules
can be interpreted, and the detection probability of each £.x value can be predicted from
the model calculation. Since the evolutionary timescale decreases with increasing density, the
collapsing sphere resembles a marginally unstable Bonnor-Ebert sphere for a long time. It was
found that the frequency distribution of &€, for the observed starless globules is consistent

with that from model calculations of the collapsing sphere.
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Appendix 2.A

Possible Systematic Uncertainties in £,

Here we discuss the ambiguity of derived column density (Av), which leads to the systematic
uncertainties in {max. In order to evaluate the dependence of the conversion factor, Ay /Ey_g
and Ay /A, (A = J, H, and K), on the ratio of total-to-selective extinction Ry, we used the
Ry -dependent extinction law empirically derived by Cardelli et al. (1989). Though it is well
established that Ry has a uniform value of ~3.1 in the ISM (e.g., Whittet 1992), there are
some observational reports on higher Ry values up to ~ 6 in dense molecular clouds (e.g.,
Kandori et al. 2003, and references therein). The empirical extinction law for Ry = 6 gives the
conversion factors smaller ~ 20 % than those for the case of Ry = 3.1, which we adopted in

the analysis (§2.3.1 and §2.3.2). Note that the extinction law gives slightly different conversion
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factors compared with Rieke & Lebofsky (1985) as shown in Table 3 of Cardelli et al. (1989).
This possible systematic uncertainty as well as the uncertainty of the gas-to-dust ratio can
be included in the derivation of N(H;). We have converted Ay to Hs column density using
the relationship N(H,)/Ay = 9.4 x 10 ¢cm™2 mag™" derived from Bohlin, Savage, & Drake
(1978). Similar relationships were obtained from the X-ray absorption studies toward SNRs
with high dynamic range (Ay < 30 mag) as Ng/Ay = 1.8 — 2.2 x 10*'cm~?mag ™" (Gorenstein
1975; Ryter et al. 1975; Ryter 1996; Predehl & Schmitt 1995). Thus, the conversion coefficient
is likely to be determined within ~ 20 % error. It can be seen from the panel (a) of Figure 2.8
that Ay is roughly correlated with about 1/2th power of density contrast for the Bonnor-Ebert
spheres. Thus, for the case that Ay is systematically changed by a factor 3, the value of density
contrast varies by 6'° accordingly. Since &ax is proportional to ,/pc, corresponding &max value
is expectéd to vary by 8°7. If we assume that derived Ay for each globule is overestimated by
20 %, Emax is overestimated by ~ 15 %. This is comparable to the uncertainty in &pax derived
from the y? fitting, and this modification should not significantly change our condusions on

the density structure of globules.
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Table 2.1 Source list

Name R.A. (J2000)* Dec. (J2000)* Distance [RAS® Other name Reference®
(" ™) 'Y (pe)

CB 87 17 25 05 —24 07 19 160 No Barnard 74, Lynds 81 1,2

CB 110 18 05 55 —18 25 10 180 No Lynds 307 1,34

CB 131 19 17 00 —18 01 52 180 No Barnard 93, Lynds 328 1,34

CB 134 18 22 45 —01 42 40 260  No 1,5,A

CB 161 18 53 56 —07 26 29 400 No Barnard 118, Lynds 509 1,6

CB 184 19 31 52 116 27 14 300 No! Lynds 709 1,3,4

CB 188 19 20 16 +11 36 15 300 Yes®  Lynds 673-1 1,34

FeSt 1-457 17 35 45 —2533 11 160 No 1,3,4,B

Lynds 495 18 38 58 —06 44 00 200 No 1,7,C

Lynds 498 18 40 11 —06 40 45 200 No 1,7,C

aPosition of field center for each near-infrared image.
bExistence of IRAS point sources within optical boundary of each core.
¢(1) Dutra & Bica (2002), (2) Huard, Sandell & Weintraub (1999), (3) Launhardt & Henning (1997), (4) Dame, Ungerechts, Cohen, De Geuss,
Grenier, May, Murphy, Nyman, & Thaddeus (1987), (5) Straizys, Cernis, & Bartasiute (1996), (6) Leung, Kutner, & Mead (1982), (7) Schueider,
& Elmegreen (1979), (A) Assumed to have the same distance as Serpens molecular cloud., (B) Assumed to have the same distance as Barnard 83.,
(C) Assumed to have the same distance as GF 5 dark cloud filanent.

dIRAS 1911641623 (Class II located near core boundary): Launhardt (1996)
*TRAS 1917941129 (Class I with outflow): Launhardt (1996), Yun, & Clemens (1992)




Table 2.2 Results of stellar detection

Field Limiting mag.* Threshold mag.” Detected number of stars®
J H K, J H K J H K, H and K
CB 87 189 184 175 185 17.8 17.1 8107 10588 6510 7609
CB 110 18.8 179 17.1 18.1 17.2 16.4 12471 14220 12340 12119
CB 131 19.1 18.6 17.5 181 174 16.8 6678 10760 111868 9890
CB 134 19.5 19.2 17.9 189 18.5 175 5631 7530 4530 5510
CB 161 18.5 183 173 18.0 17.7 16.9 6431 8406 5330 6044
o CB 184 18.8 18.1 173 183 178 17.1 5235 6056 4241 4673
o CB 188 18.9 183 174 184 176 17.0 6743 8963 7372 7669

FeSt 1-457 19.0 182 174 186 172 16.8 9261 10614 10444 9240
Lynds 495 19.1 18.0 16.6 184 172 159 10764 13404 10510 10760
Lynds 498 18.7 176 16.7 17.7 16.8 16.0 13826 13696 12064 11673

[ imiting magnitude is defined by the magnitudes whose photometric error is equal to 0.1 mag.

bThreshold magnitude is defined by the peak value of the histogram distribution of magnitudes for detected stars whose magnitude errors are less
than 0.1 mag.

¢The first three columns show the number of stars detected on the J, H, or K images (single band detection) whose photometric error is less than
threshold magnitudes. The last column shows the number of stars detected both on the H and K images whose photometric errors, \/dH? + K2,
are less than 0.15 mag.
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Table 2.3 Molecular line parameters of globules

Name Visr AV? AVio:? AV Togd e Tox’ Molecular Line
(km s71) (km s71) (kin s71) (km s71) (K) (K)

CB 878 4.84+0.02 0.214+0.04 0.47+0.02 0.17+0.05 11.44+0.8 0.55+0.12 10 CBB0O (J=1- 0)
4.85+0.01 0.25+0.02 0.49+40.01 0.22+4+0.03 12.44+0.6 0.38+£0.04 10

CB 110 6.06+0.02 0.50+0.04 0.65+0.03 0.484:0.04 21.8+£2.2 0.62+0.06 10 Ci8Q (J=1-0)
6.03+£0.01 0.4540.02 0.62+0.02 0.4340.02 19.3+1.0 0.47+0.02 10

CB 131 6.771+0.01 0.56+0.02 0.70+0.02 0.55+0.02 25.1+1.3 0.58+0.03 10 C180 (J=1-0)
6.77+0.01 0.5740.02 0.71+0.02 0.5610.02 25.84+1.1 0.56+0.02 10

CB 134 8.671+0.01 0.2840.02 0.514£0.01 0.2540.02 13.24+0.6 0.94%0.10 10 C80 (J=1-0)
8.676+0.004 0.2440.01 0.487+0.004 0.20+0.01 12.14+0.2 0.814+0.04 10

CB 161 12.60+0.01 0.254+0.02 0.5040.01 0.2240.02 12.54+0.6 0.61+0.06 10 Cci8o (J=1-0)
12.58+0.01 0.274+0.01 0.50+0.01 0.244+0.02 13.0+0.4 0.44+0.02 10

CB 184 6.224-0.01 0.35+0.02 0.556+0.01 0.331+0.02 15.5+0.6 1.0140.08 10 Cl0 (J=1-0)
6.210+0.005 0.3530.01 0.554+0.01 0.33+0.01 15.54+0.4 0.88+£0.04 10

CB 188 7.094+0.01 0.44+0.03 0.614+0.02 0.424+0.03 19.0+1.3 0.5440.04 10 C180 (J=1-0)
7.04+0.01 0.52+0.02 0.6740.02 0.504-0.02 22.941.2 0.37+£0.02 10

FeSt 1-457 5.920+0.003 0.18240.006 0.462+0.002 0.1324+0.009 10.9+0.1 9.5641.29 6.2540.21 NyHt (J=1-0)
5.9244+0.002 0.175+0.004 0.460+0.001 0.122+0.005 10.84£0.1 11.48+0.86 5.80+0.09

Lynds 495 12.29+0.10  0.26+0.02 0.5040.01 0.2240.02 12.6+0.6 0.60+0.06 10 CH®0 (J=1-0)
12.2940.01 0.26+0.01 0.50+0.01 0.2310.02 12.740.4 0.541+0.03 10

Lynds 498 12.62+0.01 0.18+0.03 0.46+0.01 0.144+0.04 11.0+£0.6 0.41£0.07 10 C180 (J=1-0)
12.60+0.01 0.29+0.02 0.5240.01 0.27+0.03 13.6+£0.7 0.31+0.02 10

20Observed FWHM line width.
bTotal line width. We assumed thermal line width AVr is equal to 0.443 km s~ (T = 10 K).
Non-thermal line width.
dTemperature including non-thermal (turbulent) contribution (Teg = Tk + Tnr)-
¢Peak optical depth. The value for FeSt 1-457 is the sum of optical depths of the seven hyperfine components.
JWe assumed the excitation temperature for the C**O spectra to be 10 K.

9The first row refers to the values from the spectrum towards the center of each globule, and the second row refers to the values from the composite

spectrum of the central nine positions. The error represents lo error in the line profile fitting.
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Table 2.4 Physical properties of globules I

Name R.A. (J2000)a Dec. ([J%OOO)B Or £ max nc/nedgeb Ay*© e PAJ T X2 Stabilityf Reference®
("™ #) ¢ ) () (mag) ) (")
CB 87 17 24 58.0 —924 06 45.0 87.5+2.6 5.1+0.4 8.1 6.6 052 120 <110 3.19 Stable A
CB 110 18 05 55.0 ~182500.0 61.14+3.1 14.04+3.0 94.3 197 — — <70 1.17 Unstable A
CB 131 18 17 00.0 -18 02 00.0 103+7.4 16.3%+5.1 139 329 — — <150 3.22  Unstable A
CB 134 18 22 46.0 —01 42 45.0 59.64+4.3 18.5+4.9 187 268 — — <«bb 0.44 Unstable A
CB 161 18 53 56.0 —072605.0 62.54+6.9 8.1+14 25.1 13.0 072 125 <50 0.11 Unstable A
CB 184 19 13 52.5 +16 27 30.0 112420 8.1+1.6 24.9 11.2 0.68 0 <75 0.15 Unstable A
CB 188 19 20 15.0 +11 36 10.0 127+£19  16.0%£2.9 132 272 — — <100 5.17 Unstable A
FeSt 1-457 17 35 47.0 —9253300.0 144+11 12.6+£2.0 74.5 41.0 —  — <140 1.41 Unstable A
Lynds 495 18 38 58.0 —06 44 00.0 75.0+7.8 7.2+14 18.6 127 — — <65 0.14 Unstable A
Lynds 498 18 40 11.0 —06 40 45.0 75.04+3.0 4.7:04 6.63 109 — — <70 0.84 Stable A
Barnard 68 _ _— 100 6.9+0.2 16.6 — —_— — — ——  Unstable B
Barnard 335 19 37 00.9 +073410.0 125 12.5+2.6 73.1 - — — <100 2.93 Unstable C
Coalsack 12 31 38.6 —63 43 42.5 290 5.8 10.9 115 — —— 55—400 —— Stable D
—_— _ 140 7.0£0.3 17.2 230 @ — - — ——  Unstable E
Lynds 694-2 19 41 04.4 +105700.9 54 2543 364 — —_ — <83 1.12 Unstable F

aPosition of core center (centroid of Ay distribution).

bCenter-to-edge density contrast determined from &max value.

€Ay at core center.

dpitted ellipticity and position angle.

eProfile fitting region in the Bonnor-Ebert fit.

fStability of equilibrium state of the Bonnor-Ebert sphere.

9 (A) This work, (B) Alves et al. (2001), (C) Harvey et al. (2001), (D) Lada et al. (2004), (E) Racca et al. (2002), (F) Harvey et al. {(2003)




Table 2.5 Physical properties of globules II

Name T2 DP R° nc° Me Pt Reference?
X)  (po) (AU) (cm™?) (Mo) (K em™®)
CB87 60404 160 (1.40£0.04)x10° (3.2+£0.4)x10% 0.76+0.07 (2.9+0.4)x10* A
11.4 304 (2.66£0.08)x10* (1.740.2)x10* 2.73+0.24 (2.940.4)x10* A
CB 110 70404 180 (1.10£0.06)x10* (4.5+1.7)x10° 0.74+0.17 (4.040.9)x10* A
21.8 561  (3.43+£0.18)x10* (1.5£0.6)x10° 7.21£1.64 (4.0+£0.9)x 10 A
CB 131 14.040.8 180 (1.85+0.13)x10% (4.4£23)x10° 2.43+0.73 (5.3+1.5)x10* A
25.1 323 (3.3240.24)x10% (2.54£1.3)x10° 7.83+2.35 (5.3+1.5)x10* A
CB 134 13.040.8 260 (1.55+0.11)x10% (7.64+3.4)x10° 1.8540.50 (6.3+1.7)x10* A
13.2 964  (1.5740.11)x10* (7.5:£3.3)x10° 1.91:+0.52 (6.3+1.7)x10* A
CB 161 14.041.1 400 (2.5040.28)x10* (6.1£1.4)x10* 3.5140.90 (4.04+1.5)x10* A
12.5 357  (2.23+£0.25)x10* (7.0+1.6)x10* 2.79:£0.72 (4.01.5)x10* A
CB 184 14.041.0 300 (3.3540.61)x10* (3.440.5)x10% 4.70+1.76 (2.241.6)x10* A
15.5 332 (3.71+0.67)x10* (3.0£0.4)x10* 5.76£2.17 (2.2+1.6)x104 A
CB 188 18.041.1 300 (3.80+0.57)x10% (1.3+0.3)x10° 6.4542.05 (2.1+1.1)x10% A
19.0 317 (4.01£0.60)x10* (1.24£0.2)x10° 7.19£2.28 (2.141.1)x104 A
FeSt 1-457  24.041.7 160 (2.30+£0.18)x10* (2.9+0.8)x10° 5.41+1.13 (1.140.3)x 10° A
10.9 73 (1.04£0.08)x10* (6.5+1.7)x10° 1.12+0.23 (1.140.3)x10° A
Lynds 405  8.0+0.7 200 (1.50::0.16)x10* (7.6+£2.1)x10* 1.19+0.31 (3.941.4)x10% A
12.6 315 (2.36+0.25)x10* (4.8+1.4)x10% 2.9540.77 (3.941.4)x10* A
Lynds 408  11.040.9 200 (1.50+0.06)x10* (4.3+0.5)x10* 1.42+0.16 (8.5+1.7)x10* A
11.0 200  (1.5040.06)x10* (4.3+0.5)x10*  1.42+0.16 (8.541.7)x10% A
Barnard 68 16 125 1.25%10* — 2.10 1.8x10° B
10412 85  0.85x10* 0.90 1.7x10° G
Barnard 335 —— 250 3.125x10* 3.0x10* 14.0 C
Coalsack 19 150 4.35x10* 1.8x10* 6.1+0.5 D
15 180  2.52x10% 5.4x10* 4.50 6.5x10% E
Lynds 694-2 —— 250 1.35x10* 3.1x10° 3.00 1.1x10° F

aTirst row: value from the Bonnor-Ebert fit using assumed distance to the globules

value from molecular line observations (Tes; see Table 3).

b First row:

(see Table 1), Second row:

cThe values in the first and second rows are derived using the distances listed in the third column.
4 (A) This work, (B)-(F) Same references as those in Table 4, (G) Hotzel et al. (2002).
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save value as listed in Table 1, Second row: calibrated value by using Teg to scale the fitted
Bonnor-Ebert model parameters.



Figure 2.1 J, H, and K three-color composite images for ten Bok globules (J: blue, H: green,

K;: red). Each image size is 930x930 pixel (~7 arcminutes). North is up, and east is toward
the left.
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Figure 2.2 Ay distribution for Bok globules. The area enclosed by the broken line is the
reference field expected to be free from dust extinction, and the area enclosed by the dotted
line is the masked region which is excluded in the derivation of the radial Ay profile.
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Figure 2.3 Line profiles toward the center of ten globules (N;H™ for FeSt 1-457, C'80 for the
other cores). The gray solid line denotes fitting result of each spectrum.
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Figure 2.4 Radial column density profile and the Bonnor-Ebert model fit for the ten Bok
globules. The dots and error bars represent the average N(Hs) values at each annulus arranged
at intervals of 9”7 and the rms dispersion of data points in each annulus, respectively. The solid
line denotes the best-fit Bonnor-Ebert profile which is convolved to the observing resolution
(typically ~30") with the same beam as used in the Ay measurements. The dashed line
denotes the Bonnor-Ebert profile before the convolution. The gray dot-dashed line denotes the
1 o deviation of the column density measured in the reference field.
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Figure 2.6 The solid line shows the relation between £nax and density contrast (center-to-edge
density ratio). The location of our 10 globules and previously reported 4 globules (Barnard 335,
Harvey et al. 2001; Barnard 68, Alves et al. 2001; Coalsack Globule II, Racca et al. 2002, Lada
et al. 2004; Lynds 694-2, Harvey et al. 2003) are shown in the figure. Filled and open black
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fitting results when the masked region on the Ay map (see Fig. 2) is included in the derivation
of the column density profile. The vertical dashed line denotes critical state of {max= 6.5
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Figure 2.8 Correlations between density contrast and the other physical parameters. The panels
of (a) to (f) show the correlation diagrams for Ay, central density, radius, mass, temperature,
and external pressure, respectively. Filled and open circles denote starless and star-forming
globules, respectively. The plotted data points are the physical quantities after distance-
correction (see, §4.2.3, Table 5). The physical quantities without distance-correction are shown
as the symbol “—" in each panel. The broken lines represent the relationships for the Bonnor-
Ebert spheres with a constant temperature Teg of 13.2 K and Feys of 5.3 X 104 K em™2,
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Figure 2.9 Radial column density distribution of a collapsing gas sphere at some specific times
(black solid, dotted, and broken line) started from the initial condition of a nearly critical
Bonnor-Ebert density structure (gray solid line). Dotted and broken lines are shifted by 5 and
10 (10%' cm™?) in the figure, respectively. Best-fit solution of the Bonnor-Ebert sphere for each
line is also plotted as plus symbol.
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Chapter 3

Grain Growth in the Dark Cloud L1251

Kandori, R., Dobashi, K., Uehara, H., Sato, F., & Yanagisawa, K., 2003, The Astronomical
Journal, 126, 1888

Abstract

We have performed optical imaging observations of the dark cloud L1251 at multiple wave-
lengths, B, V, R, and I, using the 105 cm Schmidt telescope at the Kiso Observatory, Japan.
The cloud has a cometary shape with a dense “head” showing star formation activity and a
relatively diffuse “tail” without any signs of star formation. We derived extinction maps of Ap
and Ay with a star count method, and also revealed the color excess (Ep_v, Ev_g, and Ey_ I)
distributions. On the basis of the color excess measurements we derived the distribution of
the ratio of total to selective extinction Ry over the cloud using an empirical relation between
Ry and A,/Ay reported by Cardelli et al. In the tail of the cloud, Ry has a uniform value of
~3.2, close to that often found in the diffuse interstellar medium (~3.1), while higher values of
Ry=4—6 are found in the dense head. Since Ry is closely related to the size of dust grains, the
high Ry-values are most likely to represent the growth of dust grains in the dense star-forming

head of the cloud.
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3.1 Introduction

The ratio of total to selective extinction, Ry=Avy/FEp_v, is a measure of wavelength dependence
of the interstellar extinction, representing the shape of the extinction curve. Ry is an important.
parameter to characterize dust properties at optical wavelengths because it is closely related
to the size and composition of dust grains (e.g., Mathis, Rumpl, & Nordsieck 1977; Hong &
Greenberg 1978; Kim, Martin, & Hendry 1994). It is well established that Ry has a uniform
value of ~3.1 in the diffuse interstellar medium (e.g., Whittet 1992), but it tends to be much
higher in dense molecular clouds (Ry=4—6; e.g., Vrba, Coyne, & Tapia 1993; Strafella et al.
2001). Many theoretical predictions attribute the higher Ry in the dense cloud interior to
a significant change of dust properties, particularly in size (e.g., Mathis 1990; Ossenkopf &
Henning 1994). Since the timescale of grain growth due to coagulation of smaller grains and/or
accretion of molecules in the gas phase onto the larger grain surface depends greatly on density
(e.g., Tielens 1989), the higher Ry-values observed in dense molecular clouds are most likely

to represent the growth of dust grains.

There have been a number of observational reports on Ry measurements to date (e.g., Larson
et al. 2000; Whittet et al. 2001). However, they are mostly based on the spectrophotometry of
a limited number of stars lying in the background of the clouds, and the Ry-values have been
measured only toward the selected stars. A large-scale distribution of Ry over an entire cloud,

as well as its local variation inside, are therefore still poorly known.

In order to investigate how much Ry can vary in a single cloud, we have carried out imaging
observations of L1251 at multiple wavelengths, B, V, R, and I, using the 105 cm Schmidt tele-
scope at the Kiso Observatory, Japan. This cloud is located in the Cepheus Flare (a~22"35™,
§~75°00'; J2000.0) and has an elongated shape. Since L1251 is an isolated dark cloud located
at a relatively high Galactic latitude (~15°), it is expected that the cloud is free from contam-
ination due to unrelated clouds in the same line of sight. Kun & Prusti (1993) estimated its

distance to be 300+50 pc with a color excess measurement and spectral classification of stars.
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They also found 12 H, emission-line stars at the eastern part of the cloud, five of which are
detected as IRAS point sources. Global molecular distribution of the cloud was first revealed
by Sato & Fukui (1989) and Sato et al. (1994) through ¥*CO and C®¥0O (J=1-0) observations
carried out with the 4 m radio telescope at the Nagoya University (HPBW=2/7). Their obser-
vations clearly revealed the cometary “head-tail” morphology of L1251. They also found that
two of the JTRAS point sources located in the eastern “head” part of the cloud are associated
with molecular outflows, while no sign of ongoing star formation was found in the western
“tail.” These characteristics of L1251 make this cloud a suitable site to investigate the possible
difference in the dust properties (e.g., Ry ) between star-forming and non-star-forming regions
in a single cloud.

In this paper, we report results of the BV RI observations toward L.1251. The observational
procedures are described in § 3.2. The distribution of extinction (Ap and Ay) and color excess
at each band (Ep_v, Ev_g, Ev_r) are derived from the obtained data, which reveal the global
dust distribution of the cloud. These are shown in § 3.3 and 3.4. We also derive Ry distribution
over the cloud on the basis of color excess measurements and an empirical relation between Ry
and Ay/Ay (Cardelli, Clayton, & Mathis 1989). A significant difference has been found in Ry,
distribution between the dense head and the relatively diffuse tail of the cloud, suggesting a
larger dust size in the dense head than in the tail. We introduce our procedure to create Ry
map and compare the obtained Ry distribution with the other data in § 3.5. Our conclusions

are summarized in § 3.6.

3.2 Observations and Data Reduction

We carried out imaging observations of L1251 from 2000 November 27 to December 2 using
the 105 cm Schmidt telescope equipped with the 2kCCD camera at the Kiso Observatory. The
camera has a backside-illuminated 2048 x 2048 pixel chip covering a wide field of view of

~50'x 50" with a scale of 1”5 pixel™ at the focal plane of the telescope. Using the camera,
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we mapped L1251 with the B, V, R, and I filters at a 40’ grid spacing along the equatorial
coordinates, so that adjacent frames could have an overlap of ~10’ on the sky. We performed
integrations of 200, 100, 100, and 50 s for the images obtained with the B, V, R, and [ filters,
respectively. The typical seeing was 3”0—4”5 during the observations. In total, we obtained

10 frames per filter, covering the entire extent of the cloud.

To calibrate the images, we obtained dome flat frames in the beginning of the observations
and frequently obtained hias frames during the observations. In addition, we observed some sets

of standard stars listed by Landolt (1992) to correct the atmospheric extinction and calibration.

We processed the calibrated images in a standard way using the IRAF packages.! After
replacing values at the defected pixels in the detector (i.e., dead pixels) by those interpolated
using surrounding pixels, we applied the stellar photometry package DAOPHOT (Stetson 1987)
to the images to detect stars and then to make photometric measurements. To improve the
photometry we further measured the instrumental magnitudes of the detected stars by fitting a
point-spread function (PSF) and then calibrated them for the atmospheric extinction. Among
all of the detected stars we selected the ones having an intensity greater than 4.0 ¢ noise level
of the sky background. Some false detection, however, could not be completely ruled out,
which we later removed by eye inspection. For calculating the plate solution, we compared
the pixel coordinates of a number of the detected stars with the celestial coordinates of their
counterparts in the Digitized Sky Survey (DSS), which resulted in a positional error of less
than 1”7 (rms). All of the stars detected in our observations were summarized separately with
respect to the filters we used (BV RI), which we will adopt to generate an extinction map using
a star count method. The limiting magnitudes are 20.0, 19.7, 19.0, and 18.3 mag for the B,
V, R, and I bands, respectively. Among all of the identified stars ~33,000 were detected in
all of the four bands. These stars are useful for probing the distribution of the color excess in

the cloud. We converted the instrumental magnitudes of these stars into the magnitudes in the

1 TRAF is distributed by the National Astronomy Observatory, which is operated by the Association of Uni-
versities for Research in Astronomy, Inc., under coorperative agreement with the National Science Foundation.
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standard Johnson-Cousins photometric system (Johnson & Morgan 1953; Cousins 1976), and
we also measured their colors (B—V, V—R, and V—I). For the color excess measurements,
we constructed a BV RI-matched star list for ~30,600 stars whose photometric errors in the
color measurements, oy _y, are less than 0.15 mag. One should note that we excluded all of
the known young stellar objects (Sato & Fukui 1989; Sato et al.1994; Kun & Prusti 1993)
cross-identified in our photometries in order to avoid errors in the following analyses since they

are unrelated to the global extinction in L1251.

3.3 Distribution of Extinction

On the basis of the stars detected in the B and V band, we derived extinction (i.e., Ag and
Ay) maps of L1251 using a star count method. Given a cumulative stellar density in the
extinction-free reference field N, as a function of the A-band magnitude m, (i.e., the Wolf
diagram; Wolf 1923), a logarithmic cumulative stellar density log N measured at the threshold

magnitude m, o can be converted into the extinction A, as
A)‘ (l, b, ’I’)’I,)\,o) = m)\‘o — f—l [logN (l, b,m,\’o)] s (331)

where [ and b are the Galactic coordinates, and f~! is the inverse function of f defined as
log Nyt = f(my). The function f is often assumed to be linear as f = a + bm,, where
b = [dog Nret/dmyl, om, , (€-8:, Dickman 1978).

To derive N(I,b,my,) in equation (3.3.1) from the obtained data, we first set circular cells
with a 4’ diameter spaced by 2’ along the Galactic coordinates, and we counted the number of
stars in the cells, setting the threshold magnitude to be mp, = 19.5 mag and myp = 19.2 mag,
which is well above the detection limit in our observations. We then smoothed the stellar density
map to a 6’ resolution with Gaussian filtering for a better signal-to-noise ratio to produce the

final stellar density map N(l, b, mx ), which we adopted to derive the Ag and Ay distribution.
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After smoothing typical stellar density in the reference field and in the most opaque region was

~20 cell™! and ~1 cell~! for B band and ~30 cell™* and ~2 cell™! for V band, respectively.

We composed the stellar luminosity function fres(m,) in the reference field, i.e., the area
expected to be free from extinction in the observed region (see Fig. 3.1). We found that the
function is actually not linear, but has a curved shape. We also found that stellar densities
at the threshold magnitude my o systematically decrease along with the Galactic latitudes b.
To deal with this problem, we fitted the average luminosity function fres(ma) by a 4th-order

polynomial and scaled it to the background stellar density Npacc at my=m. o as

log Npack (£, b, :
£, b,my) = 8 i (4,6, 000) S o} (3.3.2)
ref (m/\,O) n=1

where ¢, represents the best-fitting coefficients. The value fref(ma) corresponds to the mean
stellar density at myo in the reference field. We determined Noack(l, b,my0) by assuming an

exponential dependence on b as

Nback (laba mz\'O) = NO exp (—a'bi) ) (333)

where N, and « are constants determined using values of N(I, b, my ) in the reference field. We

obtained the coefficients (Ng, a) to be (61.5, 0.07) for B band and (106.2, 0.09) for V' band.

We numerically calculated f~!, the inverse function of f in equation (3.3.2), and used it in
equation (3.3.1) to derive Ap and Ay after substituting the actually measured stellar density
N(l,b,mxg) into f~*. The resulting Ay map is shown in Figure 3.1. The distribution of Ap
(not shown) is very similar to that of Ay. Total uncertainty in Ay varies from region to region,
depending on the number of stars falling in the cells. Typical uncertainties in the reference
field (A, ~ 0 mag) and in the most opaque region are estimated to be ~0.5 and ~0.8 mag for

the B band, and ~0.35 and ~0.7 mag for the V band, respectively.

The Ay map reveals an interesting dust distribution in L1251 with a cometary head-tail
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morphology, which is similar to the molecular distribution traced in ¥CO (Sato et al. 1994).

3.4 Distribution of Color Excess

We derived the color excess distribution in L1251 using the near-infrared color excess (NICE)
method originally developed by Lada et al. (1994). The method compares the color index of
stars in the reference field with those in the dark clouds. If we assume that the population
of the stars across the observed field is invariable, the mean stellar color in the reference field
can be used to approximate the mean intrinsic color of stars (ie., <V=A>inu=<V—A>,), and
the color excess can be derived by subtracting <V —A> e from the observed color of stars. To
obtain the color excess maps, we adopted an “adaptive grid” technique (Cambrésy 1998, 1999)
to the ~30,600 stars detected in all of the four bands (B, V, R, and I). This technique consists
in fixing the number of counted stars N per variable cell to achieve a uniform noise level in the
resulting map. To estimate the mean color excess <Ey_ > (A=B, R, or I) in circular cells
spaced by 2’ along the Galactic coordinates with undefined sizes, we calculated the mean color
of the closest N stars to the center positions of the cells by setting N to be 10 and derived
their shifts from the mean color in the reference field <V —A> s as

(Bv- ) (1b) = [\f? Q‘/—jvil} (1L6) = (V= Nt » (3.41)

=1

where (V—2)); is the color index of the ith star in a cell. The distance to the Nth star from
the cell center gives the radius of the cell, corresponding to one half of the angular resolution.
<V —A>. is the mean color of the ~2000 cells in the reference field, and we determined
<B—V >, <V—=R>, and <V —I> to be 1.02, 0.55, and 1.23 mag, respectively.

In the reference field, we found that <V —A> slightly but systematically decreases with

increasing Galactic latitudes b. This may be caused by the presence of diffuse dust layer of

the Galaxy and/or gradual change in the stellar population toward the Galactic plane. We
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calibrated the effect by substituting <V —A>. in equation (3.4.1) for the following equation

assuming an exponential dependence on b as
(V - >‘> (la b) = A@Xp (——CY ibl) ) (342)

where A and a are the fitting coefficients. We determined the coefficients (A, a) to be (1.60,

0.03), (2.60, 0.05), and (0.84, 0.03) for <B—V>ef, <V —R>r, and <V —I>, respectively.

We then smoothed the color excess maps with a Gaussian filter (FWHM=4') to reduce
noise. The resulting resolution of the maps is typically ~5' in the reference field and ~10' in
the most opaque region. An example of the obtained color excess maps is shown in Figure
3.2, where we show the spatial distribution of Eg_y. The distributions of Ey_p and Eyv_;
(not shown) are similar to that of Eg_y. L1251 is also traced in the all-sky Ep_yv map with
6’ resolution (Schlegel, Finkbeiner, & Davis 1998), which is derived from far-infrared emission
data (COBE/DIRBE, IRAS/ISSA). The cloud appears similar in both the all-sky map
and our color excess maps, indicating that the optical color excess and the far-infrared thermal

emission of dust trace the same region.

Uncertainty in deriving <Ey_y> is given by following equation (e.g., Arce & Goodman

1999):

1/2

N orow- a,\?
TEWV- ) = [03811+Z( (N )“) ] (3.4.3)
=1

where oy, is the photometric error in V—M\ of the ith star in each cell. The value oy is the
standard deviation of the N-sampling distribution of the mean, where the original distribution
is the V—A\ color of the stars in the reference field. It is equivalent to the standard deviation
of the <Fy_,> distribution in the reference field. We estimated o.q to be 0.04, 0.03, and
0.05 mag for the color of B—V, V—R, and V—1I, respectively. In the Fp_y, Ev_g, and Ey_;

maps, a typical o<g,_,>-value calculated using equation (3.4.3) is 0.05, 0.03, and 0.05 mag,
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respectively.

We derived the color excess diagram Ep_y versus Fy_; to see the global trend of reddening
by dusts in L1251, which is shown in Figure 3.3. We investigated the relation separately in the
star-forming head (I>114°2) and in the non-star-forming tail (1<114°2). For comparison, we
also show Ep_y versus Ey_; relations in the cases of Ry=3.1 and 6.5, adopting an empirical

extinction law reported by Cardelli et al. (1989).

It is clear that there is a significant difference in the Ep_y versus Ey _; relations obtained
in the two parts of the cloud. In the non-star-forming tail the data are distributed along
the line of Ry=3.1, a typical value in the diffuse ISM, and the linear least-squares fit to the
data actually yields a slope of Ey_;/Eg_y=1.21, which corresponds to Ry =3.2. On the other
hand, the data in the star-forming head are distributed above the line of Ry=3.1 in the range of
Ep_y>0.4 mag, and they gradually get close to the line of Ry =6.5 for larger Eg_y . It is evident
that optical properties of dust grains significantly vary even in a single cloud. The different
extinction laws are well separated into two groups only when we divide them into star-forming
and non-star-forming parts. Since Ry increases with increasing size of dust grains, larger Ry -
value in the star-forming head is indicative of the evolution (i.e., growth in size) of dust grains.
We note that Ey_; increases in the same way (along with Ry ~3.1) up to Eg_y~0.4 mag both
in the tail and in the head part, which indicates dust optical properties remain normal at the

diffuse boundary of the cloud.

3.5 Derivation of Ry Distribution and Evidence for Grain

Growth

In order to investigate the local variation of the dust properties in L1251, we derived the Ry
distribution using a relationship between Ry and Ey_,/FEp_y that we produced from the Ry-

dependent extinction law derived by Cardelli et al. (1989). They found that observed A,/Ay
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versus Ry;' relations toward a number of line-of-sight stars are well fitted over the wavelength

range from 0.125 ym to 3.5 pm as

(Ar/Av) = a(z) + b(z)Ry' (3.5.1)

where z is A™' um™'. The wavelength-dependent coefficients a(z) and b(z) are shown in
equations (2a-2b) and (3a-3b) of Cardelli et al. (1989). By using equation (3.5.1) we reproduced

Ry and Evy_,/Eg_y relations with the color excess ratios as Ey_y/Ep_v=(Av-A,)/(Ap-Ay).

Color excess ratios of Ey_r/FEp_v and Ey_;/Ep_y are used to obtain the Ry-values at the
cells that we used to derive the color excess maps. In each cell we numerically calculated the
Ry-value, which minimizes the sum of residual variance; i.e., [(Ev_r/E5_v)obs—(Ev - r/
Ep_v)model}? + {(Ev-1/Es-v)obs—(Ev-r1/EB_v )model]?- We carried out the Ry fitting only in
the region with Fp_>0.4 mag in order to avoid a large error in Ry arising from too small
Ep_v values. The resulting Ry map is shown in Figure 3.4. As seen in the figure, Ry in the
star-forming head is systematically higher than in the tail with the maximum value of Ry ~6.
The mean value of Ry in the head and tail are ~4.6 and ~3.2, respectively. The feature in the
Ry distribution is consistent with what we found in the color excess diagrams derived in the

previous section (Fig. 3.3).

Uncertainties in the Ry measurement, op,,, are estimated using Monte Carlo simulations.
We first generated noise that follows a Gaussian distribution with the standard deviation equal
to the 1 o error of Ey_,/Ep_y measurements, and then we performed the Ry fitting to the
noise-added Ey_,/Ep_y data. We repeated this calculation 1000 times in each cell, and re-
garded the standard deviation of the resulting Ry -values as 0Rry. The value of og, varies
from ~0.5 to ~0.9 (0.69 on the average) and tends to be relatively higher in cells with small
Ep_y. In addition to the random noise our Ry map may suffer from a systematic error due to
a number of unidentified pre-main-sequence (PMS) stars formed in the dense head. A certain

fraction of PMS stars are known to have a blue color excess (e.g., Kenyon & Hartmann 1995),
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which may result in an overestimate in Ry. However, this possible error should be negligible
* in our case, as we discuss in the Appendix.
We further checked the validity of the color-excess-based Ry measurements by using Ap

and Ay derived with star count method. Though large uncertainties (typically ~0.5 mag in our

data) are included in Ap and Ay data, Ry can be directly computed as Ry=Av/(Ap — Ay)
‘Without using an empirical model. We made Ay versus Ap diagram for the same cells used
in Ry measurements and separated them into the star-forming head (1>114°2) and non-star-
forming tail (1<114°2). The slope of the Ay versus Ap relations yields mean Ry-value of
data points as <Ry>=1/(a—1), where a=Ap/Ay. The linear least-squares fit to each dataset
resulted in opeaa=1.23+£0.09 and oyay=1.34£0.07, which correspond to <Ry >head~4.3 and

< Ry >wi~3.0, respectively. These values are consistent with the results of color-excess-based

Ry measurements.

In Figure 3.4 it is particularly noteworthy that there is a good coincidence between the
local peaks of the Ry distribution and the locations of YSOs. There are three strong Ry peaks
in the head at (I,b)=(114°60, 14°47; Ry=6.1), (114250, 14°67; Ry=5.8), and (114027, 14277,
Ry =5.6). The first two peaks show a good agreement with the locations of the two outflow

sources reported by Sato & Fukui (1989) and Sato et al. (1994), though the third peak has no

apparent corresponding source. In addition, the three Ry peaks also coincide with the positions
of molecular cloud cores found in C**O (named “B”, “C”, and “E” by Sato et al. 1994; see
their Table 1 and Fig. 2), indicating that the region with high Ry-values is rich in molecular
gas.

To investigate the dependence of Ry on the dust column density, we derived a diagram of

Ay, versus Ry. For a direct comparison we remeasured the Ay-values with the same cells used
to produce the Ry map. In Figure 3.5 we show the diagram measured both in the dense head
and in the diffuse tail. It is clear that the Ry increases along with Ay in the head, while that

in the tail remains constant regardless of Ay.

All of the above results obtained from the comparison of the Ry map with the other data,
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i.e., the coincidence of the Ry peaks and the outflow sources, as well as the C'80 cores, and
the difference in the Ay versus Ry relation between the head and the tail, strongly indicate
that Ry is higher in the dense star-forming head than those in the diffuse tail without any
signs of star formation. Because a higher value of Ry is expected for dusts with a larger size,
the dusts in the head of L1251 may actually be larger than in the diffuse tail, indicating the
growth of dust grains through coagulation and accretion of smaller dust particles as well as
molecules in gas phase onto larger dust grains in the dense molecular cloud cores experiencing
star formation. The Ry distribution derived in this study may not be sufficient to probe
the densest region of L1251 (Ay>4—5 mag) in detail because of a large optical depth at the
observed wavelengths. However, a similar change of dust properties most likely representing a
large dust size in molecular clouds was recently reported through submillimeter observations of
the dust emission (e.g., MCLD123.5+24.9: Bernard et al. 1999; Taurus: Stepnik et al. 2003).
The idea of grain growth is also supported by their study based on the optically much thinner
submillimeter observation, implying that dust grains with a larger size than in the diffuse ISM
may be common in dense molecular clouds.

Our procedure to derive the Ry distribution on the basis of the average color excess mea-
surements is useful to investigate a large-scale variation of the dust optical properties. It may
be applicable also to the near infrared data in the future, with which we should be able to
measure the Ry distribution in the densest region of L1251 to confirm the significant change

of Ry therein.

3.6 Summary

We have carried out optical observations toward L1251 at multiple bands, B, V, R, and I,
using the 105 cm Schmidt telescope equipped with the 2kCCD camera at the Kiso Observatory
in Japan. Extinction and color excess maps of the cloud were derived using a star count

method and a NICE method. From the observed Eyv_»/Eg_yv (A=R,I), we also derived the

84




Ry distribution using an empirical Ry versus A,/Ay relation (Cardelli et al. 1989).

(1) We investigated the color excess distribution of the cloud on the basis of the ~30,600 stars
detected in our observations. Color excess diagram, Fg_y versus Ey_yp, indicates a significant
difference in Ry between the star-forming dense head (I>114°2) and the non-star-forming diffuse
tail (1<114°2).

(2) We derived the Ry distribution over the cloud on the basis of the color excess mea-
surements and an empirical relation between Ry and A,/Ay (Cardelli et al. 1989). From
the resulting Ry map we found that Ry is systematically higher in the dense head (Ry=4-6)
than in the diffuse tail (Ry~3.2), which is consistent with what we found in the Ep_y versus
By _; diagram. We confirmed the validity of color-excess-based Ry measurements by com-
paring them with independently measured Ry-values; i.e., Ay/(Ap—Ay), which were directly
computed using Ap and Ay data from star count analysis.

Local peaks of the Ry distribution in the head of L1251 coincide with the positions of the
young stars accompanied by molecular outflows and the molecular cloud cores identified in
C!80. We also found that Ry increases with increasing Ay in the dense star-forming head,
while Ry is likely to be independent of Ay in the diffuse tail. Since Ry is closely related to the
size of dusts, we suggest that these results are indicative of the growth of dust grains in the
dense head due to coagulation and accretion of smaller dust particles and molecules onto the

larger dust grains.
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Appendix 3.A

A Possible Systematic Uncertainty in Ry

Here we consider the degree of uncertainties caused by the presence of unknown faint PMS stars
in the star-forming head of L1251, which escaped detection in the previous H, survey (Kun &
Prusti 1993). It is well known that a certain fraction of PMS stars show the optical blue excess,
which is prominent in U—B (e.g., Kenyon & Hartmann 1995) and possibly in B—V. Their blue
intrinsic color should result in an underestimate of Ep._y, for which we may overestimate Ry .

In order to examine the fraction of blue excess PMS stars at B—V, we made a B-V
versus V' —I diagram of 96 PMS stars in the Taurus-Auriga region (see Table Al of Kenyon
& Hartmann 1995). We found 23 (~25%) sources show a blue excess of greater than 0.2 mag
compared with the main-sequence stars, while the rest of the sources have a similar color to
the main-sequence stars with some reddening.

If we assume that the ratio of the blue excess PMS stars measured in the Taurus-Auriga
region is also valid in L1251, only two to three stars (25% of N=10) in each counting cell are
expected to be blue excess PMS stars even in an extreme case that all of the stars detected in
our observations are PMS stars. However, at the maximum estimate of the blue excess PMS
stars (about two to three stars per cell), there might be an influence on the value of Ep_v
calculated as the average color of 10 stars (eq. [3.4.1]). We therefore recalculated Ep_y taking
the median color of 10 stars instead of the average, because it should be much less affected by a
few blue excess PMS stars. We compared the two values of Eg_y, the median and the average
colors of 10 stars, and found that they are quite consistent with each other even in the densest
head of L1251 with a typical difference of only ~0.02 mag. This means that the possible error

in Ry due to the blue excess PMS stars is negligible, and the high Ry-value derived in the
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star-forming dense head is most likely to be real.
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Figure 3.1 Ay distribution in L1251. The angular resolution is 6’. Contours start from 1 mag
with a step of 0.5 mag. Filled circles with white outlines represent the positions of the /RAS
sources associated with molecular outflows (Sato et al. 1994). Plus signs represent the positions
of the H, emission-line stars found by Kun & Prusti (1993). The observed area is delineated by
the broken line. The area enclosed by the gray broken line is the reference field expected to be
free from extinction. Typical uncertainties in Ay are ~0.35 mag and ~0.7 mag, which are found
in the reference field (Ay~0 mag) and in the most opaque region (Ay~5 mag), respectively.
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Figure 3.2 Eg_y distribution in L1251. Contours start from 0.2 mag with a step of 0.1 mag.
The uncertainty in Eg_y is ~0.05 mag. The highest and lowest angular resolutions achieved
in the map are ~5' in the reference field and ~10’ in the most opaque region, respectively.
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Figure 3.3 (a) Eg_y vs. Ey_; relation for the non-star-forming tail of L1251 (/<114°2). The
solid line denotes the linear least-squares fit (Bv-r/Ep_y=1.21 corresponding to Ry=3.2) to
all of the data points in the tail. The dotted and broken lines are for the cases of Ry=3.1 and
6.5, respectively. The typical error in Eg_y and Ey_; is ~0.05 mag. (b) Same as (a) but for
the star-forming head of L1251 (I>11492).
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Figure 3.4 Ry distribution in L1251. The small dots represent the positions where we measured
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molecular outflows (Sato & Fukui 1989; Sato et al. 1994). Contours start from Ry=4 with a
step of 0.3.
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Figure 3.5 (a) Ay vs. Ry relation for the non-star-forming tail of L1251 (I<114°2). The
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respectively. (b) Same as (a) but for the star-forming head of L1251 ({>114°2).
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Chapter 4

Conclusion

The motivation of this study is to understand the low-mass star formation process through the
measurements of density structure of globules (isolated dense cores) with and without YSOs
(Chapter 2). Dust extinction at near-infrared wavelengths provides more reliable measure
of column density than any other methods. Omn the basis of near-infrared imaging observa-
tions toward ten globules, I investigated their density structure using the Bonnor-Ebert sphere
model. The Bonnor-Ebert model describes a pressure-confined self-gravitating isothermal gas
sphere in hydrostatic equilibrium. A specific solution, i.e., the shape of density profile, of
the Bonnor-Ebert model can be characterized by the non-dimensional radial parameter, € ax,
and/or density contrast (the ratio of central-to-surface density). The Bonnor-Ebert spheres
with £n.x > 6.5 (density contrast > 14) correspond to the unstable equilibrium state, and
are expected to be unstable against the gravitational collapse. Thus, the Bonnor-Ebert model
fitting of globules provides the information on their stability as well as the shape of density
structure. The Bonnor-Ebert model fitting studies of globules based on the near-infrared extine-
tion have been reported for four sources as a case study. With the limited number of globules
with well-defined density structure, statistical studies were impossible. By combining my ten
globules with four globules in the literature (14 sources: three star-forming and eleven starless

globules), I have performed the first systematic study of the density structure of globules on
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the basis of near-infrared extinction measurements. Since the Bonnor-Ebert model can only
be applicable to describe the “static” equilibrium conditions, I studied the evolution of the
density structure of starless globules by comparing observations with a theoretical calculation
of a collapsing gas sphere whose initial condition is close to the Bonnor-Ebert sphere. The main
results of this study are summarized as follows.

(1) I found that more than half of the starless globules (7 out of 11 sources) are located near
the critical state, £nax = 6.5 £ 2. Thus, I suggest that a nearly critical Bonnor-Ebert sphere
characterizes the typical density structure of starless globules, and it approximates the initial
condition of gravitational collapse. Most of globules appear to be thermally supported from
radio molecular line observations.

(2) I found that four out of eleven starless globules show clearly unstable states (€max > 10).
Since unstable equilibrium states are not long sustainable, I expect that these globules are
already collapsing toward higher central condensation or that extra force (e.g., magnetic and/or
turbulent pressure) accounting for large £ . stabilizes the globules. It was also found that all
three star-forming globules have unstable solutions of &.x > 10, which is consistent with the
fact that they have started gravitational collapse.

(3) I investigated the collapse of the Bonnor-Ebert sphere from a nearly critical state using
the model calculation of Aikawa et al. (2004), and found that the column density profiles of the
collapsing sphere mimic those of static Bonnor-Ebert spheres (unstable equilibrium solutions).
By relating £max to the collapsing sphere at a specific time, the evolutionary state of globules
can be interpreted, and the detection probability of each &£, value can be predicted from
the model calculation. Since the evolutionary timescale decreases with increasing density, the
collapsing sphere resembles a marginally unstable Bonnor-Ebert sphere for a long time. It was
found that the frequency distribution of £,.c for the observed starless globules is consistent
with that from model calculations of the collapsing sphere.

Dust extinction observations at multiple wavelengths provide important information on dust

grain properties in addition to the column density distribution of dark clouds. I studied dust
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optical properties, i.e., the reddening/extinction law, in the dark cloud L1251 based on optical
imaging observations at multiple wavelengths, B, V', R, and I (Chapter 3). The ratio of total to
selective extinction, Ry = Ay /Ep_y, is a measure of wavelength dependence of dust extinction,
representing the shape of the reddening/extinction curve. Ry is an important observational
parameter, because it is closely related to the size and composition of dust grains. It is well
known that Ry has a uniform value of ~ 3.1 for the diffuse interstelar medium, whereas much
higher values, Ry = 4 — 6 were found toward some dense molecular clouds. Many theoretical
studies attribute the higher Ry in dense clouds to the growth of dust grains through the
coagulation of smaller grains and/or accretion of molecular gas onto the grain surface.

In the most of previous studies, Ry was measured toward a limited number of stars of
known spectral type lying background to dark clouds. A large scale distribution of Ry over
entire surface of the cloud, as well as its local variation inside the cloud, are still poorly known.
On the basis of average color excess measurements, Eg_v, Ey_gr, and Fy_;, I revealed spatial
distributions of Ry in L1251 for the first time. L1251 has a cometary shape with a dense
“head” showing star formation activity and a relatively diffuse “tail” without any signs of star
formation. I investigated how much Ry can vary in L1251, and found that Ry is systematically
higher in the star-forming dense head (Ry = 4 — 6) than in the starless diffuse tail (Ry ~ 3.2).
It was also found that local peaks of the Ry distribution in the head of 11251 coincidate with
the positions of YSOs accompanied by molecular outflows and the dense molecular clumps
previously identified in C'80 (J =1 — 0). Since Ry is closely related to the size of dust grains,
I suggest that these results are indicative of grain growth in the star forming dense head of
L1251. This is the first study to create Ry map of a dark cloud based on average color excess

measurements at multiple optical wavelengths.
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Appendix A

Development of Software for the

Virtual Observatory Prototype in
ALMA-Japan

Abstract

A virtual observatory (VO) is being developed in the Japanese group of the Atacama Large
Millimeter /submillimeter Array (ALMA-Japan). Ibriefly introduce science requirements, present,
status, and future developments of the VO prototype in ALMA-Japan. The VO prototype sys-
tem provides two kinds of data reduction pipelines that can reduce raw observational data
taken with near-infrared and radio telescopes. I have developed a near-infrared data reduction
pipeline as a module of the VO prototype. The pipeline engine has been implemented into the

prototype.

A.1 Introduction

The Atacama Large Millimeter/submillimeter Array (ALMA) is an international project for

a large millimeter and submillimeter aperture-synthesis telescope. ALMA will consist of 80
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high-precision antennas, which are 64 antennas of 12 m diameter (64-element array) and the
Atacama Compact Array system (ACA; 12 antennas of 7 m diameter and 4 antennas of 12 m
diameter). These antennas will be installed in Chajnantor in Chile, at 5,000 meters above sea
level. The construction and operation of ALMA are based on a collaboration among North
America, Europe, and Japan. The Republic of Chile is the host country. ALMA will be a
revolutionary ground-based telescope owing to its very high angular resolution and sensitivity at
millimeter and submillimeter wavelengths, and will extend our understandings on wide variety

of astronomical objects from the solar system to the distant galaxies.

The Japanese group of the Atacama Large Millimeter/submillimeter Array (ALMA-Japan)
is developing a virtual observatory (VO), which can connect huge amount of ALMA data, prod-
ucts with the data taken by other instruments at various wavelengths. This will be one of the
most important functionalities provided by the ALMA Regional Center (ARC) in Japan as the
science support service to the user. We assume that a pipeline processing of raw observational
data is necessary to satisfy a variety of user interests. This is in contrast to most of the present
astronomical databases that only manage reduced astronomical images and/or catalogs. It is
also important that pipeline processed data of multiple wavelengths can be compared with each
other (e.g., correlation analysis). We have determined science requirements and science cases
for VO as shown in the next section. The VO prototype system in ALMA-Japan provides two
kinds of data reduction pipelines developed using the RSI-IDL (Interactive Data Language, by
Research Systems, Inc.) that can reduce raw observational data taken by the near-infrared?
and radio? telescopes. The VO prototype was developed in order to evaluate system design
and user interface. I have developed a near-infrared data reduction pipeline as a module of the
VO prototype system. The pipeline engine has been implemented into the prototype. I note
that the ALMA-Japan VO system is being developed in collaboration with Astronomical Data
Analysis Center (ADAC), National Astronomical Observatory of Japan (NAOJ).

! IRSF 1.4 m infrared telescope in South Africa.
? NRO 45 m radio telescope in Japan.
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A.2 Science Requirements

Science requirements for the ALMA-Japan VO system are as follows.
(1) Distributed Observational Database

Database of raw observational data should be accessible via the Internet. The distributed
data processing is crucial, because the data contents must be supported and maintained by
observatory staff who knows them best.
(2) Pipeline Processing of Raw Observational Data

Automated pipeline reduction of raw observational data should be available. The following
files are neccessary as default output: reduced data (2D and/or 3D fits), JPEG images of
reduced data for quick-look, log of the pipeline process including error messages, list of (default
and/or optional) parameters used in the pipeline.
(3) Pipeline Processing with User Specified Parameters

In order to reflect scientific requirements from a user, the pipeline parameter list should

be reusable. If a user is not satisfied with the default pipeline parameters, he/she can modify
parameters in the list and can submit a request for the next pipeline run.
(4) Data Analysis Tools

In addition to the raw data processing pipelines, data analysis tools, such as source detection,
photometry, and correlation between maps, are necéssary to achieve specific scientific objectives.
The effectiveness of database astronomy based on VO will highly depend on the functionalities

of data analysis tools implemented in VO.

A.3 Science Cases

We have studied 16 science cases, and have selected three out of them as references for the
current version of VO prototype.

(1) Physical Properties of Galaxies
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To investigate relationship between morphology of galaxies (e.g., Hubble type) and molec-
ular gas distribution by using the CO survey data taken by the Nobeyama Millimeter Array
(NMA; an interferometer consists of six antennas of 10 m diameter) as well as optical and/or
near-infrared images.

(2) Physical Properties of Molecular Clouds in the Inner Galaxy

To investigate relationship between the Galactic structure (e.g., with spiral arms) and
physical properties of molecular clouds using the CO survey data taken with the NRO 45 m
telescope.
(3) Physical Properties of Globules (Isolated Dense Cores)

To investigate relationship between molecular distribution and dust extinction toward glob-
ules using the molecular line data taken with the NRO 45 m telescope and the near-infrared

images taken with IRSF 1.4 m telescope in South Africa.

A.4 ALMA-Japan VO Prototype System

A.4.1 Overview of the System Design

A schematic illustration of the ALMA-Japan VO prototype system is shown in Figure A.1. In
the figure, each block labeled (a), (b), and (c) corresponds to the VO portal server, near-infrared
data server® , and radio data server? , respectively. The servers (a) and (c) are located in NRO
(Nobeyama), and the server (b) is located in the headquaters of NAQJ (Mitaka). The user
accesses to the portal server via the Internet, and can submit queries using a Web-browser. The
user authentication, query specification, and data transfer among the portal and data servers,
are implemented by using the Globus Tool Kit (http:/ /www.globus.org/). The VNC (Virtual
Network Computing; http://www.realvnc.com/) is used for the display of pipeline process and

results.

3 IRSF 1.4 m telescope data are not opened to the public. We used our own data to develop the near-infrared
pipeline server.
* NRO Data Archival System (nrodb; http://nrodb.nro.nao.ac.jp/)
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A.4.2 Query and User Interface

When the user accesses to the VO prototype portal server via the Internet, VO main page will
appear as shown in Figure A.2. The user are required to type one’s login ID and password
(Fig. A.2). After the user authentication, a pipeline specification page (Fig. A.3) willl appear,
and the user can select either of near-infrared or radio data pipeline. The user can edit the
parameter list by clicking the “edit” button in the second menu. The third menu specifies the
process name, i.e., pipeline-ID. The pipeline results (reduced data, used parameter list, etc...)
will be saved in the subdirectory, whose name is the same as the pipeline-ID, under the user
directory in the VO portal server.

Next, a data search page for near-infrared or radio data will appeared. I show the image
of data search page for the radio case in Figure A.4. The user can specify observation date,
frequency, and object coordinates, and the search result will be returned as shown in Figure
A.5. The user can select the check box of raw observational data, and can start pipeline process
by clicking the “Run” button. Finally, the pipeline process status will appear (Fig. A.6). If
the user click the “Launch Viewer” button, a new window is opened and the pipeline displays

image data to be checked by the user.

A.4.3 Radio Data Pipeline

The radio data pipeline was developed by Sawada, T. (NAOJ ) using the RSI-IDL, which deals
with radio spectroscopy data taken by the NRO 45 m telescope equipped with the 25-element
focal-plane array receiver BEARS (Sunada et al. 2000). The pipeline consists of the following
procedures: (1) baseline subtraction, (2) flagging bad data, (3) combining the spectra at the
same coordinates, (4) making 3D (R.A., Decl., velocity or frequency) data, and (5) creating
maps of integrated intensity, peak temperature, and line width. The default parameters for
these procedures are automatically determined. For example, a baseline subtraction is per-

formed using the predetermined fitting range of channels in the spectrometers. The user can
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change the parameters to be used by the pipeline by editing the default pipeline parameters.
If the user sets the interactive baseline fitting option “yes”, the user can interactively specify
fitting ranges for baseline subtraction. The output data are: (1) 3D FITS, (2) 2D FITS and
JPEG image of the integrated intensity, peak temperature, and linewidth map, (3) parameter

list used by the pipeline, and (4) pipeline process log and error messages.

A.4.4 Near-infrared Data Pipeline

I have developed the near-infrared data pipeline using the RSI-IDL, which deals with near-
infrared imaging data at J, H, and K, taken with the IRSF 1.4 m telescope equipped with the
SIRIUS camera (Nagayama et al. 2003; Nagashima et al. 1999). The pipeline consists of the
following procedures: (1) dark subtraction and flat-field correction of object frames, (2) median
sky subtraction from object frames, (3) frame registration, and (4) combining dithred object
frames. The default parameters for these procedures are predetermined. The output data are:
(1) FITS and JPEG images of the finally combined object frames, (2) three-color (Blue:J,
Green:H, Red: K) composite JPEG image of the object frame, (3) parameter list used by the
pipeline, and (4) pipeline process log and error messages. I show the three-color composite

image of the dark globule FeSt 1-457 produced by the pipeline (Fig. A.7).

A.4.5 Data Ahalysis Tools

I have developed data analysis tools to deal with the near-infrared data from the near-infrared
pipeline. The data analysis tools consist of the following procedures: (1) stellar detection at
J, H, and K, (2) aperture photometry of detected stars, (3) making a list of coordinates,
magnitudes, colors of stars, (4) generating an extinction (Ay) map of dark clouds based on
the stellar color excess , in particular H — K, measurements. These analysis will be carried
out if the user sets the data analysis option to “yes” in the parameter list of the near-infrared

pipeline. The parameters for these procedures, e.g., threshold for the stellar detections, are
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predetermined as default. The output data are: (1) a list of stellar coordinates, magnitudes,
and colors, (2) an Ay map of the object in FITS and JPEG format, (3) a parameter list used
by the pipeline, and (4) pipeline process log and error messages. I show the Ay map of the

dark cloud FeSt 1-457 obtained by this analysis tool (Fig. A.8).

A.5 Summary

A virtual observatory (VO) prototype has been developed in the Japanese group of the Atacama
Large Millimeter/submillimeter Array (ALMA-J apan). The system will be a key functionality
to be provided by the ALMA Regional Center (ARC) in Japan as the science support service
to the user. The VO prototype system consists of two kinds of data reduction pipelines that
can reduce raw observational data of both near-infrared and radio telescopes. I have developed
and implemented a near-infrared data reduction pipeline as a module of the VO prototype. In
addition to the raw near-infrared data reduction, the pipeline can analyze reduced images to
measure the extinction (Ay) distribution through the stellar detection and photometries. The
ALMA-Japan VO system is being developed in collaboration with Astronomical Data, Analysis
Center (ADAC), National Astronomical Observatory of Japan (NAQJ).
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109



Figure A.7 An example of pipeline processed near-infrared image (J, H, and K, three-color
composite) of the globule FeSt 1-457.
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Figure A.8 An example of extinction (Av) measurements of the globule FeSt 1-457 using the
near-infrared pipeline.
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