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ABSTRACT

Using various molecular line and continuum emission criteria, we have selected a
sample of six isolated, dense concentrations of molecular gas, i.e., “cores”, which are
either starless (1.694-2, 1429, L1517B, and L1689-SMM16) or contain a protostellar
Very Low Luminosity Object (VeLLO) and are currently experiencing gravitational
collapse (LL1014 and L1521F). Studying the molecular emission from dense gas tracers
toward this sample of cores will help us gain a more detailed image of the internal
physical conditions of dense cores and their evolution.

We observed the cores in our sample in NH3 (1,1) and (2,2) emission using the
Green Bank Telescope (GBT) and in NoH"™ (1—0) emission using the Nobeyama
Radio Observatory (NRO). L429 shows the most complicated structure among the
cores in our sample. Also, the maxima of molecular line integrated intensities and
dust continuum emission toward 1.429 show a significant offset. The rest of the cores
in our sample are roughly round and the morphologies of line integrated intensities
follow that of the corresponding continuum emission closely. Cores in our sample
have gas kinetic temperatures ~ 9 — 10 K and therefore show comparable thermal
velocity dispersions. L1429 and L1517B are, respectively, the most turbulent and most
quiescent cores in our sample. Finally, L1521F is the most centrally concentrated core

of our sample.
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L1689-SMM16 is the least previously studied core in our sample and had not
yet been probed in molecular emission. Jeans and virial analyses made using up-
dated measurements of core mass and size confirm that L1689-SMM16 is prestellar,
i.e., gravitationally bound. It also has accumulated more mass compared to its corre-
sponding Jeans mass in the absence of magnetic fields and therefore is a “super-Jeans”
core. The high levels of X (NH;3)/X (NoHT) and deuterium fractionation reinforce the
idea that the core has not yet formed a protostar. Comparing the physical parameters
of the core with those of a Bonnor-Ebert sphere reveals the advanced evolutionary
stage of L1689-SMM16 and shows that it might be unstable to collapse. We do not
detect any evidence of infall motions toward the core, however. Instead, red asym-
metry in the line profiles of HCN (1—0) and HNC (1—-0) indicates expansion of the
outer layers of the core at a speed of ~ 0.2 — 0.3 km s~!. For a gravitationally bound
core, expansion in the outer layers might indicate that L1689-SMM16 is experiencing
oscillations.

Radiative transfer modelling of NH3 emission toward 1.694-2 and L1521F at low
and high spatial resolutions show that the less evolved core, 1.L694-2, is best described
by relatively constant radial profiles of temperature and fractional NH3; abundance.
On the other hand, L1521F, which contains a protostellar VeLLO, is best described
by a radial abundance profile that is enhanced toward the core centre and a radial
temperature profile that decreases toward the core centre. Comparison of our results
with previous studies on L1544, a well-studied starless core, imply that as dense
cores evolve and progress toward the moment of collapse, they become more centrally
concentrated. As a result, the gas temperatures at their centres decrease, leading to
increase in levels of CO depletion factor and increase in NHj fractional abundance

toward the centre.
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Chapter 1

Introduction

1.1 Star Formation

Stars are fundamental units of the Universe. They play a crucial role in the physical
and chemical evolution of many astronomical environments, making understanding
star formation one of the most important goals of astronomy. Molecular clouds, natu-
ral sites of star formation, are enormous complexes of dust and gas where temperature

3 masses are on the order

is approximately 15 K, number density is around 10% cm™
of 10° Mg, and typical sizes are approximately 50 pc' across (Figure 1.1; Stahler &
Palla 2005). Thousands of molecular clouds exist in our Galaxy, mainly in the spiral
arms.

The density structures of molecular clouds are observed to be non-uniform with
local regions of significantly greater density in filamentary or clumpy shapes. The
high column density (i.e., amount of material in the line-of-sight) of dust and gas in
these regions leads to the obscuration of light as a result of scattering and absorption.
This phenomenon is referred to as interstellar extinction and is represented by the
opacity of the cloud (k,). Opacity is a measure of the amount of emission removed
from a beam of light propagating through a medium and is often expressed in terms of
the “optical depth” (7). High optical depth (i.e., “optically thick”) emission (7, > 1)
comes mostly from a short distance into the (opaque) medium. Low optical depth
(i.e., “optically thin”) emission (7, < 1), however, comes from long distances into the
medium or perhaps the entire (transparent) medium. The amount of optical depth

depends on the characteristics of the material along the line-of-sight. In molecular

Parsec (pc) is a unit of length commonly used in astronomy equal to 3.1 x 106 metres.



Figure 1.1: Perseus molecular cloud (Credit: Gerhard Bachmayer).

clouds, the optical depth of molecular emission lines depends on abundances (i.e.,
higher column densities), therefore highly abundant molecules have optically thick
lines. The optical depth of continuum emission depends on the abundance of dust
and the wavelength of light. For example, Figure 1.2 shows optical and infrared
(IR) continuum observations of the Trapezium cluster in the Orion Molecular Cloud
(OMC). At optical wavelengths, the OMC is opaque to background starlight, but at
longer wavelengths of IR, it becomes transparent and the embedded stars are visible.
Thus, the OMC is optically thick at visual wavelengths but relatively optically thin
at IR wavelengths.

Stars form out of centrally condensed clumps in molecular clouds. In general,
clumps contain smaller substructures, commonly called cores, with densities on the

3 masses of 10 M, and characteristic size of 0.1 pc. Star forma-

order of 10* cm™
tion mostly happens in the clustered environments of clumps. The complex observed
geometry of these regions, however, makes studying the clustered star formation pro-
cess a complicated task. There are also compact dense cores not embedded within
clumps. Such isolated dense cores go through the star formation process in relative

separation from the rest of the cloud. Due to their isolation, the evolution of these



Figure 1.2: (a) Optical and (b) deep IR images of the embedded Trapezium cluster associ-
ated with the Orion Molecular Cloud using NASA Hubble Space Telescope (HST) and the
ESO Very Large Telescope (VLT) (Lada & Lada 2003).

cores is minimally affected by environmental effects, making them ideal targets to
study the star formation process.

Based on the IR emission from dense cores, many dense cores have been found
to contain compact luminous sources, a.k.a. Young Stellar Objects (YSO). Dense
cores which do not have any embedded YSOs are known as starless cores. As the
link between the diffuse material in molecular clouds and protostars, starless cores are
an important class of objects to study because they represent the physical conditions

of dense gas prior to star formation.

1.2 Physical Characteristics of Cores

1.2.1 Initial Conditions of Star Formation

Star formation involves a sequence of different stages that starts with the fragmenta-
tion of a molecular cloud into dense, gravitationally bound starless cores. It continues
with the collapse and evolution of these condensations due to the competing forces
of gravity, thermal and turbulent pressure, and magnetic fields (e.g., Shu et al. 1987;
Evans 1999; André et al. 2000). During a brief initial phase, the gravitational energy
is released in the form of radiation, leading to the formation of a roughly isothermal

fragment with strong central concentration of matter with a radial density gradient of



r~2 toward the innermost regions. At the end of this initial phase, an opaque proto-
star is formed in the centre. During the subsequent phase, the central object builds
up its mass through accretion of the surrounding material. As the collapse continues
onto the protostar, the temperature slowly increases. Powerful ejections of small frac-
tions of the accreted material in the form of jets or outflows are usually a signature
of this main accretion phase. These outflows are believed to carry away the excess
angular momentum of the accreting material. When the central object has accumu-
lated most (90%) of its final, main-sequence mass, it becomes a pre-main-sequence
(PMS) star.

Though we have a rough idea of star formation, the details of its early stages of
star formation are not very well understood. Measuring the physical characteristics of
dense starless cores (i.e., their internal densities, temperatures, and dynamics) reveals

the initial conditions of collapse close to the moment of protostellar formation.

1.2.2 Density Structure

Starless cores are observed in various forms and shapes from elongated filaments to
compact, round structures. Observations of cores reveal their two-dimensional pro-
jection on the plane of the sky but it is difficult to determine their shape in three
dimensions. It should also be noted that core morphologies and structures can depend
on the observed frequency, angular resolution and sensitivity of the observations, as
well as the intensity level chosen to define the boundary of the core and its surround-
ings. Dust emission is generally optically thin at (sub)millimetre wavelengths and
hence is a good direct tracer of the column density within cores. To derive volume
densities, however, information or assumptions about dust temperature, opacities,
gas-to-dust ratio, geometry and telescope beam pattern are necessary.

Shu (1977) suggested a “singular isothermal sphere” with a radial distribution
proportional to r~2 as the initial state of isolated dense cores prior to gravitational
collapse. Observations of starless cores, however, have revealed an inner flattening
in the density of these regions surrounded by sharp outer edges (e.g., see Ward-
Thompson et al. 1994 or André et al. 1996). These observational evidences are better
described by the “Bonnor-Ebert Spheres (BES)” (Ebert 1955; Bonnor 1956), the
non-singular solutions to the hydrostatic equilibrium equation which are stable under
external pressure. The density profiles of BES are characterized by two regimes: a

central region with slowly decreasing density at smaller radii and a power-law decrease



in density (~ 772) at larger radii. BES solutions have been widely used to reproduce
the density profiles of starless cores (e.g., Evans et al. 2001; Kirk et al. 2005).

1.2.3 Temperature Structure

Cores are heated depending on how much they are exposed to local radiation fields
present in the interstellar medium. Many theoretical studies of dust temperatures
(T,) in starless cores suggest a decrease in T, from ~12 K at the core surface to ~7
K in the centre (e.g., Evans et al. 2001). Such gradients in T, can be explained by
cores being optically thin to their own radiation and therefore cooling down effectively
by emitting IR photons. These results were confirmed on larger scales (0.05 pc) by
ISO observations showing evidence for T,; values cooler at the centre than the edge
(Ty ~ 10-20 K) (e.g., Ward-Thompson et al. 2002), but the situation at smaller
scales (0.01 pc) was unclear due to low spatial resolution. Some recent studies using
data from Herschel Space Observatory (HSO) have presented T, maps of starless and
protostellar cores (e.g., Stutz et al. 2010), confirming positive temperature gradients
outwards. The large beam size of the Spectral and Photometric Imaging Receiver
(SPIRE), one of the three scientific instruments on HSO (~37” FWHM? at 500 pm),
however, still prevented probes of T variations within the innermost regions. The
coupling between gas kinetic temperature (T ) and T, at very high densities (n >
10° em™3) provides an indirect way to measure temperature at high resolution by
studying molecular tracers of dense cores, such as NH3z. This coupling, however, does
not apply to less dense cores and outer regions of even denser cores. The presence of
cosmic rays® does not allow Tk to fall too far below T, (Goldsmith 2001; Galli et al.
2002). If the core is not heavily shielded, ultraviolet photons from nearby young O
and B stars can eject electrons from interstellar dust grains, leading the surrounding
gas to warm up. In this case, Tk can increase to values even higher than 7 in the
outer skirts of the core (Young et al. 2004b).

2Full Width at Half Maximum (FWHM) is an expression of the extent of a function, given by
the difference between the two extreme values of the independent variable at which the dependent
variable is equal to half of its maximum value. Here, FWHM of the Gaussian function representing
the telescope beam profile is a measure of the telescope’s angular resolution.

3An ubiquitous flux of particles, mostly consisting of relativistic protons with an admixture of
heavy elements and electrons.



1.2.4 Velocity Structure
1.2.4.1 Bulk Motions

Kinematics of dense cores as well as their parent molecular cloud can be probed
both across the plane of the sky and along the line of sight using the variations in the
molecular line profiles. Comparing line profiles of effective core tracers (such as NoH™)
with that of cloud tracers (such as CO isotopologues) has revealed that cores do not
have ballistic motions? with respect to their ambient gas (Walsh et al. 2004). As we
move toward the inner regions of the cores, however, observations of line profiles show
evidence of differential rotation and angular momentum evolution in some cores. For
instance, detection of velocity gradients (< 5 km/s) with projected rotational axes
misaligned with the projected core axis is a tracer of rotation (see e.g., Lada et al.
2003). Infall motions have also been detected in cores using molecular line profiles.
Detection of a self-absorption dip between a brighter blue peak and a fainter red
peak in optically thick lines toward a core while optically thin lines are detected to be
symmetric toward the same region is a signature of such inward motions (Figure 1.3).
Such infall profiles have been detected toward many starless cores revealing inward

velocities to be on the order of 0.1 km/s or less (see e.g., Lee et al. 1999).
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Figure 1.3: Histograms shows the spectra of one of the hyperfine components of NoH™' (1-
0) transition form the starless cores L694-2 (left) and L1544 (right) (Williams et al. 2006).
Brighter peaks are evidently blueshifted with respect to the source systemic velocity (dotted
lines). The infall profile is successfully reproduced by a two layer radiative transfer model
(solid curves) by Myers et al. (1996).

4Ballistic motion is movement of an object in a gravitational field.



1.2.4.2 Turbulent Motions

The observed velocity dispersion (the range of velocities about the mean gas velocity)
(AV), is a measure of the total kinetic energy of gas within the cloud including thermal

and turbulent (non-thermal) motions:
AV?E=AVE, + AVZ (1.1)

where AVr,, and AVy are the contributions to the observed velocity dispersion due
to turbulent and thermal motions, respectively.
Turbulent and thermal motions can be associated with macroscopic and microscopic
motions of gas, respectively, providing pressure support against gravitational col-
lapse in starless cores. Studying the velocity dispersion of molecular tracers yields
information on the relative contributions from thermal and turbulent motions. The
empirical Larson’s law demonstrates the systemic variation of cloud size (L) with
velocity dispersion (AV):

AV o L. (1.2)

On large scales (e.g., clouds), AV7 is an insignificant portion of the observed velocity
dispersion. But what happens as we go to smaller size scales? At a certain length
scale (Lrpermar ~ 0.1 pc), both thermal and turbulent velocity dispersions are equally
important. But, as we move into even smaller scales AVr,, becomes too low to make

a significant contribution. At this point,
AV ~ AVy. (1.3)

The quiescent objects of size Lrperma present in molecular clouds and clumps are

indeed “dense cores”, natural birthplace of individual stars.

1.3 Observations of Isolated Cores

The dominant component of molecular clouds is molecular hydrogen (Hs) comprising
approximately 70% of the mass of matter in these regions (Stahler & Palla 2005).
Helium makes up most of the remaining mass. Even though dust grains and other
molecules such as CO, H,O, CH30H, etc. make up only a few percent of the mass of

a molecular cloud, they are important constituents in determining its chemistry and



physics. Unfortunately, Hy is very difficult to observe at low internal temperatures
of molecular clouds. It is possible, however, to observe emission (typically rotational
transitions) from other molecules to trace indirectly molecular hydrogen and probe
physical parameters and evolution of the gas. In molecular cores, however, many
prominent molecular tracers such as CO and its isotopologues are depleted through
adsorption onto dust grains. N-bearing molecules, however, such as NH; and NoH™
appear to be resilient to depletion making these species ideal tracers of dense cores

(Di Francesco et al. 2007 and references therein).

1.3.1 A mmonia

NHj is a symmetric top molecule. With some transitions excited at the low temper-
atures (7' < 10 K) and high densities (n ~ 10 cm™3) of dense cores, this species
stands out as a reliable tracer of dense cores. The ability of the N atom to quantum
tunnel through the hydrogen atom plane splits the .J = K rotational states into inver-
sion doublets (The J and K quantum numbers are associated with the total angular
momentum of the molecule and the angular momentum of the axis perpendicular
to the hydrogen atom plane, respectively). The transition between these two lev-
els gives rise to the main inversion lines, e.g., (1,1) or (2,2) (Stahler & Palla 2005).
Other effects split the two inversion levels even further: The nitrogen nucleus has a
non-spherical charge distribution and therefore a non-vanishing electric quadrupole
moment, which can be torqued by the the variation of the electric field of the elec-
trons. Therefore, the energy of this system depends on the orientation of the nuclear
spin and the total angular momentum of the electrons, changing with the rotational
state of the molecule. This effect will split each of the two inversion levels into three
sublevels. Even further “hyperfine” splitting comes as a result of the magnetic inter-
actions between the spins of the different nuclei in the molecule. In the end, the (1,1)
and (2,2) rotational-inversion states show hyperfine structure with 18 and 21 lines,
respectively. Some components are, however, blended together and some are too faint
to be detected (Figures 1.4 and 1.5). The optical depth of the line can be effectively
determined through relative intensities of the hyperfine components. Furthermore,
the gas kinetic temperature (T ) can be determined from the rotational temperature
describing the relative populations of two rotational states such as the (1,1) and (2,2)

transitions, assuming they both have similar line widths (e.g., see Ho & Townes 1983;



Rosolowsky et al. 2008; Friesen et al. 2009).
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Figure 1.4: Hyperfine transitions of NHj3 (1,1) inversion line toward L183. The fit and fit
residual are also shown and shifted for clarity (Pagani et al. 2007).
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Figure 1.5: NHj3 (2,2) inversion line toward L183. Hyperfine components are too faint to
be detected (Pagani et al. 2007).

Having the (line-of-sight averaged) kinetic temperature in hand, the line widths

of NH3 emission can be used to determine the internal velocity gradient in the core
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Figure 1.6: Velocity dispersion map of B5 derived from NH3 observations at the Green Bank
Telescope (GBT). The star shows the position of the embedded protostar. The systemic
velocity and velocity dispersion obtained from the fit are displayed for each position. The
coherent core is evident in the picture (Pineda et al. 2010).

and derive the relative importance of thermal and nonthermal (turbulent) motions in
the dense cores (Barranco & Goodman 1998; Swift et al. 2005). Unlike the velocity
dispersion in molecular clouds, known for years to be supersonic, velocity dispersions
in dense cores tend to be subsonic, on the order of the thermal values, and also in-
dependent of scale. This phenomenon, commonly called a “transition to coherence”,
has been observed with other tracers of lower density gas (OH and C'®*0 (1-0)) and
higher density gas (NH3) (Goodman et al. 1998). NHj emission, however, has been
recently identified as the only tracer that can demonstrate the actual sharp transition

between turbulent gas and more quiescent gas, so far (Pineda et al. 2010); (Figure 1.6).

1.3.2 Diazenylium

Another prominent tracer of the physical characteristics of dense cores is diazenylium
(NoH*). Similar to NHsz, NoH™ is excited collisionally in these regions and remains
abundant where other molecular tracers are either observed to deplete (e.g., CS and
HCO™), or are not easily excited and therefore are difficult to detect (e.g., pure hy-
drogen and deuterium species, such as Hs, see Di Francesco et al. 2007 and references
therein). Furthermore, NoH™ is not found in shocked warm regions (Benson et al.

1998) and its abundance is reduced in outflows (Bergin et al. 1998), making it an
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exclusive tracer of cold quiescent gas. The NoH™ (J = 1-0) rotational transition also
shows hyperfine structure (Figure 1.7). Here, seven hyperfine components of this
transition are characterized by the quantum numbers F;, which results from the cou-
pling of J with I (F; = J + Ij, where I; = 1 corresponds to the nuclear spin of the
outer nitrogen), and F (F = F; + I,, where I, = 1 corresponds to the inner nitrogen).
Fitting the hyperfine components simultaneously can be used to determine excitation
temperature and line opacity (Caselli et al. 1995). Moreover, the radial distributions
of column density, abundance, and line widths of nitrogen-based species in dense cores
yield information on core collapse and its evolution. Notably, the line profiles of the
NoH™ 1-0 transition can be used to derive the relative importance of thermal and
turbulent motions (e.g., Di Francesco et al. 2004; Friesen et al. 2010b), and to search
for evidence of core collapse (e.g., line wings, see Evans et al. 1999 and references
therein). NoH™ emission is therefore an excellent probe of the physical structure and
gas kinematics in dense cores. (Note that unlike NH3 (1,1) and (2,2) emission lines,
NoH™ (1—0) emission line cannot be used to estimate the internal kinetic temperature

of the cores.)
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Figure 1.7: Hyperfine components of NoH' (1—0) line toward L1512 (Caselli et al. 1995).

1.3.2.1 Previous Observations

Various authors have recognized the importance of a realistic model of radial varia-

tions in gas kinetic temperature in starless cores when interpreting observational data
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(e.g., Di Francesco et al. 2007). For instance, radiative transfer models, widely used
to interpret such data, depend critically on variations of kinetic temperature. Fur-
thermore, Pavlyuchenkov et al. (2007) showed that the effect of chemical evolution
in a starless core is degenerate with that of a nonuniform Tk profile. They argued
that the assumption of isothermality, still used in many studies, is a critical factor
in simulating molecular line formation. Even small temperature variations, likely to
exist in starless cores, can affect considerably the interpretation of molecular line data
and core properties. Quantifying the actual temperature structure for real cores is an
important step toward understanding the initial stages of star formation.

Numerous authors have used NHz and NoH™ as tracers and probes of the physical
and chemical structure of dense cores (e.g., Myers & Benson 1983; Benson et al.
1998; Caselli et al. 2002; Tafalla et al. 2002; Tatematsu et al. 2004; Crapsi et al.
2005a). Molecular surveys have shown that some molecules; such as CO and CS,
are heavily depleted toward the core centres to the point where the abundance is
decreased by at least 2 orders of magnitude compared to the abundances in the
outer regions. Meanwhile, the abundance of NoH™ molecule remains constant, and
the NH3 abundance increases by factors of ~ 1—10 toward the innermost regions.
These studies, however, used single dish data with low angular resolution and poor
spatial sampling that limited probes of the gradients in the radial distribution of
the emission. Recently, some studies have taken advantage of combining single dish
and interferometric data to probe these species toward star forming regions. Their
choice of targets, however, is focused on clustered environments that turned out to be
difficult to interpret due to the complex geometry of these regions and the broad range
of environmental effects involved in the process (e.g., Friesen et al. 2010a; Friesen et al.
2010b).

Crapsi et al. (2007) were the first to detect directly the gas temperature drop in
a starless core. For L1544, they successfully combined limited interferometric (VLA)
and single-dish data (Effelsberg, with angular resolution of 40”) of NHj3 (1,1) and
(2,2) emission. Including the interferometric data in the analysis revealed a drastic
change in the T profile, showing through a two-dimensional Monte Carlo radiative
transfer model (Hogerheijde & van der Tak 2000) that it is not uniform across the
core but decreases toward the core centre from 12 K to 5.5 K. The temperature profile

necessary to reproduce both datasets had a functional form of

6.5

T =(12 - ————
w=02-97 (r/18")15

). (1.4)
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Including this new temperature profile into the analysis strongly affected our under-
standing of the chemistry of this one core. For example, its central density (estimated
from dust continuum emission) increased by 50% over that derived by assuming a con-
stant temperature of 8.75 K (Figure 1.8). Also, its NH3 column density increased by
a factor of ~ 2, indicating that NHj freeze-out is not significant in its core centre,
unlike for CO.
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Figure 1.8: Temperature, density and NH3 abundance profiles that best fit simultaneously
the interferometric and the single dish observations toward the starless core 1.1544 are shown
with solid lines. The best fit to the single dish data alone assuming a constant temperature
at 8.75 K are reported in dashed lines for comparison (Crapsi et al. 2007).
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1.4 Outline of the Dissertation

In this dissertation, we present a detailed study of molecular emission lines observed
toward a sample of six isolated dense cores. Previous studies of molecular line and
dust continuum emission toward this group of cores indicate that four of the cores
in our sample are starless (1.694-2, 1429, L1517B, and L1689-SMM16; Crapsi et al.
2005a, Sadavoy et al. 2010a), and the remaining two contain protostellar Very Low
Luminosity Objects (VeLLOs) and are currently experiencing gravitational collapse
(L1521F and L1014; Crapsi et al. 2005a; Kauffmann et al. 2008). The isolation of
these cores and their proximity makes them ideal targets for probing the internal

physical conditions of dense cores prior to the moment of collapse.

Chapter 2 presents single-dish observations of L1689-SMM16, the least previ-
ously studied core in our sample, in NH3 (1,1) and (2,2) emission using the GBT?, in
NoH™ (1—0) emission using the Nobeyama Radio Observatory (NRO)®, and in NH,D
(1, —15,), HCN (1-0), HNC (1-0), H*CO* (1-0), and HCO" (1—0) emission us-
ing the Mopra telescope’. We will discuss the temperature distribution, kinematics,
and abundance patterns observed toward L1689-SMM16, and present our findings

regarding its dynamics and evolutionary stage.

Chapter 3 presents our single-dish observations of the remaining five cores in
our sample in NHj3 (1,1) and (2,2) emission lines using the GBT, and in NoH* (1-0)
emission using the NRO. For each core, we will compare the morphologies of the
integrated intensities of molecular emission lines with that of the dust continuum
emission at 250 pm and present our results regarding their temperature distributions

and kinematics.

Chapter 4 presents our observations of L1521F and L694-2 in NH3 (1,1) and
(2,2) at high spatial resolution using the Jansky Very Large Array (JVLA)®. We will

5The National Radio Astronomy Observatory is a facility of the National Science Foundation
operated under cooperative agreement by Associated Universities, Inc.

6Nobeyama Radio Observatory is a branch of the National Astronomical Observatory of Japan,
National Institutes of Natural Sciences.

"The Mopra radio telescope is part of the Australia Telescope National Facility, which is funded
by the Commonwealth of Australia for operation as a National Facility managed by CSIRO. The Uni-
versity of New South Wales Digital Filter Bank used for the observations with the Mopra telescope
was provided with support from the Australian Research Council.

8The National Radio Astronomy Observatory is a facility of the National Science Foundation
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also discuss our results regarding radiative transfer modelling of NHj3 (1,1) and (2,2)
spectra of L.694-2 and L1521F at both low and high resolutions. We will compare our
findings regarding the internal physical structure of these two cores with L1544, a
well-studied starless core in Taurus molecular cloud, and draw conclusions regarding

their evolutionary stages.

Finally, in Chapter 5, we will summarize the main results of this dissertation

and discuss several possible expansions for future work.

operated under cooperative agreement by Associated Universities, Inc.
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Chapter 2

Physical and Chemical
Characteristics of L1689-SMM 16,
an Oscillating Prestellar Core in

Ophiuchus

2.1 Introduction

Dense starless cores are the link between the diffuse material of molecular clouds
and protostars. Measuring their densities, temperatures, and dynamics is the key to
revealing the conditions close to the moment of protostar formation. Observations of
molecular tracers have greatly improved our understanding of the gas dynamics in the
different layers of dense cores. Since density decreases with radius, the gas excitation
temperature (7,,) for a moderately optically thick emission line also decreases with
radius.! This decrease in 7., leads to the absorption of the emission from the core
centre by gas in the outer regions, resulting in a dip in the observed spectral profile. If
the core is experiencing infall motions, the dip will be skewed toward higher (redder)
velocities and a line profile is produced with the blue side brighter than the red side
(blue asymmetry); see Myers et al. (1996) and De Vries & Myers (2005). Therefore,
the presence of blue asymmetries in the line profile of molecular species such as CS
(Lee et al. 2001) and NoH' (Williams et al. 2006) observed toward some starless

!Note that due to the dependency of T., on the kinetic temperature (T ), in starless cores with
decreasing Tk toward the centre, T,, can have a local minimum at an intermediate radius.



17

cores (e.g., L1544, 1.694-2, and 1.492) indicates the existence of inward motions inside
the cores. On the other hand, if the core is experiencing outward motions, the self-
absorption dip will be shifted toward lower (bluer) velocities, producing a spectral
profile with the red side brighter than the blue side (red asymmetry). Asymmetrically
red spectral lines have also been detected toward some starless cores such as B18-
5, L1517B, and L1512 using molecular tracers that predominantly probe the outer
layers of cores (e.g., HCN). These profiles indicated that the core foreground layers
are expanding (e.g., Sohn et al. 2007).

Some cores show a mixture of blue and red asymmetries in the line profiles of a
single tracer across the core, indicating that different parts of the core are moving
in opposite directions, i.e., inward vs. outward (e.g., B68 from Lada et al. 2003,
L1495A-N, L1507A, and L1512 from Lee et al. 2001). Such coexistence of inward and
outward motions may indicate the presence of small amplitude oscillations inside or
on the surface of the core (e.g., Lou & Shen 2004; Thompson & White 2004; Gao
& Lou 2010; Lou & Gao 2011; Keto & Field 2005; Broderick et al. 2007; Stahler &
Yen 2010). Lee & Myers (2011) suggest that this stage might be a transitionary state
between a static core and a contracting one. It is therefore crucial to investigate the
dynamics and chemistry of cores during this stage, one leading to core collapse and
protostellar formation. (Note that core differential rotation can also lead to a mixture
of blue and red asymmetries in spectral lines (see, e.g., Redman et al. 2004). In such
cases, observing an optically thin tracer would be necessary to distinguish between
pure rotation and other effects such as oscillation.) The starless cores B68 (Lada
et al. 2003), FeSt 1-457 (Aguti et al. 2007), and L1517B (Fu et al. 2011) are some
examples introduced as oscillating cores in the literature, in addition to the possible
candidates, L1495A-N, L1507A, and L1512 (Lee & Myers 2011). In this chapter, we
introduce another starless core, L1689-SMM16, that could be experiencing precollapse
oscillations.

L1689 is an example of a region with ongoing star formation within the nearby
Ophiuchus molecular cloud at a distance of 120 + 5 pc (Loinard et al. 2008). L1689
appears to be less active compared to the adjacent, well-studied L1688 region of
central Ophiuchus, and was first mapped in 850 pym continuum emission using the
Submillimetre Common User Bolometer Array (SCUBA) on the James Clerk Maxwell
Telescope (JCMT) by Nutter et al. (2006). They identified 21 sources using their
submillimetre observations of L1689. We focus our attention on the 16th source,
L1689-SMM16 (hereafter, just SMM16). A recent analysis by Sadavoy et al. (2010a)
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revealed that SMM16 showed no evidence of an embedded young stellar object in
Spitzer maps. SMM16 is unusually massive for a starless core, with a mass (~ 3.1
M) that exceeds its corresponding Jeans mass in the absence of magnetic fields
(Sadavoy et al. 2010a; discussed further in §2.5.2). Furthermore, Herschel Gould
Belt Survey (GBS) archival data of the Ophiuchus molecular cloud do not show any
sources with continuum emission at 70 ym in the vicinity of SMM16 (André et al., in
prep.). Starless cores with masses higher than their predicted Jeans mass represent
an uncommon physical state and are therefore interesting targets for more in-depth
investigations (Sadavoy et al. 2010b). Indeed, among the population of starless cores
in all of Ophiuchus, SMM16 has one of the highest ratios of observed mass to Jeans
mass, one more typical of the protostellar cores observed in the cloud. Therefore,
SMM16 may be on the cusp of gravitational collapse. Its advanced evolutionary stage,
close distance, and high concentration suggest that SMM16 represents an exciting
opportunity to characterize the physical state of dense gas just prior to formation of
a protostar.

In this chapter, we present single-dish observations of tracers of dense molecular
gas toward SMM16 in the 3 mm and 12 mm bands. These data reveal the kine-
matics, temperature distribution, and abundance patterns toward SMM16. We also
investigate the dynamics and evolutionary stage of SMM16 using these data. Below,
§2.2 describes the details of our observations and data reduction methods and §2.3
offers a first glance at the morphologies of the observed molecular emission lines and
a comparison with that of the continuum emission toward SMM16. We explain the
spectral line analysis for each of the observed species in §2.4. We discuss our findings
regarding the evolutionary stage of SMM16 and its dynamics in §2.5. Finally, §2.6

sumimarizes our results.

2.2 Observations and Data Reduction

We mapped SMM16 in molecular emission of NHz, NoHt, H3CO*, HCOT, HCN,
HNC, and NHy;D. Our observations cover three closely adjacent sources, SMM14,
SMM15, and SMM16, as mapped by Nutter et al. (2006). Figure 5 of Nutter et al.
(2006) shows the location of the three sources. Of these three sources, SMMI16 is
clearly dominant. Assuming all three are optically thin in continuum emission and

have a similar dust temperature, comparison of their total fluxes at 850 pum (1.5
Jy, 1.4 Jy, and 7.8 Jy for SMM14, SMM15, and SMM16, respectively; Nutter et al.
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2006) shows that SMM16 has a much higher mass compared to the other two sources.
Therefore, we treat the whole region as a single core. The observed transitions and
the facilities used to acquire the data are listed in Table 2.1. For all observations
presented in this chapter, the maps are centred at R.A. (J2000) = 16" 31™ 39.2°, decl.
(J2000) = —24" 49’ 48" with the off-position for atmospheric subtraction centred at
R.A. (J2000) = 16" 33™ 33.6°, decl. (J2000) = —24" 59’ 15.0”. We describe our

observation strategy and data reduction method for each dataset below.

Table 2.1: Observed transitions toward SMM16.

Molecule Transition Frequency (GHz) Telescope
NH; J=1,K=1 23.694495 GBT
NH; J=2,K=2 23.722633 ! GBT

NH,D Tk, = 19, — 15, 85.9262703 2 Mopra
H13CO™* J=1-0 86.7542884 3 Mopra
HCO* J=1-0 89.1885247 * Mopra

HCN J=1-0 88.63185 ° Mopra

HNC J=1-0 90.66357 6 Mopra
NoH* J=1-0 93.1762527 7 NRO & Mopra

Note. — References: (1) Ho & Townes (1983), (2) Shah & Wootten (2001), (3) Schmid-Burgk
et al. (2004), (4) CDMS (Miiller et al. 2001; Miiller et al. 2005), (5) CDMS entry of Splatalogue
(Miiller et al. 2001; Miiller et al. 2005), (6) Lovas entry of Splatalogue (Lovas & Dragoset 2004), (7)
Keto & Rybicki (2010)

2.2.1 Green Bank Telescope

Single-dish observations of the NH; (J, K) = (1,1) and (2,2) emission lines toward
SMM16 were acquired using the 100-m diameter Robert C. Byrd Green Bank Tele-
scope (GBT), located near Green Bank, WV, USA on March 1, 2011 starting at 08:15
UT for 3.75 hours. The observations were carried out using the On-the-Fly (OTF)
mapping mode of the K-band Focal Plane Array (KFPA) with position switching
(Masters et al. 2011). A circular map of 8 radius was made using daisy scans to en-
sure Nyquist sampling. The KFPA spectrometer was configured to have one spectral
window with 7 beams, two polarizations, 50 MHz band-width, and 16,384 channels
with 3-level sampling to observe the NHj (1,1) and (2,2) lines simultaneously. This

setting provided velocity resolution of 0.04 km s~ (i.e., frequency resolution of 3 kHz
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at 23 GHz). The GBT beam is approximately 32” FWHM at the observing frequency
of 23 GHz. We checked the pointing accuracy of the GBT every 45 — 60 minutes.
The average telescope aperture and main beam efficiencies were 0.64 and 0.82 respec-
tively. The zenith opacity was determined using a local weather model. The average
source elevation was 26°. Since the GBT map was made using daisy patterns, it has
higher sensitivity toward the centre of the map. The final 1o rms sensitivity of the
central region (with radius R = 2) of the original map where the target is located is

! velocity channel.

0.3 K on main beam temperature (7,,,) scale per 0.04 km s~
We used the GBT utility idlToSdfits to convert the data to AIPS SDFITS for-
mat. Subsequently, we used the AIPS DBCON, SDGRD, and FITTP procedures to

combine and grid the data and produce the final data cubes in FITS format.

2.2.2 Nobeyama 45 m Radio Telescope

Single-dish observations of the NoH™ (J = 1—0) emission line toward SMM16 were car-
ried out using the Nobeyama Radio Observatory (NRO) 45-m Telescope in Nobeyama,
Japan on April 12—13, 2011. The observations were done using the OTF mapping
mode, with the 25-BEam Array Receiver System (BEARS) as the front end (Sunada
et al. 2000; Yamaguchi et al. 2000) to make a 4’ x4" map of the region. For the receiver
back end, we used a digital autocorrelator spectrometer (ACS) with 1024 channels
and 8 MHz bandwidth and applied a Hamming window function (Sorai et al. 2000).
This setting provided velocity resolution of 0.045 km s™! (i.e., frequency resolution
of 14.2 kHz at 93 GHz). The spectral channels of the final data were binned to 0.05
km s7'. At 93 GHz, the telescope beam is ~ 17”.8 & 0”.4 FWHM and the main
beam efficiency is estimated to be 44% (£3%), interpolated from observatory mea-
surements at 86 GHz and 100 GHz. The on-sky angular separation of the BEARS
receiver beams is 41”.

During the observations, the double sideband system noise temperature varied
between 150 K and 250 K. The standard chopper wheel method (Kutner & Ulich 1981)
was used to convert the output signal to the antenna temperature (77%) scale corrected
for atmospheric attenuation. The telescope pointing accuracy was checked every 90
minutes by observing an SiO maser source, T Oph, at 43 GHz with corrections less
than 3” during the total observing period. For pointing, we used the S40 receiver
together with the facility acousto-optical spectrometer as the back end. To correct
for the gain differences between the 25 beams of BEARS and the daily intensity
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scale variation, we used calibration data obtained from observations toward Orion
core 4 at R.A. (J2000) = 05" 35™ 19.8%, decl. (J2000) = —5° 00’ 53" (Tatematsu
et al. 2008) using the SIS receiver S100 with the ACS. To reduce scanning artifacts
in the map, we scanned along both R.A. and decl. directions and combined both
datasets into a single map (Emerson & Graeve 1988). We convolved the data with a
spheroidal function to calculate the intensity at each grid point of the final data cube
with a spatial grid size of 7”.5 (Sawada et al. 2008). The final effective resolution
is 22”.9. The final 1o rms sensitivity of the observations is 0.2 K on the T,,, scale
per 0.05 km s~ velocity channels. The data were reduced using the Nobeyama OTF
Software Tools for Analysis and Reduction (NOSTAR) and IDL of Research Systems

Incorporated.

2.2.3 Mopra Telescope

We observed molecular line emission in the 3 mm band from multiple species (listed in
Table 2.1) toward SMM16 using the Mopra 22-m single-dish radio telescope located
450 km north-west of Sydney, Australia on July 1 — 6, 2011. We used the OTF
mapping mode of Mopra telescope with position switching to make 5 x5 maps of
each emission line. The scan rate was 3.85” per second. The map is made with
12" spacing between the rows, giving 25 rows per map. Since the Mopra beam at
90 GHz is 36" FWHM, the above row spacing ensured the Nyquist sampling of the
emission. To reduce scanning artifacts in the maps, we scanned along both R.A. and
decl. directions and combined both datasets into a single map. We observed the
off-position once per scan row for a scan length of 1 minute. We used the Mopra
Spectrometer (MOPS) in the zoom mode with 16 zoom-bands. Each MOPS zoom-
band is 138 MHz wide with 4096 channels for each polarization. This configuration
provided us with a bandwidth of 505 km s~! and velocity resolution of 0.11 km s*
in the 3 mm band.

We used the SiO maser source AH Sco to check the telescope pointing accuracy
approximately every hour, maintaining pointing to better than about 10”. The system
temperature varied between 230 K and 300 K and was measured by paddle scans every
15 minutes. Data from the Mopra telescope are recorded in RPFITS format. We
performed bandpass calibration with the LIVEDATA software package using scans
on the off-position and fitting a 2nd order polynomial to the baseline. The output of
LIVEDATA is recorded in single-dish fits format (sdfits). The GRIDZILLA software
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package uses this output to build a uniformly gridded data cube. We averaged both
polarizations. The spectra are weighted by the system temperature. The beam
efficiency of Mopra is interpolated from the values measured at 86 GHz (0.49) and
115 GHz (0.42) (Ladd et al. 2005)%. The final 1 rms sensitivity of the observations
is 0.13 K on the T}, scale per 0.11 km s~! velocity channel.

2.2.4 Herschel Space Observatory

In this chapter, we also use 250 pm continuum emission data of Ophiuchus molecular
cloud (containing SMM16) from Herschel-SPIRE that were taken as part of Herschel
Gould Belt Survey (GBS; André et al. 2010; Ladjelate et al. 2014, in prep)®. These
data products were provided by the Herschel GBS archive* and were produced by

scanning the Ophiuchus field in two orthogonal directions at a rate of 60” s~!

using
both SPIRE and PACS bolometer cameras in parallel mode. For more information
on the acquisition and reduction of these data, see Roy et al. (2014). The Herschel
250 pum beam is slightly elliptical (18”.7 x 17”.5) with a geometric mean FWHM of
18”.2. To focus on the flux density corresponding to the core, we removed the Planck
offset that was added to Herschel GBS archive image (136.3 MJy sr~! at 250 um; Roy
et al. 2014). Also, to completely remove the background continuum emission from
SMM16’s immediate environment, we calculated the average continuum emission in
the pixels outside of the core (i.e., where NH3 emission is not detected) and subtracted
the scaled value appropriate to the respective resolution from the entire 250 pum

continuum emission map of SMM16.

2.3 Results

Figures 2.1 and 2.2 show the integrated intensity maps of the observed emission lines
toward SMM16, from the GBT, NRO, and Mopra. The integrated intensity maps

2Tsitali et al. (2013) found a lower beam efficiency for the Mopra telescope than that used here.
For optically thin emission lines, molecular column densities are inversely proportional to the beam
efficiency, and therefore lower beam efficiency would result in higher column densities. For optically
thick lines, the effect is more complicated due to the additional impact on the excitation temperature.

3This research has made use of data from the Herschel Gould Belt Survey (HGBS) project
(http://gouldbelt-herschel.cea.fr). The HGBS is a Herschel Key Programme jointly carried out
by SPIRE Specialist Astronomy Group 3 (SAG 3), scientists of several institutes in the PACS
Consortium(CEA Saclay, INAFIFSI Rome and INAF-Arcetri, KU Leuven, MPIA Heidelberg), and
scientists of the Herschel Science Center (HSC).

4http://gouldbelt-herschel.cea.fr /archives
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were made by summing over the entire emission spectrum including all hyperfine
components (if present), excluding the channels with emission lower than twice the
corresponding map rms noise level. The overlaid contours correspond to the contin-
uum emission at 250 um observed with Herschel-SPIRE (André et al. 2010; Ladjelate
et al. 2014, in prep). The spectral line data shown in Figures 2.1(a, b), 2.1(c2), and
2.2 are overlaid with contours of dust continuum data smoothed to 32” FWHM, 22”.9
FWHM, and 36” FWHM, respectively, to match the spatial resolutions of the GBT,
NRO, and Mopra data. In each map, the black dot shows the peak of the integrated
intensity of the corresponding emission line and the empty triangles show the two
local peaks of the continuum emission at 250 pm. Table 2.2 lists the J2000 positions
of peak integrated intensity and rms noise levels of the integrated intensity maps
of molecular emission lines. We used the task HISTO of MIRIAD to find the peak
positions, which correspond to the pixel positions with highest integrated intensities.
Figure 2.3 shows the spectrum at each of these respective positions. Note that due to
the noisiness of the integrated intensity map of NHj (2,2), the location of the emission
peak is very uncertain. Therefore, the NH; (2,2) spectrum in Figure 2.3 is toward
the peak position of the NH3 (1,1) emission. For comparison, Table 2.3 lists the peak
positions and rms noise levels of the continuum emission map of SMM16 at 250 pm
at its original resolution (~ 18”.2 FWHM) and at the resolution of the GBT data (~
32" FWHM).

Table 2.2: Peak positions and rms noise levels for integrated intensity molecular
emission maps toward SMM16

Source of Emission Spatial Resolution R.A. Decl. rms
arcsec J2000 J2000 )

NH; (1,1) 32 16 31 39.4 -24 49 42 1

NH,D (1§, — 13 ,) 36 16 31 41.9  -24 49 51 0.2
HB3CO™ (1-0) 36 16 31 40.8 -24 50 36 0.3
HCN (1-0) 36 16 31 38.6 -24 49 51 0.3
HCO*(1-0) 36 16 31 39.7 -24 52 6 0.3
HNC (1-0) 36 16 31 40.8 -24 50 22 0.2
N,H* (1-0) 36 (Mopra) 16 31 39.7  -24 49 36 0.3
N,H* (1-0) 22.9 (NRO) 16 31 39.2  -24 49 29 0.3

The morphology of the integrated intensity of the NHjz (1,1) emission closely
follows the morphology of the 250 pm continuum emission. The NHj (1,1) integrated
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Figure 2.1: Integrated intensity maps of NH; (1,1) (a), NH3 (2,2) (b), and NoHT (1-0)
(c) emission toward SMM16. The colour scale is in K km s™!. The contours correspond to
dust continuum emission at 250 pum. In panels (a) and (b), the resolution of the continuum
data has been smoothed to that of the GBT data, ~ 32” FWHM, and the contours start
at 3.0 Jy beam™! and increase in steps of 3.0 Jy beam™!. In panel (c), the resolution of
the continuum data has been smoothed to that of the NRO data, ~ 22”.9 FWHM, and the
contours start at 1.5 Jy beam~! and increase in steps of 1.5 Jy beam~!. In panels (a) and
(¢), the black dot shows the peak of the integrated intensity of the corresponding molecular
emission. Due to the noisiness of the integrated intensity map of NHj (2,2), a peak position
is not indicated in panel (b). In all panels, the triangles show the peaks of the continuum
emission. The circle delineates the size of the corresponding beam. The positions of the
continuum and molecular emission peaks are determined separately for each resolution.

Table 2.3: Peak positions and rms noise levels for continuum emission at 250 pum observed
using Herschel toward SMM16

Source of Emission Spatial Resolution R.A. Decl. rms
arcsec J2000 J2000 (2L

Continuum 18.2 16 31 38.9 -24 49 58 0.03

Continuum 32 16 31 39.0 -24 50 00 0.1

intensity has a single peak, which is located only ~19” NNE from the peak of the
continuum emission. The NHj (2,2) integrated intensity, however, is noisier, showing
broad similarity to the dust emission but with a few small-scale peaks within the
central region of the continuum emission. As with the NH3 emission, there is broad
consistency between the morphology of the NoHT™ (1—0) emission and continuum
emission. At 22”.9 angular resolution, the peak of the NoH™ integrated intensity is
~30” north of the continuum peak. Furthermore, NRO and Mopra observations of

NoH* (1-0) are consistent in both morphology and line intensity of the emission
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Figure 2.2: Integrated intensity maps of the emission from the six spectral lines in the 3
mm band observed using the Mopra telescope toward SMM16. The colour scale is in K

km s~!'. The contours correspond to continuum emission at 250 pm, starting at 3.0 Jy

beam™! and increasing in steps of 3.0 Jy beam™'. The black dot shows the location of the
integrated intensity peak of the corresponding species and the triangles show the peaks of
the continuum emission. The resolution of the continuum data has been smoothed to the
resolution of the Mopra data, ~ 36" FWHM. The circle delineates the size of the Mopra
beam.

(when smoothed to common resolution).

NH,D emission is significantly less widespread and fainter compared to the NHj
and NoHT emission. Unlike the dense core L1544, where the peak of NH;D emission
coincides with the continuum emission peak (Crapsi et al. 2007), the location of
the NHyD emission peak toward SMM16 is ~45" east of the continuum emission
peak. Pillai et al. (2011) observed a similar offset toward the pre-protocluster region,
G35.20w, and suggested that it could be due to the presence of protostars at the
location of the continuum peak warming up the environment, leading to the return
of CO to the gas phase and a corresponding decrease in the abundance of deuterated
species, such as NHyD. SMM16 does not appear to have yet formed a protostar,

however, and temperature maps derived from NHj (1,1) and (2,2) emission show no
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Figure 2.3: Spectra of the observed transitions toward their corresponding peak positions
(listed in Table 2.2). Note that due to the noisiness of the integrated intensity map of
NH;s (2,2), the location of the emission peak is very uncertain. Therefore, the NHs (2,2)
spectrum in this figure is toward the peak position of the NH3 (1,1) emission.

signs of warming at the position of the continuum peak. Therefore, the reason behind
the unexpected offset between the locations of NH;D and continuum emission peaks
is unknown. Although the location of NHyD emission peak is uncertain due to the
relatively low signal-to-noise ratio (SNR) of the Mopra data, there is an obvious offset
between the locations of NHoD emission and the continuum emission peaks.

The morphologies of the HCN and HNC emission somewhat follow the continuum
emission morphology, less closely than the NHz and NoH™' emission. The HCN emis-
sion peak coincides exactly with the continuum emission peak but the HNC emission
peak is located ~42” SE of the continuum peak. The HCOT and H'*CO™* emission
are both offset from the continuum emission. The spatial extent of the H*CO™ (1-0)
emission is smaller than the spatial extent of the continuum emission. The peak po-
sition of H¥CO™ (1-0) integrated intensity is particularly uncertain and offset ~54”

toward the SE of the continuum peak, and at a position close to the HNC emission
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peak. The spatial extent of the HCO™ (1—0) emission is larger than that of H*CO™
(1—0) and does not match that of the dust continuum emission nearly as well as the
previous lines.

Among all of the species observed toward SMM16, NHz and NoH' emission follow
best the morphology of the continuum emission. These results are in agreement with
previous comparisons between the morphology of NH; and NoH™ emission with that
of dust emission in other cores (e.g., Walsh et al. 2007; Friesen et al. 2009; Pineda
et al. 2010). The morphologies of HCN (1-0), HNC (1-0), and H¥CO™* (1-0)
emission follow that of the continuum emission to some extent. The HCO™ (1-0)
emission, however, is located at a large offset (~ 2'.3) from the continuum emission.
Finally, the morphology of NH,D (1f, — 15 ) emission does not show a significant
similarity to that of continuum emission, although this could be due to the limited

extent of the NHyD emission region.

2.4 Line Analysis

For each of the observed molecular transitions, the local standard of rest line centroid
velocity (vpsgr), observed velocity dispersion (o,), and line intensity were determined
using Gaussian fits (except for the HCN (1—0) and HNC (1—0) spectra; see §2.4.2).
The hyperfine structure of the emission lines NH; (1,1) and (2,2), NoH' (1-0), NH,D
(1%, —15,1), HCN (1-0), and HNC (1-0) are fitted using a multi-Gaussian function
with fixed frequency separations between transitions. The Gaussian fitting procedure
was performed in IDL using the MPFITFUN package (Markwardt 2009) presented
by Friesen et al. (2010b) and Friesen et al. (2013). For the emission lines showing
hyperfine structure (HFS), we calculated the excitation temperature (7,) and total
opacity (7) of the emission line using the relative frequencies and line intensities of the
hyperfine components. The relative frequencies and line strengths of the hyperfine
components of the NHj (1,1) and (2,2) transitions are taken from Kukolich (1967).
Table 2.4 lists the relative frequencies and line ratios of the observed transitions in
the 3 mm band and their corresponding hyperfine components.

In Local Thermodynamic Equilibrium (LTE), assuming equal and constant exci-
tation conditions for all hyperfine components, the observed main beam temperature,

T, for a given transition with HFS can be written as a function of frequency v by

Tmb,zx = (I)('](Tem> - J(Tb9>> X (1 - eXp(_Tz/>>7 (21>
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Table 2.4: Observed transitions toward SMM16 in 3 mm.

Molecule Transition Hyperfine Transition Frequency (GHz) Intensity
NH,D! I =11, — 15, F-F'=0-1 85.9247829 0.111
F'—F" =2-1 85.9257031 0.139
F'—F" = 2-2 85.9262703 0.417
F'—F" =1-1 85.9263165 0.083
F—F" =1-2 85.9268837 0.139
F'—F" =1-0 85.9277345 0.111
HB3COT 2 J=1-0 F/F'—F/F" = 0.5,1-0.5,0 86.754258 0.065
F{F'—F/F" = 0.5,1-0.5,1 86.754258 0.185
F{F'—F/F" =152-0.5,1 86.754297 0.417
F F'—F/F" = 1.5,1-0.5,0 86.754298 0.185
FIF'—F/F" = 1.5,1-1.5,1 86.754298 0.065
FF'—F/F" = 0.5,0—0.5,1 86.754299 0.083
HCO™T 3 J=1-0 none 89.1885247 1
HCN 49 J=1-0 F=1-1 88.63042 0.33333
F=2-1 88.63185 0.55556
F=0-1 88.63394 0.11111
HNC &7 J=1-0 F=0-1 90.66345 0.11111
F=2-1 90.66357 0.55556
F=1-1 90.66366 0.33333
NoH* 8 J=1-0 F1F—F'F'; = 10—11 93.1716086 0.03704
FiF—F'F1 = 12—12 93.1719054 0.18518
FiF—F'F; =11-10 93.1720403 0.11111
FiF—F'F; = 22—11 93.1734675 0.18518
F1F—F'F'; = 23—-12 93.1737643 0.25926
FiF—FF; = 21-11 93.1739546 0.11111
FiF—F'F'; = 01-12 93.1762527 0.11111

Note. — References: (1) Shah & Wootten (2001), (2) Schmid-Burgk et al. (2004), (3) CDMS
(Miiller et al. 2001; Miiller et al. 2005), (4) CDMS entry of Splatalogue (Miiller et al. 2001; Miiller
et al. 2005), (5) Sohn et al. (2007), (6) Snyder et al. (1977), (7) Lovas entry of Splatalogue (Lovas
& Dragoset 2004), (8) Keto & Rybicki (2010)

where ® is the beam filling factor of the source, T, is the line excitation temperature,

Ty, is the temperature of the cosmic microwave background (2.73 K), and

__ (w/k)
I(T) = exp(hv/kT) — 1

(2.2)

The optical depth of the transition can also be written as a function of frequency in



29

the form of
N

B 2
T, =T ) ajexp [_ N (2.3)
j=1

2 )
202

where 7 is the total optical depth of the line and N is the total number of hyperfine
transitions. For any jth hyperfine component, a; is the line strength and v; is the rest
frequency. Characterizing the line with a single rest frequency, e, the frequency

shift due to systemic motion of gas, vy gg, is given by

VISR = (1 - ULCSR> Vrest (24)

and the frequency dispersion of each hyperfine component is given by

Vrest

o, = O, (2.5)
c

which is similar for all hyperfine transitions (Johnstone et al. 2010). The FWHM of
the line, Aw is then given by Av = 2v/2In20,. For all of the observations presented in
this chapter, we assume ® = 1, i.e., the line emission fills the beam. If the observed

line emission does not fill the beam, the calculated T,, will be only a lower limit.

2.4.1 NH;, N,H*, and NH,D

We restricted our analysis of the NHj3 (1,1) and (2,2) data to pixels where the main
NHj; (1,1) component has a SNR higher than 10. For the NoH' and NH,D data, how-
ever, we used a SNR threshold of 5 for the NoH™ (1—0) isolated hyperfine component
(F1F=F'F'; = 01-12 at 93.1762527 GHz) and the NH,D (1¢; — 15 ;) main hyperfine
component (F/'—F"= 2—2 at 85.9262703 GHz)".

Weighted means of the returned parameters (vpsg, Av, 7, and T¢,) from the HFS
fits are shown in Table 2.5 for all three lines in their original spatial resolutions. We
also calculated the error for each quantity per pixel. Due to the variations of the
errors from pixel to pixel (for each quantity), we report in Table 2.5 the median value
of the errors in all pixels included in the analysis as a representative value of the
typical error. The median error is not equivalent to the error of the weighted mean,

and should not be used to determine the signal-to-noise ratio of the corresponding

°Since the NoH' (1-0) and NHpD (1§, — 1§ ;) emission lines are weaker than the NHz (1,1)
emission, we chose a lower SNR threshold to allow for the comparison of the emission from all three
molecules over a similar area.
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quantity. The error of the weighted mean is generally an order of magnitude lower
than the corresponding median error. To make the comparison between the fitting
parameters of the NoH™ data and the other two data sets easier, we smoothed the
NRO map to the spatial resolution of the GBT data (32" FWHM) and fit the spectrum
at each pixel for the smoothed map as well. Table 2.5 lists the weighted mean and the
median errors for the fitting parameters of the smoothed map as well. Note that the
observed FWHM of the lines, Av,,, determined by the fitting routine are broadened
by the instrumental velocity resolution, Aw,.s. The reported observed line widths
(Av) in Table 2.5 are corrected for this artificial broadening, such that

Av Av% — Av? (2.6)

res’

Table 2.5: The weighted mean values of the fitting parameters of spectral line emission
from the observed species toward SMM16. The values inside the brackets are the
median errors.*

Spectral Line VLSR Av T T.. veP
(km s71) (km s71) (K) (km s71)

NH; (1,1) 4.211 (0.004) 0.443 (0.009) 3.3 (0.2) 14.5 (0.6)

N,H* (1-0) (22”.9) 4.361 (0.003) 0.44 (0.01) 3.8 (0.4) 5.5 (0.3)

NoHT (1-0) (32”)  4.369 (0.002) 0.47 (0.01) 3.6 (0.2) 1 (0.2)

NH,D (1§, — 15 ,) 4.47 (0.01)  0.51 (0.03) 1.7 (0.6) .8 (0.3) .

HNC (1-0) 4.602 (0.008) 0.66 (0.03) 1.5(0.2) 8. 36( 2)  —0.34 (0.03)

HCN (1-0) 4.541 (0.008)  0.60 (0.02) 3.2 (0.2) 5.125(0.06) —0.22 (0.01)

%The values inside the brackets are the median errors, not the errors of the weighted mean.

®The core internal velocity (vc) is only available for HCN and HNC spectra that are fit using the
HILL5 model (De Vries & Myers 2005). The negative value of velocity corresponds to outward
motions.

¢The reported values of T, for HCN and HNC correspond to peak excitation temperatures (see
§2.4.2).

Figures 2.4a, 2.5a, and 2.6a show the vy maps for the NH;z (1,1), NoH' (1-0),
and NH,D (1¢, —15 ;) emission lines, respectively. The vzgr maps of all three emission
lines look very similar, especially those of NH; (1,1) and NoH™* (1—0). The core shows
a complex distribution of vygr between 4.0 km s=! and 5.0 km s~! with no obvious

single gradient.
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Figure 2.4: Maps of (a) visg, (b) or, (¢) onT, (d) onT/Cs, (¢) N(NH3), and (f) X (NHs)
calculated using NH3 (1,1) emission toward SMM16 at 32" FWHM. The contours correspond
to continuum emission at 250 pm, starting at 3.0 Jy beam™! and increasing by 3.0 Jy
beam~!. The black dot shows the peak of the NH3 (1,1) emission and the triangles show
the dust continuum emission peaks. The resolution of the continuum data are smoothed
to the resolution of the GBT data, ~ 32” FWHM. The 32” FWHM beam of the GBT is
delineated with the circle.

We used the fit parameters to determine some physical parameters. For NHs, the
transitions between two rotational states with different K quantum numbers (e.g.,
(1,1) and (2,2)) are forbidden, therefore the rotational temperature corresponding
to the relative population of the two states can be used to calculate the gas kinetic
temperature (T; Ho & Townes 1983). We followed the method described by Friesen
et al. (2013) to determine Ty for SMM16. Figure 2.7a shows the resulting kinetic
temperature map of SMM16. The Tk values are generally low (~ 11.5 K) in the
eastern central region but increase towards the core edges (~ 14 K).

Given the calculated values for T, we determined the thermal velocity dispersion
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Figure 2.5: Maps of (a) vrsgr, (b) or, (¢) onT, (d) onT/cs, (e) N(NoHT), and (f)
X (NoH™) calculated using NoH™ (1—0) emission toward SMM16. Maps of (a) vpgr and
(e) N(NoH™) are at the NRO original spatial resolution (~ 22”.9 FWHM). The contours
correspond to continuum emission at 250 pm (smoothed to ~ 22”.9 FWHM), starting at
1.5 Jy beam™! and increasing in steps of 1.5 Jy beam™'. The rest of the plots are made
using the NoH™ (1—0) data smoothed to the resolution of the GBT, (~ 32” FWHM). The
contours in these plots correspond to continuum emission at 250 pym (smoothed to ~ 32"
FWHM), starting at 3.0 Jy beam ™! and increasing in steps of 3.0 Jy beam™!. The black dot
shows the peak of the NoH™ (1—0) integrated intensity and the triangles show the peaks of

the continuum emission. The circle shows the corresponding spatial resolution of each plot.

(or) of each of the molecular tracers using

or = | B (2.7)
Hmp

where kp is the Boltzmann constant, u is the respective molecular weight in atomic

units, and mpyg is the mass of the hydrogen atom. We also determined the thermal

sound speed (cs) of the gas by replacing p with the mean molecular weight per free
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Figure 2.6: Maps of (a) vrsgr, (b) or, (¢) ont, (d) onT/cs, () N(NH2D), and (f)
X (NH2D) calculated using NHsD (137 - 1p1) emission toward SMM16 at 36” FWHM.
The contours correspond to continuum emission at 250 pm, starting at 3.0 Jy beam ™' and
increasing in steps of 3.0 Jy beam™!. The black dot shows the peak of the NHyD (11 -
1p,1) integrated intensity and the triangles show the peaks of the continuum emission. The
resolutions of the continuum data has been smoothed to that of the Mopra data, ~ 36"

FWHM. The 36” FWHM beam of the Mopra telescope is delineated with the circle.

particle p, = 2.37 in the equation above . Given the determined o7, we calculated

the nonthermal velocity dispersion (oxy7) using

oNT = £/ 02 — 04 (2.8)

Here, 0, = Av/(21/21n2). Panels b, ¢, and d of Figures 2.4, 2.5, and 2.6 show maps
of o, onr, and the nonthermal-to-thermal velocity dispersion ratio of the gas, given
by ont/cs for NHz, NoHT and NH,D emission lines, respectively, toward SMMI6.
For all three spectral lines, o7 /cs ~ 1 in most parts of the core, especially toward
the centre. Although we see some localized increase in oy toward the NW and SW,
we do not detect a sharp “transition” to turbulent motions as observed by Pineda

et al. (2010) toward the B5 region in the Perseus molecular cloud. Similar to some
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Figure 2.7: Maps of (a) Tk and (b) N(Hz) toward SMM16. In both plots, the contours
correspond to continuum emission at 250 pm, starting at 3.0 Jy beam™! and increasing
in steps of 3.0 Jy beam~!. The black dot shows the peak of the NH3 (1,1) integrated
intensity and the triangles show the peaks of the continuum emission. The resolution of the
continuum data has been smoothed to the resolution of the GBT data, ~ 32” FWHM. The
32" FWHM beam of the GBT is delineated with the circle.

of the other starless cores in Ophiuchus, such as B68 (Lada et al. 2003), SMM16 is
transonic and the core thermal and non-thermal motions are comparable.
Using the continuum data, we calculated the Hy column density in each pixel with

the expression

Sy

N(H,) = )
( 2) Qm/’I’HQmH’%VBV(Td)

(2.9)

Here, S, is the 250 pm flux density per pixel from the continuum emission toward
SMM16, €2, is the beam solid angle, py, = 2.8 is the mean molecular weight per
hydrogen molecule (Cox 2000; Kauffmann et al. 2008), and mpy is the mass of the
hydrogen atom. The dust opacity per unit mass x, = 0.2 cm? g=! at 250 pm, which
is consistent with the OH5 model by Ossenkopf & Henning (1994) for dust grains
that have coagulated for 10 years and have developed thin ice mantles (Shirley et al.
2005). The OH5 model is also used by Shirley et al. (2005) to study the physical
structure of the pre-protostellar core .1498. Note that the value of x, at 250 ym may
be half of an order of magnitude larger or smaller than the value used in this chapter
(i.e., 0.2 cm? g=!) depending on the adopted dust opacity model (Figure 3 of Shirley
et al. 2005). The Planck function B,(T}) is calculated at the dust temperature Ty.
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In the central dense regions of cores (i.e., > 10° cm™3; Di Francesco et al. 2007),
the gas and dust temperatures should be largely coupled. In larger and more diffuse
regions of molecular clouds, however, the gas and dust are decoupled and the gas
can be warmer than the dust (Young et al. 2004a). Using the SMM16 mass and size
estimation by Sadavoy et al. (2010a) (mass ~ 3.1 My and effective radius ~ 0.049
pc), we estimated the average number density, n ~ 9.0x10% cm™3, indicating that it
is reasonable to assume that gas and dust temperatures are coupled across SMM16.
Therefore, we used the calculated Tk map of the core to determine N(H,) per pixel.
Figure 2.7b shows the Hy column density map of SMM16. The Hy column density
peaks close to the continuum emission peak and drops off quickly toward the outer
edges of the core.

Following the method described in Appendix A.1, we also calculated the NHj,
NoH™', and NHyD column densities. Figures 2.4e, 2.5¢, and 2.6e show the NHj,
NoH*, and NH3D column density maps, respectively. The distributions of N(NHj)
and N(NoH™) across SMM16 follow that of N(H,) with the NHz and NoH™ column
density peaks close to the peak of continuum emission and a relatively sharp decrease
away from the core centre. The N(NHyD) distribution is very different, however,
with lower values toward the continuum emission peak and higher values at the
edge. Finally, given the calculated values of column densities, we determined the
fractional abundances (X = molecular column density /N (Hs)) per pixel for each of
the three molecules. Figures 2.4f, 2.5f, and 2.6f show the fractional abundances for
NHj, NoH*, and NHD, respectively. All three X (NH;), X (NoHT), and X (NH,D)
maps show a decreasing trend of molecular abundance with increasing N(Hz) toward
the core centre. A similar decrease in the abundance of NoH™* has been observed
toward the centre of the starless core B68 by Bergin et al. (2002).

The weighted means and the median errors for Tx and N(Hz) are listed in Table
2.6. The weighted means and the median errors for ox7, o1, onr/cs, molecular
column densities, and fractional abundances for NHs, NoHT, and NH,D are listed in
Table 2.7.

2.4.2 HNC and HCN

The HNC (1-0) and HCN (1—-0) emission lines each have hyperfine structure with
three components (Table 2.4). In our observations, the three hyperfine components of

the HNC (1—0) are unresolved and effectively present a single line. All three hyperfine
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Table 2.6: Statistics of Tk and N (Hgz) toward SMM16 determined using the fitting param-
eters for NH3 emission and 250 pm dust emission.

Value Weighted Mean Median Error Min Max
Tk (K) 11.9 0.3 10.3 15.5
N(Hj) (/10?2 cm™2) 1.35 0.05 0.13 4.5

Table 2.7: The weighted mean values of the physical properties of SMM16 determined using
the fitting parameters of the observed emission spectra. The values inside the brackets are
the median errors.?

Molecule or ONT ONT/Cs N X
(km s71) (km s71) (cm™2)
NHj 0.076 (0.001)  0.175 (0.005) 0.86 (0.03) 1.1 (0.1)x10" 5.0 (0.9)x10~8
NoH*®  0.0577 (0.0007) 0.192 (0.002) 0.95 (0.02) 8 (1)x102 3.3 (0.9)x 10~
2(
1(

—~

NH,D  0.0735 (0.0005)  0.20 (0.01)  0.99 (0.06) 1)x 10 5 (5)x107°
HNC 0.1)x10™ 5 (1)x1071
HCN 1.4 (0.1)><1013 8.1 (0.4)x10710

—~

o~~~

®The values inside the brackets are the median errors, not the errors of the weighted mean.

®The results correspond to NoHT (1—0) data smoothed to 32" FWHM resolution.

components of the HCN (1—0), however, are clearly visible (e.g., see Figure 2.3).
Under LTE conditions, the three hyperfine lines of HCN (1—0) have relative intensities
of F(0—1): F(1—1): F(2—1) =1:3:5, which are slightly different from the
observed ratios toward SMM16. For instance, the observed ratio toward the peak of
the HCN (1—0) emission for SMM16 is roughly F'(0—1) : F(1—-1): F(2—1) =1:1:2.
Such anomalies have previously been detected toward other starless cores, such as
TMC-1 (Gottlieb et al. 1975; Walmsley et al. 1982; Sohn et al. 2007; Loughnane
et al. 2012). Note that due to the presence of such anomalies in the line ratios of
HCN (1-0), the best fit parameters determined through spectral line fitting with an
LTE model (as done in this chapter) are somewhat uncertain.

Unlike the line profiles of NH3, NoH™', and NH,D emission toward SMM16 that
do not show any asymmetries, the HNC (1—0) and HCN (1—-0) line profiles toward
SMM16 both show red asymmetry. To fit these lines, we used the HILL5 model
introduced by De Vries & Myers (2005) rather than Gaussian fits. This model consists
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of a core with a systemic velocity v sr and a central peak excitation temperature
T.,. The far and near edges of the core have an excitation temperature of Tp,. J,(T)
decreases linearly from J, (T, ) at the centre to J,(T},) at the edges of the core forming
a hill-shaped profile. The core has an optical depth of 7 and the core material is
moving at an inward or outward velocity ve, where negative and positive values of v¢
correspond to outward and inward motions, respectively. To fit the observed spectra
using Equation (9) of De Vries & Myers (2005), we modified the fitting routine from
Friesen et al. (2010b) using the function described in the provided HILL5 software®
to determine the values for the five fitting parameters, vysr, Av, 7, T.., and ve at
each pixel. Figure 2.8 shows the observed spectra of HNC (1—0) and HCN (1-0)
(black) and the best-fit determined using the HILL5 model (red).

4F w
E HNC(1-0)

I I I 1 *0.5: I I I I
-5 0 5 10 15 —10 -5 0 5 10 15
Vise (km/s) Vi (km/s)

Figure 2.8: Spectra from the peak positions of HNC (1—0) emission (left) and HCN (1-0)
emission (right) are shown in black. The fits determined using the HILL5 model (De Vries

& Myers 2005) are shown in red. The blue vertical lines show the relative intensities and
separations of the three hyperfine components of HCN (1—-0) and HNC (1—0) transitions.

We also fit the observed HCN/HNC spectra with a multiple Gaussian fitting rou-
tine (explained in §2.4). The reduced x?* values for the HILL5 model and Gaussian
fits are similar, e.g., 5.4 vs. 6.0 for HCN and 4.6 vs. 4.8 for HNC, respectively, but
slightly favour the HILL5 model fit. The Gaussian fits do not reproduce the evident
asymmetries of the same type seen in both the HNC line and the various components
of HCN; the observed asymmetries are not due to the blending of hyperfine structure.
Since the asymmetry is seen independently in these lines, we favour the interpreta-
tion of the HILL5 model, acknowledging that higher sensitivity observations of these
lines or observations of other lines that trace similar conditions as HCN/HNC are

needed to characterize the line profiles better. Note that the hyperfine components

Savailable at: https : //bitbucket.org/devries/analyticsin fall /wiki/Home
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of HNC (1—0) are not resolved in our observations but we fit the spectra using three
components. Thus, the T,, and 7 values of HNC (1—0) determined from such fitting
are necessarily more uncertain than those determined for HCN (1—0) for which the
hyperfine structure is perfectly resolved. In the following, we restricted our analysis
of HCN/HNC data pixels where the SNR is higher than 10 in the main hyperfine
component.

Figure 2.9 shows maps of ve for HNC and HCN emission. The weighted mean
values of v for HNC and HCN emission lines are —0.34+0.03 km s~ and —0.22+0.01
km s, respectively, with the negative values indicating outward motions. In a survey
of 85 starless cores by Sohn et al. (2007), 20% of the sources showed a similar red

asymmetry in HCN (1-0) emission.

30" P
4g'00" |
30"
49'00" |

30" |

& (2000)

5000" |
30" |
5100 [

30" |

-24'5200" | O

1 1
16"31™52° 48° 44° 40° 36° 32° 48° 44° 40° 36° 32°
« (2000) « (2000)

Figure 2.9: Maps of v¢ determined using HNC (1—0) (left) and HCN (1—0) (right) emission
spectra toward SMM16 at 36” FWHM. The contours correspond to continuum emission at
250 pm, starting at 3.0 Jy beam™' and increasing in steps of 3.0 Jy beam~!. The black
dot shows the corresponding molecular integrated intensity peak and the triangles show the
peaks of the continuum emission. The resolution of the continuum emission data has been
smoothed to that of the Mopra data, ~ 36” FWHM. In each panel, the 36” FWHM beam
of the Mopra telescope is delineated with the circle.

Table 2.5 lists the weighted mean and median error for each of the five fitting
parameters for both HNC (1—0) and HCN (1—0) emission. Figures 2.10a and 2.10d
show maps of vpggr for HNC (1—0) and HCN (1—-0), respectively. Compared to the
complex distribution of vzgg of NHz (1,1), NoH* (1-0), and NH,D (1§, — 1§ ;), both
HNC (1-0) and HCN (1—0) show similar and more uniform distributions with a
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single gradient across the core, suggesting a different velocity field is being traced by

these molecules.
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Figure 2.10: Maps of v gr, molecular column density, and fractional abundance calculated
using HNC (1-0) (top row) and HCN (1—0) (bottom row) emission toward SMM16 at
36" FWHM. The contours correspond to continuum emission at 250 pm, starting at 3.0
Jy beam™! and increasing in steps of 3.0 Jy beam™!'. The black dot shows the peak of
the corresponding integrated intensity and the triangles show the peaks of the continuum
emission. The resolution of the continuum data has been smoothed to that of the Mopra
data, ~ 36" FWHM. The 36” FWHM beam of the Mopra telescope is delineated with the
circle.

Following the method described in Appendix A.1, we calculated the HNC and
HCN column densities (Figures 2.10b and 2.10e) and used the determined N(Hy)
from §2.4.1 to calculate the corresponding fractional abundances (Figures 2.10c and
2.10f). Table 2.7 lists the weighted mean and median error for these values. Equation
(A.21) only applies to emission lines with Gaussian profiles. Though the HCN (1—-0)
and HNC (1—0) lines are not optically thin, their profiles appear Gaussian and their
total optical depths are not extreme. For example, the weighted mean 7 ~ 1-3 (see
Table 5), and the 7 values towards the location of maximum N(H;) are ~ 1.2 and
3.5 for HNC (1—0) and HCN (1—-0), respectively. (Indeed, these two lines are each
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composed of hyperfine components whose optical depths are fractions of the total
values.) Note that the HILL5 model returns the peak 7., not a mean T, value
along the line of sight (De Vries & Myers 2005). In the HILL5 model, T,, increases
along the line of sight from the background value to a peak value. Equation (A.18),
however, assumes that T, is constant along the line of sight. As a test, we also derived
N(HNC) and N(HCN) using the results of the simple Gaussian fitting (explained in
§2.4). The resulting HCN and HNC column densities were found to be within the
errors to those values obtained from the parameters returned by the HILL5 model,
e.g., weighted means (and median errors) of 1.4 (0.2) x 10 ecm™2 and 1.3 (0.2)
x 10'3 em™2, respectively. This similarity suggests our approximation of using the
values obtained from the HILL5 model for Equation (A.21) for HCN and HNC is
reasonable in the case of SMM16.

Figures 2.10b shows a N(HNC) peak ~30"” East of the HNC integrated intensity
peak and ~75” SE of the continuum peak, with N(HNC) also declining towards the
edges of the core. Figure 2.10e shows no obvious peak location for N(HCN). Both
Figures 2.10c and 2.10f show minima of X (HNC) and X (HCN), respectively, close to
the continuum peak and increases toward the edges of the core. All maps are overlaid
with contours of 250 ym continuum emission smoothed to the resolution of the Mopra
data.

Models of gas-phase chemical networks, which take into account both ion-molecule
and neutral-neutral reactions predict the ratio X (HNC)/X (HCN) to be close to unity
in cold gas (e.g., Herbst et al. 2000 and references therein). This ratio has been
observed to be mostly close to or above unity in molecular cloud cores (e.g., 0.54—4.5
from Hirota et al. 1998; 3—4 from Tennekes et al. 2006; ~ 2 from Hily-Blant et al.
2010; ~ 0.6 from Morales Ortiz et al. 2012); with no significant difference between
starless and protostellar cores (Hirota et al. 1998 and Morales Ortiz et al. 2012).
The mean value (weighted by the errors) of X (HNC)/X (HCN) is measured to be 0.7
across SMM16 with the median of the error ~ 0.1. The measured abundance ratio
toward SMM16, although being lower than unity, is indeed in the range observed
previously in other cores by Hirota et al. (1998).

2.4.3 HCO' and H®CO™*

The HCO™ (1-0) line toward SMM16 shows extreme self-absorption (see Figure 2.3)
with a red-skewed double peaked profile, which is an evidence of high optical depth
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and possible expansion in the outer layer of the core (Lou & Gao 2011). Neither the
multiple Gaussian fitting routine nor the HILL5 model provided an accurate fit to
the strong self-absorption feature in the line profile of HCO™ (1—0). Therefore, we
do not present any further analysis on the HCO™ (1—0) line emission in this chapter.

The H3CO™ (1-0) transition consists of a hyperfine structure over a frequency

L at

separation of ~ 38.5 kHz (equivalent to a velocity separation of ~ 0.14 km s~
86.7 GHz; Schmid-Burgk et al. 2004). Our observed line profile with Mopra, however,
resembles a single Gaussian (see Figure 2.3). The spectral resolution of our data is
not sufficient to resolve the hyperfine structure of H'*CO™ (1—0) and therefore it is
uncertain which hyperfine transitions are contributing to the observed spectra. Thus,
we do not provide any further analysis on the H*¥*CO™ (1—0) line emission in this

chapter.

2.4.4 The Origins of the Emission from Different Molecules
in SMM16

The primary gas constituent of molecular clouds is the homonuclear molecule H, that
is not easily excited at the cold temperatures of molecular cloud interiors (T < 30 K).
Therefore, C-bearing molecules such as CO and its isotopologues are predominantly
used to trace the interiors of molecular clouds. C-bearing species, however, suffer from
molecular depletion toward the innermost regions of starless cores due to adsorption
onto dust grains at high densities and low temperatures of the central regions of
starless cores (Di Francesco et al. 2007 and references therein). Indeed, molecules
such as HCN and HCO™ among many other C-bearing molecules show significant
decrease in abundance toward core centres (Tafalla et al. 2006). In comparison, N-
bearing molecules such as NHz and NyHT appear more resilient to depletion (or may
deplete later) and provide better probes of the innermost regions of cores.

We detect decreasing trends of molecular abundances with increasing N(Hs) to-
ward the centre of SMM16 for both the observed C-bearing species (i.e., HCN and
HNC) and the N-bearing species (i.e., NH3 and NoH™). These decreases, however,
are more significant and steeper for the C-bearing species. The fractional abundances
of HCN and HNC at the core centre (i.e., the continuum peak) are both ~ 4.2 times
lower than the corresponding mean values at the outer edge of SMM16 (~ 0.065 pc
from the core centre; for the definition of the outer edge see §2.5.2.1). In comparison,

the central fractional abundances of NHz and NoH™ are only ~ 1.7 times lower than



42

the corresponding mean values at the core edge, respectively. We interpret these
abundance declines as being due to molecular depletions of various degree onto cold
dust grains in the dense interior of SMM16. The steeper decreasing trends in the
fractional abundances of the C-bearing molecules in SMM16 imply that their cor-
responding molecular lines are tracing predominantly the outer regions of the core.
Although the fractional abundances of the N-bearing molecules also suffer from de-
creasing trends toward the core centre, their less steep decreases might suggest that
they remain better probes of the inner region of SMM16. (Fractional abundance of
NH,D is not discussed here because the competing effects of enrichment by deutera-
tion and depletion onto cold grains make interpreting its abundance structure difficult.
For a discussion on the observed deuterium fractionation in SMM16 see §2.5.1.2.)

Note also that the integrated intensity and vpgg distributions from HCN and
HNC emission are similar to each other, e.g., more extended (see Figure 2.2) and
simple NW-SE gradients (see Figures 2.10a and 2.10d, respectively). These differ
significantly from the more compact integrated intensity (see Figure 2.1) and the more
complex vpsg distributions from NHj (1,1) and NoH™ (1—-0) (see Figures 2.4a and
2.5a, respectively). Though radiative transfer models are needed to constrain better
radial abundance gradients, these similarities and differences also suggest qualitatively
that HCN/HNC and NH3/NoH™ are tracing different layers of gas, i.e., outer and inner
ones, respectively, in SMM16.

2.5 Discussion

2.5.1 Is SMM16 a Starless core?

Sadavoy et al. (2010a) distinguished between starless and protostellar cores in the
Gould Belt molecular clouds (Ophiuchus, Taurus, Perseus, Serpens, and Orion) using
850 pum continuum data from SCUBA Legacy Catalogue (SLC) and 3.6—70 gm con-
tinuum data from the Spitzer Space Telescope. The dense core SMM16 was identified
as starless in this catalogue. Furthermore, archival data of Ophiuchus obtained by
the Herschel Gould Belt Survey (André et al., in prep.) do not show any sources with
continuum emission at 70 pym in the vicinity of SMM16, also suggesting that SMM16
has not yet formed a protostar. In §2.5.1.1 and §2.5.1.2, we present further evidence

supporting the starless nature of SMM16.
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2.5.1.1 NH3 and N2H+

In Figure 2.11, we show the distributions of azimuthal averages of T and onr/c, for
both NH3 and NoH™ spectra vs. the projected distance from the continuum peak (D)
in SMM16. Note that Tk is calculated using hyperfine structure fitting of NHs (1,1)
and (2,2) emission (see §2.4.1). We calculated the azimuthal averages with the dust
peak emission at the centre and 6" radial bins. In both panels, the dotted vertical
lines show the radial bin beyond which some of the pixels in each bin are masked
(and hence excluded from the average) due to low SNR. The error bars represent the

azimuthal variation of Tx and onr/cs, respectively (i.e., the standard deviation).
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Figure 2.11: In both panels, data points show the distribution of azimuthal averages of the
corresponding quantities vs. projected distance from the dust peak (D) for SMM16. The
azimuthal averages are calculated with the dust emission peak at the centre and radial bins
of 6”. The dotted vertical line shows the radial bin beyond which some of the pixels are
masked due to low SNR. (a) Kinetic temperature, Tk, vs. D (note that Tk is calculated
using hyperfine structure fitting of NH3 (1,1) and (2,2) emission). (b) onr/cs vs. D for
both NHj (black diamonds) and NoH™ (red triangles) line emission. The black and red
error bars correspond to NH3z and NoH™ data, respectively.

In Figure 2.11a, T values (although appearing constant within the errors) slightly
decrease toward the centre of the core, i.e., with increasing Hy column density, as
might be expected from a starless core heated only externally by the interstellar
radiation field. In Figure 2.11b, we show azimuthal averages of onr/cs for both NHj
(black diamonds) and NoH* (red triangles) line emission. The black and red error
bars correspond to NHz and NoH™ data, respectively. For both species, the thermal
and non-thermal motions appear to be on the same order, suggesting that SMM16 is
transonic. There is a slight increase visible in ox7/cs as we move away from the core
centre. Toward the outer edges of the core, our estimations of azimuthal averages

start to suffer from low SNR and decrease in the number of pixels included in the
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average. Therefore, we are not confident that the decreasing trend of onr/cs on the
outermost edge of the core is real. Again, no sharp transition to turbulent motions
is seen in either tracer, unlike that observed by Pineda et al. (2010) toward the B5
region in the Perseus molecular cloud.

In a study of two dense cores both with Class I Young Stellar Objects (YSOs) off-
set from their centres, Hotzel et al. (2004) found an average X (NH3)/X (NyH™) of ~
140—190 toward the starless region of the cores, and 60—90 toward the regions close
to the YSOs. In another study, Palau et al. (2007) found a tight connection between
X (NH;3)/X (NoH") and the lack or presence of YSOs near (not necessarily inside) a
core. The sources associated with YSOs showed lower values of X (NHj)/X (NoH™)
~ 50, while starless cores showed higher values of X (NHj3)/X (NoHT) ~ 300. Fur-
thermore, through observations of two cores in Ophiuchus, Friesen et al. (2010b)
determined X (NHj)/X (NoH™) ~ 135 for the starless core Oph B1 and ~ 65 for the
protostellar core Oph B2. For SMM16, we measure the weighted mean of the abun-
dance ratio ~ 140 and the median error ~ 20. This result indeed coincides with
the range reported by previous authors for starless objects and further suggests that

SMM16 has not yet formed a protostar.

2.5.1.2 Deuterium Fractionation

Observations and models have shown that C-bearing molecules deplete onto dust
grains in the cold (7' < 20 K) and dense (n > 10° cm™®) environments of starless
cores (Di Francesco et al. 2007 and references therein). This depletion leads to an
increase in the abundance of HyD™, the progenitor of most deuterated molecules, such
as NHyD (e.g., Roberts & Millar 2000; Bacmann et al. 2003; Busquet et al. 2010).
The deuterium fractionation, Rp (i.e., the abundance ratio of a deuterated species
to its H-bearing counterpart), is a powerful tracer of the evolutionary stage of dense
cores. A chemical model of prestellar cores by Aikawa et al. (2005) indicates that Rp
increases as the core evolves to become more centrally concentrated. A survey of 31
starless cores by Crapsi et al. (2005b) indicated that in low-mass star forming regions
Rp increases from 0.03 < Rp < 0.1 for less evolved prestellar cores to 0.1 < Rp <
0.4 toward more evolved starless cores. Busquet et al. (2010) carried out a survey
of pre-protostellar and protostellar cores in a cluster forming region to investigate
Rp as a tracer of the evolutionary stage of cores. The observations indicated higher

values of Rp (~ 0.1—0.8) toward the pre-protostellar cores compared to the lower
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values (~ 0.1) toward the protostellar cores. It is also important to note that high
deuteration fractionation levels (> 0.15) have been detected toward Class 0 protostars.
For instance, a survey of NoH* (1—0) and NyD* (1—0) emission toward 20 Class 0
and Class 0/I protostars by Emprechtinger et al. (2009) showed that Rp remains high
(> 0.15) even for a short while after the gravitational collapse has begun in the core.
Subsequently, Rp decreases to levels as low as 0.03 for sources in transition between
Class 0 and Class I.

We used the ratio N(NHyD)/N(NHj3) to determine the weighted mean Rp equal
to 0.098 £ 0.006 toward SMM16 (here 0.006 is the error of the weighted mean)
toward SMM16, which is in agreement with previous estimations of Rp toward other
prestellar cores. The value of Rp and its error toward the peak position of NHy;D
integrated intensity is equal to 0.10 £ 0.02. Hence, the starless nature of SMM16 is
supported by the lack of a 70 pm continuum source in the vicinity of SMM16, slightly
decreasing T toward higher N(Hy), the observed transonic velocities of SMM16’s gas,
its high levels of NH3 /NoH™ abundance ratio, and its high deuterium fractionation

level.

2.5.2 Stability Analysis

Sadavoy et al. (2010a) determined the mass (~ 3.1 M) and effective radius (~
0.049 pc) of SMM16 using the 850 pm continuum data from the SLC (Di Francesco
et al. 2008) assuming a dust opacity per unit mass, k,, of 0.01 cm? g=! a distance
of 125 pc to the Ophiuchus cloud, and Tx = 15 K. Using the measured values for
mass and effective radius of SMM16 by Sadavoy et al. (2010a) and their assumed
Tx = 15 K, we calculated the Jeans mass of SMM16 to be ~ 1.6 M, indicating that
SMM16 is slightly super-Jeans (Jeans mass is further described in §2.5.2.2). Given
the very simple assumptions made, however, these results might not be very robust.
To investigate further whether or not SMM16 is indeed a super-Jeans starless core,

it is important to make more accurate estimations of its mass and size.
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2.5.2.1 Density Profile

We assume SMM16 has the following volume density profile (King 1962; Tafalla et al.
2002; Dapp & Basu 2009):

{ pea?/(r? + a?) ;. r<R (2.10)

0 ; r>R "’

where a and R are the radii of the inner flat region and the core, respectively, and

Cs

pe is the density of the central region, such that a = ~ NETR with v a dimensionless

proportionality constant. (Note that here the symbol « is used instead of k as in
the original paper by Dapp & Basu 2009). The central number density, n., depends
on p. such that, n, = #cup. The effect of temperature is taken into account in the
thermal sound speed ¢, = \/m. The above density profile is similar to but
more generic than the density profile of a Bonnor-Ebert Sphere (BES; Ebert 1955;
Bonnor 1956; Chandrasekhar 1957). Dapp & Basu (2009) analytically determined

the column density profile of a sphere with the above volume density to be

_L arctan M arctanlc
Z(:E)—WX[ ¢ < 1+(:E/a)2>/ ¢ ()], (2.11)

where ¢ = R/a and X(x = 0) = X. = 2ap,. arctan(c). We converted Hy column
density of SMM16 to the total column density (Nya = %N (Hs); Kauffmann et al.
2008) and azimuthally averaged Nyyq with the continuum emission peak at the centre
and radial bins of 6”. To take completely into account the effect of beam convolution in
fitting the observations, we made a 2-dimensional column density model using Equa-
tion (2.11) and convolved it with a 2-dimensional Gaussian with the same FWHM as
that of the GBT beam (32" FWHM). Similar to the observed Nyyq;, we took azimuthal
averages of the simulated convolved column density map and used the resulting profile
to fit the azimuthally averaged total column density measured through observations.
Note that in our calculation of N(Hs) across SMM16 (Figure 2.7b), we assumed Ty
= Tk and used the Tx map of SMM16 (Figure 2.7a) determined through hyperfine
fitting of the NH3 data from the GBT (see §2.4.1 for details). Hence, the resulting
N(Hs) and Ny, maps are similar to the GBT data in spatial resolution, i.e., ~ 32"
FWHM. In Figure 2.12, the diamonds show the azimuthal average of Ny, versus the

projected distance from the continuum emission peak and the curve shows the best
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fit of Equation (2.11) to the observed Nyu. The uncertainty in Ny is due to that
of the continuum fluxes and Tk. Assuming a distance of 120 pc to the Ophiuchus
molecular cloud (Loinard et al. 2008) and Tx = 11.9 K (weighted mean value of Tk
for SMM16; see Table 2.6), the best values for fitting parameters are a = 0.0227 pc +
0.0005 pc, ¢ = 2.840.2, and ¥, = (5.9 £ 0.1)x10%? cm 2. These results yield an outer
radius of R = 0.065 & 0.004 pc, n. ~ (3.4 +0.1) x 10> cm™3, and ¢, ~ 0.20 km/s.
Following Dapp & Basu (2009), core total mass M = 4mp.a® [% — arctan (%)], which
yields M = 4.7 £ 0.6 My. Our derived core radius (~ 0.065 pc) and total mass (~
4.7 M) are both larger than the corresponding values determined by Sadavoy et al.
(2010a) (R ~ 0.049 pc and M = 3.1 My). Given our determined values for the total
core mass and R, we determined the mean number density, n, in SMM16 to be ~

7.1 x 10* em™3.

Niotal (Cmgz)

07l ‘ ‘ L
1000 10000
Projected Distance from Dust Peak (AU)

Figure 2.12: Azimuthal average of total column density Ny, versus the projected distance
from the continuum emission peak (diamonds). The curve is the best fit of Equation (2.11)
to the data. Prior to fitting the observed Nyuq1, we made a 2-dimensional column density
model using Equation (2.11) and convolved it with a 2-dimensional Gaussian with the
same FWHM as that of the GBT beam (32" FWHM). We took azimuthal averages of the
simulated convolved column density map and used the resulting profile (curve) to fit the
azimuthally averaged N, measured through observations.

Given the weighted mean value of Tk toward SMM16, we used the estimated values
of the fitting parameters, a, ¢, and ., to determine the dimensionless parameter

v~ 1.0. In fact, estimation of the parameter v can shed light on the dynamical stage
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of the region of interest. Dapp & Basu (2009) argue that a critical BE sphere has
~v =~ 0.5, and emphasize that a collapsing core shows a column density profile with ~
higher than 0.5 and closer to 1. Our estimated value of v suggests that SMM16 is
unstable and consistent with a collapsing core. The effect of magnetic fields is not
included in this analysis, however. As indicated by Dapp & Basu (2009), support
from magnetic fields could be a contributing factor to the stability of prestellar cores
like SMM16.

2.5.2.2 Comparison with Jeans Mass

The minimum mass for the gravitational fragmentation of a purely thermal clump
is described by the Jeans limit. To explore the thermal stability of SMM16, we
calculated the Jeans mass described by (Sadavoy et al. 2012)

M; =29 < Tk )1'5( n )_0'5 M. (2.12)

10K 104 cm—3

Using the weighted mean value for Tx = 11.9 K and the determined value of the
mean number density n, the Jeans mass of SMM16 is calculated to be M; ~ 1.4 Mg,.
The estimated total mass for SMM16 is ~ 4.7 M, indicating that SMM16 is indeed
a super-Jeans starless core. Our determined value of SMM16 Jeans mass is slightly
lower than the value determined by Sadavoy et al. (2010a) (~ 1.6 Mg).

2.5.2.3 Comparison with Virial Equilibrium

To investigate the dynamical state of SMM16, we also calculated its virial mass

(Myiriar) and compared it to the total core mass. The virial mass is described by

502 R

Myjia) = ——
vIria; a/G?

(2.13)
where the velocity dispersion o = \/m and we used the weighted mean values
of oy = 0.175 km s~* and ¢; = 0.206 km s™! inferred from the mean NHj line width.
The parameter a = aq as, where a; accounts for the nonuniformity in the core density
distribution and as accounts for the core ellipticity (Bertoldi & McKee 1992). For a
core with a power-law density distribution, p(r) oc 777, a; = (1 —p/3)/(1 — 2p/5).
Assuming the density profile of SMM16 is described by Equation (2.10), we used
p = 2 to estimate a; = 5/3. Using Figure 2 of Bertoldi & McKee (1992) and assuming
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SMM16 to be roughly spherical, we estimated as to be ~ 1. The virial mass (My;yiar)
of SMM16 is therefore equal to 3.3 My. Comparing the total and virial masses to
determine if SMM16 is gravitationally bound or transient (McKee 1999), a core is

gravitationally bound if

Mviria
o= L<o. (2.14)

S
For SMM16, we find o ~ 0.7, suggesting that SMM16 is indeed gravitationally bound

with the potential for collapse, i.e., prestellar in nature.

2.5.2.4 Comparison with the Bonnor-Ebert Criteria

For a spherical and isothermal cloud of gas in hydrostatic equilibrium and confined
by an external pressure, P,,;, the fluid density can be described by the Lane-Emden
equation (Chandrasekhar 1967),

20N _

- (5 f) | 219)
where & = (r/cs)\/4nGp, is a dimensionless radial parameter and ¥ (&) = —In(p/p.).
The Bonnor-Ebert model introduces a series of solutions characterized by the value
of £ at the core boundary R, & = (R/cs)V/47Gp.. Clouds with &4, > 6.5 are
unstable and prone to gravitational collapse and those with &,.. < 6.5 are stable.
For SMM16, we determined &,,q, ~ 10.4, further suggesting that SMM16 is unstable
to gravitational collapse. Such high values of &,,,, have also been observed by Kan-
dori et al. (2005) toward starless Bok globules that are also believed to be unstable
to gravitational collapse. The gravitationally unstable nature of SMM16 is also con-
firmed by the calculation of its critical BE mass (the largest stable mass supported
by thermal pressure against gravitational collapse), Mpp = 1.18¢*/\/G3P.,; (Basu &
Jones 2004), where P.,; = prc? and pg is the material density at the boundary of
the core. For SMM16, using the outer radius of 0.065 pc (see §2.5.2.1) and Equation
(2.10), we determined P, = 6.2 x 1072 Pa and Mg = 0.75 M.

2.5.2.5 Comparison with the Starless Core B68

B68 is the quintessential example of a critical BE sphere in the literature. Assuming
distance of 125 pc, Alves et al. (2001) fit the column density profile of B68 using
the BE model to determine Mggp = 2.1 Mg, outer radius of 0.06 pc, T = 16 K,
and &nee = 6.9 £ 0.2. They also calculate P.,; = 2.5 x 107!2 Pa for B68. Dapp &
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Basu (2009) performed a similar analysis to find Mggp = 1.17 Mg, outer radius of
0.052 pc, T = 11 K, and &4, = 7.0. Furthermore, Dapp & Basu (2009) fit their
model (Equation 2.10 in this chapter) to the observational data of B68. The best fit
parameters yield a total mass M = 1.2 Mg, outer radius R = 0.051 pc, and radius
of the flat inner region a = 0.014 pc. Assuming 7" = 11 K, Dapp & Basu (2009)
determine v = 0.57, concluding that B68 is quite similar to a critical BE sphere best
fit by v = 0.54. Comparing the above results for B68 with the determined values
for SMM16, &z = 104, Py = 6.2 x 1072 Pa and Mpp = 0.75 Mo, M = 4.7 M.,
and v = 1.0 (see §2.5.2.1), we conclude that the internal structure, mass, and size
of SMM16 do resemble that of B68, however, SMM16 could be at a slightly more
advanced, supercritical evolutionary stage.

Our stability analysis suggests that SMM16 is a super-Jeans and gravitationally
bound core. It also appears to be supercritical from a BE perspective and more
centrally condensed than the starless core B68. Without internal support beyond

thermal motions, it is likely that SMM16 will experience gravitational collapse.

2.5.3 Internal Dynamics of SMIM16

Though collapse (infall) motions may be expected from the analysis in §2.5.2; the
red-skewed double-peaked line profile of HCO™ (1—0) (suggestive of blue-shifted self-
absorption) indicates expanding motions in the outer layers of SMM16. Furthermore,
the analysis of the red asymmetry observed in the line profiles of HCN (1—0) and
HNC (1-0) suggests that the expanding layer is moving at a speed of 0.2 km s=*
to 0.3 km s™! (see §2.4.2). Although protostellar outflows can also produce similar
red-skewed emission lines, we would expect such features to be highly localized and
spatially compact. In case of SMM16, however, the red asymmetry in the line profiles
of HCN (1-0) and HNC (1—0) and the red-skewed double-peaked line profile of
HCO™ (1—-0) are observed everywhere across the core, indicating the presence of an
expanding shell rather than a localized outflow. Similar spectral line features have
been previously observed toward other starless cores such as B68 (Lada et al. 2003),
FeSt 1-457 (Aguti et al. 2007), and L1517B (Fu et al. 2011; Sohn et al. 2007) and cores
containing VeLLOs such as 1.1014 (Crapsi et al. 2005b) using dense molecular gas
tracers such as emission from HCO™, CS, and HCN. In the absence of a protostellar
object, such expanding motions in the outer layers of a globule may indicate that

the object is transient and not gravitationally bound. For a self-gravitating bound
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object such as SMM16, however, an expanding envelope could be a sign of oscillating
motions within the outer layers of the core (Lada et al. 2003; Aguti et al. 2007; Lou
& Gao 2011).

Theoretical scenarios suggested by Keto & Field (2005), Broderick et al. (2007),
Stahler & Yen (2010), and Anathpindika & Di Francesco (2013) as well as the theoret-
ical picture of self-similar hydrodynamics for Envelope Expansion with Core Collapse
(EECC; Lou & Shen 2004; Thompson & White 2004; Gao & Lou 2010; Lou & Gao
2011) all predict the possibility of oscillating motions in starless cores. Such oscil-
lations could be due to an enhancement in the external pressure of a static core on
large scales as a result of, e.g., a locally turbulent ISM or a nearby outflow or super-
nova that leads to an increase in the core density. These compression waves travel
through the core and bounce back from the centre while the core adjusts its size and
density profile to the increase in external pressure. These cores could be oscillating
around an equilibrium configuration or might be evolving toward collapse in their
central regions (Keto & Field 2005). According to the numerical model presented by
Anathpindika & Di Francesco (2013), a core is more likely to experience oscillations
as result of perturbation if it is surrounded by relatively warm gas (~ 35 K). Starless
cores surrounded by cold gas (~ 15 K), however, are more likely to undergo gravi-
tational collapse if perturbed. Numerical models estimate an oscillation period of a
few 105 years (Anathpindika & Di Francesco 2013) and an oscillation lifetime of 105
years (Broderick et al. 2007). Indeed, such oscillations have been suggested for other
starless cores such as, B68 (Lada et al. 2003), FeSt 1-457 (Aguti et al. 2007), and
L1517B (Fu et al. 2011).

Our observations of dense molecular gas tracers that predominantly trace the
central regions of SMM16 (i.e., NHz and NyHT) do not show evidence of any line
profile asymmetries. There are, however, indications of mostly infall motions (e.g.,
L1517B; Lou & Gao 2011 and Fu et al. 2011) or a mix of inward and outward motions
reported toward candidates of oscillating cores in the literature (L1495A-N, L1507A,
and L1512; Lee & Myers 2011). According to the EECC model (Lou & Gao 2011),
over time the central inward motions will increase due to self-gravity and the outer
edge of the collapsed region moves outward and reaches the envelope. Eventually, the
core will continue to collapse toward the centre and form a protostar.

To probe the internal motions within SMM16, we determined the degree of spec-
tral asymmetry in the optically thick lines HNC (1—0) and HCN (1—0) using the

VULSR,thick "ULSR,thin
FWHM;hin

normalized velocity difference, §V = , where vrsR thick and ULgR thin
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are the respective velocities of the peaks of the optically thick and thin lines, and
FWHM;y;, is the FWHM of the optically thin emission line profile (Mardones et al.
1997; Lee et al. 1999; Lee et al. 2001; Lee & Myers 2011). A negative 6V indicates
that the optically thick profile has a blue asymmetry and the corresponding material
is in inward relative motion. On the other hand, a positive §V shows that the optically
thick profile has a red asymmetry and suggests that the traced material is moving
relatively outward. Figure 2.13 shows maps of 6V for the optically thick lines HCN
(1—0) and HNC (1—-0) using NoH* (1—0) and NH3 (1,1) as the optically thin lines.
It is evident that §V values for both HCN (1—0) and HNC (1—0) are predominantly
positive across the maps, regardless of the choice of the optically thin line. These
results indicate that both of the optically thick lines probe outward motions toward
SMM16, which is also suggested by the HILL5 model (see §2.4.2).

Some oscillating cores (e.g., B68; Lada et al. 2003) show alternating inward and
outward motions across their spherical surface. The velocity distribution of such
movements can be described as a function of the real part of the spherical harmonic
functions, Y;™(0, ¢) = (—1)"c1,, P/ (cosB)exp(ime), where P™(cosf) is the Legendre
function and ¢, is a normalization constant (Lada et al. 2003 and references therein).
The number of alternating regions with inward and outward motions on the oscillating
surface depends on the modal values, [ and m. Figure 8 of Lada et al. (2003) shows
the spherical harmonic oscillators for 0 <1 < 3. Lada et al. (2003) propose that B68
is experiencing [ = 2 and m = 2 mode of oscillations. In their study of the oscillating
core FeSt 1-457, Aguti et al. (2007) detect a similar asymmetry distribution to our
observations toward SMM16, i.e., outward motions across the whole surface of the
core. Aguti et al. (2007) suggest that FeSt 1-457 is either oscillating in the [ = 0 mode,
also called “breathing mode” (Keto et al. 2006), with outflow motions all over the
core, or is experiencing a similar mode of oscillation to B68, but appears differently
in the observations due to being edge-on to our line of sight.

Though the overall outward motion of SMM16 may indicate a breathing mode os-
cillation, some of the 0V maps of SMM16 (Figure 2.13) show features which resemble
higher oscillatory modes of spherical surfaces (e.g., see Lada et al. 2003). In particular,
HCN vs. NoH* or NH;3 (1,1) (Figures 2.13a and 2.13b) both show a similar triangu-
lar pattern with positive velocity offset extremes equally spaced about the continuum
peak. (Similar features resembling these extrema are also seen at the same locations
in the 0V maps of HNC vs. NoH* or NHj in Figures 2.13c and 2.13d). Moreover, in
the highest SNR case of HCN vs. NHj3 seen in Figure 2.13b, three velocity offsets of
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Figure 2.13: Maps of the degree of line asymmetries, 6V, for the optically thick lines HCN
(1-0) (top row) and HNC (1—-0) (bottom row) toward SMM16. The line asymmetries are
estimated by calculating the normalized velocity difference 6V = ULSR%WﬁmifHR'thi“. To
calculate the degree of spectral asymmetries for both HCN (1—0) and HNC (1-0), we used
the following optically thin lines: isolated hyperfine component of NoH™ (1—0) (left column),
and main hyperfine component of NHs (1,1) (right column). The contours correspond to
continuum emission at 250 pm, starting at 3.0 Jy beam ™! and increasing in steps of 3.0 Jy
beam~!. The spatial resolutions of the NHj (1,1), NoHT (1-0), and continuum emission
data have all been smoothed to that of the Mopra data, ~ 36” FWHM. In each panel, the
triangle shows the location of the main continuum peak and the 36” FWHM beam of the
Mopra telescope is delineated with the circle.

similar magnitude but less positive than the extrema above are found equally spaced
between the velocity offset extrema. Overall, this pattern is reminiscent of that of

the [ = 3, m = 2 mode of oscillation of a spherical surface (see Lada et al. 2003).
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Though it is necessary to use radiative transfer models to reproduce the spectra of
SMM16, we speculate that at least the outer layers of SMM16, as traced by HCN and
HNC, are oscillating, perhaps with a superposition of at least two modes (i.e., an [
= 0 breathing mode and the [ = 3, m = 2 mode). Further data are also needed to

explore this intriguing possibility.

2.6 Summary

In this chapter, we presented single-dish observations of the starless core SMM16 in
NH;, NoH', NH,D, HCN, HNC, HCO™, and H¥CO™ emission. These observations
lead us to believe that SMM16 is a gravitationally bound, supercritical (perhaps
oscillating), chemically evolved starless core.

1. NHj (1,1) and NoH' (1—0) emission follow the morphology of the continuum
emission, suggesting that both lines trace the dense gas in the starless core. On the
other hand, the morphologies of HCN (1—0), HNC (1—0), and H*CO™ (1—0) show
less similarity to the continuum emission. The HCO™ (1—0) emission is, however,
very different, with a peak located at a large offset from the continuum emission. Due
to the limited extent of NHyD (1¢; — 15 ;) emission, it is difficult to conclude how
well it is following the continuum emission and tracing dense gas.

2. We detect decreasing trends in the respective fractional abundances of NHj,
N,H*, NH,D, HCN, and HNC toward the continuum emission peak. These decreases,
however, are more significant and steeper for the C-bearing species (i.e., HCN and
HNC) than that of the the N-bearing species (i.e., NHz and NoH™T), suggesting qual-
itatively that the C-bearing and N-bearing species are tracing different layers of gas,
i.e., outer and inner ones, respectively, in SMM16.

3. The line profiles of NH; and NoH™, which probe best the innermost regions
of dense cores, do not show any evidence of asymmetries. If optically thin, these
lines might be broadened by movement of gas in either direction (i.e., inward or
outward). Meanwhile, the red-skewed double peaked profile of HCO* (1—0) and the
red asymmetry in the line profiles of HCN (1—0) and HNC (1—0) reveal the expansion
of the foreground layers of SMM16 at a speed of 0.2 km s~! to 0.3 km s~ .

4. The lack of a protostellar source in the vicinity of SMM16 in the archival Spitzer
and Herschel data suggests that SMM16 is starless. This idea is further supported
by the relatively high value of X (NH3)/X (NyH™) and large deuterium fractionation
level toward SMM16.
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5. Through fitting the Hy column density profile of SMM16 with that of a general
BE sphere, we determined the mass and radius of SMM16 to be ~ 4.7 My and R
~ 0.065 pc, respectively. Comparing mass, radius, and material density of SMM16
with Jeans and BE criteria reveals that SMM16 is a super-Jeans core and unstable to
gravitational collapse in the absence of other mechanisms of support. Furthermore,
the virial analysis demonstrates that SMM16 is indeed a gravitationally bound core
and not a transitionary object.

6. The presence of expanding outer layers has been observed toward other gravita-
tionally bound starless cores and is considered evidence of oscillatory motions inside or
on the surface of SMM16. Indeed, SMM16 might be oscillating about a mean config-
uration or is in transition from a static core to gravitational collapse and protostellar

formation.
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Chapter 3

Single-dish Observations of Highly
Concentrated Dense Cores in NHjy
and NoH" Line Emission

3.1 Introduction

Both line and continuum surveys have contributed to the important task of identi-
fication of starless cores. While dense gas tracers such as C'¥0O and H¥COT have
been effective probes of dense cores and their kinematic behaviour, they also suffer
from some shortcomings, such as line saturation due to high optical depth, excitation
biases, and significant depletion due to molecular freeze-out toward core centres (see
e.g., Caselli et al. 1999, Bacmann et al. 2002, and Chapter 2). Another key tracer of
molecular clouds, submillimetre and millimetre dust emission in molecular clouds, has
low opacities, no excitation biases, and is produced over a wide frequency range. The
resulting sensitivity to low column densities has helped to reveal hundreds of compact
continuum objects. Comparison with near- to far-infrared data, however, is necessary
to find out if these objects are starless or protostellar. When it comes to the quality
of the observational data, each tracer of molecular clouds has its own limitations.
Molecular rotational line data suffer from coarser angular resolutions compared to
that of infrared data due to the general longer wavelengths of the transitions excited
in molecular clouds. On the other hand, submillimetre and millimetre continuum
data may lack large-scale information due to the calibration methods used in these

type of observations (chopping or sky background removal), while large-scale infor-
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mation can be retained in molecular line data taken through position switching or
frequency switching. The effectiveness of any method for the identification of starless
cores ultimately depends on sensitivity and resolution of the data.

Evolved starless cores demonstrate certain chemical and dynamical characteristics,
which can be used to probe their respective evolutionary stage. For example the
relatively abundant CO molecule and its isotopologues are heavily depleted onto
grain mantles toward the innermost regions of starless cores due to the high densities
and low temperatures of these regions (e.g., see Bergin et al. 2001, Lai et al. 2003, and
Young et al. 2004b). It is likely that the severity of depletion of a certain molecule
depends on its respective binding energy onto dust grains. For example, nitrogen-
bearing molecules are more resilient to depletion compared to carbon-bearing species.
One of the main reasons suggested to explain their resilience to depletion is that in
the initial stages of cloud formation, nitrogen is mainly found in the atomic form,
which has a lower binding energy to the grain mantles and therefore does not adsorb
to dust grains as effectively as CO. As the density increases, the Ny molecule is
formed as a result of neutral-neutral reactions between N atoms. Such a reaction
happens significantly slower than the ion-neutral reaction that forms CO molecules.
Therefore, while CO is heavily depleted, there are still N atoms available to maintain
the formation of various nitrogen-bearing molecules. Also, CO is the main reactant of
NoH™ and its depletion helps maintain the NoH™ abundance. Finally, the adsorption
of NoH™ onto dust grains results in its recombination and return to the gas phase as
Ny and NH molecules, which are later transformed to NHj3 through other reactions.
CO depletion in cold and dense starless cores leads to deuteration' enrichment as
well. In molecular clouds, deuterium-bearing species such as HoD™' can be detected.
At high densities and cold environments of cores, however, the abundance of such
species increases as their main reactant, CO, is depleted. This effect leads to the
propagation of deuteration to other species by chemical reactions and enhancement
of deuterated isotopes such as NyDT (see e.g., Bacmann et al. 2003; Crapsi et al.
2005a). These chemical evolutions provide us with a tool to gauge a core’s respective
evolutionary stage.

Dynamical characteristics of starless cores can also be used to reveal the evolu-
tionary trend of these objects. As the core evolves and the accretion of material

progresses, the innermost region of the core with flattened density profile becomes

'Deuterium is an isotope of hydrogen. The deuteron, nucleus of deuterium, contains one proton
and one neutron, whereas the hydrogen nucleus contains no neutron.
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smaller and more condensed, leading to the increasing Hs density at smaller radii.
The infall motion of material also alters the observed line profiles, causing them to
broaden and depart from a Gaussian line profile. As explained previously (see Chapter
1 and Chapter 2), blue-asymmetry in the line profile, which is a signpost of inward
motions, has also been detected toward many starless cores. These signatures are
effective tracers of the relative evolutionary stage of starless cores.

Using the above criteria, we have selected five cores near or at the moment of
collapse. This sample provides the exciting opportunity to use NH3 data to improve
our understanding of the initial conditions of collapse. The sample was selected from
line and continuum surveys by Crapsi et al. (2005a) and Kauffmann et al. (2008)

using several correlations between the chemical evolution indicators, such as:

e higher depletion factor of CO
e higher NoH™ column density

e higher NyDT column density
and properties of dynamically evolved cores:

e higher Hy column density
e broader NoH™ lines

e smaller flattened inner region

e stronger infall asymmetries

These cores are either starless and appear poised to collapse (1.694-2, 1.429, and
L1517B), or contain a VeLLO? where collapse may have just begun (L1521F and
L1014).

In this chapter, we present single-dish observations of NHjz (1,1) and (2,2) and
NoH*' (1—-0) emission lines as well as continuum emission at 250 pm toward five
cores in our sample, 1.694-2, 1429, LL1517B, L1521F, and L1014. These data reveal
the kinematic structure and (line-of-sight averaged) temperature distribution of these
cores. In §3.2, we provide a short review of the results of previous studies on these
cores. In §3.3, we explain the details of our observations and data reduction methods.
We describe the morphologies of the observed molecular emission lines and compare
them to that of the continuum emission in §3.4. §3.5 describes the analysis of the

observed spectra toward each core. Finally, §3.6 summarizes our results.

2Objects with apparent protostellar nature but unusually low luminosity (L < 0.1 Lg).
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3.2 Previous Studies of Cores in Our Sample

3.2.1 L694-2

L694-2 is a roughly round-shaped core surrounded by filamentary structure and em-
bedded in a small molecular cloud at a distance of 230 £ 30 pc (Kawamura et al.
2001). Figure 3.1 shows continuum emission at 250 pm toward L694-2 from Spec-
trometer and Imaging Receiver Array (SPIRE) photometer on Herschel. The core
is isolated from molecular cloud complexes at the Galactic midplane and could be
partially exposed to the warm and turbulent interstellar medium and not be com-
pletely shielded by cold quiescent environment of molecular clouds. 1L.694-2 was first
identified as starless by Lee & Myers (1999) using far infrared continuum data from
Infrared Astronomical Satellite (IRAS).

There are various estimates for the central number density, mass, and radius
of L.694-2 reported in the literature, based on different datasets (molecular lines or
continuum) or techniques. The central Hy number density values reported are 1.1 X
10° em™3 (using NoHT spectra; Crapsi et al. 2005a), 2.2 x 105 cm™ (using N,DT
spectra; Crapsi et al. 2005a), 9.0 x 10° cm ™2 (using 1.2 mm continuum data; Crapsi
et al. 2005a), and 3.1 x 10° cm ™2 (using extinction data; Harvey et al. 2003a). Indeed,
the estimation of a core mass depends on the number density and the choice of the
core boundaries. For instance, the total mass estimations for L694-2 vary between
0.5 Mg, (using NH3 data and assuming uniform gas density distribution inside a core
radius of 0.08 pc; Levshakov et al. 2013), 1.0 M (using NoH™ spectra and 850 pm
continuum data and assuming a core radius of ~ 0.05 pc; Williams et al. 2006), and
3.0 My, (using a BE sphere density profile with an outer radius of 0.15 £+ 0.014 pc
for the globule and using near-infrared extinction data; Harvey et al. 2003a). 1.694-2
has an ammonia core size of 0.08 pc (Levshakov et al. 2013).

L694-2 shows indications of infall asymmetry in emission spectra of DCO™ (2—1)
and CS (3—2) (Lee et al. 2004) and NoH™ (1-0) (Williams et al. 2006) and the
infall velocities in the core have been estimated to be in the range of 0.05 km s—*
to 0.09 km s™'. The vysg map of NoHT (1—-0) emission toward L694-2 shows C-
shaped contours near the peak position (Williams et al. 2006), a possible signature of
collapsing rotating cores (Walker et al. 1994; Narayanan et al. 1998; Narayanan et al.
2002). The rotation velocity of L694-2 is estimated to be slow and approximately 0.5
km s™! pc™! (Williams et al. 2006).
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Figure 3.1: Continuum emission at 250 pm toward L.694-2 obtained using Herschel-SPIRE.
The data are in units of Jy beam™!. The circle shows the size of the SPIRE beam with a

geometric mean FWHM of 18//.2.
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3.2.2 L1517B

L1517B is a starless core located in Taurus Molecular Cloud (TMC) at a distance
of ~ 140 pc (Elias 1978). Figure 3.2 shows continuum emission at 250 pm toward
L1517B from Herschel-SPIRE. The kinetic temperature of LL1517B is estimated to be
approximately 9 K (e.g., Tafalla et al. 2002; Keto & Field 2005) and central number
density values reported in the literature range between 2 x 10° cm™ (e.g., Tafalla
et al. 2002) and 5 x 10° em™® (Kirk et al. 2005). The estimated total mass values
of L1517B vary from 0.5 M (assuming a radius of 0.06 pc using NHj observations;
Benson & Myers 1989) to 1.7 Mg, (by fitting 850 pum continuum data within a 150"
aperture using a BE profile; Kirk et al. 2005), and 3.89 M, (by adopting a general
polytropic self-similar expanding envelope and collapsing core (EECC) hydrodynamic
shock model to reproduce simultaneously continuum and several line profiles observed
toward L1517B; Fu et al. 2011). Although, NoH™ emission spectra of L1517B appear
to be Gaussian (Keto et al. 2004), red asymmetry has been detected in the HCN (1—-0)
spectra of the core (Sohn et al. 2007). L1517B may be experiencing the breathing
mode of oscillation in cores (i.e., envelope expansion; Keto & Field 2005; Fu et al.

2011) while simultaneously collapsing at the centre (Fu et al. 2011).
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Figure 3.2: Continuum emission at 250 pum toward L694-2 obtained using Herschel-SPIRE.
The data are in units of Jy beam™!. The circle shows the size of the SPIRE beam with a
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3.2.3 L429

1429 is a Bok globule in the Aquila Rift molecular cloud at a distance of 200 pc (Lee
& Myers 1999). Figure 3.3 shows continuum emission at 250 pum toward 1429 from
Herschel-SPIRE. 1429 shows red asymmetry (signature of expansion) in the NoH™
(1—0) spectra (Crapsi et al. 2005a) and in /' = 0—1 and F' = 1—1 hyperfine transitions
of HCN (1-0) (Sohn et al. 2007). The F' = 2—1 hyperfine transition of HCN (1-0),
however, shows blue asymmetry indicating infall motions in the core. The hyperfine
transitions of HCN (1—0) toward L429 are anomalous with F' = 0—1 and F' = 2—1
hyperfine lines having similar intensities. (Note that under LTE conditions, the three
hyperfine lines of HCN (1—-0) are expected to have relative intensities of F'(0—1) :
F(1-1): F(2—1) =1: 3: 5). This anomaly could be due to F' = 0—1 having lower
opacity compared to F' = 2—1 and tracing deeper regions into the core (Cernicharo
et al. 1984; Fuller et al. 1991). L429 is highly deuterated with N(N,D*/N(NH™)
= 0.28 4+ 0.05 (Crapsi et al. 2005b). Deuteration is suggested to correlate with high
central concentration and CO depletion (Crapsi et al. 2005b), implying that 1429 is
a highly evolved core.

Infrared images of the core obtained by Spitzer show an absorption feature at
wavelengths shorter than 70 pum, which is likely a result of high concentration of
material at the core centre (Stutz et al. 2009). L429 is suggested to have a very
compact structure and concentrated density profile. The narrow observed line widths
toward the core suggest that thermal pressure or turbulence do not provide adequate
support against gravitational collapse and the magnetic field required to provide
sufficient support needs to be surprisingly large. Stutz et al. (2009), therefore, suggest

that L429 is currently either experiencing or on the verge of collapse.
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Figure 3.3: Continuum emission at 250 um toward L429 obtained using Herschel-SPIRE.
The data are in units of Jy beam™!. The circle shows the size of the SPIRE beam with a

geometric mean FWHM of 18”.2.



65

3.2.4 L1014

L1014 is a dense core in Cygnus at a distance of 258 £+ 50 pc (Maheswar et al. 2011).
Figure 3.4 shows continuum emission at 250 ym toward L.1014 from Herschel-SPIRE.
Due to lack of any associated outflow and not having been detected by IRAS, Visser
et al. (2002) identified L1014 as a starless core. Later on, Young et al. (2004a), using
Spitzer data of the core, detected the presence of a substellar object, L1014-IRS,
with very low luminosity (~ 0.09 Lg) inside the dark cloud L1014. Young et al.
(2004a) suggested that L1014-IRS is surrounded by an envelope of mass ~ 1.7 Mg
and disk-like components and the central object is likely to grow to higher masses if
the accretion continues.

To study further the molecular environment of L1014-IRS, the lowest luminosity
isolated protostar known at the time, Crapsi et al. (2005b) observed emission spectra
from various molecular species toward 1.L1014. The data suggested that physical and
chemical properties of L1014 resemble that of a “moderately evolved” dense core with
central Hy number density of 2.5 x 10° ecm™ and total mass ~ 2 M. L1014 appears
to be highly deuterated with N(NyDT/N(NoHT) ~ 10% and shows a very compact
NoH* emission region (radius ~ 0.03 pc). No signatures of infall or outflow were
detected by Crapsi et al. (2005b), however. Bourke et al. (2005) discovered a compact
(~ 500 AU), low-mass (< 10~* My), and low velocity (< 4 km s™!) bipolar outflow?
associated with L1014-IRS by searching for emission spectra of CO (J = 2—1) using
Submillimetre Array (SMA). Radio continuum emission observations toward L1014
suggest that L1014-IRS is not a very young protostar but an extremely low luminosity
object that has been undergoing accretion for the past several thousand years and is

currently in a low accretion mode (Shirley et al. 2007).

3A continuous or episodic discharge of gas from a protostar or stellar object.
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Figure 3.4: Continuum emission at 250 ym toward L1014 obtained using Herschel-SPIRE.
The data are in units of Jy beam™!. The circle shows the size of the SPIRE beam with a

geometric mean FWHM of 18//.2.
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3.2.5 L1521F

L1521F is a condensation in TMC. Figure 3.5 shows continuum emission at 250 pm
toward L1521F from Herschel-SPIRE. It was first identified as “starless” using Palo-
mar Observatory Sky Survey (POSS) maps and the NHj survey of TMC by Myers
et al. (1979). The distance to L1521F has recently been estimated to be 136 + 36
pc (Maheswar et al. 2011). The core was later discovered to host a VeLLO object,
L1521F-IRS with L < 0.07 L, (Bourke et al. 2006) using observations from the Spitzer
Space Telescope at mid-infrared wavelengths (> 5 pum). An outflow associated with
L1521F-IRS was first identified by Takahashi et al. (2013) using interferometric ob-
servations of 2CO (2—1) emission spectra and 1.3 mm continuum emission using the
SMA. The outflow appears to be compact but poorly collimated. The outflow char-
acteristics (i.e., mass, velocity, and momentum) are lower compared to the physical
parameters of outflows associated with low mass or high mass star forming regions.
Takahashi et al. (2013) suggest that the outflow is a remnant of the first hydrostatic
core and an undeveloped outflow associated with the protostar. The low bolometric
luminosity of L1521F-IRS (0.034 - 0.05 L; Bourke et al. 2006; Terebey et al. 2009)
and the small size of its associated outflow lobes suggest that L1521F-IRS is at least
an order of magnitude younger than Class 0 protostars (i.e., younger than 10 years)
and has a substellar mass. It is suggested that L1521F is currently in the low activity
mode of an episodic (i.e., non-steady) accretion (Takahashi et al. 2013).

L1521F shows indications of infall in various molecular emission lines such as
HCO™ (3—2) and (4—3) (Onishi et al. 1999) and CS (2—1) (Lee et al. 1999). Onishi
et al. (1999) estimated the infall velocity in L1521F to be ~ 0.2 km s™* - 0.3 km s
Interferometric observations of NoH™, CCS, and continuum emission toward L1521F
by Shinnaga et al. (2004) reveal the clumpy structure of the core and suggest that
the outer envelope of the core (size < 0.08 pc; traced by CCS emission) is rotating in
the opposite sense of the core central compact region (size < 0.03 pc; traced by NoH™
emission). The deuteration level of L1521F (N (NyD*/N(NyH™)) has been measured
to be ~ 0.1 (Crapsi et al. 2004; Schnee et al. 2013). The central number density of
L1521F is estimated to be ~ 1.0 x 105 cm™ (e.g., Onishi et al. 1999; Crapsi et al.
2004). Some of the estimations of L1521F total mass in the literature are: 3 Mg
(assuming a radius of 0.1 pc; Onishi et al. 1999), 1.51 4+ 0.02 Mg (using 850 pm
continuum data; Shinnaga et al. 2004), 5.5 + 0.5 M, (using 1.2 mm continuum data;
Crapsi et al. 2004).
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Figure 3.5: Continuum emission at 250 ym toward L1521f obtained using Herschel-SPIRE.
The data are in units of Jy beam™'. The circle shows the size of the SPIRE beam with a
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3.3 Observations and Data Reduction

We mapped the five cores in our sample in molecular emission of NH3 (1,1), NHj
(2,2), and NoHT (1—0). We also use continuum emission maps of these cores at 250
pm acquired with Herschel-SPIRE. We describe our observation strategy and data

reduction method for each dataset below.

3.3.1 Green Bank Telescope

Single-dish observations of the NH3 (J, K) = (1,1) and (2,2) emission lines at respec-
tive frequencies of 23.694495 GHz and 23.722633 GHz (Ho & Townes 1983) toward
the cores in our sample were acquired using the 100-m diameter Robert C. Byrd
GBT, located near Green Bank, WV, USA in March 2011. The observing strategy
and data reduction process are similar to the methods described in §2.2.1. Table 3.1
lists the coordinates of off-positions, map sizes, and the final 1 ¢ rms sensitivities for
each core. Peak positions and peak intensities of the main hyperfine component for
NH; (1,1) and (2,2) emission lines are listed in Tables 3.2 and 3.2.

Table 3.1: Coordinates of off-positions for GBT and NRO observations

Core R.A. Decl. map radius rms?®
J2000 J2000 (arcmin) (K)
L1521F 04 28 39.1 27 06 35.7 10 0.1
L1517B 04 55 18.3 30 52 47 7/ 0.1
1429 18 17 05.8 —07 59 05.3 6/ 0.3
L694-2 19 41 04.5 11 12 02.3 6/ 0.1
L1014 21 24 07.5 50 13 59.5 7/ 0.1

®The final 1 o rms sensitivities of the central regions of the original maps where the targets are
located are given on the main beam temperature (T},;) scale per 0.04 km s~! velocity channel.
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Table 3.2: Peak positions and peak intensities of NH3 (1,1) emission maps toward the cores

in the sample.

Core R.A. Decl. T

J2000 J2000 (K)
L1521F 04 28 39.3 26 51 42 6.67
L1517B 04 55 18.0 30 37 47 6.61
L429 18 17 05.6 —08 13 36 8.12
L429-E# 18 17 13.3 —08 13 30 5.29
L694-2 19 41 04.6 10 57 00 5.11
L1014 21 24 06.4 49 58 54 1.24

?L429-E is the emission region detected east of L429 (see Figure 3.8a).

Table 3.3: Peak positions and peak intensities of NH3 (2,2) emission maps toward the cores

in the sample.?

Core R.A. Decl. T

J2000 J2000 (K)
L1521F 04 28 38.4 26 51 48 1.31
L1517B 04 55 17.5 30 37 47 1.62
L429 18 17 05.2 —08 13 42 1.64
L694-2 19 41 04.6 10 56 48 0.83

®The peak positions of NHj (2,2) emission toward L1014 and L429-E are not given due to the faintness
of the emission toward these regions.

3.3.2 Nobeyama 45 m Radio Telescope

Single-dish observations of the NoH™ (J = 1—0) emission line toward four cores
(L1517B, 1429, 1694-2, and L.1014) were carried out using the NRO 45-m Tele-
scope in Nobeyama, Japan in April 2011 (Note that L1521F was not observed using

NRO). The observing strategy and data reduction process are similar to the methods

described in §2.2.2. We used the same off-positions as used for the GBT observations

(see Table 3.1). The final 1 o rms sensitivities are listed in Table (3.4).
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Table 3.4: Peak positions, peak intensities, original map size, and rms sensitivity of NoHT
(J = 1-0) emission maps toward the cores in the sample.

Core R.A. Decl. T map size rms?
J2000 72000 (K) (K)
L1517B 04 55 16.4 30 37 31 1.4 4 x4 0.1
1429 18 17 05.5 —08 13 36 1.8 2 x 2 0.1
L429-EP 1817 13.5 —08 13 28 1.0
L694-2 19 41 04.7 10 57 14 2.0 9 %2 0.1
L1014 21 24 08.1 49 58 58 0.5 3 x3 0.1

@The final 1 o rms sensitivities are given on the T},; scale per 0.05 km s~! velocity channel.
L429-E is the emission region detected east of L429 (see Figure 3.8¢c).
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3.3.3 Herschel Space Observatory

In this analysis, we use 250 pum continuum emission data of the cores in our sample.
The cores L1521F and L1517B, located in Taurus filaments and satellite regions,
were observed using Spectrometer and Imaging Receiver Array (SPIRE) photometer
on Herschel as part of Herschel GBS (André et al. 2010; Ladjelate et al. 2014, in
prep). The data products for L1521F and L1517B were provided by the Herschel
GBS archive*. For detailed information on the acquisition and reduction of these
data, see Kirk et al. (2013).

GBS observations do not include L694-2, 1429, and L1014. Therefore, we use
250 pm continuum emission data of these cores taken by Herschel-SPIRE as part of
a Herschel Open Time (OT1) project led by S. Schnee (Project ID: OT1-sschnee-
1). Photometer maps of the three cores were observed at the short (PSW), medium
(PMW) and long (PLW) wavelengths corresponding to 250 pm, 350 pm, and 500
pm (Griffin et al. 2010). SPIRE provides three different observing modes for the
photometer: large area maps, small area maps, and point source photometry. All
three cores were observed in the small area mapping mode using two short cross-
scans. All photometer maps were retrieved from Herschel archive.

The Herschel 250 pm beam is slightly elliptical (18//.7 X 17//.5) with a geometric
mean FWHM of 18".2. To focus on the flux density corresponding to the core, we
removed the Planck-derived offset that was added to Herschel GBS archive image.
Also, to remove completely the background continuum emission from each core’s
immediate environment, we follow the method described in 2.2.4 to calculate and
subtract the average continuum emission from the pixels outside of each core. Tables
3.5 and 3.6 list the location of the continuum emission peak and the corresponding 1
o rms sensitivities for each core in 18 .2 FWHM and 32" FWHM spatial resolutions,
respectively. For each core, the Planck-derived offset at 250 pm is listed in Table 3.5.

4http://gouldbelt-herschel.cea.fr /archives



73

Table 3.5: Peak positions, rms sensitivities, and Planck-derived offsets for the 250 pm
"
continuum data from Herschel/SPIRE for a 18 .2 FWHM beam.

Core R.A. Decl. rms® Planck offset
J2000 J2000 K MJy Sr—!
L1521F 04 28 39.0 26 51 35 0.02 37.28
L1517B 04 55 17.5 30 37 58 0.01 35.94
L429 18 17 05.5 —08 14 27 0.02 109.77
L694-2 19 41 05.1 10 56 49 0.02 67.17
L1014 2124 07.7 49 59 05 0.02 118.80

Table 3.6: Peak positions and rms sensitivities for the 250 pum continuum data from Her-
"
schel/SPIRE for a 32 FWHM beam.

Core R.A. Decl. rms
J2000 J2000 Jy beam™!
L1521F 04 28 39.3 26 51 36 0.04
L1517B 04 55 17.5 30 37 53 0.02
L429 18 17 06.0 —08 14 30 0.04
L694-2 19 41 04.6 10 56 54 0.05
L1014 2124 07.7 49 59 00 0.04

3.4 Results

Figures 3.6 through 3.10 show the integrated intensity maps of the observed emission
lines toward the cores in our sample. The integrated intensity maps were made by
summing over the entire emission spectrum including all hyperfine components, but
excluding channels with emission lower than twice the corresponding map rms noise
level. The overlaid contours correspond to the background-subtracted continuum
emission at 250 um observed with Herschel-SPIRE. (Note again that the NoH™ data
of L1521F were not acquired.) Also, the NHj (2,2) emission line was not detected
toward L1014, therefore a corresponding integrated intensity map is not presented.
L1521F: The NH3 emission toward L1521F is compact and the integrated inten-

sity has a single maximum in both transitions, with the overall morphology matching
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that of the continuum emission very closely (Figures 3.6a and 3.6b). The maximum of
the NHj (1,1) integrated intensity coincides with the maximum of continuum emis-
sion, while the maximum of the NH3 (2,2) emission is offset toward west by only
18".

L1517B: The morphologies of the integrated intensity maps of NH3 (1,1) and
(2,2) emission closely follow that of the 250 um continuum emission. Both integrated
intensities are single peaked with maxima located within only 9” from that of the
continuum emission toward the south (Figures 3.7a and 3.7b). The integrated inten-
sity of the NoH* (1—0) transition also coincides with the continuum emission. It,
however, appears to be double-peaked with one of the maxima close to that of the
continuum emission and the second offset by 32" toward the SW (Figure 3.7¢).

L429: The structure of L429 is certainly the most complicated among the cores in
our sample. The overall morphology of NH3 (1,1) and NHj (2,2) integrated intensities
toward L429 resemble that of the continuum emission. NHj (1,1) emission shows two
peaks. The brighter and fainter peaks are offset from the peak of continuum emission
by ~ 1" and ~ 2’ toward the north and east, respectively (Figures 3.8a and 3.8b). We
refer to the emission region on the east of 1429, as L429-E. Similarly to NH; (1,1)
emission, the integrated intensity of NoH™' emission also matches the morphology of
continuum emission with two maxima ~ 1 and ~ 2 north and east of the continuum
emission peak (Figure 3.8c).

L694-2: It is evident from the 250 ym continuum contours of L694-2 that the core
is embedded in a larger filament of dust and gas. The morphologies of the integrated
intensity maps of NHj (1,1) and (2,2) toward L694-2 closely match that of the 250 pm
continuum emission with the integrated intensity maxima located very close to that
of the continuum emission (Figures 3.9a and 3.9b). Although, the overall structure
of the integrated intensity map of the NoH' (1—0) emission toward L694-2 follows
that of the continuum emission, the NoH™ emission peak is offset from that of the
continuum by 25" (Figures 3.9c¢).

L1014: Both NHj (1,1) and NoH™ (1—0) emission toward L1014 are much fainter
compared to the rest of the sources in our sample. Also, the NH3 (2,2) emission
was not detected in our observations toward L.1014. The overall morphologies of
the integrated intensities of NHjz (1,1) and NoH™ (1—0) emission lines are compact
and single-peaked and follow the shape of the 250 pum continuum emission closely
(Figures 3.10a and 3.10b). The NHj3 (1,1) integrated intensity peaks 14” away from the

continuum maximum toward the SW. The maximum of the NoH" (1—0) integrated
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intensity is located 9” away from the continuum peak toward the SE.

0 5 10 16 04 0.5 0.8
[ T | M ] T
|NH4(2,2) (K.km/s) (b)
53'00"
30 .
52'00" -
’g 30" i
&
< ]
51'00" E
30" e
50'00" - -
26°49'30" Q -
n n 1 I n 1 n n 1 n n 1 " n 1 n " 1 n 1 n n 1 n n 1 n n 1 n n 1 n n 1
4hogmy5® 42° 3¢g° 36° 33° 30° 42° 39° 36° 33° 30°
« (2000) a (2000)

Figure 3.6: Integrated intensity maps of NHs (1,1) (a) and NHj (2,2) (b) emission toward
L1521F. The colour scale is in K km s~!. The contours correspond to dust continuum
emission at 250 um. In panels both panels, the resolution of the continuum data has been
smoothed to that of the GBT data, ~ 32" FWHM, and the contours start at 1.0 Jy beam™!
and increase in steps of 1.0 Jy beam™!. In both panels, the black dot shows the peak of
the integrated intensity of the corresponding molecular emission and the triangles show the
peaks of the continuum emission. The circle delineates the size of the corresponding beam.
Note that the NoHT data of L1521F have not been acquired.
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Figure 3.7: Integrated intensity maps of NH; (1,1) (a), NH3 (2,2) (b), and NoH™ (1-0)
(c) emission toward L1517B. The colour scale is in K km s~!. The contours correspond to
dust continuum emission at 250 pum. In panels (a) and (b), the resolution of the continuum
data has been smoothed to that of the GBT data, ~ 32” FWHM, and the contours start
at 0.5 Jy beam~! and increase in steps of 0.5 Jy beam™!. In panel (c), the resolution of
the continuum data has been smoothed to that of the NRO data, ~ 22”.9 FWHM, and
the contours start at 0.5 Jy beam ™' and increase in steps of 0.1 Jy beam™'. In all panels,
the triangles show the peaks of the continuum emission and the black dots show the peak
position of the corresponding continuum emission. The circle delineates the size of the
corresponding beam. The positions of the continuum and molecular emission peaks are
determined separately for each resolution.
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Figure 3.8: Integrated intensity maps of NH; (1,1) (a), NH3 (2,2) (b), and NoH™ (1-0)
(c) emission toward L429. The colour scale is in K km s~!. The contours correspond to
dust continuum emission at 250 pum. In panels (a) and (b), the resolution of the continuum
data has been smoothed to that of the GBT data, ~ 32” FWHM, and the contours start
at 0.5 Jy beam™! and increase in steps of 0.5 Jy beam™'. In panel (c), the resolution of
the continuum data has been smoothed to that of the NRO data, ~ 22”.9 FWHM, and
the contours start at 0.4 Jy beam™! and increase in steps of 0.2 Jy beam™!. In all panels,
the triangles show the peaks of the continuum emission and the black dots show the peak
position of the corresponding continuum emission. The circle delineates the size of the
corresponding beam. The positions of the continuum and molecular emission peaks are
determined separately for each resolution.
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Figure 3.9: Integrated intensity maps of NHs (1,1) (a), NH3 (2,2) (b), and NoH™ (1-0)
(c) emission toward L694-2. The colour scale is in K km s~!. The contours correspond to
dust continuum emission at 250 pm. In panels (a) and (b), the resolution of the continuum
data has been smoothed to that of the GBT data, ~ 32” FWHM, and the contours start
at 0.05 Jy beam™! and increase in steps of 0.5 Jy beam™'. In panel (¢), the resolution of
the continuum data has been smoothed to that of the NRO data, ~ 22”.9 FWHM, and
the contours start at 0.1 Jy beam™! and increase in steps of 0.1 Jy beam™!. In all panels,
the triangles show the peaks of the continuum emission and the black dots show the peak
position of the corresponding continuum emission. The circle delineates the size of the
corresponding beam. The positions of the continuum and molecular emission peaks are
determined separately for each resolution.
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Figure 3.10: Integrated intensity maps of NH3 (1,1) (a) and NoH™ (1—0) (b) emission
toward L1014. The colour scale is in K km s~!. The contours correspond to dust continuum
emission at 250 pm. In panels (a) and (b), the resolution of the continuum data has been
smoothed to that of the GBT data, ~ 32" FWHM, and the contours start at 0.5 Jy beam™!
and increase in steps of 0.5 Jy beam™!. In panel (c), the resolution of the continuum
data has been smoothed to that of the NRO data, ~ 22”.9 FWHM, and the contours start
at 0.4 Jy beam™! and increase in steps of 0.4 Jy beam™!. In all panels, the triangles
show the peaks of the continuum emission and the black dots show the peak position of the
corresponding continuum emission. The circle delineates the size of the corresponding beam.
The positions of the continuum and molecular emission peaks are determined separately for
each resolution. Note that NHj3 (2,2) emission line was not detected toward L1014.
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3.5 Line Analysis

For each of the observed molecular transitions, the local standard of rest line centroid
velocity (vrsgr), observed velocity dispersion (o,), and line intensity were determined
by fitting ensembles of Gaussians appropriate for each line. A detailed description of
our fitting procedure is included in §2.4. Although some of the cores in our sample
show small asymmetries in the line profiles of NH; (1,1) and NoH' (1-0), the line
profiles do not significantly depart from Gaussians, and therefore we only fit the lines
using Gaussian profiles. We describe the results of fitting the observed emission lines

toward each core below.

3.5.1 NH;

For the brighter cores in our sample, i.e., L1521F, L1517B, and L694-2, we restricted
our analysis of the NH3 (1,1) and (2,2) data to pixels where the main NHj (1,1)
component has a SNR higher than 10. For 1.429, with relatively fainter NH3 emission,
we restricted the analysis to pixels where the main NHj3 (1,1) component has a SNR
higher than 6. Since NHj (2,2) line emission was not detected toward L1014, we do
not present any further analysis on that core. Weighted means and median errors of
the returned parameters (vysg, Av, 7, and T, ) from the HFS fits are shown in Table
3.7 for all four cores. Note that the reported observed line widths (Av) in Table 3.7
are corrected for the artificial broadening by the instrumental velocity resolution (see
§2.4.1). For each core, we used the best fit parameters and the corresponding 250 pm
continuum map to determine some of its physical characteristics, such as Ty, N(Hz),
or, ont, onT/Csy N(NH3), and X (NH;3). The details of these calculations can be
found in §2.4.1. The weighted means and median errors for each of the parameters
are listed in Tables 3.8 and 3.9.
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Table 3.7: The weighted mean values of the fitting parameters of NHj (1,1) spectral
line emission toward four cores. The values inside the brackets are the median errors.

Core VLSR Av T Tex
(km s71) (km s71) (K)
L1521F 6.373 (0.002) 0.251 (0.004) 10.4 (0.4) 7.8 (0.1)
L1517B 5.652 (0.002) 0.195 (0.004) 8.9 (0.4) 8.1 (0.2)
1,429 6.561 (0.008) 0.41 (0.02) 6.4 (0.6) 8.0 (0.2)
L429-E 6.727 (0.009) 0.25 (0.02) 2.8 (0.9) 7 (1)
1.694-2 9.335 (0.003) 0.288 (0.005) 10.0 (0.5) 6.3 (0.1)

Table 3.8: The weighted mean values of Tx and N(Hs) of four cores determined using the
fitting parameters of the observed NHj3 emission spectra. The values inside the brackets are
the median errors.

Core Tk N(H,)
() (/107 em?)
L1521F 9.3 (0.3) 16.8 (0.7)
L1517B 9.8 (0.4) 6.7 (0.6)
1429 9.2 (0.8) 9 (1)
L429-F 10 (1) 3.6 (0.8)
1.694-2 9.0 (0.4) 6.6 (0.7)

Table 3.9: The weighted mean values of the physical properties of four cores determined
using the fitting parameters of the observed NHg emission spectra. The values inside the

brackets are the median errors.

Core or ONT onT/Cs N(NH;) X (NHj)
(km s71) (km s™!) (/10 em™2)  (/1077)

L1521F  0.067 (0.001) 0.091 (0.003) 0.48 (0.02) 2(08)  07(0.2)
L1517B 0.069 (0.001)  0.046 (0.004)  0.25 (0.03) 8(0.5) 1.0 (0.4)
1429 0.067 (0.003)  0.16 (0.01) 9 (0.1) 3(0.9) 0.7 (0.4)
L420-E  0.071 (0.004)  0.09 (0.01) 5(0.1) 4(0.1)  0.6(0.3)
1694-2  0.066 (0.001) 0.104 (0.004)  0.58 (0.03) 2(06) 1.5 (0.5)
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L1521F: The vsg map of L1521F (Figure 3.11a) shows a complex distribution.
Indeed, the observations and modelling of NoH™ and and CCS emission lines toward
L1521F by Shinnaga et al. (2004) suggest that the core has a clumpy structure with its
central part rotating in the opposite direction of the core envelope. L1521F is a highly
centrally concentrated core with relatively colder temperatures detected toward the
central region (Figures 3.11b and 3.11c). The velocity dispersion in L1521F appears
to be more turbulent toward the south-western part of the core and grows to be more
quiescent toward the northern and eastern regions (Figure 3.11e). Figure 3.11f shows
that the core is dominated by thermal velocity dispersion, however. Our measurement
of oyt /cs is less than unity over the entire region, implying that the core is entirely
subsonic.

L1517B: The v gg map of NH3 (1,1) emission line toward L1517B shows a clear
gradient in the east-west direction (Figure 3.13a), which could indicate rotational
motions in the core. The core shows relatively lower temperatures and a higher
concentration of column density toward the centre (Figures 3.13b and 3.13¢). L1517B
is not as centrally compact as some of the other cores in our sample, however (e.g., see
N(Hy) map of L1521F, Figure 3.11c). L1517B appears to be a quiescent core with
lower on7 toward the core centre and increasing non-thermal velocity dispersions
toward the outer regions, especially toward the northern and western edges of the core
(see Figure 3.13e). This interpretation is also bolstered by the low on7/cs toward
the core centre (Figure 3.13f). The non-thermal velocity dispersion oy appears to
be lower than the thermal sound speed over the entire core, suggesting that the core
is entirely subsonic.

L429 and L429-E: The vpgg map of NH3 (1,1) clearly shows that 1429 is at a
lower vy compared to L429-E (Figure 3.15a). A decrease in Tk toward the centre
of 1429 is evident in Figure 3.15b and core appears to be more centrally concentrated
with higher Hy column density compared to the adjacent region L429-E (Figure 3.15¢).
1429 is more turbulent than L429-E (Figure 3.15¢) and appears transonic (i.e., oy7/cs
~ 1), while the adjacent region, 1.429-E, is dominated by subsonic motions (Figure
3.15f).

L694-2: The vysr map of NH3 (1,1) emission line toward L.694-2 shows C-shaped
contours of constant velocity near the peak of the corresponding emission line. This
feature is reproduced by radiative transfer modelling of collapsing rotating cores by
Walker et al. (1994) and has been described as a signature of a dense core with

uniform rotation and increasing infall speed toward the centre (Figure 3.17a). The
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core is moderately centrally concentrated and shows colder temperatures toward the
centre (Figures 3.17b and 3.17c¢). Although the core appears to be more turbulent
toward the eastern regions (Figure 3.17e), our measurement of on7/cs < 1 over the

entire core, suggesting that the core is entirely subsonic (Figure 3.17f).
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Figure 3.11: Maps of (a) vrsr, (b) Tk, (¢) N(H2), (d) or, (¢) onr, and (f) onr/cs
calculated using NH3 (1,1) emission toward L1521F at 32” FWHM. The contours correspond
to continuum emission at 250 um, starting at 1.0 Jy beam ™! and increase in steps of 1.0 Jy
beam~!. The black dot shows the peak of the NH3 (1,1) emission and the triangle shows
the dust continuum emission peaks. The resolution of the continuum data are smoothed
to the resolution of the GBT data, ~ 32" FWHM. The 32” FWHM beam of the GBT is
delineated with the circle.
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Figure 3.12: Maps of (a) N(NH;3) and (b) X(NH;3) toward L1521F. The contours corre-
spond to continuum emission at 250 pm, starting at 1.0 Jy beam™' and increase in steps
of 1.0 Jy beam™!. The black dot shows the peak of the NH3 (1,1) emission and the trian-
gle shows the dust continuum emission peaks. The resolution of the continuum data are
smoothed to the resolution of the GBT data, ~ 32” FWHM. The 32" FWHM beam of the

GBT is delineated with the circle.
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Figure 3.13: Maps of (a) vrsr, (b) Tk, (¢) N(Ha), (d) or, (e) onr, and (f) onr/cs
calculated using NH3 (1,1) emission toward L1517B at 32” FWHM. The contours correspond
to continuum emission at 250 pm, starting at 0.5 Jy beam~! and increase in steps of 0.5 Jy
beam~!. The black dot shows the peak of the NH3 (1,1) emission and the triangle shows
the dust continuum emission peaks. The resolution of the continuum data are smoothed
to the resolution of the GBT data, ~ 32" FWHM. The 32” FWHM beam of the GBT is
delineated with the circle.
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Figure 3.14: Maps of (a) N(NHs) and (b) X (NH3) toward L1517B. The contours corre-
spond to continuum emission at 250 pm, starting at 0.5 Jy beam™! and increase in steps
of 0.5 Jy beam~!. The black dot shows the peak of the NHz (1,1) emission and the trian-
gle shows the dust continuum emission peaks. The resolution of the continuum data are
smoothed to the resolution of the GBT data, ~ 32" FWHM. The 32” FWHM beam of the
GBT is delineated with the circle.
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Figure 3.15: Maps of (a) vrsr, (b) Tk, (¢) N(Ha), (d) or, (e) onr, and (f) onr/cs
calculated using NHj (1,1) emission toward 1.429 at 32”7 FWHM. The contours correspond
to continuum emission at 250 pm, starting at 0.5 Jy beam ™! and increase in steps of 0.5 Jy
beam~!. The black dots show the peaks of the NH3 (1,1) emission and the triangle shows
the dust continuum emission peaks. The resolution of the continuum data are smoothed
to the resolution of the GBT data, ~ 32” FWHM. The 32” FWHM beam of the GBT is
delineated with the circle.
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Figure 3.16: Maps of (a) N(NH3) and (b) X (NHjz) toward L429. The contours correspond
to continuum emission at 250 pm, starting at 0.5 Jy beam™! and increase in steps of 0.5 Jy
beam~!. The black dot shows the peak of the NH3 (1,1) emission and the triangle shows
the dust continuum emission peaks. The resolution of the continuum data are smoothed
to the resolution of the GBT data, ~ 32 FWHM. The 32” FWHM beam of the GBT is
delineated with the circle.
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Figure 3.17: Maps of (a) vpsr, (b) Tk, (¢) N(Hsz), (d) op, (e) onp, and (f) on7/cs
calculated using NH3 (1,1) emission toward L694-2 at 32" FWHM. The contours correspond
to continuum emission at 250 pm, starting at 0.05 Jy beam™! and increase in steps of 0.5
Jy beam~!. The black dot shows the peak of the NHs (1,1) emission and the triangle shows
the dust continuum emission peaks. The resolution of the continuum data are smoothed
to the resolution of the GBT data, ~ 32" FWHM. The 32” FWHM beam of the GBT is
delineated with the circle.
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Figure 3.18: Maps of (a) N(NHj3) and (b) X (NHs) toward L694-2. The contours corre-
spond to continuum emission at 250 pm, starting at 0.05 Jy beam™! and increase in steps
of 0.5 Jy beam™!. The black dot shows the peak of the NH3 (1,1) emission and the trian-
gle shows the dust continuum emission peaks. The resolution of the continuum data are
smoothed to the resolution of the GBT data, ~ 32” FWHM. The 32" FWHM beam of the
GBT is delineated with the circle.
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3.5.2 NyHT

For all cores observed in NoH' (1—0) emission (i.e., L1517B, 1429, 1L694-2, and
L1014), we restricted our analysis of the NoHT (1—0) data to pixels where the isolated
NoH* (1—-0) component has a SNR higher than 5. Since NoH™ (1—0) emission toward
L1014 is very faint and none of the pixels show emission with SNR higher than 5, we
do not present any further analysis on the NoHT (1—0) data of that core. Following
the method described in §2.4, we fit NoH* (1—0) spectra toward each core using
ensembles of Gaussians. Table 3.10 lists the weighted means and median errors of
the returned parameters (vpsgr, Av, 7, and T,,) for all three cores. As mentioned
previously, the reported observed line widths (Av) in Table 3.7 are corrected for the
artificial broadening by the instrumental velocity resolution (see §2.4.1). For each
core, we used the best fit parameters and the corresponding Tk map to determine the
distribution of o7, oy, and oy /cs across the core. The details of these calculations
can be found in §2.4.1. The weighted means and median errors for or, onr, onT/Cs,
N(NoHT), and X (NoH™) for each core is listed in Table (3.11). Below we discuss the
distributions of these parameters across each of the targets in our sample.

L1517B: The visg map of NoH' emission toward L1517B (Figure 3.19a) is in
agreement with that of the NHj3 emission, showing a gradient in east-west direction
and suggesting that the core is experiencing rotational motion. Similarly to the veloc-
ity dispersion maps of NH3 emission, the core appears to be quiescent and subsonic
in the velocity dispersion maps of NoH™ (Figures 3.19¢ and 3.19d).

L694-2: The NoH™ (1—0) emission toward L694-2 shows the C-shaped constant
vrsr contours near the peak of NoH' emission (Figure 3.23a). This is in agreement
with the vy gg distribution of the core measured using NH3 emission and could indicate
that 1.694-2 is a rotating infalling core. Our measurements of velocity dispersions of
NoHT (1-0) spectra suggest that velocity dispersion in the core is dominated by
thermal motions and the core is subsonic (Figures 3.23c and 3.23d).

L429: The vrgr map of NoHT emission toward L429 is in agreement with that
of NH3 (1,1) emission and shows that 1429 is at a lower v;sg compared to L429-E
(Figure 3.21a). Again, 1.429 appears to be transonic and more turbulent than the
adjacent region, L429-E (Figures 3.21c and 3.21d).
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Table 3.10: The weighted mean values of the fitting parameters of NoH* (1—0) spec-
tral line emission toward four cores. The values inside the brackets are the median
erTors.

Core VLSR Av T Tex
(km s71) (km s71) (K)
L1517B 5835 (0.002) 0200 (0.001) 6.9 (0.8)  4.19 (0.09)
1,429 6.725 (0.003) 0.41 (0.01) 8.6 (0.6) 4.42 (0.05)
L429-E 6.902 (0.003) 0.22 (0.01) 9 (1) 3.79 (0.05)
1,694-2 9.590 (0.002) 0.258 (0.001) 8.1 (0.6) 6 (0.1)

Table 3.11: The weighted mean values of the physical properties of three cores in our sample
determined using the fitting parameters of the observed NoH™ (1—0) emission spectra. The
values inside the brackets are the median errors.

Core or ONT oNT/Cs N(NyHT) X (NoHT)
(ms)  (kms?) </1012 m?)  (/1079)
L1517B  0.053 (0.001) 0.071 (0.002)  0.39 (0.02) 4 (0.9) 4(1)
1429  0.051 (0.002) 0.172 (0.004)  0.96 (0.05) 8 (3) 4(1)
L429-E  0.054 (0.003) 0.099 (0.004) 0.51 (0.05) 3.4 (0.7) 3 (2)
L694-2  0.051 (0.001) 0.099 (0.002)  0.56 (0.02) 5 (2) 5 (2)
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Figure 3.19: Maps of (a) vrsg, (b) o7, (¢) onT, (d) onT/Cs calculated using NoH™ (1-0)
emission toward L1517B. The vrsr map (a) is at the NRO original spatial resolution (~
22”.9 FWHM). The contours correspond to continuum emission at 250 gum (smoothed to ~
22".9 FWHM), starting at 0.5 Jy beam ™! and increasing in steps of 0.1 Jy beam~!. The
rest of the plots are made using the NoH' (1—0) data smoothed to the resolution of the
GBT, (~ 32" FWHM). The contours in these plots correspond to continuum emission at
250 pm (smoothed to ~ 32" FWHM), starting at 0.5 Jy beam™! and increasing in steps of
0.5 Jy beam™!. The black dot shows the peak of the NoH* (1—0) integrated intensity and
the triangles show the peaks of the continuum emission. The circle shows the corresponding
spatial resolution of each plot.
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Figure 3.20: Maps of (a) N(NoH™) and (b) X(NoH™) toward L1517b. The vysr map (a)
is at the NRO original spatial resolution (~ 22”.9 FWHM). The contours in N(NoH™) map
correspond to continuum emission at 250 pm (smoothed to ~ 22”.9 FWHM), starting at 0.5
Jy beam™! and increasing in steps of 0.1 Jy beam™!. The X (NoH™) plot is made using the
NoH* (1-0) data smoothed to the resolution of the GBT, (~ 32" FWHM). The contours
in this plot correspond to continuum emission at 250 pm (smoothed to ~ 32" FWHM),
starting at 0.5 Jy beam™! and increasing in steps of 0.5 Jy beam~!. The black dot shows
the peak of the NoHT (1—0) integrated intensity and the triangles show the peaks of the
continuum emission. The circle shows the corresponding spatial resolution of each plot.
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Figure 3.21: Maps of (a) visr, (b) or, (¢) onT, (d) onT/cs calculated using NoHT (1-0)
emission toward L429. The vy gr map (a) is at the NRO original spatial resolution (~ 22”.9
FWHM). The contours correspond to continuum emission at 250 um (smoothed to ~ 22".9
FWHM), starting at 0.4 Jy beam™! and increasing in steps of 0.2 Jy beam™!. The rest of
the plots are made using the NoH™ (1—0) data smoothed to the resolution of the GBT,
(~ 32" FWHM). The contours in these plots correspond to continuum emission at 250 ym
(smoothed to ~ 32”7 FWHM), starting at 0.5 Jy beam~! and increasing in steps of 0.5 Jy
beam~!. The black dots show the peaks of the NogHT (1—0) integrated intensity and the
triangle shows the peak of the continuum emission. The circle shows the corresponding
spatial resolution of each plot.
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Figure 3.22: Maps of (a) N(NoH") and (b) X (NoH™) toward L429. The vsg map (a) is
at the NRO original spatial resolution (~ 22”.9 FWHM). The contours in N(NoH™) map
correspond to continuum emission at 250 ym (smoothed to ~ 22”.9 FWHM), starting at 0.4
Jy beam™! and increasing in steps of 0.2 Jy beam™!. The X (NoH™) plot is made using the
NoH*' (1-0) data smoothed to the resolution of the GBT, (~ 32” FWHM). The contours
in this plot correspond to continuum emission at 250 pm (smoothed to ~ 32" FWHM),
starting at 0.5 Jy beam™! and increasing in steps of 0.5 Jy beam~!. The black dot shows
the peak of the NoHT (1—0) integrated intensity and the triangles show the peaks of the
continuum emission. The circle shows the corresponding spatial resolution of each plot.



97

8.4 945 9.5 9.56 2.6 9.65 0.04 0.045 0.05 0.055 0.08
| : L. .
I I B A L B L A A I I B L A
Visg (km/s) (2) L op (km/s) (b)
58'00"
30"
g ..
§5700
“©
30"
10°56'00"
58'00"
30"
=)
(=3 0 "
85700
<
30"
10°56'00"
1 1 1 1 1
19%41™10° 8° 6° 4° 2° 41™0° 8° 6° 4° 2° 41™0°

a (2000) a (2000)

Figure 3.23: Maps of (a) vrsg, (b) o7, (¢) onT, (d) onT/cs calculated using NoHT (1-0)
emission toward L694-2. The vrsr map (a) is at the NRO original spatial resolution (~
22”.9 FWHM). The contours correspond to continuum emission at 250 gum (smoothed to ~
22".9 FWHM), starting at 0.1 Jy beam ™! and increasing in steps of 0.1 Jy beam~!. The
rest of the plots are made using the NoH' (1—0) data smoothed to the resolution of the
GBT, (~ 32" FWHM). The contours in these plots correspond to continuum emission at
250 pm (smoothed to ~ 32" FWHM), starting at 0.05 Jy beam ™! and increasing in steps of
0.5 Jy beam~!. The black dot shows the peak of the NoH* (1—0) integrated intensity and
the triangles show the peaks of the continuum emission. The circle shows the corresponding
spatial resolution of each plot.
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Figure 3.24: Maps of (a) N(NoH™) and (b) X (NoH") toward L694-2. The vygr map (a)
is at the NRO original spatial resolution (~ 22”.9 FWHM). The contours in N (NoH™) map
correspond to continuum emission at 250 ym (smoothed to ~ 22”.9 FWHM), starting at 0.1
Jy beam™! and increasing in steps of 0.1 Jy beam™!. The X (NoH™) plot is made using the
NoH* (1-0) data smoothed to the resolution of the GBT, (~ 32” FWHM). The contours
in this plot correspond to continuum emission at 250 pm (smoothed to ~ 32”7 FWHM),
starting at 0.05 Jy beam ™! and increasing in steps of 0.5 Jy beam™!. The black dot shows
the peak of the NoHT (1—0) integrated intensity and the triangles show the peaks of the
continuum emission. The circle shows the corresponding spatial resolution of each plot.
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3.6 Summary

In this chapter, we presented single-dish observations of NH3 (1,1) and (2,2) and
NoH* (1—-0) emission lines as well as continuum emission at 250 um toward five cores
in our sample, L694-2, 1429, L1517B, L1521F, and L1014. These data reveal the
kinematic structure and temperature distribution of these cores. (Note that L1014 is
excluded from the results of our comparison below due to low SNR in our observations

toward this core.)

1. L429 demonstrates the most complicated structure in both molecular emission
and dust continuum emission among the cores in our sample. The morphologies
of the integrated intensities of NH3 and NoH™ toward L429 follow the general
shape of the dust continuum emission. Their maxima, however, are significantly

offset from that of the continuum emission.

The molecular emission integrated intensities of the rest of the cores in our sam-
ple follow the morphology of their corresponding continuum emission well, and
their maxima are located close (within the beam width) of the corresponding

peak location of the continuum emission.

2. All cores appear to have similar weighted mean kinetic temperatures in the
range ~ 9 K — 10 K, with the line-of-sight averaged Tk distribution of each

core slightly decreasing toward the corresponding centre.

3. All of the cores in our sample show roughly similar values of thermal velocity

dispersions ~ 0.6 km s~ 1.

4. L429 is the most turbulent core in our sample. With a non-thermal velocity
dispersion of ~ 0.16 km s~!, L429 is a relatively transonic core. The rest of
the cores in our sample are all subsonic, with L1517B being the most quiescent

core.

5. L1521F is the most centrally concentrated core in our sample, with its Hy column
density significantly higher than the other cores and is followed in decreasing
order by 1429, L1517B, and L694-2.
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Chapter 4

Radiative Transfer Modelling of
NH; (1,1) and (2,2) Emission
toward L694-2 and L1521F

4.1 Introduction

Observed emission spectra are the results of integration along the line of sight. There-
fore, characteristics of the observed emission spectra (e.g., intensity, line width, and
velocity) are the averaged values of these quantities along the line-of-sight and across
the telescope beam. It is, however, important to note that these characteristics de-
pend on the three-dimensional structure of the physical parameters of the source (e.g.,
temperature, density, molecular abundance, and velocity), and therefore are not nec-
essarily constant along the line-of-sight. Simple techniques of spectral line analysis
are based on the assumption of uniform source structure to allow the radiative trans-
fer equation to be solved analytically (see Chapter 2) and do not provide information
on the three-dimensional structure of the source. One way to approach this problem
is by constructing models of the physical characteristics of a region and testing them
through radiative transfer techniques that simulate strengths and profiles of the ob-
served spectra to find the model that best fits the observations. One should keep in
mind that usually there are multiple possible solutions.

Over the years, several radiative transfer codes have been introduced, such as
MOLLIE (in 3D; Keto 1990; Keto et al. 2004; Keto & Rybicki 2010), RATRAN (in 1D
and 2D; Hogerheijde & van der Tak 2000), and Line Modelling Engine (LIME; in 3D;
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Brinch & Hogerheijde 2010). Several authors have used these codes to model physical
structures in various low-mass and high-mass star-forming regions. For example, Keto
et al. (2004) investigated the density structures of three cores by radiative transfer
modelling of NoHT (1—0) observations using MOLLIE. Crapsi et al. (2007) used
RATRAN in its one-dimensional mode to model the single-dish (Effelsberg) and the
combined (single-dish and interferometric from Effelsberg and VLA) data of NH;
(1,1) and (2,2) emission lines toward L1544. For that case, the single-dish data alone
were best reproduced by a constant Tx = 8.75 K across the core. The combined
dataset, however, was best reproduced by a Tk profile that decreased from 12 K to
5.5 K toward the core centre. This change in the radial profile of Tk across the core
resulted in a 50% increase in the density of the core. Also, the NH3z column density
of L1544 increased by a factor of ~ 2, implying that, unlike CO molecule, NHj3 is not
significantly depleted toward the centre of 1.1544.

Outer regions of cores are heated due to the presence of Interstellar Radiation
Fields (ISRFs). We expect the innermost regions of starless cores to be relatively
colder compared to their outer edges due to the shielding of the core centre. Also,
IR continuum radiation provides an effective cooling mechanism due to the cores
being optically thin to their own radiation in IR. Models and observations of thermal
continuum emission from dust provide evidence for the decrease in dust temperature
from ~ 12 K at core surfaces to ~ 7 K in the centres (e.g., see Evans et al. 2001,
Stutz et al. 2010, and Marsh et al. 2014). Variations in molecular abundance have also
been previously observed toward the cold interior of many dense cores. For instance,
Tafalla et al. (2002) detected significant decreases in the molecular abundances of
C'80 and CS toward L1498, 11495, L1400K, L1517B, and L1544. The same sample
of cores, however, show a constant radial profile in the abundance of NoH' and a
central enhancement in the abundance of NHj.

Do all starless cores show Tk and Ty gradients on small scales? How are the
temperatures and molecular abundances affected by the formation of a protostar in
the core interior? Detailed radiative transfer modelling of a wider sample of cores
is essential to answer these questions. The cores studied should span evolutionary
stages before and after the point of protostar formation. The sample will then reveal
the temperature structure and ultimately the physical and chemical evolution of cores
on the brink of star formation. With this goal in mind, we selected two cores from our
sample (described in Chapter 3), L694-2 and L1521F, observed their NH; emission

at high resolution using JVLA, and investigated their physical structure by extensive
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radiative transfer modelling of combinations of low resolution and high resolution
NHj3 data using MOLLIE. Comparisons of the physical structure of a starless core like
L694-2 with that of a more evolved core such as L1521F that contains a protostellar
VeLLO can shed light on how physical parameters of the region are affected through
the evolution of the core from being starless to forming a protostellar object.

MOLLIE uses the Accelerated A Tteration (ALI) technique' developed by Ry-
bicki & Hummer (1991) to solve numerically the radiative transfer equation in three-
dimensions . The rays are distributed in various angles and impact parameters, with
each ray passing through the entire modelled volume. The intensity field at each
location is calculated by integrating along each of the rays. The radiation quantities
are determined by angle and frequency averaging over the rays that pass through each
cell in the volume of the model (Keto et al. 2004). We use MOLLIE to reproduce
NH; (1,1) and (2,2) spectra, in Local Thermodynamic Equilibrium (LTE) with the
number of A iterations set to unity.

Assumption of LTE is appropriate for the modelling of NH3 (1,1) and (2,2) emis-
sion, due to two circumstances. First, for NHs, the rotational transition, (J + 1, K)
— (J,K), occur in the far infrared with Einstein A coefficients ~ 1 s™' (Rohlfs &
Wilson 2004). Therefore, these nonmetastable states are only populated in regions
with extremely high H, densities (~ 108 — 10° cm™3) or in the vicinity of strong
infrared radiation fields. Thus, in cold cores virtually all of the population is in the
lowest level of each K-ladder (ie., JJ K = 1,1 or JJ K = 2,2 or J K = 3,3, etc.).
These energy states are referred to as metastable due to their very slow decay rate
(~ 1072 s7; Ho & Townes 1983 and Rohlfs & Wilson 2004). Second, for symmetric
top molecules such as NHj, pure rotational transitions are only allowed when AJ =
+1 and AK = 0 (Bunker & Jensen 2006), and therefore dipole transitions between
different K-ladders are forbidden. In typical molecular cloud conditions, the excita-
tion of inversion doublets® in the metastable states are mainly due to collisions. Such
conditions are equivalent to LTE. In this case, knowledge of the collision rates of
the hyperfine transitions of NH3 (1,1) and (2,2) is not required and we use the rela-
tive intensities of the hyperfine transitions from Kukolich (1967) and Rydbeck et al.
(1977) to model the observed spectra of NHs (1,1) and (2,2). A similar approach
was employed by Crapsi et al. (2007) and Juvela et al. (2012). A non-LTE version of

LA iteration is the process of iterating between level populations and the radiation field using A
operators.

2The ability of the N atom to quantum tunnel through the hydrogen atom plane splits the J =
K rotational states into inversion doublets.
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MOLLIE, specifically designed for modelling in detail the hyperfine structure of NHj,
is currently under development and will provide an exciting opportunity to investigate
further the physical structure of these cores in the future.

In this chapter, we present interferometric observations of NH3 (1,1) and (2,2)
emission lines toward L694-2 and L1521F obtained using JVLA. We also investigate
the internal physical structure of L694-2 and L1521F by simulating their observed
NHj; emission using the radiative transfer code MOLLIE. We describe the details
of our JVLA observations and data reduction methods in §4.2. §4.3 presents the
integrated intensity maps of the observed molecular emission toward L694-2 and
L1521F. §4.4 explains our method for determining the total column density profiles
of 1.694-2 and L1521F. We discuss the details of how we configured MOLLIE and our
findings regarding the internal structures of 1.694-2 and L1521F in §4.5. We compare
our results of the radiative transfer modelling of the two cores in §4.6. Finally, §4.7

summarizes our results.

4.2 Observations and Data Reduction

4.2.1 Jansky Very Large Array (JVLA)

Interferometric observations of the NH; (J, K) = (1,1) and (2,2) emission lines toward
the cores in our sample were acquired using the JVLA, located near Socorro, NM,
USA from February through April, 2013. We observed the targets using the JVLA
in D configuration using single pointings. The JVLA correlator was configured to
use the 8-bit sampler and two basebands. Each baseband had one subband with 8
MHz bandwidth and 2048 channels in dual polarization mode. Each subband was
used to observe either of the NH3 (1,1) or (2,2) lines at 23.6945 GHz or 23.7226 GHz,
respectively. We also observed with uniform sensitivity all of the satellite sets of
hyperfine transitions over 3.5 MHz and 3 MHz frequency range for the NH3 (1,1) and
(2,2) line, respectively. We placed the NHj3 (1,1) and (2,2) lines in the middle of two
adjacent 128 MHz boundaries of the 8-bit sampler to avoid suckouts®. This setting
yielded a velocity resolution of 0.05 km s~ (i.e., frequency resolution of 3.9 KHz)
for each line, sufficient to resolve each. In the K-band, the primary beam (i.e., the
field-of-view) of the JVLA is ~ 9 FWHM. In D configuration, the synthesized beam
(i.e., the resolution) of the JVLA is ~ 3"2 x 3.6 FWHM with a geometrical mean

3Suckouts are small spectral gaps in the bandwidth with reduced sensitivity.
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beam width of ~ 3" .4 FWHM.

At the beginning of each track, we observed the flux and bandpass calibrators for
10 minutes. We used the phase calibrators to check pointing accuracy on the target
every 45 minutes. To monitor and calibrate phase variations, we cycled through
observations of the target and the corresponding phase calibrator with 2 minutes
of integration on the phase calibrator and 4.5 minutes of integration on the target,
ensuring that each target observation was bracketed by phase measurements. We also
used the phase calibrator to check pointing accuracy every 45 minutes. Table (4.1)
lists the targets and their corresponding flux, bandpass, and phase calibrators.

The JVLA data were reduced using the CASA (4.2) data reduction package on
the cluster master server at the New Mexico Array Science Center (NMASC). We
carefully inspected and flagged the data with poor phase stability, unexpectedly high
amplitude measurements, or target data not bracketed with phase measurements.
Subsequently, we applied bandpass, flux, and phase calibrations. For each core, we
imported the single-dish maps of NH; (1,1) and (2,2) (see Chapter 3) into CASA using
the task IMPORTFITS and re-gridded the position and velocity axes of the single-
dish data to those of the JVLA data using the task IMREGRID. We deconvolved
and Fourier transformed the JVLA data from the spatial frequency (u,v) plane into
the image plane using the task CLEAN with natural weighting and the GBT data of
each core (see §3.3.1) as the model. The combination of JVLA and GBT data was

carried out in the same step.

Table 4.1: List of flux, bandpass, and phase calibrators for each source as well as rms
sensitivities of the combined NHjs (1,1) emission maps.

Core rms?® Flux/Bandpass Phase Distance
(K) Calibrator Calibrator (pe)

L694-2 0.3 3C286 J19254-2106 230 + 30°

L1521F 0.6 3C48 J0359+3220 136 £ 36°

®The final 1 o rms sensitivities of the central regions of the maps (i.e., toward the most central regions
of the cores) given on the T}, scale per 0.05 km s~! velocity channel.

bKawamura et al. (2001)
“Maheswar et al. (2011)
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4.3 Observational Results

Figures 4.1 and 4.2 show the integrated intensity maps of the NHz (1,1) and (2,2)
emission lines toward L694-2 and L1521F, respectively, using the combined data from
JVLA and GBT. The integrated intensity maps were made by summing over the entire
emission spectrum including all hyperfine components, excluding any channels with
emission lower than twice the corresponding map rms noise level.

The single-dish integrated intensity maps of NH3 (1,1) and (2,2) emission lines
toward L694-2 (Figures 3.9a and 3.9b) both show single peak locations at the centre.
The integrated intensity map of NHjz (1,1) from the combined data, however, shows a
ring-shaped structure toward the centre of 1.694-2 with two peak locations on either
sides of the ring (Figure 4.1a). The NHj (2,2) integrated intensity map from combined
data shows multiple peak locations close to the central region of the core (Figure 4.1b).
Both integrated intensity maps of NH; (1,1) and (2,2) emission lines toward L1521F
using the combined data show single peaks toward the core centre (Figures 4.2a
and 4.2b). This is in agreement with the NH3 (1,1) and (2,2) single-dish integrated
intensity maps toward L1521F (Figures 3.6a and 3.6b). Note that the typical values
shown for the integrated intensity maps of NH3 (1,1) are a factor of ~ 10 — 20 larger
than the values shown for the integrated intensity maps of NH3 (2,2). Hence, the

latter is much more intrinsically noisy than the former.

Table 4.2: Peak positions and intensities of the combined NHj3 (1,1) emission maps.

Core R.A. Decl. T
J2000 J2000 (K)
L694-2 19 41 04.97 10 57 00 6.46

L1521F 04 28 38.67 26 51 35 8.71
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Figure 4.1: Integrated intensity maps of NHs (1,1) (a) and NHs (2,2) (b) emission toward
L694-2 using combined data from JVLA and GBT. The colour scale is in K cm s~!. The

circle delineates the size of the JVLA beam (~ 3'2 %36 FWHM).
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Figure 4.2: Integrated intensity maps of NHs (1,1) (a) and NHs (2,2) (b) emission toward
L1521F using combined data from JVLA and GBT. The colour scale is in K cm s~!. The

circle delineates the size of the JVLA beam (~ 3'2 %36 FWHM).
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4.4 Density Profiles

Assuming spherical symmetry and using the azimuthally averaged Herschel 250 pm
data, we used the same method described in §2.5.2.1 to determine the density profiles
of the cores 1.694-2 and L1521F. Figures 4.3 and 4.4 show the azimuthal averages
of total column densities, Nyyq, versus the projected distance from the continuum
emission peak (diamonds) toward the cores 1.694-2 and L1521F, respectively. In each
plot, the curve is the best fit of Equation (2.11), the analytical approximation to
a BE sphere, to the data. The increased levels of Ny, for some of the data points
(distance > 10000 AU) in Figure 4.3 is due to the additional contribution of flux
from the filament, where L694-2 is located. As mentioned in §3.3.3, we tried to
remove the background emission from each cores surrounding environment as much
as possible. Note that these data points are not included in the determining the best
fit of Equation (2.11) to L694-2 data and do not affect the final results. The best
fit parameters for each core are listed in Table 4.3. We used these values and the
weighted mean of Ty for each core (see Table 3.8) to calculate the total mass, radius,
central number density (n.), and sound speed (c¢s). The results for these quantities
are listed in Table 4.4.

L694-2 i

1 022

Niotol (CmAZ)

107" L ‘ ‘ ‘ e
1000 10000
Projected Distance from Dust Peak (AU)

Figure 4.3: Azimuthal average of total column density, Ny, of L.694-2 versus the pro-
jected distance from the continuum emission peak (diamonds). The curve is the best fit of
Equation (2.11) to the data.
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Figure 4.4: Azimuthal average of total column density, Nypqi, of L1521F versus the pro-
jected distance from the continuum emission peak (diamonds). The curve is the best fit of
Equation (2.11) to the data.
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Table 4.3: Best fit parameters to fit the total column density profile using Equation (2.11).

Core Ye a c
(em™?) (pc)

L.694-2 (3.5 £ 0.4)x 10?2 0.013 £ 0.011 6.0 £ 0.8

L1521F (9.4 4+ 0.5)x 10?2 0.009 +£ 0.001 9+1

Table 4.4: Physical characteristics calculated using the best fit parameters of Equation
(2.11) listed in Table 4.3.

Core M R N, Co
(M) (pc) (cm™?) (km s™1)
L694-2 2.3+ 0.6 0.08 £ 0.01 (3.2 £ 0.4)x10° 0.18

L1521F 4.7 £ 1.7 0.08 £+ 0.01 (1.2 4 0.1)x 108 0.18
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4.5 Radiative Transfer Modelling

To determine the radial profiles of the gas kinetic temperature, Tk, and ammo-
nia fractional abundance, X (NHj3), of the two cores, L694-2, and L1521F, we used
the 3D molecular line transport radiative transfer code, MOLLIE (Keto 1990; Keto
et al. 2004; Keto & Caselli 2008; Keto & Caselli 2010). MOLLIE considers a three-
dimensional grid of physical parameters (e.g., density, temperature, velocity, turbu-
lence, and molecular abundance) and simulates the molecular emission spectra, which
can then be compared with observed line profiles.

For each core, the number density distribution is assumed to be n(r) = n.a?/(r*+
a?) (Dapp & Basu 2009), where a is the radii of the inner flat region and n, is the

number density of the central region. The central number density, n., is related to the

central density, p., such that, n, = mf[cup. Note that p, = 2.37 is the mean molecular
weight per free particle, and ppy, = 2.8 is the mean molecular weight per hydrogen
molecule (Cox 2000; Kauffmann et al. 2008). For modelling, we input a and n, as
fixed values into MOLLIE. The values of a and n. for each core are listed in Tables
4.3 and 4.4.

Due to the high central density (i.e., n, > 10° cm™3; Di Francesco et al. 2007)
observed in these cores (see Table 4.4), we assumed dust and gas to be coupled, i.e.,
T, = Tk and ignored the possible break-down of this assumption in the outer regions
of the cores. We assume that X (NH3) and 7" can be parametrized as following (Tafalla

et al. 2002; Crapsi et al. 2007):
X(NH;) = X, (n(r)/n.)", (4.1)
Tout - 7—‘1

In the above equations, X is the fractional abundance of NH3 at the core centre

T =Toy — (4.2)

and (3 is a power law index. The temperatures at the core centre and infinity (not
the edge of the core) are given by T, and Ty, respectively, and rp is a length scale
that determines the shape of the temperature profile. The structure of the velocity

dispersion, o, in each core is parametrized as

00 = \Jo% + T, (4.3)
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where or and oyt are the thermal and non-thermal velocity dispersions. For each
core, we used the weighted mean of o7 (listed in Table 3.8) as a fixed input to
the model, and o7 was determined by MOLLIE using Equation (2.7) and 7" at each
position inside the modelled core.

For each core, we carried out the modelling in two steps: Firstly, we assumed
constant profiles for temperature and fractional abundance of ammonia (i.e., T' = Tj,
and X (NH3) = X;) and ran MOLLIE using a wide, two-dimensional grid of values for
T, and X, to produce thousands of simulated data cubes. We compared these cubes
to the observed data, and constrained the approximate range of temperature and
abundance in the core. Secondly, we assumed that the abundance and temperature
are parametrized as Equations (4.1) and (4.2). Therefore, we used a five-dimensional
grid of values for Xy, 3, Ti,, Tout, and r7 to produce tens of thousands of simulated
data cubes for comparison with the observed data and further explored the radial
profiles of temperature and abundance. Note that to model each core we performed
both of these steps at resolutions of 32" for comparison with the single-dish data
from GBT and 3.4 FWHM for comparison with the combined JVLA and GBT data.
For each core, the single-dish data capture the outer parts of the core but do not
resolve the innermost region. On the other hand, the combined datasets, although
not capturing the outer parts of the cores, resolve the structure at the centre of each
one.

To quantify the uncertainties between the synthesized data cubes and the observed
ones, we calculate the azimuthal averages of the emission intensity in each velocity
channel for both synthesized and observed data cubes with the corresponding NHj
integrated intensity peak at the centre and radial bins of one pixel (= 6 and 1.4" at
low resolution and high resolution modes, respectively). We next calculated the y?

value for each radial bin in each velocity channel using

T, - T, 2
2 model obs
X < AT obs ) ’ ( )

where Tops and Thoqe are the (azimuthally averaged) observed and synthesized emis-
sion intensities in a main beam temperature scale, and AT, is the rms noise level of
the observed data. Subsequently, we calculated the reduced y? value for each radial

bin given by

1
2 2
Xred = 5 Z X s (45)
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where D is the number of degrees of freedom defined as the number of velocity
channels with emission minus the number of independent model inputs. Emission
free channels are not included in the sum. Finally, we use the mean x?2 , of all radial
bins to find the best reproductions of the observed data. Note that we obtain lower
x24 modelling of high resolution data compared to that of low resolution data, due to
the higher noise level of the high resolution data. For L.694-2, the rms sensitivities are
respectively 0.1 K and 0.3 K for the single-dish and the combined data. For L1521F,
the rms sensitivities are 0.1 K and 0.6 K for the single-dish and the combined data,
respectively.

The gradient in v gg across L1521F (see Figure 3.11) and L694-2 (see Figure 3.17)

are ~ 0.15 km s !

, which is equivalent to only four velocity channels. Therefore, we
argue that rotation will have a relatively small effect on our results, and we ignore
the rotational motion in cores by azimuthally averaging the molecular line profiles.

We used the cluster Nestor of WestGrid located at the University of Victoria to
run MOLLIE. Nestor is geared toward large parallel jobs. Based on the size of the
parameter space, the spatial resolution of the products, and the availability of the
computing resources, we used different numbers of processors (8, 16, or 32) with 16
GB of memory per processor. Nestor is able to produce a grid of 30,000 data products
in ~ 2 days depending on the model settings and the availability of the resources.
The data products were then copied to a server at the National Science Infrastructure
(NRC Herzberg) for imaging and analysis. The imaging stage was performed using
IDL of Research Systems Incorporated. Imaging a grid of 30,000 data cubes takes ~
2 days.

4.5.1 L694-2

Infall velocities in L694-2 have been estimated to be in the range of 0.05 km s~! to
0.09 km s™! (Lee et al. 2004; Williams et al. 2006). We used a constant infall velocity
of 0.075 km s~! to model the NH;3 emission spectra of L694-2.

In the low spatial resolution mode, the synthesized data cubes had 32 pixels along
each direction of R.A. and decl. with each pixel 6” in width. The spectral resolution
matched that of the GBT data of NHj (1,1) emission toward L694-2 (i.e., ~ 0.04 km
s71). The synthesized data were convolved with a Gaussian of 32 " FWHM to simulate
the effect of the telescope beam. To capture the entire core, we used 14 radial bins in

the x2, calculations. In the high spatial resolution mode, we configured MOLLIE to
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produce data cubes with 64 pixels along each direction of R.A. and decl. with each
pixel 1”.4 in width. The velocity resolution of the data cubes was ~ 0.05 km s™! to
match that of the interferometric data. To simulate the effect of the telescope beam,
we convolved the data products with a Gaussian of 3//.4 FWHM. In this case, we used

30 radial bins for the x2, calculations.

4.5.1.1 Low Resolution

NH; (1,1) Spectra

2D Grid: We started by using constant profiles for temperature and fractional
abundance of ammonia (i.e., T' = T}, and X (NHj) = X;) and running MOLLIE using
a wide two-dimensional grid of values for T}, and X, to produce 676 synthesized data
cubes to constrain roughly the approximate range of temperature and NH3 abundance
in the core. Table 4.5 lists the specifications of the two-dimensional grid of values
taken in by MOLLIE for modelling of the single-dish data of L.694-2. Figure 4.5 shows
the distribution of 2, for the data cubes produced by MOLLIE using this grid of
parameters. The plot shows a clear minimum in the y2,. In this case, the synthesized
data cube that best fits the observed single-dish NH3 (1,1) data toward L694-2 was
produced using constant temperature and NH3 abundance at ' = 7 K and X (NHj)
= 2.0 x 1077 with a %, of 5.96.

Table 4.5: The characteristics of the two-dimensional grid of values taken in by MOLLIE
for modelling of the single-dish and combined (i.e., single-dish and interferometric) data of
L694-2.

Parameter Range Step
Xo 1072 < X, < 107*  Each decade divided in five increments
T (K) 5 < T < 30 1 K
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Figure 4.5: Plot of the distribution of X?ed values of synthesized spectra of L.694-2 at low
resolution using a two-dimensional grid.

5D Grid: To determine the radial profile of NH3 abundance and temperature
inside the core, we assumed that these two quantities are parametrized as Equations
(4.1) and (4.2), respectively. Table 4.6 shows the specifications of the five-dimensional
grid of parameters considered by MOLLIE. In this case, we produced 55,440 syn-
thesized data cubes. We reached a minimum x2, of 5.84, with the corresponding
synthesized best fit cube produced by Xy = 4.0 x 1077, B = 0.25, T = 19 K, T},
=7K, and rr = 1 pc.

Table 4.6: The characteristics of the five-dimensional grid of values taken in by MOLLIE
for modelling of the single-dish data of L.694-2.

Parameter Range Step
Xo 107® < X, < 2x107% Each decade divided in five increments
3 2 < B <2 —9, —1, -0.5, —0.25, 0, 0.25, 0.5, 1, 2
Toue (K) 9 < Ty < 21 2 K
Tin (K) 5 < Ty < 20 1K
rr (pc) 0.001 < rp < 10 1 dex

Figure 4.6 shows the distributions of x%, for the model parameters (taken two
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at a time). Note that the plots in Figure 4.6 focus on the region in the parameter
space where the minimum Y2, is located. Figures 4.6a, 4.6¢c, and 4.6f clearly show
a region in the parameter space constrained by 1077 < X, < 1076, 0 < 8 < 0.5,
and 6 K < Ti, < 8 K, where x2, is less than 8 and is approaching a minimum. Our
calculations of the minimum Y2, strongly favour larger r7 values (i.e., 1 pc and 10
pc; see Figures 4.6d, 4.6g, 4.6i, 4.6j). It is evident from Equation (4.2) that for ry
values much greater than the core radius (R ~ 0.08 pc for L694-2), the temperature
is effectively constant inside the core and it is not possible to constrain T, well (see
Figures 4.6b, 4.6e, and 4.6h).

Figures 4.7 and 4.8 show normalized histograms of the model parameter values
that produce the fifty (x%4 < 6.8) and twenty (x%, < 6.4) synthesized data cubes
that best match the single-dish observed data of NH3 (1,1) emission toward L694-2,
i.e., the lowest x%, values. The values Xy = 4 x 1077, 8 = 0.25, T}, = 7 K, and
rr > R are most likely to yield synthesized spectra that best match the observed
data. (These values also produce the synthesized data cube corresponding to the
globally minimum x2, in the five-dimensional parameter space.) Due to the large
value of ¢ favoured by the y? test, T,y cannot be constrained. Note that r7 = 0.1 pc
(i.e., r7 ~ R) can produce synthesized spectra with low y2; only when paired with
low values of T,y (e.g. Toue = 9 K; see Figure 4.61). It is evident from Figure 4.7 that
for each model parameter there is a range of values that can reproduce synthesized
spectra with relatively low x2 ;. Table 4.7 lists the range of acceptable values for each
model parameter.

Figure 4.9 shows the observed and synthesized spectra of NH3 (1,1) emission at
the core centre (i.e., the location of maximum NHj (1,1) integrated intensity at 32"
FWHM resolution, see Table 3.2), 0.03 pc (~ one third of core radius), and 0.06 pc
(~ two third of core radius) toward west. At the core centre, the intensity of the main
hyperfine component of the synthesized spectra is slightly lower than the observed
intensity, while the brightness of the satellite components toward the same position
are better matched by the synthesized data. On the other hand, the intensity of the
main hyperfine component toward locations offset from the core centre is slightly over-
produced by MOLLIE. Such differences in how well synthesized spectra can match one
component versus the others could be due to a slight departure from LTE conditions
in L694-2. (Note that we assume LTE conditions and use the relative intensities
of the hyperfine components expected in LTE conditions to build the synthesized
spectra.) Despite of such shortcomings, MOLLIE was able to reproduce well the
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general characteristics such as, the line widths for all hyperfine components and the
intensities for the satellite components of the single-dish data of NH3 (1,1) emission

toward different positions in 1.694-2.
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Figure 4.6: Plot of the distribution of x2, values of synthesized spectra of L694-2 produced
by MOLLIE at low resolution using a five-dimensional grid.
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Figure 4.6: Continued.
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Figure 4.7: Normalized histograms of the model parameters that produce the best fifty
synthesized data cubes (Xfed < 6.8) using a five-dimensional grid in the low-resolution mode
for L694-2.
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Figure 4.8: Normalized histograms of the model parameters that produce the best twenty
synthesized data cubes (Xfed < 6.4) using a five-dimensional grid in the low-resolution mode

for L.694-2.
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Table 4.7: Range of acceptable values for model parameters to reproduce NHs (1,1) spectra
of L.694-2 at low spatial resolution.

Parameter Range Best Fit
X, 1077 < X, < 1076 4.0 x 1077
15} —0.25 < B3 <05 0.25
Touw (K) unconstrained
T (K) 6 < T <8 7K
rr (pc) rr > 0.1
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Figure 4.9: Observed (black) and synthesized (red) NHs (1,1) spectra of L694-2 at low
spatial resolution. From top to bottom: The spectra at the core centre (top), 0.03 pc
away from the centre toward west (middle), and 0.06 pc away from the centre toward west
(bottom).

NH; (2,2) Spectra
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We produced synthesized data cubes of NH3 (2,2) emission at low spatial resolu-
tion using the same parameter space described in Table 4.6. Due to the low sensitivity
of the observed data, however, modelling of weaker NH3 (2,2) does not provide any
further constraints on the model parameters. Therefore, we only present the syn-
thesized spectra produced using the model parameters that yield the best match to
the NH3 (1,1) observed data (i.e., Xog = 4.0 x 1077, 8 =0.25, To,e = 19K, T}, = 7
K, and r = 1 pc). Figure 4.10 shows the observed and synthesized spectra of the
main hyperfine component of NH3 (2,2) emission toward L.694-2. We only detect the
main hyperfine component of NHjz (2,2) in our observed spectra, therefore only this
component is presented in the plots. Due to the smaller size of the NH3 (2,2) emission
region (compared to that of NHj (1,1)), we only present the spectra in two locations
inside the core. It is evident that the model parameters that produce the best match
to the NHj (1,1) spectra also yield synthesized NH3 (2,2) spectra that well match the

intensity and line width of the corresponding observed line profiles.
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Figure 4.10: Observed (black) and synthesized (red) NHjz (2,2) spectra of L694-2 at low
spatial resolution. From top to bottom: The spectra at the core centre (top), 0.03 pc away
from the centre toward west (bottom).

4.5.1.2 High Resolution

NH; (1,1) Spectra

2D Grid: Similar to our method in §4.5.1.1, we started by assuming constant
profiles of 7" and X (NHj3) across L694-2 and used MOLLIE to produce 676 synthesized
data cubes to constrain roughly the approximate range of temperature and NHj
abundance over a wide two-dimensional grid of values. In this case, we used the same
two-dimensional grid described in Table 4.5. Figure 4.11 shows the resulting x?2,
surface for the data cubes produced by MOLLIE. The plot shows a clear minimum
in the x24. In this case, the x%, reached a minimum of 1.94 that corresponded to a
synthesized data cube produced by using constant temperature and NH; abundance
at T =9 K and X(NH3) = 1.0 x 10~". Note that the best fit two-dimensional model
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parameters in the low resolution mode (i.e., X(NH;3) = 2.0 x 10" and T' = 7 K) do
provide a good fit to the observed data at high resolution with relatively low x2, =
2.28.
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Figure 4.11: Plot of the distribution of x?, values of synthesized spectra of L694-2 pro-
duced by MOLLIE at high spatial resolution using a two-dimensional grid.

5D Grid: Following the method described in §4.5.1.1, we assumed that two
quantities are parametrized as Equations (4.1) and (4.2), respectively, and defined a
five-dimensional parameter space to determine the radial profile of NH3; abundance
and temperature inside the core. In this case, the grid is very similar to the five-
dimensional grid we used in §4.5.1.1, with only a slight modification. Since our results
of modelling the single-dish data of L694-2 show that the index [ varies in the range
—0.25 < 8 < 0.5, we focused on —1 < g < 1. Table 4.8 shows the specifications of
the grid of values used to reproduce the combined data of NH3 (1,1) emission toward
L694-2. In this case, we produced 43,120 synthesized data cubes. Six synthesized data
cubes corresponded to the minimum Y2, of 1.48. These data cubes were produced
by the following parameters X, = 2.0 x 1077, 8 = 0.0, T}, = 8 K, rp = 10 pc, and
Toww = 9K, 11 K, 13 K, 15 K, 17 K, and 19 K.

The panels in Figure 4.12 show the distributions of x2, for the model parameters.
Figures 4.12a, 4.12¢, and 4.12f clearly show a region in parameter space constrained
by 6 x 1078 < Xg S6x 1077, =05 S 505, and 6 K S T3, < 10 K, where x2 is

less than 3 and is approaching a minimum. Similar to our results in §4.5.1.1, the x%,



124

Table 4.8: The characteristics of the five-dimensional grid of values taken in by MOLLIE
for modelling of the combined data of L694-2.

Parameter Range Step

Xo 107® < X, < 2x107%  Each decade divided in five increments
3 1<8<1 1, -0.5, —0.25, 0, 0.25, 0.5, 1
Touw (K) 9 < Tou < 21 2K

Tin (K) 5 < T <20 1K

rr (pc) 0.001 < rp < 10 1 dex

test strongly favours r > R (i.e., 1 pc and 10 pc; see Figures 4.12d, 4.12g, 4.12i,
4.12j). Large values of r¢ result in an approximately constant temperature profile
throughout the core and do not provide any strong constraints on the value of T,
(see Figures 4.12b, 4.12e, and 4.12h).

To demonstrate which model parameters are more likely to reproduce the observed
data we again show normalized histograms of model parameter values that produce
fifty (x%4 < 1.79) and twenty (x%4 < 1.7) synthesized data cubes that best match
the combined dataset of NHj (1,1) emission toward L694-2 in Figures 4.13 and 4.14,
respectively. The values Xo = 2 x 1077, 8 = 0.0, T;, = 8 K, and 77 > R are most
likely to yield synthesized spectra that best match the observed data. Similar to our
results of the modelling of the single-dish data, T,,; cannot be constrained due to
the large value of rp favoured by the x? test. Table 4.9 lists the range of acceptable
values for each model parameter. At the high resolution mode, Xy = 2.0 x 1077, 8 =
0.0, and Tj, = 8 K correspond to the synthesized data cube that provides the globally
minimum Y2, in the five-dimensional parameter space and are most likely to yield
synthesized data cubes that well match the observed data.

To explore further the best value of § and investigate the possibilities of a slight
enhancement in the central abundance of NHj versus a slight decrease in X (NHj3) at
the core centre, we ran MOLLIE using a finer grid of values for 5 (i.e., —0.5 < 5 < 0.5
in steps of 0.1). Here, the x2, test strongly favoured 0.0 < 3 < 0.5, suggesting a
possible slight enhance in X (NH;) at the centre.

Figure 4.15 shows the observed and synthesized spectra of NHz (1,1) emission
at the core centre (i.e., location of maximum NHj (1,1) integrated intensity at 3" 4
FWHM resolution, see Table 4.2), 0.017 pc (~ one third of the radius of the emission
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region mapped by JVLA; see Figure 4.1), and 0.034 pc (~ two thirds of the radius
of the emission region mapped by JVLA; see Figure 4.1) toward west. In all three
locations, the intensities of most of the hyperfine components of the synthesized
spectra appear slightly lower compared to their corresponding counterpart in the
observed spectra. The line width of the hyperfine components, however, are well
reproduced by MOLLIE and we identify the synthesized data cube as a good match
to the observed data of NHj (1,1) emission toward L694-2 at high spatial resolution.
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Figure 4.12: Plot of the distribution of X?ed values of synthesized spectra of L694-2 pro-
duced by MOLLIE at high resolution using a five-dimensional grid.
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Figure 4.13: Normalized histograms of the model parameters that produce the best top
fifty synthesized data cubes (X?ed < 1.79) using a five-dimensional grid at the high resolution
mode for 1.694-2.
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Figure 4.14: Normalized histograms of the model parameters that produce the best top
twenty synthesized data cubes (Xfed < 1.7) using a five-dimensional grid at the high reso-
lution mode for L.694-2.
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Table 4.9: Range of acceptable values for model parameters to reproduce NHs (1,1) spectra
of L.694-2 at high spatial resolution.

Parameter Range Best Fit
Xo 2x1077 < Xy < 2x1076 2.0x 1077
6] 0.0 <8< 1.0 0.0
Touw (K) unconstrained

T (K) b < Ty <8 $ K
rr (pc) rp > 0.1 10 pc

20 30

Figure 4.15: Observed (black) and synthesized (red) NHs (1,1) spectra of L694-2 at high
spatial resolution. From top to bottom: The spectra at the core centre (top), 0.017 pc
away from the centre toward west (middle), and 0.034 pc away from the centre toward west
(bottom).

NH; (2,2) Spectra
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Figure 4.16 shows the observed and synthesized spectra of the main hyperfine

component of NHjz (2,2) emission toward L694-2 at high spatial resolution. The

synthesized spectra are produced using the model parameters that yield the best
match to the NHjz (1,1) observed data at high spatial resolution (i.e., Xy = 2.0 X
1077, B8 = 0.0, Tyis = 9 K, T}y, = 8 K, and rp = 10 pc). Due to the smaller size
of the NH3 (2,2) emission region (compared to that of NHs (1,1)), we only present

the spectra in two locations inside the core. It is evident that the line profiles of

the synthesized NHj (2,2) spectra are higher in intensity and have slightly wider line

widths compared to the line profiles of the observed spectra in both locations toward
L694-2.
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Figure 4.16: Observed (black) and synthesized (red) NHs (2,2) spectra of L694-2 at high
spatial resolution. From top to bottom: The spectra at the core centre (top), 0.017 pc away
from the centre toward west (bottom)

Our results from modelling of NH; (1,1) emission line toward L694-2 using the
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single-dish (GBT) and combined (GBT and JVLA) datasets show that the variations
in the radial profiles of temperature and NH3 abundance are not significant. The
temperature profile is effectively constant at 7 K and 8 K at low and high spatial
resolutions, respectively. The radial profile of X (NHj) shows a slight enhancement
toward the core centre at low spatial resolutions. At high spatial resolution, X (NHjs)
is consistent with a constant profile at 2 x 10~7 with the possibility of a small increase
in central abundance. Figure 4.17 shows the radial profiles of 7" and X (NHj3) at both
low and high spatial resolutions using the model parameters that produced the data

cubes with globally minimum y2, in the parameter space.
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Radius (pc) Radius (pc)

Figure 4.17: Radial profiles of X(NHj3) and T of L694-2 at low (red) and high (blue)
spatial resolutions using the model parameters that produced the data cubes with globally
minimum X?od in the parameter space.

4.5.2 L1521F

L1521F has been identified as a strong infall candidate (see, e.g., Onishi et al. 1999,
Crapsi et al. 2004, Crapsi et al. 2005a, Schnee et al. 2013). Onishi et al. (1999) esti-
mated an infall velocity of ~ 0.2 km s~! — 0.3 km s~! using Monte Carlo simulations
of various emission lines of HCO™ and H3CO™. Schnee et al. (2013) fit HCO™ (3—2)
emission line toward L1521F using the HILL5 model (De Vries & Myers 2005) and
estimated an infall velocity of ~ 0.42 4= 0.01 km s~!. We do detect a slight asymme-
try in the line profile of the main hyperfine component of NHz (1,1) toward L1521F.
To try to reproduce the asymmetry, we first input a constant infall velocity of 0.25

L'in MOLLIE. The resulting spectra showed much larger degree of asymmetry

km s~
compared to that of the observed spectra, however. Therefore, we ignored the effect

of infall and set the infall velocity to zero in the case of L1521F.
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In the low spatial resolution mode, the synthesized data cubes had 64 pixels along
each direction of R.A. and decl. with each pixel 6” in width. To capture the entire
core we used 23 radial bins in the x2, calculations. The rest of the specifications
are similar to the configurations used for the modelling of 1.694-2. The details are
described in §4.5.1.

4.5.2.1 Low Resolution

NH; (1,1) Spectra

2D Grid: Similar to our approach for the modelling of L694-2 (described in
§4.5.2), we assumed constant profiles of 7" and X (NHj) across the core and used
a wide two-dimensional parameter space to constrain roughly the range of possible
temperature and abundance inside L1521F. The parameter space is described in Ta-
ble 4.18 and produces 1,656 data cubes. Figure 4.18 shows the distribution of X2,
for the data cubes produced by MOLLIE. Unlike the x?2, distribution of the two-
dimensional parameter space for L.694-2 (i.e., Figures 4.5 and 4.11), where one clear
global minimum was evident in the x?2 ; distribution, Figure 4.18 shows four regions
with X (NH3) in the range of 1078 — 10~7 and temperatures between 5 K and 40 K
with x2, less than 24. The global minimum x?2, is equal to 19.88 and corresponds
to the synthesized data cube produced by X (NH;3) = 2.0 x 107% and T' = 12 K. It
is also interesting to note that the minimum x?2 , achieved using the two-dimensional
parameter space for L1521F (= 19.88) is significantly higher than its counterpart cal-
culated for L694-2 (= 5.96; see §4.5.1.1). This could suggest that constant profiles of
X (NH;3) and T are not the best options to describe the physical structure of L1521F.

Table 4.10: The characteristics of the two-dimensional grid of values taken in by MOLLIE
for modelling of the single-dish data of L1521F.

Parameter Range Step
Xo 10719 < X, < 10=* Each decade divided in five increments
Tin (K) 5 < Ty <50 IK
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Figure 4.18: Plot of the distribution of X?cd values of synthesized spectra of L1521F pro-
duced by MOLLIE at low resolution using a two-dimensional grid.

Wide 5D Grid: Due to the wide range of temperatures with relatively lower x2 ,
values in the previous stage of modelling of L1521F data, we started our investigations
of the five-dimensional parameter space with a wide and coarsely sampled grid of
values to narrow the ranges of possible model parameters. This wide five dimensional
grid is described in Table 4.11 and yields 31,752 synthesized data cubes. For each
model parameter, Figure 4.19 shows the range of values favoured by low x2, from the
fifty data cubes that best match the observations. Again, note that the purpose of this
step is only to narrow the range of acceptable values for each model parameter. Due
to the presence of a VeLLO inside L1521F, we sampled a wide range of temperatures
for T}, and T,y. We found out that T}, is primarily < 11 K, whereas T,,; showed a
broad range of relatively well-fit temperature values. Since this core is not externally
heated by other mechanisms, we would expect Ty, to be less than ~ 20 K. Such low
values of 1" are also confirmed by the dust temperature maps of the surroundings of
L1521F derived using Herschel data (J. Kirk, private communication), where Ty,
of the surrounding of L1521F is ~ 15 K. Although gas and dust temperatures are
not necessarily equal at lower densities outside of cores, we do not expect them to be

significantly different. Therefore, we exclude all T}, > 20 K from future analysis.
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Table 4.11: Specifications of the wide five-dimensional grid for modelling L1521F at low
resolution.

Parameter Range Step
X5 5x 107 < Xy < 5x107%  Each decade divided in two increments
I6] -2 < B <2 -2, —1, —0.5, —0.25, 0, 0.25, 0.5, 1, 2
Touw (K) 10 < Thye < 50 5 K

) 5 < T < 31 2 K
rr (pc) 0.001 < rp <1 1 dex
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Figure 4.19: Normalized histograms of the values of model parameters from the wide five
dimensional grid (described in Table 4.11) that produce the best fifty synthesized data cubes
at the low-resolution mode for L1521F.
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Narrow 5D Grid: Using the results of the wide five dimensional grid of values
(described in Table 4.11), we ran MOLLIE using a fine five-dimensional grid of values
to reproduce the NHj3 (1,1) spectra toward L1521F at low spatial resolution. The
specifications of this new five-dimensional parameter space are given in Table 4.12.
This grid of values produced 23,040 simulated data cubes. We reached a minimum
X24 of 7.55, which corresponded to the simulated data cube produced by Xy = 4.0
x1077, 8 = 1.0, Toy, = 10 K, Ti, = 5 K, and 7 = 0.01 pe.

Table 4.12: Specifications of the fine five-dimensional grid for modelling L1521F at low
resolution.

Parameter Range Step
Xo 6x107% < Xy < 4x107% Each decade divided in five increments
3 0.0 < <25 0.5
Toue (K) 9 < T < 20 1K
Tin (K) 3 < Ty, <10 I K
rr (pc) 0.01 < rp < 10 1 dex

Figure 4.20 shows the 2, surfaces for the model parameters (taken two at a
time). Figures 4.20a, 4.20b, 4.20c, and 4.20d show that data cubes with relatively
low x2, are located in a region constrained by 1077 < Xy < 1079 with X, = 4.0 x
1077 producing the minimum 2 ;. The model parameter 3 also is well constrained in
the range 0.5 — 1.5, with 5 = 1.0 producing the best results (see Figures 4.20a, 4.20e,
4.20f, and 4.20g). We are not able to place any strong constraints on Ty, however,
X%q certainly favours Ty, < 16 K (see Figures 4.20b, 4.20e, 4.20h, 4.20i). Unlike our
results of modelling 1.694-2, for L1521F we are not able to constrain T}, relatively
well. The range 3 K < T, < 8 K produces data cubes with relatively low x2  and T},
= 5 K produces the best result (see Figures 4.20c, 4.20f, 4.20h, and 4.20j). Another
difference between the modelling results of 1.694-2 and L1521F is apparent in the
values of rr favoured in each case. Figures 4.20d, 4.20g, 4.20i, and 4.20j suggest that
lower values of r (i.e., 0.01 pc and 0.1 pc) produce the best match to the observed
NH; (1,1) spectra of L1521F, whereas NHj3 (1,1) spectra of L.694-2 were best matched
by larger values of rp.

We show normalized histograms of the model parameters that are more likely to

reproduce the observed data in Figures 4.21 and 4.22. The two model parameters that
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define the shape of NH3 abundance are well constrained by 1077 < Xy < 107 and
0.5 < B < 1.5 with Xy = 4.0 x 1077 and 8 = 1.0 being the most likely values. (Note
that Xy = 4.0 x 107 and 3 = 1.0 are also the values that produce the minimum
X%q-) On the other hand, the three parameters that define the radial temperature
profile (i.e., Tou, Tin, and 7r7) are not relatively well constrained. Figure 4.22e shows
that lower values of 77 reproduce the observed spectra better compared to the larger
values of r7, indicating that the temperature profile of L1521F is likely not constant
throughout the core.

Figure 4.23 shows the observed and best-fit synthesized spectra of NHz (1,1) emis-
sion at the centre of L1521F ;| 0.03 pc, and 0.06 pc toward north. Toward the core
centre, the intensity of the main hyperfine component is slightly lower in the simulated
spectra compared to that of the observed spectra, whereas some of the satellite hy-
perfine components are slightly overproduced. This could indicate a slight departure
from LTE conditions inside L1521F. All hyperfine components shown in the middle
panel of Figure 4.23 are underproduced in brightness. Close to the edge of L1521F
(see Figure 4.23 bottom panel), MOLLIE overproduces the main hyperfine compo-
nent, while producing relatively good matches to the satellite lines. The hyperfine
components in all three panels appear slightly narrower compared to the observed pro-
files. This difference is possibly due to not including the effect of infall (or rotational)
motions in the modelling of L1521F.



138

10;(0) \Q i' Y Y Y % W0.00é(d) ! é |

T (K)
S (&) [e)) ~ co (o)
T \ \ T
Q
/\
e —
/Q\
e
oT
0/
0%
oV
sl b @B b b L
rr (pc)

2.0 2.5

Figure 4.20: Plot of the distribution of x2 ; values of synthesized spectra of L1521F pro-
duced by MOLLIE at low resolution using a five-dimensional grid.
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Figure 4.20: Continued.
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Figure 4.21: Normalized histograms of the model parameters in a five dimensional grid
that produce the best fifty synthesized data cubes (X?ed < 8.45) using a five-dimensional
grid in the low-resolution mode for L1521F.



141

1.2
1.2 F g
r (a) ] - (b) 1
1.0 _ 1.0 r 5
0.8~ _ 0.8 r 5
> r 12 [ ]
= F 1 0 L |
2 0.6 ]2 osp -
s [ 1= :
0.4 4 04r 7
0.2 — _ 0.2 r 5
0.0 1 | | 1 0.0 : :
0.06 008 01 02 04 06 08 1 2 4 0.5 1 1.5 2.5
Xy (/107%)
1.2[ 7 1.2[ ]
L © ] L O
1.0 = 1.0 =
0.8~ = 0.8~ =
2 [ 12 [ ]
2 0.6 42 o6k B
© L 1 o L i
[m) L 10O L 4
0.4 — — 0.4+ _
0.2 — = 0.2 — =
0.0 4 I I I I I I I I I I I ] 0.0L ]
9 10 11 12 13 14 15 16 17 18 19 20 9 10
Tou (K)

1.2 ]

L (e) 4

1.0 -

0.8~ -

2 [ ]

2 0.6 ]

(0] F ,

[} L 4

0.4~ 8

0.2~ -

0.0L 1 | ]

0.01 0.1 1 10
Femp (PC)

Figure 4.22: Normalized histograms of the model parameters in a five dimensional grid
that produce the best twenty synthesized data cubes (X?ed < 8.25) using a five-dimensional
grid in the low-resolution mode for L1521F.
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Table 4.13: Range of acceptable values for model parameters to reproduce NHs (1,1)
spectra of L1521F at low spatial resolution.

Parameter Range Best Fit
X, 1077 < Xp <1076 4.0 x 1077
3 05 < B < 2.0 1.0
Touw (K) unconstrained
Tin (K) 33T 58 8
rr (pc) re < 0.1 pe
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Figure 4.23: Observed (black) and synthesized (red) NHs (1,1) spectra of L1521F at low
spatial resolution. From top to bottom: The spectra at the core centre (top), 0.03 pc away
from the centre toward north (middle), and 0.06 pc away from the centre toward north
(bottom).
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Figure 4.24 shows the observed and synthesized spectra of the main hyperfine
component of NHj (2,2) emission toward L1521F. The synthesized spectra in this
figure are produced using the model parameters that yield the best match to the ob-
served NH3 (1,1) spectra of L1521F. It is evident that the main hyperfine component
of NH3 (2,2) is overproduced by a factor of ~ 2 — 3, toward both positions in L1521F.
Considering Codella et al. (1997) report very similar values for the main beam temper-
atures of the peaks of NH3 (1,1) and (2,2) emission spectra toward L1521F observed
with the GBT, it is highly unlikely that the discrepancy between simulated spectra
produced by MOLLIE and the observed spectra is due to any data calibration issues.
It is possible that a combination of model parameter values fit both NH3 (1,1) and
(2,2). This possibility will be investigated further in the future.
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Figure 4.24: Observed (black) and synthesized (red) NHs (2,2) spectra of L1521F at low
spatial resolution. From top to bottom: The spectra at the core centre (top), 0.03 pc away
from the centre toward north (bottom).
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4.5.2.2 High Resolution

NH; (1,1) Spectra

2D Grid: We produced 1,368 simulated data cubes of NHj (1,1) spectra to-
ward L1521F in the high spatial resolution mode assuming constant radial profiles
of X(NHj) and 7. The two-dimensional parameter space is described in Table 4.14.
A clear global minimum in x%, can be seen in 5.0 x 107® < X(NH;3) < 5.0 x 107°
and 5 K < T < 17 K. The best reproduction of the observed spectra corresponds to
X(NH;3) = 8.0 x 107% and T = 9 K with x2, of 1.40.

Table 4.14: The characteristics of the two-dimensional grid of values taken in by MOLLIE
for modelling of the combined (i.e., single-dish and interferometric) data of L1521F.

Parameter Range Step
Xo 10719 < X, < 10™® Each decade divided in five increments
Tin (K) 3 < T <40 1K
103
10*
10°
. 10%-
I(")
<
<

107+

10°®
10° - -
100N, Love vy Lovv oy Lo
10 20 30 40
T (K)

Figure 4.25: Plot of the distribution of X?ed values of synthesized spectra of L1521F pro-
duced by MOLLIE at high spatial resolution using a two-dimensional grid.

5D Grid: To define the five-dimensional grid for the modelling of NHj3 (1,1)

emission line toward L1521F at high spatial resolution, we focused our attention



145

to the same region in the five-dimensional parameter space that was described in
our relatively “fine” five-dimensional grid used for modelling of these data at low
resolution (see §4.5.2.1). The specifications of the grid are described in Table 4.15. In
this case, we produced 25,344 data cubes and reached a minimum x?2, of 1.27, which
corresponded to three simulated data cubes produced by X, = 2.0 x 1077, 8 = 0.5,
Tow = 14 K, 15 K, and 16 K, T}, = 8 K, and rr = 0.1 pc.

Table 4.15: Specifications of the five-dimensional grid for modelling L1521F at high reso-
lution.

Parameter Range Step
X5 6x107% < Xy < 6x107% Each decade divided in five increments
6] 00 < p <25 0.5
Tous (K) 9 < Ty < 20 1 K
T (K) 3< T < 10 1K
rr (pc) 0.01 < rp <10 1 dex

Figure 4.26 shows the x2, surfaces of the model parameters (taken two at a
time). In this case, the global minimum x?2, is located in a region constrained by
1077 < Xp S1075,05 < B <1.0,and 6 K < Th, < 9 K (see Figures 4.26a, 4.26¢, and
4.26f. The model parameters Ty, and rr appear to be less constrained, although 12
K < T, < 18 K and 71 = 0.1 pc are strongly favoured by the x2, test and produce
the best match to the observed data (see Figures 4.26b, 4.26d, 4.26e, 4.26g, 4.26h,
4.26i, 4.26j).

Figures 4.27 and 4.28 show normalized histograms of the values of the model
parameters that are more likely to produce relatively good matches to the observed
spectra. Xy = 2.0 x 1077, 8 = 1.0, T}, = 8 K, and 7r = 0.1 pc are most likely to
reproduce the observed NH3 (1,1) spectra at high resolution. Note that these are the
values that produce the simulated spectra corresponding to the minimum x?,, as well.
The most likely value of T, is 9 K, although Ty is not as well constrained. We
summarize the acceptable ranges and most likely values for each model parameter in
Table 4.16.

Figure 4.29 shows the observed and simulated spectra of NH3 (1,1) emission toward
three locations inside LL1521F. The intensity of most of the hyperfine components are

under-produced in all three locations, especially toward the location most offset from
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the centre (see Figure 4.29, bottom panel). The line widths are also lower in the

simulated spectra compared to that of the observed spectra toward the positions

offset from the centre (see Figure 4.29, bottom panel).
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Figure 4.26: Plot of the distribution of X?cd values of synthesized spectra of L1521F pro-
duced by MOLLIE at high resolution using a five-dimensional grid.



rr (pe)

rr (pc)

10.00

147

T

)’;
o—
o

w

S

L]

—
[Va}
~—

L

15 T3
1.00 ¢ E o 5]
il 6.0 E
0.10 . 9V
o 1 :
0.01 ‘ ‘ ‘ ‘ 3E ‘ ‘ ‘ ‘ E
0.0 0.5 1.0 1.5 2.0 2.5 10 12 14 16 18 20
B Tout (K)
10.00F T E| 10.00 F7) T i |
N0 ] ) ]
1.00 E 1.00 3
: 1o : ]
a o
r B ~— r 5
0.10F /ﬁ 1. 15—2p | 0.10F 4
L 3 ~y s o0 B L 60 N
OO/‘ L L L L L O O/‘ L L L /\ L L
10 12 14 16 18 20 3 4 5 6 7 8 9 10
Tout (K) T (K)

Figure 4.26: Continued.
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Figure 4.27: Normalized histograms of the model parameters in a five dimensional grid
that produce the best fifty synthesized data cubes (X?ed < 1.39) using a five-dimensional
grid in the high resolution mode for L1521F.
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Figure 4.28: Normalized histograms of the model parameters in a five dimensional grid
that produce the best twenty synthesized (X?ed < 1.33) data cubes using a five-dimensional
grid in the high resolution mode for L1521F.
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Table 4.16: Range of acceptable values for model parameters to reproduce NHs (1,1)
spectra of L1521F at high spatial resolution.

Parameter Range Best Fit
Xy 20x 1077 < X, < 2.0 x 107° 2.0 x 10°7
g 0SB S 15 1.0
Touw (K) unconstrained 9

T (K) 5 < T < 10 8 K
rr (pc) rp S 0.1 pe 0.1
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Figure 4.29: Observed (black) and synthesized (red) NHjz (1,1) spectra of L1521F at high
spatial resolution. From top to bottom: The spectra at the core centre (top), 0.017 pc away
from the centre toward north (middle), and 0.034 pc away from the centre toward north
(bottom).
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Figure 4.30 shows the observed and synthesized spectra of the main hyperfine
component of NHj (2,2) emission toward L1521F at high spatial resolution. Again,
the simulated spectra are produced using the model parameters that best reproduce
the NH3 (1,1) observed data at high spatial resolution toward L1521F (i.e., Xy = 2.0
x 1077, 3= 0.5, Ty = 15 K, T, = 8 K, and r7 = 0.1 pc). Although in both locations
toward L1521F, the simulated spectra are brighter compared to the observed spectra,
the difference between the two is not as sever as the discrepancy between the observed

and simulated spectra of NH3 (2,2) in low spatial resolution.
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Figure 4.30: Observed (black) and synthesized (red) NHjs (2,2) spectra of L1521F at high
spatial resolution. From top to bottom: The spectra at the core centre (top), 0.017 pc away
from the centre toward north (bottom)

Our results from modelling of NH3 (1,1) emission line toward L1521F using the
single-dish (GBT) and combined (GBT and JVLA) datasets strongly suggest that
the radial profile of X (NHj) is not constant throughout the core and indeed shows

a relatively strong enhancement toward the core centre. Although our analysis is
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not able to constrain the parameters that define the radial profile of T" as strongly,
non-flat temperature profiles with increasing temperatures toward the core edge are
certainly better at reproducing the observed NHj spectra toward L1521F'.

Figure 4.31 shows the X (NHj) and T radial profiles at low and high spatial reso-
lutions versus the core radius. Both profiles appear slightly more flat at high spatial
resolution compared to that of the low spatial resolution. This is likely due to lower
sensitivity of high resolution data compared to single-dish data. We note that the
model parameter values that produce the global minimum x?2, for NH3 (1,1) spectra
of L1521F at low resolution also reproduce the NH3 (1,1) spectra at high resolution
toward L1521F with relatively low x%, (= 1.34). Nonetheless, our analysis shows that
X (NHj3) and T are not constant throughout the core. NHj (1,1) spectra of L1521F
are matched best by an X (NHj) profile with an enhancement toward the centre and

temperature profile that increases toward the core edge.
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Figure 4.31: Radial profiles of X(NHj3) and T of L1521F at low (red) and high (blue)
spatial resolutions using the model parameters that produced the data cubes with globally
minimum X?od in the parameter space.

4.6 Comparison of L694-2 and L1521F

We have simulated the observed single-dish and interferometric data of the hyperfine
structure of the NH3 (1,1) emission line toward two dense cores, L694-2 and L1521F,
using the radiative transfer code MOLLIE. 1.694-2 is an isolated starless core, whereas
L1521F contains a protostellar VeLLO at its centre. The total column density profile
of L694-2 (Figures 4.3) shows a relatively wide inner flat region and central number

3

density of ~ 3.2 x 10° em™3. In comparison, L1521F shows a highly concentrated
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total column density profile (Figure 4.4) with a smaller inner flat region and higher
central number density (~ 1.2 x 10 cm™?).

The observed spectra of NHj (1,1) emission line toward L694-2 at both low and
high spatial resolutions are best reproduced by a relatively flat NH3 abundance profile
with a slight increase in the central abundance (X ~ 2.0 — 4.0 x 10~7) and a constant
temperature profile (~ 7 K — 8 K). Figure 4.17 shows the radial profiles of 7" and
X (NHj3) that best reproduce the observed NHj (1,1) spectra at low and high spatial
resolutions. Note that the physical models of a BE sphere and an isothermal cylinder
can both reproduce the shape of the density structure of L694-2 (Harvey et al. 2003a;
Harvey et al. 2003b). The BE model, however, fails to account for the amount of
extinction observed toward L694-2. Therefore, Harvey et al. (2003a) suggest that
a cylindrical model slightly tilted to the line of sight can reproduce the shape of
the L694-2 density structure, explain the discrepancy in the normalization of the
BE model, and describe the asymmetrical shape of L694-2 core. In this study, we
use a spherically symmetric BE density structure as an input to MOLLIE for the
radiative transfer modelling of L694-2. We note that inputing a cylindrical density
structure into MOLLIE can alter the shape of the best-fit temperature and molecular
abundance profiles. We will explore this option in a future study.

Observed NHj (1,1) spectra of L1521F are best reproduced by X (NHj) and T'
profiles that are not constant throughout the core. The preferred X (NHj) profile, at
both spatial resolutions, show an enhancement toward the centre. The central NHj
abundance of L1521F is ~ (2.0 — 4.0) x 1077, similar to that of L694-2, but falls off
to values ~ 107® at the core edge. The temperature profiles that best reproduce the
NH;3 (1,1) spectra at both low and high spatial resolution show colder temperatures
(5 K — 8 K) at the core centre and increase to warmer temperatures (~ 10 K — 11
K) toward the core edges (see Figure 4.31).

Increases in the central abundance of NHz (with constant NoH' abundance through-
out the core), have been observed toward other dense cores such as L1517B, L1498,
(Tafalla et al. 2002; Tafalla et al. 2004) and L1544 (Tafalla et al. 2002; Crapsi et al.
2007). This effect has also been reproduced in chemical models by Aikawa et al.
(2005). In the more diffuse regions of molecular clouds, CO is the major source of
NoH™ destruction due to proton transfer from NoH' to CO. The product of this
transfer, Ny, reacts with Hi to replenish the NyHT abundance. In the central regions
of dense cores, however, CO is likely less abundant as a result of molecular freeze-

out onto dust grains. In this case, NoH" recombines with an electron to form NH,
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which reacts with Hy and Hj to produce NH; (Aikawa et al. 2005). The increase in
central X (NHj) is suggested to occur if the density ratio n(CO)/n(e) falls below ~
10® (Aikawa et al. 2005). Enhancement in central X (NH;z) has been reproduced for
cores with central densities of ~ 3 x 10° (similar to that of L694-2 (present study),
L1517B, and L1498; Tafalla et al. 2002; Tafalla et al. 2004) and ~ 3 x 10° (similar
to that of L1521F (present study) and L1544; Crapsi et al. 2007).

Radiative transfer modelling of the combined single-dish and interferometric ob-
servations of NH3 (1,1) and (2,2) toward the evolved starless core L1544 suggests a
sharp decrease from 12 K to 5.5 K in the temperature profile of the core toward the
centre and an enhancement in the central NH; abundance with X, ~ 8.0 x 107°.
Figure 4.32 shows a comparison of the radial profiles of X (NH3) and 7" for L1544,
L694-2, and L1521F. Although the suggested central X (NHjz) of L1544 is lower than
that of L1521F (~ 4.0 x 1077), the temperature profiles and general shape of the
abundance profiles of the two cores are similar. L1521F is generally colder than L1544
except at the core edge and centre. Note that both L1521F and L1544 have high cen-
tral densities (~ 10% cm™3) and high CO depletion factors* (11.0 + 1.8 for L1521F
and 14.0 £ 2.2 for L1544; Crapsi et al. 2005a).

Of the two targets selected for this study, L1521F is the more evolved core and
is closer to L1544 in evolutionary stage than 1.694-2. Although previous studies by
Williams et al. 1999, Ohashi et al. 1999, and Crapsi et al. 2005a present evidence for
the presence of inward motions inside L1544, this core still appears to be starless in
Spitzer observations (Bourke et al. 2006). The comparison of our results with that
of Crapsi et al. (2007) suggest that internal structure of less evolved starless cores,
such as L.694-2, can be explained using relatively constant temperature and molecular
abundance profiles. As the core evolves and becomes more centrally concentrated,
however, the central regions of the core experience a decrease in temperature. The
combination of higher densities and lower temperatures could prompt the depletion
of CO molecules even further, leading to the enhancement of the NH3 abundance at
the centre. We emphasize that Crapsi et al. (2007) do not provide any information
on the uncertainties or the acceptable ranges for the model parameters, and therefore
it is difficult to compare our results with their findings any further.

Our findings regarding the low temperatures close to the centre of L1521F is in

agreement with the lack of detection in the emission lines of organic molecules, such

4CO depletion factor is defined as the ratio of CO canonical abundance (= 9.5 x 10~%; Frerking
et al. 1982) and the fractional CO abundance (X (CO) = N(CO)/N(Hsy)) derived from observations.
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as CH3OH and CH3CN, toward the protostellar object, L1521F-IRS, by Takakuwa
et al. (2011). CH3OH emission is generally detected toward Class 0 protostars (e.g.,
toward L1157 by Goldsmith et al. 1999 and toward NGC1333 IRAS 2A by Jgrgensen
et al. 2005). Hence, the lack of CH3OH emission toward L1521F-IRS implies that the
protostar is indeed young (less than 10° years) and its surrounding warm (~ 100 K)
region is smaller than 100 AU in size (Takakuwa et al. 2011). The recent detection
of a relatively small and poorly collimated outflow associated with L1521F-IRS by
Takahashi et al. (2013) also suggest that L1521F is less than ~ 10 years old and is
currently in a low accretion phase. Therefore, it is not surprising that L1521F-IRS
has yet to disrupt its surroundings drastically and that the surrounding dense gas

region is still experiencing a decreasing temperature profile toward the core centre.
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Figure 4.32: Comparison of the radial profiles of X (NHgs) (right) and T (left) for L1544
(from Crapsi et al. 2007), L694-2, and L1521F at high spatial resolution using the model
parameters that produced the data cubes with globally minimum X?ed in the parameter
space. The dashed line shows the core radii for L1521F and L694-2 at 0.08 pc.

4.7 Summary

In this chapter, we presented radiative transfer modelling of NH3 (1,1) emission to-
ward two dense cores, L694-2 and L1521F, using the radiative transfer code MOLLIE.
The results lead us to believe that relatively constant temperature (~ 7 K — 8K) and
NHj abundance (~ 2.0 — 4.0 x 1077) profiles can best describe the internal structure
of 1L694-2. The NHj (1,1) spectra toward L1521F, the more chemically evolved core
in our sample, however, are best matched by a temperature profile that shows colder
temperatures (~ 5 K — 8 K) at the centre and increases to warmer temperatures (~

10 K — 11 K) at the edge and an abundance profile that increases toward the centre
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(Xo ~ 2.0 — 4.0 x 1077). Comparisons of the temperature and abundance profiles
of L1521F and L.694-2 with those of L.L1544 (Crapsi et al. 2007) suggest that a sharp
decrease in temperature at the core centre and an enhancement of the central NHjz
abundance are more prevalent toward evolved cores and are coincident with the high
concentration of density in such environments.

Future radiative transfer modelling of emission lines from other molecular species
(e.g., NoHT) toward L694-2 and L1521F will give us a more complete picture of
the physical conditions of these cores. Our estimations of the model parameters
can also improve significantly by using radiative transfer models that are capable of
reproducing the lines in non-LTE conditions. Indeed, studying the molecular emission
of a larger sample of dense cores with various evolutionary stages is necessary to

improve our knowledge of the initial conditions of star formation.
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Chapter 5
Summary and Conclusions

This dissertation presents an extensive study of molecular emission line observations
of a sample of six isolated dense cores. Based on various molecular line and continuum
diagnostics, we have selected several cores believed to be near the stage of gravita-
tional collapse. These cores are either starless and on the brink of gravitational
collapse (L.694-2, 1429, L1517B, and L1689-SMM16; Crapsi et al. 2005a, Sadavoy
et al. 2010a), or contain a protostellar VeLLO and currently experiencing mass accre-
tion (L1521F and 1.1014; Crapsi et al. 2005a; Kauffmann et al. 2008). Due to their
isolation and proximity to the Sun, the internal physical conditions of these cores can
be probed relatively easily. Observations and analysis of molecular emission toward
this sample of cores provides an exciting opportunity to deepen our understanding of
the initial conditions of star formation.

In Chapters 2 and 3, we assumed that gas and dust temperatures are equal inside
each core and the hyperfine energy levels of the inversion doublets are populated
according to LTE conditions. We also assumed that for all observed transitions,
energy levels are populated uniformly along the line-of-sight (i.e., T, is constant
along the line-of-sight). The latter allowed us to solve the radiative transfer equation
analytically and determine the distributions of the (line-of-sight averaged) physical
parameters of the targets on the plane-of-the-sky. In Chapter 4, however, we used a
radiative transfer model to study the regions of interest in three dimensions and took
into account the variation in the physical parameters of the region along the-line-of-

sight. We summarize the results of this dissertation below.
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5.1 Single-dish Observations of Highly Concentrated

Dense Cores in NH; and NyH™ Line Emission

As nitrogen-based species, NHz and NoH™ are observed to remain abundant in envi-
ronments where other molecular tracers are observed to be depleted (e.g., CO, CS,
and HCO™). They can also trace well the physical characteristics of dense cores be-
cause their transitions can be excited collisionally at the low temperatures (7" < 10
K) and high densities (n ~ 10*% em™3) of such cores (Di Francesco et al. 2007).
Therefore, we observed dense cores L1521F, L1517B, L429, 1.694-2, and L1014 in
NH; (1,1) and (2,2) emission using the GBT. In addition, we used NRO to observe
all cores, except L1521F, in NoH™* (1—0) emission line. We outline the results of our

analysis below:

1. The integrated intensities of all observed emission lines toward L1521F, L1517B,
L694-2, and L1014 are roughly round-shaped and show single peaks (except for
NoH™ emission toward L1517B, which shows two maxima). For each core, the
morphologies of the integrated intensities match closely that of the correspond-
ing 250 pm continuum emission. The offsets between the continuum emission
maxima and the peaks of the integrated intensities are smaller than the beam
widths used to carry out the molecular line observations. Both continuum and
molecular line data of 1.429, however, show more complex structures compared
to other cores. A second peak toward the east is visible in both NHs and N,H*
emission lines toward L429. The structure of molecular emission integrated
intensities toward 1429 also follow the morphology of the corresponding con-
tinuum emission. The offsets between the locations of the maxima of line and
continuum emission, however, are larger than the corresponding beam widths

and more significant compared to other cores in our sample.

2. We used NHj (1,1) and (2,2) emission lines to calculate the (line-of-sight aver-
aged) gas kinetic temperature toward each core. The weighted mean of T is
in the range ~ 9 K — 10 K toward all cores in our sample. For each core, the
distribution of Tk on the plane-of-the-sky appears to decrease slightly toward

the corresponding core center.

3. The thermal velocity dispersions of all cores are ~ 0.06 km s~ — 0.07 km

s71. For each core, the corresponding distribution is either roughly constant
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throughout the core (L1521F and L1517B) or slightly decreases toward the
center (1429, 1.429-E, and L694-2).

4. The distributions of the non-thermal velocity dispersions are non-uniform across
the cores. 1429 shows the highest value of o7 (~ 0.16 km s7!) in our sample
and appears to be transonic. All of the other cores in our sample are subsonic
with L1517B showing the lowest value of oyr (~ 0.046 km s71).

5. The Hy column density distributions of all of the cores in our sample show
central concentrations. L1521F is the most centrally concentrated core in our
sample with the highest amount of Hy column density and is followed in de-
creasing order by L429, L1517B, and L694-2.

5.2 Physical and Chemical Characteristics of L1689-
SMM16, an Oscillating Prestellar Core in Ophi-

uchus

Due to lack of previous studies on molecular emission toward SMM16 and our access to
a significantly more extensive dataset of single-dish observations of molecular emission
lines toward this particular core, we dedicated a separate analysis to SMM16. In
addition to single-dish observations of SMM16 in NHj (1,1) and (2,2) and NoH™
(1—0) performed along other cores in our sample, we acquired Mopra data of NHyD
(19, — 151), NoH™ (1-0) (again), HCN (1-0), HNC (1-0), H3COT (1-0), and
HCO™ (1-0) emission lines toward SMM16. We describe the results of our analysis
on SMM16:

1. The morphologies of integrated intensity emission from nitrogen-based molecules,
NH;3 and NoH™, trace the structure of the 250 pum continuum emission very
closely. Due to the faintness of NHyD emission toward SMM16, it is difficult
to draw any conclusions regarding the correlation between the morphology of
NH,D emission and that of dust continuum. The integrated intensity of HCO™
(1—0), however, shows a significant offset from the continuum emission, whereas
the other carbon-bearing species, HCN (1—0), HNC (1-0), and H**CO™ (1-0),
show more similarities in the structures of their integrated intensities with that

of dust continuum emission.
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. The line-of-sight averaged distributions of fractional abundances of NHz, NoH™,
HCN, and HNC decrease toward the center of SMM16. We note, however, that
this trend appears to be steeper for the carbon-bearing species compared to the
nitrogen-based molecules. These observations leads us to believe that these two
groups of molecular species are tracing different layers of the core, i.e., NH3 and
NoH™ are more effective in tracing the inner regions, whereas HCN and HNC

can probe the outer parts more effectively.

. Unlike the observed NH3 and NoH™ toward SMM16 that do not show any signs
of asymmetries in their line profiles, HCN (1—0) and HNC (1—0) emission
clearly show red-skewed asymmetries in their line profiles. Furthermore, HCO™
(1—0) is observed to have a red-skewed double peaked profile implying that the
foreground layers of SMM16 are experiencing expanding (outward) motions. By
fitting the observed HCN (1—0) and HNC (1—0) emission lines using the HILL5

model, we estimated the expansion speed to be ~ 0.2 km s™' — 0.3 km s~

. We estimate a relatively high level of deuteration and X (NH3)/X (NoH™) toward
SMM16. These two findings both agree with values from other starless cores.
This, and the absence of a protostellar object associated with SMM16 in the
Spitzer and Herschel archival data, suggest that SMM16 is indeed starless.

. We determine the mass (~ 4.7 M) and outer radius (R ~ 0.065 pc) of SMM16
using 250 pm continuum data from Herschel-SPIRE. Performing Jeans and
virial analyses and comparing the physical structure of SMM16 to that of a BE
sphere suggest that SMM16 is a gravitationally bound, super-Jeans core and

appears to be unstable to collapse.

. The observed expanding motions in the foreground layers of a gravitationally
bound starless core, such as SMM16, might suggest that the core is undergoing
the breathing mode of oscillation. Indeed, various layers of the core could be

experiencing oscillatory motions in different modes.
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5.3 Radiative Transfer Modelling of NH3; Emission
toward L694-2 and L1521F

We selected two targets, L694-2 and L1521F, from our sample of six dense cores
and modelled their NH3 emission using the three-dimensional radiative transfer code
MOLLIE. In this analysis, we assumed that energy levels are populated according
to LTE conditions and dust and gas temperatures are equal throughout the core.
We outline the results of the radiative transfer modelling of the two cores and their

comparison here:

1. The starless core 1.694-2 is less evolved compared to L1521F and shows a signif-
icantly less concentrated density profile. A combination of relatively constant
X (NH3) profile with a slight increase toward the center (Xo ~ 2 — 4 x 1077
cm~3) and relatively flat temperature profile (~ 7 K — 8 K) best reproduce the
observed NHj3 spectra of L694-2 at both low and high spatial resolutions.

2. L1521F is the most highly concentrated core in our sample and contains a
protostellar VeLLO. Non-flat abundance and temperature profiles are best at
reproducing the observed NHj spectra toward L1521F, with the central abun-
dance ~ 2 — 4 x 1077 cm~? and rolling off to ~ 1078 cm ™ at the core edge and
the central temperature of ~ 5 K — 8 K increasing to 10 K — 11 K toward the
outer regions. The small size of the poorly collimated bipolar outflow associ-
ated with L1521F-IRS (Takahashi et al. 2013) and the absence of emission from
organic molecules toward the location of L1521F-IRS (Takakuwa et al. 2011)
imply that L1521F-IRS is an extremely young protostellar object that has not
yet disturbed the physical structure (i.e., molecular abundance and tempera-
ture) of its surrounding dense gas. This particular source provides a unique
opportunity to study the physical and chemical conditions of sites of low mass

star formation at the exact moment of gravitational collapse.

3. Previously, L1544 was the only highly concentrated core to have had its inter-
nal gas temperature modelled with a radiative transfer code (see Crapsi et al.
2007). Our work here has tripled the sample of such cores so modelled, allow-
ing new insight into similarities and differences of their internal characteristics
with evolution. The similarities between L1521F and L1544, an evolved starless

core in Taurus, in terms of their material density, CO depletion factor, NHj



162

abundance, and temperature profiles lead us to believe that during their evolu-
tion toward forming a protostellar object, cores become significantly centrally
concentrated, which causes their internal gas temperatures to drop at their cen-
ters. These changes can induce CO molecules to experience an even higher level
of depletion, which leads to an enhancement in the central abundance of NHj

molecules.

5.4 Future Work

The analysis presented in this dissertation can be extended in many directions.

In Chapters 2 and 3 of this dissertation, we assumed the excitation temperatures
of various layers of gas in each of the targets to be constant along the line-of-sight and
determined the distributions of the (line-of-sight averaged) physical parameters of the
targets on the plane-of-the-sky. This approach allow us to solve the radiative transfer
equation analytically and determine the physical parameters of the region efficiently.
This method has been used in the past to study regions with more complicated
geometries (e.g., clusters) and affected by environmental effects, such as outflows and
protostars. For isolated regions, one can use radiative transfer models to probe the
internal physical conditions more accurately and in three dimensions. The analysis
presented in Chapter 4 involves the study of the three-dimensional distributions of the
temperature and molecular abundance profiles using a radiative transfer model. It is
important to note that in this analysis we do not determine how the temperatures and
abundances vary with projected distance. A detailed comparison between the results
of these two methods is necessary to determine the advantages and disadvantages of
each one. Indeed, radiative transfer modelling of candidate oscillating cores, such as
SMM16, can be an effective way to study this short-lived and intriguing stage in the
evolution of dense cores.

The results of the modelling analysis presented in Chapter 4, specifically the
temperature profiles, can be refined further by simulating the continuum emission
at various wavelengths and comparing them to the observed spectra. One can use
this approach to improve the density profile, which is currently a fixed input to
the model, and the temperature profile iteratively. Furthermore, reproductions of
several observed lines from multiple molecular species is another method to refine the
estimations of the physical parameters of dense cores.

In this dissertation, we modelled NH3 spectra of L1521F and L694-2 assuming
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Local Thermodynamic Equilibrium (LTE) condition. Using radiative transfer models
that are capable of reproducing the molecular lines in non-LTE conditions can provide
more accurate estimations of the internal conditions of dense cores.

Finally, observations and radiative modelling of a larger sample of dense cores
spanning over a large range in the evolutionary track of dense cores and in multiple
molecular transitions is necessary to achieve a more complete picture of the physical
and chemical processes involved in the formation of a starless core and its progression

to forming a star.
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Appendix A

Additional Information

A.1 Calculation of Molecular Column Densities

The propagation of radiation with a specific intensity I, through a gaseous medium

is governed by
dl,

ds

In the case of a uniform medium with constant absorption coefficient («,) and emis-

=—a,l, +j, (A.1)

sion coefficient (j,) over the path length As, the solution to the above equation is

L(As) = 1,(0) exp (—aw As) + 22 (1 — exp (—a, As)). (A.2)
We consider the special case where both emission and absorption are due to a tran-
sition between two discrete levels in an atom or molecule. Assuming the emission is

isotropic, the emission coefficient per unit solid angle is given by

. thest

J, = . N, Aud(v), (A.3)

where ¢(v) is the relative probability of emission into a photon frequency v near the
line centre frequency v,.. and A, is the Einstein coefficient for spontaneous emission.

In this case, the total absorption coefficient is

(nlBlu — nuBul)gb(l/), (A4)
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where the first term is the contribution from the true absorption and the second term
is the correction for stimulated emission. In the above equation, B;, and B,; are
the Einstein coefficients for absorption and stimulated emission, respectively. From
Equations (A.3) and (A.4), we find

,jz/ - nuAul

Qy, B nlBlu - nuBul
. 2h'yfest/c2
 exp(Mpest/kTs) — 17

(A.5)

i.e., the blackbody function. To derive the above equation, we used the relations

between the Einstein coefficients
2hu3
A, = TOBM (A.6)

and
nglu = guBula (A7)

and the definition of excitation temperature (7,)

—AE
flu _ g—uexp ( uz) . (A.8)

The medium’s optical thickness 7, is defined by «, As and therefore is given by

hl/res
= LBy — nuBu)d(v)As (A.9)
02
= S d(V)Asny, Ay (exp(htyest/kTer) — 1) (A.10)

rest

Integrating over the frequency range, we find

2
/ rdy = — Asny Aw (exp(hvyest K Ton) — 1) | 6(v)dv (A.11)

2
71-Vv"est

Noting that
/gb(l/)dy =1, (A.12)
2

we find
/T,,dl/ = CiAs Ny A (exXp(htpest/kTer) — 1) (A.13)

2
71-Vrest
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Note that the column density of the species in the energy level of interest is given by
N, = n,As, (A.14)

where n, is the volume density of the species in the energy level of interest (in this

case the upper level) and As is the cloud thickness. Therefore,

2
. 87TVrest

1 1
N, = — L dv. Al
C2 Aul (exp(hfyrest/kTem) - 1) /T g ( 5>

Here, we consider the further special case of two rotational states of a molecule. The

fractional population of a given rotational state is given by

J exp(_EJ/kTrot)
Qrot (Trot) ’

where Qot(Trot) = Y. giexp(—E;/kT,,) is the rotational partition function of the

fr=1

(A.16)

1
species and rotational temperature, 7}, is the excitation temperature that describes
the level populations of rotational energy levels. The total column density of the
species is therefore given by

N, T E, /KT,
Ntot _ u Qrot( rot) eXp( u/k rot) ) (Al?)

Gu

Assuming that all molecular levels are populated according to the same excitation
temperature, T, the total column density of the molecule is given by (see e.g., Rohlfs
& Wilson 2004; Rosolowsky et al. 2008; Johnstone et al. 2010)

8mi, 1 1

Niot = —
tot C2 Aul Gu

In the above equation, h and kg are respectively the Planck and Boltzmann constants
in cgs units, Vpes(Hz) is the rest frequency of the emission line, A, (s7') is the
Einstein A coefficient for the observed transition, g, and E, (K) are respectively
the statistical weight and energy of the upper level for the rotational transition, and
Q(T.,) is the rotational partition function of the molecule. Assuming the observed
emission lines have Gaussian profiles, we can use Equation (2.3), Equation (2.5) and
Av = 2v/2In20, to determine the integral in Equation (A.18) (see e.g., Rosolowsky
et al. 2008; Johnstone et al. 2010)
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/T,,du =V2rTOo, ="V o orest Oy T = VT rest Av (A.19)
¢ 2vIn2 ¢

83 ™ 1 1 exp(Ey/Tro
Ntot — t \/7 _ QTOt (Trot> p( / t)

_— Av T. A.20
03 2 V 1112 Aul Ju eXp(thest/kB Te:c) -1 ( )

To calculate the column density of NHj, we used Equation (A.20) (Devine et al.
2011), where again T, is the rotational temperature that relates the populations in
the rotational levels NHj (1, 1) and (2, 2) to their energy difference AE. We calculated
T, using the method described in Rosolowsky et al. (2008). For the other observed
species, we used 1,.,; = T.,, where T,, is the excitation temperature of the observed
rotational transition. Therefore, in such cases Equation (A.20) is modified to the

following

8mt, V7T 1 1 O (T.) exp(E,/T,.)
03 2 V 1I12 Aul Gu “ eXp(thest/kB Tex) -1

Niot = Av . (A.21)

We used the partition function values for T,, < 50 K from the JPL spectral line
catalog for NHj (Pickett et al. 1998) and from the Cologne Database for Molecular
Spectroscopy (CDMS; Miiller et al. 2001) for the rest of the molecules in our sample.
For the linear molecules (NoH', HNC, HCN), we interpolated the partition function
values using a+7,,. NHj is a prolate symmetric top molecule and NH,D is a slightly
asymmetric top molecule. Therefore, in case of NH3 and NH,D, we interpolated the
partition function data points using o+ S7T.;° to derive the functional form of Q(7.,)
(Busquet et al. 2010; Blake et al. 1987). The partition function values presented in
the JPL catalog for NHj3 already include the para-to-ortho ratio. Also, the upper
level degeneracy (g, ) given in the JPL catalog accounts for both of the parity states
of the NH3 (1,1) emission line (Shanshan Yu and Brian Drouin 2013, private commu-
nication). Similar methods of calculating NH3 column density have been previously
employed by other authors, e.g., Purcell et al. (2009) and Devine et al. (2011). For
comparison, we also calculated N(NHj) toward SMM16 using the method described
in Friesen et al. (2009) and derived similar values. Furthermore, the partition function
values presented in the CDMS catalog for NHyD already include the para-to-ortho
ratio (Busquet et al. 2010; Holger S. P. Miiller 2013, private communication). Table

A1 lists best fit parameters for the partition function of each molecule along with



other parameters used in the calculation of the column densities.

Table Al: Parameters used in column density calculations.

168

Molecule Transition Ay (57Y g E. (K) Q(T)

NH,D ' Jgog =18, — 15, 782x10° 27 2068 44T+ 07715
HCN ! J=1-0 2.41 x 107° 4.25 1.13+ 1417,
HNC ! J=1-0 2.69 x 107° 3 4.35 0.38 + 0.467.,
N, H* 1 J=1-0 3.89 x 107° 27 4.47 3.41 +4.017.,
NH; 2 JK =11 168 x 107 6 2326 257+ 0.117%

Note. — References: (1) The data for Ay, g, and Q(Tes) are taken directly from CDMS (Miiller
et al. 2001; Miiller et al. 2005). The data for E, are from Splatalogue entries from CDMS. (2) In
case of NHj (1,1), the data for g, and Q(7T}t) are directly from JPL molecular spectroscopy catalog
(Pickett et al. 1998), and the data for A,; and E,, are from Splatalogue entries from JPL molecular

spectroscopy catalog.
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