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Stars are commonly formed in clusters in dense regions of interstellar medium
called molecular clouds. In this thesis, we improve our understanding of the physics
of star formation through multiple experiments involving interferometry. We use
CARMA observations of filaments in Serpens and Perseus molecular clouds to study
their morphology and kinematics using dense gas tracers. The observations are com-
pared against predictions from simulations to explain how filaments form and evolve
to form stars. Ammonia inversion transitions data is obtained from VLA observa-
tions of the NGC 1333 molecular cloud. From this data, we derive temperature,
structural and kinematic information about the gas participating in star formation
on scales from 2 parsec to 0.01 parsec, thereby connecting the large scale gas and
dust structure to individual protostellar envelopes.

These observations from ground-based arrays are complemented by the de-
velopment of the Balloon Experimental Twin Telescope for Infra-red Interferome-

try (BETTII). This pioneering instrument performs Michelson interferometry along



with Fourier Transform Spectroscopy, thereby providing sub-arcsecond angular reso-
lution and spectroscopic capabilities at far-infrared wavelengths 30 — 100 pm. Using
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coming flights. We discuss how the optical system mitigates the challenges of phase
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of BETTII observations are carried out to investigate how well these observations

can constrain the defining parameters of protostars.
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Chapter 1

Introduction

Stars are commonly formed in dense regions of interstellar medium called
molecular clouds. The clouds typically have masses in the range 10* — 10° times
the solar mass (Mg) and sizes ranging from 10s to 100s of light years [1]. The
low temperatures (10 — 20 K) and high densities (n = 10*> — 10° cm™?) of these
clouds containing molecular Hydrogen provide the ideal conditions in which stars
can form [2]. The molecular clouds are considered to have a hierarchical structure
with stellar clusters forming out of clumpy and filament-like gas distributions, and
individual stars (or binaries or small multiple systems) within the cluster forming
from gravitationally bound cores [3, 4]. In terms of the physical processes involved,
there is a competition between self-gravity trying to collapse a part of the molecular
cloud and various pressure forces like thermal pressure, turbulence and magnetic
fields supporting it from collapsing [5, 6]. The relative importance of each of the
these forces is debatable. Eventually, often triggered by shocks, the balance between
the forces is disturbed and gravitational collapse begins giving birth to a protostar.

Over the subsequent period in its evolution (~ 100,000 years), the protostar
rapidly accumulates material from a surrounding envelope of rotating gas and dust.

This leads to the formation of an accretion disk through which matter is channeled



+«— 1e5 AU (1.6 light years or 0.5 parsec)

Figure 1.1: Herschel image of a molecular cloud about 450 light years away in the
constellation Taurus. The image shows the presence of filament like structures in
the molecular cloud. (Image credit: ESA)

onto the protostar. Coinciding with this accretion, to conserve angular momentum,
there is a steady outflow of material from the poles of the protostar driven by dense
collimated jets [7]. Gradually the circumstellar envelope disperses, and the protostar
enters its next evolutionary stage — a pre-main sequence (PMS) star. As the density
of the central part of the PMS star increases, its temperature rises to millions of
Kelvin. About 50 million years from the commencement of gravitational collapse,
the temperature reaches the fusion temperature of Hydrogen, which gets converted

to Helium, and the star enters the main-sequence.

1.1 Molecular Clouds

Molecular clouds contain most of the molecular Hydrogen gas within galaxies.
They are dense condensations in the more widely distributed interstellar medium
(comprised mainly of atomic gas). There are over 1000 identified clouds in the Milky

Way [8]. Of these, the local molecular clouds located within a distance of 500 pc like
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Figure 1.2: Model of a protostar showing its structure consisting of a circumstellar
disk, an envelope and bipolar outflows. Image from Greene (2001) [2].

Orion, Taurus, Perseus, Serpens, Rho-Ophiucus and Lupus are of particular interest
in the study of star formation. They are present in a ring in the neighborhood of
the Sun and coincide with the Gould Belt, which is an area rich in star formation.

The typical age of the molecular clouds is 10 million years. Structures within
these clouds are transient in the context of astronomical timescales [9]. They are
formed by large scale gravitational instabilities in the Galactic gas layer due to
spiral shocks, swing-amplified spiral arms, expanding shells and other dynamical
structures that form by turbulence [10]. The cloud formation may be aided by col-
lisions and coalescence of smaller clouds [11]. When the column densities of the
accumulated material are high enough, the atomic gas gets shielded from the far
ultraviolet photons, and Hydrogen atoms can combine to form molecules without
getting dissociated. In addition to molecular Hydrogen, the clouds also contain He-

lium (0.1 by mole fraction), dust (1% by mass), CO (~ 10~* by mole fraction) and



traces of many other molecules. The relative abundances of various molecules indi-
cate that they are not in chemical equilibrium. The observed abundances resemble

predictions at an early stage of chemical processing [12].

1.1.1 Spectral lines as probes

Although H, is the main component of these clouds, CO, the next most abun-
dant molecule is widely used as a probe to study the molecular clouds [13] because
CO molecules have a permanent dipole moment, unlike Hy. Simple linear molecules
like CO have quantized rotational energy levels (denoted by the total angular mo-
mentum quantum number ‘J’). For linear molecules, the rotational energy at level
J is given by

h2
—J(J+1) (1.1)

rot — Sr2]

where h is the Planck’s constant and [ is the moment of inertia of the molecule
about an axis perpendicular to the line joining the nuclei and passing through the
center of mass of the molecule. Transitions between these energy levels can be
associated with photon emission or absorption. Quantum-mechanical selection rules
for photons require AJ = +1. For CO, the frequency of this spectral line emission
is in multiples of 115 GHz which can be observed using mm-wavelength telescopes.

A limitation with some of the molecular transition emissions is related to their
absorption by the cloud. Depending on the abundance of a certain molecular species,
the emission from the interior of the cloud may get absorbed by the regions closer to

us in the line of sight, thereby reducing the observed emission. The optical depth 7



is a measure of this absorption, and it indicates whether the emission being observed
corresponds to the entire cloud (optically thin: 7 < 1), or just the outer layers of
the cloud closest to the observer (optically thick: 7 2> 1). If observations with a
certain molecular transition are not optically thin, less abundant isotopologues of
the same molecule can be used to probe the cloud. For example, 1¥CO and C!%0
are often observed instead of CO to account for optical depth.

The emission also depends on the gas temperature and density. Molecules can
be excited into higher states by collisions in the gas and by ambient radiation. In
optically thin media where the photon escape probabilities are higher, the ambient
radiation is not as important as collisions in exciting the molecules. A minimum
temperature (~ FE,,/k where k is the Boltzmann constant) is required to excite
the molecules to a level having energy FE,,,. After getting excited to higher energy
states, the molecules transition back to the lower energy states via emission or
collisions downward. Thus based on Equation 1.1, higher temperatures are required
to populate the higher J levels and to have any detectable emission due to downward
transitions from these levels.

In addition to this minimum temperature requirement, there is also a minimum
density requirement at which the upper level of a transition begins to get significantly
populated. As a simple approximation, a level becomes significantly populated
when the rate of upward collisional transitions is equal to the rate of radiative
transitions downward. In the optically thin limit, this critical density can be defined
as Ay /v [14]. Ay is the Einstein A coefficient in s™' which gives the rate of

spontaneous emission, and 7, is the collision rate coefficient in cm? s=! for the



downward transition at a given temperature. For CO J=1-0 transition, the critical
density is 1400 ecm™3 at 25 K, and so this transition is a good probe for gas at
comparable densities [15]. Of the two factors on which the critical density depends,
Ay is proportional to the cube of the transition frequency and to the square of the
dipole moment of the molecule, while v, has a weak dependence on temperature.
Based on the frequency dependence of A,;, high frequency transitions (corresponding
to higher energy levels or molecules with lower values of moments of inertia) have
significantly higher values of critical density. It is important to note that this critical
density value is only an approximation, and at higher optical depths where radiative
trapping becomes important, it can lower the effective critical density. On the
other hand, for transitions at low frequencies (< 50 GHz), stimulated emission is
important, and this results in a higher effective critical density.

The molecular clouds are not uniformly dense over their characteristic sizes
of ~ 50 pc. The gas is distributed into denser regions, such as clumps or fila-
ments (typical size scales of about 0.2 pc), which can have 1000 times the density
of the remaining cloud [17]. To probe the denser regions, we need to choose molec-
ular transitions that have a higher critical density. Molecules that have a higher
dipole moment have a greater A,; value and consequently a greater critical density.
Molecules such as CS, NoHT, HCO™, HNC and HCN progressively probe higher
density regions from 10* cm™3 to 10° cm ™2 for transitions in the 3 mm wavelength
range [18].

The molecules discussed so far are all linear molecules and so their rotational

energy levels are defined by a single quantum number. Nonlinear symmetric-top
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Figure 1.3: Left: The CO molecule rotational energy levels below 100 K. The CO
molecule is linear and has a single quantum number J to describe the energy lev-
els. Spectral lines are associated with AJ = =+1 transitions between these levels.
The frequencies corresponding to these transitions are indicated. Right: The NHj
molecule rotational energy levels below 100 K. Due to its pyramidal structure, it
requires two quantum numbers J and K to define its energy levels. Additionally the
K # 0 rotational levels are further split into two inversion levels (+ and —). The
notation used alongside the levels is Jlj?. Of the transitions indicated in the image,
the inversion transitions for (J,K) = (1,1) and for (2,2) are important to probe the
kinetic temperature of the gas. Images adapted from Mangum & Shirley (2015) [16]



molecules require an additional angular momentum quantum number K to define
their energy states. Relative intensities of the various possible transitions of such
molecules are good probes of the kinetic temperature of the emitting medium [19].
CH3CN and NHj are examples of symmetric-top molecules. The NH3 molecule has
a further peculiarity due to its pyramidal structure in which the N atom can tunnel
through the plane formed by the 3 H atoms. This results in inversion splitting of
each (J,K) rotational level for K>1 (see Figure 1.1.1). Transitions between these
split levels for different (J,K) energy levels all occur at similar frequencies near
24 GHz. So they trace similar densities, but since the relative populations of the
different (J,K) states are primarily determined by collisions, we can determine the
gas temperature using the population ratios. In NHj, the lower-most J level in each
K-ladder, i.e. the J=K states, are most populated due to radiative de-excitation.
With respect to the (1,1) level, the (2,2) (3,3,) and (4,4) energy levels are 41 K, 100
K and 176 K higher in terms of E/k. Since the level population of the bottom level
of each K-ladder [(2,2), (3,3), (4,4), etc| is determined primarily by collisions, and
hence approximately gas temperature, these lines are useful for different temperature
ranges. For gas temperatures comparable to, or down to factor of 3-4 less than the
level energy, a specific inversion transition is a good probe of the temperature. For
example, the (1,1) and (2,2) line is good for gas temperatures in the range of 8-50 K.
For higher temperatures, a range of 60-200 K, the (4,4) line is a good probe of the
temperature. The (4,4) line is not a practical probe of temperatures in the range of
8-50 K simply because the level populations are too low to be observable. In this

discussion, we have skipped the (3,3) level because it is the ortho species (K = 3n



where n is a non-negative integer), not the para species, and comparison between

species add the complication of the para to ortho abundance ratios.

1.1.2 Filaments in Molecular Clouds

Molecular clouds are generally turbulent, showing supersonic line widths and
complex magnetic fields which play crucial roles in the cloud dynamics. Supersonic
turbulence can result in the creation of over-dense flattened structures [3]. Driven
by turbulence over a wide range of scales, the clouds fragment into a network of
denser material. Some parts of the network achieve high enough mass per unit
length to become strongly self-gravitating. They contract into narrower filaments
and accrete material from the surrounding flattened structure. Herschel far infrared
images have demonstrated the prevalence of filamentary structure over a very wide
range of scales and trace those structures into areas of active star formation [20, 21].
Numerical hydrodynamic and MHD simulations of molecular clouds also point to
the importance of planar and filamentary structures which are created by collisions
of turbulent cells within the cloud [22, 23].

The filaments form the bridge between molecular clouds and protostars. It
is suggested that as these filaments become more massive, they fragment due to
gravitational instability leading to the formation of protostellar cores [24]. Although
it is inconclusive whether this scenario gives the complete picture, there is no doubt
that filaments play an important role in the birth of protostars. The morphologies

and kinematics of these filaments hold the key to many answers related to star



formation processes. In Chapters 2 and 3 of this thesis, we use dense gas observations
of filaments to investigate their formation in the molecular clouds and their role in

star formation.

1.2 Star Formation

The prestellar cores in the dense regions of the molecular clouds undergo grav-
itational collapse to form protostars. Until the star enters the main sequence, they
are called young stellar objects (YSOs). As the YSOs accumulate mass from the en-
velope of gas around it through an accretion disk, the central core and disk heats up
by the accretion shocks at their surface to temperatures above 2500 K [25] and emit
like a blackbody. This emission typically peaks in the optical wavelengths but they
get absorbed by the dust grains surrounding the core. The dust, which is mostly
composed of sub-micron graphite and silicate grains, then re-radiates at higher far
infrared (FIR) wavelengths which is observable (Figure 1.2). This results in infrared
emission from the dust accounting for ~ 30% of the total observed luminosity of our
galaxy [26], even though the dust to gas ratio is only 1:100 by mass.

Over the course of its evolution, the protostar gradually loses the envelope as
the opening angle of the bipolar outflow cavity increases, clearing away the gas [28].
The inner disk progressively becomes visible, and accordingly the spectral energy
distribution (SED) of the YSOs evolve. The spectral index («) of the SEDs in the
2 — 20 um wavelength range is used to classify the evolutionary state of YSOs in

the following sequence: Class 0, Class I, Flat Spectrum, Class II and Class 11T [29]
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Figure 1.4: Simulation results from Whitney et al. (2003) [27] showing Spectral
Energy Distributions (SEDs) from a Class 0 YSO viewed at different angles of
inclination (dark green: edge-on; pink: pole-on). The dotted line shows the typical
blackbody spectrum of the central source, which is absorbed by the dust in the
envelope and re-radiated at higher wavelengths to produce the resulting SEDs.

(having monotonically decreasing values of «). Class 0 and Class I YSOs have a
positive value of «, while Class II and III sources have a negative value of a. The
term protostar typically refers to Class 0/T YSOs.

There is another important property of the YSOs that affect their evolution
~they typically form in clusters. Approximately 60% of all stars are thought to
form in embedded, young stellar clusters with 100 or more stars [30]. There are
two factors associated with this clustering. First, the cores tend to form close to
one another within dense regions of molecular clouds, at median distance of 0.07 pc
[31]. Second, in many cases, the cores divide to form binary/multiple protostellar
sources. Approximately 65% of all protostars exist in binary /multiple systems that

share a single envelope [32].
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In the context of clusters, it is important to understand the timescale and
source of the material being accreted onto the stars, because that determines the
predominant physical processes and the star formation rate. Currently multiple
theories exist attempting to explain this: Core Accretion, Competitive Accretion
and Collisional Mergers [33, 34]. To understand which of the three models is most
accurate, there is a requirement for resolving the emissions from these young stellar
objects (YSOs) to account for the mass distribution at different stages of evolution.
The transition from disk to envelope occurs somewhere in between 10s of AU to
1000s of AU from the protostellar core. ALMA, with its unprecedented resolution
and sensitivity will improve our understanding of these regions. However, average
temperatures in these regions, ranging from 50 — 150 K [35, 36], result in consider-
able amounts of FIR emission from the dust. Thus ALMA can trace only part of
the Rayleigh-Jeans tail of the dust emission. To better constrain the protostellar
physical parameters and the accretion models, we need high resolution FIR obser-
vations. Since the atmospheric transmittance at these wavelengths is low, there is
a growing requirement for space-based FIR interferometry. Development of a pre-
cursor balloon experiment for spatio-spectral interferometry is studied in this thesis

from Chapters 4 to 7.

1.3 Long-baseline Interferometry

The angular resolution of single dish telescopes is limited by their diameters.

For a circular aperture of diameter D, at any wavelength A, the smallest resolvable
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Figure 1.5: Point Spread Functions corresponding to a single dish telescope (top)
and two apertures (bottom) showing the angular resolution limit in the two cases.

angular distance is proportional to A/D based on the Airy diffraction pattern. A
single dish radio telescope of 100 m diameter like the Green Bank Telescope pro-
vides a resolution of 7500 AU for typical molecular cloud distances of 300 pc, at
a wavelength of 1 cm. At FIR wavelengths, space-based single aperture telescopes
like Herschel with an aperture diameter of 3.5 m provided comparable resolution
at 350 um. In the study of star formation, imaging at higher resolution from the
optical to radio wavelengths is of utmost importance to probe the environment near
protostellar sources and constrain the masses participating in the star formation
process. Since it is not feasible to make extremely large apertures (of sizes 10 times
or more compared to the largest existing facilities), an alternative approach based
on interferometry is used to obtain high resolution images.

In the context of astronomy, interferometry involves collecting light from mul-

tiple apertures and combining them, thereby measuring the interference pattern
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produced by pairs of apertures. The line joining a pair of apertures is called a
baseline vector B , which is generally normalized by the wavelength and defined in
a coordinate system (u,v) based on the four cardinal points on the earth’s surface.
Mathematically, B/A = (u,v). Observations are carried out at multiple baselines.
The maximum baseline B sets the angular resolution, and is given by A/2B (Figure
1.3.1). The observation output at each baseline is called visibility. It is the Fourier
transform of the spatial distribution T'(z,y) of the brightness of the observed ob-
ject in the sky plane angular coordinates (x,y) (also defined based on the Earth’s

cardinal points). The visibility V is given by

V(u,v) ://T(q:,y)e%i(”’””y)d:cdy (1.2)

This is called the van Cittert-Zernike theorem. The measured visibility has an
amplitude and a phase, which depends on the source brightness and the difference
in the optical path length from the source to the pair of apertures. The phase gives
information about the source location, while the amplitude tells us how much flux
is present at a particular frequency. In principle, an inverse Fourier transform of the
visibilities can reproduce the sky map. However, in most interferometers, the base-
lines only sample a small part of the entire (u,v) plane. Thus a weighting function
is required along with the visibility function to obtain the high resolution sky map.
Even then, non-uniform u-v coverage presents various challenges in reproducing the
image plane and involve ‘aperture synthesis’. Even though the angular resolution of

an interferometer is of the same order as that of a single aperture of diameter equal
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to the largest baseline, the sensitivity is determined by the size of the collectors.
So interferometers are significantly less sensitive than single apertures providing the
same angular resolution.

Interferometers were first used in astronomy to obtain angular diameters of
sources. The spacing between the two apertures in a Michelson interferometer was
increased and visibility amplitudes (fringe visibility) recorded until a minima was
obtained, from which the angular diameter was derived [37, 38]. With improve-
ments in technology, it became possible to measure both amplitude and phase of
the visibilities [39]. The number of apertures was increased and tracking antennas
were developed which increased the (u,v) plane coverage (as in the Cambridge One
Mile Telescope [40]). Spectral line capabilities were introduced in the Owens Valley
Radio Observatory (OVRO) in the 1960s [41]. The distance between apertures was
increased from 100s of meters to a few kilometers (for example, in the former Green
Bank Interferometer and the Very Large Array [42]) and eventually to hundreds of
kilometers with the advent of very-long-baseline interferometry (VLBI) [43]. The
combination of electromagnetic signals is more challenging in VLBI and requires
recording the signal with extremely precise atomic clocks. The Very Long Baseline
Array (VLBA) [44] which uses this technique has a maximum baseline of 8611 km.
The upcoming Square Kilometer Array (SKA) [45] which also has baselines of 3000
km, will have the added advantage of high sensitivity with its total collecting area
of approximately one square kilometer.

Gradually the techniques were extended to mm and sub-mm wavelengths in

the 1980s and 1990s. This led to development of arrays like SMA [46], CARMA
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[47] and more recently ALMA [48]. Simultaneously, advancements were made in the
near infra-red (NIR) and optical wavelengths, which require more precise optics to
maintain the phase information at these smaller wavelengths. The closure phases
and bispectrum are more useful observables for obtaining the phase and amplitude
information at NIR/optical wavelengths[49]. The CHARA array [50], NPOI[51]
VLTI [52] and the under-development MROI [53] are all cutting edge in the field of
interferometry between 480 nm and 2.5 um. Some of these facilities use variants of
interferometric techniques such as nulling interferometry and speckle interferometry
[54]. Now, NIR interferometry is set to be used in space in the form of non-redundant

aperture masking interferometry on JWST [55].

1.3.1 Ground-based Interferometry: Radio Telescope Arrays

Most radio arrays contain many telescopes/antennas ranging from 8 for SMA
to 66 for ALMA. Sometimes, they have dishes of different diameters, for better
sensitivity on all scales. A set of N antennas results in VCy or N(N —1)/2 baselines.
On top of this, the tracking of the sources as the earth rotates, results in elliptical
arcs of baseline coverage in the (u,v) plane (see Figure 1.3). The arrays typically
have some fixed configurations in which they are used. They are moved around from
time to time to change configurations. The different configurations give different
ranges of spatial sensitivity and resolution.

The incoming radiation that is collected using each antenna is measured by

sensitive cryocooled receivers within its passband. The signals are mixed with a
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local oscillator (LO) signal to convert to a lower frequency called the intermediate
frequency (IF). This allows amplification and digitization of the signal, before it is
transferred to the correlators (which could be located a large distance away). The
signals from the various pairs of antennas are combined in the correlators, thereby
producing the visibility amplitude and phase information [56]. In case of spectral
line observations, the passband of each receiver is divided into a number of channels
at the IF stage. For each channel, a separate correlator combines the signals from
the antenna pairs. This entire process is called heterodyne beam combination.
Calibration of the visibility measurements is very important in radio inter-
ferometry. The three main types of calibration are bandpass calibration, phase
calibration and amplitude calibration. Bandpass calibration corrects for variations
in the receiving system gain with frequency across the observing band. This is done
by observing a strong source with a known spectrum not having any spectral lines
at the beginning of each observing track. (Each track typically lasts a few hours.)
Phase calibration is done to compensate for the temporal variations of the phase of
the correlated signal on different baselines. The variations arise due to fluctuations
in the water vapor content of the atmosphere. Phase calibration involves observing
a strong source with a known spectrum and at a small angular distance from the
science target. This observation is carried out at regular intervals (about every 15
minutes) in an observing track. Finally, amplitude calibration involves observing a
source with a known flux once in an observing track to compensate for atmospheric
opacity. For a single pointing of an interferometric array, the field of view depends
on the diameter D of a single telescope and is proportional to A/D. Sources more
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Figure 1.6: u-v plane coverages and their corresponding ‘dirty beams’ (inverse
Fourier transforms of the respective u-v plane coverages). The dirty beams rep-
resent the effective PSF. The PSF improves with observations at greater number of
baselines. This can be done by using an array of apertures and/or with the help of
earth’s rotation. Images adapted from presentation by Andrea Isella (2011).

extended than the field of view can be observed using multiple pointing centers
forming a mosaic.

The next step where the visibilities are converted to an image involves aperture
synthesis [57]. The van Cittert-Zernike theorem multiplied with the afore-mentioned
weighting function W (u,v) can be inverse Fourier transformed to get the image

I'(x,y). W(u,v) is 0 where the (u,v) plane is not sampled, and 1 or a fraction

18



where sampled depending on the weighting scheme (uniform, natural, robust etc.).

I'(z,y) ://V(u, V)W (u, v)e 2 M) dady (1.3)

The image thus obtained is called the ‘dirty image’. The inverse Fourier transform
of the weighting function gives the ‘dirty beam’ B(x,y) (also called the synthesized

beam).

B(z,y) —//W(u,v)e‘2m(“’”+”y)dxdy (1.4)

The dirty beam represents the point spread function (PSF) of an interferometric
observation. The dirty beam and image are so called because they contain negative
sidelobes caused by the gaps in the u-v coverage. The dirty image is the convolution
of the true image of the sky with the dirty beam, which needs to be deconvolved to

produce the ‘clean image’ I(z,y).
I'(x,y) = B(x,y) ® I(z,y) (1.5)

For this purpose, the dirty beam is fit to a 2D Gaussian function to obtain a ‘clean
beam’ not having the negative sidelobes. After this, different techniques are used
to carry out the deconvolution. Omne of the famous techniques, ‘CLEAN’ is an
iterative point source subtraction algorithm [58], while there are other techniques like
Maximum Entropy Method (MEM) that involve model fitting until a defined entropy
term is maximized [59]. Dedicated softwares have been developed to handle visibility

data and carry out the calibration, image synthesis, deconvolution and data analysis.
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MIRIAD (Multichannel Image Reconstruction, Image Analysis and Display) and
CASA (Common Astronomy Software Applications) are two such popularly used
softwares that have been used in this thesis.

In this thesis, we use radio array data in Chapters 2 and 3 from CARMA
and VLA respectively. With CARMA, we map selected filaments in the molecular
clouds using rotational level transitions of optically thin dense gas tracers. With
the VLA, we observe inversion transitions of NHs to map the NGC 1333 molecular
cloud. Both sets of data involve non-trivial image reconstruction techniques. We
will see in Chapter 3 that even the standard cleaning process cannot always get
rid of the negative sidelobes, and requires u-v coverage near the zero spacings. So
we develop a method to combine single dish images with interferometric data. The
spectral channel data not only maps the dense gas distribution, but also provides

kinematic information for the mapped regions.

1.3.2 Air-borne Interferometry: Balloon T'win Telescope

Far-infrared (FIR) astronomy is crucial for the study of star forming regions
[60]. Ground-based observations are not possible at wavelengths between 15 — 300
um because the Earth’s atmosphere is effectively opaque at these wavelengths. By
operating above most or all of the Earth’s atmosphere, facilities such as Spitzer,
Herschel, and SOFIA [61] have opened new paths of discovery in the infrared. How-
ever, all of these facilities have been limited in spatial resolution by their aperture

size. The next big step towards higher resolution astronomy in the FIR wavelengths
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is the development of a space-based interferometer [62, 63]. To provide high angular
resolution in the FIR, interferometric missions such as SPIRIT [64], SPECS [65] and
FIRI [66] have been studied, and a new concept (SHARP-IR [67]) is currently being
explored.

At FIR wavelengths, the challenges are different from those at higher wave-
lengths. Heterodyne detection as is carried out in radio interferometry has basic
limitations on sensitivity at lower wavelengths due to electronics. So the electro-
magnetic fields must be propagated by sensitive optics and interfered optically in
the pupil-plane or the image-plane [68]. Image-plane combination (Fizeau interfer-
ometry) involves multiplexing in the spatial domain and is thus limited in how many
fringes can be observed by the detector array. Thus to get even a modest spectral
resolution large focal plane arrays with many pixels are required, which do not yet
exist for the FIR wavelengths. This means that only pupil-plane combination of
light is feasible at the moment. Combining light beams optically has a limitation
on the number of apertures (and thereby baselines) that can be used. Standard
aperture synthesis techniques are not applicable for poor baseline coverage and it-
erative model fitting is required to derive the image plane data. Additionally, since
the light must be kept coherent within a fraction of a wavelength over long optical
paths, it requires very precise optics.

BETTII (Balloon Experimental Twin Telescope for Infrared Interferometry)
[69] and FITE (Far-Infrared Interferometric Telescope Experiment) [70] are the pi-
oneering experiments being developed to demonstrate long-baseline interferometry

above the earth’s atmosphere. Both these instruments have two apertures and the
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limited number of baselines that they cover is due to earth’s rotation. Typically
these payloads are flown for less than 24 hours on high altitude balloons, although
their power systems and cryogenic systems may be upgraded to fly longer (~ 40
days) in circumpolar orbits. Such an instrument also requires a very accurate point-
ing system, which is challenging for a payload suspended from a balloon [71].

The development of BETTII and its optical system is a chief component of this
thesis. BETTII does Fourier Transform Spectroscopy in addition to long-baseline
interferometry to perform spatially resolved spectroscopy in star forming regions.
In Chapters 4 and 5, we discuss the development of BETTII, its current status and
how its optical system is designed to maintain the wavefronts from the two arms
until combination. We discuss the detailed procedure for optics alignment for such
an interferometer in Chapter 6. Finally, in Chapter 7, we carry out simulations
to model the BETTII observations, and understand its sensitivity to protostellar

systems.
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Chapter 2

Morphology and Kinematics of
Molecular Cloud Filaments

2.1 Introduction

The presence of filaments in molecular clouds has been well known for many
decades [72, 73, 74, 75]. Far infrared continuum images taken by Herschel demon-
strated the prevalence of filamentary structure over a wide range of scales [76, 77].
There is growing observational evidence that filaments play a fundamental role in
the star formation process by setting the initial conditions for core formation and
fragmentation, and defining the morphology of the material available for accretion
[78, 79, 80, 81, 82, 83]. Some cores within filaments evolve to harbor YSOs, the
properties of which depend on the filament physical characteristics [84, 85].

Filaments are also commonly present in numerical simulations of turbulent
molecular gas [22, 86, 87, 88, 89, 90, 91]. These filaments form at the interface
of converging flows in regions of supersonic turbulence. However the impacts of
self-gravity [92], turbulence [93] and magnetic fields [94] on filament formation and
structure are still under study. Filament morphologies, their widths, densities, ori-

entations with each other and with respect to local magnetic fields, can provide
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important insights into the filament formation process. For example, the system-
atics of filament width could be related to the sonic scale of turbulence [95], ion-
neutral friction [96], or the presence of magnetic fields [97]. Maps using molecular
tracers with high angular resolution and/or high spectral resolution resolved some
filamentary structures further to multiple filaments [98, 99], which are also found in
simulations [92, 94, 100, 101].

The kinematics of filaments [102, 103] can be useful indicators of the evolu-
tionary processes involved in star formation. For example, velocity gradients along
filaments have been postulated either as mass infalls towards the clumps [104],
as projections of large-scale turbulence [105], or as convergence of multiple flows
[106, 107]. On the other hand, a velocity gradient perpendicular to the major axis
has been postulated as effects of filament rotation [108], or infall due to self-gravity
of gas compressed into a planar structures by supersonic turbulence [90, 100]. Su-
personic velocity dispersions are expected in the case of gravitationally accelerated
infalling material which enter the filaments through shocks at the boundaries [89].

This chapter presents high angular resolution maps of dense gas filaments
in three active star formation regions —Serpens Main, Serpens South, and NGC
1333 to study the detailed morphology and kinematics of five filaments. This study
derives from the CARMA Large Area Star Formation Survey (CLASSy), a CARMA
key project which imaged 800 square arcminutes of Perseus and Serpens Molecular
Clouds using the NoH", HCN and HCO™ J=1-0 lines [98, 105, 109]. These clouds
host a large number of young stars and protostars associated with hub-filament
type gas structures [110, 111], and are hence well-suited for studying the connection
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Figure 2.1: Herschel 250 pm maps (Units: Jy beam™') overlaid with NoH* inte-
grated intensity contours (green) from CLASSy observations of the Serpens South,
Serpens Main and NGC 1333 molecular clouds. The contours are at 30 and 60,
where 0 = 0.25, 0.7 and 0.4 Jy beam! km s~! respectively for the three regions.
The circles mark the CLASSy-II mosaic pointing centers and indicate the regions
observed. The regions correspond to filaments that we name based on their loca-
tions with respect to the parent cloud cores. The Herschel beam is 18” in diameter
(shown in the bottom-right corner of each image).

between filaments and star formation. NoH™ emission, which is a cold, dense gas
tracer [112], was found to closely follow the far-infrared filamentary structure in
high column density regions [98, 105, 109]. Figure 2.1 shows the NoH™ emission
overlaid on the Herschel dust continuum emission at 250 pm. The NoH™ emission
also revealed distinctive velocity gradients in a number of filaments. The HCN and
HCO™ emission, on the other hand, were found to be poor tracers of filaments.
Storm et al. (2014) [109] proposed that these lines were optically thick, and in the
case of HCO™ affected by higher fractional abundances in lower density gas which

create an overlying absorption region.
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To investigate whether the kinematics of filamentary structures are accurately
traced by the CLASSy NoH™ observations, we selected 5 filaments from the CLASSy
regions to observe using optically thin dense gas tracers H'*CO* and H!**CN. The
mapped regions are marked in Figure 2.1 by the white circles. These molecules
do not have the same chemistry as NoH™; hence they serve as a test of whether
the observed kinematics is a bulk property of the material or if they arise from
chemical or excitation effects. We refer to the observations presented in this chapter
as CLASSy-II observations.

The layout of the chapter is as follows. In Section 2.2, we discuss how the
observations were carried out followed by the data calibration and reduction proce-
dure. We present the maps for the various tracers for all the regions in Section 2.3.
Section 2.4 deals with analyzing the individual regions and characterizing them. In
Sections 2.5 and 2.6, we report the trends in the morphology and kinematics of these
observed regions. We further discuss some of these results in context of the major

questions in filament formation and their relation to star formation.

2.2 CARMA Observations of Perseus and Serpens

The observations were made using the full CARMA array of 23 antennas in D
and E configurations, providing an angular resolution of 7. In CARMA 23-element
mode, the correlator has four bands. In addition to the ¥C isotopologues of HCO™
and HCN, HNC was also available in the correlator setting as a third tracer. For

NGC 1333, NoH* was observed instead of H!3CN. The fourth band was used to
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Region Name Lines observed

Hours observed

No. of Synthesized

D E pointings Beam Size*
Serpens South - NW region H!3CO™, HNC, H'*CN  51.9 41 22 9.1” x 6.8”
Serpens South - E region H3CO*, HNC, H®CN  31.3 20.6 42 8.9” x 6.0”
Serpens Main - cloud center H!3CO*, HNC, H"*CN  18.6 43.6 30 8.4” x 7.1”
and E filament
Serpens Main - S region H'3CO*, HNC, H'3CN  24.1 194 45 9.5” x 6.4”
NGC 1333 - SE region H'3CO*, HNC, NoH+ 28.7 29 19 7.27 x 547

*Final synthesized beam sizes obtained after Maximum Entropy deconvolution

Table 2.1: Summary of Observations

Lines Frequency  n.@10K Velocity
(GHz) (cm™3)e Resolution®
(km/s)
HBCOT J=1-0 86.75429 1.5 x 10° 0.169
HBCN J=1-0 86.33986 2.0 x 108 0.170
HNC J=1-0  90.66357 2.8 x 10° 0.162
NoHT J=1-0  93.17370 1.4 x 10° 0.158

@ Critical densities (n.,) are calculated from the ratio of Einstein A coefficient values A,,; and

collision rate coefficients ~y,;. These values are obtained from the Leiden molecular database [15]
and are based on ~,; values from [113], [114] and [115].

b Calculated based on channel widths of 49 kHz.

Table 2.2: Observed Molecular Lines

observe the continuum at 90 GHz with a bandwidth of 500 MHz. The spectral line

bands were 7.7 MHz wide with 159 channels, providing a resolution of ~ 0.16 km/s.

The summary of the observations are given in the Table 2.1, while the properties

of the molecular tracer transitions are given in Table 2.2. The observations were

carried out for a total of 308 hours over 61 tracks between August 2013 and February

2015.

Of the three molecular tracers, H'3CO* J=1-0 has the simplest spectrum: a

single line with no hyperfine components. H'3CN J=1-0 has three isolated hyperfine

components. HNC J=1-0 [116] has hyperfine components within a range of 200 kHz
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(0.66 km sec™!), which are barely resolved by our correlator channel width of 49 kHz;
the primary effect is to modestly increase the observed linewidth. For comparison,
NoH™* J=1-0 has seven hyperfine components, of which three F;=1-1 lines are within
a range of 600 kHz, three F1=2-1 lines within 500 kHz, and one isolated F;=0-1 line.
Although all four molecules are dense gas tracers, H'3CN has the highest critical
density ~ 10° cm™3, while the other transitions have critical densities in the range
1.4 — 2.8 x10% cm™3 (see Table 2.2).

The flux calibrators for individual tracks were MW(C349, Mars, Mercury and
Uranus, as available during observations. The phase calibrators were 3C84 and
3C111 for NGC 1333, and 1743-048 for all Serpens regions. Although a bandpass
calibrator was observed in all observation sessions, in many cases the phase calibra-
tors were also used for bandpass calibration.

The MIRIAD package [117] was used to process the visibility data. The autocor-
relation data from the 10 m antennas were used to make single-dish images. After
iterative flagging and calibration of the visibilities, the single dish maps were used
with the interferometric visibility data to generate the data-cubes using the MIRIAD
Maximum Entropy Method program mosmem. The combined deconvolution using
the single dish images helps in recovering the large-scale structure filtered out by
the interferometer [118]. The spectral channel RMS noise is in the range of 50 — 125
mJy/beam, while the continuum RMS noise is 0.4 — 1.0 mJy/beam for the various

fields.
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2.3 Results: Moment Maps

We generated integrated intensity (0th Moment) and velocity (1st Moment)
maps from the position-velocity data cubes using MIRIAD. We used only the channels
near the line centers containing the signal, and clipped the data at 20, based on the
RMS noise of each line map. For the first moment maps of NoH* and H'3CN;, line
fitting including the contribution of all the hyperfine components was carried out to
determine the velocity centroid.

We display the moment maps for H*CO* and HNC and compare them with
the CLASSy NyH™ maps in Figures 2.2, 2.3, 2.4, 2.5 and 2.6. The H!*CN maps are
weak, having signal-to-noise ratio (SNR) of less than 4 along the filaments, which is
not sufficient to do kinematic analysis. We present the H'3CN integrated intensity
map only for the Serpens South - NW region (Figure 2.7 left).

We find that the NoyH* emission corroborates well with the H'3CO™* emission,
both for the integrated intensity and velocity maps. Although the NoH™ emission
intensity is more than 5 times brighter than the H'3CO™ emission, the RMS noise
in the NoH™ maps are also greater. Depending on the SNR of the NoH™ maps in
comparison to the H'3CO™T maps for a particular region, the relative extent of the
emission in the two species varies. For example, in the Serpens South regions, the
filaments are traced much more extensively in NoH™, while in the Serpens Main
region, we detect more structure and trace the known structures over larger areas
in HB¥CO™.

The HNC emission traces most of the structures seen in NoHT and H3COT,
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Figure 2.2: Integrated intensity maps (top row) and velocity centroid maps (bottom
row) for Serpens South - NW filament in the NoH', H3CO™ and HNC J=1-0 lines.
The integrated intensity map color bar values are given for H'3CO* in Jy beam™!
km s™!. The corresponding values for NoH' and HNC maps are respectively 6.0 and
3.0 times the value for the H**CO™ maps. The velocity maps are all in units of km/s.
The NoH™ integrated intensity contours at (2,4,6) x o (¢ = 0.25 Jy beam™! km s71)
are overlaid on all the images. The synthesized beam is shown at the bottom-right
of each image.
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Figure 2.3: Same as Fig. 2.2 for Serpens South - E region. The integrated intensity
maps are in units of 10.0, 1.0 and 4.0 Jy beam! km s~! for NoH*, H!3CO™, and
HNC respectively. The NoH™ contours are at (5,10) x ¢ (6 = 0.25 Jy beam™! km
s7h).
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Figure 2.4: Same as Fig. 2.2 for Serpens Main - cloud center and E filament. The
integrated intensity maps are in units of 6.0, 1.0 and 3.0 Jy beam™! km s™! for
NoHT, HB¥CO™T, and HNC respectively. The NoHT contours are at (3,6,9) x o (o
= 0.7 Jy beam™! km s7').

31



; 2.00
1°12'00" Sl

! 175
1130
. 1.50
00"
s L
8 I
S 1030 1.25
O
w .
o 00" 1.00
09'30" 8 075
00" § 0.50
0830
r 025
00" SN RRCCENE. . T M T ok R R
18"30m04° 00° 18730m04° 00° 18"30m04° 00°
RA (J2000)
1°12'00" & 86
11'30" | 84
oo | 8.2
s |
S |
& 1030 8.0
O
e |
o 00" 7.8
0930" I 7.6
00" P 7.4
08'30" | 7.2
00" | 7.0

PR S ) wollbe®, . Y-~ e W,
18"30m04° 00° 18"30m04° 00° 18"30m04° 00

RA (J2000)

Figure 2.5: Same as Fig. 2.2 for Serpens Main - S region. The integrated intensity
maps are in units of 5.0, 1.0 and 2.0 Jy beam™! km s7! for NoH*, H!3COT, and
HNC respectively. The NoHT contours are at (3,6,9) x o (¢ = 0.7 Jy beam™ km
s7h).
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Figure 2.6: Same as Fig. 2.2 for NGC 1333 - SE region. The integrated intensity
maps are in units of 6.0, 1.0 and 4.0 Jy beam™! km s7! for NoH, H!3COT, and
HNC respectively. The NoHT contours are at (1,3,5) x o, where o = 0.4 Jy beam™!
km s~!.
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Figure 2.7: Left: Integrated intensity maps of Serpens South - NW filament using
H'3CN J=1-0 transition line. The map is in units Jy beam™' km s~!. The NoH*
integrated intensity contours are overlaid on the image as in Figure 2.2. The syn-
thesized beam is shown at the bottom-right of the image. The blue circle marks
the location where the spectra is taken for comparison with other molecules. Right:
HBCO™ (black, solid), HNC (brown, dashed) and H"*CN (grey, dotted) J=1-0 spec-
tra taken at the location shown in the left figure. The peaks of H'¥*CO* and H*CN
coincide, but the HNC spectrum shows an absorption dip.

but the relative emission varies in different regions of the maps. HNC emission also
has greater SNR than the H!3CO™ maps by a factor of 2 to 4. In the Serpens South -
NW region (Figure 2.2), it traces the NW part of the filament more than the central
part, while in the Serpens Main - cloud center and E filament (Figure 2.4), the HNC
emission is more extensive. In the NGC 1333 - SE region (Figure 2.6), HNC traces
the west side of the filament more than the east by a factor of two, although both
in H3CO™* and N,H*, the relative emission of the two sides are comparable.

The HNC velocity maps are noticeably different from the corresponding H**CO™
and NoH™ maps for most of the regions. This is because its spectrum shows ab-
sorption dips at many locations along the filaments. This results in two peaks on
either side of the line center in H¥CO* and H*¥CN emission; the relative strengths

of the two HNC peaks depend on the velocity of the absorbing material in the line
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of sight (see Figure 2.7 right). Since HNC is a main isotopic species with higher
abundance, it is not surprising that it shows absorption in the J=1-0 transition as
was previously found for HCN and HCO™ [98, 109]. However, there are some re-
gions especially near the Serpens Main cloud core, where the HNC spectrum does
not show absorption features. In these cases, there is a greater match in the moment
maps between the different tracers. The variations in the HNC spectra are further

discussed in Section 2.5.4.

2.4 Analysis

By themselves, the integrated intensity and velocity maps are insufficient to
understand the finer structure in many of the studied regions. The H*¥*CO™ (J=1-
0) channel maps are best suited for analysis especially in fields containing multiple
sub-structures in close position or velocity proximity. This species is optically thin
and has an isolated spectral line (corresponding to the J=1-0 transition), while at
the same time it has sufficient SNR to detect the filaments. The complex hyper-
fine structures (in NoH' and HNC) or absorption features (in HNC) of multiple
sub-structures can overlap, leading to degeneracy and challenges in disentangling
the contributions of the separate components. However, these species have greater
abundance than H¥CO™" and hence they can easily map extensive areas.

To disentangle the structures, we compare individual channel maps in H'3CO™,
and use position-velocity diagrams to check for emission continuity. In this section,

we present H*CO™ contour maps, averaged over 3-4 contiguous channels. These
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contours are overlaid on Herschel column density maps obtained from the Gould
Belt Survey Archive [119, 120] to compare the individual structures with the dust
emission. We also use the isolated hyperfine component of NoH™ in regions having
SNR > 2 to confirm our identification of the velocity-coherent structures. We use
other indicators such as variations in HNC absorption features and relative abun-
dances to further support the identifications of structures in complex regions.

Following the identification of velocity-coherent sub-structures, we determine
their extent using contours at half the peak emission for each channel. These con-
tours over multiple channels are stacked, and we establish the lengths of the major
and minor axes for the combined area within these stacked contours. The minor
axis gives a representative width value, while the major axis gives a minimum length
estimate (within the observed area). It is to be noted that this method only gives
a rough estimate of the extent of the individual structures. We use a more formal
method for determining the widths by Gaussian curve fitting of cuts in the inte-
grated intensity maps (discussed in details in Section 2.5.2), but it is applicable
only to filaments not having overlapping sub-structures.

Only the structures having aspect ratios greater than 4 (as in Lee et al. (2014)
[98]) and at least 0.25 pc long are considered in our velocity analyses. We identify 8
such ‘filamentary structures’ over the 5 regions by this method (see Table 2.3). All of
them are aligned with the filaments identified in Herschel maps, although some are
not resolved into multiple components in those low-resolution dust maps. Serpens
South NW is the least complex region having only one velocity coherent structure

along the Herschel filament. The Serpens South - E region, the Serpens Main - S
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region and the NGC 1333 SE region each have two partially overlapping velocity
coherent structures. Other authors have noted similar structures in observations
and simulations and termed them as sub-filaments [93] or as fibers [99]. We refer
to them as sub-filaments or components and denote them by letters A and B. The
Serpens Main - Cloud center and E filament region also has overlapping structures
at the cloud center, but the Herschel filament east of the cloud does not have any
identifiable sub-structure.

Many of the filamentary structures show systematic variations in their ve-
locity. In non-overlapping filamentary structures, the local velocity gradients are
calculated directly from the Moment 1 maps. For the overlapping structures, we
trace the H3CO™ spectral peak over the extent of the filament, identifying the peak
corresponding to each structure. Their velocity gradients are calculated locally using
the HBCO™ spectral peak velocity difference in different parts of the same velocity
coherent structure. They are reported as gradients only if they satisfy the following
conditions: (i) the velocity monotonically changes in one spatial direction (generally
along the filament or perpendicular to it), (ii) the velocity difference is greater than
or equal to 0.2 km/s and (iii) the above conditions are satisfied for a distance of at
least 4 beam-widths along the filament. From the multiple local velocity gradient
values for each filamentary structure, we report the maximum, minimum and mean
gradients (see Table 2.3). The error in the gradient calculation can be estimated
from the velocity difference errors reported in the table. They are generally less
significant than the variation in the gradient values over a filamentary structure.

For our analyses, we use distances of 436 pc for the 4 Serpens regions [121],
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and 300 pc for the Perseus region [122]. Both clouds have an average recessional
velocity of 7.5 —8 km/s. Dust temperatures in these filaments range from 12 K to 15
K [123, 124]. We use the Spitzer catalog of YSOs [125] and identified point sources
in the Herschel 70 um maps corresponding to the studied regions to compare their
locations with respect to the structures identified by us.

We also calculate the mean H'3CO™ and H'*CN velocity dispersions (o) for the
two isolated filaments, where we can determine the value unambiguously by taking

statistics over a large part of the structure. The non-thermal velocity dispersion is

calculated using the expression (o), = \/(0)2 — kT//(ump) where T is the kinetic
temperature and pmy is the mass of each molecule of the tracer (u = 30 for H*CO™
and 28 for H3CN and my is the the atomic Hydrogen mass). At typical filament
temperatures of 12-15 K, the non-thermal dispersion is the main component of the
overall dispersion. We compare this to sound speeds ¢, &~ 0.22-0.25 km/s at these

temperatures.

2.4.1 Serpens South - NW Region

Figure 2.8 (top) shows the H*CO™ contours of the Serpens South - NW region,
averaged over 4 channels. This region has no evident sub-structures, as can be
confirmed from the position-velocity diagram for a representative cut across the
filament. There is a velocity gradient of about 0.24 km/s over the 0.04 pc width
of the filament both in the H*CO™ and NyHT emission. This is seen all along the

0.4 pc length of the filament in the mapped area (Figure 2.2). The mean H3CO™
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Figure 2.8: Top: Herschel column density map (10%? cm~2) with H*CO™ contours
overlaid on it for the Serpens South - NW region. The contours are at (2,4) x o
(0 = 0.06 Jy/beam) for H'¥*CO™ emission averaged over 4 channels between 7.24
km/s and 7.88 km/s. The black line corresponds to the cut for which the position-
velocity diagram is presented in the lower panel. The black stars denote the locations
of known Class 0/I YSOs. The yellow circle at the bottom-right represents the
resolution of the column density map, corresponding to the Herschel 500 pm beam.
Bottom: Position-velocity plot for a cut across the filament,showing a single velocity-
coherent component. The slope indicates the velocity gradient.
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Filament Representative ~ Gradient (Av) Distance along Vv (km s7! pc™1)

(sub-filament) width® (pc) Direction®  (km/s) filament® (pc)  Min Max Mean

Serpens South - NW 0.06 across 0.24 + 0.07 0.19 3.9 6.8 5.5

Serpens South - E (A) 0.08 across 0.22 + 0.08 0.11 3.6 53 4.2

Serpens South - E (B) 0.04 -

Serpens Main - E 0.04 across 0.54 £+ 0.09 0.07 57 120 89
along 1.06 + 0.06 0.23 2.7 103 4.6

Serpens Main - S (A) 0.07 -

Serpens Main - S (B) 0.05 along 0.78 £ 0.15 0.29 12 50 26

NGC 1333 - SE (A) 0.05 -

NGC 1333 - SE (B) 0.03 across 0.30 +£ 0.14 0.09 81 122 99

@ The widths are calculated from the extent of contours in channel maps at half the peak
emission. All the values vary in a range of about 0.03 pc over the length of the filament.

® Only monotonically changing velocities Av > 0.2 km/s over a part of the filament > 4 beam
widths long are considered as gradients.

¢ Distance along filament spine over which gradient statistics are taken, both for perpendicular

and parallel gradients.

Table 2.3: Widths and gradient statistics of filamentary structures using H*CO™
maps

velocity dispersion for this filament (0.21 km/s) is transonic. There are no YSOs
identified along the filament, although there are multiple Class 0/1 sources near the

filamentary hub at the south-eastern end of the studied region.

2.4.2 Serpens South - E Region

Figure 2.9 shows two sub-filaments in the Serpens South - E region running in
the east-west direction - a weaker sub-filament (A; red contours) which is wider and
a parallel narrow sub-filament (B; blue contours) having stronger emission. These
are easily separable in the position-velocity diagram (middle panel of Figure 2.9).
There is partial line-of-sight overlap between these two components. There is a large
line-of-sight velocity difference over the region. It varies between 6.6 km/s and 8.0

km/s according to the H*CO™ and NoH' maps (see Figure 2.3). Sub-filament ‘A’
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Figure 2.9: Upper-left: Herschel column density map (10*? ecm™2) with H'3CO™T
contours overlaid on it for the Serpens South - E region. The red contours correspond
to emission averaged over 3 channels centered at 7.49 km/s, while the blue contours
correspond to emission averaged over 3 channels centered at 6.98 km/s. The red
and blue contours represent the two sub-filaments ‘A’ and ‘B’. The contours are
at (2,4,6) x o (o = 0.08 Jy/beam). The black line shows the cut for which the
position-velocity diagram is presented in the upper-right panel. The dark red and
orange circles are two regions where the H**CO™ spectrum is taken and presented
in the lower-right panel. The black and green stars denote the locations of known
Class 0/I and Flat spectrum YSOs respectively. The yellow circle represents the
resolution of the Herschel map. Upper-right: Position-velocity plot for a cut across
the filament showing the two velocity-coherent components. ‘A’ is wider and fainter
than ‘B’. Lower-left: NoHT integrated intensity map (Jy beam™! km s™1) with
the HB¥CO™ contours corresponding to the two sub-structures overlaid on it. The
synthesized beam for the NoH™ map is shown at the bottom-right. Lower-right:
HB3CO* spectrum at two locations marked by circles of the same color in the left-
most panel. This shows the velocity gradient which is present in the eastern half of
the filament, only in component ‘A’.
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is more red-shifted and has a velocity gradient across it, while ‘B’ is blue-shifted and
has no consistent gradient across it. In the H**CO™ maps, because of low SNR, the
gradient could be determined only in the east part of ‘A’. The right panel of Figure
2.9 shows spectra at two representative locations across the filament. The gradient
is about 4.2 km s=! pc1.

The HNC emission has absorption features in sub-filament ‘A’ , but absorption
is absent or minimal in ‘B’. The sharp velocity and intensity gradients near the
brightest emission combined with the differences in the HNC absorption across the
two regions are also in support of the multiple structure interpretation. Two Class
0/I/Flat YSOs are identified in this region closer to the cloud center. Both are in
the region where the two sub-filaments overlap in the line-of-sight, and thus cannot
be associated with one or the other.

Using the NoH™ maps, Ferndndez-Lépez et al. (2014) [105] could not distin-
guish between the two velocity coherent components and concluded a large velocity
gradient across a single filament structure. Even though the Moment 0 and velocity
maps of NoHT are similar to H'3CO* with the NyH' maps having a higher SNR
than H¥CO™ (for this region), the hyperfine structure of NoH' prevents analysis
using position-velocity diagrams to distinguish the velocity coherent structures. The
gradient in the eastern part although visible in the NoH™ maps as well, has a lesser
magnitude and opposite sense compared to the inaccurately identified gradient in
the central and western part, and was thus not reported in Fernandez-Lopez et al.
(2014)[105]. With the knowledge of the two-component structure using the H**CO™,
we find that the isolated hyperfine line of NoH* (J=1-0, F=0-1) shows similar trends
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Figure 2.10: Left: Herschel column density map (10?? ¢m™2) for Serpens Main
- cloud center and E filament, with H¥CO™ contours overlaid on it for emission
averaged over channels centered at 8.68 km/s (red) and at 7.58 km/s (blue). The
contours are at (2,4,6) x o (¢ = 0.1 Jy/beam). The two sets of contours correspond
to the two sets of structures identified in the region. The green circle near the center
marks the location where the H*CO™" spectrum is taken and presented in the right-
most panel. The black and green stars denote the locations of known Class 0/I and
Flat spectrum YSOs respectively. The yellow circle represents the resolution of the
Herschel map. Middle: Same as the left panel for H¥CO™T channels centered at
7.58 km/s (blue contours) and 6.57 km/s (violet contours). In spite of the large
velocity spread, these two components are part of the same structure. The two sets
of contours however indicate the flows towards a potential well in this region at the
center of the violet contours. The dashed black circle marks the intersection region
of the flows. Right: H'3CO™ spectrum at the locations marked by the green circle in
the left and middle panels. This shows that there are two sets of velocity-coherent
structures separated by about 1.4 km/s.

as H'3CO™, but by itself this line has much lesser SNR than H*®CO™, and is too

weak to map the kinematics of the entire region.

2.4.3 Serpens Main - Cloud Center and E Filament

This is a complex region mapping the south-east part of the Serpens Main
hub, with emission extending in various directions. On comparing to the larger
scale structures in the region using Herschel maps, we see that only two parts of the
emission form long filaments, one in the east, and the other in the south. The east
filament is mapped completely in this region. The filament in the south is completely
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mapped in the Serpens Main - S region (discussed in the following section).

In the cloud center region, there is a large range of line-of-sight velocities from
6 km/s to 9 km/s. Using H"*CO™ channel maps, two sets of structures associated
with different velocities are identified within the hub (Figure 2.10 right). Of these,
the velocities above 8 km/s correspond to a separate velocity-coherent structure
(marked in red in the left panel of Figure 2.10) while another set of structures have
velocities in the range of 6 to 8 km/s. This second set includes a convergent point
at («,0) = (18:29:59.8, +1:13:00) where three flows seem to intersect from east,
south-east and north-west respectively (middle panel of Figure 2.10). We call them
flows