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ABSTRACT

This dissertation presents new Herschel observations at 70 pym, 160 pym, 250 pm,
350 pm, and 500 pm of the Perseus molecular cloud from the Herschel Gould Belt
Survey. The Perseus molecular cloud is a nearby star-forming region consisting of
seven main star-forming clumps. The Herschel observations are used to characterize
and contrast the properties of these clumps, and to study their embedded core popu-
lations. First, we probed the exceptionally young clump, B1-E. Using complementary
molecular line data, we demonstrate that B1-E is likely fragmenting into a first gener-
ation of dense cores in relative isolation. Such a core formation region has never been
observed before. Second, we use complementary long wavelength observations at 850
pm to study the dust properties in the larger, more active B1 clump. We find that
Herschel data alone cannot constrain well the dust properties of cold dust emission
and that long wavelength observations are needed. Additionally, we find evidence of
dust grain growth towards the dense cores in B1, where the dust emissivity index,
(3, varies from the often assumed value of 3 = 2. In the absence of long wavelength
observations, however, assuming (3 = 2 is preferable over measuring J with the Her-
schel-only bands. Finally, we use the source extraction code, getsources, to identify
the core populations within each clump from the Herschel data. In addition, we

use complementary archival infrared observations to study their populations of young



v

stellar objects (YSOs). We find that the more massive clumps have an excess of older
stage YSOs, suggesting that these regions contracted first. Starless cores are typi-
cally associated with peaks in the column density, where those found towards regions
of higher column density also have higher average densities and colder temperatures.
Starless cores associated with a strong, local interstellar radiation field, however, have
higher temperatures. We find that the clumps with the most prominent high column
density tails also had the highest fractions of early-stage YSOs. This relation sug-
gests that the quantity of high column density material corresponds to recent star

formation activity.
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Chapter 1
Introduction

Stars form in dense regions of molecular gas and dust. These regions, called molec-
ular clouds, are typically ~ 10 parsec (1 pc = 3.086 x 10'® cm) in size and have

3. nearly 100 times more dense than the interstel-

densities of ~ 300 particles cm™
lar medium (ISM; Stahler & Palla 2005). Molecular clouds are also very cold. Due
to their high densities, the interiors of molecular clouds are well shielded from the
interstellar radiation field, which would otherwise ionize and heat the interior gas
(Evans et al. 2001). Furthermore, molecular gas is an efficient coolant. In molecular
clouds, molecules can be excited through collisions. This energy is then re-radiated
at longer wavelengths and easily escapes the cloud. Thus, molecular clouds tend to
have temperatures of < 50 K. Such cold, dense environments are necessary for gravity
to dominate over thermal pressures and allow gas to condense into stars (Stahler &
Palla 2005). Figure 1.1 shows the CO column density (i.e., the amount of material in
the line of sight) for the Taurus Molecular Cloud. In particular, Figure 1.1 shows that
molecular clouds are highly structured with a complex network of dense filaments.
Along the filaments are dense clumps, which are ~ 1 pc substructures of densities
>1x10% cm™3.

Higher column densities of gas and dust along the line-of-sight can increase the
cloud opacity. Opacity denotes the amount of emission removed from a beam of light
propagating through a medium such that 7, = 1 defines a unitless distance where
the beam intensity at some wavelength is reduced by 1/e. In astronomy, opacity is
often expressed in terms of the “optical depth.” At high optical depths (1) > 1)
the light received comes mostly from a short distance into the medium (i.e., only the
outer surface can be detected), and the medium is designated “optically thick” or

opaque. Conversely, at low optical depth emission (7, < 1) the light received comes
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Figure 1.1: CO column densities towards the Taurus Molecular Cloud. Column densities
were determined from the *CO J = 1 — 0 line emission. Figure from Pineda et al. (2010b).

from long distances into the medium or perhaps the entire medium, and the medium
is designated “optically thin” or transparent. Optical depth depends on the charac-
teristics of the material along the line-of-sight. In molecular clouds, the optical depth
of molecular emission lines depends on abundances (higher column densities) such
that highly abundant molecules have optically thick lines. The optical depth of dust
continuum emission depends on the abundance of dust and the wavelength of light
(Stahler & Palla 2005). For example, Figure 1.2 shows visual and near-infrared con-
tinuum observations of a small cloud, Barnard 68 (B68). At the shortest wavelengths
(0.44 - 0.90 pm), B68 is opaque to background starlight, but at longer wavelengths
(2.16 pm), B68 becomes transparent and background stars are visible. Thus, B68 is
optically thick to optical radiation but optically thin at longer wavelengths.
Molecular clouds are primarily composed of molecular hydrogen (Hs) gas. Unfor-
tunately, Hs is a symmetric molecule with no electric dipole moment. Hy molecules
can radiate via quadrupole transitions, but temperatures > 500 K are required to

populate these higher energy levels. Since molecular clouds have typical tempera-



Figure 1.2: The molecular clump Barnard 68 (B68) in the constellation Ophiuchus.
B68 has a mean density of ~ 10* cm™3 (Burkert & Alves 2009), which makes the re-
gion opaque to background stars at visible wavelengths (i.e., 0.44 pm). At near-infrared
wavelengths (bottom panels), the cloud is optically thin and background starlight can
propagate through the dense cloud. This image was taken from an ESO press release,
http://www.eso.org/public/outreach /press-rel /pr-1999 /phot-29-99.html.

tures < 50 K, these higher energy levels are unpopulated and Hy gas is generally
undetected in emission. Molecular gas studies in molecular clouds instead favour the
next most abundant molecule, CO. Unlike Hy, CO can be easily excited via collisions
at very cold temperatures. For example, the rotational J = 1 state is ~ 5.5 K above
the rotational ground state (J = 0), resulting in a J = 1 — 0 radiative transition at
2.6 mm (Combes 2004, Stahler & Palla 2005). The CO molecule, however, is optically
thick at high densities (= 10® cm™2), meaning we can only probe the gas properties
near the surface of the cloud with the CO (1 — 0) transition. Alternatively, isotopo-
logues of CO, such as ¥CO or C!®0, are less abundant. Thus, their line emission
is more optically thin and better able to trace the gas deeper in the cloud that can
be at higher density. Figure 1.3 compares the J = (1 — 0) spectrum for CO, 3CO,
and C'¥0 towards a region in the Taurus-Auriga Molecular Cloud. The CO profile



is significantly broadened beyond what would be expected from thermal or turbulent
motions, indicating that the emission is saturated and optically thick. In contrast,
the C'80 profile appears narrow, indicating that C'®0O line is optically thin and can
trace material at deeper depths and higher column densities (Stahler & Palla 2005).
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Figure 1.3: Line emission from 3 CO isotopologues towards the Taurus-Auriga cloud
system. The three lines have different profiles due to different optical depths. Top: The
main CO isotopologue is significantly broadened due to its high optical depth. Middle:
The 3CO isotopologue is less optically thick than the CO line, and is slightly broadened.
Bottom: The C'0 isotopologue is optically thin, resulting in narrow and Gaussian-like line
emission. Figure from Stahler & Palla (2005).

In addition to molecular gas, molecular clouds also have high column densities of
dust. Here, dust refers to complex carbon grains, roughly 1 um in size or less. Dust
grains block light from background sources and the measure of lost light is called
extinction, such that regions of high extinction are generally dense and dusty. Visual
extinction, Ay, can be measured by the difference in visual magnitudes (brightness) of
light between extincted and unextincted objects. Since dust grains are typically ~ 1
pum, short wavelengths (i.e., optical and ultraviolet wavelengths) are more significantly
scattered or absorbed (Stahler & Palla 2005). For example, Figure 1.2 shows that
B68 is highly extincted (optically thick) at A < 1 pm, but the cloud becomes more



optically thin (transparent) at A > 1 pum. At still longer wavelengths (i.e., = 100
pum), the cold dust grains within the cloud itself emit most of their own thermal
emission. Figure 1.4 shows the optically thin dust emission from the B68 cloud at
far-infrared and submillimeter wavelengths. Note how well the dust emission traces
the dust extinction from the optical observations (Figure 1.2). For reference, the dust
emission at 50 K has a continuum peak at ~ 60 pum, whereas dust emission at 10 K

has a continuum peak at ~ 300 pm.

l Pacs 100 um Pacs 160 um

SPIRE 250 um

Q

Figure 1.4: Dust emission towards B68. Emission at ~ 100 pum traces warmer dust,
whereas emission at ~ 250 pum traces the colder envelope. The white lines correspond to
emission at 870 pum and the colour scale corresponds to an arbitrary flux scale at each
wavelength. At these long wavelengths, the cloud is optically thin. This image was taken
from Nielbock et al. (2012).

Figure 1.5 shows the Rosette Molecular Cloud at 3 different wavelengths; 70 pm
(blue), 160 pm (green), and 250 pum (red). The red material probes the coldest



dust components of the cloud whereas the blue material reveals the warmer regions,
perhaps locations where dust is heated by nearby luminous young stars. As with the
CO maps (see Figure 1.1), the dust continuum maps trace regions of high density
and reveal a wealth of substructure. Unlike the CO data, however, dust emission is
optically thin. Thus, continuum dust maps sample the dust emission through the
entire line-of-sight and can be used to estimate masses and the column densities of

cloud structures like filaments and clumps (assuming a gas-to-dust mass ratio).

Figure 1.5: A three-colour image of the Rosette Molecular Cloud with 70 pm (blue),
160 pm (green), and 250 pm (red) continuum emission. These data obtained with the
Herschel PACS and SPIRE instruments as part of the Herschel OB Young Stars (HOBYS)
Key Programme. Red emission shows cold dust (~ 10 K) and blue emission shows warmer

dust (~ 40 K). Image credit: ESA/PACS & SPIRE Consortium/HOBYS Key Programme
Consortia.

Dust continuum maps have also revealed very cold (~ 10 K), very dense (2
10* em™3), small (~ 0.1 pc) objects, often called dense cores (or simply “cores”),
embedded in molecular cloud clumps and along filaments (Di Francesco et al. 2007).
At such low temperatures, submillimetre continuum maps (e.g., Figure 1.4 and Figure
1.5) are the best probes of the dust content in these dense cores. Furthermore, at
such low temperatures (< 20 K), CO and its isotopologues tend to sublimate onto
dust grains, thereby depleting these molecules from the gas and making their line

transitions poor tracers of cold, dense cores (e.g., Bergin et al. 1995; Kramer et al.



1999). For example, observations of dense cores often show absorption at 4.67 pm
attributed to CO ices (e.g., Chiar et al. 1994). As CO freezes onto dust grains,
molecules that are destroyed in chemical reactions with CO, like nitrogen-bearing
molecules (e.g., NH; or NoH™), become more abundant. Thus, gas in dense cores are
best studied through high density tracers like NH3 or NoH™ (van Dishoeck 2009).
The dense cores are very important stages of star formation. These structures are
the precursors for new stars, forming either single stars or a small stellar systems (Di
Francesco et al. 2007). Thus, the physical conditions of the dense cores should impact
the properties of their stellar products. Dense cores typically have masses similar to
the Sun (My ~ 2 x 10% g), as measured by the optically thin (transparent) dust
emission at submillimetre wavelengths (Di Francesco et al. 2007). Core mass can be
estimated from the simple relation:
S, d>
M = m, (1.1)
where S, is the flux density (energy per area per second) at a given frequency, d is the
distance to the cloud, k, is the dust opacity, and B, (T) is the black body function

at a given dust temperature. The black body function is,

B, = o <exp(h1//1k:T) - 1) ‘ (12)

2

A core will collapse when gravitational contraction overwhelms internal supports.
Internal supports include thermal pressure, turbulent (non-thermal) pressure, or mag-
netic pressure (Klein et al. 2007). Thermally supported cores at 10 K will become
unstable at masses at > 1 Mg. A collapsing core will form a protostar or young stel-
lar object (YSO). Figure 1.6 illustrates the different stages of YSOs, in evolutionary
order. We describe the different stages below:

The earliest YSO stage is called a Class 0 protostar. Class 0 YSOs were first
identified by André et al. (1993), as an overabundance of YSOs with dust continuum
profiles peaking at long wavelengths. A Class 0 protostar is deeply embedded in a
thick, dusty envelope, which contains more mass than the protostar. Due to the thick
envelope, the protostar is not observed directly. Instead, the YSO is identified by
reprocessed dust emission at far-infrared wavelengths. Thus, Class 0 YSOs tend to
resemble simple, dusty blackbody functions. The Class 0 phase is also the main ac-

cretion phase and can be marked by very prominent bipolar outflows (e.g., Bontemps
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Figure 1.6: Illustration of the protostellar stages (Class 0, Class I, Class I1, and Class III),
see text for more details. The Flat spectral class is not shown. Figure from Maeder (2009).

et al. 1996; Gueth & Guilloteau 1999).

As the protostar contracts and accretes material, its mass increases. When the
protostar mass is comparable to the envelope mass, the protostar is called a Class I
object. At this stage, the spectral energy distribution (SED!) shows excess infrared
emission from an accretion disk. During the Class I stage, the parent envelope infalls
onto the disk, and the protostar accretes this material through the disk (White et al.
2007).

With time, the envelope is dissipated. The envelope-clearing stage is considered

!The distribution of flux with wavelength.



a transition where the infrared SED flattens at infrared wavelengths. YSOs in this
stage are called Flat sources. Flat YSOs were first identified by Greene et al. (1994),
and are considered to be embedded within an envelope. (Note, that Figure 1.6 does
not include the Flat stage, which occurs between Class I and Class II YSOs.)

Once the envelope has cleared, the protostar is often referred as a pre-main se-
quence star. There are two distinct pre-main sequence stages, the Class II and Class
IIT stages, respectively. The Class II/III stages also called classical T-Tauri stars
and weak-line T-Tauri stars, respectively (André & Montmerle 1994). For a Class 11
source, the YSO is surrounded by a thick, dusty disk. Thus, Class II sources often
show significant excesses at far-infrared wavelengths (e.g., Weintraub et al. 1989).
Eventually, radiation from the central YSO and planet formation processes within
the disk will both dissipate the disk, resulting in the final stage, the Class III stage.
For a Class III YSO, infrared excesses are minimal. Here, the YSO contracts and
heats into a fully formed star (see André et al. 2000; Stahler & Palla 2005; White
et al. 2007).

We note that these YSO classes are determined empirically from observations
and may not necessarily reflect the true evolutionary state of the YSO. For example,
inclination effects can result in improper classifications based on the observed SED
(e.g., Crapsi et al. 2008). Thus, YSO classifications are conducted on a best-effort
basis.

From numerous surveys of core and YSO populations in nearby Galactic molecular
clouds, star formation appears to be confined to regions of high column density. For
example, Johnstone et al. (2004) and Kirk et al. (2006) found relationships between
core incidence and extinction for the Ophiuchus and Perseus clouds, respectively.
These authors suggested that core formation requires a minimum threshold (Ay 2 5)
of material. Similarly, André et al. (2010) and Lada et al. (2009) each compared two
clouds, one actively forming stars and the other relatively quiescent, and each found
that the more active cloud was composed of higher column densities of material (by
a factor of ~ 10) than those of the quiescent cloud. For example, André et al. (2010)

2 was needed for filamen-

suggested a threshold gas column density of ~ 6 x 10?! cm™
tary structure to form dense, star-forming cores via gravitational instabilities. All of
these studies emphasize that cores require a minimum column density (extinction) of
material of Ay ~ 7 to condense from the bulk cloud. Nevertheless, it is important to
sample different environments.

Our current knowledge of dense cores and YSOs is mainly limited to nearby Galac-
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tic clouds (i.e., within 500 pc). Present instruments generally yield insufficient spatial
resolution at larger distances to probe objects on the scales of cores. Local Galac-
tic clouds, however, are mainly undergoing “low-mass” star formation, that is, these
clouds are not producing high-mass OB associations. Galactic “high-mass” star for-
mation is found in more distant (= 1 kpc) molecular clouds. As such, we cannot probe
high-mass star-forming regions to the same spatial scales as low-mass ones (see e.g.,
Motte et al. 2007). Similarly, we cannot easily compare extragalactic star-forming
regions to those in our Galaxy. Current studies of extragalactic star formation have
focused on relating the star formation rate (determined from infrared luminosity) of
a galaxy to its gas content. This relation, known as the Schmidt-Kennicutt relation,
shows a strong correlation where the star formation rate increases with gas surface
densities (Kennicutt 1998). Figure 1.7 shows the Schmidt-Kennicutt relation over a
large range of gas surface densities. The trend, however, appears to deviate at lower
gas surface densities (Wyder et al. 2009). Recent observations of nearby Galactic
molecular clouds have noted a similar turnover (e.g., see Heiderman et al. 2010). In
addition, Arzoumanian et al. (2011) noted that there is a characteristic scale length
for dense filaments which results in a comparable gas surface density (~ 150 Mg
pc2). Thus, the correlation between star formation and gas surface density seen in
extragalactic SFRs may be tied to the unobserved cloud substructure.

Star formation is very relevant to other topics in astronomy. First, models of
galaxies and star clusters often invoke a “star formation law” to produce an initial
stellar population. Generally, stellar populations are thought to be formed universally
with a constant distribution of masses, though the constancy of this distribution
remains unclear. Since stellar mass determines a star’s evolutionary path, chemical
enrichment, and ultimate end, the choice of stellar populations greatly influences the
evolution of the system. For example, stellar processes such as winds and supernovae
return energy and processed material into the interstellar medium (ISM). Second,
some galaxies are classified by their level of star formation activity (i.e., starburst
galaxies), and local Galactic molecular clouds can help explain trends observed in
extragalactic SFRs (see Figure 1.7). Third, star formation is directly related to planet
formation. Theories of planet formation suggest planets can only form while a young
star has a disk (Lissauer 1993). This condition constrains the timescale for planets to
form and accumulate mass. Thus, it is important to understand protostellar evolution

to accurately constrain planet formation.
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Figure 1.7: Schmidt-Kennicutt Relation comparing low-surface brightness galaxies (cir-
cles) with spiral galaxies and starbursts (pluses) from Kennicutt (1998). The solid line
shows the linear fit to galaxies with high surface gas density. The dashed curve shows the
predicted relation from the Krumbholz et al. (2005) model. This Figure was taken from
Wyder et al. (2009).

The Perseus Molecular Cloud

For this thesis, we will characterize the star formation activity in the Perseus molec-
ular cloud to understand star formation in more detail. The Perseus molecular cloud
is located at a distance of ~ 235 pc (Hirota et al. 2008), part of a region known as
the Gould Belt (Herschel 1847; Gould 1879). The Gould Belt is a large, gaseous band
that contains more than half the young stellar systems within 600 pc (Torra et al.
2000). Figure 1.8 shows the location of several nearby molecular clouds. Most of
these molecular clouds, including Perseus, are within the Gould Belt or the expand-
ing shell. The origin of the Gould Belt is unclear, however. In one theory, the Gould

Belt is formed by supernovae shock waves originating from a previous generation of
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high-mass stars (e.g., Olano 1982; Perrot & Grenier 2003), whereas another theory
suggests the Gould Belt is formed by giant cloud impacts with the Galactic plane
(e.g., Comerén & Torra 1994; Bekki 2009).

-600 T T T ] T T T T T

Distance (pc) towards Galactic centre

-400 -200 0 200 400 600
Distance (pc) towards 190

Figure 1.8: The Gould Belt in galactic coordinates. Several nearby star-forming regions
are also shown. The Gould Belt is tilted by ~ 20° from the Galactic Plane (Torra et al.
2000). Image credit: JAC/GBS-JLS, http://www.jach.hawaii.edu/JCMT /surveys/gb/

The Perseus molecular cloud is likely influenced by the Per OB2 association, one
of the nearest OB associations?. A runaway B0 star from the Per OB2 association,
HD 278942, is closest to Perseus and may be directly influencing its evolution and
properties (Bally et al. 2008; Ridge et al. 2006b). The Perseus cloud itself consists

of several large complexes, hereafter clumps, arranged along a chain. Figure 1.9

20B associations are high-mass stellar clusters containing large groups of O-type (> 18 M) and
B-type (~ 4 — 18 M) stars (Binney & Merrifield 1998).
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shows an optical image of the cloud. The clumps appear as dark patches that block
background starlight. Perseus spans ~ 5° by 1.5° (~ 21 pc by 6 pc, at a distance
of 235 pc) and has a total cloud mass of ~ 10* Mg, (Ungerechts & Thaddeus 1987;
Sadavoy et al. 2010). Perseus also has a large velocity gradient between the Western
edge and Fastern edge of the cloud (Ridge et al. 2006b).

Figure 1.9: An optical image of the Perseus molecular cloud. The high density (high
optical depth) material is seen as dark patches obscuring the background starlight. This
image was taken by Adam Block (see www.caelumobservatory.com).

Perseus is very active, with rich populations of dense cores, embedded YSOs, and
pre-main sequence stars. Other nearby star-forming regions, such as Polaris and Tau-
rus are more quiescent (e.g., André et al. 2010; Kirk et al. 2013). Additionally, since
Perseus is relatively nearby, we have excellent angular resolution to resolve the dense
core and YSO populations. Furthermore, Perseus has both low- and intermediate-
mass star formation within clustered and isolated regions (Bally et al. 2008). Perseus
is too small to form very high-mass stars (i.e., O-type stars), but it does contain sev-
eral late-type B stars®. Finally, observations have revealed a dust and gas shell from
a nearby B-star towards the Eastern region of the cloud. Impacts from expanding
shells are thought to collapse clouds and trigger star formation (Ridge et al. 2006b).

Thus, Perseus is a rich star-forming region with some very interesting features.

3For reference, main sequence O-stars typically have masses of M > 18 My, whereas B-stars
have masses of 4 < M < 18 Mg (Binney & Merrifield 1998). For Perseus, the binary system HD
281159 contains the most massive star within the IC348 cluster, with a mass of ~ 6 Mg, (Preibisch
et al. 2003; Herbst 2008).
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In addition, the clumps in Perseus have a variety of masses, sizes, and populations.
For example, Perseus has two large clumps, IC348 and NGC1333, with large clusters
of YSOs and dense cores (e.g., Gutermuth et al. 2009). In Figure 1.9, the regions of
bright blue emission correspond to reflection nebulae (star light scattering off dust)
from the nearby embedded clusters in 1C348 (left) and NGC1333 (right). Perseus
also has several smaller clumps with smaller dense core and YSO populations (e.g.,
Jorgensen et al. 2007; Enoch et al. 2009; Evans et al. 2009), and the Perseus B1-
E clump, which has no apparent star formation activity (Kirk et al. 2006). Thus,
Perseus represents a variety of environments.

Finally, Perseus has been well-studied by a number of recent surveys. For exam-
ple, the entire cloud was mapped in the infrared (3.6 — 24 um) by the Spitzer Space
Telescope (see Jgrgensen et al. 2006; Rebull et al. 2007). In addition, submillime-
ter and millimeter continuum data of key clump regions are readily available (see
Di Francesco et al. 2008; Enoch et al. 2006). Several current surveys will expand
the (sub)millimeter continuum data for Perseus (e.g., Ward-Thompson et al. 2007a).
Perseus has also been sampled with a variety of molecular tracers. Nearly the entire
cloud was mapped in CO (1-0) and ¥*CO (1-0) for the COMPLETE survey (see Ridge
et al. 2006a), and sections of the cloud have been mapped in CO (3-2) line emission
(e.g., see Curtis & Richer 2011). Perseus has also been sparsely sampled in higher
density tracers, such as NHs and NoH™ (Rosolowsky et al. 2008; Kirk et al. 2007).
For the high density tracers, observations were primarily restricted to the dense cores.
Finally, Perseus also has readily available extinction maps using all-sky near-infrared
observations (e.g., Ridge et al. 2006a).

Thus, Perseus is an ideal molecular cloud to study star formation. This thesis
will utilize new observations of the Perseus molecular cloud for a detailed study of its
star formation activity. The goals of this thesis are (1) to use the new observations
to identify core and YSO populations and generate the most complete catalogue for
each and (2) to characterize the core and YSO populations across the different clumps.
Generally, comparisons of star forming regions compare one cloud to another (i.e.,
Jorgensen et al. 2007; Enoch et al. 2008; Sadavoy et al. 2010). With this thesis,
we will compare and contrast the core and YSO populations within the clumps in
Perseus to determine if star formation is affected by local differences within a single

cloud.
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Chapter 2

Instrumentation and Data

2.1 Instrumentation

Since molecular clouds are generally cold (< 50 K), the thermal emission from dust
towards these regions peak at submillimeter wavelengths. Unfortunately, the Earth’s
atmosphere can be very opaque at submillimeter wavelengths due to water absorption.
Figure 2.1 shows the atmospheric transmission with wavelength. At optical or radio
wavelengths, the atmosphere is transparent, whereas at submillimeter wavelengths the
atmosphere is almost entirely opaque. At high elevations (above most water vapour),
we are able to achieve transmission windows at certain submillimeter bands (i.e., at
850 pm; Naylor et al. 2000). Additionally, balloon-borne telescopes (i.e., BLAST)
or telescopes aboard airplanes (i.e., SOFIA) are able to rise above most atmospheric
water vapour for better transmission (Pascale et al. 2008; Tremblin et al. 2012).
Nevertheless, for negligible transmission losses, one must observe from space.

The Herschel Space Observatory is a space-based submillimeter telescope (see
Figure 2.2). Launched in May of 2009, Herschel orbits the Sun at the second Sun-
Earth Lagrangian point'. This positioning provides a stable thermal environment and
good sky visibility (Pilbratt et al. 2010). Herschel represents one of the “cornerstone
missions” for the European Space Association (ESA) and is also part of the ESA
Horizons Programme.

Herschel has a 3.5 m Cassegrain mirror and two imaging cameras onboard: the
Photodetector Array Camera and Spectrometer (PACS; Poglitsch et al. 2010) and the
Spectral and Photometric Imaging Receiver (SPIRE; Griffin et al. 2010). Herschel

'The second Langrangian point, L2, is located 1.5 million km beyond the orbit of the Earth in
the same direction as the Earth-Sun line.
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Figure 2.1: Opacity due to Earth’s atmosphere. At optical and radio wavelengths, the
atmosphere is mainly transparent (optically thin), and radiation at these wavelengths from
astronomical sources is able to transmit to the ground. For far-infrared and submillimeter
wavelengths, however, the atmosphere is opaque, and thus, photons at those wavelengths
are difficult to measure from the ground. This image was taken from the Universe Today
(http://www.universetoday.com /46614 /explore-the-universe-with-scienceesa/).

Figure 2.2: The Herschel space observatory at the second Langrangian point. The primary
mirror is 3.5 m in diameter. The sun shield blocks sunlight from the telescope and keeps
the electronics cool. Image credit: ESA (Image by AOES Medialab).
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is designed to be a far-infrared (PACS) and submillimetre (SPIRE) telescope, and
since such emission is usually very faint, the instruments are cooled to very cold
temperatures (~ 0.3 K) with liquid helium. At such cold temperatures, Herschel has
extremely low background noise (Griffin et al. 2006).

Both PACS and SPIRE are designed with bolometers, which are very sensitive
temperature gauges that measure small variations in resistance due to changes in
temperature induced by incident radiation (Rohlfs & Wilson 2004). The PACS imager
can observe at either 70 ym or 100 gm and at 160 pum, simultaneously. In comparison,
the SPIRE imager can observe at 250 pum, 350 pm, and 500 pm simultaneously. Due
to water vapour in Earth’s atmosphere, these wavelengths have low transmission to
the ground. At best, there are small windows of opportunity at high altitudes (e.g.,
on Mauna Kea) but even these windows still suffer from atmosphere effects. Figure
2.3 shows the atmosphere transmission at the SPIRE wavelengths over Mauna Kea
under “dry” (low water vapour) conditions. Thus, wavelengths of 70 - 500 pm (those
of the PACS and SPIRE bands) can only be well explored in space. For the SPIRE
bands, Herschel provides the first opportunity to achieve such observations (Gear &
Griffin 2000).

Furthermore, these instruments can be used separately or simultaneously in “Par-
allel Mode”. Herschel observations have angular resolutions ranging from ~ 8" (at
70 pm) to ~ 36" (at 500 pm). These resolutions are comparable to the ~ 14" angular
resolution of SCUBA at 850 um and far superior to the = 120” angular resolution of
most extinction maps. With a relatively large mirror, the SPIRE and PACS instru-

ments have excellent sensitivity and angular resolution.

2.2 Observations and Reduction

Herschel observed Perseus as part of the Herschel Gould Belt Survey (André &
Saraceno 2005). The western half of Perseus was observed in February 2010 and the
eastern half of Perseus was observed a year later in February 2011. The Herschel
observations were taken in Parallel Mode, resulting in simultaneous coverage at 5
wavelength bands, with the 70 pym and 160 pm PACS channels and the 250 pm,
350 pm, and 500 pm SPIRE channels. The western half of Perseus covers roughly 6
square degrees and the eastern half of Perseus covers 4.5 square degrees.

The PACS and SPIRE raw data were reduced using the Herschel Interactive Pro-
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Figure 2.3: Model of atmospheric transmission over Mauna Kea assuming a precipitable

water vapour level of 0.5 mm (dry conditions). The SPIRE bands are centered at 250
pm (1200 GHz), 350 pm (850 GHz), and 500 pum (600 GHz) are shown for comparison.
This image was generated using the CSO Atmospheric Transmission Interactive Plotter,
see http://www.submm.caltech.edu/cso/weather/atplot.shtml.

cessing Environment (HIPE?). Reduction scripts were modified from the standard
scripts by M. Sauvage (PACS) and P. Panuzzo (SPIRE). For PACS, we were con-
cerned with removing glitches (detection spikes due to cosmic rays) and stripes (low
frequency brightness variations due to temperature fluctuations in the cryogenics) in
the final map. For SPIRE, bad instrument baselines from the cryogenics and calibra-
tions are very important to correct (Roussel 2012).

For both PACS and SPIRE, we started with the initial raw data (called Level 0).
The first step of data processing converts the units from digital readout to voltages.
Additionally, the processing applies the telescope astrometry (i.e., time stamps), gen-
eral housekeeping information (i.e., filter identification, scan rate), and basic masking
for bad channels (e.g., dead pixels) to the data, after which the data are considered

to be at Level 0.5. The next step of data processing computes the pointing informa-

2HIPE is a joint development by the Herschel Science Ground Segment Consortium, consisting
of ESA, the NASA Herschel Science Center, and the HIFI, PACS and SPIRE consortia.
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tion for each bolometer and converts the data units into fluxes using the calibration
information. For both PACS and SPIRE, we used the most up-to-date calibration
information at the time of the reduction. Observation glitches (i.e., from cosmic
rays) are also detected at this stage as sudden jumps in the bolometer timeseries with
shallow declines. At the end of this stage, we have observed flux timeseries for each
bolometer. The data products at this stage are called Level 1. The final reduction
step is to convert the bolometer timeseries into a sky map, or the Level 2 products.

For both PACS and SPIRE, we used the scanamorphos routine (Roussel 2012),
which is an external mapmaker designed for bolometer arrays, to obtain the Level 2
products. We found scanamorphos superior to the HIPE mapmakers (naivemap or
madMap) in reducing large-scale stripes and negative artifacts around bright sources.
In brief, scanamorphos computes the map coordinates from the Level 1 products and
flags the telescope “turnaround” data (i.e., data taken at the start or end of a scan
while the telescope was accelerating). Scanamorphos also makes use of the redun-
dancy in the observations (each section of the sky is observed by multiple bolometers
at multiple times) to correct for low-frequency noise (brightness drifts) in the obser-
vations. Unlike other mapmakers (i.e., madMap), scanamorphos does not assume
a noise model. Furthermore, scanamorphos removes glitches identified in the Level
1 products and includes prescriptions to mask and remove glitches missed by the
pipeline. The final maps are projected onto a grid with a specified pixel size. Unless
specified otherwise, we adopted pixel sizes of 3.2”, 4.5”, 6.0”, 10.0”, and 14.0” for the
70 pm, 160 pm, 250 pm, 350 um, and 500 pm maps, respectively, to ensure Nyquist
sampling.

For PACS, cosmic rays were removed through the standard second level deglitch-
ing algorithm rather than the Multiresolution Median Transform (MMT) deglitcher,
which was the initial deglitching algorithm. The MMT deglitcher was intended for
deep fields only, and as such, generally removed source flux with the cosmic rays.
Glitches were identified using a 60 cut of the weighted flux of each readout towards a
given map pixel. For SPIRE, a given map pixel is sampled less, and as such, glitches
are more difficult to distinguish from bright sources. We used wavelet decomposition®
(HIPE task waveletDeglitcher) to detect and remove glitches in the SPIRE timeseries.
This method assumes glitch shapes are similar to Dirac d-functions. Additionally, we
found that scanamorphos was able to remove most striping artifacts from bad base-

lines or drift corrections.

3A wavelet decomposition breaks up the signal into a set of independent wavelets.
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Chapter 3

Cloud Structure: Bl-East

In this chapter, we present continuum observations of the Perseus B1-E region from
the Herschel Gould Belt Survey. These Herschel data reveal a loose grouping of
substructures at 160 — 500 pm not seen in previous submillimetre observations. We
measure temperature and column density from these data and select the nine densest
and coolest substructures for follow-up spectral line observations with the Green Bank
Telescope. We find that the B1-E clump has a mass of ~ 100 My and appears to
be gravitationally bound. Furthermore, of the nine substructures examined here, one
substructure (B1-E2) appears to be itself bound. The substructures are typically
less than a Jeans length from their nearest neighbour and thus, may interact on a
timescale of ~ 1 Myr. We propose that B1-E may be forming a first generation of
dense cores, which could provide important constraints on the initial conditions of
prestellar core formation. Our results suggest that B1-E may be influenced by a

strong, localized magnetic field, but further observations are still required.

3.1 Introduction

Molecular clouds are highly structured regions of dust and gas. They contain dense,
small-scale, star-forming “cores” (< 0.1 pc) that are usually clustered into larger-scale
clumps and organized along filaments (Williams et al., 2000; Ward-Thompson et al.,
2007a; Di Francesco et al., 2007; André et al., 2010). The cause of this hierarchical
structure, where the large-scale clouds (~ 10 pc) with moderate densities (~ 102
cm~?) produce filaments, clumps, and dense cores at higher densities (= 10* cm™3),
is not well understood (Bergin & Tafalla, 2007).
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Molecular clouds form dense cores when diffuse gas is compressed. Current theo-
ries for core formation primarily focus on two ideas: that cores form via (1) turbulent
compression of diffuse gas (e.g., Larson, 1981; Mac Low & Klessen, 2004; Dib et al.,
2009), or (2) the motion of neutral material between magnetic field lines or ambipo-
lar diffusion (e.g., Mestel & Spitzer, 1956; Mouschovias, 1976; Kunz & Mouschovias,
2009). Both mechanisms and gravity likely play important roles in star formation, but
it is unclear whether one mechanism would dominate in all situations (i.e., clustered
or isolated star formation and low-mass or high-mass star formation). Furthermore,
theoretical studies also suggest that additional processes, such as radiation feedback
(i.e., Krumholz et al., 2010) or large-scale shocks associated with converging flows
(i.e., Heitsch et al., 2011), can influence molecular cloud structure and thus, core
formation. Additionally, recent Herschel studies have shown that filaments are very
prominent in star forming regions and likely have an important role in the formation
of dense substructures in molecular clouds (e.g., André et al., 2010; Arzoumanian
et al., 2011).

Surveys of core populations in molecular clouds indicate that cores are confined
to regions of high column density. Johnstone et al. (2004) and Kirk et al. (2006)
found a relationship between core occurrence and extinction for the Ophiuchus and
Perseus clouds, respectively, suggesting that there is a core formation threshold at
Ay 2z 5. Similarly, Lada et al. (2009) and André et al. (2010) each compared two
clouds with different degrees of star formation activity and each found that the more
active cloud was composed of higher column density material (by a factor of ~ 10)
than the quiescent cloud. These studies emphasize that cores require a minimum
column density (extinction) of material to condense from the bulk cloud (see also
Heiderman et al., 2010).

The precursors to cores are difficult to identify. Dense cores are often influenced
by processes such as nearby outflows and radiation feedback from a previous epoch
of nearby star formation, and observations of them cannot be used to constrain the
dynamic properties of the initial core-forming material (Curtis & Richer, 2011). With-
out knowing the initial conditions and processes that cause cores to form from diffuse
gas, we cannot accurately model their formation or evolution. Thus, identifying and
analyzing a core forming region without earlier episodes of star formation would be
exceedingly useful to constrain how molecular clouds form star-forming substructures.

In this chapter, we use observations from the Herschel Gould Belt Survey to ex-

plore a ~ 0.1 deg? clump roughly 0.7° east of the B1 clump (Bachiller & Cernicharo,
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1986) within the Perseus molecular cloud. This region, hereafter called B1-E, has
material at high extinction (i.e., Ay > 5) similar to the core formation threshold.
Despite this high extinction, previous submillimetre and infrared continuum observa-
tions suggest that B1-E contains neither dense cores nor young stellar objects (e.g.,
Enoch et al., 2006; Kirk et al., 2006; Jgrgensen et al., 2007; Evans et al., 2009). In
contrast, our Herschel observations show substructure that was not detected by these
other far-infrared and submillimetre continuum studies. Furthermore, we use recent
Green Bank Telescope (GBT) observations to quantify in part the kinematic motions
of the densest substructures seen in the Herschel data.

We propose that B1-E is forming a first generation of dense cores in a pristine
environment. In Section 3.2, we describe our Herschel and GBT observations. In
Section 3.3 we describe the properties we derive from our data. In Section 3.4 we
discuss the implication of our results and compare our observations to theoretical

models. Finally, in Section 3.5 we summarize the chapter.

3.2 Data

3.2.1 Herschel Observations

The western half of Perseus, including B1-E, was observed at 70 — 500 um as part of
the Herschel Gould Belt Survey (André & Saraceno, 2005; André et al., 2010). The
70 pm observations of B1-E; however, are less sensitive due to the fast scan rate (60
arcsec s7') and low emission from cold material (see Section 3.3.1). Thus, we will
not include the 70 pm observations in our discussion. For a full explanation of the
observations, see Pezzuto et al. (2012).

The PACS and SPIRE raw data were reduced using HIPE version 5.0 and re-
duction scripts written by M. Sauvage (PACS) and P. Panuzzo (SPIRE) that were
modified from the standard pipeline. For SPIRE reduction, we used version 4 of the
calibration tree. The final maps were created using the scanamorphos routine devel-
oped by Roussel (2012), adopting pixel scales of 6.4”, 6.0”, 10.0”, and 14.0” for the
160 pm, 250 pm, 350 pum, and 500 pm bands, respectively. By default, scanamor-
phos sets a much smaller pixel scale, whereas our adopted pixel scale corresponds
to the default size from the HIPE mapmaking tools. For a full explanation of the
data reduction, see Chapter 2. We also adopt beam sizes of 13.4”, 18.1”, 25.2”, and
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36.6" for the 160 ym, 250 pm, 350 pum, and 500 um bands respectively! (see Griffin
et al., 2010; Poglitsch et al., 2010). Assuming a distance to Perseus of 235 pc (Hirota
et al., 2008), Herschel can detect structure on scales of ~ 0.04 pc at 500 pm. Figure
3.1 shows a three-colour image of Western Perseus with labels for B1-E and other

prominent subregions.

NGC 1333

Figure 3.1: Three-colour image of the western half of the Perseus molecular cloud. Colour
mosaic was generated using Herschel 160 pm, 250 pm, and 350 pm observations. The white
box denotes our boundary for B1-E for subsequent figures. The other prominent clumps in
Western Perseus are also labeled.

Unlike previous ground-based submillimetre instruments, Herschel can detect

Due to the fast scan rate, the 160 pum beam is slightly elongated along the scan direction.
Thus, we adopt the geometric mean (i.e., Resr = Vab) as the beam size, where the elongated beam
dimensions are from Poglitsch et al. (2010).
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large-scale diffuse emission (e.g., Schneider et al., 2010; Miville-Deschénes et al., 2010;
Arzoumanian et al., 2011). Additionally, Herschel has excellent sensitivity to low-
level flux. For example, Figure 3.2 compares SCUBA 850 pm observations of B1-E
(smoothed to 23" resolution; Di Francesco et al., 2008) with the new SPIRE 250 pm
observations (at 18” resolution). The SPIRE 250 yum data show prominent substruc-
tures not identified in the SCUBA 850 pum data, though several faint features at 850
pm appear to agree with the brighter structures in the 250 pm map. With the higher
sensitivity of Herschel, we are able to identify clearly structures in B1-E that were
too faint, i.e., < 3 o, to be robust detections with SCUBA.

-1
Sgso (Jy beam™ ") S
0

250 Iy beamfl)
1

1.5 2
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| 8 44

¥

3hgrmes 40° 20° 36™0° 40° 3hgymps 40° 20° 36™0° 40°
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Figure 3.2: Observations of Perseus B1-E from (a) SCUBA 850 pm and (b) SPIRE 250
pm maps. The SCUBA data came from the Extended SCUBA Legacy Catalogue (see Di
Francesco et al., 2008). Contours represent extinction levels of Ay = 5, 7, 8 magnitudes
from the COMPLETE extinction map (Ridge et al., 2006a) and the filled circles show the
beam sizes of 23" for smoothed SCUBA data at 850 um and 18" for SPIRE data at 250

pm.

3.2.2 GBT Observations

We selected nine compact substructures with the largest column density values in our
Herschel-derived Hy column density map of B1-E (see Section 3.3.2) for complemen-
tary follow-up observations with the new K-band Focal Plane Array (KFPA) receiver
on the GBT?. Our targets, hereafter named B1-E1 to B1-E9 according to decreasing
peak column density, were observed on 03 March 2011 with single-pointings. We

used the KFPA receiver with one beam and four spectral windows to observe each

2The GBT is a 100 m telescope operated by the National Radio Astronomy Observatory.
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target simultaneously in NHj3 (1,1), NH; (2,2), CCS (2, — 1p), and HC5N (9-8) line
emission at 23.6945 GHz, 23.7226 GHz, 22.3440 GHz, and 23.9639 GHz, respectively.
Similar to Rosolowsky et al. (2008), we made frequency-switching observations with
9-level sampling and 12.5 MHz bandwidth over 4096 spectral channels in each win-
dow to achieve a velocity channel width of v., ~ 0.0386 km s~! at 23.69 GHz. B1-E1
to B1-E8 were observed for ~ 1120 seconds, each. B1-E9 was observed for ~ 840
seconds.

We reduced the GBT data using standard procedures in GBTIDL? for frequency-
switched data. In brief, individual scans from each spectral window were filtered
for spikes or baseline wiggles, folded, and then averaged. Baselines were obtained
for the averaged spectra by fitting 5th-order polynomials to line-free channel ranges
at the low- and high-frequency edges of each band, and were then subtracted. To
improve the detection levels, the data were smoothed with a boxcar kernel equal to
two channels in width. The reduced data were exported from GBTIDL into standard
FITS files using routines of AIPS** developed by G. Langston. Further analysis was
conducted in MIRIAD* and IDL (Interactive Data Language). The 1 o noise levels
were typically ~ 0.01 — 0.02 K per channel. At 23.69 GHz, the GBT beam is ~ 33"
and the beam efficiency is 7, = 0.825.

Table 3.1 gives the positions, peak Hy column density, and the detected line emis-
sion of these targets. The main NHj (1,1) component was detected at > 3 ¢ towards
all nine targets and CCS (2; — 1p) line emission towards several. The NH3 (2,2) and
HC;N (9-8) lines were only detected toward B1-E2.

3.3 Results

3.3.1 SED Fitting to Herschel Data

We corrected the arbitrary zero-point flux offset in each Herschel band using the
method proposed in Bernard et al. (2010) that is based on a comparison with the
Planck HFI (DR2 version, see Planck HFI Core Team et al., 2011) and IRAS data.
In addition, each map was convolved to the resolution of the 500 ym map (36.6”) and

regridded to 14" pixels. The map intensities of the 160 — 500 pum bands were then fit

3GBTIDL is a special IDL package specific to the GBT.

4Multichannel Image Reconstruction, Interactive Analysis, and Display (MIRIAD) software is
developed by the Berkeley Illinois Maryland Array (BIMA) group. See Sault et al. (1995) for more
details.
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Table 3.1: GBT Target Information

Source « (J2000) & (J2000)  N(Hy)*  Detections®
(h:m:s) " (cm™?)

BI-El  3:35:55.0 31:14:16 1.9 x 102 1); CCS
B1-E2  3:36:04.4  31:11:47 1.7 x 1022 1); NH; (2,2): CCS: HC5N
B1-E3  3:35:52.1  31:15:39 1.5 x 1022 . CCS

H (1,1);

3 (1,1);

3 (1,1);
B1-E4 3:35:51.0 31:12:34 1.5 x 10* 3 (1,1)
B1-E5  3:36:37.3  31:11:41 1.5 x 10* 3 (1,1)
B1-E6  3:36:41.0  31:15:05 1.4 x 10* 3 (1,1)
BI1-E7  3:36:39.0  31:14:27 1.4 x 10* 3 (1,1); C
BI1-E8  3:36:05.0 31:14:28 1.3 x 10* 3 (1,1); C
BI1-E9 3:36:18.5  31:14:31 1.3 x 10* Hjs (1,1)

“Peak Herschel-derived Hs column density towards the sources. See Section 3.3 for more details.
Line emission detected towards each source.

by the modified black body function,
I, =k,B,(T)% (3.1)

where k), is the dust opacity, B, is the black body function (Equation 1.2), T" is the
dust temperature, and ¥ is the gas mass column density. Note that ¥ = pumyN(Hy),
where p is the mean molecular weight, my is the hydrogen mass, and N(H,) is the Hy
gas column density. Hereafter, column density refers to the Hy gas column density,
unless specified otherwise. For consistency with other papers in the Gould Belt Survey
(e.g., André et al., 2010),

ry = 0.1(r/1000 GHz)” cm? g~ !, (3.2)

where (3 is the dust emissivity index. The SED fits were made using the IDL program
mpfitfun by C. B. Markwardt. In brief, mpfitfun performs a least-squares comparison
between the data and a model function by adjusting the desired parameters until a
best fit is achieved.

Fitting [ requires a plethora of data, particularly along the Rayleigh-Jeans tail
(e.g., A > 300 um at 10 K), to remove degeneracies in the model fits (Doty & Leung,
1994; Shetty et al., 2009b). Since we have only two photometric bands (350 pm
and 500 pum) along the Rayleigh-Jeans tail, we assume 3 = 2, consistent with the
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adopted (3 in other Herschel first-look studies (e.g., André et al., 2010; Arzoumanian
et al., 2011). There is some evidence for § ~ 2 in recent Planck studies (see Planck
Collaboration et al., 2011a,b, and references therein). Adopting 3 = 2 here provides
good fits to our data (see below).

Figure 3.3 shows the dust temperatures and column densities across B1-E resulting
from the modified black body fits to each pixel for the 160 — 500 pum bands, assuming
flux uncertainties of 15% based on calibration uncertainties (see Griffin et al., 2010;
Poglitsch et al., 2010), u = 2.33, and § = 2. Temperature and column density in Bl-
E are highly structured (see Figures 3.3a and 3.3b), where regions of higher column
density are also associated with slightly cooler temperatures and regions of lower
column density have slightly warmer temperatures. Most of the cooler, high column
density material (= 6 x 10! cm™2) is clumped into a central ring-like structure (i.e.,
slight depression is seen towards the very centre).

Figures 3.3c and 3.3d show the number histograms of temperature and Hy column
density, respectively. These distributions are non-Gaussian. The sample mean and
standard error about the mean for the temperature and column density are 14.1 K+

0.8 K and (6.3 42.7) x 10*! ecm™2, respectively, where the standard error of the mean

SE = \/ﬁ S (- )2, (3.3)

where Z is the population mean for the sample of size N.

is computed from,

These mean values agree well with previously estimated quantities for this region.
For example, Schnee et al. (2005) measured a mean dust temperature of ~ 14 K for
the B1-E region using the ratio of IRAS 60 pym and 100 pm flux densities to estimate
dust temperature. Additionally, extinction data from the COMPLETE survey (see
contours in Figures 3.2 and 3.3) suggest a mean column density of (5.3 4 1.5) x 10%!
cm ™2, assuming N(Hy)/Ay = 10*! em™ mag~!. Using a higher resolution extinction
map from S. Bontemps (see Sadavoy et al. 2010), we find a mean column density of
(6.3£3.6) x 10*! cm~2. These two column densities agree very well with our measured
value of (6.3 +2.7) x 10*! cm~2 and they are also similar to the threshold column
density for dense core formation from the extinction analysis in Perseus by Kirk et al.
(2006), 5 x 10?' cm™2. For comparison, Figure 3.3d includes the Kirk et al. column
density threshold as a dashed line. Although B1-E does not appear filamentary, there
is ample material from which dense cores may form. With Herschel data, André et al.

(2011) found a threshold column density of 7 x 10?! cm™2 for dense structures to form
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Figure 3.3: SED-fitting results for B1-E. Top panels shows the temperature (a) and
Hy column density (b) maps across B1-E as measured from SED-fitting to 160 - 500 pm
data, according to Equations 3.1 and 3.2 and assuming 8 = 2. Bottom panels show the
histograms of the above maps. The temperature histogram (c) uses a bin size of 0.3 K and
the Hy column density histogram (d) uses a bin size of 1 x 102! em~2. For comparison, the
dashed line in panel (d) indicates the observed column density threshold (from extinction)
for core formation from Kirk et al. (2006).

in Aquila via thermal instabilities along a filament at 10 K.

3.3.2 Column Density Profiles

One of the more prominent core models is the Bonnor-Ebert sphere (Bonnor, 1956;
Ebert, 1955), which represents the density profile of a sphere in hydrostatic equilib-
rium under the influence of an external pressure. The Bonnor-Ebert sphere has a flat
inner density distribution and a power-law density downtrend at larger radii. Many
prestellar cores, i.e., dense cores that are gravitationally bound but do not show ev-
idence of a central luminous protostar, have shown Bonnor-Ebert-like profiles (e.g.,
Ward-Thompson et al., 1999; Alves et al., 2001).
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With the excellent spatial resolution of Herschel, we can measure the column
density profiles for individual B1-E substructures. First, we identified the locations
of peak column density using the 2D Clumpfind algorithm (Williams et al., 1994).
Briefly, Clumpfind identifies intensity peaks and then uses closed contours at lower
intensity levels to assign boundaries. We will discuss the nine highest column density
substructures identified by Clumpfind (B1-E1 to B1-E9) for this chapter. Second, we
measured the azimuthally-averaged column density profile of our nine sources using
the ellint task in MIRIAD. For simplicity, we used circular annuli of 10” width for
r > 7". For the central radii (r < 7”), we assume the peak column density. We
caution that several of our sources appear elliptical and our circular approximation
is meant to provide a broad, first-look analysis.

Figure 3.4 shows the column density profiles, where the column density values are
plotted from the centre of each annulus. For comparison, Figure 3.4 also shows the
beam profile (solid grey curve), a “generic” column density profile convolved with
the beam (dashed grey curve) and an analytical Bonnor-Ebert profile convolved with
the beam (dotted curve). For both analytic profiles, we follow the approximation
from Dapp & Basu (2009) and assume a temperature of 7' = 10 K, a central density
of n = 10° cm™3 and a constant of proportionality of k& = 0.54, where k ~ 0.4
for a singular isothermal sphere and k ~ 1 for a collapsing cloud. Our observed
column density profiles are much wider than the models, likely due to contaminating
material in the foreground or far-background along the line of sight, hereafter called
LOS material. Towards the centre of each source, the analytic models and observed
profiles are more similar, since the source column density dominates over the LOS
level, whereas in the power-law roll-off, the LOS material is likely more significant and
the profiles deviate from the analytic models. Unfortunately, the column density of
such extended material is difficult to distinguish from the source column density. To
estimate its contribution towards each source, we used the subsequent column density
at the location where the power-law slope in the column density profile flattened or
began to increase. Thus, the LOS material level ranges from ~ 8 x 10*! cm=2 for
B1-E9 to ~ 11 x 10*! em™2 for B1-E1 or roughly 60% of the peak column density.
These LOS column densities are very conservative and could overestimate their actual
contributions by as much as a factor of 2. Indeed, these values are larger than the
mean B1-E column density of 6.3 x 10*! cm™2.

Figure 3.5 shows a comparison of our nine column density profiles after correcting

each profile for LOS material and normalizing to the respective peak column density,
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Figure 3.4: The azimuthally-averaged column density profiles for the nine sources in Bl-
E, assuming a distance of 235 pc. The profiles were measured using circular annuli with a
thickness of 10” for r > 7”. Note that the central area is defined by a circle of radius 7”
but plotted at 3.5”. The dashed horizontal line indicates our estimate for the non-source
line-of-sight (LOS) material. For comparison, the dotted curve and dashed curve illustrate a
Bonnor-Ebert column density profile and a “generic” [1+ (r/a)?]7%® column density profile
following Dapp & Basu (2009). For both analytic curves, we assume a temperature of 10 K
and a central density of n = 10 cm™3 and convolved the profiles with a 36.6” beam. The
grey solid curve shows the beam profile. The analytical profiles and the beam profile are
scaled to the peak column density. Note that both axes are logarithmic.

and includes the Bonnor-Ebert profile, generic profile, and beam profile from Figure
3.4. All nine profiles follow a shape similar to those of the analytic models, with a
flat centre and steep falloff towards larger radii. Additionally, all profiles but B1-E5
generally appear more centrally concentrated than the models, implying that B1-E5
is the least compact. The column density profiles do show some differences with the

models, however, such as steeper fall-offs.
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Figure 3.5: Normalized, corrected column density profiles for sources in B1-E. The column
density profiles were determined from azimuthally-averaged annuli (see Figure 3.4) with
the line-of-sight (LOS) material subtracted out to produce column density profiles for the
compact substructures only. The grey solid, dotted, and dashed curves are the same as for
Figure 3.4.

3.3.3 Substructures

We estimated source sizes and masses based on Gaussian fits to the LOS-subtracted
column density profiles. Source size was defined by the full width at half maximum
(FWHM) of the Gaussian (i.e., R = FWHM/2). Since B1-E6 and B1-E7 have a
small projected separation of ~ 50", we truncated both to 31” radii® to ensure that
we mostly measured column densities unique to each. Thus, our analyses of B1-E6
and B1-E7 are biased toward the denser, central regions unlike those of the other
sources. Subtracting out the LOS material limits the influence from nearby extended
material and generally fits only the denser, embedded object. If we include the

LOS material, the estimated source sizes generally increase by < 20%. Isolated

5Deconvolved radii are ~ 25”.
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substructures, like B1-E2 or B1-E8, have sizes that vary by ~ 5% and substructures
embedded in extended profiles like, B1-E1 or B1-E4, have sizes that vary by 24% and
37%, respectively.

Table 3.2 lists the adopted properties for our sources, including their deconvolved
radii, estimated (upper and lower) masses, and average densities, assuming they are
perfect spheres and dividing the (upper and lower) source masses with their spherical
volumes, %wRﬁ, where R, is the deconvolved radius. We consider two mass and density
limits: the lower limits subtract out the LOS material and the upper limits include the
LOS material. Note that, by our definition of source size, we are measuring the inner
regions of each profile where core precursors are most likely to arise. Since we are
using the Gaussian FWHM to estimate the source size, the true source sizes, including
any diffuse envelopes, may be larger by a factor of 2. Source mass was estimated by
summing over the column density and assuming a mean molecular weight of y = 2.33.
These results provide a reasonable first look at the relative sizes and masses of these

sources.

Table 3.2: Column Density Determined Properties

Source R MP n®
(AU)  (Ms)  (10* em™®)

B1-E1 7.1 x10° 06—1.6 59—17
B1-E2 6.9 x10° 06—14 6.7—15
B1-E3 7.7 x10° 05—1.5 4.0-—12
B1-E4 6.0 x10° 0.3—1.0 4.3-—18
B1-E5 9.3 x10° 05—-2.0 24-9.1
B1-E6? 5.9 x10° 0.3—1.0 5.7—17
B1-E7d 59 x10° 03—-0.9 56— 17
B1-E8 7.2 x10° 03—-1.2 3.1-12
B1-E9 5.4 x10° 0.3—-0.8 58—18

*Object radii were estimated from Gaussian fits to the column density profile (R = FWHM/2). Radii
were deconvolved with a 36.6” beam.

®Masses are taken from integrating out the column density profiles. The lower limit measurements
subtract the LOS material from the column density profiles. The upper limit measurements do not
subtract the LOS material from the column density profiles.

¢Average density determined from the mass and volume.
4B1-E6 and B1-E7 are truncated to measure column density unique to each source.
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3.3.4 Line Emission

Kirk et al. (2007) and Rosolowsky et al. (2008) each attempted to identify dense gas
towards B1-E via high spatial resolution line observations in NoH' and NHj, respec-
tively. They observed several “blind” pointings towards B1-E and found no strong
detections. Unlike previous continuum studies, our Herschel data have identified sev-
eral cold, dense substructures in B1-E (see Figure 3.3) and these were not directly
probed by either Kirk et al. or Rosolowsky et al. Using our Herschel results, we
selected the nine substructures with the highest column densities for follow-up obser-
vations with the GBT in NHj (1,1), NH;3 (2,2), CCS (2, — 1p), and HC;N (9-8) line

emission. Figure 3.6 shows the locations of our nine targets (see also Table 3.1).
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Figure 3.6: Locations of substructures in B1-E overlaid on our Herschel-derived column
density map. Numbers indicate the positions of peak column densities and the relative
magnitude of the column density peak (see also Table 3.1). The thin black circles show the
deprojected source sizes (see Section 3.3.3). The dark filled circle shows the GBT beam
(~ 33") at 23.69 GHz.
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3.3.4.1 NH; Detections

We detected NH3 (1,1) emission towards all nine targets. We fit the NH3 (1,1) hy-

perfine lines with multiple Gaussian components using the following equation;

18 2
T(v) =711 Zai exp [—41n2 <%;Um) ] (3.4)
i=1

where 7 ; is the optical depth for the (1,1) transition, ¢ is the transition weight, v; is
the velocity of the hyperfine line (for a given rest frequency), v, is the velocity of the
source with respect to the local standard of rest, and Av is the FWHM of the line. We
used the hyperfine frequencies and weights from Kukolich (1967) and Rydbeck et al.
(1977) and derived the values for 7 1, vis, and Av from the fits. Figure 3.7 shows
example fits to the NHj spectra. Table 3.3 lists centroid velocity (v;s.) and observed
velocity line width (Awv) from the NHj3 (1,1) fits, the kinetic gas temperature from
comparisons of the NH3 (1,1) and (2,2) line emission, and the resulting thermal and

non-thermal velocity dispersions for all nine sources.

For B1-E2, we could derive the kinetic gas temperature using NHjz (1,1) and
NH;3 (2,2) line emission, whereas we could only determine upper limits for our other
sources. We use our NHs-derived kinetic temperature of T = 10.27 K 4+ 0.38 K for
B1-E2 and adopt the mean NHjs-derived kinetic temperature of 11 K from the survey
of Rosolowsky et al. (2008) for our other sources. As an estimate of the uncertainty,
we use the dispersion in the kinetic temperatures from the Rosolowsky et al. data,
2 K, (see Enoch et al., 2008). Note that these gas temperatures correspond to the
denser, colder inner layers where ammonia is excited, whereas the dust temperatures
(see Section 3.3.1) represent an average of all the material along the line of sight, i.e.,
including the lower density envelopes. For more information on extracting kinetic
temperatures from NHj line emission, see Friesen et al. (2009).

Table 3.3 also lists the thermal velocity dispersion, o7, and the non-thermal veloc-

ity dispersion, oy7. We determined op from the kinetic temperature and oy from
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Figure 3.7: Fits to NH3 (1,1) and (2,2) spectra. Note the hyperfine components visible
for the NH3 (1,1) spectrum of B1-E2. The NHj (2,2) spectra were smoothed by a boxcar
with a 2-channel width to improve the visual appearance. For comparison, we show two
undetected NH3 (2,2) observations.

the line widths via,

kT
o = 4| (3.5)
HUNHTH
oNT = /0%, — 0T (3.6)

where £k, is the Boltzmann constant, T is the kinetic temperature, pyp, = 17.03 is
the mean molecular weight of NH3, mpy is the atomic hydrogen mass, and o, is the
total velocity dispersion of the lines, o,s = Av./v/81In2, where Aw, is the velocity
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Source Vs Av? Tk or ONT
(km s™1) (km s71) (K) (km s™1) (km s71)

B1-E1  7.61 £0.02 0.99 4+ 0.06 < 27 0.073 £ 0.007 0.42 + 0.03
B1-E2 7.67 & 0.002 0.29 4+ 0.005 10.3 & 0.4 0.071 & 0.001 0.10 4 0.003
B1-E3  7.47 £ 0.01 0.68 £ 0.03 < 16 0.073 £ 0.007 0.28 £ 0.02
B1-E4 7.82 +£0.01 1.08 &+ 0.04 < 27 0.073 £ 0.007 0.45 £ 0.02
B1-E5 7.57 £0.01 0.83 & 0.02 <19 0.073 £ 0.007 0.34 &+ 0.01
B1-E6 7.61 =0.01 0.91 & 0.03 < 23 0.073 £ 0.007 0.38 + 0.02
B1-E7 7.31 £0.01 0.71 £ 0.03 <24 0.073 £ 0.007 0.29 £ 0.02
B1-E8 6.78 £ 0.01  0.54 £+ 0.02 < 20 0.073 £ 0.007 0.21 £ 0.01
B1-E9 7.11 £0.01 0.69 &+ 0.04 < 32 0.073 & 0.007 0.28 £ 0.02

%The velocity FWHM from the best-fit models uncorrected for channel resolution.

YKinetic temperature towards each source. For B1-E2, we measured the kinetic temperature from
NH; (1,1) and NHjs (2,2) line emission. For our other sources, we used a 3 o upper limit for NHj
(2,2) to estimate the upper limit of Tk.

°The thermal line width of B1-E2 was determined using the derived kinetic temperature, Tx =

10.27 K £+ 0.38 K. For the remaining sources, we adopted 11 K, the mean NHjs-derived kinetic
temperature from Rosolowsky et al. (2008) with an uncertainty of 2 K from the dispersion of the
kinetic temperature in that survey (see Enoch et al., 2008).

line width corrected for the channel resolution, Av.? = Av? — v?. Using the NH;
study by Rosolowsky et al. (2008), we adopted Tx = 11 K for all our targets except
B1-E2, where we used our derived gas temperature, T = 10.27 K £ 0.38 K.

3.3.4.2 CCS and HC;N Detections

CCS (21 — 1p) was detected towards five targets (see Table 3.1) and HC5N (9-8) was
detected towards only B1-E2. Figure 3.8 shows examples of these spectra. We fit
the CCS (27 — 1) and HCsN (9-8) spectra with single Gaussians. The velocities
determined for most CCS (2; — 1j) detections and the single HC;N (9-8) detection
were similar to those found from NHj, suggesting these dense gas tracers are probing
the same region as the NHj3 emission. The CCS (2; — 1j) spectra for B1-E1 and
B1-E8, however, revealed fairly different values. For B1-E1, the CCS (2; — 1¢) line
emission appears redshifted by ~ 0.3 km s (14 o) with respect to the NH3 (1,1) line
emission, whereas for B1-E8, the CCS (2; — 1¢) line emission is redshifted by ~ 0.1
km s™' (1.5 o). The redshifted CCS (2; — 1;) emission in B1-El may be tracing a

different region of dense gas from the NH3 emission, such as a region undergoing infall
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(e.g., see Swift et al., 2005).
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Figure 3.8: Fits to the detected CCS (2; — 1p) and HC5N (9-8) spectra. The weaker
CCS (21 — 1p) spectra and the B1-E2 HC35N (9-8) spectra were all smoothed by a box-
car with a 2-channel width to improve the visual appearance of the lines. The B1-E2
CCS (21 — 1p) spectrum was not smoothed.

3.4 Discussion

Our Herschel data have revealed extensive substructures within B1-E for the first
time. Such faint substructures may represent an early evolutionary stage in star
formation, where a first generation of cores is forming from lower density material.

Thus, it is important to characterize the substructures seen in these Herschel maps.
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3.4.1 Comparison with Jeans Instability

The minimum length scale for gravitational fragmentation in a purely thermal clump
or cloud is described by the Jeans length, \; = (c?7/Gp)/2, where ¢, is the thermal
sound speed, G is the gravitational constant, and p is the density of material (Stahler

& Palla, 2005). In terms of temperature and number density, we find,

T \% n —0.5

Ideally, the Jeans length should be calculated for the gas temperature and gas density.
In small, dense scales (i.e., = 105 cm™3; Di Francesco et al., 2007), the gas and dust
temperatures are coupled, whereas in larger, more diffuse scales, the gas and dust
are decoupled and the gas may be warmer than the dust (Young et al., 2004; Di
Francesco et al., 2007; Ceccarelli et al., 2007). The central region of B1-E containing
the substructures, i.e., the area contained within N(H,) > 6 x 10*! cm™2, has a mass
of ~ 110 Mg, and an effective radius (Rers = \/T/W) of ~ 0.46 pc. Approximating
B1-E as a sphere, we find an average density of ~ 5 x 10 cm™3, suggesting that the
the gas and dust in B1-E are likely decoupled such that the mean dust temperature
of ~ 14 K (see Section 3.3.1) is a lower limit to the gas temperature. Assuming a
lower limit gas temperature of 14 K and n = 5 x 10® cm ™3, the lower limit \; ~ 0.35
pc. Note that the kinetic temperatures measured in Section 3.3.4.1 correspond to the
smaller, denser scales where the gas and dust temperatures should be coupled and
not the scales measured here.

The minimum projected separations between our nine substructures are generally
between 0.1 pc and 0.19 pc, with a median value of ~ 0.13 pc for all nine sources.
Recall, however, that B1-E6 and B1-E7 have an angular separation of ~ 0.05 pc, a
factor of 2 closer than any other pair of substructures. Despite their close proximity,
B1-E6 and B1-E7 show different centroid velocities (see Table 3.3), and therefore,
cannot be considered a single object. Also, we can only measure the projected 2-D
separations between our nine substructures and not their physical 3-D separations.
Assuming a typical inclination angle of 60°, our median separation is ~ 0.15 pc for
all nine substructures or ~ 0.17 pc excluding B1-E6 and B1-ET7.

The median minimum separation is a factor of two smaller than our best estimate
of the Jeans length, though our Jeans length estimate is, itself, uncertain within a

factor of a few. The fact that we find a minimum separation that is less than the Jeans
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length is still interesting and could indicate gravitational fragmentation followed by
bulk contraction of the B1-E group, but the overall uncertainties in determining the
minimum separations and Jeans length make this difficult to validate. Additionally,
B1-E does not appear to be filamentary (see Figure 3.6) and therefore, the clump
could be extended along the line of sight resulting in more significant radial distances
between substructures.

For the substructures, we use the Jeans mass to explore their thermal stabilities.
Similar to the Jeans length, the Jeans mass is a critical mass scale for gravitational
fragmentation such that cores with M > M are thermally unstable (Stahler & Palla,

2005). This critical mass can be described as,

vy =20 (L) (o Yy
;=29 (10 K) (104 cm-3> ©r (38)

The B1-E substructures have average densities of n ~ 1 x 105 ecm™ (see Section
3.3.3). Furthermore, we found a gas temperature for B1-E2 of ~ 10 K. Note, that
this gas temperature corresponds to the denser B1-E2 substructure and should not
be assumed for the lower density B1-E clump. Assuming 7' = 10 K and n = 1 x 10°
cm 3, the critical Jeans mass is M =~ 0.9 My. Several of the substructures have mass
limits on order of the Jeans mass (see Table 3.2), suggesting that these sources are
approaching a critical, unstable mass. Thus, the B1-E substructures are interesting

prospects for future studies of substructures evolution.

3.4.2 Time Scale for Interactions

From the Herschel observations, the B1-E substructures appear linked (see Figure
3.6), which might indicate that they are interacting. The timescale for any two
substructures to interact can be estimated from the typical separation between the
substructures and their velocity dispersion. For simplicity, we adopt the average
projected separation between all nine substructures of ~ 0.40 pc. For an inclination
angle of 60°, the typical separation between the substructures is dg,. ~ 0.46 pc. To
estimate the velocity dispersion of the sources, we use the dispersion of the centroid
velocities of NH3 (1,1) from all nine objects. The weighted 1D centroid velocity
dispersion is o1p ~ 0.24 km s~! and assuming symmetry, the 3D velocity dispersion®

is o3p ~ 0.42 km s~!. Thus, the B1-E substructures have an interaction timescale of

6 Assuming o3, = o2 + 0(225 + 03 = 302.
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~ 1 Myr, a factor of two larger than recent estimated prestellar core lifetimes and less
than the expected protostellar core lifetime (e.g., Kirk et al., 2005; Ward-Thompson
et al., 2007a; Enoch et al., 2008). Furthermore, this timescale corresponds to the
interaction time between any two substructures and not the interaction time between
nearest neighbour substructures. Given that the nearest neighbour separation is a
factor of ~ 3 smaller than the typical separation adopted here, these substructures
have the potential to interact prior to forming stars. Thus, competitive accretion may
be significant during further evolution of B1-E (e.g., Bonnell et al., 2001; Krumholz
et al., 2005; Bonnell & Bate, 2006).

3.4.3 Comparison with Virial Equlibrium

Not all dense substructures will form cores and stars. For example, a core with kinetic
energy from internal motions that exceeds its gravitational binding energy may be
transient and unable to form persistent dense structures or stars. According to McKee

(1999), a core is gravitationally bound if the virial parameter, «,, is

Myiria 5012,3
= — :GM’SQ (3.9)
where o, is the velocity dispersion, R is the radius, and M is the mass.

B1-E has an effective radius of 0.46 pc (see Section 3.4.1). We estimate the
velocity dispersion using the centroid velocity dispersion from Section 3.4.2, o3p =
0.42 km s~*. This velocity dispersion was derived from the motions of the individual
substructures and thus, reflects the turbulence in the cloud that first created the
substructures rather than the thermal velocity dispersion of the gas. The expected
thermal velocity of the gas is less than 0.42 km s~!, and thus non-thermal support is
important. Assuming R = 0.46 pc and o, = 0.42 km s~!, B1-E has a virial mass of
~ 96 Mg, or a, ~ 0.9 for a clump mass of 110 Mg, (see Section 3.4.1). These results
imply that B1-E is itself gravitationally bound and thus, likely to form dense cores
and stars in the future.

For the individual substructures, velocity dispersions were determined from NHj
(1,1) line widths, after estimating the non-thermal component (oyr; see Table 3.3)
and the thermal component (c;) for a mean molecular weight of py, = 2.33. Table
3.4 shows our values for the total velocity dispersion, ¢,, the ratio of the velocity

dispersion to the thermal sound speed, the virial mass, M,;.;.;, and the virial param-
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eter, «,, for each substructure. Most of the virial parameters are > 2, suggesting
that these substructures themselves are not gravitationally bound and thus, may
not necessarily represent persistent objects. B1-E2 has the smallest virial parameter,
1< a,

lower limit estimates of a,, ~ 3 and given that we know «, only within a factor of a

< 3, however, and may be itself gravitationally bound. B1-E8 and B1-E3 have
few, these sources may also be gravitationally bound. These virial limits, however,
depend greatly on the source mass, which can vary by a factor of ~ 4 depending on
our treatment of the LOS material (see Section 3.3.3). To be bound, these candidates
must have negligible LOS material towards them, which is very unlikely. Thus, B1-E2

is the only strong candidate for being gravitationally bound.

Table 3.4: Virial Analysis Properties

Source Oy oy /Cs® Myirial a,’
(km s~1) (M)
B1-E1 046 £0.03 23+03 &85+48 5-14
B1-E2 022+ 0.006 1.1+003 1.8+09 1-3
B1-E3 0.34 £+ 0.02 1.74+02 51+£29 3-10
B1-E4 049 +£0.02 25+03 82+45 8-27
B1-E5 040+ 0.03 20+02 &83+45 4-17
B1-E6 0.42 + 0.02 22+02 60X£33 6-20
B1-E7 0.35 &+ 0.02 1.84+02 41+23 5-14
B1-E8 0.29 + 0.02 1.54+02 34+20 3-11
B1-E9 034 +£0.03 1.7+02 36+21 4-12

*Velocity dispersion divided by sound speed, assuming 7' = 11 K for all substructures except B1-E2
where T = 10.27 K.

®Virial parameter considering the upper and lower mass limits for each substructure (see Table 3.2).

Most B1-E substructures have very large virial parameters and are thus, expected
to be unbound. In comparison, the Jeans mass (see Section 3.4.1) is a mass scale
for only gravitational fragmentation in a thermal clump and does not include the
contributions from non-thermal support. Several of the substructures with a, > 2
have masses on order of the Jeans mass, ~ 0.9 My, suggesting that the Jeans mass
analysis is too simplistic and does not well represent the evolutionary state of these
structures. For example, the substructures may have significant turbulent motions.
With only one potentially bound substructure (B1-E2), it is difficult to determine if
B1-E will eventually form several cores or no cores at all (i.e., these substructures are

all transient).
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The substructures themselves show large line widths (see Table 3.4), atypical of
dense prestellar cores, which are subsonic. In particular, B1-E2 has the narrowest
line profiles (by at least a factor of 2) and the strongest line detections, suggesting
that this object is the most evolved of the substructures. These observations hint at
a possible dynamic evolution, where dense cores first contain significant non-thermal,
turbulent motions which dissipate into coherent, quiescent dense cores. If so, the
substructures in B1-E may become more bound over time as their turbulent support
is dissipated, a process which may explain the narrower lines toward B1-E2.

Note that we assume Tx = 11 K for our substructures (except B1-E2). In Sec-
tion 3.3.4.1, we found upper limits for kinetic temperature > 11 K (see Table 3.3).
Furthermore, we are using a simplified virial equation in Equation (3.9). Ideally, the
virial equation includes magnetic pressure and surface pressure terms which can either
assist gravity in the collapse or help in the support of a clump (e.g., see Nakamura
& Li, 2008). Our observations, however, do not measure these quantities and thus,
we use a simplified virial equation. Nevertheless, B1-E2 is special with respect to the

other substructures. Indeed, we may have the first observations of a core precursor.

3.4.4 Comparison with Other Star Forming Regions

B1-E has column densities well above ~ 5 x 10*! cm~2, the core formation threshold
reported by Kirk et al. (2006). Since the other clumps with similarly high column
densities are actively forming stars, it is reasonable to expect B1-E to do the same in
the near future. Furthermore, Lada et al. (2010) found a good correlation between
the number of YSOs in a cloud (or clump) with the cloud mass above Ax > 0.8 (or
Ay > T7.3) for several star forming regions. Based on their extinction threshold, we
find a clump mass of ~ 90 M, for N(H,) > 7.3 x 10*! cm™2 and thus, we could expect
~ 10 YSOs to form in B1-E. With Herschel, we have detected several substructures
with moderate densities of ~ 10° cm™ (see Table 3.2), similar to what is often defined
for dense cores, i.e., 2 10* cm™ (Bergin & Tafalla, 2007).

These substructures, however, were not well detected by SCUBA at 850 um (see
Figure 3.2) or Bolocam at 1 mm, two instruments normally associated with detections
of dense cores (e.g., Kirk et al. 2006; Enoch et al. 2006). The substructures in B1-E
also have supersonic velocity dispersions. In general, low-mass starless cores have
subsonic velocity dispersions (e.g., Myers, 1983; Kirk et al., 2007; André et al., 2007;

Pineda et al., 2010a) whereas protostellar cores can have supersonic velocity disper-
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sions (e.g., Gregersen et al., 1997; Di Francesco et al., 2001). Since we see no evidence
of protostellar activity whatsoever (i.e., from Spitzer data), these substructures are
likely unevolved. Thus, the B1-E substructures are not traditional dense cores.

Since B1-E has the potential to form dense cores, we propose that it is fragmenting
into a first generation of dense cores and that its substructures are core precursors.
Furthermore, B1-E is isolated from YSOs and young stars, so the region is unaffected
by environmental processes such as outflows or winds. A nearby expanding dust shell,
seen in IRAS 60 gm and 100 um data (Ridge et al., 2006b), may be sweeping material
towards B1-E, though the ring itself does not appear to be directly interacting with
this clump. This shell may have a larger impact on the evolution of structure in B1-E
in the future.

A relatively pristine core forming region is exceedingly rare. The only additional
case may be the inactive high extinction clump (211) identified in 1.1495 by Schmalzl
et al. (2010), though further detailed studies of that clump are still necessary to
determine what, if any, substructures are forming cores and stars. A collection of
starless cores in Aquila form a similar grouping as in B1-E, however this region has
two known protostars nearby (< 1 pc) and so is not as pristine as B1-E (Koényves
et al., 2010, see their Figure 5). Therefore, more observations of B1-E should provide

some insight into core formation (transient or persistent) in molecular clouds.

3.4.5 Comparison with Core Formation Models

Core formation simulations attempt to recreate molecular cloud fragmentation, im-
plementing factors such as gravitational collapse, magnetic pressure, and turbulent
energy. Many recent studies have argued that models of core formation must consider
both ambipolar diffusion and turbulence (e.g., Li & Nakamura, 2004; Dib et al., 2007;
Nakamura & Li, 2008; Basu et al., 2009a,b; Gong & Ostriker, 2011). Magnetic fields
introduce an additional pressure support that opposes gravitational collapse, whereas
turbulence either opposes collapse by introducing kinetic energy support or induces
collapse via energy dissipation from compressive shocks.

Several recent studies have examined the effects of different magnetic field and
turbulent flow properties (e.g., Li & Nakamura, 2004; Basu et al., 2009a; Price &
Bate, 2009). In particular, these simulations examine fragmentation in subcritical
(where magnetic fields dominate over gravity) and supercritical (where gravity domi-

nates over magnetic fields) regimes with dissipating turbulent flows. In the subcritical
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simulations, the fragmenting clouds generally form cores in relative isolation and with
less filamentary morphologies, such as ring-like distributions of loose core groups (see
also Li & Nakamura, 2002). These cores tend to form more slowly, i.e., fragmentation
is suppressed by the strong magnetic field, and since large-scale turbulent flows are
generally damped, the velocity field is generally subsonic. (Note that Basu et al.,
2009a, find that strong magnetic fields can induce oscillations and create a supersonic
velocity field, i.e., < 3¢s.) In contrast, supercritical simulations generally form cores
associated with filaments, and these cores tend to form relatively quickly and can
move supersonically through their environment.

An isolated core forming region is necessary to test model predictions and con-
strain initial conditions of dense gas before the onset and influence of nearby stars
and internal protostars. Thus, B1-E is an ideal target for such measurements (see
Section 3.4.4). From our observations, B1-E contains a small, loose grouping of sub-
structures. Although the substructure morphology observed in B1-E is not entirely
ring-shaped, the distribution hints at an inclined ring-like structure. Furthermore,
if star formation is triggered, it is surprising that B1-E, which is bookended by two
highly active and more evolved clumps, IC 348 to the far east and NGC 1333 to
the far west, contains no evidence for evolved star formation itself. Furthermore, 1C
348 shows many evolved pre-main sequence stars and NGC 1333, though appearing
younger, has many YSOs (Bally et al., 2008; Herbst, 2008; Walawender et al., 2008),
suggesting that B1-E is not part of an age gradient.

These observations suggest that B1-E is influenced by a strong, localized magnetic
field. Further tests of this scenario would be possible by observing the entire velocity
field for B1-E. Instead, we could only estimate the bulk velocity field from the relative
motions of the individual substructures (from line centroids; see Section 3.4.2), o3p =
0.42 km s~!. Additionally, we do not have direct measurements of the gas temperature
for the B1-E clump. If we use the mean B1-E dust temperature of 14 K as the lower
limit gas temperature, ¢, = 0.22 km s~ and the velocity field within B1-E may be
supersonic by < 2¢,. These motions can arise in either subcritical or supercritical
clouds, though the latter is generally associated with supersonic velocities.

Direct measurements of the magnetic field would also be useful to constrain its
role in B1-E. Unfortunately, very little magnetic field information is available here.
Goodman et al. (1990) measured optical polarization towards all of Perseus, and for
B1-E, they found strong, ordered polarization vectors reaching ~ 9% polarized light, a

factor of two higher than any other dense region in Perseus. While these polarization
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observations may suggest a strong magnetic field is associated with the B1-E region,
these observations are dependent on the field viewing angle. Also, these data were
obtained at very low resolution resulting in only three vectors coinciding with B1-E.

A strong magnetic field does not necessarily relegate turbulent compression or
gravity to minor roles in the evolution of B1-E. Indeed, Nakamura & Li (2008) sug-
gest that core forming regions exhibit different phases where magnetic fields, gravity,
and turbulence are sometimes dominant and sometimes secondary. For example, they
suggest that core forming regions begin with strong magnetic fields and strong turbu-
lence, such that gravity is a secondary effect. After the turbulent energy dissipates,
gravitational collapse can proceed via magnetic field lines. Indeed, B1-E has several
substructures with significant turbulent motions whereas B1-E2, which appears more
evolved, has dissipated its turbulence. Furthermore, with no outflows or nearby young
stars, there are no feedback mechanisms to replenish the turbulence in B1-E. There-
fore, B1-E provides the unique opportunity to determine how energy is distributed in

a core forming region.

3.5 Conclusions

With recent Herschel dust continuum observations from the Herschel Gould Belt
Survey, we identified substructure in the Perseus B1-E region for the first time. With
our Herschel data, we determined the temperature and column density across the
region. We selected the nine highest column density substructures for complementary

observations with the GBT. We summarize our main conclusions as follows:

1. B1-E contains a loose collection of roughly a dozen prominent substructures.
This morphology is atypical of most star forming regions, which produce dense
clusters and organize material along filaments. Such a loose collection of cores
can be produced in magnetically subcritical simulations (e.g., see Li & Naka-
mura, 2002; Basu et al., 2009a) influenced by a strong magnetic field. Fur-
thermore, a strong magnetic field will delay the onset of star formation, which
may explain the age discrepancy between B1-E and the other nearby clumps in
Perseus, IC 348 and NGC 1333.

2. The B1-E clump as a whole is gravitationally bound with an estimated virial
parameter of «, &~ 0.9. Therefore, B1-E is likely to form dense cores and stars.

Assuming 7' = 14 K and n = 5 x 103 ecm ™3, we find a Jeans length within the
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entire B1-E clump of ~ 0.35 pc, accurate within a factor of a few. We measure
a median nearest neighbour separation of ~ 0.15 pc for our nine substructures
(~ 0.17 pc excluding B1-E6 and B1-E7), for an inclination of 60°. Thus, the
substructures have a median minimum separation that is less than the Jeans
length by a factor of two. This smaller length scale could indicate that B1-E

contracted after the observed substructures formed.

3. Several of the B1-E substructures have masses on order of the Jeans mass (~
0.9 My), assuming 7" = 10 K and n = 1 x 10° cm™3. Nevertheless, most
substructures have large virial parameters (o, > 2) indicating that they are
gravitationally unbound. The large virial parameter suggests that non-thermal
motions are significant and that the Jeans mass does not well represent the
critical mass scale for these substructures. B1-E2 is the only substructure with
a small virial parameter (1 < «, < 3) and, due to its narrow line emission,
may be gravitationally bound. Furthermore, NHj3 (2,2) and HC5N (9-8) were
only detected towards B1-E2. Thus, B1-E2 is an excellent candidate for a core

precursor.

4. The B1-E substructures have a substantial centroid velocity dispersion (~ 0.42
km s7!) resulting in an interaction timescale of ~ 1 Myr, assuming an average
separation of ~ 0.46 pc. This timescale is well within the lifetime of protostellar
cores. Thus, competitive accretion may play a significant role in the evolution

of structure in B1-E.

The B1-E region appears to be an excellent candidate for future core formation.
Further studies, however, are necessary to explore the dust and dynamics of the
bulk gas in B1-E. For example, additional submillimetre continuum data along the
Rayleigh-Jeans tail (e.g., with SCUBA-2) will improve SED-fitting and more accu-
rately probe the dust emissivity index, [, size, and mass. To date, our Herschel
observations of B1-E are the only well detected continuum data for the region. Ad-
ditionally, our GBT observations are the only high resolution kinematic data for
B1-E, and we observed only the nine highest column density substructures seen with
Herschel. These data illustrate the potential of B1-E to be a core forming region.
Future observations of both the magnetic field strength and the turbulent velocities

are necessary to probe further how B1-E will evolve.
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Chapter 4

Dust Properties: Bl

In this chapter, we present Herschel observations from the Herschel Gould Belt Sur-
vey and SCUBA-2 science verification observations from the JCMT Gould Belt Survey
of the B1 clump in the Perseus molecular cloud. We determined the dust emissivity
index using four different techniques to combine the Herschel PACS+SPIRE data at
160 — 500 pm with the SCUBA-2 data at 450 pm and 850 pum. Of our four tech-
niques, we found the most robust method was to filter-out the large-scale emission in
the Herschel bands to match the spatial scales recovered by the SCUBA-2 reduction
pipeline. Using this method, we find 8 ~ 2 towards the filament region and mod-
erately dense material and lower [ values (§ 2 1.6) towards the dense protostellar
cores, possibly due to dust grain growth. We find that § and temperature are more
robust with the inclusion of the SCUBA-2 data, improving estimates from Herschel
data alone by factors of ~ 2 for 5 and by ~ 40% for temperature. Furthermore, we
find core mass differences of < 30% compared to Herschel-only estimates with an
adopted 3 = 2, highlighting the necessity of long wavelength submillimeter data for

deriving accurate masses of prestellar and protostellar cores.

4.1 Introduction

Molecular clouds are composed of dust and molecular gas ranging from ~ 10? cm =2 for
the large-scale, low-density cloud to > 10 cm™3 for the dense cores (Bergin & Tafalla
2007). These molecular clouds are often traced by their cold dust emission, which peak
at far-infrared or submillimeter wavelengths, and many studies have used optically

thin dust emission to measure masses and column densities of cores and filaments (e.g.,
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Kirk et al. 2006; Enoch et al. 2009; André et al. 2010; Arzoumanian et al. 2011). A key
parameter to convert dust emission into mass (or column density) is the dust opacity,
which corresponds to the ability of dust grains to absorb radiation. Unfortunately, the
dust opacity is one of the most difficult observational measurements, and uncertainties
in the dust opacity can result in significant mass uncertainties (Henning et al. 1995;
Shirley et al. 2011; Martin et al. 2012). Since dust populations in molecular clouds
are expected to change due to dust coagulation and the formation of icy mantles
in the densest environments (Draine & Lee 1984; Ossenkopf & Henning 1994), it
is important to determine the dust opacity for both the large-scale cloud and the
small-scale cores.

Generally, submillimeter dust opacities assume a power-law form such that x, ~
v? where (3 is the dust emissivity index. Since the SEDs of cold, dusty star forming
regions are best represented by greybody emission, 3 is critical to the SED fit. Several
studies have attempted to determine (3 towards specific prestellar or protostellar cores
using long-wavelength submillimeter emission (e.g., Friesen et al. 2005, Schnee et al.
2010, Shirley et al. 2011). These studies, however, were limited in wavelength coverage
and poor map sensitivities. Conversely, recent observations with Herschel extend our
ability to measure cold dust emission to larger-scales over multiple wavelengths. In
particular, PACS and SPIRE have provided unprecedented sensitivity for far-infrared
and submillimeter wavelengths at 70 - 500 pum, which cover the SED peak from cold
dust at T' ~ 10 — 40 K. Both ( and temperature, however, affect the curvature of
the black body function, and thus, are degenerate towards the SED peak. To break
this degeneracy, 3 can be constrained from the Rayleigh-Jeans tail of the SED (Doty
& Leung 1994; Shetty et al. 2009b), i.e., A > 300 pm for cold star-forming regions
at T < 30 K. Therefore, additional long-wavelength data at good resolution and
sensitivity are necessary to constrain the dust emissivity.

These requirements make the Submillimetre Common-User Bolometer Array-2
(SCUBA-2; Holland et al. 2013) at the James Clerk Maxwell Telescope (JCMT)
an excellent complement to PACS and SPIRE data. SCUBA-2 can simultaneously
observe at 450 pm and 850 pm, both at higher resolutions than the three SPIRE bands
(the JCMT primary mirror is five times larger than Herschel’s). Therefore, SCUBA-
2 observations provide necessary data along the Rayleigh-Jeans tail and excellent
spatial resolution at longer wavelengths.

To explore possible variations of 3 towards cold cores, we have combined PACS+
SPIRE data with SCUBA-2 data from the JCMT Gould Belt Survey (GBS) for the
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first time. For this study, we have selected the B1 clump of the Perseus molecular
cloud. B1 was previously observed with Herschel as part of the Herschel GBS (see
Chapter 3; Pezzuto et al. 2012), and was the first field of the JCMT GBS (Ward-
Thompson et al. 2007b) that nominally reached the SCUBA-2 survey depth. Bl is
a nearby star-forming region at 235 pc (Hirota et al. 2008) with a total clump mass
of ~ 1200 My and ~ 10 dense submillimeter cores grouped into a central cluster
(Kirk et al. 2006). B1 is also relatively young (compared with the nearby NGC 1333
and IC 348 clumps), containing a high percentage (> 40 %) of Class I YSOs (see
Chapter 1), of which several drive outflows (Jgrgensen et al. 2008; Bally et al. 2008).
Furthermore, a recent study by Pezzuto et al. (2012) suggests that two dense cores in
B1 are excellent candidates for first hydrostatic cores based on Herschel detections
at 2 100 pm with no corresponding Spitzer detections at 24 pm. Additionally,
Herschel observations of Bl revealed several pillar-like structures (see Figure 3.1),
suggesting that a strong ionization front may be influencing the clump. This front
likely originates from 40 Per, a high mass main sequence star in the Perseus OB2
region (see Bally et al. 2008).

This chapter is organized as follows: In Section 4.2, we describe our Herschel and
SCUBA-2 datasets, as well as CO (3 — 2) observations of Bl. In Section 4.3, we
show our results, first from our SCUBA-2 continuum and CO (3 — 2) observations,
and then from fitting SEDs to the Herschel-only bands. In Section 4.4, we determine
[ using the PACS+SPIRE and SCUBA-2 bands following four different techniques
to combine these data. In Section 4.5, we use our most robust technique to probe
the variations in dust opacity and core mass, and we discuss the implications of our
analyses for future studies that will combine SCUBA-2 and PACS+SPIRE data. In

Section 4.6, we summarize our results.

4.2 Data

4.2.1 Herschel Observations

We re-reduced Western Perseus with version 7.0 of HIPE in the same manner as
described in Chapter 2 and updated calibration corrections; we used the PACS Cali-
bration Set v26 and the SPIRE Calibration Tree 6.1 for our PACS and SPIRE reduc-
tions, respectively. The final maps were produced using version 11 of scanamorphos
(see Chapter 2).
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4.2.2 SCUBA-2 Observations

B1 was observed at 450 ym and 850 pum with SCUBA-2 as part of Science Verification
(hereafter, S2SV) observations for the JCMT GBS in October 2011. SCUBA-2 is a
bolometer detector with ~ 10000 pixels spread over eight science arrays for a field
of view of ~ 45 arcmin? (Holland et al. 2013). For comparison, the predecessor
bolometer detector, SCUBA, contained only 128 pixels over two science arrays for a
field of view of ~ 5 arcmin? (Holland et al. 1999). For S2SV, all eight science grade
arrays (four arrays for each band) were available.

The B1 clump was observed six times on October 18 in very dry (Grade 1; 7995 <
0.05) weather and three more times on October 19 in poorer conditions (Grade 3;
To95 < 0.1). Each observation used a PONG1800 observing pattern (Dempsey et al.
2012; Holland et al. 2013), which involved mapping a 38" x 38" square box centered
at 3"33m124.7, +31°06'48" (J2000) with a mapping speed of 480 arcsec s~! and scan
spacing of 30”. The box was mapped 5 times, rotating the sides by 18° with respect
to the sky between each coverage to produce a well-sampled circular map of ~ 30/
diameter. This pattern was repeated to increase the sensitivity of the map. Two of the
six observations on October 18 were made at high elevations (> 65°), which caused
erratic telescope tracking motions during the PONG-mode mapping and introduced
corrugated artifacts into the respective images.

The S2SV observations were reduced using the Starlink SMURF version 1.4.0
package (Jenness et al. 2011; Chapin et al. 2013) and the makemap routine, which
generates a map of the sky by iteratively fitting a number of different signals in
the data. These signals included the common mode signal (caused by atmospheric
emission and oscillations in the refrigerator system), the gain of each bolometer, the
atmospheric extinction, and the astronomical signal. The mapmaker iterated until a
convergence parameter was reached'. Each observation was reduced independently
in this manner and then an initial coadded map was produced from the independent
observations. We combined the four good observations in Grade 1 weather, rejecting
the three Grade 3 observations and two corrugated Grade 1 observations.

An initial coadded map was used to generate a mask that encompassed all parts

of the map that contain significant levels of flux. This mask was used to re-reduce

IThe convergence parameter was defined as C; = N% Y| Fip — Fim1p|/\/0ip, where i is the ith
iteration, p corresponds to each pixel within the current mask, N; is the total number of pixels
within the mask, F; , is the flux in each pixel for the it" iteration of the map, and 0;,p is the variance
in each pixel for the i*" iteration. The convergence parameter was measured as an average over all
pixels. The i*" iteration converged when C; < 0.001.
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all of the data in the manner described above, except the astronomical signal is only
retained between each iteration if it lies within the masked area. The purpose of
using the mask in this manner was to prevent spurious artifacts in the low sensitivity
regions of the map. For simplicity, the mask was generated corresponding to those
regions with signal-to-noise ratios 2 5 at 850 um. Regions outside the mask, however,
were not used in any analysis, as the data there did not iterate to convergence. We
tested the robustness of the maps by inserting artificial sources into the raw data and
recovering reliable fluxes in the final map. Figure 4.1 shows the final reduced maps,

highlighting the masked regions. The same mask was used for the 450 ym reductions.
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Figure 4.1: SCUBA-2 observations of the B1 clump at 450 pum (left) and 850 pm (right).
Contours show the masked regions used in the reductions. Areas outside of the mask have
uncertain fluxes.

We used flux conversion factor (FCF) values of 491 Jy beam™' pW~! and 556
Jy beam™! pW~! for the 450 pum and 850 pm maps, respectively, based on obser-
vations of standard calibration sources that include planets, asteroids, and stars
(Dempsey et al. 2012, Dempsey et al. 2013). These FCF values corresponded to
the version of Starlink used in our reduction. We adopted a calibration uncertainty
of 10% across the SCUBA-2 850 pm map (Dempsey et al. 2012). For the 450 pm
band, however, atmospheric variability becomes more significant, even in Grade 1

weather. Therefore, we adopted a 50% calibration uncertainty at 450 pm, which was
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the typical flux error at 450 um adopted for the SCUBA Legacy Survey (Di Francesco
et al. 2008). We acknowledge that such a large calibration error is conservative and
with further investigation, will be improved. The final 1 ¢ rms sensitivity of the

1 at 850 pum over a 6” pixel grid. The

observed SCUBA-2 map was ~ 7 mJy beam™
effective 1 o point source sensitivity integrated over the beam area was ~ 3 mJy,
the target set by the SCUBA-2 Gould Belt Legacy Survey (Ward-Thompson et al.
2007b). For the 450 pm map, the final 1 o rms sensitivity was ~ 28 mJy beam™" over
4" pixel grid for an equivalent point source sensitivity of ~ 11 mJy over the beam
area.

The SCUBA-2 beam contains two components, the primary beam and an error
beam (e.g., Di Francesco et al. 2008). The 450 ym and 850 pm primary beams are
~ 8" and ~ 13" and the error beams are ~ 25” and ~ 48", respectively. At 450 pm,
the error beam accounted for ~ 40% of the volume, whereas at 850 pm, the error
beam accounted for ~ 25% of the volume and the volume is proportional to the beam
amplitude and beam area (Dempsey et al. 2013; see also Section 4.3.1). For this
chapter, we adopted effective Gaussian beams with FWHM values of 9.3” and 14.2”
for 450 pm and 850 pm, respectively. These effective beams correspond to a single

Gaussian with the same volume as the combined observed primary and error beams.

4.2.3 HARP Observations

We mapped the Bl clump in CO (3 — 2) line emission with the Heterodyne Array
Receiver Program (HARP; see Buckle et al. 2009 and references therein) on June
29, 2012 in good Grade 2 weather (7225 < 0.08) over 3 hours. In brief, the HARP
instrument consists of sixteen heterodyne detectors arranged in a 4 x 4 pixel grid and
covering a frequency range of 325 - 375 GHz. Observations from HARP are processed
by the Auto-Correlation Spectral Imaging System (ACSIS; Jenness et al. 2008). For
these observations, only fourteen receptors were functional. We made two position-
switch raster maps (in orthogonal directions) over a 30" x 30’ region coincident with
the S2SV-mapped region. The backend was configured to 1 GHz bandwidth over
2048 channels for a velocity channel width of ~ 0.42 km s~

The data were reduced using the ORAC-DR (Cavanagh et al. 2008) pipeline for
ACSIS, and the reduction recipe outlined below can be found in the latest Starlink
release. Heterodyne detectors are notorious for noisy baselines due to external inter-

ferences. Rather than reject the entire spectra from these detectors, we performed
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an iterative reduction to remove suspect spectra from the time series while keeping
the good spectra, thereby improving the signal-to-noise and the coverage of the final
spectral map. The reduction pipeline can be broadly divided into two parts:

First, we performed an initial processing of each observation, which includes
chronological sorting of the raw time-series cube and a quality-assurance stage. Of
particular relevance to the B1 data was the removal of spectra affected by high and low
frequency interferences. To identify these interferences, we trimmed the excessively
noisy ends of the spectra and excluded the spectral region where the astronomical
signal was present. High-frequency noise (3 to 4 spectral elements) was detected us-
ing a one-dimensional Laplacian filter along the spectral axis for each receptor, and
the affected blocks of spectra were identified by a threshold rms profile along the
time axis. Low-frequency oscillations (or distortions in the baseline) were found by
smoothing features smaller than 100 pixels, and we summed the rms deviations from
the best-linear baseline fit to measure the non-linearity for each spectrum. Again, we
used a threshold to identify spectra that contained low frequency artifacts. Spectra
or whole receptors that failed quality assurance were rejected.

Second, we applied an iterative procedure, which refined the baseline subtraction
at each cycle. We combined and regridded all the raw time series cubes into a group
spatial cube. Then, we applied a baseline subtraction and smoothing so that the
astronomical emission was located within the group cube using clump finding. The
emission defines a further mask, which is converted back to a time series and is
applied to the raw time-series cube for the next iteration. In practice one iteration
was sufficient.

We converted the final reduced data from 77} to T);p using a main beam efficiency
of nyp = 0.61. The final reduced data were smoothed to 0.85 km s}, resulting in
a line sensitivity of ~ 0.3 K per channel. Since the SCUBA-2 and HARP data
were observed at the same facility, both data were taken at very similar resolutions
(~ 14"). Having both the continuum and line data at the same resolution is very
advantageous. Sun et al. (2006) made a more complete CO (3 — 2) survey of the
entire Perseus cloud with the KOSMA 3m telescope. These data, however, have
much lower spatial resolution (~ 82”), and therefore, comparisons to the HARP or
SCUBA-2 data at ~ 14" are difficult.
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4.3 Results

Figure 4.2 shows the observations at 160 pm, 450 pum, 500 pm, and 850 pm for the
central Bl region. Ground-based submillimeter continuum detectors like SCUBA-2
contend with rapidly varying atmospheric signals that greatly affect the detection
of radiation. To remove the atmospheric emission, we effectively filter-out all large-
scale structure from the maps, including the large scale astronomical signals. For
our SCUBA-2 data, this effective spatial filtering corresponds to all angular scales
of 2 2.5’ based on tests of the mapmaker to recover Gaussians of various sizes (see
Appendix B for more details). Therefore, we believe that structures of < 2.5 are
recovered fully by SCUBA-2. Conversely, space-based instruments like those on-
board Herschel are free from these limitations and can recover the diffuse large-scale
emission. For our Herschel observations, we can recover spatial scales within half a
scan length (~ 1.5°).

Another key difference between the SCUBA-2 and Herschel observations is resolu-
tion. The Herschel resolutions are ~ 8.4”,13.5”,18.2”,24.9”, and 36.3” at 70 um, 160
pm, 250 pm, 350 pm, and 500 pm, respectively for parallel mode observations at 60
arcsec s~! scan rates. Comparatively, the SCUBA-2 resolutions are ~ 9” and 14" for
the 450 ym and 850 pm bands, respectively. For clustered environments, the gain in
resolution brought by SCUBA-2 at these long wavelengths is important for measuring
the properties of compact sources. For instance, some of the compact objects within
the central Bl region are blended at the longer Herschel wavelengths but separated
out with the SCUBA-2 observations (e.g., see the B1-bN and B1-bS cores in Figure
4.2).

4.3.1 SCUBA-2 and HARP Analyses

Molecular line contamination is significant if the line flux measured over the contin-
uum band boosts the continuum signal over the expected value from dust emission
alone (White et al. 2003). In cold star-forming regions, line contamination is most
prominent from rotational transitions of CO, the second most abundant molecule in
molecular clouds. While the Herschel data are largely free of line contamination?,
the SCUBA-2 850 pm band is susceptible to contamination from the CO (3 —2) line
transition at 345.796 GHz, which lies in the middle of the band and is commonly

2The 350 um band can be contaminated by the high excitation transition CO (7 — 6) at 806.652
GHz, though we believe such contamination should be negligible towards B1. See Section C.
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Figure 4.2: Observed continuum maps from PACS at 160 pym (upper left), SCUBA-2 at
450 pm (upper right), SPIRE at 500 pm (lower left), and SCUBA-2 at 850 pm (lower right).
Note that several compact objects with PACS and SCUBA-2 are blended at 500 pm. The
observed resolutions are ~ 13" at 160 um, ~ 9” at 450 pm, ~ 36" at 500 pym, and ~ 14" at
850 um. These maps reveal several known sources in the central Bl region (see Jgrgensen

et al. 2007; Hatchell et al. 2007).

detected in star-forming regions. Additionally, CO (6 — 5) line emission at 691.473
GHz can contaminate the 450 pm band; see Appendix C. For a recent summary of
the effects of line contamination on observed submillimeter fluxes, see Drabek et al.

(2012).
Since the 850 pum continuum bandpass is very wide (~ 35 GHz), molecular lines
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need to be both bright and broad to make significant contributions to the observed
continuum emission (Johnstone et al. 2003). We determined the contribution of CO
(3—2) line emission to the continuum using the same technique as Drabek et al. (2012).
For more details, see Appendix C. Unlike SCUBA-2, the HARP CO (3 —2) line data
recover large-scale structures since they were obtained using a reference position free of
line emission at a much larger angular distance from the target positions. Therefore,
we ran the integrated intensity CO (3 — 2) map through the SCUBA-2 reduction
pipeline to produce a filtered CO flux map that includes only emission on the same
spatial scales as the 850 um data (see Appendix B). The filtered CO (3 — 2) line
emission contributed < 70 mJy beam™ (< 100 K km s7!) to the 850 ym continuum
emission with the most significant contributions towards the outflows associated with
the protostellar cores Bl-¢ and B1-d.

Figure 4.3 compares the 850 pm map before and after the CO (3 —2) line contam-
ination was removed. In the left panel, the two lobes of CO (3 — 2) emission along
the northern outflow clearly dominate the continuum flux, contributing up to ~ 90%
of the total 850 um flux at the positions of the outflow. Aside from these outflows,
the corrected 850 pm map (right panel) shows little difference with the original map
(left). The CO (3 — 2) line emission contributes < 15% of the total 850 pum flux for
the central region of B1 and < 1% for the rest of the B1 clump.

Hereafter, the observed 850 pum data have been corrected for CO (3 — 2) line
contamination. For comparisons with Herschel data, we convolved both the CO-
corrected 850 ym map and the observed 450 pm map to the 500 pm resolution of
36.3". For the 450 um map, both the main beam and error beam were considered in
the convolution®, whereas for the 850 pm map, we found that the relative power in

the error beam was not as significant.

4.3.2 Herschel-Only Results

We used the PACS 160 pym and the SPIRE 250 pm, 350 pm, and 500 um data to
estimate the dust properties in B1. Since the PACS 70 pym band can trace non-
equilibrium emission from very small dust grains (Martin et al. 2012) and warm dust

emission from protostellar sources (as opposed to the cool envelope traced by the

3For the 450 pm map, the error beam has a FWHM of ~ 25", which is smaller than the 500 pm
beam. We convolved a two-component Gaussian beam with a main component of 7.9” and an error
component of 25" to 34.25” for an effective resolution of 36.3”. Without considering the error beam,
the 450 pm fluxes would be overestimated by < 10%.



o7

Sgse (Jy/beam) Sgse (Jy/beam)
0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5

5 (2000)
5 (2000)

3"33™36" 30° 24° 18° 12°% [ 3"33™36" 30° 24° 18° 12°% [
a (2000) a (2000)

Figure 4.3: Comparisons between 850 ym continuum emission and CO (3—2) line emission.
Left: Background image shows the uncorrected 850 ym continuum map. Black contours
corresponds to CO (3 — 2) line emission at levels of 10 mJy beam™!, 20 mJy beam™!, and
30 mJy beam~!. The CO data were filtered using the SCUBA-2 pipeline (see Appendix
B). The white contours show 850 ym continuum emission at 30 mJy beam™!. Right:

Background image shows the 850 pm continuum map with the filtered CO line emission

subtracted out. The white contours show corrected 850 pym emission at 30 mJy beam™!.

The SCUBA-2 and HARP data have a common resolution of ~ 14.2”, shown as a white
circle.

longer wavelengths), we do not include those data in our analysis. As in Chapter 3,
we corrected the arbitrary zero-point flux offset in each band using Planck HFI and
IRAS data, and we convolved each map to the same resolution (36.3”, or the 500 pym
beam FWHM) and projected all maps onto a common grid of 14” pixels.

For the PACS and SPIRE bands, minor colour correction factors (< 3%) are nec-
essary (for more details, see Pezzuto et al. 2012 and Appendix D). Table 4.1 lists our
adopted colour correction factors and uncertainties, assuming § ~ 1.5 — 2.5 and T
~ 10 K—15 K. Additionally, we estimated the pixel-to-pixel rms sensitivity by select-
ing several areas relatively free of diffuse emission in the Perseus West map (see Figure
3.1). Table 4.1 lists the approximate 1 o rms uncertainties at the native resolution of
each band and for the convolved maps (36.3" resolution). Since the selected regions
were not entirely free of emission, these sensitivity measurements can be considered
upper limits to the true map noise. These map sensitivities also depend greatly on
the processing, such as the mapmaker. The observed 1 ¢ rms noise estimates are

within a factor of ~ 2 of the expected 1 ¢ rms noise errors according to the Herschel
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observation planning tool (HSpot)?.

Table 4.1: Adopted Colour Corrections and Flux Uncertainties

Band 160 pm 250 pm 350 pm 500 pm
Colour Correction® 1.01 1.02 1.01 1.03
Colour Uncertainty® 5% 0.8% 1% 2%
rms, (mJy beam™!)° 20 18 15 20
rmssg3 (mJy beam=1)4 80 60 30 20

@ Average colour corrections for each band, where I orrectea = CC X Iops. These values assume
T~10—-15 K and § ~ 1.5 — 2.5. See Appendix D.

b Uncertainties refer to the fractional uncertainty in the average colour correction based on the range
of accepted colour corrections. These uncertainties do not include the calibration uncertainties.

¢ Approximate 1o rms noise in the Herschel maps for relatively blank regions at the native resolution
of each band.

¢ Approximate 1o rms noise in the convolved Herschel maps for relatively blank regions at 36.3”
resolution.

Table 1 excludes additional errors from flux calibration. Flux calibration depends
on a number of factors, including the calibration files used in the reduction and the
mapmaker. Based on point sources, the flux calibration uncertainties are roughly 5%
for PACS® and 7% for SPIRE®. Since we are interested in extended emission and our
observations were taken with the fast (60 arcsec s7!) scan rate resulting in elongated
beams, we adopted 10% flux calibration errors for both PACS and SPIRE. To simulate
these uncertainties, we generated 1000 random correction factors following a Gaussian
with a mean of 1.0 and a HWHM of 0.1. Since the flux calibrations are correlated
for each instrument (M. Griffin, private communication), we assumed the same flux
calibration corrections for the three SPIRE bands and a separate randomly generated
set of corrections for the PACS 160 pm band. We applied the randomly-selected PACS
and SPIRE calibration correction factors appropriately across the maps.

For each pair of correction factors, we fit the resulting SEDs pixel-by-pixel (see
Chapter 3) to identify the broad distribution of best-fit SED parameters within the

4HSpot is a joint development by the Herschel Science Ground Segment Consortium, consisting
of ESA, the NASA Herschel Science Center, and the HIFI, PACS and SPIRE consortia.

SFrom the “Assessment analysis of the extended emission calibration for the PACS red channel”,
http://herschel.esac.esa.int /twiki/bin/view/Public/PacsCalibration Web.

6From the SPIRE Observers Manual, http://herschel.esac.esa.int/Docs/SPIRE /pdf/spire.om.pdf
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calibration uncertainties. We fit each SED with the modified black body function,
I, = Ky, (v/1)P B, (T)%. (4.1)

As in Chapter 3, we assume k,, = 0.lem? g7! at 1, = 1000 GHz. We also adopt
a mean molecular weight per unit hydrogen mass of u = 2.8, for a cloud of 71%
molecular hydrogen gas, 27% helium, and 2% metals (e.g., Kauffmann et al. 2008).
Note that ¥ = pmyN(Hs) is the gas mass column density of material with mean
molecular mass pmpy and gas column density N(Hy).

Most Herschel GBS analyses (e.g., André et al. 2010; Arzoumanian et al. 2011)
fit SEDs across the 160 — 500 um Herschel bands assuming ( = 2 (Hildebrand 1983).
To test this assumption, we used Equation 4.1 to fit the Herschel 160 — 500 pm data
assuming (1) 8 = 1.5, (2) B = 2.0, (3) B = 2.5, and (4) [ is a free variable. We
applied the colour correction factors (see Table 4.1) and the random distribution of
calibration correction factors to the observed emission. For the flux uncertainties,
we added in quadrature the colour calibration uncertainties and the map sensitivities
(see Table 4.1). Figure 4.4 shows the distributions of SED-derived parameters for a
single example pixel towards the Bl-a core. For our sample pixel, when (3 is fixed, the
temperature distributions are narrow despite the wide range in calibration correction
factors. The mean temperature, however, varies from T ~ 14 K for § = 1.5 to
T ~ 10.5 K for § = 2.5. Allowing 3 to vary produces broad Gaussian-like temperature
and [ distributions with mean values of 13.6 K £ 1.2 K and 1.63 + 0.26, respectively.
These broad distributions suggest that the Herschel calibration uncertainties result
in significant uncertainties for the SED parameters.

Furthermore, Figure 4.5 highlights the -temperature degeneracy of SED-fitting
with the Herschel bands only. First, we generated fluxes assuming (1) 7" = 10 K,
N(Hy) = 10® em™2, and 8 = 2.25 and (2) T = 14 K, N(Hy) = 6 x 10?! cm™2, and
B = 1.75. Second, we fitted the generated Herschel band fluxes with our dusty black
body models assuming g = 1.5,2.0, and 2.5 and no calibration uncertainties. The
solid curves show the best-fit SED models to the dust emission for the first case and
the dashed curves show the best-fit SED models for the second case. For both cases,
the generated data were moderately well fit by all three values of 3. Note that the
Herschel bands cover the region illustrated by the grey box where the model curves
are largely degenerate. The error bars indicate an uncertainty of 10% to illustrate the

range of uncertainty from the calibration. (Recall, instrument calibration is correlated
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Figure 4.4: Sample results from SED-fitting towards a pixel in the Bl-a core. We fit
the observed SEDs after applying our colour correction factors and random calibration
correction factors (see text). For each calibration correction factor, we fit the modified dust
emission with a dusty black body model assuming 6 = 1.5,2.0,2.5, and free 5. We show the
(a) relative temperature distributions for each of these cases of 5 and (b) the  distribution
when unrestricted. We fit the § distribution with a Gaussian (red curve).

such that the same calibration correction will be required for the three SPIRE bands.)
Conversely, at longer wavelengths, the SED models are more distinct and thus, the
SED parameters are much better constrained. Since we have longer wavelength data
(i.e., 850 pm), we may circumvent the degeneracy between [ and temperature (see
Section 4.4).

4.4 Determining (3

As discussed in Section 4.3.1, the SCUBA-2 observations do not recover large-scale
emission and that emission can be significant. For example, the residuals between a
prediction of unfiltered 850 pm emission (i.e., from SED fitting of the Herschel data
assuming = 2) and the observed 850 pum dust emission suggest that the observed
fluxes at 850 um could be missing = 30% of the total emission. Therefore, direct
comparisons between PACS+SPIRE and SCUBA-2 observations can be misleading.

In this Section, we explore four different techniques to determine [ towards Bl
using the SCUBA-2 data. In Section 4.4.1, we determined [ using filtered dust emis-
sion maps and in Section 4.4.2, we determined [ using unfiltered maps. Since filtered
maps do not include any large-scale structure, there is no reason to expect a priori
that ¢ will be the same for filtered and unfiltered maps. For example, the extended

emission may trace more of the warmer, diffuse cloud structure than the cold, dense
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Figure 4.5: Sample modified black body profiles for dust emission corresponding to (solid)
T =10 K, N(Hp) = 10?® cm™2, and 3 = 2.25 and (dashed) T' = 14 K, N(Hy) = 6 x 10%!
cm~2, and 3 = 1.75. For both cases, we fit the generated SEDs (diamonds) with (from left
to right) f = 1.5,2.0, or 2.5. The Herschel 160 — 500 pum bands cover the region highlighted
by the solid grey box. The dotted line corresponds to 850 um. At short wavelengths (i.e.,
A <100 pm), the dust emission may become optically thick, and thus, the SED curves could
be independent of 3 at these wavelengths. For simplicity, we do not consider optically thick
dust emission at short wavelengths. Thus, § cannot be constrained with short wavelength
observations and instead, long wavelength observations are necessary.

structures associated with cores, therefore broadening the SED and lowering 5 (Mar-
tin et al. 2012). If true, the absence of the large-scale structure may result in more
pronounced variations in [ towards the small scale features in the filtered maps than
in the unfiltered maps. For all fits to the SEDs, we used the following procedure

unless stated otherwise:

1. We applied the colour correction factors in Table 4.1 to the Herschel bands.

2. We adopted flux errors as the quadrature sum of the 1 o rms errors and the

uncertainty of the colour corrections (see Table 4.1).

3. We generated different sets of 1000 random calibration correction factors follow-
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ing a Gaussian distribution to represent a 10% or 50% calibration uncertainty.
We generated a separate set of calibration correction factors for PACS, SPIRE,
SCUBA-2 at 450 pm, and SCUBA-2 at 850 pm.

4. We fit SEDs following a minimization of x? routine. We used the modified black
body model in Equation 4.1 and the IDL mpfitfun routine to minimize the x?
fit.

5. For the filtered maps (see Section 4.2.2), we only considered regions with > 10 o
intensities at 160 - 850 pm at 36” resolution (excluding the 450 ym band). The
filtered maps are only well measured within the masked regions used in the
reduction (see Section 4.2.2). Since the 450 um data has a higher 1 ¢ rms noise

level (~ 100 mJy beam™'), these regions include 450 ym emission that is < 5 o.

4.4.1 [ Using Filtered Maps

For our first case (hereafter the Filtered Case), we removed the large-scale emission
from the Herschel observations by applying the SCUBA-2 reduction pipeline to the
observed Herschel maps as we did with the CO (3 — 2) line data (see Appendix B for
more information). This technique has the advantage of forcing all the data to include
the same range of spatial scales, and thus, § and temperature can be determined from
directly fitting the SEDs of the 160 — 850 pum emission. Unlike with our SCUBA-2
data, we can compare the filtered and unfiltered versions of the Herschel maps and
see how the SCUBA-2 mapmaker removes large-scale emission. Figure 4.6 compares
the filtered SPIRE 250 ym map with the filtered-out large-scale emission. Note that
a few artifacts remain at the locations of the brightest cores. These artifacts are
very localized and thus, become negligible (< 5% of the observed emission) when
the filtered maps are convolved to 36.3” resolution. As of this writing, the SCUBA-2
reduction pipeline is still evolving. Thus, while some artifacts may be introduced in
this version of the SCUBA-2 reduction pipeline, future versions of the pipeline should
improve the filtering.

For our second case (hereafter the SCUBA-2 Ratio Case), we determined (3 using
the 450 pm and 850 pum bands only, i.e., without Herschel data (e.g., see Hill et al.
2006; Hatchell et al. 2013). Using Equation 4.1, the ratio of the intensities at 450 ym
and 850 pm is



63

T

& T

Filtered 250 /,LHlA

-

24’

18’ |

12'

06’

6 (2000)

31700’

54’

30°48'

‘ 31“40S o 30° ‘ 33“‘0S ‘ 30° ‘ 32‘“05 3h34™0" 30° 33™0° 30° 32‘“5
a (2000) a (2000)

Figure 4.6: Comparison between the filtered Herschel map at 250 ym and the filtered-out

large-scale emission (using the SCUBA-2 mapmaker; see Appendix B). Map resolutions are
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Therefore, 3 can be determined from the ratio of 450 ym to 850 pum emission for a

Ig50 V850
given temperature. For simplicity, we find 3 for assumed line-of-sight temperatures.
We do not naively expect the line-of-sight temperature to be constant, particularly
since the B1 cluster contains known protostellar sources (i.e., Bl-c, see Figure 4.3).
Additionally, we also assume that the 450 pym and 850 pgm maps include the same
range of spatial scales.

For the Filtered Case, Figure 4.7 shows contour plots of reduced y? assuming
temperatures of 5 K <7 < 20 K and  values of 0.5 < 3 < 4.0. These plots highlight
the uncertainties from the minimization of x? technique only. For clarity, we do not
include the calibration uncertainties for these plots. (We note, however, that the
calibration uncertainties will only increase the accepted range of beta and temperature
values and would not change the behaviour of the SED fitting itself.) For simplicity,
we show results for a pixel towards Bl-a and a pixel towards the brightest part of

the filament, though these sample pixels represent the typical behaviour for Bl-a and
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the filament. We compare the results from SED-fitting to the Herschel bands alone
(H-only) and the Herschel bands with the 850 um data (H+850), where the contours
correspond to 2x2 and 4x2, and X2 is the reduced x? measure from the best-fit SED
to the corresponding data. Thus, Figure 4.7 represents the relative uncertainties in
3 and temperature from SED fits using the minimization of x? technique. By adding
the 850 um fluz as a new constraint, we see significant improvements in our ability to
determine 3 and temperature. For example, we find improvements in the uncertainty
of B by a factor of ~ 2, and improvements in the uncertainty of temperature by ~
40% with the 850 pm data.

L L
E Bla H—only I Bla H+850 |
L 2 T 2 ]
37 Xo = 9.4 k4 Xg = 13.5 E
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1F .
O; f f f f f f ; f f f f f f ]
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Figure 4.7: Measurements of relative reduced x? for assumed values of temperature and
g for (top) a pixel towards Bl-a and (bottom) another pixel towards the brightest part
of the filament (see also Figure 4.8). For these plots, we do not assume any calibration
uncertainties. The central star corresponds to the best-fit temperature and g value from
SED-fits to the Herschel-only (H-only) data or the Herschel with 850 pm (H+850) data.
The reduced x? measure associated with the best-fit SED, 3, is shown in the top right
corner. The contours correspond to 2X(2) and 4X%- For the H+850 data, we have four degrees
of freedom and for the H-only data, we have three degrees of freedom.

In addition to temperature and 3 uncertainties from the fitting technique, each
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instrument has a 10% flux calibration error. As in Section 4.3.2, we applied calibration
correction factors within a Gaussian distribution to represent the flux calibration
errors for each instrument. Figure 4.8 shows the mean ( values and two example
SEDs for the H-only and H+850 cases. For the H-only case, we found more extreme
values of 3 towards the dense cores and filament. For example, the H-only fits give
0 ~ 1.5 towards Bl-a and § &~ 2.5 towards the filament, whereas the H+850 fits give
[ ~ 2.0 towards both. Similarly, the H-only fits overestimated the temperature by ~ 2
K towards Bl-a and underestimated the temperature by < 1 K towards the filament
compared to the H4850 results. In the bottom panels of Figure 4.8, we show the
SEDs for the sample pixels towards Bl-a and the south-west filament, corresponding
to the same example pixels in Figure 4.7. With the 850 ym band included, we found
a significant difference in the absolute value of 3 (see also Figure 4.7), though the
uncertainties related to the calibration correction factors are nearly identical.

Figure 4.9 shows the distributions of temperature and § for the Filtered Case.
These plots highlight the change in absolute value of 3 between the H4850 and H-
only fits. For the mean (3 distribution (Figure 4.9b), the H-only [ distribution peaks
at 3 & 2.5 and the H+850 distribution peaks at § &~ 2.0. The 1 ¢ standard deviation
errors based on the calibration uncertainties alone are ¢ < 1.5 K for temperature and
o < 0.3 for 3 for both the H-only and H+850 fits. Note that these errors are typically
less than the errors from the x? fitting (Figure 4.7), suggesting that the constraints
on the SED-fitting are more significant than uncertainties in the flux calibration.

Alternatively, with the SCUBA-2 Ratio Case, we can determine [ if the temper-
ature is known (see Equation 4.2). For simplicity, we assumed fixed temperatures
across the entire map and for comparison with the Filtered Case, we used the 36.3"
convolved maps at 450 um and 850 pm. Additionally, we generated 1000 random
calibration correction factors within a Gaussian distribution assuming a calibration
uncertainty of 50% at 450 um and 10% at 850 um. Figure 4.10 compares the resulting
mean [ distributions from the SCUBA-2 Ratio Case for the assumed temperatures
of T'=9 K, 11 K, and 13 K. While the § distributions appear to have very similar
structures, the distributions themselves are clearly shifted with respect to one an-
other. Using a Kolmogorov-Smirnov test, the § distributions at T'=9 K and T'= 11
K agree within 90% for a shift of A ~ 0.4, and the distributions at 7' = 11 K
and T = 13 K agree within 90% for a shift of Ag ~ 0.27. Furthermore, the high
calibration uncertainty at 450 pm results in a standard deviation error of o5 ~ 0.55

across the B1 clump regardless of the temperature.
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Figure 4.8: Dust emissivity maps towards the B1 main cluster for the Filtered Case.
White contours show 850 ym flux levels of 1 Jy beam™! and 2 Jy beam~! at 36" resolution.
Bottom: Sample SEDs from (c) Bla and (d) the south-west filament, each marked by
squares in the top panel. The curves show the best-fit SEDs. For the solid curves, we used
the H4+-850 bands, whereas for the dashed curves, we used the H-only bands. The error bars
on the data points illustrate the range in flux from the calibration uncertainties. The 450
pm band is included for comparison; it was not used in the fitting.

SCUBA-2 observations alone cannot constrain both § and temperature. If the
temperature or [ across a cloud is roughly constant, then we can probe relative
variations using the SCUBA-2 Ratio Case. For regions with known prestellar and
protostellar objects like the B1 complex, it is not ideal to assume constant temper-
atures or ( indices, however. For example, Figure 4.9 reveals a ~ 6 K variation in

temperature within the central B1 region. A difference of 6 K in temperature results
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Figure 4.9: Histograms of (a) temperature and (b) 3 for the B1 complex. For comparison,
the temperature and (§ values correspond to SED fits when the SCUBA-2 850 pm band is
included (solid lines) or excluded (dashed lines) with the filtered Herschel maps (Filtered
Case). In both cases, we only consider pixels with > 10 o fluxes in all five bands.
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Figure 4.10: Distributions of § for fixed temperatures of 9 K, 11 K, and 13 K, and using
Equation 4.2 from the SCUBA-2 Ratio Case.

in a significant uncertainty of AF ~ 0.86. Similarly, when we fixed (3, we found that
the temperature distributions shifted by ~ 2 K between § = 1.5,2.0, and 2.5 (see Fig-
ure 4.4). Thus, Figures 4.4 and 4.10 illustrate the caution needed for analyses which
assume either a fixed § or a fixed temperature. In either case, a slight increase or
decrease in the fixed parameter can result in significant differences in the determined
quantity.

Additionally, in Figure 4.8 the SEDs show that the observed 450 um fluxes are
roughly 15% greater than those predicted from the SED fits, suggesting that the
observed 450 pm emission towards these pixels is relatively much brighter than the
filtered 500 pm emission. Figure 4.11 shows the fractional flux increase in the observed
450 pm data over the 450 pm emission predicted from the best-fit SEDs from the
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Filtered Case. The ratio of observed 450 pum emission to predicted 450 pm emission
peaks around 10-15%. (As described in Appendix C, we believe this “excess” at 450
pm is not due to CO (6-5) contamination.) As a test, we scaled the 450 ym emission
down by 12.5% and found that § decreased by AS = 0.18 based on a Kolmogorov-
Smirnov test. These relative fractions may indicate that the 450 pm map does not
trace the same material as the 850 um map, e.g., due to different spatial scales
filtered-out in the reduction or due to temperature variations along the line of sight.
Alternatively, these variations could be related to uncertainties in the 450 pm fluxes
themselves, e.g., from atmospheric variabilities or the beam pattern. Since we cannot
assume a single line-of-sight temperature for the B1 clump and the 450 pm emission
itself is very uncertain, we believe the SCUBA-2 Ratio Case method is less robust
than the Filtered Case method.

0.6

(Sobsispred>/sobs

Figure 4.11: Fractional differences between the observed and predicted 450 pm emission
for pixels with bright (> 10 o) observed 450 pum fluxes. These results correspond to the
emission predicted from SED fits following the Filtered Case for the H4+-850 bands.

4.4.2 [ Using Unfiltered Maps

For the next two techniques, we determined [ after attempting to recover the missing
large-scale emission filtered-out in the SCUBA-2 bands. In Figure 4.6, the median
filtered-out large-scale emission at 250 um corresponds to ~ 1 Jy beam™! at 18"
resolution (or ~ 3 Jy beam™! at 36.3" resolution). This extended emission peaks

towards the central B1 cluster, with additional emission along the south-west filament
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and to the north. We could naively expect a similar large-scale distribution at 450
pm and 850 pm.

We considered two methods to recover the missing extended emission. The first
method, hereafter the Offset Case, seeks to identify the missing large-scale emission
at 850 pum using a grid of incremental offset values that were added to the observed
850 um map to represent the filtered-out extended emission. We adopted the flux
increment that best fit the overall SED to represent the missing emission. For more
details, see Appendix E.1.

The second method, hereafter the Spatial Factor Case, assumes that the observed
450 pm and 850 pm data correspond to the same spatial scales and that both bands
are missing the same fraction of extended emission. For the Spatial Factor Case, we

modify the dusty black body function in Equation 4.1 as:
I, = by (V/10)’ B, (TS Fsp (4.3)

where Fgp is a scaling factor corresponding to the fraction of recovered emission. For
the Herschel bands, Fgr = 1 (i.e., 100% of the emission is recovered), whereas for
the SCUBA-2 bands, Fsr < 1, and we assume Fgp is identical for both the 450 um
band and the 850 pym band. For more details, see Appendix E.2.

Recovering the large-scale emission is very uncertain, and we found large uncer-
tainties in our analyses. For the Offset Case, we found uncertainties of 20-50% for
the missing extended emission alone, suggesting that we cannot constrain well the
diffuse emission. Thus, the Offset Case cannot be used to constrain g from SED
fits. For the Spatial Factor Case, the 450 pum emission is less certain due to a larger
calibration uncertainty of 50% and as Figure 4.11 demonstrates, the observed 450 pum
emission tends to be 10-15% brighter than the predicted (filtered) emission. Since
the scaling factor is very dependent on both the 450 pm and 850 pum fluxes, the large
flux uncertainties at 450 um will greatly affect the final results. Finally, based on
the filtered Herschel maps (see Section 4.4.1), the fraction of emission lost in the
filtering appears to vary considerably with wavelength. Therefore, Fsr may actually
vary somewhat between the 450 ym and 850 pum bands. For the (3 results using these
two techniques, see Appendix E.1 and Appendix E.2.
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4.4.3 Comparison of the Techniques

The Filtered Case is the most robust technique to combine SCUBA-2 data with PACS
and SPIRE data. For the Filtered Case, we have demonstrated that the 850 ym band
makes a significant improvement to the uncertainties associated with SED fitting (see
Figure 4.7) and impacts the absolute value of 3. For example, we determined that the
H-only results generally underestimated [ towards the dense cores and overestimated
[ along the filament. These observations are in agreement with a recent study by
Kelly et al. (2012), which suggests that SED fitting through the minimization of 2
may be biased towards lower ( values for prestellar cores.

Using the Filtered Case technique, we find § &~ 1.6 — 2 for the dense cores with the
lowest values towards the Bl-c core. In addition, we find 3 = 2 along the filament and
B 2 2 towards the moderately dense clump material. Similarly, Friesen et al. (2005)
found 3 ~ 1.3 — 2.1 using a Fourier Transform Spectrograph at 350 GHz to observe
several hot molecular cores. Other studies, however, have identified larger 3 values
towards dense cores. For example, Schnee et al. (2010) found § ~ 1.7 — 2.7 towards
a starless core using mid-infrared and (sub)millimeter continuum observations, and
Shirley et al. (2011) found =~ 2.2 — 2.6 towards a young protostellar core using
radiative transfer models with SCUBA flux ratios and near-infrared colour excesses.
Additionally, Arab et al. (2012) found 3 ~ 2 values towards the cooler (~ 40 K),
denser regions of the Orion bar and 5 ~ 1.1 towards the warmer (~ 70 K) regions
using Herschel and Spitzer observations. Thus, a larger study of dense cores and
their environments with the same set of observations is necessary to understand these
differences in f3.

With the remaining three techniques, 3 is unclear. For the SCUBA-2 Ratio Case
(Section 4.4.1), a minor variation in temperature greatly affects the measure of [3; for
the Offset Case (Section 4.4.2 and Appendix E.1), the Herschel calibration uncertain-
ties result in very uncertain 850 pum offsets; and for the Spatial Factor Case (Section
4.4.2 and Appendix E.2), the 450 gm band is very uncertain, and thus, causes a wide
range of plausible scale factors. Additionally, it is not clear that the 450 um and
850 pm observations trace the same scales. Both the SCUBA-2 Ratio Case and the
Spatial Factor Case require the 450 pym band.

In Section 4.5, we discuss the results for the Filtered Case only. For comparison,
we will consider both the H-only and H+850 results.
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4.5 Discussion

4.5.1 Submillimeter Dust Opacity and Dust Masses

We are interested in comparing the dust opacity between the dense cores and the
ambient clump material. In Equation 4.1, we assumed that the dust opacity follows
a power-law distribution for a reference opacity, «,,, at 1000 THz (300 pm). Ideally,
we would want to fit x,, as well as 3. According to Ossenkopf & Henning (1994), the
dust opacity at 300 pum increases by a factor of < 2 for coagulated dust grains with
icy mantles compared to small bare grains (this effect is more significant for grains
without icy mantles). More recently, Martin et al. (2012) and Roy et al. (2013)
used submillimeter dust emission and near-infrared extinction maps to constrain the
submillimeter dust and gas opacity at 250 um for 5 = 1.8. Both studies found a
steady increase in dust opacity (by factors of ~ 2 — 4) towards colder temperatures,
suggesting that the dust opacity should not be fixed at 300 pm.

Unfortunately, we cannot separate out the degeneracy of x,, with column density
in B1 at this time. Although x,, can be constrained by independent measurements of
column density, we are interested in changes to the dust over small scales (i.e., between
dense cores), and as such we cannot utilize extinction maps (at ~ 2’ resolutions) as
done by Martin et al. (2012) and Roy et al. (2013). Therefore, while we cannot
measure absolute values of k, with our observations, we can probe the variations in
k, due to our differences in 3. Thus, we focus on the relative variations in «, with the
H+850 data and the significance of assuming 3 = 2, as with most Herschel analyses
of molecular clouds.

Figure 4.12 shows the dust opacity at 850 pum relative to the opacity at 300 pum
for the Filtered Case. This measure does not assume any prior knowledge of the
dust opacity at either 300 pm or 850 pm. Thus, Figure 4.12 demonstrates that the
relative dust opacity at 850 pum increases by a factor of 2 — 3 between the moderately
dense clump material and the dense Bl-c core, which suggests the grains are evolving.
Dust coagulation alone can increase the submillimeter dust opacity by factors of 4-
5 at 850 pm, though this increase is enhanced for bare dust grains and suppressed
with surface ices (Ossenkopf & Henning 1994). Alternatively, Ossenkopf & Henning
(1994) noted that moderately elliptical dust grains or higher abundances of metal
compounds can increase submillimeter dust opacities at 850 um by factors of a few.

Without an independent measure of the dust opacity or column density, however,
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we cannot directly measure the absolute variations in dust opacity. Thus, further
observations of the clump chemistry and dust are necessary to help determine the

causes of these opacity variations.
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Figure 4.12: Distribution of the dust opacity at 850 pum relative to the dust opacity at 300
pm using the Filtered Case. The dashed line shows the relative dust opacities for § = 2.

To measure column densities and masses, however, we must assume a dust opacity
law. Thus, we adopted a dust opacity per unit dust mass of x, 4 = 10 (/1 THz)"
cm? g1, following our assumed dust and gas opacity, r,, = 0.1 cm? g7! at 1 THz
(300 pm), and a dust-to-gas mass ratio of 100. Figure 4.13 shows the resulting map
for the dust opacity at 850 pm and the distribution of best-fit temperatures from the
Filtered Case using the H4-850 bands. Based on our 1 ¢ uncertainties for 3, we find
that the uncertainties on x, 4 are 10 —30%, where the largest errors are found towards
the compact cores. These results are only valid if the dust opacity is kept fixed at 300
pm. From the temperature map, Bl-a, Bl-¢, and B1l-d show internal heating from
protostellar sources. B1-b contains two first hydrostatic core candidates (see Pezzuto
et al. 2012), and we see an indication of moderate heating towards these cores (at
36" resolutions, we cannot separate the two components). The uncertainties on the
dust temperatures are predominantly o < 1.5 K with the largest errors towards B1-
c¢. The dust temperature is ~ 10.5 K and ~ 12 K for B1-b and B1-d, respectively,
which are similar to the NHs-derived kinetic gas temperatures of ~ 11.5 K reported
in Rosolowsky et al. (2008). The kinetic gas temperature of Bl-c, however, is ~ 12.4
K (Rosolowsky et al. 2008), which is lower than the observed dust temperatures of
~ 15 K. This difference in temperature suggests that the NHj gas is tracing a different
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region of the core than the dust (e.g., see Matthews et al. 2006).
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Figure 4.13: Results from the Filtered Case showing (a) the dust opacity at 850 pm and
(b) the dust temperature. The dust opacity map assumes k, g = 10 cm? g=! at 300 pum and
that all variations in 3 manifest themselves as changes in x, 4 at 850 pm.

Figure 4.14 compares the N(Hz) column densities measured towards the B1 cores
for (a) the H4-850 bands and (b) the H-only bands with 5 = 2 (i.e., using the method
employed by most Herschel GBS papers). The gas column density is determined
following Equation 4.1 and assuming , = 0.1 cm? g=! at 300 ym (k, 4 = 10 cm? g™*
for a gas to dust ratio of 100). Table 4.2 lists the total (gas and dust) mass estimates
for the B1-b, Bl-c, and B1-d cores using these column density maps. For simplicity,
we calculated the masses associated with 5 x 5 pixel boxes around the cores. For
the Herschel-only data with 3 = 2, we underestimate the columns of mass towards
B1l-b by ~ 10% and overestimate the columns of mass towards Bl-c by ~ 30% (the
masses towards Bl-d agree within 1%). Since we find 3 ~ 2 for much of the Bl
clump (see Figure 4.9), assuming = 2 with Herschel-only data appears to provide
a decent first look at the mass distribution of dense cores and the column density of
extended cloud emission. Nevertheless, for regions that deviate from § = 2, such as
Bl-c (f ~ 1.6 — 1.7), we find that the SED-fitting to the Herschel-only bands with
3 = 2 yields more significant mass uncertainties (~ 30%). Therefore, accurate core

masses or column densities require direct measurements of 3. For example, assuming



74

[ = 2 could affect our ability to classify cores as dynamically stable or unstable, to
properly compare the core mass function to the stellar initial mass function, and to

calculate relative (to Hy) abundances of molecules.

-2 -2
N(HZ) (em™@) N(HZ) (em™@)
5x10%° 10%3 5x10%° 10%3

12’ 12 F7 L L L L B |

H—only/g=2 1

10’ 10 F

08’ 08’

5 (2000)
5 (2000)

06 06

04’ 04’

a1z | filtered a1z | filtered

L1 PR N SR T | PR N | IR L1 PR N SR T | PR
3hg3™3ps 243 18% 12% 8% 3hg3™3ps 243 18% 12% 8% 33™0°%  54° 48%
o (2000) o (2000)

Figure 4.14: Column density maps using the filtered Herschel data. For panel (a), we
used the H+850 bands and the 8 and temperature results from the Filtered Case, and for
panel (b) we used the H-only bands and fixed § = 2. The black boxes correspond to our
mass measurements.

Table 4.2: Core Mass Estimations®

Core B1-b Bl-c¢ Bl-d
H1850 15 My 5 Mg 9 Mg
H—On].yb ]_3 M@ 6 M@ 9 M@

@ Masses measured within the 5 x 5 pixel boxes in the column density maps (see Figure 4.14), assuming
k, = 0.1 cm? g~! at 300 um. This fixed dust opacity at 300 um is the greatest source of uncertainty,
so these masses are only accurate within a factor of ~ 2.

b Masses measured from filtered H-only maps assuming 3 = 2 over the same 5 x 5 pixel boxes as with
the H+-850 case.
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4.5.2 Temperature and [

In the literature, the dust emissivity index is often assumed to be = 2 based on
studies of the dielectric functions of graphite and silicate dust grains (e.g., Draine
& Lee 1984). Deviations from 3 = 2 can arise from processes such as grain growth
and the accumulation of icy mantles. For example, § < 2 has been attributed to
the coagulation of bare dust grains (e.g., Schwartz 1982; Ossenkopf & Henning 1994;
Lis et al. 1998) and Beckwith & Sargent (1991) attributed very low [ values (~ 1)
towards protostellar disks to grain growth. Large values of 3 (e.g., > 2), however,
are harder to interpret. Thick icy mantles can steepen the dust opacity slope at
submillimeter wavelengths, but this appears to be a lesser effect than dust coagulation
(e.g., Ossenkopf & Henning 1994). Unfortunately, most dust models do not predict
dust opacities with 3 > 2 (Shirley et al. 2011). Meny et al. (2007) found that g > 2
may arise due to complex interactions between electromagnetic radiation and the
disordered mass and charge structures of amorphous dust grains. Thus, § highly
reflects the dust grain properties, and it is important to understand the relationship
between (8 and the surrounding environment.

Nevertheless, the relationship between 3 and temperature is not well understood.
Many studies that fit submillimeter SEDs to determine 3 use the minimization of
x? technique as employed here. Several recent studies, however, have suggested that
the minimization of y? produces unclear results due to the degeneracy between (3
and temperature, especially towards the SED peak (e.g., Veneziani et al. 2010; Kelly
et al. 2012). Since the Herschel bands span the SED peak for cold star forming
regions, the method of SED fitting becomes significant. In particular, Kelly et al.
(2012) demonstrated that the x? minimization technique gives different temperature
and emissivity values than a more detailed Bayesian approach. In addition to the
fitting technique, an artificial anti-correlation between (8 and temperature can also be
introduced by instrumental errors (e.g., Shetty et al. 2009a) or temperature variations
along the line-of-sight (e.g., Shetty et al. 2009b; Schnee et al. 2010).

Despite these uncertainties, several large studies have found strong inverse rela-
tionships between (§ and temperature over large areas and a wide range of temper-
atures. These studies include the PRONAOS experiment (e.g., Dupac et al. 2003),
the Herschel Hi-Gal project (e.g., Paradis et al. 2010), and early science results from
Planck (e.g., Planck Collaboration et al. 2011b). In particular, Paradis et al. (2010)

employed two techniques to their SED-fitting, a minimization of y? method and a
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maximum likelihood algorithm. They found an inverse [-temperature relationship
with both methods.

In Figure 4.7, we find the uncertainties on our values of # and temperature are
such that small degeneracies may persist between any two values determined, and so
any anti-correlation seen between 3 and temperature may be artificial. Thus, despite
our improved constraints to determine 3 with the 850 um data, the SED fits may still
retain some degeneracies. From our data, we believe the causes of any degeneracy are
likely dominated more by our use of the y? technique rather than the noise or single
component line-of-sight-temperature assumption. For example, we only selected very
bright emission, so issues with noise will be negligible. Additionally, our analysis
used filtered observations and thus, the line-of-sight temperature is less affected by
warm diffuse material. The protostellar cores, however, will have warm central ob-
jects and cool outer envelopes, and thus assuming a single line-of-sight temperature
towards these objects may induce a stronger degeneracy between ( and temperature.
Nevertheless, with only five bands in the submillimeter domain, we cannot apply a
multiple temperature component fit. Thus, with our analyses, we cannot make any

robust conclusions regarding any physical S-temperature relationship.

4.5.3 The Addition of SCUBA-2 Data

Figure 4.7 demonstrates that the SED fits are much improved with the inclusion of
850 pum observations since the Herschel data alone are unable to constrain ( for cold
star-forming regions. Since the 850 pum emission is more dependent on [ (see Figure
4.5), the SCUBA-2 observations have a significant influence on the best-fit SEDs and
the determined values of 3. Therefore, this work demonstrates that the SCUBA-2 850
pum data (or equivalent long wavelength observations) are essential for constraining
SED fits.

The SCUBA-2 450 pm band has superior resolution (~ 9”) to the Herschel data
at 160 — 500 pum presented here (see Figure 4.2), which is necessary for deblending
compact sources to obtain more accurate flux measurements. Additionally, with the
450 pm band, we can measure dust properties at higher resolutions. For example, in
this chapter, we convolved our data to a common resolution of 36.3"” (corresponding to
the 500 gm beam), but with the SCUBA-2 450 ym band, we could exclude the SPIRE
500 pm band and convolve to a common resolution of 25” (the 350 um beam), and

find the dust temperature, opacity, and column density over smaller scales, thereby



77

probing variations across cores themselves.

Unfortunately, the 450 um emission has significant uncertainties. For example,
in Figures 4.8 and 4.11, we see that the observed 450 pm emission is roughly 10 —
15% brighter than the predicted emission. Additionally, the 450 um band is more
susceptible to atmospheric variability. Therefore, we do not use the 450 pm band
at this time, but note that with better calibrations and atmospheric modeling, the
450 pm band will become more robust and higher resolution analyses will become

possible.

4.5.4 High Resolution Extinction Maps

In Section 4.5.1, we assumed a fixed dust opacity at 300 pum to measure column
densities and masses. To circumvent fixing x,, (300 um), we need to measure the dust
opacity or column density through an independent method, such as from extinction
maps. Since we are interested in measuring changes in dust opacity over small scales,
we need high resolution (< 1) extinction maps. Such observations would greatly
improve the analysis in this chapter.

Typically, extinction maps have resolutions of 2 2/, which are too coarse to probe
changes in dust opacity between dense cores and the ambient clump. Nevertheless,
high resolution (~ 20”) extinction maps are possible with deep near-infrared observa-
tions (e.g., Roméan-Zuniga et al. 2010), provided that there are sufficient background
stars (dust extinction is measured via the reddening of background stars) and that
the extinction is not too high. Therefore, future studies of dust opacity using Her-
schel and JCMT observations will greatly benefit from such high resolution extinction

mapping.

4.6 Summary

We have presented four unique methods to measure the dust emissivity index, [,
from a combination of Herschel PACS+SPIRE and SCUBA-2 observations. Of these
methods, the Filtered Case, where the Herschel maps are filtered using the SCUBA-2
reduction pipeline and [ is determined from SED-fitting to the filtered Herschel+850
bands is the most robust. Our main goal was to examine whether or not the SCUBA-2
850 pm band made significant improvements to the SED fits and the relative differ-

ences in  (or k,4) that arise from those fits. We summarize our main findings as
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follows:

1. The Herschel-only data do not constrain the SED fits well enough to allow si-
multaneous fitting of § and temperature towards cold clouds. In Figure 4.7, we
demonstrated that long wavelength observations are necessary to improve SED
fitting to the Herschel bands. The 850 ym SCUBA-2 band improves our ability
to constrain 3 by a factor of ~ 2 and our ability to determine temperature by
~ 40%. Additionally, we find significant variations in # when the 850 ym data
are included, i.e., we find 3 ~ 1.6 towards the Bl-c core and ( ~ 2.0 towards
the filament.

2. Based on our SED-fitting, we find the dust opacity at 850 um varies by fac-
tors of 2 — 3 relative to the dust opacity at 300 pum, with the highest opacities
towards the dense cores, particularly Bl-c. Therefore, the Bl-c core may rep-
resent a region where the dust grains have coagulated with some icy mantles,
have moderate elliptical shapes, or have higher abundances of metal compounds
(Ossenkopf & Henning 1994). Our observations cannot constrain the source of
the opacity variations. Future studies with high resolution extinction mapping

are needed to probe the dust opacity in more detail.

3. With our analysis, we cannot make robust conclusions about the (-temperature
relationship. We found that both § and temperature are constrained better
with the inclusion of 850 pum observations (see Figure 4.7), yet the degeneracy
between these parameters is not entirely removed. While this degeneracy likely
arises from using the minimization of y? technique to fit the SEDs, there can
be additional degeneracies due to assuming a single component line-of-sight

temperature.

4. Assuming a fixed § = 2 value with the Herschel bands alone affects the mea-
sured best-fit temperature by < 2 K if § = 1.5 or § = 2.5. We found that
the core masses as measured with the Herschel-only bands and with g = 2
varied by < 30% compared to the results using Herschel+850 bands and the
same assumptions for the dust opacity (k,, = 0.1 cm? g=! at 300 ym). Thus,
the Herschel-only bands provide a decent first look at the core masses for an
assumed value of § = 2. Nevertheless, to obtain more accurate core masses,
i.e., to measure the dynamical stability of dense cores or the core mass function,

long wavelength data and high resolution extinction maps are necessary.
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This analysis of the B1 clump with PACS+SPIRE+SCUBA-2 represents the first
of many future analyses with these instruments. The SCUBA-2 observations are an
excellent complement to the Herschel bands, providing a much stronger constraint
to SED-fitting and derivations of 3. Herschel and long wavelength observations such
as those from SCUBA-2 have only recently provided the wavelength and spatial cov-
erage necessary to make these measurements. Future analyses using high resolution

extinction maps are also important to probe the changes in x, 4 with environment.
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Chapter 5

Analysis of the Perseus Molecular
Cloud

In this chapter, we present the full Herschel observations at 70 — 500 pum of the
Perseus molecular cloud from the Herschel GBS. We use the Herschel data to sample
completely the core populations. Furthermore, we use archival infrared detections
from 2MASS and Spitzer to characterize the YSO populations. We compare and
contrast the starless core and YSO populations in each of the Perseus clumps. We
find that the starless cores are typically seen towards the column density peaks,
in contrast to previous studies of Perseus. The NGC1333 clump has the smallest,
most massive, and most dense starless cores on average. We also find that starless
core temperature is anticorrelated with density for n < 10° ecm™3 and flattens for
higher densities. We measure a higher combined Class 0/1 YSO lifetime of 0.8 Myr,
compared to previous studies. We also find a significant population of Flat YSOs,
many without well-detected emission in the submillimeter bands. Thus, some Flat
YSOs may not be deeply embedded. We find that the more massive clumps have an
excess of older stage YSOs, suggesting these regions contracted first. We also find
a strong correlation between the fraction of Class 0 YSOs and the slope of the high
column density tail. Our results suggest that the quantity of high column density
material correlates with recent bursts of star formation and not the star formation

history.
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5.1 Introduction

Molecular clouds are highly structured, with their star-forming cores embedded within
complex networks of filaments and clumps (see Chapter 1). Kainulainen et al. (2009)
studied several molecular clouds and noted that the ones actively forming stars had
extinction distributions with prominent power-law tails at high extinctions, whereas
more quiescent clouds did not have such prominent tails (see also, Schneider et al.
2012). Similarly, Lada et al. (2010) found a tight correlation between the number of
YSOs detected in a cloud and the quantity of high extinction material towards that
cloud, whereas André et al. (2010) found that gravitationally bound cores were gen-
erally associated with filaments on the verge of collapse and gravitationally unbound
cores were detected primarily toward subcritical filaments. These studies suggest that
star formation is connected to dense, unstable material.

Dense cores collapse and form stars when their gravitational contraction over-
whelms their internal supports, such as thermal pressure, turbulent (non-thermal)
pressure, or magnetic pressure (Klein et al. 2007). For thermally supported cores at
10 K, core masses 2> 1 M will become unstable and form YSOs. For low-mass star
formation, YSOs evolve through a variety of stages, generally classified by the shape
of the observed spectral energy distribution (SED; e.g., Lada & Wilking 1984; Adams
et al. 1987; André & Montmerle 1994). Broadly, these YSOs are subdivided by their
SEDs into five main Classes: Class 0, Class I, Flat, Class II, and Class III (for more
details, see Chapter 1).

Accurate YSO classifications are important to constraining their lifetimes. Never-
theless, these classifications are entirely empirical and the ability to place a source in
one Class or another depends on available data. Thus, YSO classifications are gener-
ally completed on a best-effort basis. Fortunately, recent YSO models (e.g., Whitney
et al. 2003; Robitaille et al. 2006) and large infrared surveys (e.g., with Spitzer) have
improved classification techniques with better statistics (e.g., Evans et al. 2009). As-
suming a lifetime of 2 Myr for Class II YSOs, Evans et al. (2009) estimated lifetimes
for the Class 0/I and Flat YSOs of 0.44 Myr and 0.35 Myr, respectively, based on
their respective number counts from multiple clouds. Unfortunately, Evans et al.
(2009) were unable to distinguish Class 0 YSOs from Class I YSOs due to lack of
submillimeter observations. Thus, to constrain better the earliest YSO phases, we
need a better census of the submillimeter emission towards YSOs.

Fortunately, the Herschel has fully sampled 15 nearby (< 500 pc) clouds at 70—500
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pum as part of the Herschel GBS (hereafter, HGBS; André & Saraceno 2005; André
et al. 2010). These bands are key for cold dust emission (7" < 20 K) associated with
dense starless cores and embedded YSOs. Here, we combine Herschel observations
with archival infrared data from 2MASS (1.25 — 2.17 um) and Spitzer (3.6 — 24 um)
for the Perseus molecular cloud. The Herschel data for Perseus constitute the most
complete census of its core populations over previous, ground-based submillimeter
detectors. Since many previous studies lacked complete core statistics, they could
not compare well core populations within molecular clouds and instead focused on
the global star formation activity (e.g., Kirk et al. 2006; Enoch et al. 2009; Sadavoy
et al. 2010). Furthermore, the archival infrared observations from 2MASS and Spitzer
provide the most complete census of the YSO populations in Perseus. Thus, we
compare and constrast the dense core and YSOs populations within the individual
star-forming clumps in Perseus to determine whether there are distinct differences in
the populations within a single molecular cloud.

This Chapter is organized as follows: In Section 5.2, we describe our Herschel
observations and the archival data used in this analysis. In Section 5.3, we describe
the source extraction algorithm used on the Herschel data. In Section 5.4, we show
our results, first from the Herschel-only analyses of the clumps and their properties,
and then from combining the information from our Herschel data and the archival
data to classify dense cores and YSOs. In Section 5.5, we compare our techniques
to previous studies and discuss the implications of our results on future studies. In

Section 5.6, we summarize our results.

5.2 Data

5.2.1 Herschel Observations

As described in Chapter 2, the Perseus molecular cloud was observed with Herschel
as part of the HGBS. For more efficient observations, the Perseus cloud was divided
into two parts; (1) ~ 6 deg? map of the Western section, centered on the NGC 1333
clump, and (2) ~ 4 deg® map of the Eastern section, centered on the IC 348 clump.
The Western observations were made in February, 2010 and are also highlighted in
Chapter 3. The Eastern observations were completed in February, 2011. Both maps
utilized parallel photometric observations with the PACS and SPIRE instruments,
resulting in simultaneous mapping with the 70 pm, 160 pm, 250 pm, 350 pm, and
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I scan rate. These data were reduced in the same

500 pm bands at a 60 arcsec s~
manner as described in Chapter 4.2. Figure 5.1 shows a three-colour image of the

Perseus clouds.

NGC1333

Figure 5.1: Three-colour image of the Perseus molecular cloud, where blue corresponds to
160 pm, green corresponds to 250 pum, and red corresponds to 350 um Herschel observations.
The main clumps are labeled.

5.2.2 Archival Data

Herschel provides excellent data for characterizing emission from cold dust (7" < 20
K). Since we are interested in the dense core and YSO populations, we also need
data that will probe warm dust. Therefore, observations from the Spitzer Space
Telescope (Werner et al. 2004) at 3.6 —24 pm are an excellent complement to the far-
infrared /submillimeter bands from Herschel. The entire Perseus cloud was mapped
at 3.6 — 8.0 pm with Infrared Array Camera (IRAC; Fazio et al. 2004; Jorgensen
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et al. 2006) and at 24 — 160 pm with the Mid-Infrared Photometer and Spectrometer
(MIPS; Rieke et al. 2004; Rebull et al. 2007) detectors. While Spitzer also observed
at 70 pm and 160 pum, the sensitivity and resolution are inferior to those of Herschel.
Thus, we only consider the 24 ym band from MIPS.

The Spitzer observations of Perseus have been well studied, and the YSO popu-
lations from those data well characterized. Therefore, we used the Spitzer calatogues
from Evans et al. (2009) and Gutermuth et al. (2009) to identify the known YSOs
within the Perseus cloud. Evans et al. (2009) characterized the YSO candidates across
the entire cloud for the Cores To Disks (hereafter, c2d) survey, whereas Gutermuth
et al. (2009) focused on the NGC1333 and IC348 clusters as part of a young cluster
study (hereafter G09). Both studies used different techniques to identify YSOs, mea-
sure source properties, and remove non-YSO contaminants (e.g., background galaxies
or stars). As such, sources can be identified as YSOs in one and not the other.

In Evans et al. (2009), YSOs were identified using a combination of SED templates
and colour-magnitude diagrams with near-infrared JHK (A = 1.25 — 2.17 pm) and
Spitzer (A = 3.6 — 24 um) data to identify background stars, galaxies, and YSOs.
First, they used stellar templates to compare observed source SEDs with reddened
stellar photospheres. Second, non-stellar templates were used to identify sources with
strong characteristics that can be confused with YSOs, such as strong emission from
polycyclic aromatic hydrocarbons, stellar emission with a strong dust component,
or very red colours that can be associated with galaxies. Finally, YSO candidates
were selected from background galaxies using three sets of colour-magnitude criteria.
Since both YSOs and background galaxies can show similar colour excesses between
near-infrared and far-infrared wavelengths, these colour-magnitude selection crite-
ria are very important. Evans et al. (2009) used a blank field (from the SWIRE
project) to create a control sample of unreddened background galaxies. YSOs were
separated from background galaxies based on the cumulative probability of the colour-
magnitude selection criteria.

Likewise, Gutermuth et al. (2009) used 1.25 — 24 pm observations to identify and
characterize YSOs. In their study, YSOs were identified from a complex set of colour-
colour and colour-magnitude selection criteria designed to remove contaminants (see
Gutermuth et al. 2008; Hatchell & Dunham 2009). Furthermore, Gutermuth et al.
(2009) included a multiphase selection process that initially selected sources based
on the available wavelength coverage, such as detection in all four IRAC bands,

detections at the five shortest wavelengths (1.25 — 4.5 pm), and detections at 24 pm.
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For each case, likely contaminants were removed using wavelength-specific colour and
magnitude criteria.

For our YSO selection, we considered sources with either a “YSO” designation
or a “red” designation in the publicly available c2d catalogue (650 YSOs) and all
the sources in the G09 catalogue for NGC1333 and 1C348 (293 YSOs). Since both
catalogues used observations from the same instruments, spatial coincidences were
very good. We considered a source to match in both catalogues if the positions
agreed within 1”. In total, 205 common YSOs were identified in both catalogues. If
we increased the allowed position offset to 2”, we found the same results. Above 2",
we identified multiple coincidences for the Spitzer sources without adding new pairs.
Thus, 88 YSOs are identified in the G09 catalogue that are not included in the c¢2d
catalogue. One possibility for these missing ¢2d YSOs could be due to the detection
flags. The youngest YSOs in particular were prone to being identified as contaminants
(Gutermuth et al. 2009). For example, a study by Schmeja et al. (2008) found many
more Class [ YSOs in three large Galactic clusters than the corresponding data from
the complete c2d catalogue. Alternatively, bright sources can have positional offsets
based on the source fitting and aperture. For example, the well-known Class 0 source
NGC1333 IRAS 2A was identified with a position offset of ~ 5” between the ¢2d and
GO09 catalogues. Thus, several sources that are considered “unassociated” may have
large position uncertainties.

Since the c¢2d and G09 studies employed different techniques to measure source
properties, such as different aperture analyses, the measured fluxes can differ between
these two catalogues, despite the same initial datasets. Figure 5.2 compares the
fluxes across all wavebands of sources in common to the c¢2d catalogue and the G09
catalogue. While the extracted fluxes are mostly similar between the two catalogues,
there are some clear outliers, particularly towards the brightest sources. Since choice
of aperture, background subtraction, and the treatment of blended objects can greatly
affect source properties, these outliers illustrate the uncertainties of source extraction
from each survey. Thus, we will consider both measurements, thereby comparing and
contrasting the YSO properties for objects common to both catalogues.

Several additional catalogues provide complementary data for Perseus YSOs or
cores. The Wide-field Infrared Survey Explorer (WISE; Wright et al. 2010) completed
an all sky survey in the near-infrared (3.4 - 22 pym), and thus covers regions of Perseus
not observed by Spitzer entirely. Furthermore, several studies have used SCUBA (e.g.,

Jorgensen et al. 2007) or Bolocam (e.g., Enoch et al. 2008) to characterize dense cores
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Figure 5.2: Comparison of YSO JHK, TRAC, and MIPS 24 um fluxes for sources common
to the c2d and G09 catalogues. The dashed lines correspond to perfect 1:1 relations.
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with (sub)millimeter emission. Nevertheless, we do not include these data at this
time. The Spitzer c2d data are more sensitive and have better spatial resolution than
the WISE data. Furthermore, we are interested in the YSO and core populations
associated with the moderately dense clumps, and Spitzer well observed these denser
regions. Also, the Herschel data are much more sensitive than all previous large-scale
(sub)millimeter surveys. The Herschel observations also provide complete coverage

of Perseus, which the previous surveys with SCUBA and Bolocam were unable to do.

5.3 Herschel Sources

In this Section, we describe the source extraction process and source selection criteria
for objects identified in the Herschel observations of Perseus. Sources were identified
and analyzed for all five wave-bands in the GBS data (70 — 500 pm). For compu-
tational efficiency during source extraction, we considered the Western and Eastern
Perseus fields separately. As such, several sources in the overlap area (see Figure 5.1)

were identified twice.

5.3.1 Source Extraction

Previous submillimetre source extraction codes, such as clumpfind (Williams et al.
1994) or gaussclump (Stutzki & Guesten 1990), were designed for filtered, ground-
based observations, and as such, were not designed to identify structures within com-
plex, diffuse backgrounds. Thus, the HGBS team internally developed several tech-
niques to localize and characterize compact sources in the Herschel maps. We use
the most consistent of these methods, getsources (Men’shchikov et al. 2012) because
(1) unlike the other algorithms, getsources conducts simultaneous multi-wave, multi-
scale extractions, thereby utilizing information from the higher-resolution, shorter-
wavelengths to identify and deblend structures at lower-resolution, longer-wavelengths
and (2) getsources also extracts filamentary structure in addition to compact sources
(Men’shchikov et al. 2013, in preparation).

The getsources algorithm is described in Men’shchikov et al. (2012). In brief,
getsources uses spatial decompositions to identify structures at a variety of scales.
First, all maps are resampled onto identical, fine resolution grids. For our data,
we used the resolution at 70 um (3.2” pixels). Second, getsources runs a set of

decompositions over a range of spatial scales separately for each wavelength in the
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study. The decomposition generates a series of filtered images at various scales, which
are used for the analysis and extraction. Noise and background fluctuations on spatial
scales much smaller or much larger than the scale being considered are removed to
improve the detectability of sources. Third, getsources combines information from the
spatial scales from each wavelength to generate a first catalogue of sources. Sources
identified at one spatial scale are followed through their subsequent detections at
other spatial scales. Therefore, information obtained at higher resolutions is used to
identify structure at lower resolutions.

Source properties are then measured from the original image at each wavelength.
The multi-scale information provides a measure of the source mask or “footprint”, al-
lowing overlapping sources to be deblended and have their fluxes measured separately.
Fluxes are extracted following a background subtraction, where the background is es-
timated by interpolating under the “footprint,” defined by a 2-D Gaussian. Thus,
source properties are extracted from filament-subtracted, flattened images. The ro-
bustness of each source is defined by the global goodness parameter, which combines
the global detection significance from the monochromatic single scale extractions, the
global signal-to-noise ratio (SNR), and source shape across all wavelengths. Bright,
round sources detected over several monochromatic scales and several wavelengths
have higher goodness. Conversely, the goodness decreases if a source becomes more
elongated or the global SNR becomes lower. For more information about getsources,
see Men’shchikov et al. (2012).

We used getsources version 121208, which includes a prescription for filament
extraction in addition to one for source extraction. Filaments are extracted and
subtracted from images before compact sources. Filaments, however, are identified
using an area condition, where significantly elongated structures connect large areas
in the decomposed images. Conversely, sources are generally more compact and
circular. The area condition considers two parameters, one a direct measure of the
elongation and the other a measure of the equivalent area. The equivalent area
condition is used to identify “porous” filaments, such as spirals. Removing filaments
before detecting the compact sources gives superior source identification and recovery
of source properties. For example, a line-of-sight intersection of two filaments could
be viewed as a compact density enhancement, resulting in an erroneously identified
source. For more information about filament extraction, see Men’shchikov et al.
(2013, in preparation).

Using getsources on our Herschel data alone, we identified 707 and 370 compact
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structures in the Western Perseus and Eastern Perseus fields, respectively, with 23
objects common (within 8”) to both fields. These numbers are roughly a magnitude
higher than the typical source counts for Perseus from previous, incomplete ground-
based submillimeter surveys (e.g., Kirk et al. 2006; Enoch et al. 2009). Not all our
extracted sources are actual dense cores, however. In Section 5.3.2 we list our selection
criteria for well-detected sources, and in Section 5.3.3, we remove likely extragalactic
contaminants. For all sources, we adopt source names as the observation field (West
or East) and the getsources detection number.

The sources identified here correspond to a first look analysis for the Perseus cloud.
A more extensive source extraction will be completed for the First Generation study
from the Herschel Gould Belt Survey consortium (Pezzuto et al. in preparation). The
complete catalogues will include the cross-section of sources identified from different
extraction algorithms, such as getsources (Men’shchikov et al. 2012), cutexr (Molinari
et al. 2011), and csar (Kirk et al. 2013). Since getsources provides the most extensive
list of sources, we only consider those results here and utilize a number of criteria to

identify robust detections (see Appendix H).

5.3.2 Source Selection

We are interested in identifying dense cores and YSOs with the Herschel observations
and archival infrared detections. Since Class II YSOs can have weak or tenuous
submillimeter detections (Weintraub et al. 1989), we considered all extracted sources
regardless of their detection quality. Nevertheless, we note that some sources are
well-detected and others are not (see Appendix H).

In addition to the archival infrared information, 70 pum emission can be used
to identify protostellar signatures. Emission at 70 pum is generally associated with
warm dust (i.e., due to an embedded YSO) and can be optically thick (e.g., Pezzuto
et al. 2012). Thus, compact 70 um towards a dense core is a good indicator of a
YSO (Dunham et al. 2008). For fainter protostars, such as those that are deeply
embedded, 70 pm emission can be heavily confused with a bright diffuse background,
e.g., the blue ring in Figure 5.1. Thus, we generated a list of compact 70 pum sources
using an initial selection criteria to identify the bright objects and then we visually
inspected all sources to identify the fainter compact 70 um sources. Specifically, we

initially identified bright, compact 70 pm sources using the following set of criteria:

1. SNR (70 pm) > 3, and
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2. positive peak flux and total flux, and
3. measured sizes of a < 30” and b < 30”, and

4. a/b < 2.

To include the faint compact 70 pm sources, we visually inspected all extracted
sources in the original 70 pm maps. In the Western field, we added ten compact 70 pm
sources that did not meet our initial criteria (e.g., they had low SNRs, slightly larger
sizes, or higher aspect ratios), but appeared compact from our visual inspection. In
the Eastern field, we added only one object with a ~ 33”. We also removed two
sources from the Western field and three sources from the Eastern field that each met
our criteria. Visual inspection of these few sources suggested that a compact source
was not visible, generally due to a bright diffuse background. In one case, a source
coincided with a stripe artifact in the 70 ym map and was erroneously identified as
compact. Figure 5.3 highlights the sizes and aspect ratios of the 70 pm emission

towards all sources in Perseus.
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Figure 5.3: Size and aspect ratio distributions for the 70 pm detections. The grey triangles
correspond to all 70 pym sources in the sample and the black stars correspond to the compact
70 pm sources that passed our criteria and visual inspection. The dashed box shows the
limits for our size selection criteria. For size, we give the geometric radius, r = v/ab.

We found 103 and 54 compact 70 pm sources in the Western and Eastern fields, re-
spectively, with only one source common to both fields. Since the presence or absence
of compact 70 pm emission can classify cores as protostellar or starless (Dunham et al.
2008; Bontemps et al. 2010), we will use the compact 70 pm sources in combination
with the Spitzer catalogues (see Section 5.2.2) to identify which Herschel sources are

protostellar and which are starless.
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5.3.3 Galaxy Contamination

In addition to dense cores and YSOs, extragalactic sources, particularly those with
strong dust emission, can be bright in the Herschel bands. Furthermore, galaxies are
generally unresolved, and thus will appear as compact sources. Thus, it is important
we remove such contamination from our sample if we want to obtain a clean sample
of sources associated with the Perseus cloud.

Figure 5.4 shows the distribution of column density towards all the compact
sources identified by getsources. (For an explanation of the column density mea-
surements, see Section 5.4.1.) For comparison, we also show the distribution for just
the well-detected sources (see Appendix H). Unsurprisingly, the sources associated
with low column densities tend to be well-detected. Sources observed towards rela-
tively faint diffuse emission will have greater contrast with the background and so,
will be easier to extract and measure their properties. We also find a small peak in
the number of detections for N(Hy) < 2 x 10*' em™2 (Ay < 3). This increase occurs
for both the entire sample and the well-detected only sources. Since star-forming
cores are generally associated with regions of high column density (Kirk et al. 2006;
Lada et al. 2010, André et al. 2010), we believe this increase is mainly due to ex-
tragalactic contamination. As such, we flagged all sources identified in regions with
N(Hy) < 2 x 10*! cm™? as galaxies. In total, 121 sources were flagged as galaxies.
(We note that these extragalactic candidates do not have unique detection properties
(i.e., colours, magnitudes) that distinguish them from Galactic sources.)

As a check, we measured the likelihood of an extragalactic source being detected
in the relatively small areas of the sky above our assumed threshold (i.e., N(Hg) >
2x 102! cm™2). For this check, we utilized the results from Herschel surveys of distant
extragalactic sources, e.g., the Herschel Astrophysical Terahertz Large Area Survey
(H-ATLAS; Serjeant et al. 2009) and the Herschel Multi-tiered Extragalactic Survey
(HerMES; Oliver et al. 2012). Since these surveys cover > 100 deg?, they provide
excellent statistics for the number of contaminating galaxies we can expect in our
data.

Table 5.1 summarizes the likelihood of extragalactic contamination at 160—500 pm
for the N(Hy) > 2 x 10*! cm™ region only. First, we found the minimum observed
fluxes towards the high column density material at the native resolution of each wave-
length. These thresholds give lower-limits to the diffuse background and consequently,

upper limits to the number of galaxies we could reasonably expect at each wave-
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Figure 5.4: Distribution of column density for all observed compact sources (solid his-
togram) and the well-detected sources (dashed histogram). Well-detected sources passed
the initial selection criteria outlined in Section 5.3.2. The dotted line corresponds to 2 x 10%!
cm ™2 (or Ay ~ 3 mag), our column density threshold for galaxy candidates.

length. Second, since extragalactic contaminants are mainly point sources, we found
the equivalent (point source) flux within one beam using S,s = Imm\/m,
where I,,,;,, is the minimum observed intensity in the N(Hy) > 2 x 10?! cm™2 region,
Apizer 1s the pixel area, and Apeqm = 1.1339%‘,[/ i 18 the beam area for a FWHM of
Orwrn- To ensure only robust galaxy detections, we considered only extragalactic
sources with S > 3 x S,,. Finally, we use the statistical counts of Berta et al. (2011,
for PACS) and Clements et al. (2010, for SPIRE) to estimate the number of galaxies
in the N(Hy) > 2 x 10?* cm™2 region.

According to Table 5.1, it is very unlikely that we detected many galaxies above
N(Hy) > 2 x 10?! em™2. Since the diffuse emission is so bright above this thresh-
old, extragalactic sources are obscured. Below this threshold, however, there are far
more likely opportunities for extragalactic contamination. The area corresponding to

N(Hy) < 2 x 10%! em™2 covers 11.3 deg?, and for this region we could expect < 113
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Table 5.1: Extragalactic Contamination®

Wavelength Lin pixel 3 x S,s" Detection Rate® Galaxies
(pm) (mJy beam™) (") (mJy)  (galdeg™)

160 250 4.5 235 <26 <9
250 500 6.0 460 1 <4
350 600 10.0 680 0.5 <2
500 600 14.0 650 0 0

2These results corresponding to the N(Hy) > 2 x 102* cm~2 region of Perseus. This region covers
~ 3.5 deg?.

®We consider detection rates only for galaxies with 3 x Sps. We assume anything fainter would not
be well-detected.

“Integrated galaxy counts, N(> S). For PACS, the galaxy counts came from Berta et al. (2011). For
SPIRE, the galaxy counts came from Clements et al. (2010).

galaxies at 250 um (see Clements et al. 2010) which is of similar order to the 121
objects flagged as galaxies we find at N(H,) < 2 x 10?! em™2. For PACS, Berta et al.

! which resulted in better sen-

(2011) used data taken with a scan rate of 20 arcsec s~
sitivities and smaller beams than our PACS data which used scan rates of 60 arcsec
s~!. As such, Berta et al. (2011) are better able to detect compact sources (smaller
beam) and fainter galaxies. Using their numbers suggests < 500 galaxies at 160 pm
for the low column density material, which is significantly larger than the number of
objects detected at these column densities. Therefore, we are confident that galaxies
are only a major factor for the N(Hy) < 2 x 10?! cm™2 material and that by remov-
ing these sources, we are primarily removing extragalactic contaminants rather than

star-forming cores.

5.4 Results

5.4.1 Clumps

We defined clumps as intermediate scale (~ 1 pc), moderately dense (~ 10% cm™3)
structures that can form clusters (dozens to thousands) of new stars (Williams et al.
2000). Conversely, cores are the small-scale (< 0.1 pc) structures that form single
stars or small stellar systems (e.g., Di Francesco et al. 2007). Figure 5.1 highlights
the seven main clumps in the Perseus cloud and the focus of our study. In addition to
probing their dense core and YSO populations, we are also interested in the relative

clump properties.
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Asin Chapters 3 and 4, we first applied the zero-point offset correction from Planck
data to our Herschel data. Since the Western and Eastern fields were observed at
different epochs, we found the five zero-point Planck corrections separately for each
field. Next, we merged the Western and Eastern fields. To merge fields, we cropped
10 — 20 pixels from the map edges to remove spikes and artifacts, and then we used
the Starlink task wcsmosaic to mosaic the two observations. For the overlap region,
wcsmosaic takes the mean of the observations. For the 160 — 500 pum data, the
Western and Eastern fields showed excellent agreement. For the 70 pm observations,
however, the background flux in the Eastern field was systematically lower than the
Western field. In measuring the 70 pm offset, faint extended emission is generally lost,
resulting in poor correlations with IRAS observations at 60 pm and highly uncertain
70 pm offsets (J.-P. Bernard 2013, private communication). Nevertheless, we do not
use the 70 pym emission in our clump analysis. Figure 5.1 shows the resulting image
combined from mosaics made at 160 pm, 250 pm, and 350 pm.

We fitted the SEDs of the entire Perseus cloud in a pixel-by-pixel in the same
manner as Chapter 4 using Equation 4.1. Since we cannot directly measure the
dust opacity well with Herschel data alone (see Section 4.5.1), we assumed that
Ky, = 0.1 ecm? g7! at vy = 1000 GHz (Hildebrand 1983; André et al. 2010) with
[ = 2 and a mean molecular weight of © = 2.8. Finally, we also applied colour
correction factors to our Herschel data (see Chapter 4 and Appendix D). Table 5.2
shows the adopted uncertainties in our observations. We adopt colour corrections for
temperatures between 10 — 25 K rather than the 10 — 15 K range we assumed for B1
(see Chapter 4). The 1 o rms noise uncertainties are the same as for B1 (see Table
4.1).

Table 5.2: Adopted Colour Corrections and Flux Uncertainties for Perseus Clumps

Band 160 pm 250 pm 350 pm 500 pm
Colour Correction® 1.01 1.01 1.00 1.02
Colour Uncertainty® 5% 2% 2% 3%

@ Average colour corrections for each band, where I.orrectea = CC X Ipps. These values assume
T ~10—-25K and 8 ~ 1.5 — 2.5. See Appendix D. Note that Table 4.1 assumes T~ 10 — 15 K.

b Uncertainties refer to the fractional uncertainty in the average colour correction based on the range
of accepted colour corrections. These uncertainties do not include the calibration uncertainties.

In Chapter 4, we applied a set of 1000 random calibration correction factors within

a Gaussian distribution to the SED fits. A similar exercise for the entire Perseus cloud



95

would be computationally expensive, however. Furthermore, based on the analysis
in Chapter 4, the calibration uncertainties are relatively minor for fixed values of 3
itself. Indeed, a greater source of uncertainty is the fixed value of 3. For example, a
difference of £0.5 in [ resulted in AT < 2 K, whereas the calibration errors yielded
AT < 0.5 K (see Section 4.3.2). Thus, we do not include any calibration uncertainties
in our analysis here.

Figure 5.5 shows the column density map for the entire Perseus cloud. Star
formation is tied to the amount of high column density material (e.g., Johnstone
et al. 2004; Lada et al. 2010; André et al. 2010). Thus, we expect most dense cores
and YSOs to coincide with the seven main clumps. Unfortunately, defining clump
boundaries is nontrivial. We approximate the “boundary” of each clump using the
extent of dense material. Lada et al. (2010) found that star formation coincided with
material with Ay 2 7 mag. Following Evans et al. (2009), we adopt the relation

~Y

between column density and extinction as proposed by Draine (2003);
N(H)/Ay = 1.37 x 10*' cm™2 mag ™',

where N(H) is the atomic hydrogen column density and Ay is the visual extinc-

tion. For molecular clouds, where the hydrogen gas is molecular rather than atomic,
N(H) = 2N(Hs), and thus,

N(Hy)/Ay = 6.85 x 10* cm™ mag™'. (5.1)

Thus, a threshold of Ay > 7 becomes N(Hy) > 4.8 x 10?! cm™2. The red contours
in Figure 5.5 highlight such high column density material. Using these contours,
we defined boxes to enclose the high column density material and correspond to the
boundary of each clump. For IC348, we modified slightly the box boundary to include
all sources in the IC348 cluster observed by Gutermuth et al. (2009).

Table 5.3 gives the clump properties, including the area and the mass correspond-
ing to the N(Hy) > 4.8 x 10?! cm™? material within the boundaries as highlighted
in Figure 5.5. Mass is measured from the column density assuming a mean molec-
ular weight of © = 2.8. For the area and mass, we assumed a distance of 235 pc
(Hirota et al. 2008). Unsurprisingly, the three most massive clumps, B1, IC348, and
NGC1333, have the most star-forming activity (see also Section 5.4.2; Bally et al.
2008). These three are also the largest clumps in the sample (> 2 pc? of dense ma-
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Figure 5.5: Column density map of the Perseus molecular cloud. Red contours illustrate
regions with N(Hy) > 4.8 x 102! em™2 (or Ay > 7 mag). The blue boxes illustrate the
boundaries selected for each clump.

terial). Table 5.3 also lists the mean and median values for temperature and column
density for the N(Hy) > 4.8 x 10*' cm™2 material.

Figure 5.6 shows the column density distributions for all material within the
boundary of each clump. As expected, the clumps with the largest mean column
densities, B1, L1448, and NGC1333, do indeed show broad extensions to high col-
umn densities (2 5 x 10*? cm™2). Conversely, IC348 and L1455 each have moderate
extensions (to ~ 5 x 10*2 cm~2). Finally, B5 shows only a slight asymmetry towards
higher column densities (but < 5 x 10?2 cm™2) and B1-E shows no such asymmetric
extension. We measured the slopes of the high column density tails of each clump

2

using linear least squares fits, including only the material above 10?2 cm™2, except

for L1448, where we included material above 4.8 x10%! cm™2. We remeasured these



97

Table 5.3: Clump Properties®

Clump Area  Mass Tb N(H,)P
(pc?)  (Mo) (K) (10*'em™?)
B1 2.6 611 134 /135 105/79
B1-E 0.6 93 13.8/13.8 6.8/6.5
B5 0.4 66 13.3 /135 83/6.5
1C348 3.3 548 156 /15,7 7.5/6.0
L1448 0.5 162 123 /125 14.2/85
L1455 1.4 260 122 /123 83/6.7

NGC1333 2.1 581 134 /131 12.1 /8.0

?Corresponding to the N(Hz) > 4.8 x 102! ¢cm™2 material only.

®The mean value and median value, respectively. Based on uncertainties in fixing 3 (which dominates
the fit uncertainties), we estimate AT < 2 K and AN(Hz) < 40% (see Chapter 4).

slopes for different bin sizes and found that our adopted slopes have uncertainties of
< 20%. Thus, B1, L1448, and NGC1333 have the shallowest profiles with m > —2.3,
whereas B5, 1C348, and L1455 have slightly steeper profiles with m ~ —2.8. For
B1-E, the absence of a high column density tail resulted in an extremely steep profile
(m = —9.6).

Are the high column density tails linked to clump mass or size? The two clumps
with the least prominent high column density extensions, B1-E and B5, are small
and have relatively low masses, whereas B1 and NGC1333 are larger and more mas-
sive. Nevertheless, 1.L1448 is small, but has a very prominent high column density tail
and L1455 is large, but has only a moderate high column density tail. Thus, addi-
tional factors beyond mass and size likely contribute to the amount of dense material

observed towards clouds.

5.4.2 Source Properties

In Section 5.3.1 we identified 1054 unique Herschel sources. Of these, we found 121
sources were likely extragalactic contaminants (see Section 5.3.3). We characterized

the remaining 933 sources using single-temperature dusty blackbody functions to their
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Figure 5.6: Column density distributions for each of the Perseus clumps. These plots
include all column density measures within the blue boundaries shown in Figure 5.5. The
dotted lines show our clump threshold column density of 4.8 x 102! cm™2 and the dashed

lines give the linear least squares best fit slope to the high column density end. The best
fit slope is also labeled.

160 — 500 pm SEDs following,

S, M d —2 v B
(1 Jy) =308 (1 M@) (100 pc) (1.0 THZ)
(=2 oo (22) 1]

100 GHz/ |“P kT ’

where M is the source mass, d is the distance, § is the dust emissivity index, h is

(5.2)

the Planck constant, and k is the Boltzmann constant. As in Section 5.4.1, we used
the IDL routine, mpfitfun to determine the best-fit source mass and temperature.
For all our sources, we assumed a distance of 235 pc (Hirota et al. 2008) and 3 = 2.
Although we expect § < 2 for dense cores and embedded YSOs (e.g., see Chapter
4), we do not yet have complete coverage at long wavelengths (i.e., 850 pum) for the

entire Perseus field, and thus, we cannot constrain (3 well.
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For the compact sources, we required a new set of colour corrections for the
160 — 500 pgm bands. In particular, the SPIRE colour corrections vary between
extended emission (that uniformly fills the beam) and compact structures (that do not
uniformly fill the beam). For more information, see the SPIRE Observers’ Manual'
and Appendix D. (The PACS colour corrections do not distinguish between extended
and compact emission). Thus, we computed new colour corrections for all bands
associated with compact sources with T'= 10 — 30 K and 3 = 2. For an explanation
of the temperature range, see Appendix F. Table 5.4 gives the colour corrections
for our assumed profiles. We also include the 70 pm corrections, though these data
are not included in the SED fitting. Unlike the longer wavelengths, emission at 70
pm may include optically thick emission from a central protostellar source or non-
equilibrium emission from very small dust grains due to stochastic heating or shocks
(Li & Draine 2001; van Dishoeck 2004; Martin et al. 2012). Furthermore, the colour
corrections at 70 pum are very uncertain. As such, emission at 70 pm is less robust
than the other bands.

Table 5.4: Colour Corrections for the Compact Sources

Band (pm) 70 160 250 350 500
CC 0.70 1.01 097 096 0.92
ACC 33% 5% 5% 4% 4%

Finally, we only fit the SEDs for all 933 galactic sources, ignoring the extragalac-
tic contaminants. For each source, we fitted the 160 pm — 500 ym SEDs using a
minimization of y? technique with Equation 5.2 and § = 2. Flux errors were taken
as the quadrature sum of the colour correction uncertainties and the intrinsic flux
errors from the extraction. Thus, we ignored bands with SNR < 1 and whole sources
with more than three bands with SNR < 3. Additionally, for cold sources, the 160
pm extraction may not be robust despite robust detections in the SPIRE bands. In
these cases, the associated 160 pym emission was either very large (i.e., larger than
the 250 pm source) or very elongated. Since the 160 pum beam is smaller than the
250 pm beam, the source size should be smaller at 160 gym. Thus, we only included
the 160 pum point in the SED fit only if the 160 pm detection had a/b < 2 and
Repaco < Refppaso, for Repp = ab.

Figure 5.7 shows a sample of good SED fits for sources located in the 1C348

Thttp://herschel.esac.esa.int/Docs/SPIRE /html/spire_om.html
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clump. Figure 5.7 also lists the best-fit mass, temperature and reduced y? value. For
the reduced y?, we assume n — 2 degrees of freedom where n is the number of bands

used in the fitting. The 70 pum point was not used in the SED fitting, and is only

included for comparison.
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Figure 5.7: Sample SEDs for well-detected sources in the Perseus cloud. All four sources
are located in the IC348 clump. The 70 pum point was not used in the fit. The best fit mass,

temperature, and reduced x? are given.

Table 5.5 gives sample results from the SED-fitting, including the best-fit mass,
temperature, and reduced x?, and the effective source size as measured from the 250
pm band. For a complete list see Appendix H. Table 5.5 also includes a flag for
good (G) and bad (B) SED fits, where a good (G) flag indicates the source can be
well described by a single-temperature dusty blackbody function and a bad (B) flag
indicates the source cannot be described by a single-temperature dusty blackbody

function. We identified good SED fits as having the following;
1. T'< 100 K, and

2. M >0 Mg, and
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3. reduced x? < 1.5 for well-detected sources or reduced x? < 1 for poorly-detected

sources.

Since poorly-detected sources generally have larger flux errors, the best-fit y? was

2 is weighted by the inverse square of the observation uncertain-

generally lower (x
ties). Therefore, we used a stricter reduced x? criterion for these sources. Sources
with bad-fit flags are still very interesting. For example, cores that require multiple
temperature components (i.e., due to a central protostar) may not be well-fit by a

single-temperature blackbody model.

Table 5.5: Example SED-fit Properties®

Location  Source Name Fit® M (My) T (K) Ry (pc)® x?

Oft Clump West483 G 0.5 11.7 0.04 0.9
Off Clump West689 G 0.1 18.0 0.04 0.2
Off Clump West460 B 2.9 10.5 0.07 3.9
B1 West256 G 0.5 10.6 0.02 0.0
B1 West489 B 0.6 10.7 0.03 7.0
B1 West274 G 1.9 7.9 0.01 0.0
B1 West17 B 0.9 14.3 0.00 17.3
B1 West670 B -9.0 -9.0 0.02 9.0

®Sources that were not fit (i.e., due to insufficient bands) are given values of -9.0 for mass and
temperature and 9.0 for the reduced x?2.

bFits are good (G) if they pass the criteria enumerated above and are bad (B) otherwise.

“Deconvolved geometric size based on the 250 ym observations, where Ry = 0.51/(ab)? — (18.2)2 for
a beam size of 18.2".

Table 5.6 summarizes the statistics from the SED-fitting for each clump. We found
that most of the well-detected sources were fit by a single-temperature dusty black-
body function, whereas most of the poorly-detected sources required more compli-
cated SED fits (i.e., multiple temperature components). Most sources in the smaller,
lower-mass clumps (B1-E, B5, 11448, and L.1455) were well-fit by a single-temperature
model, whereas most sources in the larger, higher-mass clumps (B1, IC348, NGC1333)
gave bad fits with single-temperature models. Since the NGC1333 and 1C348 regions
contain large clusters (Bally et al. 2008), external heating by nearby cluster members
could be influencing the SEDs (see Section 5.5.4). Alternatively, the sources in these
regions may be more evolved and simply require more complex SED models.

Hereafter, we identify all sources with good fits to single-temperature blackbody

models as compact cores. Thus, we obtained 477 cores (51% of all galactic sources),
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Table 5.6: SED-Fitting Statistics for Each Clump

Fit Bl BI1-E B5 1C348 L1448 L1455 NGC1333 Oft
Good 55 11 21 94 27 53 o4 162
Bad 66 2 6 119 19 24 143 7

where 65% are well-detected cores and 35% are poorly-detected cores (see Appendix
H). The remaining 456 sources are called “non-cores” and had poor fits to single-
temperature blackbody models. Since these sources may correspond to YSOs, this

emission may correspond to weak envelopes or excesses from disks.

5.4.3 Source Classification

We used the 477 cores and the 456 non-cores from the previous section for source
classification. We matched each of these sources with protostellar signatures. Proto-
stellar signatures are identified as either (1) a compact 70 pm detection, (2) a YSO
from the c2d catalogue within 8", or (3) a YSO from the G09 catalogue within 8”. A
distance of 8” corresponds to the radius of the 160 um beam?. Sources with a corre-
sponding protostellar signature were classified as YSOs, whereas the sources without
protostellar signatures were classified as starless.

Table 5.7 gives sample classifications for the sources in Table 5.5. For a complete
list of source classifications, see Table H.2. We denoted starless cores with an “S”,
questionably starless cores with a “Q)”, and protostellar sources with a “P”. Starless
cores (S) were defined as sources without YSO signatures that were well-fit by a
single temperature dusty blackbody function. Questionably starless cores (Q) are also
without YSO signatures, but these sources deviated from a single-temperature dust
blackbody function. Thus, the nature of these objects is unclear. Finally, protostellar
sources (P) are Herschel sources that have associated YSO signatures. Table 5.7 also
lists the corresponding protostellar sources in the ¢2d or G09 catalogues, if applicable.

Table 5.8 highlights the statistics from our classification. In total, we found 458
starless cores, 126 protostellar sources, and 349 questionable starless objects in all of
Perseus. The protostellar objects listed in Table 5.8, however, do not include YSOs
without envelopes. Since the Herschel bands at 160 — 500 pum primarily trace en-

velopes, we are insensitive to unembedded YSOs. Of our 126 protostellar sources,

2The 160 ym beam has a FWHM of ~ 13.5”. Thus, the beam size is 2 = 1.1330%;, ;7,, = 206.5
arcsec? with an effective radius of Resp ~ 8.



Table 5.7: Source Classification

Location Source  Class 70 um c2d catalogue GO09 catalogue
Off Clump West483 S N none none
Off Clump West689 S N none none
Off Clump West460 Q N none none
B1 West256 S N none none
B1 West489 Q N none none
B1 West274 S N none none
B1 West 17 P Y J033121.04-304530 none
B1 West670 Q N none none
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we found fourteen sources with multiple (two) YSO signatures. Table H.2 gives the
identifications for both YSOs in the multiple cases. In general, these sources were
poorly-fit by single-temperature blackbody functions. West39 and East25, however,
could be described by a single-temperature component. West39 had two correspond-
ing YSOs within 6”, whereas East25 had one source within 1” and another within
5.2"”. For all multiple sources, we count the protostars only once in Table 5.8, but we

consider each YSO in later analyses.

Table 5.8: Source Classification Statistics for Each Clump

Class Bl Bl1-E B5 1C348 L1448 L1455 NGC1333 Off
S 54 11 21 87 27 53 44 161
P 13 0 2 35 5 5 o1 15
Q o4 2 4 91 14 19 102 62

5.4.4 Bound and Unbound Starless Cores

For the starless cores, it is important to distinguish gravitationally bound objects from
unbound objects. A gravitationally bound core (or prestellar core) is more likely to
contract and form stars, whereas a gravitationally unbound starless core could dissi-
pate before collapse. Unfortunately, identifying cores as bound or unbound requires a
plethora of additional data. In particular, we require accurate kinematic diagnostics
of the internal motions within cores. For example, in Section 3.4.3, we used NHj

emission to demonstrate that several sources in B1-E were gravitationally unbound
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with only one source (B1-E2) having the potential to be gravitationally bound. Un-
fortunately, such information is unavailable for most of our Herschel detections.

To quantify the internal motions within dense cores, we supplemented our nine
NH; pointings from Chapter 3 with archival single-pointing NH3 observations from
Rosolowsky et al. (2008) for a total of 177 NHj detections. With these data, we

compared the observed core mass to the virial mass (see Chapter 3),

503R Oy 2/ R
Myria = =2 _1162.2<1km s—l) (1pc), (5.3)

For simplicity, we assumed other energy terms, such as magnetic energies or surface

pressures, are negligible. For each NHj3 detection, we calculated o, from the observed
line widths assuming a mean molecular weight of © = 2.8 and the observed kinetic
temperature, Tk . If the kinetic temperature was not measured, we assumed Ty = 11
K, the average kinetic temperature from Rosolowsky et al. (2008).

We found 113 Herschel sources with NHj detections within 16.5” (half the GBT
beam). Thus, only 12% of our Herschel sources had NH3 detections. Of those sources,
only 51 had good SED fits and thus, good mass measurements to obtain the virial
parameter, ay. Therefore, we were only able to measure the virial parameter, ay,
for 5% of our Herschel sources. Table H.3 lists the virial properties of these 51
sources, including the average density, virial mass, and ay. (Note that these 51
objects include seven protostellar cores, one point source, and two cores with double
NHj measurements for the same pointing).

Figure 5.8 compares core density with virial parameter for the 44 starless cores in
Table H.3. In Figure 5.8, well-detected cores are in blue, poorly detected cores are
in grey, bound cores (ay < 2) are diamonds, and unbound cores (ay > 2) are stars.
Ideally, we would want virial measurements for all cores in our sample. Based on
our subsample, we find that sources with high densities (n > 10° cm™2) tend to be
bound, whereas sources with low densities (n < 10° cm™3) tend to be unbound. This
density threshold corresponds well to the critical density associated with a dynamical
stable core with M ~ 1 Mg, T' ~ 10 K, and subsonic internal motions. Furthermore,

n ~ 10° cm™3

corresponds to a transition in dense core cooling. For lower densities,
cores are primarily cooled from molecular line emission, whereas for higher densities,
cores are primarily cooled via collisional cooling (Keto & Field 2005). Thus, in the
absence of wider NH3 detections, we will use the average density to determine the

likely virial state.
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Figure 5.8: Comparison of average source density with virial parameter for starless cores
with NHs detections (see Table H.3). Bound cores (ay < 2) are shown with diamonds and
unbound cores (ay > 2) are shown with stars. Blue symbols represent well-detected (WD)
cores and grey symbols represent poorly-detected (PD) cores. The dotted lines illustrate
our virial classification for subsequent objects. We consider starless cores with n > 1 x 10°
cm ™3 likely to be bound and starless cores with n < 1 x 10° cm™2 likely to be unbound.

Table 5.9 shows the statistics for bound and unbound starless cores for each clump
determined using the NH; data and our density threshold of ng, = 1 x 10° cm~3. The
majority of NHs-detected starless cores were bound, including both well-detected and
poorly-detected sources. With small numbers, however, it is difficult to compare the
clumps. Conversely, we find the majority of all starless cores towards the clumps
have n < 10° cm~2 and thus, are more likely to be unbound. Only NGC1333 yielded
more higher density cores. Since Rosolowsky et al. (2008) used SCUBA (850 pm) and
Bolocam (1.1 mm) observations to select pointings for their NH3 survey, they were
likely biased to high density, bound objects. Additionally, Herschel is very sensitive
to low-density structures. Thus, many of our “starless” cores are likely unbound
objects. Without direct measurements, however, we can only indicate whether a

source is likely to be bound or unbound.
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Table 5.9: Virial Classification Statistics of Starless Cores for Each Clump

State Bl BI1-E B5 1C348 L1448 L1455 NGC1333 Off

bound?® 5 1 1 5 2 2 6 5
unbound® 2 5 0 6 1 1 0 2
n>ng 15 1 6 22 10 13 27 24
n<ng® 39 10 15 65 17 40 17 137

?As identified using NHj3 observations.
YFor ngp, = 1.0 x 10° cm 3.

Many previous Herschel studies used either the critical Jeans mass (critical mass
for a thermally supported sphere) or the Bonnor-Ebert mass (critical mass under
hydrostatic equilibrium) to estimate boundedness (e.g., André et al. 2010; Koényves
et al. 2010). This assumption breaks down for highly turbulent sources. For example,
in Chapter 3 we demonstrated that most of the B1-E sources had significant non-
thermal motions and that only one source was likely to be bound. Had we used a
Jeans analysis or a Bonnor-Ebert analysis to classify the B1-E sources, we would have
classified 2 — 4 substructures as bound. Conversely, using the average density as a
proxy for boundedness, we matched our virial results from Chapter 3 for B1-E. While
complete NH3 observations are necessary to classify our starless cores better, in the
absence of that information, comparing the average density may be a better test for

boundedness than either the critical Jeans mass or the Bonnor-Ebert mass.

5.4.5 YSO Classification

YSOs are generally classified using infrared observations. The first classifications used
the slope of the SED at infrared wavelengths (Lada & Wilking 1984; Lada 1987),
where younger YSOs had broad blackbody profiles and more evolved YSOs had little
infrared excesses (Lada 1987). The spectral shape was determined by the spectral
index, «, which corresponds to the slope at infrared wavelengths. The spectral index

is defined by; Z1og (AFL)
__alog A

dlog\ '’

where younger YSOs have positive slopes and more evolved YSOs have negative

(5.4)

slopes. Another common classification technique uses the bolometric temperature,
Ty, which corresponds to the temperature of a blackbody with the same mean

frequency as the observed SED (see Myers & Ladd 1993). The bolometric temperature
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is defined by;
[ vS.dv

f S,dv -

Thus, cooler sources that peak towards lower frequencies will have lower Ty, val-

Tror = 1.25 x 10" K Hz (5.5)

ues than warmer sources that include higher frequencies (see Myers & Ladd 1993).
Additional YSO classification schemes include the luminosity at submillimeter wave-
lengths to identify envelope-dominated YSOs (André et al. 1993), specific infrared
colours (e.g., Gutermuth et al. 2008), and comparisons to protostellar models (e.g.,
Whitney et al. 2003; Robitaille et al. 2006).

Each of these techniques assign rough boundaries for the different Classes. Never-
theless, these boundaries are entirely empirical and the ability to place a source in one
Class or another depends on available data. Thus, YSO classifications are generally
completed on a best-effort basis. Fortunately, recent large infrared surveys (e.g., with
Spitzer) have improved classification techniques with better statistics (e.g., Evans
et al. 2009) and YSO modeling (e.g., Whitney et al. 2003; Robitaille et al. 2006).

For the 126 protostellar sources (see Section 5.4.3), we are interested in the evo-
lutionary stage of the YSO. Typically, YSOs are classified by the shape of their SED,
and in the literature, several diagnostics have been developed for protostellar clas-
sification. For this study, we selected three common methods. First, we used the
infrared spectral index (Lada & Wilking 1984), or the slope at infrared wavelengths,
as defined Equation 5.4. Following Evans et al. (2009), we assumed the following

slopes for each Class:

Class 0/I: > 0.3
Flat: —03<a<0.3
Class II: —16<a< —-0.3

Class III: a< —1.6

We measured the infrared spectral index using a linear-least squares fit for all available
data from 2 — 24 um, weighting each point by the uncertainty in log AF)\. Since this
technique uses A < 24 pm only, « is difficult to measure for young, highly embedded
protostars (i.e., Class 0) where short wavelength emission may be undetected.
Second, we used the bolometric temperature (Myers & Ladd 1993), as defined by

Equation 5.5. Unlike the spectral index, Ty, is measured across the entire observed
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SED. Following Evans et al. (2009), we assumed the following T, ranges for each
Class:

Class 0: T, < 70 K

Class I: "0 K < Ty <650 K
Class II: 650 K < Ty, <2800 K
Class III: Ty, > 2800 K

We measured Ty, for each protostellar source using the trapezoidal integration tech-
nique between detections in our SED. We included all observed bands between 1.25
pm and 500 pm, using the data from the ¢2d catalogue or GO9 catalogue for A\ < 24
pum data. For consistency, we do not include IRAS observations or (sub)millimeter
observations from SCUBA, Bolocam, or MAMBO which may be available only for
some sources. We also added Ty, > 2800 K for Class III sources. Evans et al. (2009)
found that Class II and III YSOs can have similar Ty, values. Therefore, we caution
that our assumed Class II/III boundary for T}, may not result in accurate Class 111
YSO classifications.

Finally, we also used the ratio of the bolometric luminosity (Lyy) to the sub-
millimeter luminosity (Lgym), where Ly is the luminosity obtained from the entire
observed SED and Ly, is the luminosity obtained from only the submillimeter bands
(André et al. 1993). For very young objects embedded in thick envelopes, Lg,, con-
tributes a larger fraction of the total luminosity than for older, less embedded YSOs,
and using Lo /Lsmm, André et al. (1993) proposed the Class 0 classification for the
first time. We classified YSOs with Lgyum/Leer > 0.5% as Class 0 (André et al.
2000). More evolved YSOs, however, cannot be classified with this technique. The

bolometric luminosity is given by,

d \° S
_ 2 _ —15 v
Ly = 47d /S,,dl/ = 3.038 x 107 Lg (100 pc) / (1 Jy) dv. (5.6)

Following Stutz et al. (2013), we defined Ly, as the integrated luminosity (Equation

5.6) for A > 350 um. For our analysis, this Lg,,,, includes, at most, 2 detections in the
submillimeter regime, and thus, we do not sample well the submillimeter luminosity.
Nevertheless, this measure will provide a good consistency check for Class 0 YSOs

we identified from the other two methods. The lifetime of Class 0 sources is unclear
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(e.g., André et al. 1993; Enoch et al. 2009; Evans et al. 2009; Schnee et al. 2012), and
thus, we need a significant number of these sources to estimate their lifetimes.

With the addition of Herschel data, classifications with Ty, Ly, and protostellar
models become more robust, as the SED is better sampled, particularly at younger
stages when the SED is dominated by the PACS and SPIRE bands. Nevertheless,
complex protostellar models are still degenerate with our data. Since these models
contain a large variety of parameters, such as mass accretion rate, inclination, stellar
mass, stellar age, and disk mass, a wide variety of models can still fit our data. Thus,
we do not consider protostellar models at this time.

We note that the spectral index classifications cannot distinguish between Class
0 and Class I sources, whereas T, classifications cannot identify well the Flat YSOs.
Additionally, the ratio of Lyy/Lgmm can only identify Class 0 YSOs. Thus, each
technique has strengths and weakness.

Table H.4 lists the YSO Classes from each technique for the 126 YSOs identified
here. Many of these YSOs are found in both the ¢2d and G09 catalogues. We treated
each of these YSOs separately. Table H.4 also lists the interstellar extinction adopted
towards each YSO. Since dust preferentially obscures shorter (bluer) wavelengths
(e.g., Figure 1.2), fluxes at A < 24 pm will be biased towards redder colours. (Note
that extinction effects are negligible at far-infrared and submillimeter wavelengths.)
Foreground extinction can greatly affect the observed fluxes at infrared wavelengths
such that Ty, and Ly, can be underestimated and « can be biased to positive slopes.
Thus, we corrected the observed A < 24 pum fluxes as outlined in Appendix G.

Figure 5.9 shows example SEDs for the five YSO classes: Class 0, Class I, Flat,
Class II, and Class III. For these examples, we selected YSOs where the classifications
matched between the infrared spectral index and Ty, classification techniques, when
applicable. These SEDs can be compared to the ideal cases shown in Figure 1.6.
As expected, the Class 0 phase is dominated by cold blackbody emission from the
envelope. At the Class I phase, the SED is still dominated by the envelope, but near-
infrared emission is more prominent. During the Flat YSO phase, the envelope has
begun to dissipate, revealing the YSO and disk (e.g., Calvet et al. 1994). Thus, Flat
YSOs are expected to have weak submillimeter emission, though whether this submil-
limeter “excess” is related to remnants of an envelope or the disk is unclear (e.g., see
Gregorio-Hetem & Hetem 2002). Class II YSOs have strong infrared emission from
the exposed YSO with a slowly declining SED, suggesting far-infrared excesses due

to a thick accretion disk. Conversely, Class III YSOs have little to no excess emission
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from their disks, which are expected to be optically thick (for more details of each
YSO stage, see Chapter 1).
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Figure 5.9: Sample SEDs for YSOs at each stage. Black points correspond to the observed
fluxes, red points correspond to the fluxes corrected for interstellar extinction.

5.4.6 YSO Coincidences

Accurate YSO classifications are necessary to measure the ages and lifetime of ob-
served YSOs. In Section 5.4.3, we classified 126 YSOs based on the spectral index
(), bolometric temperature (Ty,;), and the ratio of submillimeter luminosity to bolo-
metric luminosity (Lgmm/Leot). For our infrared sources, we considered (1) sources
with position offsets of < 2” between the c2d and G09 catalogues to represent the
same source, and (2) sources with position offsets of > 2" but within 8” of a Herschel
source associated with the Herschel source.

With the first condition, we have classifications for the same infrared source using

fluxes from different catalogues. For these infrared sources, we took an average of



111

the values measured for o, Ty, and Lgpm/Lee to determine the final classification
from each method. We found that there were six infrared sources with either very
low or very high extinction values (i.e., Ay = 0 mag or Ay > 20 mag, respectively)
in either the c¢2d or G09 catalogues (see Table H.4). We excluded sources likely to
be mis-identified due to the reddening correction, and did not measure an average in
these cases.

With the second condition, we identified separate infrared source associated with
the same Herschel source. We found 14 Herschel sources with multiple infrared
detections at separations > 2”. Each of these detections are listed separately in
Table H.4. We visually inspected these 14 YSOs using IRAC maps of Perseus from
the c2d delivery products®. We found that 12 YSO pairs had very clear, distinct
sources, one pair was ambiguous, and one pair appeared as a single bright YSO. For
the distinct YSO pairs, we treated both infrared sources separately, since such cases
may correspond with wide binary systems (e.g., Jorgensen et al. 2006; Chen et al.
2013). For example, 1.L1448-N (West 4) is a known binary system with a separation
of ~ 7" (Looney et al. 2000; Jorgensen et al. 2006). The one misidentified YSO
“pair” is a well-known, bright Class 0 YSO, NGC1333 IRAS 2A, associated with the
Herschel source, Westl. In the case of NGC1333 IRAS 2A, the c2d catalogue and
GO09 catalogue each determined a different source position (by 4.9”), where the source
position in the G09 catalogue is in better agreement with high resolution observations
from Looney et al. (2000).

Table 5.10 compares the YSO classifications from the infrared spectral index and
Ty methods, only (for a comparison with L, /L see Section 5.5.7). We include
all unique infrared detections as described above. For the most part, classification of
YSOs by these different methods agreed within their broad definitions. For example,
the sources identified as Class II using the spectral index are mostly also identified
as Class II with Ty,;. The spectral index, however, cannot distinguish between Class
0 and Class I sources. We find that the Class 0/I sources from the spectral index
technique generally match with Class 0 or Class I YSOs from the Ty, classification,
with a slight bias towards Class 0 YSOs. Similarly, the Ty, method cannot easily
distinguish Flat spectral sources. We find that the Flat spectral sources identified by
the spectral index generally align with Class I objects identified by Tp;.

We also found several outliers of evolved YSOs identified with young envelopes.

For example, we found 13 YSOs classified as Class II/III using the infrared spectral

3http://irsa.ipac.caltech.edu/data/SPITZER/C2D/images/PER/
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Table 5.10: Comparison of YSO Classifications?®

Thor-Class Class 0 Class I Class II Class III
a-Class
Class 0/1 33 24 0 0
Flat 3 10 1 0
Class II 5 6 34 0
Class 111 0 2 4 0

“For each unique infrared detection. For infrared sources identified in both catalogues, we used the
average infrared spectral index and average Ty, for classification. We considered the two infrared
detections towards West1l to correspond to the same source.

index that also have prominent envelopes when classified with Ty, (i.e., Class 0/1).
Figure 5.10 shows an example SED for these discrepant classifications, where the long
wavelength end resembles Class 0 YSOs and the short wavelength end resembles Class
IT YSOs. For YSOs with prominent envelopes, the Herschel bands will dominate the
SEDs and the measure of T}, irrespective of the infrared spectral index classification.
For example, the East25 has fluxes ~ 10 mJy for A < 8 ym and fluxes > 1 Jy at
70 — 500 pum (see Figure 5.10). Since Class II YSOs do not have such prominent
envelopes and Class 0 YSOs do not have such bright near-infrared fluxes (see Figure
1.6; Figure 5.9), these SEDs are not expected.

Most of our outliers are found in IC348 and NGC1333, which are rich, young
stellar clusters. Thus, we can expect some chance coincidences, where a more evolved
YSO (i.e., Class II or Class III) coincides with a younger core along the same line-of-
sight. Gutermuth et al. (2009) report peak surface densities of 1000 YSOs per pc? for
NGC1333 and 300 YSOs per pc? for IC348. Using these peak surface densities as an
upper limit (and correcting the surface densities for Class IT sources), we found a 6%
probability of a coincidence within a radius of 8” of any given core in NGC1333 and a
4% probability of a coincidence in IC348. For the number of sources we detect in both
regions, this amounts to a maximum number of 12 coincidences in NGC1333 and 9
coincidences in 1C348. These numbers are consistent with the number of outliers we
identified in Perseus.

Alternatively, some discrepancy may arise from the extinction correction or mis-
classifications due to inclination affects. Most YSOs in our sample did not have direct
extinction measurements, and thus, we assumed Ay = 5.9 in the absence of a mea-
surement. If we overestimate the extinction, we bias the SED to include brighter

near-infrared emission, particularly for the bluer infrared bands. Additionally, sev-
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Figure 5.10: SED of Herschel source East25 with c¢2d infrared source J034435.5+320856.
The near-infrared (A < 8 pm) section appears similar to Class II YSOs whereas the far-
infrared and submillimeter end (A > 70 pm) appears similar to Class 0 YSOs. The red
points correspond to fluxes corrected for interstellar extinction.

eral YSOs had different extinction measures between the c2d catalogue and G09
catalogue. For example, the c2d catalogue gives an extinction of Ay = 3.4 towards
one YSO, resulting in a Class II designation, whereas the G09 catalogue gives an
extinction of Ay = 2.9 resulting in a Flat designation (see West493 in Table H.4).
Additionally, several YSOs had very high extinctions (Ay > 20 mag), which can
greatly affect the assumed classification from the spectral index. To correct source
misclassification due to the inclination, we require more complete wavelength cover-
age to constrain better different YSO models (e.g., Robitaille et al. 2006). We cannot
remove misclassifications due to source inclination at this time.

We flagged any source likely to be a chance coincidence in Table H.4. Chance co-
incidences were based on the presence of a second source with a younger classification
or an unusual SED (e.g., Figure 5.10). We also flagged all YSOs with Ay 2 20 or
Ay = 0 as possible misclassifications due to a possibly erroneous reddening correction.

(Sources with such reddening flags were not used for Table 5.10). An Ay 2 20 is very
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large. Typically, we measure extinctions that high towards dense cores and filaments.
Thus, such high line-of-sight extinctions imply the infrared source is background to a
core or filament. Instead, these objects could be younger sources embedded in an en-
velope, and thus, appear to be highly reddened older objects. Conversely, an Ay, = 0
implies the source is foreground to the cloud. Since YSOs generally form in regions
of high column density, no line-of-sight extinction is unlikely.

For our final YSO classifications, we used the T, method to identify younger
YSOs (Class 0 and Class I) and the infrared spectral index method for older YSOs
(Flat, Class II, and Class III). YSOs identified by their T, as Class 0 or Class I are
designated as such, regardless of the classification from the infrared spectral index or
Lgmm/Lpor- For the remaining YSOs, we use the infrared spectral index to classify
them. Sources with likely coincident YSOs must have a compact 70 pm detection
to be classified as protostellar; otherwise, these objects may be starless (see Section
5.5.5). We do not use the Ly, /Ly classification at this time (see Section 5.5.7).

5.4.7 Source Classification Summary

In Section 5.3.1, we identified 1077 sources in the Perseus cloud, of which 1054 were
unique. We classified all sources located towards low column density (N(Hy) <
2 x 10?! cm™?) emission as extragalactic contaminants, resulting in 933 Galactic
sources. Using our clump boundaries (see Figure 5.5), we determined the location of
each Galactic source within the Perseus cloud. We considered all sources outside of
the clump boundaries to be “Off Clump”.

We fit all 933 Galactic sources with single-temperature dusty blackbody func-
tions using Equation 5.2. We found that 477 sources (51%) were well fit by single-
temperature profiles and 456 sources (49%) were not. The 456 poorly-fit sources likely
require more complex SED models than a single-temperature profile.

We used absence or presence of a compact 70 pum source or Spitzer source from
the c2d catalogue or G09 catalogue within 8” to classify sources as starless or proto-
stellar, respectively. A starless source that was well fit by a single temperature dusty
blackbody function was called a “starless core”, whereas a starless source that was
not well fit by such a model was called a “questionably starless core”. We found
458 starless cores (49%), 349 questionably starless cores (37%), and 126 protostellar
sources (14%). Of the 126 protostellar sources, 13 had two unique infrared sources

within 8”.
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For the starless cores, we used archival NH3 observations to estimate which sources
are likely to be gravitationally bound and which gravitationally unbound. With NHjy
detections for 44 starless cores, we determined that starless cores with n > 10° cm ™3
are likely to be bound, whereas starless cores with n < 10° em™ are likely to be
unbound. Using the average core density as a proxy, we classified the remaining
starless cores, finding that 118 starless cores (26%) are likely to be bound whereas
340 starless cores (74%) are unbound.

Finally, we classified the YSOs using the infrared spectral index (a) for the older
YSOs (Flat, Class II, and Class III) and the bolometric temperature (T,,) for the
younger YSOs (Class 0 and Class I). For infrared sources listed in both the c2d
catalogue and the G09 catalogue, we classified the sources using the average value
of a or Tyy. For the Herschel sources with multiple unique infrared detections, we
considered each detection as a separate YSO. Table 5.10 shows that there is general
agreement between the different classification, though several outliers exist, likely due
to chance coincidences between older YSOs (i.e., Class II sources) and cores (see also,
Section 5.5.5). We discuss the YSO classifications in more detail in Section 5.5.8.

5.5 Discussion

5.5.1 Robustness of Source Selections

Unlike previous ground-based submillimeter instruments, PACS and SPIRE recover
large-scale emission, which makes source extractions more complex. Thus, several
techniques have been utilized to select robust Herschel objects from a variety of source
extractions. With the getsources algorithm, we performed simultaneous extractions
of filaments and cores at all wavelengths, thereby removing the filamentary structure
from the compact source properties. Separating out the filamentary structure from the
compact sources results in more robust fluxes (Men’shchikov et al., in preparation).
Nevertheless, not all extracted objects will represent dense cores or protostellar
envelopes. As such, several studies have employed different sets of criteria to identify
well-detected objects. For example, many studies imposed a combined significance
limit in selected bands to identify robust sources, e.g., in Aquila (Konyves et al. 2010),
Chamaeleon (Winston et al. 2012), and Lupus (Rygl et al. 2013). Alternatively,
Nguyen Luong et al. (2011) used complementary data at other wavelengths to weight

the detection significance in addition to a size and significance cut for sources in
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W48, whereas Di Francesco et al. (2010) used all identified objects in the Rosette for
simplicity and completeness.

For our Herschel objects, we found that most well-detected sources were found
towards regions of lower column density. About half of the well-detected sources
(51%) were found “off clump”. Since the diffuse background was generally less signif-
icant off the main clumps, the sources in these regions are easier to identify. Figure
5.4 also demonstrates that sources associated with less diffuse emission are generally
well-detected (see Appendix H). Nevertheless, dense cores and protostars are gener-
ally associated with regions of high column density (e.g., Kirk et al. 2006). For the
clumps, 85% of the Herschel sources are poorly-detected.

Therefore, selecting cores via the robustness of the detection will bias results in
favour of low density (column density and source density) environments compared
to higher density environments. Caution is necessary when selecting objects over a

range of environments.

5.5.2 Column Density and Extinction

In their study of Perseus, Kirk et al. (2006) found that the dense, submillimeter cores
were found in regions with Ay > 5 mag (N(Hy) > 3.4x10%! cm™2), indicating that star
formation occurs towards high column density material (see also Kainulainen et al.
2009; Lada et al. 2010). Furthermore, André et al. (2010) found that gravitationally
bound cores were generally associated with filaments on the verge of collapse, whereas
gravitationally unbound cores were detected primarily toward subcritical filaments.
Therefore, core occurrence and dynamical state appears to be greatly tied to its
surrounding material.

Figure 5.11 shows the center-position line-of-sight column density distribution of
the 458 starless cores identified in Perseus. We split the populations into “On Clump”,
corresponding to the starless cores within the seven main clumps (see Figure 5.5, and
“Off Clump” for the starless cores outside of these clumps. Figure 5.11 also compares
the column density distributions for the starless cores likely to be gravitationally
bound and unbound (see Section 5.4.4). For reference, we included the threshold
column density associated with Ay = 5. Recall that we set used a lower limit column
density of 2 x 10?! cm™2 to identify extragalactic contaminants (see Section 5.3.3).

Similar to André et al. (2010), we find that the gravitationally bound starless

cores are generally found towards regions with higher column densities than the grav-
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Figure 5.11: Line-of-sight column density measured towards starless cores (a) associated
with the clumps and (b) unassociated with the clumps. For clump boundaries, see Figure
5.5. The solid histograms correspond to cores most likely to be bound (n > 1 x 10°
cm™3), whereas the dashed histograms correspond to the cores most likely to be unbound
(n < 1x 10° cm™3). The dotted line represents a column density of N(Hp) = 3.4 x 10%
cm~2, which corresponds to the extinction threshold of Kirk et al. (2006).

itationally unbound cores. Furthermore, most cores are located towards regions with
N(Hs) > 3.4 x 10*! em™2 (Ay > 5 mag), the threshold in Perseus noted by Kirk et al.
(2006). Many gravitationally unbound “off clump” starless cores (Figure 5.11b), how-
ever, have lower line-of-sight column densities.

Figure 5.12 compares the average density (boundedness) with the line-of-sight
column density of our starless cores with their average density. Starless cores located
in regions of higher column density generally have higher average densities and thus,
are more likely to be gravitationally bound. Conversely, cores detected in regions of
lower column density have lower average densities and thus, are more likely to be
gravitationally unbound. This relation appears to hold for all starless cores found
within the star-forming clumps and those found “off clump”. On average, we find

that the “off clump” starless cores have lower column densities and lower average
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densities than their “on clump” counterparts (see also Figure 5.11).
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Figure 5.12: Comparison of the line-of-sight column density measured towards starless
cores and their average density. The dotted line represents a column density of N(Hy) =
3.4 x 10%! cm~2, which corresponds to the extinction threshold of Kirk et al. (2006), and
the dashed line represents our density threshold for bound and unbound sources.

We find that the starless cores are located towards the peaks in the column density
distribution. In contrast, Kirk et al. (2006) found offsets between their submillimeter
cores and the extinction peaks from low spatial resolution extinction maps. Figure
5.13 compares equivalent measures of column density and extinction towards 1C348.
The red contours represent our Herschel-derived column density levels of N(Hy) =
5.4 x 10%* em~2 at 36.3"” resolution and the green contours represent an equivalent
extinction level of Ay, = 8 mag from a 300" resolution extinction map derived by the
COMPLETE survey (Ridge et al. 2006a). At Ay 2 8 mag, the two maps do not
agree well, suggesting that the near-infrared extinction did not probe well the regions
with Ay 2 8 mag. At lower extinction levels (i.e., Ay ~ 5 mag), however, the two
maps show much better agreement.

The COMPLETE extinction map has a resolution of 300”, which is nearly an
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Figure 5.13: The Herschel-derived line-of-sight column density towards 1C348. The red
contours represent column density of 5.4 x 10%! em™2 (at ~ 36" resolution) and the green
contours show the corresponding visual extinction of Ay = 8 mag (at ~ 300" resolution).
The visual extinction data were taken from the COMPLETE survey (Ridge et al. 2006a).
Both map resolutions are shown in the bottom left corner.

order of magnitude coarser than our Herschel-derived column density map at 36”.
Thus, the dense cores, which correspond to the column density peaks, are washed out
by the large beam in the extinction map. As such, the dense cores are not associated
with the correct material. We note that the Spitzer-derived extinction map of Perseus
at 180" resolution shows better agreement with the Herschel-derived column density
map at Ay ~ 8 mag than the COMPLETE extinction map. The Spitzer-derived
extinction map is able to probe more deeply into the higher extinction regions than
the COMPETE extinction map. Additionally, deeper near-infrared extinction maps
show a much better correspondence with Herschel column density maps (Johnstone
et al., in preparation). Thus, dense cores correspond to the peaks in dust extinction,

provided that the extinction data have sufficient spatial resolution and depth.
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5.5.3 Starless Core Properties

Table 5.11 shows the mean and median values for temperature, density, mass, and
deconvolved radius at 250 um for the starless cores in each clump. Mass and temper-
ature were determined from SED fitting to the 160 — 500 pum bands, whereas density
was calculated from the mass and source size at 250 pum, assuming spherical geometry.
We note, that Table 5.3 gives the average clump properties whereas Table 5.11 gives

the average starless core properties for each clump.

Table 5.11: Average Starless Core Properties

Clump Cores T n* M? R4*
(K) (10° em™)  (Mg) (1072 pe)
B1 54 12.7 /126 32/048 08/04 3.1/28
B1-E 11 127 /126 062 /045 0.6/05 33/3.0
B5 21 116/11.2 81/033 06/04 31/30
1C348 87 164 /145 96/036 05/02 31/28
L1448 27 124 /120 1.3/064 05/03 26/27
L1455 53 120 /114 7.7/050 07/03 3.0/27

NGC1333 44 11.0 /106 71./25 10/05 22/18
Off Clump 161 13.3/129 0.96 /031 0.6/02 32/28

The mean value and median value, respectively.

We find similar average starless core temperatures of 11 — 12 K for most clumps.
The starless cores in 1C348, however, are warmer than in the other clumps (~ 15 —
16 K). Since the temperature uncertainties are < 2 K, from assuming § = 2, this
difference in temperature is significant. One cause for the higher core temperature
could be a higher local interstellar radiation field. Tibbs et al. (2011) measured a
factor of ~ 4 higher interstellar radiation field towards 1C348 compared to the rest
of the cloud. This high interstellar radiation field has been attributed mostly the
IC348 young stellar cluster, which include several B-stars, with possible influences
from the Per OB2 association? (see also, Bachiller et al. 1987; Preibisch et al. 2003;
Herbst 2008). Furthermore, in Table 5.3, we found that the average dust temperature
in 1C348 was ~ 16 K, similar to the average dust temperature of its starless cores

and higher than the average dust temperatures in the other clumps. Thus, local

4The Per OB2 association is the second closest collection of OB stars and is situated behind the
Perseus cloud. In particular, HD 278942, a BO V star, is relatively near to IC348 and may be the
cause of the gas and dust shell seen between 1C348 and B1-E (see the blue ring in Figure 5.1; Tibbs
et al. 2011).
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environmental factors can affect the embedded starless core populations. We will
explore the relationship between the young stellar cluster and core temperature more
in Section 5.5.4.

We also find a large range of average starless core densities for the different clumps.
The “off clump” and B1-E cores have the lowest densities, with mean and median

values < 10° cm—3.

Since the B1-E region is very young, likely condensing into a
first generation of dense cores, such low densities are not unsurprising (see Chapter
3). Similarly, the off clump sources are typically seen towards lower column densities
(see Figure 5.12) and subsequently lower pressure environments, resulting in fluffier
starless cores. Conversely, NGC1333 has the highest core densities, with a mean value
of 7x10% ecm™3, which is roughly an order of magnitude higher than the other clumps.
Since NGC1333 is a highly energetic region (Hatchell & Dunham 2009), it may also
be relatively more turbulent, and as such, its cores may be compressed due to higher
external pressures.

Higher core densities should shield the core from external heating, causing lower
average temperatures. Figure 5.14 compares core density and temperature for all
starless cores. We find that core density and temperature are anti-correlated, such
that T ~ n=%18 for n < 10° cm ™3, regardless of location or dynamical state. Fur-
thermore, the IC348 cores also follow this trend despite their higher average core

temperatures. Recall, that we found starless cores with densities above 1 x 10° cm ™3

3 more likely to

more likely to be gravitationally bound and those below 1 x 10% cm™
be gravitationally unbound. At high densities (> 105 cm™2), the density-temperature
relationship appears to flatten (7" ~ n=%% for n > 105 cm™3). Dense starless cores
are primarily heated by Galactic cosmic rays and the interstellar radiation field and
primarily cooled by molecular line emission or long wavelength emission from dust.
At densities of n > 10° cm ™3, the dust and gas are generally coupled, such that the
molecular gas primarily cools via collisions with dust (Goldreich & Kwan 1974; Galli
et al. 2002). At even higher densities (i.e., > 10% cm™2), Keto & Field (2005) found
relatively uniform central temperatures of 7' 2 5 K in starless cores due to compres-
sive heating. Therefore, the flattening in the temperature-density relation at n > 10°

cm ™3

may reflect the transition where dense cores reach their minimum temperatures.

NGC1333 has the smallest, most massive, and densest cores on average. For the
other clumps, we find similar average starless core masses and sizes of < 0.5 M and
~ 0.03 pc, respectively, assuming distances of 235 pc. Hirota et al. (2008) and Hirota

et al. (2011) derived distances of 235 pc to NGC1333 and 11448, respectively, using
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Figure 5.14: Comparison of starless core density and temperature with clump. The dashed
line shows a linear least squares fit to the data for n < 10° cm™3, with a slope of —0.18. At
n > 10° the relation appears to flatten to -0.05.

very long baseline interferometers to observe the proper motions of water masers.
While these measurements provide excellent distances for the Western clumps in
Perseus, several studies have suggested that the Eastern 1C348 clump may lie at a
greater distance (e.g., Cernicharo et al. 1985; Herbig 1998; Ridge et al. 2006a). If
the IC348 clump is more distant, its starless core population would appear smaller
and with lower masses for the same starless core population at 235 pc. Table 5.11,
however, demonstrates that the starless cores in 1C348 have comparable masses and
sizes to the rest of the Perseus clumps. Thus, we cannot conclude that 1C348 is

necessarily more distant than the other clumps in Perseus.

5.5.4 Starless Cores and Questionably Starless Cores

Since starless cores lack internal luminous sources, they are generally assumed to be

isothermal. In general, cores are not perfect isothermal structures; they have warm
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outer surfaces from external heating and cool inner envelopes due to shielding (e.g.,
Evans et al. 2001). (A protostellar core will have additional internal heating, which
complicates the observed SED further, e.g., Launhardt et al. 2013). Thus, many cores
will require multiple temperature components or models to fit such complex SEDs.
With only five far-infared and submillimeter bands (70 — 500 pm), however, we could
only measure the broad properties of our starless sources through single-temperature
SED-fitting. Thus, we defined two distinct subcategories of starless objects; (1) star-
less cores which could be fit by a single-temperature blackbody function and (2)
questionably starless cores which deviated from single-temperature dusty blackbody
function.

Roughly 43% of all the starless Herschel objects were classified as questionable,
with the highest fractions of questionable sources in IC348 and NGC1333 (see Table
5.8). Figures 5.15 and 5.16 show the distribution of all starless cores, questionably
starless cores, and protostellar cores towards 1C348 and NGC1333, respectively. For
both clumps, the protostellar and questionably starless sources are generally clustered
together. Thus, their excesses of questionably starless cores could be the result of
confused emission from such complex environments. For example, in Section 5.5.3,
we noted that the starless cores in 1C348 have higher temperatures than the other
clumps on average likely due to a higher local interstellar radiation field (Tibbs et al.
2011). Thus, the questionably starless cores could represent a population of cores
with more complex SED profiles due to external heating. Nevertheless, NGC1333 also
contains a rich young stellar cluster, including several late-type B-stars (Walawender
et al. 2008), yet its starless cores have much lower average temperatures than the
cores in 1C348.

If the questionably starless cores represent populations of starless cores with more
complex SED profiles due to external heating, we would expect to see warmer starless
core temperatures towards the regions with large fractions of questionable starless
cores. Figure 5.17 compares the distribution of all starless core temperatures in
IC348 and NGC1333 with the distribution for the cores in the crowded regions of
these clumps. We selected the crowded regions as follows; the section of 1C348 with
3h43m < RA < 3"46™ and 31°55' < Dec < 32°22" and the section of NGC1333 with
3h28.5™ < RA < 3"29.5™ and 31°10/ < Dec < 31°30'. These areas were selected
to encompass the largest surface density of sources. For IC348, most of the high
temperature starless cores are located within the crowded environment associated

with the young stellar cluster, hinting that external heating from the cluster may
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Figure 5.15: Locations of starless cores (red circles), questionably starless cores (green
pluses), and protostellar cores (blue stars) towards IC348. The background image shows
the column density map for the clump.

have affected the SEDs of the questionably starless cores. For NGC1333, however, we
do not find a significant difference in temperature between the starless cores within
the crowded region and the entire sample. Since the interstellar radiation field is
relatively moderate for NGC1333 (Tibbs et al. 2011), the starless cores in NGC1333
may not have significant external heating.

Only the questionably starless cores in 1C348 arguably have more complex SEDs
due to external heating. For the other clumps, their questionably starless cores do not
appear to be due to significantly increased external heating and their nature remains
unclear. One possibility is that the questionably starless cores may correspond to
line-of-sight blending of separate objects at different temperatures. Since most ques-
tionably starless cores are generally located in more crowded regions, emission from
multiple overlapping sources will be more common. Alternatively, some questionably

starless cores may correspond to line-of-sight artifacts or tentative sources, which we
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Figure 5.16: Same as Figure 5.15, but for the NGC1333 clump.

included for completeness. Ideally, we want to discard the unrelated fluffy aggregates

or line-of-sight artifacts. A more conservative analysis of the core populations will be
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Figure 5.17: Distributions of starless core temperatures for 1C348 (left) and NGC1333
(right). Core temperatures were measured from fitting the 160 — 500 pm SED with single-
temperature dusty blackbody functions. The dashed histograms correspond to the starless
cores within the crowded areas in each clump (see text).

made for the first generation HGBS papers (Pezzuto et al., in preparation).

5.5.5 Protostellar Cores

We identified cores as starless or protostellar using the absence or presence of a
compact 70 um source or Spitzer-identified YSO. Since emission at 70 pum traces
warm (internally heated) envelopes, it is a relatively good tracer of protostellar sources
(Dunham et al. 2008). Diffuse emission, however, can contaminate the extraction at
70 pm, particularly for faint protostellar signatures (Bontemps et al. 2010). Since
getsources uses information from all wavelengths to identify structures, the algorithm
will seek to identify a source at 70 pum for all sources with strong detections at
A =160 —500 pm. Cold cores or faint protostars associated with diffuse emission will
not have robust detections at 70 pm.

Since true protostellar signatures at 70 um should be compact, we employed a
separate set of criteria to identify compact 70 pm sources (see Section 5.4.2) and
found good agreement between our criteria and a visual inspection of the 70 ym data.
We added ten visually compact 70 pum sources by hand and removed five sources as
non-compact 70 pum detections. Generally, we excluded compact 70 pm sources that
were faint and failed to meet our signal-to-noise cut. With the combination of our
criteria and visual inspection, we identified 112 Galactic compact 70 um objects.

For comparison, other studies identified protostellar signatures through a signal-

to-noise cut on the detected 70 pum emission or associated 24 pm emission (e.g.,
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Kényves et al. 2010; Rygl et al. 2013). Had we imposed a similar signal-to-noise cut
as these studies (SNR > 5 at 70 um), we would identify 253 “protostellar signatures.”
Even with a higher threshold of SNR > 7 at 70 um, we would measure 213 “protostel-
lar signatures.” These SNR thresholds include many sources associated with bright,
diffuse 70 pm emission which are unlikely to be protostellar sources. Thus, one should
be cautious when employing a SNR cut at 70 pm (see also Section 5.5.7).

In addition to the presence of compact 70 pm emission, we also identified pro-
tostellar cores using coincidences with infrared-selected YSOs from either the c2d
catalogue or G09 catalogue, for a total of 126 Herschel objects associated with YSOs.
Thus, 14 protostellar sources did not have compact 70 pm emission. These 14 sources
are associated with NGC1333 and 1C348, and most coincide with regions of bright
diffuse emission at 70 pm that may confuse any faint protostellar sources. Further-
more, three of these YSOs are likely chance coincidences between Class II/I11 sources
and dense cores (see Section 5.4.6). Figure 5.18 shows the observed SEDs for these
three coincident YSOs. (Note that their 70 pm emission is not compact.) For com-
parison, we also show the observed SED for a Class 0 YSO and the expected SEDs of
two starless cores. Two of the coincident YSOs resemble the warmer (22 K) starless
core for A > 70 pum; we have reclassified these sources as starless cores. The third
coincident YSO resembles the Class 0 SED for A > 70 pum, and may correspond to
a protostellar core. Thus, out of all the likely early-stage YSOs in our sample, only
one was not identified by compact 70 pm emission due to significant diffuse 70 pm
emission.

Of the 112 YSOs identified by compact 70 pm emission, 19 did not have associated
Spitzer detections. A Spitzer source could have been missed if it is (1) displaced from
its natal core by more than ~ 0.01 pc (8" at 235 pc), (2) was misclassified by either
the c2d or G09 catalogues, or (3) is deeply embedded and thus, not detected with
Spitzer. Generally, YSOs are found close to the submillimeter emission peak of the
parent core (Jorgensen et al. 2007). Therefore, we do not expect large displacements,
particularly for younger YSOs with well-detected envelopes. Of these 19 YSOs, we
found that ten sources had no Spitzer objects of any designation within 8” in the
c2d catalogue, and most of the remaining YSOs had Spitzer sources with “star” or
“galaxy” designations. Since our Herschel objects were mostly associated with the
highest column densities (see Section 5.5.2), we would not expect much background
contamination (see Section 5.3.3). Only one source had a Spitzer object within 8”
with a possible YSO-like designation of “rising” (see Table H.4).
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Figure 5.18: The SEDs of three YSOs likely to be coincident with dense cores that lack
compact 70 pym emission. The three profiles are West60 (blue), West87 (cyan) and East25
(green). For reference, we include a Class 0 SED (red) associated with West162 (see also
Figure 5.9a) and two dusty blackbody profiles representing starless cores at 10 K (black)
and 22 K (purple). For the starless cores, we assume 3 = 2. All SED profiles have been
normalized by the peak flux.

We have identified 18 YSOs based on compact 70 pm emission without corre-
sponding Spitzer detections. Have we detected new, deeply embedded YSOs? Not all
these objects have well-detected submillimeter emission indicative of envelopes, how-
ever. Of these 18 YSOs, 11 have undetected or noisy fluxes between 250 — 500 pm.
Half of these sources are in 1C348, where the core population has higher temperatures
on average (see Section 5.5.3). Since 70 pum emission from YSOs still originates pri-
marily from the envelope, we consider compact 70 pum sources without well-detected
envelopes or corresponding Spitzer sources to be unclear and require follow-up study.
These objects are highlighted in Table H.4.
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5.5.6 T, with Herschel

With Herschel, we are able to probe the peak of the SED for cold cores and younger
YSOs. For example, Figure 5.7 shows peak emission of ~ 300 pm for cores (or
envelopes) at T ~ 10 K, whereas Figure 5.9 demonstrates that far-infrared and sub-
millimeter dust emission can exceed near-infrared emission by several orders of mag-
nitude for Class 0 and Class I YSOs. Thus, the Herschel bands are key in measuring
Ty and Ly, for young objects.

We measured both Ty, and Ly, using 2MASS near-infrared (1.25 - 2.17 pm),
Spitzer infrared (3.6 - 24 um), and Herschel far-infrared and submillimeter (70 -
500 pm) wavelengths, taking the A < 24 pm fluxes from either the c2d catalogue
or the GO9 catalogue. Despite the range in wavelength, we do not fully sample the
SED of YSOs. In particular, we lack important long-wavelength emission (A > 500
pum) for the young YSOs with envelopes (e.g., André et al. 1993; Visser et al. 2002).
Additionally, we have a significant gaps between 8 pum and 160 gm. Depending on
the SED shape, additional fluxes between 8 — 160 pm would improve our ability to
determine Ty, and Ly,.

Evans et al. (2009) included archival optical to millimeter wavelength data for
their YSOs. For example, they supplemented their near-infrared and Spitzer data
with observations from IRAS (25 pm, 60 pum, and 100 pum), SCUBA (450 pm and
850 pm), and Bolocam (1100 pm), when applicable. Thus, objects sampled with
these additional detectors have excellent SED coverage. Unfortunately, detections
with these other facilities were sparse. The IRAS instrument had poor resolution
and sensitivity, and thus, was insensitive to faint, embedded sources. Conversely, the
SCUBA and Bolocam instruments had good resolution and reasonable sensitivities,
but these detectors only mapped key regions of Perseus. Thus, inclusions of IRAS,
SCUBA, or Bolocam data to our Herschel observations will be incomplete. Since we
are interested in the broad differences across Perseus, we need to compare regions in
a uniform manner. Thus, we do not include archival data from other facilities here.

Figure 5.19 compares Ty, as measured here with the corresponding value given
in the c2d catalogue. For the c¢2d data, we used updated Ty, measurements provided
by M. Dunham (2013, private communication; see also Dunham et al. 2013). We
typically obtain lower Ty, values by < 100 K due to non-zero emission in the Herschel
bands. Nevertheless, several YSOs have lower Ty, values by = 300 K. Most of these

sources lacked (sub)millimeter from previous surveys (i.e., with Bolocam or SCUBA),
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but were observed in all five Herschel bands. In particular, two of these sources had
submillimeter emission > 10 Jy that dominated their SEDs. Conversely, we found a
small fraction of sources with higher Ty, values (> 100 K) with the Herschel data
due to different 70 pm measurements from Herschel than from Spitzer. Therefore,

we found the Herschel data to be very significant to the measurement of Ty,,.
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Figure 5.19: Comparison of Ty, from our analysis and from the c2d catalogue. A one-to-
one correlation is shown as the dashed line. We show Class 0 YSOs in red, Class I YSOs
in green, and Class II YSOs in blue based on our determination of Ty,. Sources in grey
correspond to likely chance coincidences (see Section 5.4.6). Upper and Lower limits for
Ty are as indicated in the c2d catalogue.

5.5.7 L;, with Herschel

In Section 5.4.6, we compared the YSO classifications from the infrared spectral
index and Ty,;. Here, we compare the classifications from Ty, and Ly, /Lpe, which
is specifically aimed at identifying Class 0 YSOs (see Section 5.4.5). Most YSOs
with Herschel detections were found to be young (Class 0 or Class I) using T,;, yet
relatively few Class 0 YSOs were identified as such by both Ty, and Ly /Lie. Table
5.12 compares the classifications from Ty, with those based on Ly /Lie. Of all the
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Class 0 objects identified by Ty, only 26% were also identified as Class 0 with the
ratio of Lgnm/Lee. Thus, either Ty, overestimates the number of Class 0 objects
or we are underestimating the Class 0 objects with Ly, /Lpy. Since our analysis
includes data from A = 1.25 — 500 um, we may not measure well Ly, using just
the 350 pm band and 500 pm band. Thus, our L, /Ly, ratios are likely lower-
limits. With more complete observations at long wavelengths, we can obtain a better

measure of L.

Table 5.12: Comparison of YSO Classifications®

Tpo-Classification Class 0 Class I Class 11
Lgmm/Lbor > 0.05 16 3 0
Lsmm /Ly < 0.05 45 37 39

“For each infrared detection. Several Herschel sources have multiple detections.

The ratio of Ly /Lie is often used to identify very young objects (e.g., Stutz
et al. 2013), which are often more deeply embedded. Thus, YSO signatures for these
objects may be dominated by emission from external heating of the envelope rather
than the central luminous source (Dunham et al. 2008) or not detected due to a thick
envelope. Such faint sources may include FHSCs, which are at a theoretical, short-
lived stage between prestellar core and Class 0 protostars (e.g., Larson 1969; Bate
2011). Recent theoretical studies suggest that FHSCs should have faint signatures at
~ 70 pm, but no detections for A < 30 pm (Omukai 2007; Commergon et al. 2012).
Pezzuto et al. (2012) used Herschel observations to characterize two FHSC candidates,
B1-bN and B1-bS, in Perseus. Figure 5.20 shows the 70 um emission towards these
FHSC candidates, B1-bN and B1-bS, with 450 gum data from SCUBA-2 (see Chapter
4) to highlight the dense cores. Neither B1-bN nor B1-bS have a compact 70 pm
source, though, we do detect faint 70 pm excess towards B1-bS, though this emission
may be confused by the nearby YSO, J033320.3+310721 (Pezzuto et al. 2012). (We
note that this nearby YSO did not have an associated Herschel object.)

Pezzuto et al. (2012) included 100 pm PACS observations from PACS-only obser-
vations® in their study. Both B1-bN and B1-bS are detected at 100 ym. At XA > 160
pm, these two objects become blended. Since we lack the observations at 100 pm,
the B1-bN and B1-bS FHSC candidates are combined into one core in our getsources

extraction. Furthermore, since we did not identify a compact 70 pm source, B1-bN

5High extinction regions of the Gould Belt clouds were observed by Herschel in PACS-only mode
to obtain higher resolution imaging at 100 ym and 160 um.
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Figure 5.20: The central region of B1. The background image shows 70 pym emission.
The red contours correspond to SCUBA-2 450 pum observations at 0.6, 1.0, 2.0, and 3.0
Jy beam™!. The PACS data at 70 ym and SCUBA-2 observations at 450 xm have similar
resolutions ~ 8 — 9”, and are able to separate out the two sources. The B1-bN and B1-bS
cores are blended in the three SPIRE bands. The nearby YSO J033320.3+310721 is also
labeled.

and B1-bS were classified as a single questionably starless core. Other FHSC candi-
dates in Perseus are identified as either starless cores or questionably starless cores
(see Chen et al. 2010; Enoch et al. 2010; Pineda et al. 2011; Schnee et al. 2012). Thus,
FHSCs may be too faint to detect well with Herschel observations.

As in the previous Section, we are also interested in the influence of Herschel
observations on Lyy,. Figure 5.21 compares Ly, between this study and the c2d
values (Dunham 2013, private communication; see also Dunham et al. 2013). We find
that the older YSOs show the best agreement. These sources are likely dominated
by the short (A < 24 pm) wavelengths, thus the Herschel bands do not greatly
affect the measured L;,. For the Class 0 YSOs, however, we typically measure much

higher (orders of magnitude) bolometric luminosities than the c¢2d catalogue. Since
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the 160 — 500 pm dominate the SED for embedded YSOs (e.g., see Figure 5.9a), the
Herschel data are key to measuring Ly,. The c2d catalogue generally estimated Ly,
for sources that lacked observations in these key bands, and thus, did not sample the

SED peak. By excluding the peak emission, Ly, is greatly underestimated.
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Figure 5.21: Comparison of Ly, from our analysis and from the c2d catalogue. Symbols
are the same as Figure 5.19. The dashed line shows a one-to-one relation.

5.5.8 Global YSO Populations

Generally YSO and core lifetimes are determined by the number of objects detected
in each group, where longer-lived stages will have more associated objects assuming
a constant star formation rate. Nevertheless, one must assume all regions in question
are similar, such that individual clump or cloud properties do not affect the ages
or properties of the core and YSO populations. For example, an older region may
contain an excess of Class II/III YSOs, whereas a younger region may contain an
excess of starless cores or Class 0 YSOs.

We identified Herschel-associated YSOs as Class 0 or Class I using the T, classi-

fication method, regardless of the YSO classification from the infrared spectral index.
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For all of Perseus, we identified 53 cores as Class 0 and 41 cores as Class I by their
bolometric temperatures. Several of these cores contained multiple Spitzer detections.
For simplicity, we count each core once. Furthermore, two Class 0/ YSOs were re-
classified as starless due to likely chance coincidences between young envelopes and
more evolved YSOs (see Section 5.5.5), for a total count of 92 Class 0/1 YSOs.

We used the spectral index classification method to identify Flat, Class II, and
Class III sources. We took the entire YSO sample from the c2d catalogue (651 ob-
jects) and the GO09 catalogue (293 objects), for a total of 740 YSO candidates. We
calculated the infrared spectral index for each YSO, correcting the fluxes for line-of-
sight-extinction (see Appendix G). If a YSO was identified in both catalogues (204
YSOs in common), we took the average spectral index between both samples. For the
most part, the spectral indices between the two catalogues agreed well. In most cases,
discrepant spectral indices arose due to different adopted extinction measurements.
Those YSOs identified towards regions with N(Hy) < 2 x 10?! cm™2 were excluded.
The YSO catalogues may still include contamination, such as extragalactic sources
or shock emission (M. Dunham 2013, private communication). While it is difficult
to disentangle shock emission from protostellar signatures, we assume that faint ex-
tragalactic sources will be undetected towards the higher column densities associated
with the clumps.

We found that only ~ 25% of our previously identified Flat spectral sources had
associated Herschel emission. While Class 0 and Class I YSOs are in the most
deeply embedded stages, Flat spectral sources are also generally considered embedded
(e.g., Greene et al. 1994; van Kempen et al. 2009). The low Herschel detection rate
suggests the Flat spectral stage may not be embedded in an envelope. Alternatively,
extinction may be an issue. Most of our Flat spectral sources do not have direct
measurements of the dust extinction. For these sources, we assumed Ay = 5.9. If
the line-of-sight interstellar extinction is higher, the spectral index would decrease
(and possibly reach Class II designations; see Forbrich et al. 2010). At this time, we
cannot determine whether some Flat spectral sources are devoid of envelopes or are
have been misclassified due to our assumed extinctions.

Similarly, we find 19% (~ 15% after removing likely line-of-sight coincidences)
of our Class II sources are within 8" of a Herschel source. Moreover, only 7% (2%
after removing likely line-of-sight coincdences) of our Class I1I sources are within 8”
of a Herschel source. For both Class II and Class III objects, most of these Her-

schel sources are poorly detected, mostly due to low signal-to-noise values over most
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Herschel bands (e..g., see Figure 5.9d). Since Class II objects can have prominent
circumstellar disks, excesses at submillimeter wavelengths are not unexpected (e.g.,
Weintraub et al. 1989). Class III YSOs, however, are expected to have relatively
little submillimeter excess from circumstellar disks. Likewise, we find that Class 111
sources are mostly unassociated with Herschel objects, though we do find several line-
of-sight coincidences, whereas some Class II YSOs appear associated with Herschel
detections.

Table 5.13 compares our YSO counts to those of Evans et al. (2009) and Guter-
muth et al. (2009). As in these studies, we find significantly more Class II YSOs
than sources in the other classes. In contrast, however, we find many more Class
0 and Class I objects. We find a combined Class 0/I count of 92 objects, whereas
the previous studies found 75 and 29, respectively. (Recall that the G09 catalogue
only included NGC1333 and 1C348, and thus their counts will be intrinsically lower.)
Thus, we find 16 additional (17%) Class 0/I YSOs compared to the c2d study. We
note that this increase is similar to the number of YSOs identified with compact 70

pm that had no corresponding Spitzer detections (see Section 5.5.5).

Table 5.13: Comparison of YSO counts for Perseus®

YSO Present Study c2d GO9P
Class 0/1 92 729
Flat 66 34 32
Class 11 232 232 168
Class 111 80 41 35

2YSOs were defined from the extinction-corrected spectral index values using the boundaries given
in Section 5.4.3. For the c2d measures, we used the updated results from Dunham (2013, private
communication). We require all YSOs to be associated with material at N(Hz) > 2 x 102! cm™2.

*Includes NGC1333 and 1C348 only.

With our number counts, we estimated a new combined Class 0/I lifetime of 0.8
Myr, assuming a Class II lifetime of 2 Myr. For comparison, Evans et al. (2009) found
a Class 0/I lifetime of 0.62 Myr for just the Perseus sources (0.54 Myr for their entire
sample). Using the updated extinction-corrected data (see Table 5.13, this lifetime
becomes 0.64 Myr. Therefore, our results suggest ~ 25% increase in the lifetime of the
Class 0/T1 YSOs. Previous measurements suggest shorter lifetimes (e.g., Wilking et al.
1989; Greene et al. 1994; Evans et al. 2009). For the Class 0/I lifetimes, we detected
more sources due to improved sensitivity with Herschel. If we discard the 11 unusual

YSOs with compact 70 pm emission but not significant submillimeter detections or
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Spitzer YSOs (see Section 5.5.5), we have a much smaller increase in detected Class
0/1 sources over the c2d results, and our estimated combined Class 0/ lifetime agrees
better with the results from Evans et al. (2009). Thus, the longer lifetimes may be a
real effect, but first we must verify the classification of our compact 70 pum sources.
More significantly, we measured a Flat spectrum lifetime of 0.57 Myr, which is a
factor of 2 increase over the value given in Evans et al. (2009). The Flat spectrum
sources, however, are more uncertain due to unmeasured extinction corrections; most
of our identified Flat YSOs did not have direct measurements of the dust extinction,
and thus, we assumed a mean value of Ay = 5.9 mag. This mean value may not
apply well to all sources, however. For example, using the extinction values from
Evans et al. (2009), we find a much higher mean extinction of Ay ~ 6.7 for NGC1333
using 54 YSOs, and much lower mean extinction values of Ay =~ 2.9 and Ay ~ 3.9 for
B5 and L1455, respectively, based on only two YSOs each. With different extinction
corrections, many of our Flat YSOs could be identified as Class I or Class IT YSOs.
Therefore, the increased lifetime for this stage is less certain. Improved interstellar
extinction estimates are necessary to classify better the unembedded YSOs. We
caution that the lifetimes measured here depend greatly on the number of Class II

sources and the assumed lifetime of 2 Myr.

5.5.9 Core and YSO Populations with Clump

With Herschel, we now have the statistics to conduct a complete and uniform study
of the starless core population in Perseus, and with complementary Spitzer obser-
vations, we expanded that study to include the YSO population. In Section 5.5.8,
we characterized the YSO populations across all of Perseus. Here, we compare the
starless core and YSO populations between the main clumps of our study.

Table 5.14 gives the high column density slope (see Figure 5.6) and the number
counts for starless cores and the YSOs for each of the clumps. For the starless cores, we
determined which cores were likely to be gravitationally bound based on our density
threshold (see Section 5.4.3). For the YSOs, we list the number counts for each Class
separately (see Section 5.4.5), considering only those sources coincident with material
at N(Hy) > 2x10?" em™2 (Ay 2 3). All source counts have been corrected for chance
coincidences (see Sections 5.4.6 and 5.5.5). Figure 5.22 illustrates the population
distribution for each of the clumps.

Figure 5.23 shows the fractional occurrence of starless cores and YSOs within each
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Table 5.14: Core and YSO Populations in Perseus Clumps

Starless Cores

Young Stellar Objects

Clump slope®bound® bound’| 0 1 Flat I III
Bl 2.3 39 5 |6 4 8 10 3
BI-E 9.6 10 1 o 0o 0o 0 0
B5 2.9 15 6 |0 2 1 0 0
1C348 2.7 66 22 |12 11 18 119 61
11448 1.5 17 10 |5 0 2 0 0
L1455 2.9 40 13 |2 2 1 5 0
NCC1333  -2.0 18 27 122 16 22 8 15
Off Clump 137 2% |5 5 14 13 1

@Slope for the high column density tail from the column density distributions shown in Figure 5.6.

®We use the average density to determine which objects are likely to be bound and which are not.

Bound cores have n > 1 x 10° cm ™3, whereas unbound cores have n < 1 x 10° cm™3.

3
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Figure 5.22: Core and YSO populations in the Perseus clumps and “off clump”. Starless
cores are divided into unbound (black) and bound (red) according to their average density
(see Section 5.4.4). The YSO populations are divided into their separate Classes in order
of Class 0, Class I, Flat, Class II, and Class III. For clarity, the populations are arranged

by evolutionary state.
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clump using the number counts from Table 5.14. B1-E contains a clear overabundance
of unbound starless cores compared to the other clumps. Furthermore, B1-E is the
only clump without a YSO population, which supports the view that the B1-E region
is very young and likely fragmenting into a first generation of dense cores (see also
Chapter 3). For example, the B1-E clump is most similar in mass and size to B5 and
11448, which are both actively forming stars. If B1-E had the same core and YSO
populations as B5 or L1448, we would expect it to have 1 — 2 YSOs. B1-E has the
lowest average column density (see Table 5.3) and the steepest high column density
slope of all clumps. Since many studies have shown that bound cores and YSOs are
generally associated with supercritical filaments or high extinction regions (e.g., Kirk
et al. 2006; André et al. 2010; Lada et al. 2010), B1-E may lack the dense material

necessary to form stars.

i Bl x |
i B1E 7
L B5 i
0.8 IC348 -
- L1448 X~
- L1455 O 4
L NGC1335 + |
0.6 Off Clump V

fraction

unbound bound Class O Class | Flat Class Il Class [l

Figure 5.23: Fractional occurrence of source classifications in each Perseus clump. We
consider starless cores (bound or unbound) and YSOs only. Fractional occurrence is mea-
sured as the instances for a given classification normalized by the number of detections for
each clump.

Both 1C348 and NGC1333 have a clear spike in Class II sources compared to the
rest of Perseus. 1C348 and NGC1333 also have the highest YSO number counts and
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both large, high-mass clumps (see Table 5.3). Furthermore, IC348 has an overabun-
dance of Class III objects compared to the other clumps. Thus, high-mass clumps are
most likely the first to contract and form stars, whereas smaller, less massive clumps
may be delayed. Smaller clumps such as B1-E, B5, and L1455 each have relatively
large fractions of starless cores, suggesting that these regions have only begun to form
their YSO populations. In contrast, B1, IC348, and NGC1333 have the smallest frac-
tions of starless cores. Thus, star formation towards these clumps may be ramping
down, whereas star formation towards B1-E, B5, and L1455 may be ramping up.

The B1-E, B5, and L1455 clumps each have the steepest slopes in their column
density distributions, indicating that these clumps have less high column density
material. Conversely, L1448 and NGC1333 have more shallow slopes at high column
densities. L1448 and NGC1333 also have the highest fractions of bound starless cores
and Class 0 YSOs. Figure 5.24 compares the high column density slope for each clump
with the fraction of Class 0 YSOs. We find a good correlation, where the fraction
of Class 0 YSOs drops with steeper slopes. (We note that this broad trend does
not change if we included bound starless cores, though the correlation becomes less
tight). We found a linear least squares best-fit slope of ~ 0.1 for our data (excluding
B1-E). Since most studies use the global YSO properties, different age populations
are mixed. Thus, we demonstrate a strong trend between the fraction of young (Class
0) sources and the high column density slope for the first time.

Previously, the high column density tail was used as a measure for star formation
activity. Regions that had column density distributions that resemble log-normal
functions were thought to be relatively inactive, whereas regions with prominent
column density tails (i.e., those that deviate from a log-normal distribution), were
actively forming stars (e.g., Kainulainen et al. 2009; Kainulainen et al. 2011; Schneider
et al. 2012). Recent simulations by Ballesteros-Paredes et al. (2011) demonstrated
that as molecular clouds evolve, their column density distributions broadened due to
gravitational contraction, eventually forming power-law tails.

We suggest that the high column density tail reflects more recent star formation
activity rather than the star formation history of the clump, where clumps with recent
bursts of young YSOs have shallower slopes. For example, IC348 has the most YSOs
detected of all clumps, but its slope was relatively steep. IC348 also has a lower
fraction of Class 0 sources than most other clumps. Thus, clumps require significant
fractions of high column density material to form additional generations of YSOs.

Extrapolating our linear relation suggests that column density slopes of 2> —3 are



140

0.20 w |
| % B1 I i
L OBIE ! ,
L B5 / -
015 IC348 / N
| X L1448 '/*‘ |
L O L1455 / .
L+ NGC1333 / |
/
i _ i
S5 0.10F / —
i3] B ! ]
0 - / -
i / i
0.05 | —
i ,_eT_{ i
L / |
L / _
0.00 | ¢ : s |
i ) i
| | | | | | |
—12 —10 -8 -6 —4 -2 0

slope

Figure 5.24: Comparison of high column density slope from Figure 5.6 with the fraction
of Class 0 YSOs in each clump. The dashed line corresponds to a linear least squares best
fit to the data (excluding B1-E). We find a best-fit slope of ~ 0.1. The error bars indicate
the robustness of the high column density slope (see Section 5.4.1).

necessary to promote new star formation. This concordance excludes systems such
as B1-E, however. In Figure 5.24, B1-E is a clear outlier. Although B1-E is arguably
young, it has a very steep slope, suggesting that there is little material at high column
densities and thus, it cannot form new stars at this time. Whether the formation of
a first YSOs leads to enhanced compression (thereby forming a high column density
tail) or whether the compression and formation of a high column density tail promotes
the first YSOs is unclear. It is possible that both processes happen concurrently.
Finally, we caution that some of our clumps have small number statistics. In
particular, B1-E and B5 each have less than 30 sources, and L1448 has only 34
sources. Conversely, the NGC1333 and 1C348 clumps have > 200 objects, each. The
trend in Figure 5.24 agrees with clumps containing many and relatively few objects,
and thus appears relatively robust. Nevertheless, some of the fractional comparisons

in Figure 5.23 may be biased due to small numbers.
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5.6 Summary

We have analyzed the relationship between star-forming clumps and their embedded
populations using Herschel observations at 70 — 500 pum of the Perseus molecular
cloud. These data constitute the most complete submillimeter observations of the
Perseus cloud to date. We used getsources to identify sources in the Herschel data
and measure their properties. Furthermore, we used archival Spitzer catalogues to
characterize the YSO populations. We used the presence or absence of either a
compact 70 pum source or an associated Spitzer source to classify our Herschel sources
as protostellar or starless, respectively.

Our analysis indicates that the clumps in Perseus have different core and YSO
populations. The core properties appear to relate directly to the clump properties,
such as the local interstellar radiation field of the quantity of dense material, whereas
the YSO populations appear to depend more on the quantity of dense material and

when the clump first formed stars. We summarize our main findings as follows:

1. Most Herschel starless cores are coincident with material above a column den-
sity threshold of N(Hy) > 3.4 x 10*! em™2 (Ay > 5; see also Kirk et al. 2006).
Furthermore, the cores are associated with peaks in their local column den-
sity distribution, where bound starless cores are typically found towards higher
column densities than the unbound starless objects. Similarly, cores found in
clumps typically have higher column densities than those found “off clump.” In
the “off clump” regions, the unbound starless cores outnumber bound starless
cores by a factor of 6, which is much more significant than for the “on clump”

populations.

2. Starless cores associated with regions of higher column density are generally
denser, suggesting that they are compressed due to higher external pressures
(Kainulainen et al. 2009). For example, the starless cores in NGC1333 were the
smallest and densest on average, and the NGC1333 clump is also very turbu-
lent possibly due to many large-scale outflows (i.e., Hatchell & Dunham 2009).
Furthermore, we found that the denser starless cores were cooler than the less
dense cores. We interpreted this relationship as evidence of increased shielding
with density. Conversely, IC348 appears to be influenced by a high, localized

interstellar radiation field, which causes higher starless core temperatures.

3. Overall, the presence of a compact 70 pm source is a good indication of a
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protostellar core. We found that using a SNR cut at 70 pum often identified
diffuse emission as a protostellar signature and missed visually compact sources
with lower SNRs. Using compact 70 pm sources will likely miss FHSCs, however,
due to their expectedly very weak 70 pm emission. Compact 70 pm sources may
also be missed towards regions of bright, diffuse 70 yum emission. Therefore,
caution is needed when classifying Herschel cores towards clouds with warmer

ambient material.

4. We measure a Class 0/I combined lifetime of 0.8 Myr, assuming a Class 1T life-
time of 2 Myr. This lifetime is ~ 25% larger than the Class 0/I lifetime given
by Evans et al. (2009). We also found a very significant fraction of Flat spectral
sources, resulting in a factor of 2 increase for the Flat Class lifetime. Further-
more, most Flat YSOs did not have associated Herschel objects, suggesting
that Flat YSOs may not be embedded. Since most of our Flat YSOs did not
have direct interstellar extinction measurements, these objects may instead be

misclassified due to poor extinction corrections.

5. Clump mass and size appears to determine when the star formation process
begins. We find that the largest, most massive clumps have the highest fractions
of older YSOs (i.e., Class II sources) and relatively low fractions of starless
cores, whereas the smallest, least massive clumps have the highest fractions of
unbound cores. Clumps with shallow high column density tails (i.e., more high
column density material) have high fractions of Class 0 YSOs, whereas those
with steep tails have lower fractions or no detected Class 0 YSOs. Thus, the
quantity of high column density material in a clump reflects the recent star

formation activity rather than the star formation history of the clump.

Due to a lack of available kinematic data, we classified starless cores as bound or
3

Y

unbound using an estimated boundedness threshold density of ny, = 1 x 10° cm™
where cores with n > ny, were likely bound and those with n < ny, were likely
unbound. In the absence of molecular line data, this limit appears to provide a
good estimate of core states. Nevertheless, a complete sampling of the kinematic
and temperature information for all starless cores would improve our analysis. Our
analysis also lacks observations at A > 500 pum, which are crucial for determining
the dust properties from cold, dust emission. In the absence of such information for

all cores, we assumed a fixed dust opacity law. Sources that deviate from this dust
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opacity law will have inaccurate mass measurements. Thus, both kinematic data and
long wavelength data are necessary to obtain the physical properties and dynamic
states of starless cores.

We also included the complete source extractions from getsources, whereas future
source catalogues will only include the robust source detections. Detection quality,
however, varies with the diffuse background such that sources located towards bright
diffuse backgrounds are more difficult to detect well. By including the less robust
objects, we were able to trace which YSOs had submillimeter excesses and which did
not. The more evolved YSO Classes in particular were associated with only poorly-
detected (low significance) Herschel sources except in cases of likely coincidence. We
also identified a number of interesting sources for follow-up studies, such as the “ques-
tionably starless cores” and the compact 70 pum sources with neither corresponding
submillimeter emission (envelopes) nor Spitzer YSOs. Since many of our questionable
cores are not robust detections, we expect them to be discarded with future analyses
for the First Generation study that compares the extraction results from getsources
and other algorithms (i.e., cutex and csar). Nevertheless, the correlation between the
questionably starless cores and the crowded environments of 1C348 and NGC1333,
suggest that these may objects reflect their environment and thus, are interesting for
follow-up study.

The YSO populations suggest a significant fraction of Flat spectral sources. Since
most of these YSOs did not have direct extinction measurements, we assumed an
average extinction of Ay = 5.9 and thus, may have misclassified these sources if the
true interstellar extinction varies from this value. In Appendix G, we demonstrate
a significant scatter from Ay = 5.9. Furthermore, the mean Ay varies from clump
to clump. Thus, improved extinction measurements and statistics for our YSOs are
necessary to determine the interstellar extinction for the YSOs in each clump.

We also need to expand this study to determine if the trends between YSO and
core populations with clump properties we observe for Perseus are common. Notably,
Perseus is not forming high-mass stars. Therefore, it is important to survey other
clouds with different environments and star formation histories. While the Perseus
clumps constitute different environments themselves, several have small samples of
cores and YSOs. For these clumps, it is difficult to conclude that the trends we observe
are robust or are a product of small number statistics. With the full Herschel Gould
Belt Survey, we will be able to explore the relationship between source populations

and clumps in a large variety of clouds and environments.
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Chapter 6
Conclusions

Herschel provides an unique opportunity to probe simultaneously the complete dense
core populations and the extended cloud structure for the Perseus molecular cloud.
This thesis utilized such observations from Herschel to generate the most complete
catalogue of its starless cores in Perseus to date. These data also allowed us to
compare and contrast how star formation is proceeding in its seven main clumps. We

outline the results of this thesis and their impact in the field of star formation here.

1. Catalogues of Starless Cores and Young Stellar Objects

We classified the Herschel sources identified by getsources as starless or protostellar
based on the absence or presence of protostellar signatures (see Section 5.4.3). For
the starless cores, we further classified them as bound or unbound. In Chapter 3, we
demonstrated that the sources in the B1-E clump were mainly turbulent and should
not be identified as bound structures. Unfortunately, we lacked dynamical informa-
tion for most of the remaining Herschel sources, and required a different diagnostic to
estimate boundedness. In Section 5.4.4, we used the average density to characterize
boundedness in the absence of kinematic measurements. Conversely, many previous
Herschel studies without dynamical information used either the critical Jeans mass or
critical Bonnor-Ebert mass to estimate boundedness (e.g., André et al. 2010; Konyves
et al. 2010). These critical masses do not strictly apply to turbulent cores, however.
Had we used either the Jeans mass or Bonnor-Ebert mass to determine boundedness
for the B1-E sources, we would have misidentified several as being bound objects. The
average density, however, matched our results from kinematic measurements. Thus,

the average density may be a better diagnostic for boundedness than either the Jeans
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mass or the Bonnor-Ebert mass.

For the protostellar sources, we used compact 70 pym emission and associations
with Spitzer-identified YSOs to classify our sources. We found that compact 70
pm emission was an excellent signature of protostellar activity, whereas a simple
signal-to-noise ratio cut at 70 pum greatly overestimated the number of protostellar
sources. Furthermore, we identified 18 sources of compact 70 pum emission without
corresponding Spitzer detections. These sources may be deeply embedded YSOs or
very young sources, indicating that Herschel detections can identify YSOs missed
by Spitzer. Nevertheless, faint compact 70 um emission can be obscured towards
regions of bright diffuse 70 pm emission. Indeed, 14 YSOs had Spitzer detections
without compact 70 ym emission. Thus, the combination of compact 70 pm sources
and Spitzer sources can better establish the evolutionary state of dense cores than
either method alone. For very young sources, such as FHSCs, however, we were
unable to use either compact 70 pum emission or Spitzer-selected YSOs to identify
these objects. Other diagnostics, such as 100 pym emission (Pezzuto et al. 2012) are
needed to classify these sources. Furthermore, care is needed when classifying sources
in clustered environments. We found several cases of chance coincidences between
more evolved YSOs and younger envelopes. Therefore, SED shapes also need to be
considered.

We used the bolometric temperature to identify early-stage YSOs (Class 0, Class
I) and the infrared spectral index to identify later-stage YSOs (Flat, Class II, Class
III). Using these classifications, we generated new number counts for each YSO class
and found new lifetimes (see Section 5.5.8). Assuming a lifetime of 2 Myr for the
Class II YSOs, we find a combined Class 0/I lifetime of 0.8 Myr, which is 25 % longer
than previous estimates by Evans et al. (2009). We also find a longer (factor of two)
Flat and Class III YSO lifetime. Nevertheless, Flat, Class II, and Class III YSO
classifications are greatly affected by their interstellar extinction corrections. (Class
0 and Class I SEDs are dominated by emission in the far-infrared and submillimeter
and for their bolometric temperatures extinction is negligible; whereas for Flat, Class
II, and Class IIT YSOs, identifications by the infrared spectral index can have vary
significantly with extinction corrections.) Since we did not have extinction measure-
ments for most YSOs, the longer Flat and Class III lifetimes are uncertain. For the
Class 0/I lifetime, however, our results suggest that previous studies missed many
sources, and subsequently underestimated their lifetimes.

The sources identified here correspond to a first-look analysis for the Perseus cloud.
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A more extensive source extraction will be completed for the First Generation study
from the HGBS consortium (Pezzuto et al., in preparation), and will include only
robust sources. Indeed, most core population studies with Herschel focus on robust
detections (e.g., Konyves et al. 2010; Winston et al. 2012; Rygl et al. 2013). Con-
versely, we considered all extracted Herschel sources irrespective of their detection
quality (see Chapter 5). As such, we were able to test which YSOs had associated
submillimeter excesses. We found that all early-stage YSOs had prominent submil-
limeter detections, whereas later-stage YSOs had little to no submillimeter emission,
as expected. Nevertheless, only a quarter of our Flat YSOs had Herschel detections.
Since Flat YSOs are often considered embedded, our results suggest that this stage
is less embedded than expected. Had we only selected the well-detected Herschel
sources, we would have found no submillimeter excesses for later-stage YSOs, except
in cases of likely coincidences, and would be unable to make any conclusions about
the envelopes of Flat YSOs. Certainly, for source catalogues robust detections are

ideal, nevertheless, less robust objects can still be interesting.

2. Comparisons of Core and YSO Populations with Host Clump

The second goal of this dissertation was to compare and contrast the starless core
and YSO populations in each clump to determine if star formation was proceeding
differently between them. First, we identified the B1-E clump as a very young region
likely fragmenting into a first generation of dense cores in relative isolation (Chapter
3). Such a region has not been identified before and offers the unique opportunity to
study core formation without influences from stars or outflows, which may otherwise
change the turbulent motions in the region. Based on our observations, we suspect
B1-E may be influenced by a strong, localized magnetic field, but future observations
are needed explore this possibility. Thus, Chapter 3 reveals an excellent target to
understand how ambient clump material condenses into cores. In particular, follow-
up observations of the turbulent velocities and magnetic field in B1-E can provide
valuable comparisons and constraints to core formation models.

Second, we tested the common assumption of a fixed dust opacity law as used
in Herschel studies of star-forming regions using complementary long wavelength
data (Chapter 4). We found that such long wavelength data constrained better the
model fits to the dust emission than just the Herschel data alone. Furthermore, we

demonstrated that the dust properties varied towards the dense cores compared to the



147

ambient clump material, suggesting that dust grains have evolved between the clumps
and cores. Thus, long wavelength data are critical to obtain the physical properties
and dynamic states of dense cores. Nevertheless, such information is unavailable for
all of Perseus. We found that in the absence of long wavelength data, assuming
a reasonable dust opacity law provides a decent first estimate of source properties.
Thus, Chapter 4 demonstrates that dust models with an assumed fixed dust opacity
law still provide meaningful results. Since most Herschel studies in the literature
(and other sections of this thesis) make these assumptions, this study is critical.
Furthermore, Chapter 4 demonstrates a new method to combine filtered ground-
based long wavelength observations with unfiltered Herschel data, and this method
can be utilized in future studies.

Finally, using the results from Chapters 3 and 4, we characterized the seven main
Perseus clumps and their source populations in a uniform manner, linking source
populations to their parent clump properties for the first time. Previous studies
either lacked the ability to resolve dense cores or could not recover the diffuse emission
associated with the clump. Thus, Chapter 5 represents the first case where clumps and
cores were characterized with the same observations in an uniform manner. Chapter
5 also includes the most complete sampling of starless cores in Perseus to date.

In Chapter 5, we found that several localized clump properties could affect their

embedded source properties. We outline these differences below:

1. The IC348 clump is influenced by a high local interstellar radiation field (Tibbs
et al. 2011), which in turn has raised the temperature of the clump and its
core populations. Thus, the young stellar cluster of 1C348 (and perhaps the
nearby B0 star, HD 278942) are influencing both the clump and the starless
core properties in 1C348.

2. The starless cores in NGC1333 were the smallest and densest on average. The
NGC1333 clump is also very turbulent possibly due to many large-scale outflows
(i.e., Hatchell & Dunham 2009). The resulting higher pressure may be the cause
of the highly compressed starless cores in this clump compared to the other

clumps.

3. Both IC348 and NGC1333 have high fractions of questionably starless cores
towards their clustered regions, suggesting that the temperature structure of

sources in clustered environments be more complicated than for the other clumps.
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For example, sources with cool interiors and warm exteriors may not be well-fit
by the single-temperature models employed here. For IC348, these objects may
be complicated by external heating from the local interstellar radiation field,

but we find no evidence of external heating for the cores in NGC1333, however.

4. 1C348 and NGC1333 contain the highest fractions of Class II and Class III
YSOs. The B1 clump had the next highest Class II fraction, but at a factor of
two lower than 1C348 and NGC1333. These three clumps are also the largest
and most massive in Perseus. As such, it appears that the first YSOs formed

towards the larger and more massive clumps.

5. 1C348 and NGC1333 also have the lowest fractions of starless cores, suggesting
that their star formation is likely slowing down. Conversely, B1-E, B5, 1.1448,
and L1455, which are small lower-mass clumps, each have high fractions of

starless cores, suggesting that their star formation has only begun.

6. B1-E is an unusually young region that has yet to form a single YSO. For
example, B1-E clump has a similar mass and size to B5 and L1448, whereas the
latter two are actively forming stars. If B1-E had the same type of populations
as B5 or L1448, we would expect it to have 1 — 2 YSOs. We propose that star
formation in B1-E is delayed by a strong, localized magnetic field (see Chapter
3).

7. The L1448 clump has the highest fractions of bound starless cores and Class
0 YSOs. This clump also had the shallowest slope at high column densities
in its column density distribution (see Figure 5.6). Clumps with shallow high
column density tails have higher fractions of Class 0 YSOs, whereas those with
steep tails have lower fractions or no detected Class 0 YSOs. Thus, the quantity
of high column density material in a clump reflects the recent star formation

activity.

These results suggest that the amount of high column density material, overall
clump mass, and local influences such as a high interstellar radiation field or a strong
local magnetic field can all affect the the observed properties of dense cores with
clumps and the population types (i.e., onset of star formation) within the clump.
Furthermore, we found a clear trend between the fraction of young sources and the

high column density tail. While several previous studies showed that most clouds and
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clumps have prominent high column density tails, where those with more prominent
tails have more active star formation (Kainulainen et al. 2009; Kainulainen et al.
2011; Schneider et al. 2012), this work demonstrates that the relation does not reflect
the star formation history of a clump. The 1C348 clump has a prominent late-stage
YSO population, but its high column density tail is relatively steep indicating it has
relatively less high column density material. Conversely, 1.1448 is a smaller clump
with few YSOs but high fractions of early-stage YSOs and a very shallow high column
density tail.

We also found many similarities between the clumps and their populations. We

outline these similarities below:

1. Starless cores were typically coincident with the peaks in the column density,
with cores found “on clump” at higher column densities than those found “off
clump” on average. Furthermore, bound starless cores were generally associated

with higher column densities than unbound starless cores.

2. Starless cores associated with regions of higher column densities were generally
denser. Thus, the density of the starless clumps depends on how material is dis-
tributed within their parent clump. For example, cores located towards higher

column densities may be more compressed due to higher external pressures.

3. Denser starless cores are better shielded from their local interstellar radia-
tion field, which lowers the overall core temperature. For very dense cores
(= 10% cm™?), this density-temperature relationship flattens, suggesting that a
minimum core temperature is achieved. These trends appear consistent across

all clumps, regardless of the local interstellar radiation field.

4. Most clumps had very similar average core sizes. While it has been suggested
that 1C348 is more distant (e.g., Cernicharo et al. 1985; Herbig 1998; Ridge
et al. 2006a), we find no evidence of a greater distance based on the average

apparent core size.

Thus, we found a common thread between core density (boundness) and tem-
perature with clump column density, where cores associated with high density envi-
ronments are generally denser and colder. These relationships also agree well for all
sources regardless of clump properties or localized influences (i.e., the local interstel-

lar radiation field), and for sources identified as “off clump”. These results agree well
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with previous studies that associated star formation with dense material (i.e., Kain-
ulainen et al. 2009; André et al. 2010; Lada et al. 2010), and yet, these results also
suggest that the connection is relatively consistent throughout different environments
(clump properties, localized influences) and evolutionary stages (older and younger
populations). For example, while the starless cores in IC348 are warmer on average,
we find the same trends where cores at higher column densities are themselves denser
and colder in a similar manner as the other clumps.

Additionally, we found that the Herschel sources were associated with the column
density peaks. In contrast, Kirk et al. (2006) found that SCUBA-identified cores in
Perseus were offset from the extinction peaks in their low resolution extinction map.
This disparity suggests that caution is needed when using low-resolution extinction
mapping to estimate the column of material associated with small-scale objects. Low
resolution extinction maps can estimate the bulk properties of clouds, however. We
found better agreement at lower column densities between the lower-resolution ex-

tinction map and our higher-resolution column density map.

3. Future Work

We focused on Herschel observations of the Perseus molecular cloud with comple-
mentary observations from other facilities (i.e., the GBT, JCMT, Spitzer, 2MASS).
Our analysis, however, lacks complete dynamical information and complete observa-
tions at A > 500 pum our sources. Complete dynamical information is necessary to
determine boundedness for our starless cores (see Chapter 3), and without this infor-
mation we can only estimate which cores are likely or unlikely to be bound. Complete
observations at A > 500 um are crucial to determine the dust properties from cold,
dust emission (see Chapter 4). In the absence of such information for all cores, we
assumed a fixed dust opacity law. Nevertheless, sources that deviate from this dust
opacity law will have inaccurate mass measurements, and thus, their physical prop-
erties and their dynamic states will be correspondingly uncertain. There are several
surveys of molecular clouds at long wavelengths (i.e., 850 pm observations from the
SCUBA-2 Gould Belt Survey; Ward-Thompson et al. 2007b), and these data can be
used to improve the SED fitting and determine the dust emissivity index.
Additionally, we lacked interstellar extinction estimates for most of our YSOs.
These corrections are most significant for the classification of later-stage YSOs, such
as Flat, Class II, and Class III YSOs compared to the early-stage YSOs (i.e., Class
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0 and Class I). As such, our classifications of YSOs as Flat, Class II, or Class III
is less certain due to these extinction corrections. Therefore, complete interstellar
extinction corrections for unembedded YSOs are necessary to classify these sources
better. For example, if we significantly over- or under-estimate the extinction towards
the sources in one clump, we may bias the YSO populations towards older or younger
populations, respectively.

Finally, this study focused on only the Perseus molecular cloud. We need to ex-
pand this study to determine whether the trends between YSO and core populations
with clump properties we observe for Perseus are common. Notably, Perseus is not
forming high-mass stars. Therefore, it is important to survey other clouds with differ-
ent environments and star formation histories. While the Perseus clumps constitute
different environments themselves, several have small samples of cores and YSOs. For
these clumps, it is difficult to conclude that the trends we observe are robust or are
a product of relatively small number statistics.

With the full Herschel Gould Belt Survey, we will be able to explore the rela-
tionship between source populations and clumps in a large variety of clouds, thereby
improving the number statistics. Many of the Herschel Gould Belt clouds also have
complementary infrared observations with Spitzer, which samples their YSO popula-
tions. This study of the Perseus molecular cloud is the first of many detailed studies
to fully combine data from Herschel, Spitzer, and SCUBA-2 (for B1) to characterize
the full star formation activity in a molecular cloud. This work demonstrates the

type of analysis that can be achieved by combining such datasets.



152

Appendix A

Acronyms and Symbols

Table A.1: Common Acronyms

GBS
HGBS
SED
YSO
FHSC
SPIRE
PACS
IRAC
MIPS
HIPE
GBT
KFPA
JCMT
SCUBA
SCUBA-2
S25V
HARP
H+850
H-only
c2d
G09
IRAS
2MASS
IDL
FWHM
SNR

Gould Belt Survey

Herschel Gould Belt Survey

spectral energy distribution

young stellar object

first hydrostatic core

Spectral and Photometric Imaging Receiver (Herschel detector)
Photodetector Array Camera and Spectrometer (Herschel detector)
Infrared Array Camera (Spitzer detector)

Mid-Infrared Photometer and Spectrometer (Spitzer detector)
Herschel Interactive Processing Environment

Green Bank Telescope

K-band Focal Plane Array (GBT detector)

James Clerk Maxwell Telescope

Submillimeter Common-User Bolometer Array (JCMT detector)
Submillimeter Common-User Bolometer Array 2 (JCMT detector)
SCUBA-2 Science Verification

Heterodyne Array Receiver Program (JCMT detector)

Herschel 160 pm — 500 um bands with the SCUBA-2 850 pm band
Herschel 160 ym — 500 pm bands only

cores to disks survey

Gutermuth et al. (2009) survey

Infrared Astronomical Satelitte

2 Micron All Sky Survey

Interactive Data Language

full width at half maximum

signal-to-noise-ratio




Table A.2: Common Symbols and Constants

Regy

Ty O Ty

Oy
or

ONT
Mvirial

blackbody function

Planck constant

Boltzmann constant

speed of light

sound speed

frequency, typically given in GHz

wavelength, typically given in pym

visual extinction, measured in magnitudes

extinction at wavelength A, measured in magnitudes

flux density at frequency v, measured in Jy (1 Jy = 10726 W m~2)
intensity at frequency v, typically given as W m=2 sr—!

dust temperature, measured in Kelvin

kinetic temperature, measured in Kelvin

distance, typically measured in parsec

effective radius, typically measured in pc

deconvolved radius, typically measured in pc

semi-major, semi-minor axis, typically measured in arcsec (")
molecular hydrogen column density, measured in cm™2

mean molecular weight, unitless

hydrogen mass, measured in grams

gas mass column density, measured in g cm™
density, measured in cm™3

dust emissivity index, unitless

dust opacity per unit dust and gas mass, measured in cm? g=!
dust opacity per unit dust mass, measured in cm? g=!

optical depth with frequency or wavelength, unitless

standard deviation

velocity dispersion, measured in km s~
thermal velocity dispersion, measured in km s=*
non-thermal velocity dispersion, measured in km s=*

virial mass, measured in Mg

virial parameter, unitless

spatial filtering factor, unitless

infrared spectral index

bolometric temperature, measured in Kelvin

bolometric luminosity, measured in Lg

submillimeter luminosity (for A > 350 pum), measured in L,
solar luminosity, ~ 3.84 x 10%¢ W or 3.84 x 103 erg s=*
solar mass, ~ 2 x 10 g

2

1
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Appendix B

SCUBA-2 Filtering

Since SCUBA-2 is a ground-based detector, we filter out large-scale astronomical
emission in the process of removing the emission from a bright and variable atmo-
sphere. Thus, SCUBA-2 is sensitive only to spatial scales where emission is fully
recovered. To determine the largest such spatial scale, we introduced artificial Gaus-
sian sources of various sizes ranging from 1’ to 7.5" FWHM to the original SCUBA-2
data, and then ran these modified maps through the pipeline. Since the SCUBA-
2 pipeline determines which map pixel is covered by which bolometer at any given
time, the extra signal corresponding to the Gaussian sources is simply added to the
bolometer timeseries. Following our reduction process from Section 4.2.2, the smaller
Gaussians were fully recovered, e.g., Gaussians of 1’ or 2.5 sizes. Larger Gaussians,
however, were only partially recovered or fully filtered out. For example, peak fluxes
for ~ 5 Gaussians were only 70% recovered. Based on these tests, the SCUBA-2
observations appear to fully recover objects on size scales < 2.5'.

Conversely, Herschel is a space-based observatory, and thus, the PACS+SPIRE
data are unaffected by atmospheric emission. For our HARP CO (3 —2) line observa-
tions, we used an emission-free off position to remove the atmospheric contributions.
Thus, both PACS+SPIRE and HARP observations are unfiltered, and such data
cannot be directly compared to the SCUBA-2 maps. One simple solution is to filter
out these large-scale structures, such that the Herschel continuum and HARP line
observations are sensitive to the same spatial scales as the SCUBA-2 data.

We filtered out the large-scale emission from the CO (3 — 2) and Herschel maps
using the SCUBA-2 reduction pipeline in the same manner as the artificial Gaussian
sources. We created “artificial maps” by adding the unfiltered CO (3 — 2) integrated
intensity map (in Jy beam™!) or the Herschel data to the SCUBA-2 bolometer time-
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series by adjusting the original signal observed at every bolometer to include the
emission observed by HARP, PACS, or SPIRE. Using these artificial signals, we re-
peated the SCUBA-2 reduction as given in Section 4.2.2 four times, once for each
of the four Grade 1 observations. Finally, we combined the products into a single
mosaic. Since this mosaic also includes the original 850 pym data, we subtracted out
the reduced 850 pm map to leave behind the filtered version of the other data (see
Figure 4.6).
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Appendix C
CO Line Contamination

The CO (3-2) line transition coincides with the 850 ym SCUBA-2 band, and thus,
will contaminate the continuum emission. Significant CO (3 — 2) contamination is
mostly identified towards outflows and highly energetic regions such as HII regions,
where the contamination levels can dominate (> 50%) the total continuum emission
(e.g., Davis et al. 2000; Tothill et al. 2002; Drabek et al. 2012). Although B1 is a
low-mass star-forming complex, and such regions generally contain weaker CO (3 —2)
line emission (Drabek et al. 2012), this clump contains several protostellar sources
driving outflows (Bally et al. 2008).

To evaluate the CO (3 — 2) contamination, we determined the contribution from
the line flux over the entire SCUBA-2 850 pum passband. Following Drabek et al.

(2012), the line flux at frequency vy across the continuum band is,

3
Suo o 2kV0 Guo,line
T =
C3 fgl/,conth

Q [ Typdv, C.1
mJy beam™ / MB (€.1)
where k is the Boltzmann constant, ¢ is the speed of light, €2 is the telescope beam,
Typ is the main beam temperature of the line, g, ine is the transmission of the
submillimeter filter at the frequency of the molecular line (1p), and g, cont is the
transmission profile of the entire submillimeter filter. Drabek et al. (2012) adopted a

“conversion factor” as,

C 2kVS Qoo tine
= d Q. C.2
mJy beam™! (K km s71)~! A Gucomdy (C.2)

The SCUBA-2 filter profile, ¢, cont, varies significantly with atmospheric conditions.
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For example, the filter response is best for dry conditions (7925 < 0.05) and can drop by
more than 50% in wet conditions (7295 > 0.12). We used the S2SV observations made
in very dry conditions, Ty5 < 0.05, resulting in C' ~ 0.63 mJy beam™* (K km s7!)~*
(Drabek et al. 2012). This factor, however, assumes that the beam of SCUBA-2 at
850 pm is 13.8”. We have adopted here an effective beam of 14.2” (see Section 4.2.2),
which considers the larger error beam. Thus, our conversion factor should be modified

by Qesr/Q = 1.06. Therefore, we use
C = 0.67 mJy beam™! (K km s)7". (C.3)

In addition to CO (3 —2) line contamination, other (weaker) molecular line emission
will contaminate the continuum bands (Drabek et al. 2012). For example, CO (6 —5)
at 691.473 GHz coincides with the 450 ym SCUBA-2 band and CO (7—6) at 806.652
GHz coincides with the SPIRE 350 pm band. Nevertheless, Drabek et al. demon-
strated that such high excitation line transitions are generally negligible compared to
the dust emission. For example, the dust emission rises towards shorter wavelengths
as 1772 whereas the emission from higher transitions of CO does not rise as steeply.
For example, we do not believe the excess brightness at 450 pm relative to the filtered
500 pm emission (see Figures 4.8 and Figure 4.11) is due to CO (6-5) contamination
at 450 pum. Since the CO (3 — 2) line contamination is relatively minor, we can also
assume that the contamination from less abundant molecules (i.e., *CO or C'®0)

should be negligible.
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Appendix D
Herschel Colour Corrections

The PACS and SPIRE fluxes from HIPE! contain several sources of uncertainty. First,
both instruments have a 10% flux error based on the uncertainties in the calibration.
For PACS, flux calibrations are mainly based on stellar sources and bright asteroids
(Poglitsch et al. 2010), whereas for SPIRE, flux calibrations primarily use Neptune
(Griffin et al. 2010). Second, both PACS and SPIRE calibrations assume that the
observed spectral profile follows a v~! power-law such that vS,, is flat (Poglitsch et al.
2010; Griffin et al. 2010). For cold molecular clouds (7" ~ 10 K), emission in the PACS
and SPIRE bands will not follow a v~! power-law, and thus, colour corrections are
necessary (e.g., see Pezzuto et al. 2012). Furthermore, the spectral colour corrections
are not systematic, and they depend on the SED shape and thus, will vary with
frequency, temperature, and opacity.

Calculating the spectral colour corrections is nontrivial. First, these correction
factors require foreknowledge of the SED profiles. Second, the colour corrections com-
pare the flux from the true SED profile to the assumed SED profile, both weighted by
the filter response function. For SPIRE, the beam solid angle varies with wavelength,
resulting in more power at longer wavelengths. While this effect is insignificant for
point sources, extended sources (i.e., objects that uniformly fill the entire beam) will
be biased towards longer wavelengths. Thus, colour corrections vary between point
sources and extended objects?. PACS calibration does not differentiate between point

sources and extended sources. Since we are interested in the extended Herschel map

!The Herschel Interactive Processing Environment (HIPE) is a joint development software by
the Herschel Science Ground Segment Consortium, consisting of ESA, the NASA Herschel Science
Center, and the HIFI, PACS, and SPIRE consortia.

2For additional information, see the SPIRE Observers’ Manual (2011), HERSCHEL-DOC-0798,
v2.4, http://herschel.esac.esa.int/Docs/SPIRE /pdf/spire_om.pdf
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structures, we will adopt the extended colour corrections for SPIRE. We caution that
these structures likely do not fill the filter beam uniformly at all wavelengths, and
that these colour corrections represent our best estimate. For SPIRE, these extended
source corrections are generally minor (few percent) and should not greatly affect
our results (Griffin et al. 2010). For PACS, however, the colour corrections of cold
objects can be more significant, particularly at 70 um (Poglitsch et al. 2010). We do
not include 70 pm emission in the SED fits in this paper, however.

Since the SED profiles are unknown a priori, to determine the colour correction,
we assumed the observed dust has temperatures between 10 K and 15 K and dust
emissivity indices between 1.5 and 2.5. For PACS, the colour corrections for cold and
dusty environments are given in Miiller et al. (2011)3, and we extrapolated those tab-
ulated values to identify the colour corrections associated with our adopted ranges of
temperature and beta. For SPIRE, we calculated the colour corrections by integrating
model SEDs weighted by the relative spectral response function (RSRF) of each band
(see Pezzuto et al. 2012). We scaled the RSRF profiles! such that a fixed S, ~ v~1
SED would yield colour corrections of 1.0 (i.e., what was initially assumed in the
calibration). Assuming various power-law profiles, our colour corrections agree with
the corrections in the SPIRE Observers’ Manual to within a few percent. For both
PACS and SPIRE, we adopted the midpoint between the maximum and minimum
colour correction, taking the difference of the average value with respect to the range
of accepted values are our uncertainty. Table 4.1 lists our adopted colour corrections
for each wavelength. We caution that these values are only valid for 7"~ 10 — 15 K
and =~ 1.5 —2.5.

3PACS Photometer Passbands and Colour Correction Factors for Various Source SEDs,
http://herschel.esac.esa.int /twiki/pub/Public/PacsCalibrationWeb/ccreport_v1.pdf

4For extended emission, the RSRF profile is multiplied by A2 to account for the differences in the
beam size between the short wavelength end and the long wavelength end of the filter. For more
details, see the SPIRE Observers’ Manual.
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Appendix E

Measuring (3 from Unfiltered Maps

In this Appendix, we outline the techniques for measuring (§ while recovering the
missing large-scale structure in the SCUBA-2 maps. These techniques are the Offset
Case (Appendix E.1) and the Spatial Factor Case (Appendix E.2). We highlight the

method and discuss the uncertainties in the determined values of (.

E.1 Offset Case

We use the Herschel data to recover the large-scale structure at 850 pym. We assume
that the missing large-scale emission corresponds to scales > 2.5, and thus, we do
not expect large variations in the extended structure for scales < 2.5'. The method

is outlined below and in Figure E.1:

1. For each pixel, we select a 9 x 9 pixel subregion (corresponding to ~ 2.1" for 14”
pixels). The extended emission should not vary over this subregion. See the

top panels of Figure E.1.

2. We create a grid of 850 um flux offsets ranging from 0 — 1.5 Jy beam™! in incre-

ments of 0.03 Jy beam™! to represent the filtered-out emission at 850 pm.

3. For each 850 um offset, we fit the 160 — 850 pum emission from all pixels within
the 9 x 9 pixel subregion.

4. We total the individual x? measures across the entire subregion for each esti-
mation of the 850 pm offset. If the 850 um offset is close to the filtered-out
extended emission, the total x? will be low, and if the 850 um offset differs from

the true extended emission, then the total x? will be high.



161

5. For the central pixel in the subregion, we adopt the 850 um offset value that
corresponds to the minimum total x2. For simplicity, we fit a parabolic function

to the distribution of total x? with offset. See the bottom panels of Figure E.1.

Figure E.1 illustrates our technique. The top panels show two example subregions
with 9 x 9 pixel boxes used to measure the offset at the marked positions towards
a pixel in Bl-a and the south-west filament. For each estimate of the 850 pum offset
ranging from 0 Jy beam™! to 1.5 Jy beam™!, we found the best-fit SEDs across these
subregions, and then summed the x? values from all 81 pixels. The bottom panels
show the distributions of total x? with 850 pm offsets for our two example subregions.
As expected, when the 850 pum offset is greatly underestimated or overestimated, the
total y? is large. We used parabolic fits to identify the offset corresponding to the
minima. For simplicity, Figure E.1 does not include the 10% calibration uncertainties
for each instrument.

Figure E.2 shows the range of best-fit 850 pum offsets within the 10% calibration
uncertainties for the two pixels highlighted in Figure E.1. The range of acceptable
offsets appears fairly broad, suggesting that this technique does not constrain well the
missing 850 pum large-scale emission and these uncertainties overwhelm the uncertain-
ties of the observed 850 um data (10%). Applying 1000 random calibration correction
factors to each subregion (effectively 81 SEDs per increment) and each estimated 850
pum offset (50 possible increments) is computationally expensive. Therefore, we sam-
pled a subset of 10 pixels and found that the 1 ¢ standard deviation errors in the
mean offsets are 20 — 50% of the respective offset measures.

Figure E.3 shows the “recovered” 850 pum large-scale emission. The black con-
tours show the 10 ¢ flux level from Section 4.4.1. The recovered 850 pum extended
emission shows some similarities and yet some variations with the filtered-out large-
scale emission at 250 pum shown in Figure 4.6. For example, we see the recovered
850 pm large-scale emission peak towards the central Bl region at both wavelengths.
Conversely, the recovered 850 um large-scale emission map appears more structured,
with less extended emission towards the main filament and Bl-c. Since the 850 pum
emission traces very cold dust, these differences could reflect differences in dust tem-
perature. Similar differences, however, are not seen between the Herschel bands at
250 pm and 500 pm.

Figure E.4 shows the # maps determined from SED fitting with the Herschel+850

bands, where the 850 pum emission includes the recovered extended structure from
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Figure E.1: Technique to measure the missing 850 pum emission. Top: Two examples of
9 x 9 pixel subregions centered on (a) Bl-a and (b) the filament. For a given subregion,
the SEDs of each pixel are fit for a range of 850 ym offset values from 0 — 1.5 Jy beam™!.
Then, for each offset estimate, we sum the individual x? measurements from every best-fit
SED in the subregion. Bottom: The relative total x? measure at each offset for the two
example subregions. The lowest x? value (xq) is determined from a parabolic fit to a set of
values (shown in blue) near the distribution minimum. The 850 um offsets corresponding
with these minima are given in the bottom right corners along with the observed emission
at 850 pHm (8850).

Figure E.3. We measured [ assuming two extremes, i.e., (a) no uncertainties in
the extended emission and (b) 50% uncertainties in the extended emission. In the
bottom panels, we compare the derived 3 distributions with the equivalent H-only
distribution. Most noticeably, there is a spike at f ~ 1.8 — 1.9 in Figure E.4c, which
is similar to the § =~ 2 peak seen in Figure 4.9. Nevertheless, as shown in Figure E.4d,

this spike disappears if we assume 50% errors for the 850 um extended emission, likely
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Figure E.2: Range of best-fit 850 pum offsets. We generated 1000 random calibration
correction factors as described in Section 4.4, and then found the best-fit 850 pum offset for
each set of correction factors according to our technique (see text and Figure E.1). The red
curves show a Gaussian fit to the histograms.
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Figure E.3: The recovered diffuse emission at 850 pum obtained with our technique. The
black contours correspond to the 10 ¢ region in Section 4.4.1.

due to the 850 pum data being too uncertain to constrain well the SEDs. Indeed,
the (3 distribution with 50% flux errors in the 850 pum extended structure appears
more similar to the H-only distribution, with a slight offset towards lower 3 values.
Therefore, the Offset Case approach to recover the filtered-out, large-scale 850 pm

emission makes the 850 um data too uncertain to be an effective constraint.
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Figure E.4: Top: Dust emissivity maps assuming (a) no errors for the 850 pum offsets
or (b) 50% errors for the 850 um offsets (see Appendix E.1). The black contours indicate
the region correspond to > 10 ¢ from Section 4.4.1. Bottom: Histograms comparing (3
distributions from the 850 pum offset analyses and the distribution obtained from H-only
data. We assume no 850 pm offset uncertainties in (c¢) and 50% offset uncertainties in (d).

E.2 Spatial Factor Case

For the Spatial Factor Case, we attempt to recover the missing large-scale emission
by scaling the 450 um and 850 pm emission by a spatial filtering factor to account
for the missing extended flux. We assume that the 450 pm and 850 pm observations
are missing the same fraction of extended emission, and then fit the SEDs according
to Equation 4.3, solving for the SED parameters and the spatial filtering factor, Fip.
Since Figure 4.11 demonstrates that the observed 450 pm emission tends to be 10-15%
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brighter than the predicted emission, we adjusted the 450 pym emission downward by
12.5%. This adjustment appears most reasonable for the brightest parts of the Bl
clump (i.e., Ij50 > 5 Jy beam™!), however, and may cause erroneous results outside
of these locations.

The top panels of Figure E.5 shows the [ values and spatial filtering factors
derived using Equation 4.3. The contours correspond to the regions with Iy50 > 5
Jy beam™!, and where a scaling of —12.5% is more reasonable (see Figure 4.11).
Similar to the previous measures of 3, we find that 3 is lowest towards Bl-c. On the
other hand, we find § ~ 2.3 towards Bl-a and § ~ 1.6 towards B1-b. Additionally,
we obtain § ~ 1.7 along the filament. For the spatial filtering factor, we find Fsp ~
0.8 — 0.9 towards the dense, compact cores and Fsp ~ 0.7 towards the filament.
Towards the edges of the 10 ¢ region, however, the spatial filtering factor drops to
< 0.4, suggesting that most of that emission was removed by the SCUBA-2 reduction
pipeline. Figure E.5 also shows the distributions of 3 and Fgp for the > 1 Jy beam™!
and > 5 Jy beam™! regions. Unsurprisingly, the brightest regions (i.e., the locations
of the compact objects) correspond with the highest fraction of recovered emission.
Nevertheless, we find a wide range of 3 values even for the > 5 Jy beam™! region.
Within the calibration uncertainties, we find o < 1.0. Therefore, the Spatial Filtering

Case is not a robust method to determine (.
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Figure E.5: Top: Results from the Spatial Factor Case highlighting (a) the dust emissivity
and (b) spatial filtering factor (Fsr). The dust emission was fit using Equation 4.3, assuming
an equal scaling factor, Fgp for the 450 pm band and the 850 pym band. The contours
indicate the region with I;50 > 5 Jy beam™!. Bottom: Histograms for 3 and spatial filtering
factor. The solid lines show the histograms for the entire region in the upper panels, and
the dashed lines show the histograms for the Iy50 > 5 Jy beam ™' regions, only. For these
analyses, the 450 um data were scaled by 12.5% to account for the fractional increase in
brightness in the observed maps over the predicted maps (see Figure 4.11).
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Appendix F
Source Temperatures

We fitted source SEDs at 160 —500 pum using Equation 5.2. Since we have limited
wavelength coverage, our ability to fit the SEDs varies with temperature. For example,
at T' ~ 40 K and 8 = 2, the SED peaks around 70 pum, which is beyond the range
of our fitting (we do not include the 70 pm observations in our fits). As such, the
160 pm — 500 pm SED fit does not constrain the temperature well for such warm
material. Conversely, a source with 7"~ 10 K and § = 2 will peak around 290 pm,
which is bounded by our observations. Thus, the 160 — 500 pm SED will result in a
better constrained fit.

To test the degeneracy of the SED fitting with temperature, we generated model
fluxes for 1 My sources at temperatures of 7" = 10 — 50 K with # = 2. For each
value of temperature, we divided the model flux in each band by the appropriate
colour correction for that temperature and then multiplied the result by our assumed
colour corrections. This modification simulates the fluxes we would obtain using our
technique. Additionally, we split the colour corrections into two bins. For tempera-
tures of 10 — 30 K, we used the colour corrections given in Table 5.4. For the sources
with T' > 30 K, we calculated new colour corrections appropriate for that tempera-
ture range (following the same procedure as for Table 5.4). Finally, we applied 1000
randomly generated errors within +1¢ to each band to represent observational noise.
For simplicity, we assumed each band was observed at a SNR = 7.

From the procedure outlined above, we obtained 1000 modified SEDs for each
estimate of temperature. Since we know the true SED, we can test the accuracy of
the SED-fitting. For each temperature, we fitted the 1000 modified SEDs following
Equation 5.2 using the IDL program mpfitfun. We took the quadrature sum of the

simulated noise and the colour correction uncertainties for the flux error in each band.
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Figure F.1 shows the range in best-fit temperature and mass for our 1000 modified
model SEDs. To highlight the differences between the best-fit values and the true
results, Figure F.1 shows the relative values, corresponding the fractional difference
between the observed fit and the true value, i.e., (fit — true)/true. For temperature,
we find that the uncertainty in the fitting increases significantly between 10 K and 50
K. For example, at 10 K, we have a standard deviation for temperature of o = 2%,
whereas at 50 K, the standard deviation becomes o ~ 20%. Surprisingly, the source
mass has a large uncertainty at every temperature (¢ > 10%), but the uncertainty
doubles between 10 K and 50 K.

72010 e B B e M 200 T .
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600 30K E F 30K ———— 1
E 50K 3 r 50K q
E E 150 — =
500 = L ]
400 E [ i
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Figure F.1: Relative variations between the best-fit values and the true values for (a)
temperature and (b) mass. For clarity, we only show the results for 10 K, 30 K, and 50 K.

For T" > 30 K, the relative variations between the best-fit temperatures and
the true temperature becomes non-Gaussian with high temperature tails (see Figure
F.1a). Since the 160 gum band is longward of the SED peak at these temperatures,
it is unsurprising that the SED fits cannot constrain well the higher temperatures
from 160 —500 pm data only. Since the 70 pm data are themselves too uncertain, we
cannot use these data to help constrain the SED peak and the temperature. Thus,
sources with best-fit temperatures of T' > 30 K are unreliable.

For the colour correction, we also set a lower-limit of 7' = 10 K. For SPIRE, the
colour corrections do not vary significantly at this temperature range (we recover
the same absolute colour correction). For PACS, however, colder sources have more
significant colour corrections. Nevertheless, such cold sources are unlikely to have
strong 160 pum emission. For example, a 1 My source at 8 K will have Si59 < 0.2 Jy.
Such a source will not be well detected within an N(Hy) > 2.0 x 10*! cm™2 region
(see Section 5.3.3).
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Appendix G

YSO Extinction

Molecular clouds have higher optical depths at short wavelengths than long wave-
lengths (see Figure 1.2). As such, YSOs will appear fainter, particularly at A < 24
pm. For accurate SEDs from 1.25 ym to 500 um, we must correct the fluxes at the

shorter wavelengths. The change in the amount of emission is given by

where dI) is the loss in emission due to dust with an optical depth of 7,. Thus, we
find that for a source with a given intensity of I,(0), the emission detected by an

observer would be,
I)\ = I,\(O)e_”.

Thus, to measure ,(0), we must first obtain 7y.

Typically, the measure for reddening is given by the interstellar extinction rather
than optical depth. The interstellar extinction corresponds to the loss in magni-
tudes (brightness) at a given wavelength due to intervening material (i.e., dust). By

definition, the magnitude is given by,
my = —2.5log F\ + C,

where m is the magnitude, Sy ~ I/d? is the flux density, and C'is a constant for unit

coversion. Thus, the difference in magnitude between the observed emission and the



170

true emission is given by,

My, obs — M true — —2.5 10g S)\,obs/S)\,true

Ay = —25logl/I(0),

where A, is the change in magnitude brightness due to interstellar extinction, for
Meps = Myrue. For the same source, the flux, S, can be written by the intensity

(distance independent). Thus, we can write A, as,

Ay = —25loge ™ or
Ay = 1.0867,

Thus, to correct our observed emission, we use the following relation;
Strue = obseA)\/l.OSG- (Gl)

For Perseus, we can estimate the visual extinction (Ay ) from our column density
map (Figure 5.5) using Equation 5.1. To measure Ay, however, we relied on theoretical
extinction curves (e.g., Weingartner & Draine 2001), which vary depending on dust
grain properties. Thus, we follow the c2d catalogue and adopt the following A, /Ay

ratios (M. Dunham 2013, private communication);

Table G.1: Adopted Ratios of Extinction with Wavelength

Band J H K IRAC1 IRAC2 IRAC3 IRAC4 MIPS1
A (pm)  1.25 1.65 2.17 3.6 4.5 5.8 8.0 24
Ay/Ay  0.2688 0.1647 0.1149 0.0664 0.0544 0.0443 0.0505 0.0260

For the c2d catalogue, visual extinction (Ay) was measured using optical surveys
of YSO populations in the literature. Since embedded sources are not detected at such
short wavelengths, visual extinction could only be measured for older YSOs (i.e., Class
II/11I sources). The mean extinction was Ay = 5.9. Similarly, the G09 catalogue uses
expected colours for Class II YSOs (classical T-Tauri stars) or low-mass dwarf stars
to measure the line-of-sight extinction towards the sources. Gutermuth et al. (2009)
reports source extinction in K-band, assuming Ax = 0.112A4y,. The mean extinction
was Ay = 5.1. For the younger YSOs, such as Class 0/1 objects, neither survey could

directly measure the line-of-sight extinction. For these, we assumed the mean value
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from the c2d catalogue of Ay = 5.9 mag. The c2d catalogue is larger and samples the
entire Perseus cloud, whereas the G09 catalogue only sampled NGC1333 and 1C348.

Figures G.1 and G.2 compare the extinction measured for the older YSOs from the
c2d catalogue and GO9 catalogue, respectively, with the total line-of-sight extinction
from the maps. The extinction map from Spitzer data is provided by the c2d survey!
at 180" resolution. Furthermore, we produced two Herschel extinction maps. The
first used the column density for the whole cloud, the second used the column density
from the background only. We measured the background column density by removing
the objects detected by getsources from the individual flux maps. In both cases,
we converted our Herschel column density maps to extinction using Equation 5.1,
and then convolved these maps to 180" resolution. The relation for a fixed source

extinction of Ay = 5.9 is shown by the dashed curve.
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Figure G.1: Relative variations between the visual extinction (Ay) for the YSOs from
the ¢2d catalogue. We only include the YSOs where foreground extinction was determined.
For comparison, we give the relative differences between the determined extinction for each
YSO with the extinction measured towards the Perseus field from Spitzer (black stars),
Herschel (red triangles), and Herschel background (blue diamonds). The distribution for
Ay = 5.9 is shown with a dashed curve.

For both Figure G.1 and Figure G.2, the extinction is scattered about the Ay = 5.9

curve. We do not find any systematic offsets from this curve. Thus, in the absence

Thttp://irsa.ipac.caltech.edu/data/SPITZER,/C2D /images/PER/
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Figure G.2: Same as Figure G.1 but for the YSOs from the G09 catalogue.

of a measured extinction value, assuming Ay = 5.9 provides a reasonable estimation

of the line-of-sight extinction to any given source.
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Appendix H

Source Tables

In this Section, we provide complete source tables. We caution that these catalogues
correspond to a preliminary extraction for the Perseus cloud. As such, we will not
publish source positions or fluxes at this time. Source positions and fluxes will be
provided with the First Generation paper (see explanation in Section 5.3.2).

Table H.1 gives the results from fitting single-temperature dusty blackbody mod-
els to the observed SEDs. Column 1 gives the source location as defined by the
boundaries in Figure 5.5. For sources outside of the clumps, we use the designation
“Off Clump”. Column 2 gives the source name. We use the observation field (West or
East) and the extraction number to define unique names for all our sources. Column
3 gives the detection quality (see below), where “WD” corresponds to well-detected
sources and “PD” corresponds to poorly-detected sources. See Section 5.3.2 for more
details. Column 4 gives the SED fit quality, where “G”’ corresponds to a good fit and
“B” corresponds to a bad fit. We outlined the details for the fit quality in Section
5.4.2. Columns 5-7 give the best-fit SED parameters of mass, temperature, and the
reduced y2. Column 8 gives the effective source radius, as measured from the 250 um
extraction and for a distance of 235 pc. The effective radius has been deconvolved
with an 18.2"” beam. Column 9 gives the average density, assuming a spherical source
and a mean molecular weight of p = 2.8.

We characterized each Herschel source identified by getsources as either “well-
detected” (WD) or “poorly-detected” (PD) according to the significance of the de-
tection and the robustness of the flux measurements obtained by getsources. A well-

detected source met each of the following criteria;

1. a getsources global goodness parameter > 1 (see Section 5.3.1),
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2. a semi-major axis at 500 pym < 180",
3. alow aspect ratio (a/b < 2) in at least three bands between 160 — 500 pm,

4. a SNR > 5 in at least two Herschel bands and a SNR > 3 in at least one other
Herschel band between 160 yum — 500 pm.

The first condition generally removes unreliable or spurious detections. From
experience, sources with good < 1 are unreliable. The second condition removes
large, fluffy sources unlikely to be dense cores. Since cores are generally < 0.1 pc in
size, we imposed a very conservative upper limit for the detected size of 180" (~ 0.2 pc
at a distance of 235 pc). We selected only the 500 ym band for this condition since it
has the coarsest resolution. The third condition ensures we are selecting cores rather
than small fragments of filaments. While cores themselves can be elongated, most
have aspect ratios of a/b < 2 (Jijina et al. 1999; Offner & Krumbholz 2009). The final
condition selects objects that have well-measured fluxes in at least three wavebands.
Objects that fail this condition could be due to poor signal (faint) or high noise
(source is associated with a bright, diffuse background). We flag all well-detected
sources with “WD” and all poorly-detected sources with “PD”.



Table H.1. Results From SED Fitting
Location Name Quality® FitP M T red X2 R n
Me)  (K) (1072 pc)  (10° cm™3)

Off Clump  West1255 WD B 0.7 12.6 4.4 6.8 0.1
Off Clump  West1136 WD B 0.7 14.0 2.3 8.6 0.0
Off Clump  West829 WD G 0.3 120 5.5 x10~! 3.9 0.2
Off Clump  West1091 WD G 0.4 14.3 5.1 x1071! 5.7 0.1
Off Clump  West791 WD G 0.0 12.7 2.5 x1072 1.6 0.4
Off Clump  West716 WD G 0.1 13.1 1.2 2.1 0.2
Off Clump  West740 WD G 0.0 26.7 3.6 x10~2 1.3 0.1
Off Clump  West869 WD G 0.1 14.2 2.1 x10~4 2.1 0.2
Off Clump  West413 WD G 0.2 12.6 6.1 x10~2 2.6 0.4
Off Clump  West788 WD G 1.1 114 1.8 x10~2 4.8 0.4
Off Clump  West263 WD G 1.4 10.7 2.6 x10~ 1 3.2 1.5
Off Clump  West884 WD G 0.6 13.2 1.1 x1071 5.1 0.2
Off Clump  West272 WD G 0.2 12.0 2.8 x10~2 1.8 1.2
L1448 West334 PD G 0.7 120 4.1 x10~* 3.1 0.8
Off Clump  West454 WD G 0.1 12.7 3.0 x10~3 2.2 0.4
Off Clump  West509 PD G 0.5 8.9 7.1 x10~2 1.8 3.2
Off Clump  West663 PD G 0.0 149 1.6 x10~2 1.6 0.3
L1448 West457 WD G 0.1 21.2 6.3 x10~2 3.7 0.0
Off Clump  West789 WD G 1.3 11.8 2.8 x10~ 1! 6.9 0.1
L1448 West609 PD B -9.0 -9.0 9.0 1.8 -9.0
Off Clump  West705 WD G 0.9 8.8 1.2 x10~t 2.4 2.2
Off Clump  West417 WD G 1.5 9.0 4.0 x107! 3.2 1.5
Off Clump  West662 WD B 0.3 12.1 2.3 4.2 0.1
L1448 West437 WD G 0.4 129 2.9 x10~2 3.9 0.2
Off Clump  West284 WD G 2.6 8.6 1.2 x10~1 3.3 2.5
L1448 West639 PD G 0.5 12.5 3.1 x1071 4.5 0.2
Off Clump  West859 WD G 1.5 11.8 9.9 x10—2 5.0 0.4
L1448 West714 PD B 0.0 400.0 2.2 x10* 8.2 0.0
L1448 West146 PD G 0.0 179 1.4 x10~! 0.7 2.7
L1448 West32 PD B -9.0 -9.0 9.0 0.2 -9.0
Off Clump  West160 WD B 2.3 7.8 2.9 1.4 26.7
L1448 West612 PD G 0.1 10.7 8.9 x1072 1.4 1.9
L1448 West458 WD G 0.3 14.1 6.7 x10~2 3.3 0.3
L1448 West238 PD G 0.4 11.1 8.3 x10~2 2.1 1.7
Off Clump  West909 WD B 0.3 11.9 9.1 4.2 0.1
Off Clump  West243 WD G 4.9 10.8 5.2 x1073 5.5 1.0
Off Clump  West616 WD G 0.5 13.8 5.1 x10~2 5.6 0.1
L1448 West264 PD B -9.0 -9.0 9.0 1.7 -9.0
L1448 West375 PD B -9.0 -9.0 9.0 2.2 -9.0
L1448 West9 WD B 0.8 16.5 6.8 0.0 -9.0
Off Clump  West637 WD B 0.2 13.4 3.2 2.4 0.4
Off Clump  West875 PD G 0.1 12.9 1.0 x10—2 1.6 0.5
L1448 West1049 PD B -9.0 -9.0 9.0 3.6 -9.0
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Table H.1 (cont’d)

Location Name Quality® FitP M T red x2 R n
Me)  (K) (1072 pc)  (10° cm™3)

L1448 West99 PD B 3.3 8.4 1.3 0.8 216.0
Off Clump  West279 WD G 1.4 10.1 1.4 x10—2 3.5 1.1
Off Clump  West804 WD G 0.2 13.8 1.1 x10~2 3.7 0.2
L1448 West223 PD B -9.0 -9.0 9.0 1.3 -9.0
Off Clump  West280 WD B 2.7 11.0 3.2 5.4 0.6
Off Clump  West310 WD G 0.1 10.6 2.3 x10~1t 1.0 4.0
L1448 West230 WD B 1.1 11.2 4.5 4.4 0.4
L1448 West25 WD B 1.6 13.9 7.5 0.2 6417.0
Off Clump  West753 WD G 0.1 14.2 1.0 x10~1! 2.2 0.3
L1448 West8 WD B 3.7 14.7 8.5 0.2 10521.0
Off Clump  West453 PD G 23.5 7.8 4.1 x1071! 5.6 4.5
Off Clump  West452 WD G 3.0 10.5 7.0 x10~?! 4.8 0.9
Off Clump  West278 WD G 0.6 10.0 8.1 x102 2.1 2.3
11448 West397 WD G 0.2 12.5 2.1 x10~2 2.4 0.4
Off Clump  West351 WD B 0.3 11.3 1.5 2.0 1.2
11448 West4 WD B 1.5 17.6 4.3 0.1 40163.3
L1448 West629 PD B -9.0 -9.0 -9.0 2.1 -9.0
Off Clump  West349 WD G 0.5 12.4 1.1 3.7 0.4
Off Clump  West636 PD G 0.1 13.0 1.6 x10~1! 1.6 0.6
11448 West584 PD G 0.5 11.8 1.7 x10~1 4.7 0.2
L1448 West613 PD B -9.0 -9.0 9.0 1.7 -9.0
Off Clump  West954 WD G 0.6 11.1 7.1 x10~2 4.6 0.2
Off Clump  West451 WD G 0.1 13.9 9.5 x10—2 2.4 0.2
Off Clump  West920 WD G 0.1 13.2 2.0 x10—2 1.9 0.3
Off Clump  West907 PD G 0.4 8.3 9.9 x10~2 1.4 4.7
Off Clump  West617 WD G 0.1 13.0 6.1 x10~2 1.8 0.4
Off Clump  West574 WD B 0.4 13.1 7.0 5.1 0.1
L1448 West251 PD B -9.0 -9.0 9.0 1.9 -9.0
Off Clump  West692 WD G 0.7 12.5 5.2 x10~4 4.2 0.3
L1448 West1047 WD G 0.2 124 1.7 x10~1 2.8 0.3
Off Clump  West416 WD G 1.9 10.0 3.3 x10~2 3.5 1.5
L1448 West197 PD G 4.2 87 3.0 x1073 2.8 6.7
L1448 West191 WD G 1.2 9.9 1.3 x10~1 2.1 4.2
L1448 West353 PD B -9.0 -9.0 9.0 2.0 -9.0
11448 West382 PD B -9.0 -9.0 9.0 1.0 -9.0
Off Clump  West463 WD G 0.2 13.8 2.1 x1071 3.1 0.2
Off Clump  West332 PD B 0.6 11.2 1.0 x10! 3.0 0.8
11448 West1148 PD G 0.0 16.2 4.7 x10~1 1.9 0.1
Off Clump  West635 WD G 0.0 144 9.7 x1073 1.9 0.2
Off Clump  West906 PD G 0.5 13.8 2.1 x107! 6.0 0.1
11448 West213 WD G 0.2 11.4 1.5 x10~1 1.6 1.8
L1448 West287 WD G 1.3 124 6.0 x10~1! 4.0 0.7
Off Clump  West111 PD B -9.0 -9.0 9.0 0.0 -9.0
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Table H.1 (cont’d)

Location Name Quality® FitP M T red x2 R n
(Mo) () (1072 pe)  (10° cn~?)

Off Clump  West659 PD B -9.0 -9.0 9.0 0.0 -9.0
L1448 West244 WD G 0.8 11.6 1.4 x10~1t 3.1 0.9
L1448 West265 WD G 0.3 11.0 4.6 x10~1t 1.6 2.7
Off Clump  West870 WD G 0.1 14.8 8.3 x1071! 4.0 0.0
L1448 West641 PD G 0.1 13.5 9.6 x10~2 1.5 0.6
L1448 West608 PD G 0.1 11.3 3.8 x10~2 1.2 1.3
L1448 West327 WD G 0.2 12.2 2.0 x10—2 1.7 1.1
Off Clump  West604 WD G 0.2 12.7 7.5 x1072 3.1 0.3
L1448 West583 PD B 0.1 15.3 1.6 3.7 0.0
Off Clump  West605 WD G 0.1 12.7 4.7 x1073 2.5 0.2
L1448 West668 PD G 0.3 10.1 7.6 x10~1 2.5 0.6
Off Clump  West481 PD G 0.1 11.7 1.8 x10~1t 1.8 0.6
Off Clump  West1141 WD G 0.2 13.8 6.1 x10~1! 4.4 0.1
L1448 West312 PD G 0.5 9.1 3.1 x10~1 1.6 3.9
L1448 West399 PD G 0.1 13.5 1.1 x10—3 2.8 0.2
L1448 West396 WD G 0.2 11.8 2.0 x10—2 2.7 0.3
Off Clump  West857 WD G 1.7 11.1 1.4 x102 5.2 0.4
L1448 West582 WD G 0.1 12.6 1.4 x10~1! 2.7 0.2
11448 West325 WD G 0.6 11.5 8.5 x1073 3.6 0.5
Off Clump  West1093 WD B 0.6 14.2 2.8 7.9 0.0
Off Clump  West873 WD G 0.0 14.1 1.6 x10—3 2.2 0.1
Off Clump  West721 WD G 0.6 12.9 3.4 x10~! 4.5 0.2
Off Clump  West863 WD G 0.1 13.6 3.0 x10~3 2.6 0.2
Off Clump  West761 WD G 0.3 13.7 5.2 x1073 3.6 0.2
Off Clump  West20 WD B 0.4 13.9 2.3 x10! 0.0 -9.0
Off Clump  West886 PD G 0.0 15.0 2.8 x10~1 1.7 0.3
Off Clump  West760 WD G 0.1 12.0 4.7 x10~1t 2.4 0.4
Off Clump  West658 WD G 0.5 14.1 1.0 6.2 0.1
L1455 West1097 WD B 0.3 9.8 1.9 2.9 0.4
L1455 West958 WD G 0.9 14.7 8.2 x10~1 8.0 0.1
Off Clump  West840 PD G 0.0 18.8 9.1 x10—2 0.6 0.6
L1455 West226 WD G 1.4 11.3 1.1 x10~1! 4.1 0.7
Off Clump ~ West268 WD G 0.5 12.6 1.2 x10~1! 2.8 0.8
Off Clump  West488 WD G 0.2 13.7 1.3 x10~! 3.1 0.3
Off Clump  West855 WD G 0.1 13.7 3.0 x10~1! 2.5 0.2
L1455 West1054 PD G 0.0 26.5 5.0 x1072 2.5 0.0
L1455 West580 PD G 0.2 11.0 1.8 x10~2 2.1 0.6
Off Clump  West216 WD G 1.1 12.6 3.1 x1073 3.6 0.8
L1455 West688 PD G 1.3 10.7 4.5 x10~1 4.5 0.5
L1455 West935 WD G 0.2 14.1 1.3 x10~1 3.2 0.2
L1455 West323 WD B 0.7 13.5 1.5 4.1 0.4
L1455 West254 WD G 0.2 14.2 4.1 x10~1t 2.9 0.3
L1455 West708 PD G 0.0 13.9 1.4 x107? 1.0 0.8

177



Table H.1 (cont’d)
Location Name Quality® FitP M T red x?2 R n
Me)  (K) (1072 pc)  (10° cm™3)

11455 West352 WD G 0.7 12.7 7.2 x10~2 4.2 0.3
11455 West537 PD B -9.0 -9.0 9.0 1.5 -9.0
11455 West575 WD G 0.3 12.7 3.1 x10~1! 3.4 0.3
L1455 West745 PD B 0.6 9.6 2.2 3.2 0.6
L1455 West373 WD B 3.1 10.9 8.1 5.1 0.8
L1455 West374 WD G 0.1 13.9 4.8 x10~% 2.3 0.4
11455 West419 WD G 0.8 10.5 7.6 x10~2 3.2 0.8
L1455 West412 WD G 0.5 9.0 1.9 x10~1 1.5 4.3
11455 West567 WD G 0.3 11.5 5.0 x10—3 3.0 0.3
L1455 West350 PD G 1.5 9.7 4.3 x10~3 3.2 1.6
L1455 West880 WD G 0.8 12.9 3.8 x10~! 6.4 0.1
L1455 West638 PD B -9.0 -9.0 -9.0 1.9 -9.0
L1455 West239 PD G 0.6 9.9 2.5 x10~1 1.6 4.3
L1455 West792 PD B -9.0 -9.0 9.0 1.3 -9.0
L1455 West910 WD G 0.1 11.4 6.5 x1073 2.2 0.5
11455 West607 PD B -9.0 -9.0 9.0 1.4 -9.0
11455 West35 WD B 0.4 13.5 3.5 0.3 299.8
11455 West395 WD G 0.3 11.8 9.6 x1073 2.7 0.6
L1455 West285 WD B 8.7 8.4 3.1 5.2 2.2
11455 Westb WD B 0.5 18.7 1.1 x10! 0.0 -9.0
L1455 West772 WD G 0.2 12.2 3.2 x10~3 2.8 0.3
11455 West394 WD G 0.2 11.3 1.0 2.0 0.9
L1455 West161 PD G 7.7 6.7 7.3 x1071 0.9 363.9
NGC1333  West365 WD G 0.4 9.1 3.4 x1071 1.5 4.0
L1455 West435 PD G 0.1 12.5 4.4 x10~1 1.4 0.9
L1455 West18 WD B 0.6 13.9 3.8 x10! 0.0 -9.0
L1455 West540 WD G 0.1 17.1 1.0 x10~2 2.4 0.2
L1455 West311 PD B -9.0 -9.0 9.0 0.6 -9.0
L1455 West611 PD B 0.2 12.6 2.9 3.3 0.2
L1455 West478 PD G 1.0 8.5 3.9 x10~2 2.0 4.5
L1455 West36 WD B 0.8 12.1 1.9 x10! 0.5 239.1
L1455 West606 PD B -9.0 -9.0 9.0 1.5 -9.0
L1455 West793 PD B -9.0 -9.0 9.0 1.0 -9.0
L1455 West860 WD G 0.2 12.5 4.9 x10~1 3.8 0.1
11455 West286 PD B -9.0 -9.0 9.0 1.1 -9.0
L1455 West237 PD G 0.5 9.4 1.4 x10~1 1.5 5.1
11455 West418 WD G 0.6 10.8 2.4 x102 2.6 1.1
L1455 West568 WD G 0.5 10.3 2.5 x10—2 2.4 1.3
11455 West1142 PD B -9.0 -9.0 -9.0 2.1 -9.0
NGC1333  West725 PD B 2.6 12.8 8.4 x10! 12.0 0.1
11455 West1144 PD B -9.0 -9.0 9.0 1.6 -9.0
11455 West456 PD G 0.2 13.3 5.3 x10~2 3.4 0.2
L1455 West577 PD G 0.1 11.0 5.6 x10~2 1.5 1.2
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Table H.1 (cont’d)

Location Name Quality® FitP M T red X2 R n
Mg) (K) (1072 pc)  (10° cm™®)
Off Clump  West948 WD G 0.1 151 3.0 x10~° 3.0 0.1
L1455 West821 PD G 0.0 18.6 1.8 x10~1! 2.3 0.1
L1455 West82 WD B 0.1 10.9 7.8 0.4 97.8
NGC1333  West1065 PD B 1.4 10.8 3.6 5.0 0.4
L1455 West664 PD G 0.1 10.7 2.8 x1073 1.6 1.2
Off Clump  West1094 WD G 0.7 13.4 1.2 5.8 0.1
L1455 West748 WD G 2.7 10.5 1.1 5.8 0.5
L1455 West477 WD G 0.3 11.5 1.7 x107° 2.5 0.7
L1455 West541 PD G 2.0 86 3.2 x10! 3.4 1.8
L1455 West480 WD G 0.6 11.9 1.6 x10~2 3.6 0.4
NGC1333  West1205 PD G 0.0 13.9 5.7 x10~* 1.3 0.4
L1455 West794 WD G 0.2 11.4 3.5 x1073 2.6 0.5
NGC1333  West897 PD G 0.1 11.0 6.0 x10~2 1.5 1.0
NGC1333  West589 WD G 0.2 11.5 1.1 x10~1! 2.2 0.8
NGC1333  West718 WD G 0.3 9.8 22 x1071! 2.2 1.1
L1455 West915 PD G 0.2 9.5 5.4 x1072 2.0 1.0
Off Clump  West1151 WD G 0.2 13.0 1.4 x1071! 3.9 0.1
NGC1333  West919 WD G 0.3 12.7 4.0 x10~2 3.2 0.3
L1455 West742 WD G 0.2 13.6 2.5 x10°1! 3.5 0.1
NGC1333  West384 PD G 0.3 9.6 1.7 x1072 1.4 3.5
NGC1333  West339 WD G 0.5 10.0 4.3 x1071! 1.9 2.5
NGC1333  West644 PD B 9.0  -9.0 9.0 1.5 -9.0
NGC1333  West1032 PD B 0.1 17.2 1.4 4.5 0.0
NGC1333  West835 PD B 9.0  -9.0 -9.0 2.5 -9.0
NGC1333  West834 WD G 0.8 11.5 8.0 x10~* 4.1 0.4
L1455 West542 PD G 0.5 11.5 3.4 x10~4 3.4 0.4
NGC1333  West549 WD G 0.3 12.3 8.2 x1072 2.9 0.4
L1455 West586 WD G 0.3 10.6 1.9 x10~1! 2.5 0.6
NGC1333  West362 PD G 1.8 7.4 2.0 x1071 1.6 14.1
NGC1333  West377 PD G 0.4 9.6 2.6 x10°! 1.7 2.9
L1455 West383 WD G 0.4 11.7 3.3 x10~2 3.0 0.5
NGC1333  West222 PD B 9.0 -9.0 9.0 1.1 -9.0
L1455 West333 WD G 0.1 13.3 2.1 x10~1! 2.2 0.4
NGC1333  West425 PD B 9.0 -9.0 9.0 3.3 -9.0
NGC1333  West363 PD B 9.0  -9.0 9.0 1.4 -9.0
NGC1333  Westd64 PD G 0.3 87 1.7 x107! 0.6 51.4
NGC1333  West198 PD B 9.0 -9.0 9.0 1.2 -9.0
NGC1333  West86 WD B 0.2 12.6 6.0 0.3 277.2
NGC1333  West809 WD B 0.2 13.2 2.0 3.0 0.3
NGC1333  West420 WD G 3.3 9.1 4.0 x10~* 3.9 2.0
L1455 West245 WD G 0.5 114 5.2 x10~1! 2.3 1.2
NGC1333  West31 WD B 0.1 16.3 4.6 0.3 66.7
NGC1333  West96 WD G 0.2 11.4 8.6 x10~1! 0.0 -9.0
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Table H.1 (cont’d)

Location Name Quality® FitP M T red x2 R n
M)  (K) (1072 pc)  (10° cm™3)

NGC1333  West361 WD G 0.5 12.8 2.1 x10—2 3.8 0.3
Off Clump  West486 WD G 0.2 14.3 2.3 x1071 2.4 0.4
NGC1333  West129 PD B 0.1 12.6 1.4 0.3 167.7
NGC1333  West3 WD B 0.4 19.7 9.2 0.2 2706.7
L1455 West 747 PD B 0.3 13.2 2.1 6.0 0.1
NGC1333  West414 PD G 0.4 9.8 2.3 x1072 1.4 4.8
Off Clump  West328 PD B 9.0  -9.0 9.0 0.5 -9.0
NGC1333  West162 WD G 3.4 9.4 1.0 2.9 4.8
NGC1333  West366 WD G 2.0 10.2 4.0 x10~5 3.2 2.2
NGC1333  West209 PD B 9.0  -9.0 9.0 1.0 -9.0
NGC1333  West149 PD G 5.2 106 2.3 x10~1! 3.1 5.8
NGC1333  West722 PD B 9.0  -9.0 9.0 0.8 -9.0
Off Clump  West348 WD G 0.1 120 1.0 x10~1! 1.8 0.7
Off Clump  West968 WD G 0.1 13.3 2.3 x107! 3.3 0.1
L1455 West547 WD G 0.1 13.5 9.4 x103 2.5 0.2
NGC1333  West371 WD G 1.0 12.2 2.2 x1071 3.9 0.6
NGC1333  West133 WD B 0.2 13.9 1.7 0.7 24.7
NGC1333  West757 PD G 1.8 7.4 2.9 x1071 1.2 41.3
Off Clump  West338 WD B 3.9 10.7 7.1 6.0 0.6
NGC1333  West281 WD G 3.1 7.3 5.0 x10~1 1.3 50.9
NGC1333  West228 PD B 9.0  -9.0 -9.0 0.8 -9.0
NGC1333  West330 PD B 9.0  -9.0 9.0 0.4 -9.0
NGC1333  West39 WD G 0.2 14.1 1.1 0.5 63.2
L1455 West455 WD G 0.5 9.5 2.1 x1073 2.5 1.2
NGC1333  West1210 PD B 9.0  -9.0 9.0 1.6 -9.0
NGC1333  West559 PD B 9.0  -9.0 9.0 1.1 -9.0
NGC1333  West314 PD B 9.0  -9.0 9.0 3.0 -9.0
NGC1333  West38 WD B 0.2 12.6 1.2 x10' 0.4 124.2
NGC1333  Westd41 PD B 9.0  -9.0 -9.0 5.2 -9.0
Off Clump  West1152 WD B 0.1 19.0 5.0 5.5 0.0
NGC1333  West591 PD G 0.1 11.8 1.6 x10~2 1.8 0.8
NGC1333  West276 PD B 9.0  -9.0 9.0 1.6 -9.0
L1455 West485 WD G 0.2 14.2 4.9 x10~1! 3.4 0.2
NGC1333  West894 PD B 9.0  -9.0 9.0 1.0 -9.0
L1455 West667 PD B 9.0  -9.0 -9.0 1.0 -9.0
NGC1333  West200 PD B 9.0  -9.0 9.0 1.5 -9.0
NGC1333  West494 PD B 9.0  -9.0 9.0 1.4 -9.0
NGC1333  West898 PD B -9.0  -9.0 9.0 1.4 -9.0
NGC1333  West282 PD B 9.0  -9.0 9.0 1.1 -9.0
NGC1333  West140 PD B 9.0  -9.0 9.0 0.9 -9.0
Off Clump  West67 PD G 0.4 13.6 3.4 x1071 2.6 0.7
NGC1333  West258 PD B 9.0  -9.0 9.0 0.2 -9.0
NGC1333  West387 WD G 1.3 124 1.2 x10—2 5.6 0.3
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Table H.1 (cont’d)
Location Name Quality® FitP M T red x2 R n
Me)  (K) (1072 pc)  (10° em™?)

Off Clump  West255 PD B 0.2 12.1 1.3 x10! 2.2 0.6
Off Clump  West439 WD G 1.3 13.0 8.2 x1072 5.8 0.2
NGC1333 West150 PD B -9.0 -9.0 9.0 1.4 -9.0
NGC1333 West247 WD G 1.8 10.7 4.7 x10~1 3.7 1.2
NGC1333 West270 PD G 0.1 12.7 8.0 x10~3 1.0 3.1
L1455 West862 PD G 0.4 10.5 3.2 x1072 2.8 0.5
NGC1333 West329 PD B -9.0 -9.0 9.0 1.4 -9.0
NGC1333 West173 PD B -9.0 -9.0 9.0 1.3 -9.0
NGC1333 West75 PD G 2.2 10.0 7.1 x1072 0.3 2360.5
L1455 West381 WD G 2.9 10.5 1.5 x1072 5.5 0.6
NGC1333 West495 PD B -9.0 -9.0 9.0 1.2 -9.0
NGC1333 West78 PD B -9.0 -9.0 9.0 0.4 -9.0
NGC1333 West407 PD B -9.0 -9.0 9.0 0.6 -9.0
NGC1333 West887 PD B -9.0 -9.0 9.0 1.3 -9.0
NGC1333 West493 PD B -9.0 -9.0 9.0 0.4 -9.0
NGC1333 West208 PD B -9.0 -9.0 9.0 0.0 -9.0
NGC1333 West210 PD B -9.0 -9.0 9.0 0.7 -9.0
NGC1333 West838 PD B -9.0 -9.0 9.0 0.9 -9.0
NGC1333 West141 PD B -9.0 -9.0 9.0 1.5 -9.0
NGC1333 West1 WD B 1.7 21.1 5.3 0.2 11309.7
L1455 West666 WD G 1.0 10.7 4.0 x1073 4.2 0.5
Off Clump  West691 WD G 0.6 12.4 2.0 x10~1 3.8 0.4
NGC1333 West206 PD B -9.0 -9.0 9.0 0.4 -9.0
NGC1333 West121 PD B -9.0 -9.0 9.0 1.3 -9.0
NGC1333 West91 PD B -9.0 -9.0 9.0 0.7 -9.0
NGC1333 West290 PD B -9.0 -9.0 9.0 0.5 -9.0
NGC1333 West104 PD B -9.0 -9.0 9.0 0.0 -9.0
L1455 West511 WD G 0.8 10.7 5.3 x1071 3.9 0.5
NGC1333 West10 WD B 0.4 16.8 6.7 0.4 202.5
NGC1333 West88 PD B -9.0 -9.0 9.0 0.5 -9.0
NGC1333 West 720 PD G 0.7 10.3 4.2 x1071 4.1 0.3
NGC1333 West119 PD B -9.0 -9.0 9.0 0.7 -9.0
NGC1333 West492 PD B -9.0 -9.0 9.0 0.6 -9.0
NGC1333 West43 PD B -9.0 -9.0 9.0 0.3 -9.0
NGC1333 West267 PD B -9.0 -9.0 9.0 0.9 -9.0
Off Clump  West631 PD B 0.0 400.0 9.9 7.2 0.0
NGC1333 West53 PD B -9.0 -9.0 9.0 0.7 -9.0
NGC1333 West211 PD B -9.0 -9.0 9.0 1.4 -9.0
NGC1333 West426 PD B -9.0 -9.0 9.0 1.9 -9.0
NGC1333 West148 PD B -9.0 -9.0 9.0 0.7 -9.0
NGC1333 West190 PD B -9.0 -9.0 9.0 0.4 -9.0
NGC1333 West471 WD G 0.3 15.5 3.8 x10~1! 4.6 0.1
NGC1333 West130 PD B -9.0 -9.0 9.0 0.4 -9.0
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Table H.1 (cont’d)

Location Name Quality® FitP M T red x2 R n
(Mo)  (K) (1072 po)  (10° e~
NGC1333 West63 WD B 10.9 8.8 1.8 1.7 75.2
NGC1333 West33 PD B 0.4 13.6 1.3 0.2 1253.2
NGC1333 West164 PD B -9.0 -9.0 9.0 0.8 -9.0
NGC1333 West15 WD B 3.0 14.2 2.8 x101 0.4 1500.8
NGC1333 West340 PD B -9.0 -9.0 9.0 0.5 -9.0
NGC1333 West558 PD B 0.2 15.9 5.3 4.8 0.1
NGC1333 West19 WD B 5.9 11.1 2.4 0.5 1285.9
NGC1333 West217 PD B -9.0 -9.0 9.0 1.1 -9.0
NGC1333 West165 PD B -9.0 -9.0 9.0 1.7 -9.0
NGC1333 West553 WD G 0.8 12.6 1.0 x10—2 4.1 0.4
NGC1333 West199 PD B -9.0 -9.0 9.0 1.0 -9.0
NGC1333 West68 PD B -9.0 -9.0 9.0 0.1 -9.0
NGC1333 West77 PD B -9.0 -9.0 9.0 0.6 -9.0
NGC1333 West2 WD B 2.5 17.6 2.1 0.4 1856.1
NGC1333 West266 PD B -9.0 -9.0 9.0 1.0 -9.0
L1455 West711 WD B 0.4 10.0 9.5 3.1 0.5
NGC1333 West40 PD G 13.3 7.1 9.9 x10~2 0.6 2237.5
NGC1333 West232 PD B -9.0 -9.0 9.0 0.8 -9.0
NGC1333 West124 PD G 1.7 11.3 6.0 x10—2 2.0 7.8
NGC1333 West48 WD B 6.3 9.6 1.6 0.9 313.3
NGC1333 West120 PD B -9.0 -9.0 9.0 0.7 -9.0
NGC1333 Westd7 PD B 2.6 10.3 3.8 0.4 1391.2
NGC1333 West291 PD B -9.0 -9.0 9.0 0.7 -9.0
NGC1333 West155 PD B -9.0 -9.0 9.0 0.3 -9.0
NGC1333 West125 PD B -9.0 -9.0 9.0 0.4 -9.0
NGC1333 West922 PD G 0.1 14.0 2.1 x1072 3.0 0.2
NGC1333 West87 PD B 20.6 6.7 3.2 0.8 1437.8
L1455 West1167 WD G 0.1 12.5 1.4 x10~2 3.3 0.1
NGC1333 West92 WD G 2.5 10.6 1.1 x10~2 1.4 33.4
NGC1333 West7 WD B 0.5 19.3 7.2 0.5 131.1
NGC1333 West201 PD B -9.0 -9.0 9.0 0.8 -9.0
NGC1333 West194 PD B -9.0 -9.0 9.0 0.6 -9.0
Off Clump  West961 WD G 0.2 11.2 2.9 x10~! 2.5 0.4
NGC1333 West42 PD B -9.0 -9.0 9.0 0.7 -9.0
NGC1333 West212 PD B -9.0 -9.0 9.0 1.8 -9.0
Off Clump  West614 WD G 1.4 11.8 5.7 x10~1 5.6 0.3
Off Clump  West832 PD G 0.1 12.0 9.7 x10~2 1.3 0.9
NGC1333 West890 PD B -9.0 -9.0 9.0 1.3 -9.0
Off Clump  West532 WD G 0.1 15.0 6.0 x10~3 2.4 0.2
NGC1333 West6 WD B 5.0 14.4 1.0 x10! 0.0 -9.0
Off Clump  West669 WD G 0.1 15.3 5.1 x10~1t 2.1 0.2
NGC1333 West11 WD B 0.3 30.2 1.0 x10* 1.2 6.0
NGC1333 West16 WD G 0.2 19.1 2.2 x10~1 0.3 195.1
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Table H.1 (cont’d)
Location Name Quality® FitP M T red x2 R n
(Mo)  (K) (102 pe)  (10° e )

NGC1333 West 14 WD B 1.2 15.3 2.4 0.4 816.9
NGC1333 West180 PD B -9.0 -9.0 9.0 0.9 -9.0
NGC1333 West 13 WD B 3.2 14.3 2.6 0.1 46869.2
NGC1333 West215 PD B -9.0 -9.0 9.0 0.6 -9.0
NGC1333 West317 PD B -9.0 -9.0 9.0 1.0 -9.0
NGC1333 West154 PD B -9.0 -9.0 9.0 1.0 -9.0
NGC1333 West315 PD B -9.0 -9.0 9.0 1.1 -9.0
NGC1333 West110 PD B -9.0 -9.0 9.0 1.0 -9.0
NGC1333 West49 PD B -9.0 -9.0 9.0 0.1 -9.0
NGC1333 West83 PD B -9.0 -9.0 9.0 1.4 -9.0
NGC1333 West30 PD B 0.5 14.2 4.8 0.0 -9.0
NGC1333 West143 PD G 3.3 8.4 1.7 x10—8 0.7 334.0
NGC1333 West205 PD B -9.0 -9.0 9.0 1.2 -9.0
NGC1333 West81 PD B -9.0 -9.0 9.0 1.4 -9.0
NGC1333 West181 PD G 0.3 12.0 1.0 x10~1t 1.2 6.2
NGC1333 West122 PD B -9.0 -9.0 9.0 0.3 -9.0
Off Clump  West787 WD G 0.3 14.2 3.5 x10~1! 4.6 0.1
Off Clump  West581 WD G 0.0 134 1.1 x1071! 1.5 0.4
NGC1333 West131 PD B -9.0 -9.0 9.0 0.8 -9.0
NGC1333 West203 PD B -9.0 -9.0 9.0 0.9 -9.0
NGC1333 West94 PD B -9.0 -9.0 9.0 1.2 -9.0
NGC1333 West23 WD G 0.4 14.7 5.5 x10~1 0.3 447.9
NGC1333 West260 PD B -9.0 -9.0 9.0 1.0 -9.0
NGC1333  West561 WD G 0.4 13.0 8.3 x107! 4.0 0.2
NGC1333 West116 PD B -9.0 -9.0 9.0 0.6 -9.0
NGC1333 West341 PD G 0.6 9.7 8.8 x1073 0.7 56.7
NGC1333 West409 PD B -9.0 -9.0 9.0 1.5 -9.0
NGC1333 West195 PD G 0.6 10.1 3.3 x10~! 0.6 88.4
NGC1333 West473 PD G 0.8 7.6 4.0 x10~2 1.5 9.0
NGC1333 West37 PD G 0.6 13.2 2.7 x10~! 0.2 4236.9
NGC1333 West229 PD B -9.0 -9.0 9.0 0.0 -9.0
NGC1333 West60 WD G 0.9 20.0 4.3 x107! 3.5 0.7
NGC1333 West259 PD G 0.2 10.3 8.0 x1073 1.3 3.3
NGC1333 West182 PD B -9.0 -9.0 9.0 0.6 -9.0
NGC1333 West55 WD G 0.1 39.4 1.3 x107! 2.5 0.3
NGC1333 West171 PD B -9.0 -9.0 9.0 2.4 -9.0
NGC1333 West560 PD B -9.0 -9.0 9.0 1.7 -9.0
NGC1333 West973 PD B -9.0 -9.0 9.0 1.2 -9.0
NGC1333 West157 PD B -9.0 -9.0 9.0 0.6 -9.0
NGC1333 West123 PD B -9.0 -9.0 9.0 0.9 -9.0
NGC1333 West592 PD B -9.0 -9.0 9.0 2.2 -9.0
NGC1333 West224 PD B -9.0 -9.0 9.0 1.2 -9.0
Off Clump  West436 WD G 0.4 9.9 1.2 x10~ 1 2.4 1.0
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Table H.1 (cont’d)

Location Name Quality® FitP M T red X2 R n
Mo)  (¥) (1072 pe)  (10° em™?)

Off Clump  West861 PD B 0.4 10.6 2.7 4.0 0.2
NGC1333  Westd4 WD B 0.8 10.8 2.1 x10! 0.4 417.3
NGC1333  West319 WD G 1.3 114 3.0 x10~?! 5.4 0.3
NGC1333  West207 PD B 9.0  -9.0 9.0 0.9 -9.0
NGC1333  West726 PD B 9.0  -9.0 9.0 1.2 -9.0
NGC1333  West891 PD B 9.0  -9.0 9.0 2.1 -9.0
NGC1333  West522 PD B 9.0  -9.0 9.0 1.2 -9.0
NGC1333  West108 WD G 0.7 10.8 2.3 x10—2 1.2 15.1
NGC1333  West1071 PD B 9.0  -9.0 9.0 2.1 -9.0
Off Clump  West628 WD G 0.6 9.7 8.6 x1072 2.8 1.0
NGC1333  West622 PD B 0.6 8.0 1.7 1.4 6.8
Off Clump  West746 WD G 0.1 135 1.2 x10~1! 2.7 0.2
NGC1333  West697 PD B 9.0  -9.0 9.0 1.2 -9.0
NGC1333  West137 PD B 9.0  -9.0 9.0 0.0 -9.0
Off Clump  West324 WD G 0.3 10.5 1.0 x103 2.4 0.7
NGC1333  West1008 PD B 9.0  -9.0 9.0 1.7 -9.0
NGC1333  West807 PD B 9.0  -9.0 9.0 2.2 -9.0
Off Clump  West702 PD G 0.0 15.3 5.1 x10—2 1.7 0.1
NGC1333  West844 PD B 9.0  -9.0 9.0 1.9 -9.0
Off Clump  West336 WD G 0.2 11.6 2.3 x1073 2.4 0.5
NGC1333  West763 PD B 9.0  -9.0 9.0 2.5 -9.0
NGC1333  West620 PD B 9.0  -9.0 9.0 2.9 -9.0
NGC1333  West940 PD B 9.0  -9.0 9.0 2.3 -9.0
Off Clump  West739 WD G 0.0 179 1.1 x10—2 2.7 0.1
Off Clump  West300 WD G 0.9 12.0 9.9 x10—2 4.4 0.4
NGC1333  West977 PD B 9.0  -9.0 9.0 1.0 -9.0
NGC1333  West768 WD B 1.4 11.8 3.1 6.1 0.2
Off Clump  West640 PD G 0.1 11.7 7.5 x10—2 1.4 0.6
Off Clump  West749 PD G 0.2 10.3 2.3 x107! 1.8 1.0
NGC1333  Westd44 PD B 9.0  -9.0 9.0 2.4 -9.0
NGC1333  West649 PD G 0.4 9.2 34 x107! 1.9 2.4
NGC1333  West28 WD B 0.6 13.0 2.8 x10! 0.0 -9.0
NGC1333  West283 PD B 9.0  -9.0 9.0 0.0 -9.0
NGC1333  West730 PD G 0.8 8.0 3.0 x1071! 1.6 7.4
NGC1333  West1012 PD B 0.1 15.2 1.4 x10! 5.1 0.0
NGC1333  West292 WD G 0.1 12.5 3.4 x1073 1.6 1.0
Off Clump  West401 WD G 0.0 13.9 1.4 x10~2 1.3 0.6
Off Clump  West1015 PD B 0.5 13.2 1.5 6.6 0.1
Off Clump  West865 WD G 0.1 13.2 5.1 x10~2 1.7 0.4
NGC1333  West573 WD G 0.0 23.3 1.1 2.9 0.0
Off Clump  West885 WD B 0.3 14.8 1.7 x10! 5.7 0.0
Off Clump  West1027 PD G 0.4 11.0 1.8 x107?! 3.4 0.3
Off Clump  West175 PD B 0.9 9.0 2.3 1.1 27.4
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Table H.1 (cont’d)

Location Name Quality® FitP M T red X2 R n
Mg) (K) (1072 pc)  (10° cm™3)
Off Clump  West516 WD G 0.7 12.3 8.5 x10~1! 4.3 0.3
Off Clump  West833 WD B 0.0 18.9 4.4 3.7 0.0
Off Clump  West21 WD B 0.2 15.6 1.1 x10* 0.4 77.9
NGC1333  West682 WD B 4.5 10.5 3.1 6.2 0.6
Off Clump  West252 WD G 0.1 12.8 7.5 x10°1! 0.4 54.5
Off Clump  West1106 WD B 0.0 12.7 2.7 1.9 0.3
Off Clump  West62 PD B 0.0 34.9 1.5 0.0 -9.0
Off Clump  West752 PD G 0.1 12.9 4.9 x1072 2.4 0.3
Off Clump  West717 WD G 0.1 12.8 1.7 x107° 1.6 0.4
Off Clump  West588 PD B 0.1 14.4 2.6 2.9 0.2
Off Clump  West302 PD G 0.2 11.2 4.3 x10~2 1.6 1.3
Off Clump  West400 PD G 0.1 11.4 1.8 x10—2 1.5 1.2
Off Clump  West246 WD G 0.5 13.6 6.5 x10~1! 3.9 0.3
Off Clump  West51 PD B 9.0  -9.0 9.0 0.0 -9.0
Off Clump  West76 WD B 0.8 9.5 1.9 x10! 0.3 682.6
Off Clump  West422 PD G 0.2 9.6 9.9 x1072 1.4 3.0
Off Clump  West1197 PD B 9.0 -9.0 9.0 1.6 -9.0
Off Clump  West402 WD G 0.1 10.7 5.4 x10~2 1.3 1.7
Off Clump  West156 PD B 9.0  -9.0 9.0 0.0 -9.0
Off Clump  West587 WD G 0.8 11.0 4.0 x1073 3.4 0.7
Off Clump  West798 WD G 0.6 119 1.4 x1072 4.0 0.3
Off Clump  West690 WD G 0.4 12.9 2.4 x1071! 4.1 0.2
Off Clump  West693 PD G 0.1 12.4 3.8 x10—2 1.7 0.4
Off Clump  West52 PD B 9.0 -9.0 -9.0 0.0 -9.0
Off Clump  West515 WD G 0.4 11.1 9.4 x10~4 2.9 0.6
Off Clump  West167 WD G 4.8 10.3 1.0 5.4 1.1
Off Clump  West273 PD B 0.2 13.4 1.7 2.2 0.6
Off Clump  West221 WD G 0.6 10.7 3.6 x107% 2.4 1.6
Off Clump  West170 WD B 0.2 9.1 6.5 0.4 114.3
Off Clump  West918 WD G 0.1 17.5 3.5 x10~1! 4.6 0.0
Off Clump  West557 WD G 0.1 12.3 5.6 x1073 1.9 0.4
Off Clump  West483 WD G 0.4 11.7 9.4 x1071 3.5 0.4
Off Clump  West689 WD G 0.1 18.0 1.6 x10~1! 3.8 0.0
Off Clump  West460 WD B 29 10.5 3.9 6.6 0.4
B1 West256 PD G 0.5 10.6 3.9 x107% 2.0 2.4
B1 West489 WD B 0.6 10.7 7.0 3.3 0.6
B1 West274 PD G 1.9 7.9 4.0 x1073 1.2 33.6
B1 West17 WD B 0.9 14.2 1.7 x10! 0.0 -9.0
B1 West670 PD B 9.0 -9.0 9.0 1.6 -9.0
Off Clump  West499 WD G 0.1 13.0 4.6 x10~1! 2.4 0.3
Off Clump  West128 WD G 0.0 15.5 1.3 0.0 -9.0
B1 West1003 WD G 0.1 15.8 3.7 x10~1! 5.3 0.0
Off Clump  West1086 WD B 2.4 9.2 1.5 x10! 4.8 0.8
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Table H.1 (cont’d)

Location Name Quality® FitP M T red X2 R n
Mg) (K) (1072 pc)  (10° cm™3)

Off Clump  West484 PD G 0.1 11.4 2.6 x1072 1.1 1.5
Off Clump  West1221 PD B -9.0  -9.0 -9.0 1.1 -9.0
B1 West928 WD G 0.1 155 1.4 x10~! 4.3 0.1
Off Clump  West354 WD G 1.1 11.9 1.1 x107?! 4.3 0.5
Off Clump  West514 WD G 0.2 13.0 7.3 x1072 2.3 0.5
B1 West355 WD G 0.9 11.7 1.3 x10~! 4.6 0.3
B1 West235 PD B -9.0  -9.0 9.0 0.6 -9.0
B1 West368 WD G 0.5 12.2 1.4 x10~2 2.7 0.8
B1 West504 WD G 0.0 149 3.9 x107! 2.0 0.2
B1 West841 PD B 9.0 -9.0 9.0 2.1 -9.0
B1 West321 WD B 2.1 11.8 1.7 5.3 0.5
B1 West700 PD G 0.3 13.4 1.5 x1072 3.9 0.2
B1 West895 WD G 0.1 18.0 1.1 x107?! 4.1 0.1
B1 West723 PD B -9.0  -9.0 9.0 1.7 -9.0
Off Clump  West236 WD G 0.8 13.0 6.5 x107! 6.0 0.1
B1 West415 WD G 0.6 13.1 1.3 x1073 3.4 0.5
Off Clump  West432 PD G 0.1 12.5 1.1 x10~1! 1.7 0.6
B1 West632 WD G 0.3 12.4 1.8 x1072 2.6 0.6
B1 West406 PD B -9.0  -9.0 9.0 0.8 -9.0
B1 West430 PD G 0.1 14.7 3.9 x10~! 2.7 0.2
B1 West597 WD B 0.1 12.2 2.4 1.3 1.7
B1 West26 WD B 1.6 124 1.6 x10t 0.0 -9.0
B1 West443 PD G 0.2 11.3 4.8 x1072 2.3 0.6
Off Clump  West308 WD G 0.4 109 3.9 x107! 2.7 0.7
B1 West839 PD B -9.0  -9.0 9.0 0.8 -9.0
B1 West695 PD B 9.0 -9.0 9.0 1.7 -9.0
B1 West900 PD B 0.1 13.2 1.0 1.3 0.8
B1 West389 PD B 1.9 12.0 1.1 x10t 5.8 0.3
Off Clump  West565 WD G 0.2 12.1 4.8 x10™! 2.4 0.5
B1 West779 WD G 0.3 13.1 4.8 x1072 3.8 0.2
B1 West764 WD G 0.3 11.6 4.3 x10~! 2.2 0.9
B1 West519 PD G 2.6 7.6 7.6 x1073 2.1 10.4
B1 West496 WD G 0.3 13.5 5.5 x1072 3.7 0.2
B1 West241 PD G 1.7 9.6 1.0 2.4 4.5
B1 West674 PD G 0.1 13.1 3.1 x10~2 2.3 0.4
B1 West202 PD B -9.0  -9.0 9.0 1.0 -9.0
B1 West899 PD G 0.1 11.8 1.0 x10~1! 1.7 1.0
B1 West46 WD B 0.2 13.8 6.6 0.4 79.6
B1 West525 WD G 0.6 14.0 9.3 x10~! 5.1 0.2
B1 West297 PD B 0.1 12.4 3.7 1.4 1.6
Off Clump  West917 PD B 9.0 -9.0 -9.0 1.3 -9.0
B1 West369 WD G 0.5 11.5 1.2 x10™! 3.1 0.6
B1 West647 PD B 9.0 -9.0 9.0 2.1 -9.0
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Table H.1 (cont’d)

Location Name Quality® FitP M T red x2 R n
Me)  (K) (1072 pc)  (10° cm™?)
B1 West370 WD B -9.0 -9.0 -9.0 2.2 -9.0
B1 West132 PD B -9.0 -9.0 9.0 0.0 -9.0
Bl West1128 ~ WD G 0.2 155 1.6 x1073 3.7 0.1
B1 West385 WD G 0.2 14.1 7.9 x10~2 2.5 0.3
Off Clump  West851 PD B -9.0 -9.0 9.0 1.1 -9.0
B1 West1036 PD B -9.0 -9.0 9.0 1.5 -9.0
B1 West780 PD B -9.0 -9.0 9.0 2.3 -9.0
B1 West593 WD B 1.2 13.5 4.8 6.8 0.1
Off Clump  West529 WD G 0.3 13.6 1.6 x10~1 5.4 0.1
B1 West813 PD B -9.0 -9.0 9.0 1.7 -9.0
B1 West318 WD B 7.2 10.3 1.2 x10t 6.5 0.9
B1 West686 PD B -9.0 -9.0 9.0 2.5 -9.0
B1 West1010 PD B -9.0 -9.0 9.0 2.3 -9.0
B1 West595 PD G 0.6 10.9 1.8 x1072 3.4 0.5
B1 West929 PD B -9.0 -9.0 9.0 1.3 -9.0
B1 West812 WD G 0.1 14.6 7.4 x1071 2.7 0.2
B1 West1216 PD B -9.0 -9.0 9.0 1.9 -9.0
B1 West342 PD G 0.2 10.2 2.6 x1072 0.9 8.9
B1 West733 PD G 0.5 10.9 1.9 x10~1 2.8 0.9
B1 West520 PD B 0.8 13.5 1.2 x10! 5.3 0.2
B1 West562 WD G 0.8 12.1 2.6 x10~1 4.0 0.4
B1 West924 PD B -9.0 -9.0 9.0 1.1 -9.0
B1 West978 PD B -9.0 -9.0 9.0 1.1 -9.0
B1 West571 WD B 0.9 11.7 5.2 4.5 0.3
B1 West925 PD B -9.0 -9.0 9.0 0.9 -9.0
B1 West249 WD G 1.8 11.1 7.8 x10~2 3.3 1.7
B1 West307 PD G 5.9 8.0 2.3 x1072 4.2 2.8
B1 West261 PD B -9.0 -9.0 9.0 2.2 -9.0
B1 West1112 PD B 0.0 400.0 1.3 3.9 0.0
B1 West271 PD B -9.0 -9.0 9.0 1.9 -9.0
B1 West301 PD B -9.0 -9.0 9.0 1.8 -9.0
B1 West 727 WD G 0.8 11.5 6.1 x10~3 3.5 0.6
B1 West379 PD B -9.0 -9.0 9.0 2.4 -9.0
B1 West250 PD G 0.4 9.6 5.9 x10~3 1.4 5.0
B1 West503 PD G 0.1 13.4 2.8 x1074 2.1 0.4
B1 West698 PD B 0.0 400.0 2.4 x10* 6.0 0.0
B1 West29 PD B -9.0 -9.0 9.0 0.0 -9.0
B1 West135 PD B 0.8 10.4 1.1 0.6 101.5
B1 West136 WD G 2.1 9.0 1.8 x10~1 1.8 11.5
B1 West650 PD B -9.0 -9.0 9.0 3.0 -9.0
B1 West50 WD B 0.9 10.6 5.8 0.4 460.1
B1 West34 WD B 0.9 12.6 1.3 x10! 0.4 609.8
B1 West24 PD B 0.1 15.8 6.2 0.3 175.8
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Table H.1 (cont’d)

Location Name Quality® FitP M T red x2 R n
Me)  (K) (1072 pc) (10 cm™?)

B1 West845 PD B -9.0 -9.0 9.0 2.0 -9.0
B1 West 769 PD B -9.0 -9.0 9.0 1.1 -9.0
B1 West729 PD B -9.0 -9.0 9.0 1.0 -9.0
B1 West12 WD B 1.6 15.1 8.9 0.0 -9.0
B1 West234 PD G 0.3 11.5 2.2 x1071! 0.5 61.7
B1 West41 WD B 4.1 10.6 2.2 x10* 0.7 414.9
B1 West847 PD B -9.0 -9.0 9.0 1.3 -9.0
B1 West624 PD B -9.0 -9.0 -9.0 2.3 -9.0
B1 West248 PD B -9.0 -9.0 9.0 0.8 -9.0
B1 West1078 PD B -9.0 -9.0 9.0 1.9 -9.0
B1 West1161 PD B -9.0 -9.0 9.0 2.0 -9.0
B1 West934 PD B -9.0 -9.0 9.0 3.0 -9.0
B1 West500 WD G 0.4 16.2 5.7 x10~2 4.3 0.2
B1 West295 PD G 6.3 6.8 2.1 x1072 2.5 14.0
B1 West526 PD B -9.0 -9.0 9.0 2.1 -9.0
B1 West27 PD G 0.1 171 7.4 x1071! 0.3 142.7
B1 West427 WD G 0.3 129 1.9 x10~2 2.8 0.5
B1 West505 PD G 5.1 102 1.4 x10~2 4.7 1.7
B1 West498 WD G 0.8 11.7 3.8 x10~2 3.2 0.9
B1 West410 PD G 0.5 11.1 2.2 x10~2 2.5 1.2
B1 West84 PD B -9.0 -9.0 9.0 0.0 -9.0
B1 West429 PD B 0.0  400.0 4.7 4.4 0.0
B1 West731 PD B -9.0 -9.0 9.0 0.8 -9.0
B1 West447 WD G 0.7 11.0 1.1 x10~?! 3.6 0.5
B1 West343 WD G 0.1 17.0 4.3 x10~1! 3.2 0.1
B1 West474 PD B -9.0 -9.0 9.0 0.2 -9.0
B1 West345 PD G 0.7 10.9 9.4 x1072 2.6 1.3
B1 West431 WD G 0.1 152 1.3 x10~! 2.5 0.3
B1 West572 PD B 0.3 13.2 1.1 4.2 0.1
B1 West501 WD G 0.1 19.3 8.3 x10~2 2.9 0.1
B1 West626 WD G 1.1 129 7.2 x1073 5.2 0.3
B1 West784 PD G 0.0 159 1.6 x1073 2.0 0.2
B1 West633 WD G 0.4 16.9 2.7 x10~1 6.8 0.0
B1 East460 PD G 0.0 17.0 2.7 x1073 1.9 0.1
B1 West684 WD G 0.1 14.8 3.9 x10~2 2.6 0.2
B1 West736 PD B 0.0 18.5 1.2 2.7 0.1
Bl West816 PD B 1206 5.2 2.2 3.9 72.8
B1 West1080 WD G 0.3 14.0 4.6 x1072 3.9 0.2
B1 West356 WD G 0.5 12.6 8.6 x10~2 4.0 0.3
B1 East421 PD B -9.0 -9.0 9.0 2.5 -9.0
Off Clump  East494 PD B 0.7 19.9 1.6 x10! 11.0 0.0
Off Clump  East476 WD G 0.2 155 5.1 x10~4 4.3 0.1
Off Clump  West449 WD G 1.5 11.8 1.3 4.7 0.5
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Table H.1 (cont’d)

Location Name Quality® FitP M T red x2 R n
(Mo)  (K) (102 po)  (10° cm™?)

B1E West391 PD G 0.1 134 2.1 x10—2 1.3 0.9
Off Clump  East462 WD G 0.2 13.9 3.0 x1073 4.2 0.1
Off Clump  West854 WD B 2.9 10.2 8.9 5.9 0.5
Off Clump  East423 WD G 1.3 13.7 7.0 x10~2 8.5 0.1
B1E West309 PD G 0.3 10.9 4.8 x10~1! 2.1 1.0
B1E East336 PD B 2.9 7.2 2.6 3.2 3.1
B1E West346 WD G 0.7 152 7.2 x1073 5.9 0.1
B1E West507 WD G 0.7 12.6 4.3 x1073 4.1 0.4
B1E West531 WD G 1.2 9.1 1.9 x10~1 3.0 1.6
B1E West 737 WD G 0.4 132 2.3 x107! 3.7 0.2
Off Clump  East612 WD G 0.4 15.0 2.4 x1071! 5.0 0.1
B1E West656 WD G 1.8 11.5 7.8 x10~2 5.2 0.4
BI1E West450 WD G 0.5 11.7 7.0 x10~1! 2.5 1.0
B1E West942 WD G 0.1 14.8 7.9 x1073 2.9 0.2
B1E East325 WD G 0.1 16.4 5.4 x10~4 2.1 0.2
B1E East222 PD B 13.2 9.0 6.8 6.3 1.8
B1E East170 WD G 0.9 11.4 8.8 x10~1! 3.4 0.8
Off Clump  West903 PD B -9.0 -9.0 9.0 1.5 -9.0
Off Clump  West1227 PD B -9.0 -9.0 -9.0 1.4 -9.0
Off Clump  East380 PD B 0.4 19.7 1.9 x10! 10.6 0.0
Off Clump  West1293 PD G 1.3 18.1 3.1 x10~1! 10.2 0.0
Off Clump  East497 PD B 27.5 6.9 7.2 5.0 7.7
Off Clump  West1085 WD B 1.3 14.2 4.2 x10! 7.9 0.1
Off Clump  West1084 WD G 0.1 19.1 2.5 x1072 3.4 0.1
Off Clump  East642 WD G 0.3 151 1.1 x10~2 4.8 0.1
Off Clump  West1333 PD B -9.0 -9.0 9.0 0.0 -9.0
Off Clump  East402 WD G 0.1 16.5 2.6 x10~2 3.5 0.1
Off Clump  West984 PD B -9.0 -9.0 9.0 0.0 -9.0
Off Clump  East758 PD B 104.6 5.3 3.8 x102 3.5 85.3
Off Clump  East591 WD B 0.8 13.8 5.2 8.2 0.0
Off Clump  West1325 PD B -9.0 -9.0 9.0 0.0 -9.0
Off Clump  East537 WD G 0.0 21.2 1.2 x107! 3.2 0.0
Off Clump  East385 WD G 0.2 13.0 4.7 x10~2 2.9 0.2
Off Clump  West1052 PD B -9.0 -9.0 9.0 0.0 -9.0
Off Clump  East410 PD B -9.0 -9.0 9.0 3.1 -9.0
Off Clump  East356 WD G 0.0 14.5 1.3 x1073 1.5 0.4
Off Clump  East355 WD G 1.1 12.6 3.4 x1071! 4.9 0.3
Off Clump  East561 PD G 0.0 22.1 2.0 x1076 2.0 0.1
Off Clump  West1166 PD B -9.0 -9.0 9.0 0.0 -9.0
Off Clump East313 WD B 0.5 13.4 4.9 3.8 0.3
Off Clump  East345 WD G 0.3 16.9 3.6 x10~1! 4.5 0.1
Off Clump  West1332 PD B -9.0 -9.0 9.0 0.0 -9.0
Off Clump  East246 PD B 0.1 19.7 3.5 x10! 8.0 0.0
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Table H.1 (cont’d)

Location Name Quality® FitP M T red x?2 R n
Me)  (K) (1072 pc)  (10° em™?)
Off Clump  East441 WD G 0.4 13.3 2.8 x1072 4.6 0.1
Off Clump  West1367 PD B -9.0 -9.0 9.0 0.0 -9.0
Off Clump  East382 WD G 1.8 12.4 7.9 x10~1! 6.8 0.2
Off Clump  East258 WD G 0.5 11.8 3.8 x10~! 3.3 0.5
Off Clump  East256 WD G 0.1 16.4 5.6 x10~1! 2.9 0.1
Off Clump  West1228 PD B -9.0 -9.0 9.0 0.0 -9.0
Off Clump  East291 WD B 0.6 13.9 2.2 4.8 0.2
Off Clump  West1229 PD B -9.0 -9.0 9.0 0.0 -9.0
Off Clump  East371 WD G 0.1 14.1 5.0 x10~2 3.4 0.1
Off Clump  East383 WD G 0.4 14.1 5.1 x10~! 5.7 0.1
Off Clump  East351 PD G 0.1 122 7.6 x1072 1.4 0.7
Off Clump  East414 PD B -9.0 -9.0 9.0 1.2 -9.0
Off Clump  East464 WD G 1.3 12.8 5.6 x1072 5.9 0.2
Off Clump East316 WD G 1.4 7.9 1.1 1.7 10.1
Off Clump  East479 PD G 0.1 11.7 3.1 x107! 2.2 0.4
Off Clump  East255 WD G 0.0 17.4 1.5 x10~2 2.2 0.1
Off Clump  East625 WD G 0.1 17.5 6.0 x1072 3.4 0.1
Off Clump  East6 WD B 0.4 13.3 2.8 x10! 0.2 4010.8
Off Clump  East443 PD B -9.0 -9.0 -9.0 1.7 -9.0
Off Clump  East328 WD G 0.1 14.8 5.7 x10~3 3.1 0.1
Off Clump  East465 PD G 0.3 10.6 8.8 x107! 2.7 0.5
Off Clump  East373 PD B 0.3 17.3 4.7 x10* 7.9 0.0
Off Clump  East280 WD G 0.9 11.0 1.1 x10~1! 4.1 0.5
1C348 East347 WD B 0.4 14.0 3.8 5.6 0.1
1C348 East152 PD G 2.3 9.4 7.8 x1073 4.1 1.1
Off Clump  East124 WD G 0.7 9.6 2.1 x10~2 1.8 3.6
1C348 East168 WD G 0.3 15.5 1.8 x1072 4.1 0.2
Off Clump  East599 PD B 0.0 61.4 2.3 x10" 4.8 0.0
Off Clump  East499 PD G 0.2 94 1.3 x1076 2.3 0.7
1C348 East650 WD B 0.0 32.2 4.9 4.4 0.0
1C348 East327 PD G 0.1 123 2.6 x107! 1.8 0.4
1C348 East340 WD G 0.5 11.9 1.0 x10~2 5.1 0.1
Off Clump  East412 PD B 0.1 17.8 4.7 5.1 0.0
1C348 East569 PD B -9.0 -9.0 9.0 1.2 -9.0
1C348 East201 PD B 15.0 7.6 3.6 x10* 4.9 4.4
Off Clump  East828 PD B 5.7 10.4 1.1 x10? 12.0 0.1
1C348 East570 WD G 0.1 16.2 7.8 x1072 3.4 0.1
Off Clump  East178 WD G 0.2 13.6 1.4 x107! 2.8 0.3
Off Clump  East563 PD G 0.0 214 1.3 x1072 0.9 0.3
Off Clump  East721 PD B 1.2 14.0 1.0 x 102 12.3 0.0
Off Clump  East150 WD G 0.0 21.5 1.1 x1071 2.2 0.1
1C348 East58 PD B 0.0 23.1 1.0 0.2 20.7
1C348 East348 PD G 0.3 10.9 3.2 x107! 2.2 1.0
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Table H.1 (cont’d)

Location Name Quality® FitP M T red x2 R n
Me)  (K) (1072 pc)  (10° cm™3)
Off Clump East326 WD G 0.1 14.5 2.3 x10~2 2.6 0.2
1C348 East282 WD G 0.1 15.1 8.8 x10~1 1.8 0.4
Off Clump East830 PD B 0.8 14.6 2.8 x10! 9.5 0.0
1C348 East293 PD B 0.3 29.3 2.4 x10! 11.8 0.0
1C348 East626 WD G 0.4 23.1 1.0 x10~1 9.4 0.0
1C348 East891 WD G 0.1 20.7 9.1 x1073 4.8 0.0
Off Clump  East706 WD G 0.0 29.9 1.0 x107! 2.9 0.0
1C348 East114 WD B 2.0 11.9 2.8 4.9 0.6
Off Clump  East273 WD G 0.2 12.7 5.1 x10~2 2.7 0.4
1C348 East428 WD G 0.1 16.3 4.1 x10~1! 3.0 0.1
1C348 East405 PD G 0.0 17.3 4.1 x10~2 2.2 0.1
Off Clump East597 PD B -9.0 -9.0 -9.0 1.5 -9.0
1C348 East480 WD G 0.8 14.1 6.7 x10~1 7.6 0.1
1C348 East799 PD G 0.0 30.3 1.7 x10~2 2.7 0.0
1C348 East745 PD G 0.0 28.6 3.4 x1073 2.3 0.0
1C348 East173 WD G 0.4 12.7 1.1 3.0 0.5
1C348 East283 PD G 0.0 17.3 3.3 x1073 2.0 0.2
1C348 East10 WD G 0.0 19.2 7.4 x10~1 0.0 -9.0
1C348 East172 PD G 0.0 16.2 5.1 x10~2 1.7 0.3
1C348 East726 PD B 0.1 18.0 1.8 4.4 0.0
1C348 East128 WD G 0.5 13.9 1.4 2.8 0.7
Off Clump  East457 WD B 0.9 14.0 2.2 5.8 0.2
1C348 East262 PD B 0.0 400.0 2.7 x10! 12.4 0.0
1C348 Eastb53 PD G 0.0 19.5 1.7 x10~1 0.3 6.0
1C348 East281 PD G 0.1 11.2 4.0 x10~2 1.4 1.5
Off Clump East512 PD B -9.0 -9.0 9.0 0.9 -9.0
1C348 East357 WD G 1.1 8.8 4.2 x1071 2.2 3.7
1C348 East202 WD B 1.7 10.0 4.7 3.3 1.6
1C348 East448 WD G 0.1 19.8 1.0 x10~ 1t 3.0 0.1
1C348 East179 WD B 8.7 8.8 1.2 x10! 5.6 1.7
1C348 East180 WD B 5.0 11.3 6.8 6.4 0.7
1C348 East183 PD B 1.7 16.5 1.0 x102 11.5 0.0
1C348 East329 PD B -9.0 -9.0 9.0 2.1 -9.0
1C348 East136 PD B -9.0 -9.0 9.0 0.0 -9.0
1C348 East231 PD B -9.0 -9.0 -9.0 1.1 -9.0
1C348 East573 PD B -9.0 -9.0 9.0 1.7 -9.0
1C348 East78 WD G 0.0 18.1 5.1 x10~1! 0.8 1.3
1C348 East339 WD G 0.8 114 3.4 x107! 5.5 0.2
1C348 East391 PD B -9.0 -9.0 9.0 2.2 -9.0
1C348 East57 PD B -9.0 -9.0 9.0 1.1 -9.0
1C348 East653 PD B -9.0 -9.0 9.0 2.2 -9.0
1C348 East306 WD G 0.7 9.7 8.3 x10~1 2.4 1.8
1C348 East308 WD G 2.2 11.1 4.9 x1071 7.2 0.2
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Table H.1 (cont’d)
Location Name Quality® Fitb M T red x2 R n
Me)  (K) (1072 pc)  (10° cm™3)
1C348 East153 PD B -9.0 -9.0 9.0 0.2 -9.0
1C348 East115 PD G 0.0 14.7 3.7 x1071 1.2 1.0
1C348 East224 WD G 1.6 13.5 5.8 x10~1 6.0 0.3
1C348 East307 WD B 1.7 8.7 3.5 3.3 1.6
1C348 East950 WD G 0.1 20.5 1.1 6.9 0.0
1C348 East151 PD G 0.1 11.0 7.9 x1072 1.1 2.8
1C348 East182 WD G 0.2 10.6 2.2 x1073 1.4 2.7
1C348 East184 PD B -9.0 -9.0 9.0 1.3 -9.0
1C348 East388 WD G 1.0 13.6 5.6 x10~1 5.6 0.2
1C348 East941 PD B -9.0 -9.0 9.0 5.8 -9.0
1C348 East275 WD B 1.6 12.8 2.1 5.1 0.4
1C348 East294 WD G 0.2 14.3 7.3 x10~4 3.1 0.2
1C348 East81 WD G 0.6 15.9 4.5 x10~2 3.5 0.5
1C348 East205 PD B -9.0 -9.0 9.0 0.2 -9.0
1C348 East23 PD B -9.0 -9.0 9.0 1.0 -9.0
1C348 East191 WD G 0.3 14.8 1.4 x10—2 2.4 0.8
1C348 East274 WD G 0.4 14.1 2.7 x1072 4.2 0.2
1C348 East544 PD B 9.1 9.1 3.2 x10! 5.3 2.1
Off Clump  East528 WD G 0.0 19.5 2.3 x1072 2.1 0.1
1C348 East190 PD G 0.4 14.5 1.7 x10—2 4.3 0.2
Off Clump  East505 PD G 0.1 15.7 7.3 x10~1 2.4 0.1
1C348 East452 WD B 0.9 12.7 1.8 4.9 0.2
1C348 East358 WD G 0.0 21.2 1.4 x10—2 2.4 0.1
Off Clump East169 WD G 0.1 16.0 9.3 x10~1 2.1 0.3
1C348 East509 PD G 1.2 15.2 5.0 x10~2 6.8 0.1
1C348 East526 PD B 1.6 12.2 2.0 5.1 0.4
1C348 East416 PD B 0.0 25.7 4.8 4.4 0.0
1C348 East142 PD G 0.3 17.2 8.6 x10~2 4.3 0.1
Off Clump East148 WD G 0.1 15.3 3.5 x10~! 2.0 0.3
1C348 East413 WD B 0.1 46.9 1.4 x10! 10.2 0.0
1C348 East862 WD G 0.2 18.7 6.8 x10~! 6.9 0.0
1C348 East235 PD B -9.0 -9.0 9.0 1.8 -9.0
Off Clump East515 WD B 0.0 105.5 1.2 x10! 7.9 0.0
1C348 East450 WD G 0.2 14.8 2.1 x10~1 2.8 0.2
1C348 East64 WD G 2.1 11.9 4.7 x1071 3.6 1.5
1C348 East375 PD B 0.3 19.2 1.4 x10! 5.1 0.1
1C348 East104 PD B 1.0 9.8 1.2 1.2 22.2
1C348 East103 PD B 12.6 6.8 1.4 1.5 123.1
1C348 Eastb4 PD B -9.0 -9.0 9.0 0.2 -9.0
1C348 East408 PD B -9.0 -9.0 9.0 0.4 -9.0
1C348 East471 PD B -9.0 -9.0 9.0 1.3 -9.0
1C348 East12 PD B -9.0 -9.0 9.0 0.2 -9.0
1C348 East86 PD G 1.7 10.1 1.8 x10~1 1.9 9.1
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Table H.1 (cont’d)
Location Name Quality® FitP M T red x?2 R n
(Mo)  (K) (102 po) (107 am %)

1C348 East132 PD B -9.0 -9.0 9.0 1.6 -9.0
1C348 East407 PD B -9.0 -9.0 9.0 1.0 -9.0
Off Clump Eastl55 WD G 0.2 15.3 5.0 x10~1 3.0 0.3
1C348 East93 PD B -9.0 -9.0 9.0 0.6 -9.0
1C348 East11 WD B 0.7 12.1 5.9 0.3 1419.3
1C348 East9 WD B 0.4 14.5 5.0 0.3 671.7
1C348 East63 PD B -9.0 -9.0 9.0 1.2 -9.0
1C348 East97 PD B -9.0 -9.0 9.0 1.4 -9.0
1C348 East118 PD B -9.0 -9.0 9.0 0.9 -9.0
Off Clump  East584 PD G 0.0 15.8 6.0 x10—2 1.0 0.4
1C348 East137 PD G 3.9 7.5 1.1 x10~1t 0.6 718.2
1C348 East453 PD B -9.0 -9.0 9.0 1.2 -9.0
1C348 East4 WD B 1.9 13.6 1.6 x10! 0.0 -9.0
1C348 East5 WD B 1.3 13.7 2.3 x10! 0.3 2410.8
1C348 East79 PD B -9.0 -9.0 9.0 0.4 -9.0
Off Clump East482 PD B -9.0 -9.0 -9.0 1.2 -9.0
1C348 East55 WD B 10.4 6.9 9.3 1.2 222.0
1C348 East193 PD G 0.5 124 7.6 x1073 3.0 0.7
1C348 East26 PD B -9.0 -9.0 9.0 0.4 -9.0
1C348 East62 WD B 4.5 8.2 2.6 0.8 277.4
1C348 East18 WD G 1.2 14.3 8.6 x10~1 1.9 6.2
1C348 East100 PD G 0.3 14.3 7.6 x10~1 2.0 1.4
1C348 East17 PD B 2.9 7.8 3.4 0.1 42655.0
1C348 East486 PD G 0.0 13.7 2.7 x1072 1.2 0.8
1C348 East208 PD B -9.0 -9.0 9.0 1.4 -9.0
1C348 East89 WD B 1.3 11.4 7.5 1.7 9.5
1C348 East632 PD B -9.0 -9.0 9.0 1.4 -9.0
1C348 East185 WD G 0.6 13.3 1.4 3.3 0.6
1C348 East206 WD G 0.1 13.6 2.1 x10~2 2.1 0.5
1C348 East250 PD B -9.0 -9.0 9.0 1.8 -9.0
1C348 East67 WD B 3.1 8.7 2.3 1.0 95.5
1C348 East98 PD B 0.1 27.7 6.1 4.3 0.0
1C348 East107 WD G 1.9 9.5 86 x1071 2.2 5.9
1C348 East48 WD G 1.1 11.0 2.2 x1071! 1.1 28.7
1C348 East30 PD B -9.0 -9.0 9.0 0.5 -9.0
1C348 East252 PD B -9.0 -9.0 9.0 0.6 -9.0
1C348 East121 PD G 0.2 12.8 3.3 x10~1 1.3 3.5
1C348 East253 WD G 0.1 27.3 6.8 x1073 4.0 0.0
1C348 East7 PD G 0.0 24.7 7.8 x107° 0.0 -9.0
1C348 East771 PD B -9.0 -9.0 9.0 1.7 -9.0
1C348 East82 PD B -9.0 -9.0 -9.0 1.8 -9.0
1C348 East157 WD G 0.5 12.1 3.7 x1072 3.0 0.7
1C348 East92 WD G 0.6 14.0 6.6 x10~2 3.0 0.8
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Table H.1 (cont’d)

Location Name Quality® FitP M T red x2 R n
Mo)  (K) (1072 pc)  (10° ecm™?)

1C348 East187 PD B -9.0 -9.0 9.0 2.1 -9.0
1C348 East436 WD G 0.1 21.3 2.8 x1072 4.3 0.0
1C348 East363 PD B -9.0 -9.0 9.0 1.0 -9.0
1C348 East16 PD B -9.0 -9.0 9.0 0.2 -9.0
1C348 East120 PD B -9.0 -9.0 9.0 0.9 -9.0
1C348 East13 WD G 0.1 14.6 1.3 0.4 39.0
1C348 East236 PD G 0.1 17.9 6.0 x10~1! 3.0 0.1
1C348 East126 PD B -9.0 -9.0 9.0 1.0 -9.0
1C348 East362 PD B -9.0 -9.0 9.0 1.1 -9.0
1C348 East122 PD B -9.0 -9.0 9.0 0.9 -9.0
1C348 East207 PD G 0.6 9.2 7.2 x1072 1.8 3.6
1C348 East303 PD B -9.0 -9.0 9.0 2.4 -9.0
1C348 East154 PD B -9.0 -9.0 9.0 1.6 -9.0
1C348 East29 PD B 0.2 15.2 14 2.2 0.6
1C348 East76 PD B -9.0 -9.0 9.0 1.0 -9.0
1C348 East394 PD B -9.0 -9.0 9.0 0.0 -9.0
1C348 East265 PD B -9.0 -9.0 9.0 0.7 -9.0
1C348 East310 PD B -9.0 -9.0 9.0 2.2 -9.0
1C348 East319 PD B -9.0 -9.0 9.0 1.2 -9.0
1C348 East27 PD G 0.0 29.3 2.3 x1071! 0.8 0.4
1C348 East219 PD B -9.0 -9.0 9.0 2.3 -9.0
1C348 East317 PD B -9.0 -9.0 9.0 1.7 -9.0
1C348 East218 WD G 0.6 10.5 1.0 2.8 0.9
1C348 East110 PD G 0.1 21.8 4.3 x10~2 2.4 0.1
1C348 East158 PD B -9.0 -9.0 9.0 2.3 -9.0
1C348 East238 PD B -9.0 -9.0 9.0 5.8 -9.0
1C348 East165 PD B -9.0 -9.0 9.0 0.0 -9.0
1C348 East36 PD B -9.0 -9.0 9.0 0.0 -9.0
1C348 East45 PD G 0.0 17.8 1.3 x10~! 1.3 0.8
1C348 East40 PD B -9.0 -9.0 9.0 0.0 -9.0
1C348 East579 PD G 0.0 23.5 5.2 x1071 14 0.5
1C348 East176 PD G 0.2 14.5 3.5 x10~2 1.8 0.9
1C348 East25 WD G 0.1 27.5 3.7 x10~1 3.5 0.1
1C348 East15 PD B -9.0 -9.0 9.0 0.0 -9.0
1C348 East101 PD B -9.0 -9.0 9.0 1.9 -9.0
1C348 East365 PD B -9.0 -9.0 9.0 2.6 -9.0
1C348 East61 WD G 1.0 10.1 4.2 x10—° 1.6 7.7
1C348 East269 PD B -9.0 -9.0 9.0 1.8 -9.0
1C348 East211 PD G 0.0 56.3 1.9 x10~1 3.6 0.0
1C348 East195 PD G 0.0 417 8.2 x1073 2.6 0.0
1C348 East43 PD B -9.0 -9.0 9.0 0.0 -9.0
1C348 East134 PD B -9.0 -9.0 9.0 1.2 -9.0
1C348 East432 WD G 0.4 15.5 9.8 x10~2 5.9 0.1
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Table H.1 (cont’d)

Location Name Quality® FitP M T red x?2 R n
Me)  (K) (1072 pc)  (10° em™?)

1C348 East50 PD B -9.0 -9.0 9.0 1.8 -9.0
1C348 East175 PD B -9.0 -9.0 9.0 2.5 -9.0
1C348 East111 PD B 0.0 24.1 2.7 1.6 0.2
1C348 East66 PD B -9.0 -9.0 9.0 0.2 -9.0
1C348 East634 PD B -9.0 -9.0 9.0 1.4 -9.0
1C348 East225 PD B -9.0 -9.0 9.0 1.4 -9.0
1C348 East166 PD B -9.0 -9.0 9.0 1.0 -9.0
1C348 East125 PD G 0.1 14.8 5.8 x10~3 2.3 0.4
1C348 East131 PD G 0.5 16.9 4.0 x1072 4.1 0.2
1C348 East254 PD B -9.0 -9.0 9.0 2.2 -9.0
1C348 East127 PD B -9.0 -9.0 9.0 1.3 -9.0
1C348 East2 WD B 0.4 17.5 1.6 0.2 4020.3
1C348 East309 WD G 0.1 13.7 6.1 x107! 2.5 0.2
1C348 East94 PD G 0.0 19.4 4.8 x10~2 1.9 0.2
1C348 East80 PD B -9.0 -9.0 9.0 1.9 -9.0
1C348 East96 PD B -9.0 -9.0 9.0 0.8 -9.0
1C348 East84 WD G 0.0 35.5 1.3 x1071 5.1 0.0
1C348 East71 PD B -9.0 -9.0 9.0 1.6 -9.0
1C348 East68 PD G 0.6 10.6 8.1 x1072 1.2 11.5
1C348 East510 PD B -9.0 -9.0 9.0 0.8 -9.0
1C348 East604 PD B -9.0 -9.0 9.0 1.9 -9.0
1C348 East130 WD B 0.0 79.9 3.8 5.8 0.0
1C348 East140 WD B 0.1 24.7 6.6 3.7 0.0
1C348 East105 WD G 0.6 16.4 6.7 x1072 4.7 0.2
1C348 East270 PD B -9.0 -9.0 9.0 1.6 -9.0
1C348 East580 PD B -9.0 -9.0 9.0 3.0 -9.0
1C348 East139 PD B -9.0 -9.0 9.0 1.2 -9.0
1C348 East278 PD G 0.0 27.8 3.3 x107! 2.8 0.0
1C348 East109 PD B -9.0 -9.0 9.0 1.5 -9.0
1C348 East209 WD G 1.0 13.2 5.7 x107! 6.3 0.1
1C348 East805 PD G 0.0 27.6 4.0 x1072 3.6 0.0
1C348 East119 PD G 0.2 12.7 2.1 x10~1! 1.8 1.1
1C348 East147 WD G 0.6 17.3 2.7 x10~1! 5.2 0.1
1C348 East213 WD B 0.3 14.3 1.6 2.6 0.6
1C348 East454 PD G 0.1 15.6 6.0 x10~! 1.9 0.4
1C348 East210 WD G 0.1 15.5 5.0 x107! 3.1 0.1
1C348 East159 PD B -9.0 -9.0 9.0 0.3 -9.0
1C348 East116 WD G 1.6 11.5 2.7 x107! 3.2 1.7
1C348 East266 PD G 0.1 12.4 1.5 x10~1! 1.3 1.0
1C348 East267 PD B -9.0 -9.0 9.0 0.7 -9.0
1C348 East102 PD G 0.6 13.0 9.4 x10~! 2.7 1.1
1C348 East318 PD G 0.1 13.8 1.4 x1072 1.7 0.4
1C348 East240 PD G 0.0 15.6 2.5 x10~2 1.3 0.7
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Table H.1 (cont’d)
Location Name Quality® Fitb M T red x?2 R n
Me)  (K) (1072 pc)  (10° em™?)
1C348 East455 PD G 0.0 15.3 2.3 x1073 1.8 0.3
1C348 East473 WD B 0.6 13.9 8.3 5.4 0.1
Off Clump  East3 WD B 0.1 17.8 1.8 x10! 0.0 -9.0
B5 East271 WD G 0.2 10.0 1.2 x10~1! 1.3 2.8
B5 East304 WD G 0.6 13.7 3.3 x107! 4.6 0.2
B5 East284 WD G 0.4 10.4 1.0 2.5 0.8
B5 East661 PD B 0.0 22.8 2.4 2.1 0.0
B5 East242 WD G 0.2 13.9 6.0 x10~2 3.4 0.2
B5 East14 WD B 0.2 12.1 2.9 x10! 0.3 249.8
B5 East323 WD G 0.1 16.7 3.0 x10~2 3.9 0.1
B5 East285 PD G 0.6 11.2 7.2 x1071 3.5 0.5
B5 East215 WD G 0.1 13.6 1.4 x10~2 2.6 0.3
B5 East229 WD G 0.1 15.,5 2.9 x1072 2.9 0.1
B5 East589 PD B -9.0 -9.0 9.0 1.2 -9.0
B5 East189 WD G 0.5 12.0 1.4 x10~1! 3.6 0.3
B5 East519 PD B -9.0 -9.0 9.0 1.0 -9.0
B5 East305 WD G 0.6 12.4 1.8 x10~1 5.1 0.2
B5 East286 PD G 0.7 9.9 1.7 x10—3 2.7 1.2
B5 East75 WD G 1.8 7.9 3.7 x10~! 1.0 65.5
B5 East244 WD G 0.4 13.1 4.9 x1073 3.8 0.2
B5 East321 PD G 2.2 7.6 5.0 x10~1! 2.9 3.3
B5 Eastl WD B 0.3 16.0 9.3 0.3 646.1
B5 East197 PD G 0.6 86 9.5 x107° 0.6 90.4
B5 East439 PD G 0.2 11.2 3.5 x1073 2.3 0.6
B5 East367 PD G 0.4 10.6 1.5 x10~1! 3.8 0.2
B5 East530 PD B 0.1 14.9 2.1 3.5 0.1
B5 East379 PD G 1.0 11.1 9.6 x10~1 4.7 0.3
B5 East288 WD G 0.2 9.9 4.8 x10~2 1.4 2.3
B5 East398 PD G 0.1 13.1 1.3 x10~1 2.2 0.3
B5 East243 WD G 1.6 11.3 4.9 x10~1! 5.3 0.4
Off Clump East162 WD G -9.0 -9.0 9.0 0.0 -9.0

& Herschel source detection quality; WD is well-detected and PD is poorly-detected. See Section

5.3.2.

PSED fit quality; G is a good fit and B is a bad fit. See Section 5.4.2.
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Table H.2 gives the initial results from source classification. Columns 1-2 gives the
source location and name. Column 3 gives the classification, where “S” corresponds to
starless cores, “QQ” corresponds to questionably starless cores, and “P” corresponds
to protostellar cores. Column 3 indicates whether a compact 70 pm source was
identified. Columns 4-5 give infrared source names from the c2d catalogue or G09
catalogue, respectively. We defined the G09 source names by the source location (i.e.,
NGC1333 or IC348) and the running source number.



Table H.2. Classification of Herschel Objects
Location Source Name  Class® 70 pmP C2D Source GO09 Source
Off Clump  West1255 Q N none none
Off Clump  West1136 Q N none none
Off Clump  West829 S N none none
Off Clump  West1091 S N none none
Off Clump  West791 S N none none
Off Clump  West716 S N none none
Off Clump  West740 S N none none
Off Clump  West869 S N none none
Off Clump  West413 S N none none
Off Clump  West788 S N none none
Off Clump  West263 S N none none
Off Clump  West884 S N none none
Off Clump  West272 S N none none
L1448 West334 S N none none
Off Clump  West454 S N none none
Off Clump  West509 S N none none
Off Clump  West663 S N none none
11448 West457 S N none none
Off Clump  West789 S N none none
11448 West609 Q N none none
Off Clump  West705 S N none none
Off Clump  West417 S N none none
Off Clump  West662 Q N none none
L1448 West437 S N none none
Off Clump  West284 S N none none
L1448 West639 S N none none
Off Clump  West859 S N none none
L1448 West714 Q N none none
11448 West 146 S N none none
L1448 West32 P Y none none
Off Clump  West160 Q N none none
11448 West612 S N none none
L1448 West458 S N none none
11448 West238 S N none none
Off Clump  West909 Q N none none
Off Clump  West243 S N none none
Off Clump  West616 S N none none
11448 West264 Q N none none
L1448 West375 Q N none none
L1448 West9 P Y SSTc2dJ032522.34+304514 none
Off Clump  West637 Q N none none
Off Clump  West875 S N none none
11448 West 1049 Q N none none
L1448 West99 Q N none none
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Table H.2 (cont’d)

Location Source Name  Class® 70 pmP C2D Source GO09 Source
Off Clump  West279 S N none none
Off Clump  West804 S N none none
11448 West223 Q N none none
Off Clump  West280 Q N none none
Off Clump  West310 S N none none
L1448 West230 Q N none none
L1448 West25 P Y none none
Off Clump  West753 S N none none
L1448 West8 P Y SSTc2dJ032536.5+304522 none
Off Clump  West453 S N none none
Off Clump  West452 S N none none
Off Clump  West278 S N none none
L1448 West397 S N none none
Off Clump  West351 Q N none none
L1448 West4 P Y SSTc2dJ032538.84-304406 none
L1448 West4 P Y SSTc2dJ032539.1+304358 none
L1448 West629 Q N none none
Off Clump  West349 S N none none
Off Clump  West636 S N none none
L1448 West584 S N none none
11448 West613 Q N none none
Off Clump  West954 S N none none
Off Clump  West451 S N none none
Off Clump  West920 S N none none
Off Clump  West907 S N none none
Off Clump  West617 S N none none
Off Clump  West574 Q N none none
11448 West251 Q N none none
Off Clump  West692 S N none none
11448 West 1047 S N none none
Off Clump  West416 S N none none
11448 West197 S N none none
L1448 West191 S N none none
L1448 West353 Q N none none
11448 West382 Q N none none
Off Clump  West463 S N none none
Off Clump  West332 Q N none none
L1448 West1148 S N none none
Off Clump  West635 S N none none
Off Clump  West906 S N none none
11448 West213 S N none none
11448 West 287 S N none none
Off Clump  West111 Q N none none
Off Clump  West659 Q N none none
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Table H.2 (cont’d)

Location Source Name  Class® 70 pmP C2D Source GO09 Source
L1448 West244 S N none none
11448 West265 S N none none
Off Clump  West870 S N none none
L1448 West641 S N none none
11448 West608 S N none none
L1448 West327 S N none none
Off Clump  West604 S N none none
L1448 West583 Q N none none
Off Clump  West605 S N none none
L1448 West668 S N none none
Off Clump  West481 S N none none
Off Clump  West1141 S N none none
L1448 West312 S N none none
11448 West399 S N none none
L1448 West396 S N none none
Off Clump  West857 S N none none
L1448 West582 S N none none
L1448 West325 S N none none
Off Clump  West1093 Q N none none
Off Clump  West873 S N none none
Off Clump  West721 S N none none
Off Clump  West863 S N none none
Off Clump  West761 S N none none
Off Clump  West20 P Y SSTc2dJ032637.5+301528 none
Off Clump  West886 S N none none
Off Clump  West760 S N none none
Off Clump  West658 S N none none
L1455 West 1097 Q N none none
L1455 West958 S N none none
Off Clump  West840 S N none none
L1455 West226 S N none none
Off Clump  West268 S N none none
Off Clump  West488 S N none none
Off Clump  West855 S N none none
L1455 West 1054 S N none none
L1455 West580 S N none none
Off Clump  West216 S N none none
L1455 West688 S N none none
L1455 West935 S N none none
L1455 West323 Q N none none
L1455 West254 S N none none
L1455 West 708 S N none none
L1455 West352 S N none none
L1455 West537 Q N none none
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Table H.2 (cont’d)

Location Source Name  Class® 70 pmP C2D Source GO09 Source
L1455 West575 S N none none
L1455 West 745 Q N none none
L1455 West373 Q N none none
L1455 West374 S N none none
L1455 West419 S N none none
L1455 West412 S N none none
L1455 West567 S N none none
L1455 West350 S N none none
L1455 West880 S N none none
L1455 West638 Q N none none
L1455 West239 S N none none
L1455 West 792 Q N none none
L1455 West910 S N none none
L1455 West607 Q N none none
L1455 West35 P Y SSTc2dJ032738.24301359 none
L1455 West395 S N none none
L1455 West285 Q N none none
L1455 Westbh P Y SSTc2dJ032738.84301258 none
L1455 West5 P Y SSTc2dJ032739.1+301303 none
L1455 West 772 S N none none
L1455 West394 S N none none
L1455 West161 S N none none
NGC1333 West365 S N none none
L1455 West435 S N none none
L1455 West 18 P Y SSTc2dJ032743.2+301229 none
L1455 West540 S N none none
L1455 West311 Q N none none
L1455 West611 Q N none none
L1455 West478 S N none none
L1455 West36 P Y SSTc2dJ032747.7+301205 none
L1455 West606 Q N none none
L1455 West 793 Q N none none
L1455 West860 S N none none
L1455 West286 Q N none none
L1455 West237 S N none none
L1455 West418 S N none none
L1455 West568 S N none none
L1455 West1142 Q N none none
NGC1333 West 725 Q N none none
L1455 West1144 Q N none none
L1455 West456 S N none none
L1455 West577 S N none none
Off Clump  West948 S N none none
L1455 West821 S N none none
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Table H.2 (cont’d)

Location Source Name  Class® 70 pumP C2D Source GO09 Source
L1455 West82 P Y SSTc2dJ032800.4+300801 none
NGC1333 West 1065 Q N none none
L1455 West664 S N none none
Off Clump  West1094 S N none none
L1455 West 748 S N none none
L1455 West477 S N none none
L1455 West541 S N none none
L1455 West480 S N none none
NGC1333 West 1205 S N none none
L1455 West794 S N none none
NGC1333 West897 S N none none
NGC1333 West589 S N none none
NGC1333 West718 S N none none
L1455 West915 S N none none
Off Clump  West1151 S N none none
NGC1333 West919 S N none none
L1455 West742 S N none none
NGC1333 West384 S N none none
NGC1333 West339 S N none none
NGC1333 West644 Q N none none
NGC1333 West1032 Q N none none
NGC1333 West835 Q N none none
NGC1333 West834 S N none none
L1455 West542 S N none none
NGC1333 West549 S N none none
L1455 West586 S N none none
NGC1333 West362 S N none none
NGC1333 West377 S N none none
L1455 West383 S N none none
NGC1333 West222 Q N none none
L1455 West333 S N none none
NGC1333 West425 Q N none none
NGC1333 West363 Q N none none
NGC1333 West464 S N none none
NGC1333 West 198 Q N none none
NGC1333 West86 P Y SSTc2dJ032832.6+311105 NGC1333-222
NGC1333 West809 Q N none none
NGC1333 West420 S N none none
L1455 West245 S N none none
NGC1333 West31 P Y SSTc2dJ032834.5+310051 none
NGC1333 West96 P Y SSTc2dJ032834.54+310705 NGC1333-223
NGC1333 West361 S N none none
Off Clump  West486 S N none none
NGC1333 West 129 P Y none none



Table H.2 (cont’d)

Location Source Name  Class® 70 pumP C2D Source GO09 Source
NGC1333 West3 P Y none NGC1333-224
L1455 West 747 Q N none none
NGC1333 West414 S N none none
Off Clump  West328 P Y none none
NGC1333 West162 P Y SSTc2dJ032839.1+310602 NGC1333-210
NGC1333 West366 S N none none
NGC1333 West209 Q N none none
NGC1333 West149 S N none none
NGC1333 West 722 Q N none none
Off Clump  West348 S N none none
Off Clump  West968 S N none none
L1455 Westb547 S N none none
NGC1333 West371 S N none none
NGC1333 West133 Q N none none
NGC1333 West757 S N none none
Off Clump  West338 Q N none none
NGC1333 West281 S N none none
NGC1333 West228 Q N none none
NGC1333 West330 Q N none none
NGC1333 West39 P Y SSTc2dJ032843.3+311733 NGC1333-226
NGC1333 West39 P Y none NGC1333-251
L1455 West455 S N none none
NGC1333 West1210 Q N none none
NGC1333 West559 Q N none none
NGC1333 West314 Q N none none
NGC1333 West38 P Y SSTc2dJ032845.3+310542 NGC1333-211
NGC1333 West441 Q N none none
Off Clump  West1152 Q N none none
NGC1333 West591 S N none none
NGC1333 West276 Q N none none
L1455 West485 S N none none
NGC1333 West894 Q N none none
L1455 West667 Q N none none
NGC1333 West200 P N SSTc2dJ032848.84311609 NGC1333-227
NGC1333 West494 Q N none none
NGC1333 West898 Q N none none
NGC1333 West282 Q N none none
NGC1333 West140 Q N none none
Off Clump  West67 S N none none
NGC1333 West258 P Y SSTc2dJ032851.0+311818 NGC1333-256
NGC1333 West387 P N SSTc2dJ032850.5+312943 none
Off Clump  West255 Q N none none
Off Clump  West439 S N none none
NGC1333 West 150 Q N none none
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Table H.2 (cont’d)

Location Source Name  Class® 70 pumP C2D Source GO09 Source
NGC1333 West247 S N none none
NGC1333 West270 S N none none
L1455 West862 S N none none
NGC1333 West329 Q N none none
NGC1333 West173 Q N none none
NGC1333 West75 S N none none
L1455 West381 S N none none
NGC1333 West495 Q N none none
NGC1333 West 78 P Y SSTc2dJ032854.0+311809 NGC1333-263
NGC1333 West407 Q N none none
NGC1333 West887 Q N none none
NGC1333 West493 P Y SSTc2dJ032854.1+311654  NGC1333-264
NGC1333 West493 P Y SSTc2dJ032854.6+311651 NGC1333-265
NGC1333 West208 P Y SSTc2dJ032855.1+311629 NGC1333-267
NGC1333 West208 P Y SSTc2dJ032855.2+311625 NGC1333-268
NGC1333 West210 Q N none none
NGC1333 West838 Q N none none
NGC1333 West141 Q N none none
NGC1333 West1 P Y none NGC1333-230
NGC1333 West1 P Y SSTc2dJ032855.5+311431 none
L1455 West666 S N none none
Off Clump  West691 S N none none
NGC1333 West206 P Y SSTc2dJ032856.3+312228 NGC1333-270
NGC1333 West121 P N SSTc2dJ032856.1+311908 NGC1333-269
NGC1333 West91 P Y SSTc2dJ032856.6+311836 NGC1333-271
NGC1333 West290 Q N none none
NGC1333 West104 Q N none none
L1455 West511 S N none none
NGC1333 West10 P Y SSTc2dJ032857.2+311419 none
NGC1333 West 10 P Y SSTc2dJ032857.4+4311416  NGC1333-212
NGC1333 West88 Q N none none
NGC1333 West 720 S N none none
NGC1333 West119 Q N none none
NGC1333 West492 Q N none none
NGC1333 West43 P Y SSTc2dJ032858.3+312209 NGC1333-275
NGC1333 West43 P Y SSTc2dJ032858.4+312218 NGC1333-233
NGC1333 West267 Q N none none
Off Clump  West631 Q N none none
NGC1333 West53 P Y SSTc2dJ032859.34+311549 NGC1333-278
NGC1333 West211 Q N none none
NGC1333 West426 Q N none none
NGC1333 West 148 Q N none none
NGC1333 West190 Q N none none
NGC1333 West471 S N none none
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Table H.2 (cont’d)

Location Source Name  Class® 70 pumP C2D Source GO09 Source
NGC1333 West130 Q N none none
NGC1333 West63 Q N none none
NGC1333 West33 P Y SSTc2dJ032900.5+311201  NGC1333-213
NGC1333 West164 Q N none none
NGC1333 West15 P Y none NGC1333-235
NGC1333 West340 Q N none none
NGC1333 West558 Q N none none
NGC1333 West19 P Y none none
NGC1333 West217 Q N none none
NGC1333 West165 Q N none none
NGC1333 West553 S N none none
NGC1333 West 199 Q N none none
NGC1333 West68 P Y SSTc2dJ032903.3+312315 none
NGC1333 West77 P N SSTc2dJ032903.9+312149  NGC1333-287
NGC1333 West2 P Y none NGC1333-236
NGC1333 West266 Q N none none
L1455 West711 Q N none none
NGC1333 West40 P Y SSTc2dJ032904.1+311447 NGC1333-214
NGC1333 West232 Q N none none
NGC1333 West124 S N none none
NGC1333 West48 Q N none none
NGC1333 West120 Q N none none
NGC1333 West47 Q N none none
NGC1333 West291 Q N none none
NGC1333 West 155 Q N none none
NGC1333 West125 P N SSTc2dJ032905.84+311640 NGC1333-293
NGC1333 West922 S N none none
NGC1333 West87 P N SSTc2dJ032906.5+311534 none
L1455 West1167 S N none none
NGC1333 West92 S N none none
NGC1333 West7 P Y none NGC1333-238
NGC1333 West201 Q N none none
NGC1333 West194 Q N none none
Off Clump  West961 S N none none
NGC1333 West42 P Y none NGC1333-239
NGC1333 West212 Q N none none
Off Clump  West614 S N none none
Off Clump  West832 S N none none
NGC1333 West890 Q N none none
Off Clump  West532 S N none none
NGC1333 West6 P Y SSTc2dJ032910.5+311331 NGC1333-215
Off Clump  West669 S N none none
NGC1333 West11 P Y none none
NGC1333 West16 P Y SSTc2dJ032910.7+311821  NGC1333-241
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Table H.2 (cont’d)

Location Source Name  Class® 70 pumP C2D Source GO09 Source
NGC1333 West14 P Y SSTc2dJ032910.74+311821 NGC1333-241
NGC1333 West14 P Y SSTc2dJ032911.3+311831  NGC1333-216
NGC1333 West 180 Q N none none
NGC1333 West13 P Y SSTc2dJ032912.1+311302 NGC1333-217
NGC1333 West215 Q N none none
NGC1333 West317 Q N none none
NGC1333 West 154 Q N none none
NGC1333 West315 Q N none none
NGC1333 West110 Q N none none
NGC1333 West49 P Y SSTc2dJ032913.04+311814 NGC1333-242
NGC1333 West83 Q N none none
NGC1333 West30 P Y SSTc2dJ032913.5+311358 NGC1333-219
NGC1333 West143 S N none none
NGC1333 West205 P Y SSTc2dJ032914.4+311444 none
NGC1333 West81 Q N none none
NGC1333 West181 S N none none
NGC1333 West122 Q N none none
Off Clump  West787 S N none none
Off Clump  West581 S N none none
NGC1333 West131 Q N none none
NGC1333 West203 Q N none none
NGC1333 West94 Q N none none
NGC1333 West23 P Y SSTc2dJ032917.24312746  NGC1333-220
NGC1333 West260 Q N none none
NGC1333 West561 S N none none
NGC1333 West116 P N SSTc2dJ032917.7+312245 NGC1333-316
NGC1333 West341 S N none none
NGC1333 West409 Q N none none
NGC1333 West195 S N none none
NGC1333 West473 S N none none
NGC1333 West37 P Y none none
NGC1333 West229 Q N none none
NGC1333 West60 P N SSTc2dJ032919.8+312457 none
NGC1333 West259 S N none none
NGC1333 West 182 Q N none none
NGC1333 West55 P N SSTc2dJ032920.1+312408 NGC1333-320
NGC1333 West171 Q N none none
NGC1333 West560 Q N none none
NGC1333 West973 P Y none none
NGC1333 West157 P Y SSTc2dJ032920.4+311834 NGC1333-321
NGC1333 West123 Q N none none
NGC1333 West592 Q N none none
NGC1333 West224 Q N none none
Off Clump  West436 S N none none
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Table H.2 (cont’d)

Location Source Name  Class® 70 pumP C2D Source GO09 Source
Off Clump  West861 Q N none none
NGC1333 West44 P Y SSTc2dJ032923.5+313330 NGC1333-221
NGC1333 West319 S N none none
NGC1333 West207 Q N none none
NGC1333 West 726 Q N none none
NGC1333 West891 Q N none none
NGC1333 West522 Q N none none
NGC1333 West108 S N none none
NGC1333 West1071 Q N none none
Off Clump  West628 S N none none
NGC1333 West622 Q N none none
Off Clump  West746 S N none none
NGC1333 West697 Q N none none
NGC1333 West137 P Y SSTc2dJ032929.3+311835  NGC1333-342
Off Clump  West324 S N none none
NGC1333 West 1008 Q N none none
NGC1333 West807 Q N none none
Off Clump  West702 S N none none
NGC1333 West844 Q N none none
Off Clump  West336 S N none none
NGC1333 West 763 Q N none none
NGC1333 West620 Q N none none
NGC1333 West940 Q N none none
Off Clump  West739 S N none none
Off Clump  West300 S N none none
NGC1333 West977 Q N none none
NGC1333 West768 Q N none none
Off Clump  West640 S N none none
Off Clump  West749 S N none none
NGC1333 West444 Q N none none
NGC1333 West649 S N none none
NGC1333 West28 P Y SSTc2dJ032951.8+313906 none
NGC1333 West283 P Y SSTc2dJ032954.0+312053 NGC1333-338
NGC1333 West 730 S N none none
NGC1333 West1012 Q N none none
NGC1333 West292 S N none none
Off Clump  West401 S N none none
Off Clump  West1015 Q N none none
Off Clump  West865 S N none none
NGC1333 West573 S N none none
Off Clump  West885 Q N none none
Off Clump  West1027 S N none none
Off Clump  West175 Q N none none
Off Clump  West516 S N none none
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Table H.2 (cont’d)

Location Source Name  Class® 70 pmP C2D Source GO09 Source
Off Clump  West833 Q N none none
Off Clump  West21 P Y SSTc2dJ033015.1+302349 none
NGC1333 West682 Q N none none
Off Clump  West252 S N none none
Off Clump  West1106 Q N none none
Off Clump  West62 P Y none none
Off Clump  West752 S N none none
Off Clump  West717 S N none none
Off Clump  West588 Q N none none
Off Clump  West302 S N none none
Off Clump  West400 S N none none
Off Clump  West246 S N none none
Off Clump  West51 P Y SSTc2dJ033027.1+302830 none
Off Clump  West76 P Y SSTc2dJ033032.7+302627 none
Off Clump  West422 S N none none
Off Clump  West1197 P Y SSTc2dJ033035.9+303024 none
Off Clump  West402 S N none none
Off Clump  West156 P Y SSTc2dJ033038.2+303212 none
Off Clump  West587 S N none none
Off Clump  West798 S N none none
Off Clump  West690 S N none none
Off Clump  West693 S N none none
Off Clump  West52 P Y SSTc2dJ033044.0+303247 none
Off Clump  West515 S N none none
Off Clump  West167 S N none none
Off Clump  West273 Q N none none
Off Clump  West221 S N none none
Off Clump  West170 P Y SSTc2dJ033052.5+305418 none
Off Clump  West918 S N none none
Off Clump  West557 S N none none
Off Clump  West483 S N none none
Off Clump  West689 S N none none
Off Clump  West460 Q N none none
B1 West256 S N none none
B1 West489 Q N none none
B1 West274 S N none none
B1 West17 P Y SSTc2dJ033121.0+304530 none
B1 West670 Q N none none
Off Clump  West499 S N none none
Off Clump  West128 P Y SSTc2dJ033128.9+303053 none
B1 West1003 S N none none
Off Clump  West1086 Q N none none
Off Clump  West484 S N none none
Off Clump  West1221 Q N none none
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Table H.2 (cont’d)

Location Source Name  Class® 70 pmP C2D Source GO09 Source
B1 West928 S N none none
Off Clump  West354 S N none none
Off Clump  West514 S N none none
B1 West355 S N none none
B1 West235 P Y none none
B1 West368 S N none none
B1 West504 S N none none
B1 West841 Q N none none
B1 West321 Q N none none
B1 West 700 S N none none
B1 West895 S N none none
B1 West 723 Q N none none
Off Clump  West236 S N none none
B1 West415 S N none none
Off Clump  West432 S N none none
B1 West632 S N none none
B1 West406 Q N none none
B1 West430 S N none none
B1 West597 Q N none none
B1 West26 P Y SSTc2dJ033218.04+304947 none
B1 West443 S N none none
Off Clump  West308 S N none none
B1 West839 Q N none none
B1 West695 Q N none none
B1 West900 Q N none none
B1 West389 Q N none none
Off Clump  West565 S N none none
B1 West 779 S N none none
B1 West 764 S N none none
B1 West519 S N none none
B1 West496 S N none none
B1 West241 S N none none
B1 West674 S N none none
B1 West202 Q N none none
B1 West899 S N none none
B1 West46 P Y SSTc2dJ033229.24-310241 none
B1 West525 S N none none
B1 West297 Q N none none
Off Clump  West917 Q N none none
B1 West369 S N none none
B1 West647 Q N none none
B1 West370 Q N none none
B1 West132 P Y SSTc2dJ033234.0+310056 none
B1 West1128 S N none none
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Table H.2 (cont’d)

Location Source Name  Class® 70 pmP C2D Source GO09 Source
B1 West385 S N none none
Off Clump  West851 Q N none none
B1 West 1036 Q N none none
B1 West 780 Q N none none
B1 West593 Q N none none
Off Clump  West529 S N none none
B1 West813 Q N none none
B1 West318 Q N none none
B1 West686 Q N none none
B1 West1010 Q N none none
B1 West595 S N none none
B1 West929 Q N none none
B1 West812 S N none none
B1 West1216 Q N none none
B1 West342 S N none none
B1 West733 S N none none
B1 West520 Q N none none
B1 West562 S N none none
B1 West924 Q N none none
B1 West978 Q N none none
B1 West571 Q N none none
B1 West925 Q N none none
B1 West249 S N none none
B1 West307 S N none none
B1 West261 Q N none none
B1 West1112 Q N none none
B1 West271 Q N none none
B1 West301 Q N none none
B1 West 727 S N none none
B1 West379 Q N none none
B1 West250 S N none none
B1 West503 S N none none
B1 West698 Q N none none
B1 West29 P Y SSTc2dJ033312.84-312124 none
B1 West 135 Q N none none
B1 West136 S N none none
B1 West650 Q N none none
B1 West50 P Y SSTc2dJ033314.44-310711 none
B1 West34 P Y SSTc2dJ033316.4+310653 none
B1 West24 P Y SSTc2dJ033316.7+310755 none
B1 West845 Q N none none
B1 West 769 Q N none none
B1 West 729 Q N none none
B1 West12 P Y SSTc2dJ033317.9+310932 none
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Table H.2 (cont’d)

Location Source Name  Class® 70 pmP C2D Source GO09 Source
B1 West234 S N none none
B1 West41 Q N none none
B1 West 847 Q N none none
B1 West624 Q N none none
B1 West248 Q N none none
B1 West1078 Q N none none
B1 West1161 Q N none none
B1 West934 Q N none none
B1 West500 S N none none
B1 West295 S N none none
B1 West526 Q N none none
B1 West27 P Y SSTc2dJ033327.3+310710 none
B1 West427 S N none none
B1 West505 S N none none
B1 West498 S N none none
B1 West410 S N none none
B1 West84 P Y SSTc2dJ033330.44-311051 none
B1 West429 Q N none none
B1 West 731 Q N none none
B1 West447 S N none none
B1 West343 S N none none
B1 West474 P Y SSTc2dJ033341.34+311341 none
B1 West345 S N none none
B1 West431 S N none none
B1 West572 Q N none none
B1 West501 S N none none
B1 West626 S N none none
B1 West 784 S N none none
B1 West633 S N none none
B1 East460 S N none none
B1 West684 S N none none
B1 West 736 Q N none none
B1 West816 Q N none none
B1 West1080 S N none none
B1 West356 S N none none
B1 East421 Q N none none
Off Clump  East494 Q N none none
Off Clump  East476 S N none none
Off Clump  West449 S N none none
B1E West391 S N none none
Off Clump  East462 S N none none
Off Clump  West854 Q N none none
Off Clump  East423 S N none none
BI1E West309 S N none none
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Table H.2 (cont’d)

Location Source Name  Class® 70 umP C2D Source  G09 Source
B1E East336 Q N none none
B1E West346 S N none none
B1E West507 S N none none
B1E Westb31 S N none none
B1E West 737 S N none none
Off Clump East612 S N none none
B1E West656 S N none none
B1E West450 S N none none
B1E West942 S N none none
BI1E East325 S N none none
B1E East222 Q N none none
B1E East170 S N none none
Off Clump  West903 Q N none none
Off Clump  West1227 Q N none none
Off Clump  East380 Q N none none
Off Clump  West1293 S N none none
Off Clump  East497 Q N none none
Off Clump  West1085 Q N none none
Off Clump  West1084 S N none none
Off Clump East642 S N none none
Off Clump  West1333 Q N none none
Off Clump  East402 S N none none
Off Clump  West984 P Y none none
Off Clump East758 Q N none none
Off Clump  East591 Q N none none
Off Clump  West1325 Q N none none
Off Clump  Eastb537 S N none none
Off Clump East385 S N none none
Off Clump  West1052 Q N none none
Off Clump East410 Q N none none
Off Clump  East356 S N none none
Off Clump  East355 S N none none
Off Clump East561 S N none none
Off Clump  West1166 Q N none none
Off Clump East313 Q N none none
Off Clump  East345 S N none none
Off Clump  West1332 Q N none none
Off Clump East246 Q N none none
Off Clump  East441 S N none none
Off Clump  West1367 Q N none none
Off Clump  East382 S N none none
Off Clump East258 S N none none
Off Clump East256 S N none none
Off Clump  West1228 Q N none none
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Table H.2 (cont’d)

Location Source Name  Class® 70 pmP C2D Source GO09 Source
Off Clump  East291 Q N none none
Off Clump  West1229 Q N none none
Off Clump  East371 S N none none
Off Clump  East383 S N none none
Off Clump  East351 S N none none
Off Clump  East414 Q N none none
Off Clump  East464 S N none none
Off Clump East316 S N none none
Off Clump  East479 S N none none
Off Clump  East255 S N none none
Off Clump  East625 S N none none
Off Clump  East6 P Y none none
Off Clump  East443 Q N none none
Off Clump  East328 S N none none
Off Clump  East465 S N none none
Off Clump  East373 Q N none none
Off Clump  East280 S N none none
1C348 East347 Q N none none
1C348 East152 S N none none
Off Clump East124 S N none none
1C348 East168 S N none none
Off Clump  East599 Q N none none
Off Clump  East499 S N none none
1C348 East650 Q N none none
1C348 East327 S N none none
1C348 East340 S N none none
Off Clump  East412 Q N none none
1C348 East569 Q N none none
1C348 East201 Q N none none
Off Clump East828 Q N none none
1C348 East570 S N none none
Off Clump East178 S N none none
Off Clump  East563 S N none none
Off Clump  East721 Q N none none
Off Clump  East150 S N none none
1C348 East58 P Y SSTc2dJ034027.74314313 none
1C348 East348 S N none none
Off Clump  East326 S N none none
1C348 East282 S N none none
Off Clump  East830 Q N none none
1C348 East293 Q N none none
1C348 East626 S N none none
1C348 East891 S N none none
Off Clump  East706 S N none none
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Location Source Name  Class® 70 pmP C2D Source GO09 Source
1C348 East114 Q N none none
Off Clump  East273 S N none none
1C348 East428 S N none none
1C348 East405 S N none none
Off Clump  East597 Q N none none
1C348 East480 S N none none
1C348 East799 S N none none
1C348 East745 S N none none
1C348 East173 S N none none
1C348 East283 S N none none
1C348 East10 P Y SSTc2dJ034109.1+314438 none
1C348 East172 S N none none
1C348 East726 Q N none none
1C348 East128 S N none none
Off Clump  East457 Q N none none
1C348 East262 Q N none none
1C348 East53 P Y SSTc2dJ034125.04+315657 none
1C348 East281 S N none none
Off Clump  East512 P Y none none
1C348 East357 S N none none
1C348 East202 Q N none none
1C348 East448 S N none none
1C348 East179 Q N none none
1C348 East180 Q N none none
1C348 East183 Q N none none
1C348 East329 Q N none none
1C348 East136 P Y SSTc2dJ034155.74+314811 none
1C348 East231 Q N none none
1C348 East573 Q N none none
1C348 East78 S N none none
1C348 East339 S N none none
1C348 East391 Q N none none
1C348 East57 P Y none none
1C348 East653 Q N none none
1C348 East306 S N none none
1C348 East308 S N none none
1C348 East153 P Y SSTc2dJ034202.2+314802 none
1C348 East115 S N none none
1C348 East224 S N none none
1C348 East307 Q N none none
1C348 East950 S N none none
1C348 East151 S N none none
1C348 East182 S N none none
1C348 East184 Q N none none
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1C348 East388 S N none none
1C348 East941 Q N none none
1C348 East275 Q N none none
1C348 East294 S N none none
1C348 East81 S N none none
1C348 East205 P Y SSTc2dJ034254.74314345 none
1C348 East23 P Y SSTc2dJ034255.9+315842 none
1C348 East191 S N none none
1C348 East274 S N none none
1C348 East544 Q N none none
Off Clump  East528 S N none none
1C348 East190 S N none none
Off Clump  East505 S N none none
1C348 East452 Q N none none
1C348 East358 S N none none
Off Clump East169 S N none none
1C348 East509 S N none none
1C348 East526 Q N none none
1C348 East416 Q N none none
1C348 East142 S N none none
Off Clump East148 S N none none
1C348 East413 Q N none none
1C348 East862 S N none none
1C348 East235 Q N none none
Off Clump  East515 Q N none none
1C348 East450 S N none none
1C348 East64 S N none none
1C348 East375 Q N none none
1C348 East104 Q N none none
1C348 East103 Q N none none
1C348 Eastb4 P Y SSTc2dJ034344.5+314309 none
1C348 East408 P Y SSTc2dJ034344.6+320818 1C348-494
1C348 East471 Q N none none
1C348 East12 P Y SSTc2dJ034345.2+320359 1C348-348
1C348 East86 S N none none
1C348 East132 Q N none none
1C348 East407 Q N none none
Off Clump  East155 S N none none
1C348 East93 Q N none none
1C348 East11 P Y none 1C348-367
1C348 Eastl1 P Y SSTc2dJ034351.0+320325 1C348-345
1C348 East9 P Y SSTc2dJ034351.0+320308 none
1C348 East63 Q N none none
1C348 East97 Q N none none
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Table H.2 (cont’d)

Location Source Name  Class® 70 pmP C2D Source GO09 Source
1C348 East118 Q N none none
Off Clump  East584 S N none none
1C348 East137 S N none none
1C348 East453 Q N none none
1C348 East4 P Y SSTc2dJ034356.5+320053 none
1C348 Eastb P Y none 1C348-371
1C348 Eastb P Y SSTc2dJ034356.8+320305 none
1C348 East79 Q N none none
Off Clump  East482 Q N none none
1C348 East55 Q N none none
1C348 East193 S N none none
1C348 East26 P Y SSTc2dJ034359.4+320036 none
1C348 East62 Q N none none
1C348 East18 S N none none
1C348 East100 S N none none
1C348 East17 P Y SSTc2dJ034402.4+320205 1C348-352
1C348 East17 P Y SSTc2dJ034402.6+320160 1C348-353
1C348 East486 S N none none
1C348 East208 Q N none none
1C348 East89 Q N none none
1C348 East632 Q N none none
1C348 East185 S N none none
1C348 East206 S N none none
1C348 East250 Q N none none
1C348 East67 Q N none none
1C348 East98 Q N none none
1C348 East107 S N none none
1C348 East48 S N none none
1C348 East30 P Y SSTc2dJ034409.2+320238 1C348-354
1C348 East252 Q N none none
1C348 East121 S N none none
1C348 East253 S N none none
1C348 East7 P Y SSTc2dJ034413.0+320135 1C348-355
1C348 East771 Q N none none
1C348 East82 Q N none none
1C348 East157 S N none none
1C348 East92 S N none none
1C348 East187 Q N none none
1C348 East436 S N none none
1C348 East363 P Y none none
1C348 East16 P Y SSTc2dJ034418.2+320457 1C348-393
1C348 East120 Q N none none
1C348 East13 P Y SSTc2dJ034421.4+315933 1C348-401
1C348 East236 S N none none
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Table H.2 (cont’d)

Location  Source Name Class® 70 ymP C2D Source G09 Source
1C348 East126 Q N none none
1C348 East362 P N SSTc2dJ034422.64+320154 1C348-497
1C348 East362 P N SSTc2dJ034422.74+320142 1C348-406
1C348 East122 P Y none none
1C348 East207 S N none none
1C348 East303 Q N none none
1C348 East154 Q N none none
1C348 East29 Q N none none
1C348 East76 P Y SSTc2dJ034426.0+320430 1C348-414
1C348 East394 Q N none none
1C348 East265 P N SSTc2dJ034426.7+320820 1C348-415
1C348 East310 Q N none none
1C348 East319 Q N none none
1C348 East27 S N none none
1C348 East219 Q N none none
1C348 East317 Q N none none
1C348 East218 S N none none
1C348 East110 P N SSTc2dJ034429.7+321040 1C348-423
1C348 East158 Q N none none
1C348 East238 Q N none none
1C348 East165 Q N none none
1C348 East36 P Y none none
1C348 East45 P Y none none
1C348 East40 P N SSTc2dJ034434.2+320946 none
1C348 East579 S N none none
1C348 East176 S N none none
1C348 East25 P N none 1C348-440
1C348 East25 P N SSTc2dJ034435.5+320856 1C348-443
1C348 East15 P Y none none
1C348 East101 Q N none none
1C348 East365 Q N none none
1C348 East61 S N none none
1C348 East269 Q N none none
1C348 East211 S N none none
1C348 East195 S N none none
1C348 East43 Q N none none
1C348 East134 Q N none none
1C348 East432 S N none none
1C348 East50 Q N none none
1C348 East175 Q N none none
1C348 East111 Q N none none
1C348 East66 Q N none none
1C348 East634 Q N none none
1C348 East225 Q N none none
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Table H.2 (cont’d)

Location Source Name  Class® 70 pmP C2D Source GO09 Source
1C348 East166 Q N none none
1C348 East125 S N none none
1C348 East131 S N none none
1C348 East254 Q N none none
1C348 East127 Q N none none
1C348 East2 P Y SSTc2dJ034443.3+320132 1C348-357
1C348 East309 S N none none
1C348 East94 S N none none
1C348 East80 Q N none none
1C348 East96 Q N none none
1C348 East84 S N none none
1C348 East71 Q N none none
1C348 East68 S N none none
1C348 East510 Q N none none
1C348 East604 Q N none none
1C348 East130 Q N none none
1C348 East140 Q N none none
1C348 East105 S N none none
1C348 East270 Q N none none
1C348 East580 Q N none none
1C348 East139 Q N none none
1C348 East278 S N none none
1C348 East109 Q N none none
1C348 East209 S N none none
1C348 East805 S N none none
1C348 East119 S N none none
1C348 East147 S N none none
1C348 East213 Q N none none
1C348 East454 S N none none
1C348 East210 S N none none
1C348 East159 P Y SSTc2dJ034516.3+320620 1C348-486
1C348 East116 S N none none
1C348 East266 S N none none
1C348 East267 P Y SSTc2dJ034520.5+320634 1C348-488
1C348 East102 S N none none
1C348 East318 S N none none
1C348 East240 S N none none
1C348 East455 S N none none
1C348 East473 Q N none none
Off Clump  East3 P Y SSTc2dJ034548.3+322412 none
B5 East271 S N none none
B5 East304 S N none none
B5 East284 S N none none
B5 East661 Q N none none



Table H.2 (cont’d)

Location Source Name  Class® 70 umP C2D Source GO09 Source
B5 East242 S N none none
B5 East14 P Y SSTc2dJ034705.4+324309 none
B5 East323 S N none none
B5 East285 S N none none
B5 East215 S N none none
B5 East229 S N none none
B5 East589 Q N none none
B5 East189 S N none none
B5 East519 Q N none none
B5 East305 S N none none
B5 East286 S N none none
B5 East75 S N none none
B5 East244 S N none none
B5 East321 S N none none
B5 East1 P Y SSTc2dJ034741.6+325144 none
B5 East197 S N none none
B5 East439 S N none none
B5 East367 S N none none
B5 East530 Q N none none
B5 East379 S N none none
B5 East288 S N none none
B5 East398 S N none none
B5 East243 S N none none
Off Clump East162 S N none none

aSource classification where S is starless, P is protostellar, and @ is questionably starless.

See Section 5.4.3.

bDetection of a compact 70 um source.
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Table H.3 gives the results from our virial analysis (see Section 5.4.3). Only
51 sources had NHj detections and good mass measurements (from SED-fitting).
Columns 1-2 gives the source location and name. Column 3 gives the detection
quality, where “WD” corresponds to well-detected sources and “PD” corresponds to
poorly-detected sources. Column 4 gives the classification, where “S” corresponds to
starless cores, “QQ” corresponds to questionably starless cores, and “P” corresponds
to protostellar cores. See Section 5.3.2 for more details. Column 5 gives the average
column density. Column 6 gives the NH3 detection name. We used NH3 observations
from Chapter 3 and Rosolowsky et al. (2008). Sources West60 and West108 each
had two NHj3 observations at the same location; we included both readings in this

analysis. Columns 7-8 give the virial masses and virial parameters, respectively.



Table H.3. Virial Properties of Herschel Objects

Location Source Name  Quality® ClassP n® NH3IDY M,;ria «
(105 em™) (M)

Off Clump  West279 WD S 1.11 9 1.56 1.08
Off Clump  West452 WD S 0.94 13 5.23 1.77
Off Clump  West416 WD S 1.53 16 2.12 1.10
L1448 West197 PD S 6.73 17 1.41 0.34
L1448 West191 WD S 4.21 18 1.13 0.96
L1448 West244 WD S 0.87 21 2.83 3.65
L1455 West226 WD S 0.70 24 2.28 1.63
L1455 West161 PD S 363.57 33 0.63 0.08
NGC1333 West420 WD S 2.03 41 2.15 0.64
L1455 West245 WD S 1.23 42 1.23 2.64
NGC1333 West96¢ WD P e 43 e e

NGC1333 West162 WD P 4.83 46 1.65 0.49
NGC1333 West149 PD S 5.81 47 2.34 0.45
NGC1333 West281 WD S 50.69 50 0.76 0.25
NGC1333 West40 PD P 2234.88 68 2.57 0.19
NGC1333 West124 PD S 7.7 69 2.14 1.28
NGC1333 West92 WD S 33.35 72 1.19 0.47
NGC1333 West16 WD P 195.24 77 0.32 1.63
NGC1333 West23 WD P 449.66 81 0.16 0.43
NGC1333 West60 WD P 0.72 82a 1.76 1.93
NGC1333 West60 WD P 0.72 82b 2.13 2.33
NGC1333 West108 WD S 15.23 88a 0.47 0.64
NGC1333 West108 WD S 15.23 88b 0.58 0.80
Off Clump  West246 WD S 0.29 93 1.60 3.19
Off Clump  West167 WD S 1.07 96 3.06 0.63
Off Clump  West221 WD S 1.65 97 0.94 1.52
B1 West241 PD S 4.57 104 1.35 0.78
B1 West562 WD S 0.43 110 6.25 7.81
B1 West249 WD S 1.71 112 3.62 1.98
B1 West307 PD S 2.77 113 2.34 0.40
B1 West250 PD S 4.96 117 2.36 5.87
B1 West136 WD S 11.58 118 0.86 0.41
B1 West295 PD S 14.13 124 1.12 0.18
B1 West27 PD P 143.02 126 0.29 3.72
Off West449 WD S 0.50 132 3.60 2.40
B1E West346 WD S 0.12 B1E3 7.61 10.36
B1E West507 WD S 0.36 B1E1 9.70 13.85
BI1E West531 WD S 1.60 B1E2 1.41 1.13
B1E West 737 WD S 0.25 B1ES8 3.37 9.32
B1E West450 WD S 0.96 B1E9 3.35 7.29
B1E East170 WD S 0.83 B1E6 6.90 7.34
1C348 East128 WD S 0.71 144 3.05 6.69
1C348 East81 WD S 0.46 153 3.98 6.79
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Table H.3 (cont’d)

ClassP

C

NH3IDA

Location  Source Name  Quality® n Muyirial a
(10° cm—3) Mp)

1C348 East191 WD S 0.77 154 5.32 18.22
1C348 East64 WD S 1.54 156 6.55 3.09
1C348 East86 PD S 9.17 158 1.18 0.69
1C348 East107 WD S 5.96 168 1.95 1.03
1C348 East157 WD S 0.67 170 1.57 2.96
1C348 East92 WD S 0.77 171 2.02 3.24
1C348 East61 WD S 7.68 176 1.04 1.04
1C348 East68 PD S 11.49 180 0.57 1.02
1C348 East116 WD S 1.66 183 1.42 0.91
B5 East75 WD S 65.63 189 0.66 0.37

2Quality of the Herschel source. See Section 5.3.2.

bSource classification where S is starless and P is protostellar. See Section 5.4.3.
¢Average density for a mean molecular weight of y = 2.8 and assuming perfect spheres.

dThe NH3 data for B1-E are from Chapter 3. For the rest of Perseus, the NH3 data are

from Rosolowsky et al. (2008).

¢Point source.

222



223

Table H.4 gives the YSO classifications for all the identified protostellar sources.
For more details, see Section 5.4.3. Columns 1-2 gives the source location and name.
Column 3 gives the corresponding infrared source name, if applicable. Identified YSOs
without infrared sources were classified based on compact 70 pym emission. Column 4
gives the adopted interstellar extinction. Columns 5-6 give the spectral index («) and
the corresponding YSO classification. Columns 7-8 give the bolometric temperature
(Thor) and the YSO classification based on the bolometric temperature. Columns
9-11 give the bolometric luminosity (L), the submillimeter luminosity (L, ), and
the classification based on the ratio of Ly /L. The submillimeter luminosity was
measured only for A > 350 pm. Since Lgu,/Lpy can only distinguish between Class
0 and non-Class 0 sources, we use “X” to correspond to non-Class 0 YSOs. Column

12 gives some notes.



Table H.4. Full SED Analyses of Herschel YSOs

Location Source Name IR Name?® Ay P « ClassA¢ Ty,  ClassT® Loy Lsmm ClassL® Notes
(mag) (K) (Lo) (Lo)

L1448 West32P none 5.9 cee S 35 0 1.1x10°1 8.7x10~% X NS
11448 West9 SSTc2dJ032522.3+304514 5.9 2.25 0/1 42 0 3.9 7.8x102 X E
L1448 West 25 none 5.9 cee cee 22 0 1.5 8.6x10—2 0 E,NS
11448 West8 SSTc2dJ032536.5+304522 5.9 2.51 0/1 57 0 9.1 2.3x1071 X E
11448 West4 SSTc2dJ032538.8+304406 5.9 2.09 0/1 46 0 1.0x10! 1.5%x10~1 X E
1.1448 West4 SSTc2dJ032539.1+304358 5.9 2.23 0/1 47 0 9.9 1.5x10~1 X E
Off Clump  West20 SSTc2dJ032637.5+301528 5.9 0.95 0/1 76 I 9.6x101  2.1x1072 X E
L1455 West35 SSTc2dJ032738.24+301359 5.9 -0.44 11 377 I 8.6x10~1  1.9x10~2 X E
L1455 West5 SSTc2dJ032738.84+301258 5.9 0.87 0/1 43 0 5.7 5.4x1072 X E
L1455 West5 SSTc2dJ032739.1+301303 5.9 2.57 0/1 55 0 6.3 5.4x1072 X E
L1455 West18 SSTc2dJ032743.2+301229 5.9 2.28 0/1 66 0 1.6 3.8x1072 X E
L1455 West36 SSTc2dJ032747.7+301205 5.9 -0.29 F 923 II 3.7 3.0x1072 X L
L1455 West82 SSTc2dJ032800.4+300801 5.9 1.04 0/1 294 I 2.9x10~1  6.2x1073 X E
NGC1333  West86 SSTc2dJ032832.6+311105 5.9 0.58 0/1 117 I 1.5x10~1  1.1x1072 0 E
NGC1333  West86 NGC1333-222 5.9 0.89 0/1 77 I 1.5x10~1  1.1x1072 0 E
NGC1333  West31 SSTc2dJ032834.5+310051 5.9 1.05 0/1 316 I 1.1 6.5x1073 X E
NGC1333  West96 SSTc2dJ032834.5+310705 5.9 0.41 0/1 182 I 1.3x1071  7.7x1073 0 E
NGC1333  West96 NGC1333-223 5.9 0.18 F 172 I 1.3x10~1  7.7x1073 0 E
NGC1333  West129 none 5.9 . e 22 0 7.3x1072  4.8x1073 0 E,NS
NGC1333  West3 NGC1333-224 5.9 2.41 0/1 65 0 2.1x10'  5.5x1072 X E
Off Clump  West328" none 5.9 . e 34 0 1.3x10~2 0.0 X NS
NGC1333  West162 SSTc2dJ032839.1+310602 5.9 1.59 0/1 23 0 3.0x10~71  4.8x1072 0 E
NGC1333  West162 NGC1333-210 5.9 1.54 0/1 23 0 3.0x10~1  4.8x1072 0 E
NGC1333  West39 SSTc2dJ032843.3+311733 5.9 0.26 F 602 I 2.2 1.2x1072 X L
NGC1333  West39 NGC1333-226 7.9 0.05 F 670 1I 2.6 1.2x1072 X L
NGC1333  West39 NGC1333-251 3.7 -0.36 1I 546 I 1.2 1.2x10~2 X E,C
NGC1333  West38 SSTc2dJ032845.3+310542 5.9 0.98 0/1 86 I 3.6x1071  1.4x10~2 X E
NGC1333  West38 NGC1333-211 5.9 1.54 0/1 83 I 3.7x1071  1.4x1072 X E
NGC1333  West200 SSTc2dJ032848.8+311609 5.9 0.19 F 98 I 1.2x10~1  1.0x10—2 0 E
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Table H.4 (cont’d)

Location Source Name IR Name? Ayb « ClassA®  Tpor ClassT*® Loy Lsmm ClassL®  Notes
(mag) (K) (Lo) (Lo)

NGC1333  West200 NGC1333-227 5.9 0.22 F 81 I 1.1x1071  1.0x102 0 E
NGC1333  West258 SSTc2dJ032851.04+-311818 7.3 -1.12 1I 1535 11 1.3 2.2x1073 X L
NGC1333  West258 NGC1333-256 3.7 -0.56 II 1351 II 8.2x10~1  2.2x1073 X L
NGC1333  West387 SSTc2dJ032850.5+312943 5.9 0.67 0/1 20 0 7.6x1071  4.7x1072 0 E
NGC1333  West78 SSTc2dJ032854.04+311809 16.7  -1.60 111 1386 II 6.8x10~1  8.5x1073 X L
NGC1333  West78 NGC1333-263 174 -0.68 II 1487 II 7.4x1071  8.5%x1073 X L
NGC1333  West493 SSTc2dJ032854.14+311654 3.4 -1.28 11 1321 11 1.2x10~1  3.3x10~% X L
NGC1333  West493 NGC1333-264 2.9 -0.13 F 1146 II 1.2x10~1  3.3x10~* X L
NGC1333  West493 SSTc2dJ032854.6+311651 9.7 -1.29 1I 1582 1I 59x10~1  3.3x10~% X L
NGC1333  West493 NGC1333-265 8.3 -0.83 II 1504 II 4.7x10-1  3.3x107% X L
NGC1333  West208 SSTc2dJ032855.1+311629 1.2 -0.82 1I 1346 II 6.0x10~ 1 0.0 X L
NGC1333  West208 NGC1333-267 10.7  -0.72 II 1367 II 5.7x10~1 0.0 X L
NGC1333  West208 SSTc2dJ032855.24+311625 5.9 -1.21 1I 1422 11 2.3x1071 0.0 X L
NGC1333  West208 NGC1333-268 5.8 -1.15 II 1314 II 2.7x1071 0.0 X L
NGC1333  West1® NGC1333-230 5.9 2.67 0/1 49 0 3.4x101  2.3x107! X E
NGC1333  Westl® SSTc2dJ032855.5+311431 5.9 1.78 0/1 42 0 3.2x101  2.3x10°1 X E
NGC1333  West206 SSTc2dJ032856.3+312228 5.9 -0.52 1I 899 1I 1.3x10-1  3.1x103 X L,NS
NGC1333  West206 NGC1333-270 19.6  -0.64 II 1667 II 4.3x10~1  3.1x1073 X R,L,NS
NGC1333  West121 SSTc2dJ032856.1+311908 0.0 -0.39 1I 45 0 9.0x10~1  2.7x1072 X E,R,C
NGC1333  Westl121 NGC1333-269 5.9 0.01 F 59 0 9.2x10~1  2.7x10~2 X E,C
NGC1333  West91 SSTc2dJ032856.6+311836 9.6 -1.46 1I 1520 1I 9.7x10~1  5.7x1073 X L
NGC1333  West91 NGC1333-271 7.1 -0.60 II 1338 II 7.5x1071  5.7x1073 X L
NGC1333  Westl10 SSTc2dJ032857.24+311419 0.0 -2.34 111 850 1I 5.4 2.2x1072 X C,R
NGC1333  West10 SSTc2dJ032857.4+311416 5.9 1.48 0/1 114 1 5.1 2.2x1072 X E
NGC1333  Westl10 NGC1333-212 5.9 1.02 0/1 111 I 5.3 2.2x1072 X E,NS
NGC1333  West43 SSTc2dJ032858.3+312209 9.8 -1.17 1I 196 1 3.2x10~1  7.8x1073 X L,NS
NGC1333  West43 NGC1333-275 6.0 -1.40 II 84 I 7.9x10~1  7.8x1073 X E,NS
NGC1333  West43 SSTc2dJ032858.44+312218 5.9 0.87 0/1 312 I 8.9%x10~1  7.8x1073 X E
NGC1333  West43 NGC1333-233 15.3 0.21 F 437 I 1.2 7.8x1073 X E
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Table H.4 (cont’d)

Location Source Name IR Name? Ayb « ClassA¢  Tpor ClassT*® Loy Lsmm ClassL®  Notes
(mag) (K) (Lo) (Lo)
NGC1333  West53 SSTc2dJ032859.3+311549 5.9 -0.11 F 588 1 8.1x10~1 0.0 X E,NS
NGC1333  West53 NGC1333-278 31.5  -0.53 I 1657 I 4.6 0.0 X L,NS,R
NGC1333  West33 SSTc2dJ032900.5+311201 5.9 2.10 0/1 32 0 5.2x1071  2.4x1072 X E
NGC1333  West33 NGC1333-213 5.9 1.56 0/1 33 0 52x1071  2.4x1072 X E
NGC1333  Westl5 NGC1333-235 27.7 0.70 0/1 337 I 2.2x10! 1.7x10~1 X ER
NGC1333  West19 none 5.9 - e 21 0 1.6 1.4x1071 0 E,NS
NGC1333  West68 SSTc2dJ032903.3+312315 5.9 0.97 0/1 282 1 1.5x1071 0.0 X E,NS
NGC1333  West77 SSTc2dJ032903.9+312149 8.1 -1.16 11 1385 1I 1.5 1.4x10~2 X L
NGC1333  West77 NGC1333-287 4.8 -0.86 I 1149 I 1.1 1.4x10~2 X L
NGC1333  West2 NGC1333-236 9.0 0.85 0/1 141 I 7.8x101  2.4x1071! X E
NGC1333  West40 SSTc2dJ032904.14-311447 5.9 1.36 0/1 40 0 3.5x1071  4.9x1072 0 E
NGC1333  West40 NGC1333-214 5.9 1.00 0/1 39 0 3.5x1071  4.9x1072 0 E
NGC1333  West125 SSTc2dJ032905.8+311640  19.9  -1.15 11 1453 I 2.3 0.0 X L,NS,R
NGC1333  West125 NGC1333-293 19.6  -0.76 11 1519 II 2.1 0.0 X L,NS,R
NGC1333  West878 SSTc2dJ032906.5+311534 5.9 -0.62 11 45 0 2.7x10~1  5.5x1072 0 E,C
NGC1333  West7 NGC1333-238 26.3 0.79 0/1 265 I 3.5x101  5.9x1072 X E
NGC1333  West42 NGC1333-239 16.0  -0.42 II 113 I 5.2 6.5%1073 X E,NS
NGC1333  West6 SSTc2dJ032910.5+311331 5.9 2.50 0/1 29 0 7.6 2.8x10~1 X E
NGC1333  West6 NGC1333-215 5.9 2.14 0/1 29 0 7.6 2.8x1071 X E
NGC1333  West1l none 5.9 - - 38 0 1.4x101  7.5%x1072 X E,NS
NGC1333  West16 SSTc2dJ032910.7+311821 5.9 1.88 0/1 57 0 2.0 2.6x1072 X E
NGC1333  West16 NGC1333-241 5.9 1.55 0/1 61 0 2.1 2.6x1072 X E
NGC1333  West14 SSTc2dJ032910.7+311821 5.9 1.88 0/1 47 0 4.0 8.8x1072 X E
NGC1333  West14 NGC1333-241 5.9 1.55 0/1 49 0 4.0 8.8x10~2 X E
NGC1333  West14 SSTc2dJ032911.3+311831 5.9 1.88 0/1 43 0 3.9 8.8x1072 X E
NGC1333  Westl14 NGC1333-216 5.9 2.31 0/1 44 0 3.9 8.8x1072 X E
NGC1333  West13 SSTc2dJ032912.14+311302 5.9 0.43 0/1 28 0 4.3 1.8x10~1 X E
NGC1333  West13 NGC1333-217 5.9 0.71 0/1 28 0 4.3 1.8x1071 X E
NGC1333  West49 SSTc2dJ032913.04+-311814 5.9 1.88 0/1 359 1 8.5x10~1  1.7x10~2 X L
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Table H.4 (cont’d)

Location Source Name IR Name® Ay P a ClassA® Ty,  ClassT€¢ Lpo; Lsmm ClassL® Notes
(mag) (K) (Lo) (Lo)

NGC1333  West49 NGC1333-242 5.9 0.18 F 365 I 81x10~1  1.7x1072 X L,NS
NGC1333  West30 SSTc2dJ032913.54+311358 5.9 2.43 0/1 31 0 7.1x101  2.9x1072 X E
NGC1333  West30 NGC1333-219 5.9 1.30 0/1 32 0 7.2x1071  2.9x1072 X E
NGC1333  West205 SSTc2dJ032914.4+311444  13.9  -0.66 11 710 11 4.8x10—2 0.0 X L,NS
NGC1333  West23 SSTc2dJ032917.2+312746 5.9 1.68 0/1 42 0 9.0x10~1  2.4x10~2 X E
NGC1333  West23 NGC1333-220 5.9 1.61 0/1 42 0 9.0x1071  2.4x1072 X E
NGC1333  Westl16 SSTc2dJ032917.74312245 4.6 -1.00 1I 1501 11 2.4 1.2x10~* X L
NGC1333  West116 NGC1333-316 2.8 -0.83 I 1398 I 1.9 1.2x10~% X L
NGC1333  West37 none 5.9 e e 22 0 4.7x1071  2.8x102 0 E,NS
NGC1333  West608 SSTc2dJ032919.84-312457 5.9 -2.85 11 458 I 1.6x10"  1.2x1071! X E,C
NGC1333  West55 SSTc2dJ032920.1+312408 5.9 0.36 0/1 54 0 7.2 5.4x1072 X E
NGC1333  West55 NGC1333-320 24.9  -0.31 II 98 I 7.5 5.4x1072 X R,E
NGC1333  West973P none 5.9 . . 26 0 4.0x1072  25x10* X NS
NGC1333  West157 SSTc2dJ032920.4+311834 5.9 -0.26 F 750 11 6.2x1071  1.2x1073 X L,NS
NGC1333  Westl157 NGC1333-321 13.8  -0.50 II 1134 II 1.1 1.2x1073 X L,NS
NGC1333  West44 SSTc2dJ032923.5+313330 5.9 1.44 0/1 65 0 3.3x10~1  2.0x1072 0 E,NS
NGC1333  Westd4 NGC1333-221 5.9 1.81 0/1 67 0 3.4x10~1  2.0x1072 0 E,NS
NGC1333  West137 SSTc2dJ032929.34+311835 4.4 -1.70 111 1355 II 2.2x10~1  2.5x10~4 X L,NS
NGC1333  West137 NGC1333-342 5.8 -0.21 F 1462 II 2.5x1071  2.5x1074 X L,NS
NGC1333  West28 SSTc2dJ032951.84-313906 5.9 3.38 0/1 37 0 6.4x10~1  2.6x10~2 X E
NGC1333  West283 SSTc2dJ032954.04+312053 3.0 -1.07 11 1359 11 2.7x10~1  2.9x10~4 X L
NGC1333  West283 NGC1333-338 0.0 -0.31 II 1134 II 2.0x10~1  2.9x10~¢ X LR
Off Clump  West21 SSTc2dJ033015.1+302349 5.9 1.59 0/1 113 I 1.5 1.4x10~2 X E
Off Clump  West62 none 5.9 32 0 4.0x1072  1.4x10~% X E,NS
Off Clump  West62 SSTc2dJ033020.44+315027F 5.9 0.38 0/1 194 I 2.1x1071  1.4x10~4 X E,NS
Off Clump  West51 SSTc2dJ033027.14+302830 5.9 -0.71 11 374 1 3.6x10~1  1.6x10'0 X E,NS
Off Clump  West76 SSTc2dJ033032.74302627 5.9 1.99 0/1 42 0 1.1x10~1  1.3x1072 0 E
Off Clump  West1197 SSTc2dJ033035.94-303024 3.2 -1.30 11 1704 II 3.6 7.9x10~6 X L
Off Clump  West156 SSTc2dJ033038.2+303212 5.9 -0.40 11 390 I 6.7x1072  4.9x10~4 X E
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Table H.4 (cont’d)

Location Source Name IR Name® Ay P a ClassA® Ty,  ClassT€¢ Lypo; Lsmm ClassL® Notes
(mag) (K) (Lo) (Lo)

Off Clump ~ West52 SSTc2dJ033044.0+303247 5.8 -1.01 11 1459 11 2.3 1.2x10~° X L
Off Clump  West170 SSTc2dJ033052.54+305418 7.6 -1.07 1I 1387 11 3.4x1071  3.1x1073 X L
Bl West17 SSTc2dJ033121.04-304530 5.9 0.89 0/1 32 0 1.4 5.3x10~2 X E
Off Clump  West128 SSTc2dJ033128.94+303053 1.8 -1.42 11 1687 11 1.2 1.4x103 X L
B1 West235P none 5.9 e e 31 0 1.7x1072  3.2x10~* X NS
Bl West26 SSTc2dJ033218.04-304947 5.9 0.90 0/1 27 0 9.6x10~1  6.1x10~2 0 E,NS
B1 West46 SSTc2dJ033229.2+310241 5.9 0.15 F 228 1 3.8x1071  1.2x1072 X E
B1 West132 SSTc2dJ033234.0+310056 5.8 -1.29 11 1549 11 9.1x1071  1.4x10~% X L
B1 West29 SSTc2dJ033312.8+-312124 5.9 0.09 F 615 1 3.7 1.3x1073 X L
B1 West50 SSTc2dJ033314.4+310711 5.9 2.10 0/1 53 0 29%x10~1  2.7x1072 0 E
B1 West34 SSTc2dJ033316.4+310653 5.9 1.66 0/1 30 0 6.1x10~1  4.3x10~2 0 E
B1 West24 SSTc2dJ033316.7+310755 5.9 1.76 0/1 143 1 1.5 2.0x10~2 X E
Bl West12 SSTc2dJ033317.9+4310932 5.9 3.14 0/1 48 0 4.1 1.1x1071 X E
B1 West27 SSTc2dJ033327.3+310710 5.9 1.85 0/1 106 1 1.1 1.0x1072 X E
Bl West84 SSTc2dJ033330.4+311051 6.9 -1.01 11 1527 11 5.3 0.0 X L
Bl West474 SSTc2dJ033341.3+311341  11.7  -1.04 11 1379 11 5.0x10~1  1.4x1073 X L
Off Clump  West984? none 5.9 cee s 34 0 1.2x10~2 0.0 X NS
Off Clump  FEast6 none 5.9 e . 26 0 4.0x1071  2.1x1072 0 E,NS
1C348 East58 SSTc2dJ034027.7+314313 5.9 0.25 F 43 0 7.5x1072  4.6x10~% X E,NS
IC348 East10 SSTc2dJ034109.1+314438 8.0 -0.97 1I 1314 1I 3.0 2.8x1073 X L
1C348 East53 SSTc2dJ034125.04+-315657 5.9 -0.29 F 412 I 1.1x10~Y  1.1x103 X E
Off Clump East512P none 5.9 e e 44 0 8.2x1073  1.4x10°7 X NS
IC348 East136 SSTc2dJ034155.7+314811 5.9 0.43 0/1 540 1 1.6x10~1  2.1x10°6 X E
IC348 East57" none 5.9 oo . 36 0 1.9x10~2 0.0 X NS
1C348 East153 SSTc2dJ034202.2+314802 5.9 1.21 0/1 190 I 9.7x1072  2.1x10~* X E
IC348 East205 SSTc2dJ034254.7+314345 1.2 -2.40 111 1701 11 2.1x1071  3.4x10~% X L
1C348 East23 SSTc2dJ034255.9+315842 3.9 -0.61 11 1017 11 2.0 2.4x1073 X L
IC348 East54 SSTc2dJ034344.5+314309 5.9 -0.61 1I 1091 11 9.3x10~1  5.1x10~% X L
IC348 East408 SSTc2dJ034344.6+320818 2.5 -1.46 11 1338 11 2.2x1071  3.3x107% X L
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Table H.4 (cont’d)

Location  Source Name IR Name? AyP o ClassA® Ty ClassT*® Lypo; Lsmm ClassL® Notes
(mag) (K) (Lo) (Lo)
1C348 East408 1C348-494 2.9 -0.23 F 1361 1I 2.3x10~1  3.3x10~4 X L
1C348 East12 SSTc2dJ034345.2+320359 5.9 0.26 F 620 I 9.4x10~1  4.0x1073 X E
1C348 East12 1C348-348 6.2 0.55 0/1 488 I 6.7x101  4.0x1073 X E
1C348 Eastl1 1C348-367 0.0 -0.72 11 44 0 7.2x1071  2.6x1072 X E,C,R
1C348 Eastl1l SSTc2dJ034351.0+320325 5.9 1.41 0/1 40 0 4.2x1071  2.6x1072 0 E
1C348 East1l 1C348-345 5.9 1.43 0/1 39 0 4.3x1071  2.6x1072 0 E,NS
1C348 East9 SSTc2dJ034351.0+320308 5.9 -0.35 II 45 0 7.4x1071  2.4x1072 X E,NS
1C348 East4 SSTc2dJ034356.5+320053 5.9 0.62 0/1 27 0 2.0 9.3x102 X E
1C348 East5 1C348-371 5.9 -0.29 F 39 0 2.7 7.2%x1072 X E,NS,C
1C348 East5 SSTc2dJ034356.8+320305 5.9 1.29 0/1 30 0 1.6 7.2x1072 X E
1C348 East26 SSTc2dJ034359.4+320036 5.9 -0.16 F 280 I 9.6x10—2 0.0 X E,NS
1C348 East17 SSTc2dJ034402.4+320205 5.9 1.43 0/1 70 I 2.1x1071  1.8x1072 0 E,NS
1C348 East17 1C348-352 5.9 1.27 0/1 52 0 3.4x10~1  1.8x1072 0 E,NS
1C348 East17 SSTc2dJ034402.6+320160 5.9 1.01 0/1 62 0 1.9x10~1  1.8x1072 0 E,NS
1C348 East17 1C348-353 5.9 0.64 0/1 54 0 3.4x1071  1.8x1072 0 E,NS
1C348 East30 SSTc2dJ034409.2+320238 5.9 0.65 0/1 298 I 3.0x10~1  5.4x10-3 X E
1C348 East30 1C348-354 7.1 0.30 0/1 333 I 3.0x10~1 5.4x1073 X E
1C348 East7 SSTc2dJ034413.0+320135 5.9 0.38 0/1 424 I 2.3 3.5x1073 X E
1C348 East7 1C348-355 10.5  -0.06 F 494 I 2.8 3.5x1073 X L,R
1C348 East363h none 5.9 e e 32 0 3.4x10—2 0.0 NS
1C348 East16 SSTc2dJ034418.2+4320457 8.5 -1.39 II 1298 II 1.1 2.4x1073 X L
1C348 East16 1C348-393 7.6 -0.97 11 1255 11 9.3x10~1  2.4x10~3 X L
1C348 East13 SSTc2dJ034421.4+315933 5.9 0.50 0/1 334 I 3.9x10~1  6.8x1073 X E
1C348 East13 1C348-401 21.7  -0.33 1I 549 I 6.9x10~1  6.8x1073 X R,L
1C348 East362 SSTc2dJ034422.6+320154 2.9 -1.78 il 1135 II 2.7x10~1  7.2x10~% X L
1C348 East362 1C348-497 3.4 -1.90 111 1184 1I 2.7x1071  7.2x107% X L
1C348 East362 SSTc2dJ034422.7+320142 7.1 -1.93 il 457 I 1.3x107!  7.2x10~% X E
1C348 East362 1C348-406 6.2 -1.72 III 395 I 1.3x1071  7.2x107% X E
1C348 East122P none 5.9 . 31 0 6.7x102 0.0 X NS
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Table H.4 (cont’d)

Location Source Name IR Name?® Ayb « ClassA¢  Tpor ClassT*® Loy Lsmm ClassL® Notes
(mag) (K) (Lo) (Lo)

IC348 East76 SSTc2dJ034426.0+320430 6.1 -1.24 1I 1568 1I 3.0 0.0 X L,NS
IC348 East76 1C348-414 3.8 -1.17 II 1392 II 2.4 0.0 X L,NS
IC348 East265 SSTc2dJ034426.7+320820 7.2 -1.43 1I 1188 1I 3.7x10~1  1.0x1073 X L
IC348 East265 1C348-415 7.1 -1.77 111 1171 II 3.6x10~1  1.0x1073 X L
IC348 East110 SSTc2dJ034429.7+321040 5.3 -1.44 1I 804 1I 8.5%x10~1  8.1x1073 X E
IC348 East110 1C348-423 4.0 -1.57 II 696 II 8.0x10~1 8.1x1073 X E
IC348 East36" none 5.9 51 0 1.7x1072  6.3x10°° X NS
1C348 East45 none 5.9 30 0 2.2x1071  5.1x1073 X E.NS
IC348 East40 SSTc2dJ034434.2+320946 0.0 -2.52 111 2120 1I 6.5 1.3x10~% X L, R
IC348 East258 1C348-440 0.0 -1.50 II 49 0 1.8x101  3.2x1072 X E,NS,C,R
IC348 East258 SSTc2dJ034435.5+320856 3.4 -1.43 II 60 0 5.3 3.2x102 X E,C
IC348 East258 1C348-443 2.0 -1.67 111 54 0 1.1x10'  3.2x10~2 X E,NS,C
1C348 East15P none 5.9 48 0 1.3x10~1  2.2x10°5 X NS
IC348 East2 SSTc2dJ034443.3+320132 5.9 0.79 0/1 216 1 3.9 4.2x1072 X E
IC348 East2 1C348-357 279  -0.28 F 495 I 7.1 4.2x1072 X ER
IC348 East159 SSTc2dJ034516.34+320620 8.6 -0.77 1I 1326 1I 1.2 1.6x10~3 X L
IC348 East159 1C348-486 5.5 -0.66 II 1158 II 9.5x10~1  1.6x10~3 X L
IC348 East267 SSTc2dJ034520.54+320634 5.2 -1.42 1I 1590 1I 8.7x10~1 1.2x1073 X L
1C348 East267 1C348-488 3.5 -0.73 II 1473 II 7.2x1071  1.2x1073 X L
Off Clump  East3 SSTc2dJ034548.3+322412 5.3 -1.22 1I 1375 1I 8.2 7.6x1073 X L
B5 East14 SSTc2dJ034705.4+324309 5.9 0.72 0/1 396 1 59%x10~1  7.3x1073 X E
B5 East1 SSTc2dJ034741.6+325144 5.9 1.85 0/1 349 1 5.0 2.7x102 X E

aInfrared sources from the c2d catalogue and GO09 catalogue, if applicable.

PIf the extinction as not measured directly, we assumed Ay = 5.9.

¢YSO Classes from the infrared spectral index (ClassA), Tpo; (Class T), or Lsmm /Lpo; (ClassL), where 0 = Class 0, I = Class I, F= Flat, II = Class
11, and IIT = Class III. YSOs with Lsmm /Lpor < 0.05 cannot be defined (X). See Section 5.4.3.

d«E” indicates an envelope, “L” indicates a lost envelope or weak envelope compared the the infrared emission, “NS” indicates not all bands were

sampled, “C” indicates a likely coincidence, and “R” indicates unreliable reddening.

®The two infrared sources here likely correspond to the same object (NGC1333 IRAS 2A). See Sections 5.2.2 and 5.4.6 for more details.

fSource designated as “rising” by the Evans et al. (2009).

&These sources are likely coincidences, but do not have compact 70 um emission. Thus, the Herschel source may be a starless core. See Section 5.5.5.

hThese sources have compact 70 pm emission, but no corresponding Spitzer sources or well-detected submillimeter emission. See Section 5.4.6.
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