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Preface

This thesis contains a combination of research that has alrdy been published and
new results to be published in the future. Chapter]2, entitie \CARMA Large Area
Star Formation Survey: Project Overview with Analysis of Dese Gas Structure and
Kinematics in Barnard 1," has been published in the Astrophysal Journal (Storm,
S., Mundy, L. G., Ferrandez-Lopez, M., et al., 2014, ApJ, 794165). Chapter[1,
entitled \Introduction," includes parts of the introducti on from the published work
presented in Chapter[2. Chapterl3, entitted \CARMA Large Area &r Formation
Survey: The Young L1451 Region within Perseus," is in prepation to be submitted
to the Astrophysical Journal (Storm, S., Mundy, L. G., Lee, 1.J., et al., 2015, ApJ,
in preparation). The cross region comparison in Chapter 4 bds from the previous
chapters and from published results of Serpens Main (Lee, K, Ferrandez-Lopez,
M., Storm, S., et al., 2014, ApJ, 797, 76) and results in prepation for Serpens
South (Ferrandez-lopez et al. 2015) and NGC 1333 (Mundy etla2015).

The thesis observations and research are based on a CARMA Kexofect that
was proposed in December 2011. | was a co-investigator on fhr@posal for the
CARMA Large Area Star Formation Survey, with Professor Lee Mudy as the
Principal Investigator. The project was based on pilot obseations of the Perseus
NGC 1333 region, and was approved in February 2012 to obserwveotadditional

regions within Perseus and two regions in Serpens. | led thbservations and data



calibration for the Key Project for its entire duration, from April 2012 to August

2013. After the observations were complete, | led the e ort taletermine the best
mapping techniques. Once the science-ready data cubes facleregion were created,
| led the science analysis of the two youngest Perseus reg@oBarnard 1 and L1451.
Other team members led the science of NGC 1333 and the Serpeggions, while |

contributed to those works. | was the principal developer dhe dendrogram analysis
of all regions that went into each published and upcoming p&p mentioned above.
Katherine Lee and Aaron Meisner led the construction aflerscheltbased column

density and temperature maps presented in Chapter$s 3 and 4.
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Chapter 1

Introduction

Galaxies are gravitationally bound collections of stars,a$, dust, and dark matter.
How stars form within galaxies is a fundamental question of enomy and human
understanding. The life and death cycle of stars drives théhemical evolution of
the universe and the evolution of galaxies; the populatiortatistics of stars a ects
how many habitable exoplanets exist, and our Sun provides engy to support life
on our planet. This thesis is focused on the structure and kmatics of molecular
clouds, which are the birthplace of stars within galaxies. e goal is to achieve a

more complete understanding of how the gas and dust of galegiturns into stars.

1.1 Historical View of Molecular Cloud Observa-
tions

Modern-day astronomers are interested in molecular cloui®cause we know they
are collections of molecular gas and dust where stars forniiete is a strong cor-
relation between star formation and molecular gas, as opmasto atomic gas (e.g.,

Bigiel et al: 2008; Leroy et al. 2008). However, less than a tery ago, molecular



clouds were only known as \holes in the heavens" due to the wéyey obscured op-

tical starlight and produced dark patches in an otherwise loght night sky. Barnar

(1913) was the rst to propose that these dark patches were bt vacancies, but

rather some kind of obscuring body lying in the Milky Way, or letween us and it,
which cuts out the light from the stars.” Figure[1.1 shows anpical image of a
molecular cloud, where dark patches are easily visible. Thest detection of inter-

stellar molecules from these patches came around 1940 froptical stellar absorp-

tion features (e.g., Swings & Rosenfeld 1937; McKellar 1 Jﬁn_m; 1941). The rst

radio telescope detection of molecular emission came in 398ith the centimeter-

wavelength observation of the OH radical (Weinreb et ¢ _15% Detections later

pushed into the millimeter wavelength regime with improvednstrumentation, and

the CO line was rst detected by|Wilson et al. (1970). From thelate-1970s on-

ward, mapping molecules in Milky Way and extragalactic motlar clouds from

(sub)millimeter to centimeter wavelengths became commoe.g.,l Morris & Rickar

1982;| Genzel & Stutzkl 1989).

Figure 1.1: The Perseus Molecular Cloud, showing examplesf @ptically dark
patches, bright O and B stars, and background stars that havebeen reddened by
dust. Photo Credit: David Pearson.



There have been numerous observations of molecular cloudsrdhe past decades
that have greatly improved our understanding of star formaon (see reviews by
Shu et al. 1987; Kennicutt & Evans 2012). In addition to the ofervation of molecules,
there have been campaigns to observe the thermal continuurmission from cold
cloud dust, as well as the infrared emission from young stllobjects (YSOs) form-
ing in clouds (some of these campaigns are discussed in $&¢li.3). The most well-
studied Milky Way molecular clouds are nearby. Speci callythey are in Gould's
Belt, which Benjamin Gould described as a ring of bright star (Gould|1874). The
belt is a attened, elliptical disk several hundred parsec#n radius that contains
numerous bright O- and B-type stars and stellar nurseries @2rot & Grenier [2003).
Figure[1.2 shows the belt in galactic coordinates, along withe location of several
molecular clouds. The proximity of the belt's molecular clads to the Sun makes
them popular targets for observations that desire high spe resolution. For exam-
ple, Taurus (Torres et al.l 2012), Perseus (Hirota et al. 2011perpens |(Dzib et al.
2010), and Orion (Kim et al.| 2008) are 133, 235, 415, and 418 pc from the Sun,
respectively. At these distances, Bangular resolution can resolve down to spatial
scales 700{2500 AU, meaning it is possible to study individual protstellar cores

and cloud structures that will form stars.

1.2 Properties of Molecular Clouds

Most of the Milky Way interstellar medium (ISM) is atomic dueto the dissociation
of molecules by far ultraviolet (FUV) photons (Krumholz et al.2008). To form a
molecular cloud, gas in the ISM must be accumulated to high eagh column den-
sities (i.e., from gravity and turbulence) to shield the gasrom the FUV photons|

a minimum visual extinction (Ay) of 0.5{1.0 is required [(van Dishoeck & Blake



Taurus

Figure 1.2: An IRAS 100 m map of the galactic plane showing locations
of nearby molecular clouds, including the Perseus and Serps clouds stud-
ied in this thesis. The solid lines mark the location of the Gald Belt across
galactic coordinates. Image from the JCMT Gould Belt Legacy Survey team:
http://www.eaobservatory.org/jcmt/science/legacy-su rvey/gbs/.

1998). Once this shielding occurs, HI can formjnd C* can turn into CO, lead-
ing to clouds that are readily observable in molecular CO ession (Dobbs et al.
2014)..Roman-Duval et al.|(2010) did a survey of th&#CO and3CO in Milky Way
clouds, and found cloud masses between?{0’ M , a median H number density
of 230 cm 3, a median surface density of 144 pc 2, and a median global velocity
dispersion 1.3 km s . For a molecule rich galaxy, like the Milky Way, most of the
molecular mass is found in giant molecular clouds (GMCs) thdave masses above
10* M (Williams et al.l2000). The nearby clouds of the Gould Belt @& smaller and
less massive than those GMCs, but their proximity to the Sun akes them superior
locations to study the small-scale details of star formatio

The environment of a molecular cloud is magnetized and turlent. The ratio of
magnetic energy to gravitational potential energy in clousl is not large enough to
prevent gravitational collapse; Crutcher ((2012) showed #t molecular clouds and
cores, whereNy 10°* cm 2, are magnetically supercritical (cloud mass greater
than magnetic critical mass). Turbulence has more clear imence on molecular
cloud structure. Observations of molecular linewidths shothat all molecular clouds

are turbulent, with typical non-thermal velocities 1{4 km s ! on scales 1{10 pc



(Solomon et al. 1987; Hever & Brunt 2004). These velocitiesroespond to super-
sonic motions with Mach numbers of 3{20 in the cold, molecul@omponent of the
ISM, where typical temperatures range from 10{20 K (Ferree 2001) and the corre-
sponding isothermal sound speed is0.2{0.3 km s 1. Supersonic ows are capable
of causing strong density perturbations in clouds, since ¢hgas is highly compress-
ible (Dickman 11985; Scalo 1987; Mac Low & Klessen 2004). Nurmcaf simulations
show that these density perturbations can take the shape observed cloud struc-
ture, and then fragment and collapse under self-gravity toofm dense cores (e.g.,
Gong & Ostriker2011; Federrath & Klessen 2012; Chen & Ostek|2014).

Turbulence and self-gravity work together to create a largdynamic range of
spatial and density cloud structure that stretches from théowest-extinction edge of
a cloud to the highest-extinction clumps within the cloud where stars will actively
form. Observations of*?CO and **CO reveal that the large-scale cloud is lled
with relatively low-density (n  10* 3 cm 3), supersonically turbulent gas at all
spatial scales, and can extend for several tens of parsecg.(eKutner et al/|1977;
Lada & Reid|1978; Ridge et al. 2006). Overdensities formedthin the low-density
gas create zones of active star formation at parsec scalethwi 10° > cm 3, such
as the NGC 1333 region within the Perseus cloud complex that svnapped in NH*
by Walsh et al. (2007). These parsec-scale overdense regienolve and fragment
to even higher densitiesr{ 1% 7 cm 2) as they form pre-stellar and proto-stellar
cores on scales 0f 0.01{0.1 pc (see di Francesco et al. 2007; Ward-Thompson ét a
2007, and references therein).

The progression of molecular cloud structure across spdtgcales and densities
can be represented as a hierarchy, where the smaller, derrsglions are substructures
of the larger, less-dense regions. Houlahan & Scalo (1992yaleped a structure

tree representation of molecular clouds to quantify this rsted, hierarchical nature,



and that method led to the usage of dendrogram algorithms irhe past few years
to analyze hierarchical cloud structure [(Rosolowsky et aR008b;| Goodman et al.
2009). The progression to higher densities also comes withdacreasing volume
lling factorjmost of the mass in a cloud is at low densities, so material above
10° cm 3, which is at the hierarchical peak of the cloud density struare, represents
a small percentage of the cloud's total mass and volume (MaoWw & Klessen 2004).
The formation of overdensities within clouds and their sulegjuent evolution to

even higher densities, and ultimately to stars, is the focusf active research. It is
known that supersonic turbulent ows, magnetic elds, and slf-gravity are all in-
volved, but the interplay between them across a broad rangésize scales, and across

di erent environments, is not fully understood theoreticdly or observationally.

1.3 Molecular Cloud Surveys

There have been numerous surveys of nearby molecular cloudshe past decades.
The young stellar content of Gould's Belt clouds was assedsby Spitzer Legacy
Surveys including the c2d survey (e.g., Evans et lal. 2009)athe Gould's Belt sur-
vey (e.g., Gutermuth et al. 2008). Complementary observatns of gas and dust are
needed to link those protostars to their environment to undstand how they formed.
It is also important to observe regions with pre-stellar cas and condensations to
map the state of clouds before star formation has begun.

A fundamental limitation of existing gas and dust observatins is the lack of high-
resolution data tracking the structure and kinematics acres complete, parsec-scale
star forming regions. To resolve 10,000-AU envelopes of dergas and dust that
surround protostars or protostellar multiples, we requireat least 3000-AU spatial

resolution to have a few beams across those envelopes. If watto then understand



the environment from which those cores are forming, we neeallie sensitive to scales
of one to a few parsecs to track the relationship between thagjand stars as clusters
of stars form.

The thermal continuum emission from molecular cloud dust lsabeen most re-
cently observed throughout large areas of many clouds fron®{600 m with the
Herschel Gould Belt Survey (Ande et al. 2010) and at 450 and 850 m with the
JCMT Gould Belt Survey (Sadavoy et al.l 2013). Those observans are limited
from achieving the goals stated above because the groundsed observations are
not sensitive to structure more than 0.17 pc at the distance of Perseus due to
spatial Itering (Sadavoy et al/|2013), while theHerschel observations are limited
to 8500 AU spatial resolution at the distance to Perseus for ewhn density and
temperature maps.

The gas structure and kinematics of clouds, commonly tracda/ CO isotopo-
logues, has been observed by several campaigns, includimg FCRAO observations
from the COMPLETE team of Perseus and Ophiucus_(Ridge et al.0®6), JCMT
observations of Perseus (Hatchell et al. 2005), and JCMT GalBelt Legacy Survey
observations (e.g., Buckle et al. 2012). The main observatial limitation of these
observations is that the excitation properties of CO make it better tracer of the
lower-density regions of the clouds than of the higher-dahsregions where stars are
actively forming, and that the 2C and *3C species are often optically thick in cold
regions preventing a view of the full column of material. Chmeically, CO tends to
deplete due to freeze-out onto grains in regions with dengiabove a few 10* cm 3
(Bacmann et al.| 2002) and gas temperature less than 20 K (Qaolys et al.|2003),
which is another reason it is not a good tracer of the coldesiensest cores where
stars will form. Observations of molecular species and traitions that are excited

at these higher physical densities and column densities arteeded to peer through



the lower density gas, and to highlight the structure and kiamatics of the material
directly feeding into the star formation.

In summary, existing surveys have shown the complex dust aigas structure of
molecular clouds, but they have not adequately captured theide range of spatial
scales of the high physical density regime where stars forifo do this, new surveys
with higher resolution and larger spatial coverage of the ¢in-density regime are
needed. These new surveys can improve our understanding o€ internal physical
state of molecular clouds, with long term goals of understding what drives and
controls the rate of star formation, why the stellar initial mass function has its
shape, and whether that shape depends on environment. In timear term, such
surveys that follow the structure and kinematics of cloud @rdensities over a wide
range of spatial scales can provide a clearer picture of hovaterial fragments along

the pathway to star formation.

1.3.1 CARMA Large Area Star Formation Survey

We started lling the need for new surveys with a Key Project o the Combined
Array for Research in Millimeter-wave Astronomy (CARMA). We caried out a large
area, high angular resolution survey of dense gas in nearbylecular clouds. The
CARMA Large Area Star Formation Survey (CLASSy) spent 700 hourgnaging ve
large areas of star formation in the BH*, HCO",and HCN (J = 1! 0) molecular
lines. We chose these molecules because they are all tracéidense gas and sample
a range of chemical/physical environments within a cloud é Sectiori_1)5). They
are all also observable in a single CARMA correlator setting.

CLASSYy observed the Perseus Molecular Cloud Complex towart&sC 1333,
Barnard 1, and L1451 (see Figure_1.3), and the Serpens MolesuCloud towards

Serpens Main and Serpens South (see Figlrel 1.4), to captumaage of star-forming



environments and evolutionary stages. We mapped each ragiwith 1600 and
3000 AU spatial resolution at the distances of Perseus andrfens (235 and
415 pc), respectively, to meet the requirement of resolvirigdividual star-forming
cores ( 10,000 AU). We also covered large enough areas to capture thwison-
ment in which the cores formed|up to linear scales of 1 to 2 pc eross each region.
These survey data were combined with many ancillary datasgt Spitzer catalogs
of young stellar objects (YSOs)Herschelimages of heating sourcesjerscheland
JCMT maps of dust and continuum sources, to name a few|to prowde a total
picture of star-forming objects and the structure and kinemtics of the dense gas
which is fueling their formation.
We review each CLASSYy cloud in Section 1.4, discuss detailseaich molecule
in Section[L.5, and present the technical details of obsetians, calibration, and

mapping as part of Chaptei 2.

1.4 The Perseus and Serpens Molecular Clouds

The Perseus and Serpens Molecular Clouds were chosen asdtsrdor CLASSy
because they are nearby, and because of the large amountsxidteng ancillary data
from other telescopes to combine with new CARMA observatiorts dense gas. Here
we review basic properties of each cloud.

Perseus is located 235 pc from the Sunh (Hirota etlal. 2011), amslthe closest
cloud that is forming large numbers of low to intermediate-mss stars |(Bally et al.
2008). The total mass of the cloud is estimated to be 4.8 10> M based on
extinction maps from 2MASS andSpitzer data (Enoch et al. 2006; Ridge et al. 2006;
Evans et al. 2009). It appears elongated across (29 pc) of the sky in roughly the

east-west direction, with an estimated total area of 70 p& based on theA, =3 mag
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Figure 1.3: Overview of the CLASSYy regions in the western pdion of the Perseus
Molecular Cloud, as seen byHerschel350 m (IpA_nd_e_el_al_&_OLQb where the darker
shades of grey represent stronger dust emission relative tthe lighter shades of
grey. The approximate areas mapped by CARMA are representedvith rectan-

gles; the actual areas are not single rectangular elds for Brnard 1 and L1451.
Projected distances between regions are given, assuming #&thnce of 235 pc.

contour from 2MASS extinction (Ridge et al. 2006). The star fonation within

the cloud is not distributed uniformly across this entire a@a. The main sites of
clustered star formation can be separated into an eastern énwestern half. The
most prominent region in the eastern half is the IC 348 stanfming cluster (not

pictured in Figure[1.3), which contains nearly half of the Pseus YSOs identi ed

by the Spitzer c2d project (J rgensen et all 2008). The cluster is consided to be

the oldest region of ongoing star formation in Perseus at 2{dlyr old (Bally et al.

2008).

The western half of Perseus contains younger, more activaisters of star for-

mation. The most prominent region in this half is the NGC 1333tar-forming
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Figure 1.4: Overview of CLASSy regions in the Serpens Molet¢ar Cloud, as

seen byHerschel 350 m (|Andg et al. ip;ob The approximate areas mapped by
CARMA are represented with rectangles; the actual areas areot sinile rectangu-

lar elds for either region. The Serpens Main data is presentd in 2014),
while an analysis of the Serpens South pH* laments is in

(2014).

cluster, which has about 115 associated YSQOs (J rgensen e \@_OJL) and dozens of

protostellar out ows and shocks (Am_e_ej_a|l 2010). NGC 1333 isstimated to be

younger than IC 348, at an age of about 1{2 Myr (Wilki |.204;|Bally et al

200

). There are several smaller regions of star formationtlwn a few parsecs of

NGC 1333, including Barnard 1, L1448, L1455, and L1451, whielne thought to be

ofa

Stat

similar age as, or slightly younger than, NGC 1333, based their star formation

istics. CLASSYy focused on three evolutionarily distirtaegions of star formation

in the western half of Perseus that are in close proximity: NG@333, Barnard 1,

and

spe

L1451. Figure_1.B shows a view of the cool dust in this regi and we discuss

ci cs of each region in later chapters. Chaptefs 2 afdl 3cfes on Barnard 1 and
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L1451, respectively, while Chapterl4 compares the dense gasicture and young
stellar content of all three regions.

The Serpens Molecular Cloud is located 415 pc from the Sun [Pzt al. 2010).
This measurement was done using the very long baseline ar(®LBA), and is from
a souce in the Serpens Main core. Therefore, the distance s@@ment might not
apply to Serpens South, which is located about 24 pc to the Sbuin the Aquila
Rift system. However, since no VLBA measurements have been reafibr sources
in Serpens South, and since both regions have gas with similadial velocities
(Gutermuth et al. 2008), we assume both CLASSy Serpens regsoare at 415 pc.

The total mass of the cloud that contains Serpens Main is estated to be

2016 M , with a total area of 18 pc& (Evans et al.|2009). It has two primary
clustered regions with young star formation|one being the dorementioned, well-
studied Serpens Main, and the other being a recently discoed region known as
the Serpens G3YG6 cluster (Djupvik et al. 2006). Serpens Mais the region with
highest extinction and largest concentration of YSOs in theleud (Harvey et al.
2007), and most of its mass is concentrated into two centralusters (Eiroa et al.
2008). It is estimated to have an age of 2 Myr (Erickson et al [2015). Serpens
South was discovered as part of th8pitzer Gould Belt Legacy Survey in the Serpens-
Aquila Rift (Gutermuth et al.|2008). The region has a bright \hub" of dense gas
with a high fraction of younger YSOs, suggesting a recent buref star formation
(Gutermuth et al. 2008). Several laments radiate from the bb, which have made
this region a popular target for studying the role of lamens in star formation
(Kirk et al.! 2013; [Ferrandez-lopez et al. 12014, Nakamura eal/ |2014). We note
that we will refer to Serpens Main and Serpens South as bothibg in the Serpens
Molecular Cloud, even though major surveys, such &pitzer c2d, did not include

Serpens South in their area coverage.

12



The CLASSy work on Serpens Main and Serpens South has been lg&Khather-
ine Lee (Lee et al. 2014) and Manuel Ferrandez lopez (Feamdez-lopez et all 2014),
respectively. These regions are not the focus of the work ihi$ thesis, but are oc-
casionally touched on in comparison to Perseus regions in &ters[2 and(B, and

are used in Chaptei 4 as part of a cross-comparison betweehGILASSy regions.

1.5 NyH™, HCO *, and HCN As Dense Gas Trac-
ers

CLASSy utilizes the NH™, HCO", and HCN (J = 1 ! 0) transitions as probes
of gas distribution and kinematics. In this section, we reew important aspects
of their molecular excitation and emission, which are needeo interpret CLASSy

data. In general, the strength of emission seen from a moléslwdepends on gas
density, molecular column density, gas temperature, anddématics, whose values

depend on the physical properties and chemistry of the cloud

1.5.1 Chemical Pathways

Starting with chemistry, a molecule must be present in the gaphase if there is any
chance to observe it. Therefore, it is useful to look at the fimation and destruction
paths for our three molecules. The most common chemical patay for the for-
mation of N;H* in dense clouds is: & + N, ! N;H" + H, (Prasad & Huntress
1980). The K™ parent is an abundant ion in dense molecular gas, and is forthe
through a two-step process: cosmic ray (cr) ionization of Ho form H,*, followed
by H,* +H,! H3"™ + H (McCall et al.|1999). The N, parent is commonly created
fromN+NH ! N, + H. A second frequent path to form NH* occurs from cosmic

ray ionization of He to form He , followed by HE + N, ! N,* + He, and then

13



N,* + H, ! NoH* + H (Prasad & Huntress 1980).

The most common destruction mechanism of " involves reaction with CO,
which is often the second most abundant molecule in moleculelouds (after H,):
NoH* + CO ! HCO" + N, (Prasad & Huntress|1980). Since CO is strongly
depleted from freeze-out onto grains when densities are aboa few 10* cm 3
(Bacmann et al. | 2002) and when temperatures get below20 K (Collings et al.
2003), the primary destruction pathway is very depletionensitive. In chemical
models and observations, PH* is typically one of the last observable species to be
depleted (Bergin & Langer 1997; Caselli et al. 2002). Hence;H\ is preferentially
a good tracer of cold material at relatively high density.

The primary production pathway for HCO" in dense parts of clouds is k' +
CO! HCO' + H, (Prasad & Huntress 1980). At lower column densities associ-
ated with surfaces of photodissociation regions (PDRs), HCOis produced from
CO" + H, ! HCO" + H (Young Owl et al.l 2000). This shows that HCO is
preferentially found in regions with higher CO abundance ahhigher ionization
fraction. HCO" is destroyed by dissociative recombination as HCO+e ! CO
+ H (Prasad & Huntress [1980), and by charge exchange with neatr Mg and Fe
in denser regions|(Young Owl et al. 2000). Thus, HCOcan be abundant in both
lower density gas with moderate ionization, and in dense, abgas. The depletion
of CO in the coldest gas will limit the abundance of HCO in those regions.

HCN is produced in PDRs and densely clumped regions throughacions in-
cluding H,CN* + e ! HCN + Hand CH, + N ! HCN + H (Young Owl et al.
2000; Boger & Sternberg 2005). The main method of HCN destrimn in molecu-
lar clouds is cosmic-ray{induced photodissociation (crpads HCN + crp! CN +
H (Boger & Sternbergl 2005), while removal through reactionith C* and HCO*

is also common|(Young Owl et al. 2000). PDR models of Young Ot al. (2000)
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predict that HCN has a similar abundance to HCO, but observations of the Orion
bar in the same paper show that HCN is often more con ned to clups while HCO'
is more di use. [Young Owl et al. (2000) argue that di erencesn the molecular ex-
citation of these two molecules, combined with varying claudensity, is a likely
cause for the observed spatial di erences in the moleculaméssion.

The discussion above highlights the di erences in chemicphthways and abun-
dances of the three CLASSy molecules: ;,N* will be the most abundant of the
three in high density, cold regions where CO has been depl&tevhile HCN and
HCO" are predicted to have similar abundances throughout the ald, but emit
in distinct spatial locations likely due to di erences in exitation (Young Owl et al.
2000). Even with their di erences, all three molecules areoasidered \dense gas
tracers" and are more similar to one another in their emissiothan any of them is
to CO, which is excited at lower densities. To quantitativet understand at what
cloud densities theJ = 1 ! 0O rotational transition of each molecule emits most

e ciently, we need to review some basic properties of molelar emission.

1.5.2 Molecular Excitation

The rotational energy levels of linear rotors like PbH*, HCO*, and HCN are quan-
tized according to their angular momentum, J. Their rotatimal levels are excited
at a temperature on the order of a few to tens of Kelvins. Vibranal modes and
electronic transitions of molecules have energy levels v&ing upwards of a few 100{
1000 K for excitation. Since cloud temperatures in the absea of strong internal
heating sources are 10{30 K, there is only enough energy toceé& the rotational
modes.

Togetad =1 ! 0 photon, a molecule must make a radiative transition from

the J=1 to J=0 level. If we treat the molecule in the two-levelapproximation,
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statistical equilibrium dictates that the total number of collisional and radiative
transitions from the lower-to-upper state is equal to the nenber of transitions from
an upper-to-lower statQ. Therefore, the excitation of theJ =1 ! 0 transition can
be determined by the balance of the rate of downward de-exaitons with the rate
of upward excitations. The downward rate is controlled by dbsional de-excitation
(this has a dependence on the collisional cross-section agensity of colliders),
induced photo emission (this has a dependence on the radasti eld), and spon-
taneous emission (this value is determined for each moleewnd transition based
on the dipole moment of the molecule and the frequency of theansition). The
upward rate is controlled by collisional excitation from tle J=0 to J=1 level (this
has a dependence on the cloud kinetic temperature, collisad cross-section, and
density of colliders), and by photo absorption from the J=0 & J=1 level (this has
a dependence on the radiation eld).

To summarize these terms in an equation, the rate balance ftie two level

system is given as
NulAuL + uNu, + Burd 1= N [Bwd + wunw,l: (1.1)

On the left hand side of the equation,ny is the population number density of
the upper level, Ay is the Einstein coe cient for spontaneous emission from an
upper-to-lower level transition, (. is the collisional rate of de-excitation from the
upper-to-lower level,ny, is the number density of H, which is the primary collider
species in molecular cloudsBy,. is the Einstein coe cient for induced emission
from an upper-to-lower level transition, andJ is the angle-averaged intensity of

the radiation eld at frequency, .. On the right hand side of the equationn_ is

1A two-level system that only considers these levels is an appximation that is useful for
describing the statistical equilibrium and excitation of a line, even though molecules have multiple

rotational levels that can be excited in cloud environments
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the population number density of the lower levelB_, is the Einstein coe cient for
photo absorption from a lower-to-upper level transition, ad |y is the collisional
rate of excitation from the lower-to-upper level.

To quantify the excitation properties of a molecular trangion, Equation [I.1 can
be solved forny/n_ and written in terms of ny,, Ay, uL, the kinetic (thermal)
temperature of the gas,Tk, the radiation temperature of the background radia-
tion eld, T,, and the excitation temperature, Ty (seel Spitzer 1998, Chapter 4 for

discussion). The formal de nition of the excitation tempeature, Tey, IS

v _ Qs (1.2)

n O
where gy and g_ are the statistical weights of the upper and lower states ohée
molecule, and the exponential represents the Boltzmann thibution between the
given energy states. The excitation temperature is the tengpature that we would
expect to measure for a system of particles that has a giveg/n_ ratio.
Since the full n-level equation for the rationy/n_ in terms of these values is
complex, for simplicity, the equation of the two-level sygm in the optically thin

limit can be written as

_h h
ekTrh + nHAz uL em
h uL
1 ekTr
kT = N
©KT ex o (1.3)
_h A
1 eKTr uL

with Figure [L.5 showing howTe, behaves as a function ofiy, y./AyL.

From Figure [I.5 and EquationLB, it is clear that when collienal excitation
and de-excitation dominates in high density gaslex approachesrly; when radiative
processes dominate in low density gass, instead approachegd;, which is the cosmic
background radiation eld in the absence of a signi cant loal radiation eld. In the
latter case, the cloud will be in complete thermodynamic egjibrium with the CMB

radiation eld meaning that no line will be observed. In Figue[l.5,Tex begins to rise
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signi cantly above the background radiation eld nearny, y./AuL = 1; the ny,
that produces a value of unity for this expression is de nedsathe critical density

of the given transition.

Two Level Approximation
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Figure 1.5: Excitation temperature as a function of critical density for the low

opacity limit.

The curve in Figure[L.b is an approximation at the optically hin limit with
no radiative trapping, which is not always the case for trangons in dense clouds
where column densities can be high and lines can be opticathick. The e ective
critical density would be lower when high column density anghoton trapping is
taken into account. Because of this, it is not formulaic to dee for the density at
which a given molecule will start e ciently emitting, and radiative transfer code is
needed to model molecular emission in a variety of non-theatized conditions to
nd the density and column density that will produce emissia for a given molecule
in molecular cloud environments.

To demonstrate how molecular emission depends on volume diénand column
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density in a cloud environment, we used the Large Velocity @dient (LVG; Saobolev
1957; Rybicki & Hummer| 1978) radiative transfer code in MIRIAD(Multichannel

Image Reconstruction, Image Analysis and Display; Sault el.e1995). We made
grids of line emission from a 10 K cloud as a function of,Hlensity (cm %) and

molecular column density (cm?) for HCN and HCO* (J =1 ! 0), and present
the results in Figure[L1.6. The dark areas of the grids are wreethe excitation tem-
perature of the transition is close to the cosmic backgroun@diation temperature,
meaning that only very weak, or undetectable, emission is @auced.

For a xed, low column density, if the H, densities are increased, then weak emis-
sion begins to appear as purple intensity in the bottom-righof the grids|these are
the densities needed to collisionally excite the transitis above the cosmic back-
ground radiation eld, and correspond to the critical dendy in Figure .5 (solid
vertical line) where T, begins to rise. For a xed, low density, if the molecular
column densities are increased, then weak emission begiosappear as purple in-
tensity in the top-left of the grids|these are the column densities needed to excite
the transition through radiative trapping of photons. In the center to upper-right of
the grid, it is clear that increasing density and column derity (within these plotted
limits) both lead to stronger line emission.

There are two important things to note from Figure[Z1.6. First it is clear that
an observed line temperature can be produced by a combinatiof di erent density
and column density. This visualizes the cross-correlatiaf the two quantities at low
optical depths (Tg  Tex / TexNy for 1), and shows that molecular emission
in clouds is really a tracer of both densityand column density, even though it is
often said that a speci ¢ molecule \X" traces gas above some ity (also see Evans
1999; Shirley 2015). Second, a given = 1! 0 line temperature occurs at higher

densities and column densities for HCN than HCO This shows that HCN traces
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Figure 1.6: Grids of HCN and HCO" brightness temperatures (K) as a function
of H, density (cm 3) and molecular column density (cm 2), for a xed kinetic

temperature of 10 K. The grids were calculated using the LVG adiative trans-
fer models in MIRIAD. The solid white contours represent 1{6 K emission line
temperatures, in 1 K increments. The contour at the purple/dark blue transition
corresponds to 1 K. The white region of the grid represents teperatures that
exceed 6.5 K.

higher dense gas column densities than HCQby about an order of magnitude, and
is why HCN is often referred to as a \higher density gas tracethan HCO*. We do
not show a grid for NH*, but it traces slightly higher dense gas column densities
than HCN.

We have focused on emission so far, but self-absorption isalcommonly seen
towards molecular clouds. Self-absorption is observed adip in the emission pro le
of a line, and will be present if emitted photons pass througa signi cant column
of lower-density or lower temperature material where the ggies is abundant and
overpopulated in the lower energy level of the transition Bere reaching the ob-
server. This condition is often met in molecular clouds for HG* and HCN: a
cloud naturally has lower-density, larger-scale regionsirsounding higher-density,

smaller-scale regions, and from the discussion in Sectiah.1, we know that HCO
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and HCN can be created in both high- and low-density layers ofraolecular cloud
(Young Owl et al/12000). ForJ =1 ! O photons that are emitted from deep inside
the cloud by HCN and HCO molecules, if there is a signi cant column of lower-
density material with HCO* and HCN in the J=0 state between the cloud and
the observer, then thosel =1 ! 0 photons will be readily absorbed in the outer
layer. This will produce a self-absorption dip at the veloty of the lower density
gas. The key point is that low density gasn 10> 10* cm 2, can have signi cant
opacity inthe J =1 ! 0 transition yet have very low excitation temperature. This
gas absorbs photons but has nearly no emission. If a transeiti exhibits signi cant
self-absorption across a cloud, then it can become challergyto understand cloud
properties. This is one of the reasons most of this thesis ses on NH™ emission,

which su ers from the least amount of self-absorption.

1.5.3 Applications to this Thesis

In this thesis, we analyze the BH*, HCO*, and HCN J = 1 ! 0 intensity
(Jy beam ! units, analogous to line temperature in K units) and integreed in-
tensity (Jy beam ! km s ! units, analogous to K km s units) emission structure
of the CLASSYy clouds, as opposed to their true density and colun density struc-
ture. With only a single transition for each molecule, we areestricted in what
physical properties of the cloud we can measure. To estimaphysical densities
using our CLASSYy data, a second transition, for exampld, =3 ! 2, would need
to be observed at the same high angular resolution. The strgth of the two lines
could be used to estimate molecular column density and detysi

In theory, the N,H™ J =1 ! 0 transition has hyper ne structure which should
allow for the measurement of opacity (if 1. .10 in the strongest hyper ne

lines), and hence allow an estimate of the¥* column density fromtheJ =1 ! 0
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line alone. In practice, the signal-to-noise of individuadpectra is not high enough
to derive reliable opacity and excitation estimates acrodarge areas of our maps,
and the observed hyper ne ratios are often not consistent ti the expected ratios
for local thermodynamic equilibrium (LTE) for a single exdiation temperature (e.g.,
Caselli et al. 1995; Matthews et al. 2006; Daniel et al. 20QThis makes any column
density derivation uncertain. Rather than relying on a sing molecular transition
to estimate column densities, it is more reliable to deriveotumn densities using
continuum observations at multiple wavelengths, such as tise for L1451 in Chap-
ter 3 using Herschel observations from 160{500 m. However, those observations
are limited in angular resolution compared to our CLASSy dat#36°°for Herschel
at 500 m versus P°for CLASSY), so they are not ideal for much of the analysis we
set out to do.

Even without knowing precise column density or density vaks within each
CLASSy beam, we know from the discussion above that the moléauemission
is tracing high physical and column density material. Stardrmation requires high
physical and column densities|high column density, low voume density regions
will not form stars. Therefore, even though line intensity ad integrated intensity
do not directly scale to column density or density, we know &y are tracing cloud
regions that are viable locations for star formation. In theanalysis that follows in
later chapters, particularly in Chapter[4, we will assume tat high (low) intensity
and integrated intensity implies high (low) column densityof dense gas.

We can assign ballpark numbers to our discussion of gas engesas a com-
bined tracer of density and column density using a radiativeransfer code such as
RADEX (van der Tak et al/2007). It is possible to excite HCO (J =1 ! 0) emis-
sion to above 1 K brightness temperature near densitiesl¢* cm 2 with molecular

column density of 10" cm ? and gas kinetic temperature at 10 K. For simi-
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lar column density and kinetic temperature, HCN J =1 ! 0) is excited to 1 K
brightness temperature near densities 1 cm 3. N,H* (J =1 ! 0) is typically
an order of magnitude less abundant in molecular clouds réiae to HCO* or HCN
(Blake et al! 11987 Friesen et al. 2010; Sanhueza etlal. 201y molecular column
density few 10 cm 2 and gas kinetic temperature 10 K, N,H* (J =1! 0)
is excited above 1 K brightness temperature near densities 010° cm 3. In general,
if column densities or gas kinetic temperatures are highenan the values used here,
the physical density needed to excite observable lines deases.

The earlier discussion of chemistry stated that HCO and HCN are abundant in
even lower-density, outer regions of clouds. However, thasgyions do not have the
physical conditions needed to excite the ground state traii®ns, and mainly play
a role in self-absorption. We also note that these transitis are emitting from even
higher density regions than the ballpark numbers listed, duhat the fraction of
total molecular cloud mass decreases with increasing déngiVlac Low & Klessen
2004). This means that even if there is gas with densities gter than 1 cm 3, it
will be emitting HCO* (J =1 ! 0) photons that are a small fraction of the total
number of HCO" (J =1 ! 0) photons emitted by the cloud. In this sense, a tracer
is most sensitive to the lowest density where it begins to eiently emit. A caveat
to this argument is that if the observing beam is small enougto isolate the densest
regions, or if an interferometer is used to resolve out all ¢hlower-density emission,

then lower-density photons will not dominate the emission.
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1.6 Technical Overview of CARMA

This thesis primarily uses data from the Combined Array for Reearch in Millimeter
Astronomy (CARMA). This section provides a brief technical intoduction to the
CARMA facility, with a focus on the systems used for observatns in the upcoming
chapters. More details speci c to CLASSy observations can deund in Chapter[2.
CARMA is a heterogeneous, 23-element interferometer, loeak in the eastern
Sierras of California at an elevation of 7217 feet. It has s0.4-m dishes, nine 6.1-m
dishes, and eight 3.5-m dishes, with a total collecting arezf 850 meters squared.
The interferometer can operate as a single 23-element array as an independent
15-element array with the larger dishes and an independenteBement array with
the smaller dishes. The antennas are typically arranged ime of ve con gurations,
ranging from the most compact, providing baselines betweeh0 and 66 m, to the
largest with baselines between 0.2 and 2 km. The most compacrtd most extended

arrays provide angular resolution near 2and 0.3 respectively at 100 GHz.

Figure 1.7: View of CARMA antennas. Credit: Jens Kau mann.

CARMA can observe at wavelengths of 1 mm, 3 mm, or 1 cm. All of the
CARMA observations in this thesis were done at the 3 mm wavelgth using the
23-element array. All of the 6.1-m and 10.4-m antennas are di¢d with 3 mm
single-polarization, double sideband receivers. The inmoing radio frequency signal

is mixed with a local oscillator frequency to produce an intenediate frequency.
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The sidebands are then separated in the correlator by phase4tching the local
oscillators. The 3.5-m antennas can also observe at 3 mm, tigh they have single-
sideband receivers, which means that 23-element obseroat only produce usable
data in the upper sideband. All antennas have 1 cm receiversathcan be tuned to
27{36 GHz. The 6.1-m and 10.4-m antennas have 1 mm dual circulgolarization,
double sideband receivers that can be tuned to 215{265 GHz.

The CLASSy observations used the CARMA spectral line correlat, which is
a double sideband correlator with 4 GHz of bandwidth per sid@imd in standard
operation. In 23-element mode, only the upper sideband isads and four of the
standard eight tunable bands can be con gured with bandwidts ranging from 2 to
500 MHz. The channel resolution of those bands depends on thelevel chosen in
the correlator, which can be set to balance sensitivity angsctral resolution. As an
example, for 3-bit observing in 23-element mode, there ar& 4hannels across the
500 MHz band with 10.4 MHz channel width, and 159 channels acsothe 8 MHz
band with 0.05 MHz channel width.

1.7 Thesis Outline

This thesis is structured as follows. Chaptdrl2 presents aveyview of the CLASSy
project with a focus on the Barnard 1 region within Perseus.t discusses CLASSy
observations and data calibration, spectral line tting, &endrogram analysis, and a
method to determine the depth of clouds from size-linewidthelations. Chapter[3
presents the analysis of the L1451 region of CLASSy, with a fecon the state of
star formation in such a young region. Chapterl4 presents aroparison of all ve

CLASSYy regions, with a dendrogram analysis of their i* integrated intensity

maps, and a comparison between dendrogram structures andupg stellar content.
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A summary and look toward future work is in Chaptei.b.
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Chapter 2

Project Overview with Analysis of
Dense Gas Structure and
Kinematics in the Barnard 1

Region of Perseus

Abstract

We present details of the CARMA Large Area Star Formation Surwe (CLASSY),
while focusing on observations of Barnard 1. CLASSy is a CARMAd¢ Project
that spectrally imaged NH", HCO™, and HCN (J =1 ! O transitions) across over
800 square arcminutes of the Perseus and Serpens Moleculésuds. The obser-
vations have angular resolution near°?and spectral resolution near 0.16 km $.
We imaged 150 square arcminutes of Barnard 1, focusing on the main coend
the B1 Ridge and clumps to its southwest. BH* shows the strongest emission,

with morphology similar to cool dust in the region, while HCO and HCN trace
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several molecular out ows from a collection of protostarsithe main core. We iden-
tify a range of kinematic complexity, with NbH* velocity dispersions ranging from
0.05{0.50 km s*! across the eld. Simultaneous continuum mapping at 3 mm
reveals six compact object detections, three of which arewealetections. A new,
non-binary dendrogram algorithm is used to analyze dense gatructures in the
N,H* position-position-velocity (PPV) cube. The projected size of dendrogram-
identi ed structures range from about 0.01{0.34 pc. Sizardewidth relations using
those structures show that non-thermal line-of-sight vetaty dispersion varies weakly
with projected size, while rms variation in the centroid veicity rises steeply with
projected size. Comparing these relations, we propose that dense gas structures
in Barnard 1 have comparable depths into the sky, around 0.Q{2 pc; this suggests
that over-dense, parsec-scale regions within moleculaoetls are better described
as attened structures rather than spherical collections fogas. Science-ready PPV

cubes for Barnard 1 molecular emission are available for daolad.

2.1 Introduction

This chapter presents the initial results for the Barnard 1 egion. Barnard 1 is
located 3.5 pc to the east of NGC 1333 in the western half of theeBeus Molecular
Cloud (see Figuré_113 in Chapterll). We assume a distance 0628 based on VLBI
parallax measurements towards nearby sources in Perseu¥$s13 in NGC 1333
(Hirota et al. 2008) and L1448-C in L1448/ (Hirota et al. 2011))In the context of

the CLASSy campaign, we classify Barnard 1 as a moderate-attly star forming

region, compared to the highly active NGC 1333 region that isomninated by a
complex array of protostellar out ows, and the low-activiy L1451 complex that has

only one candidate protostar|(Pineda et al. 2011).
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Previous surveys of the young stellar content and dust in Baard 1 reveal a
northeast-southwest oriented lament exhibiting a wide rage of star formation
(see Figure_Z1l)|progressing from a tight collection of pre and proto-stellar cores
in the northeast \main core" that includes the well-studiedB1-b and B1-c cores
(Hirano et al!l1999; Matthews et al. 2006; Hiramatsu et al. 20,0 a long lament
of starless gas and dust known as the B1 Ridge (Enoch et ial. 2p0Ofollowed by a
collection of gas and dust clumps in the southwest that incties one protostellar
core and several Class Il YSOs. In total, theSpitzer c2d team identi ed thir-
teen young stellar objects (YSOs) in our eld|(J rgensen et &l2006; Rebull et al.
2007; Evans et all 2009). Twelve dust clumps were identi edybHatchell et al
(2005) using SCUBA 850 m data, while|Kirk et al. (2006) identi ed ve; the dif-
ference was attributed to di erent CLUMPFIND (Williams et al.|11994) thresholds.
Jrgensen et al. (2007) associated an embedded YSO with ve tife SCUBA dust
clumps, while the rest of the dust clumps appeared starless.

This diversity of star formation activity along a single lament makes Barnard 1
a compelling region to spectrally image at high angular relstion. CLASSy adds to
the large collection of work already done on Barnard 1, and gvides the rst large
area (150 square arcminute), high angular resolution70.008 pc at 235 pc) spectral
view of the dense gasn(& 10* ® cm 2) across the entire eld. This will allow us
to quantify the structure and kinematics of the gas that is avely participating in
the current generation of star formation in greater detail han ever before.

The primary goals of this chapter are to present: (1) the deils of our CLASSy
observations and data calibration, (2) an overview of the dse gas morphology and
kinematics in Barnard 1, and (3) a dendrogram analysis of thd,H* emission. In
Section[Z.2, we describe the CARMA observations, data caldifon, and imaging.

The continuum detections are summarized in Sectidn 2.3. $iea 2.4 provides a
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large-scale view of the dense gas structure using integrat@tensity maps. In Sec-
tion 2.5, we discuss techniques for spectral line tting an@resent centroid velocity
and velocity dispersion maps. In Sectidn 2.6, we create a deogram representation
of the N,H* gas and calculate properties of identi ed dendrogram striares. In

Section[2.7, we use the spatial and kinematic properties oémdrogram-identi ed

structures to construct size-linewidth relations; theseelations are then used to
probe the physical and turbulent nature of Barnard 1. Sect[Z.8 has a summary
of the initial results. Appendix[Alcompares clump- nding anddendrogram methods
for identifying objects in this region, and AppendiX B detas our new dendrogram

algorithm that can produce non-binary hierarchies.

2.2 Observations

CARMA is an ideal facility for producing molecular line maps hat are sensitive
to a wide range of spatial scales. The newly commissioned CAREB mode uses
the cross-correlations from all twenty-three antennas, vith increases CARMA's
imaging capability from the standard CARMA15 mode. Using CARMA23n concert
with CARMA's single-dish capability and fast mosaicing can pvduce large maps
that are sensitive to line-emission at all spatial scales. &\etail the observations,

data calibration, and map making in the sections below.

2.2.1 CARMA Interferometric Observations

We mosaiced an approximately 8 20° area of Barnard 1 using CARMA. The to-
tal observing time (150 hours) was split evenly between DZ drEZ con gurations,
which have projected baselines from about 1{40 kand 1{30 k , respectively. DZ

con guration observations occurred in the Spring and Fallf®012, and EZ con gura-
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Table 2.1. Observation Summary

Array Dates Total Hours Flux Cal. Gain Cal. Mean Flux (Jy)

DZ April - May 2012 50 Uranus 3C84/3C111 18.3/3.8
October 2012 25 Uranus 3C84/3C111 17.5/2.9

EZ July - September 2012 75 Uranus 3C84/3C111 18.9/3.6

tion observations occurred in the Summer of 2012. Talle P.topides a summary of
the observations and calibrators. The \Z" in the DZ and EZ corgurations refers to
use of the 23-element observing mode (CARMAZ23), which utiligeross-correlations
from all 23 antennas: six 10.4-meter antennas, nine 6.1-raetantennas, and eight
3.5-m antennas. (Standard CARMA15 observing only includes ¢h10.4-meter and
6.1-meter antennas.)

CARMAZ23 provides more baselines compared with the CARMA15 modibfs
enhances imaging capabilities by lling in more of thev-plane. It also o ers shorter
baselines, which are important for two reasons: (1) more extded emission, if
present, is recovered, and (2) the increaset/-coverage improves the link between
the zero spacing information from single-dish and the integrometer visibilities when
doing joint deconvolution.

Our CARMA23 mosaic of Barnard 1 is made up of three adjoining reangular
regions, each at a position angle of 4Cast of north; it contains 743 individual
pointings in a hexagonal grid with 3% spacing. See Figuré 2.1 for a depiction of
the pointing centers overlaid on eHerschel250 m image (Ande et all/i2010). The
reference position of the map, which is the center of the ndwrn rectangle, is at

=03"33M20%, =31 0845°°(J2000); it encompasses the Barnard 1 main core with
the B1-b and B1-c continuum cores. The other two rectanglestending toward the
southwest were chosen to follow thelerschel dust emission.

During each pass through the map, we integrated for 15 sec@on each mosaic
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Figure 2.1: Mosaic pointing centers overlaid on aHerschel 250 m image of
Barnard 1 (white is brighter emission, red is fainter emissbn). We sampled the
eld at 31 %spacing; the smallest CARMA primary beam, from the 10.4-m anen-
nas, is about 7?ear 90 GHz. We planned the observations to cover the brightst
dust emission in the Barnard 1 main core, and then cover the Bmentary emission
that extends to the southwest. Additional pointings around the edge aid in joint
deconvolution by limiting strong emission at the edges of tke single-dish maps.

position before moving to the next mosaic position. We usedreewly commissioned
\continuous integration" technique that improves on-souce e ciency (on-source
integration time compared to wall clock time) of large CARMA nosaics from about
35% to 48%. The improvement comes from continuously takingath, even while

antennas slew to a new mosaic position; the data for a giventanna is automatically

blanked while it is slewing. This technique removes the btiin software delay
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associated with a slew to a new target or mosaic position. Thgain in on-source
e ciency is critically important for large mosaic observaions, with many moves
and short integration times between moves. This method shigunot be confused
with on-the- y mosaicing, where the antennas are continualy moving while taking
data.

In CARMA23 mode, the correlator has four spectral bands in thepper side
band. The lower side band is not present on the 3.5-m teles@s it is present but
not used on the 10.4 and 6.1-m telescopes. We tuned to the= 1 ! 0 transitions
of N,H*, HCO", and HCN, and used a 500 MHz wide band for calibration and
continuum detections. Table[2ZP2 has an overview of the cola¢or setup. The
molecular lines were each placed in 8 MHz bands, which have Ib@nnels that are
0.049 MHz wide in 3-bit mode; this corresponds t00.16 km s ! velocity resolution
near 90 GHz. All hyper ne components of BH* and HCN t within the 8 MHz
bands. However, there is high-velocity HCO and HCN emission from out ows that
lies outside our bandwidth.

Two team members independently inspected, agged, and dadated each ob-
serving track during the 150 hour campaign using MIRIAD (Mulichannel Im-
age Reconstruction, Image Analysis and Display; Sault et 'al995). The ags for
each track were then copied to our MIS (MIRIAD Interferometr¢ and Single-Dish;
Teuben et al.|2013) pipeline that has the capability to calitate all of the tracks
with minimal user input and create combined visibility datasets and maps of all the
observed sources. Standard interferometric calibrationeps (e.g., passband, gain,
ux calibration) were performed in the MIS pipeline calibrdion code. We observed
a nearby quasar every 16 minutes for gain calibration; 3C84aw the main gain cal-
ibrator, and 3C111 was used when 3C84 rose above &levation. 3C84 doubled

as a passband calibrator. We observed Uranus for absolute walibration during
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Table 2.2. Correlator Setup Summary

Line Rest Freq. No. Chan. Chan. Width Vel. Coverage Vel. Restution Chan. RMS Synth. Beam?

(GHz2) (MHz) (kms b (kms 1) (Jy beam 1)
NoH* 93.173704 159 0.049 24.82 0.157 0.14 %%.6 6.5
Continuum  92.7947 47 104 1547 33.6 0.0013 8% 6.200
HCO* 89.188518 159 0.049 25.92 0.164 0.12 9.8 6.8
HCN 88.631847 159 0.049 26.10 0.165 0.12 %9 6.80

ve

Note. | 2In principle, the synthesized beam is slightly di erent for each pointing. Miriad calculates a synthesized
beam for the full mosaic based on all of the pointings.



each track and used théootflux task to determine the absolute ux of the gain
calibrators. The ux of 3C84 varied between 16.0 and 19.4 Jyer the course of the
campaign, while 3C111 varied between 2.8 and 4.5 Jy. The urtednty in absolute

ux calibration in the 24 combined datasets is about 10%; heafter, we only report

statistical uncertainties in quoting errors in measured \aes.

2.2.2 CARMA Single-Dish Observations

Simultaneously with the interferometric observations, webtained CARMA total
power observations to recover the line emission resolvedt duy the interferometer
(i.,e., CARMA in standard interferometric observing mode). @RMA's single-dish
mode utilizes the autocorrelation capability of the corr@tor and intersperses ob-
servations of an emission-free region between on-sourdegmations. A total power
spectrum can then be constructed from knowledge of the systéemperature (Tsys),
the emission region (the ON position), and the emission-Eegegion (the OFF posi-
tion).

The OFF position for Barnard 1 was in a gap of2CO and3*CO emission 28west
and 1.% south of the Barnard 1 mosaic reference position. A hole inwer density
CO gas ensured that there was no signi cant dense gas in thatgion. We integrated
on the OFF position for 30 seconds every 3.5 minutes if the agspheric opacity was
stable on the 3.5 minute timescale; otherwise, we observedrely in interferometric
mode. Fourteen of 24 tracks with passing weather grades weaxeserved in single-
dish mode. We agged the autocorrelation data separatelydm the cross-correlation
data to account for cases where the opacity deteriorated inteack that was started
in single-dish mode.

We calibrated the autocorrelation data from each antenna iMIRIAD with two

steps: (1)sinbad calculated Tsys (ON  OFF)=(OFF), and (2) sinpoly removed
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rst-order polynomial baselines from thesinbad spectra. We averaged OFF scans
on both sides of an ON scan in thesinbad calculation to reduce noise introduced
from OFF scans.

We converted the calibrated single-dish spectra from eachtbe six 10.4-m anten-
nas to six single-dish data cubes using the@rmapsroutine. We only used the 10.4-m
antennas because they have the highest angular resolutiamda hence, best overlap
with the 3.5-m baselines in theuv-plane. The 10.4-m antennas have a halfpower
beamwidth of 77.8°(N,H"*), 80.7°(HCO™"), and 81.2°(HCN). The routine gridded
each data cube onto 18 1(P°cells, and used a F9smoothing beam to calculate
the emission in each cell according to the emission at eachsair pointing. The size
of the smoothing beam was determined empirically; a smallbeam increased the
nal noise in the maps, while a larger beam smoothed out straee seen in other
single-dish maps of this region. The nal halfpower beamwid of the calibrated
single-dish cubes is the quadrature sum of the original hptwer beamwidth and
the smoothing beam: 92%®(N,H"), 94.9°(HCO"), and 95.4°(HCN).

We scaled the data cubes from all six antennas to a single mefiece antenna
to account for systematic di erences of 10% arising from physical di erences in
each antenna and from di erences in bandpass shape of eacleama response. We
calculated the mean of the six data cubes usingnstack to improve the signal-
to-noise ratio and limit antenna-based artifacts. The antena temperature rms
values in the nal cubes are 0.025, 0.027, and 0.026 K fopNI", HCO*, and HCN,

respectively.
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2.2.3 Joint Deconvolution of Interferometric and Single-Dish

Cubes

The nal data product for each observed molecular line trarigon is a spectral line
cube produced from a joint deconvolution of the interferontec and single-dish data.
The joint deconvolution was done in MIRIAD as summarized belo.

We created the interferometric dirty cube and dirty beam fran the calibrated
visibility dataset using invert with system temperature and antenna gain weight-
ing, and Briggs' robustness parameter (Briggs et gl. 1999j 0 0.5. We de-selected
baselines connecting 10.4 m and 3.5 m dishes due to the illaation of the rst
negative sidelobe of the 10.4-m beam by the 3.5-m beam. Thetyglicube was then
cleaned with mossdi, a Steer CLEAN algorithm, and the clean components were
carried over to the joint deconvolution to aid in the convergnce to a solution. The
single-dish cube was regridded to the interferometric cukexes, and converted to
Jy beam ! units with a 65 Jy beam ! K ! scaling factot.

The joint deconvolution was done with a maximum entropy algahm in MIRIAD,
mosmenthat used the interferometric dirty cube, single-dish cub, interferometric
dirty beam, single-dish beam, and interferometric clean ogoonents to solve for the
maximum entropy model components. The nal cubes are the dyr cube, minus the
maximum entropy model components convolved by the dirty bea, plus the max-
imum entropy model components convolved by the synthesizdseam. The noise

levels and synthesize beams for the nal data cubes are givenTable [Z.2.

Ihttp://www.mmarray.org/memos/carma _memo52.pdf
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2.2.4 Continuum Mapping

A 3 mm continuum map was created from the interferometric datin the 500 MHz
window. We created and cleaned the dirty map in MIRIAD usinginvert and
mossdi, and restored with a synthesized beam of 80 6.2° The rms in the
calibrated continuum map is 1.3 mJy beam .

The autocorrelation data from the 500 MHz band was not used inoatinuum
mapping because single-dish continuum observations regufast chopping between
on-position and o -position to cancel out variable sky emison; this observing tech-

nique is not available at CARMA.

2.3 Continuum Results

We detected four compact continuum sources above the Sevel; all are associated
with young protostars in the main core. Figuré 2]2 shows 3 mnogtinuum images
toward the previously known Class 0 source, B1-c (Matthews al. 2006), and the
Class 0 double source, B1-b (Hirano et &l. 1999), along with &w 5.8- detection
toward a Class | source, SSTc2d J033327.3+310710 (also aé thosition of the
lower-resolution Per-emb 30 dust source In Enoch et/al. 2009

The structure around B1-c and B1-b is clearly resolved; Peamb 30 appears to
be nearly unresolved. We used MIRIAD'SmMfit to determine the position, peak
brightness, total ux density, size, and position angle ofach source with an elliptical
Gaussian approximation (see Table2.3). The measured pasit errors are 0.2{0.7°
The positions of B1-c and B1l-b agree with other interferomet observations of
these sources (Matthews et al. 2006; Chen et al. 2013; Huang &atic[2013).

With linear sizes of 1000{2000 AU, the 3 mm emission is arisifigpm compact

cores associated with forming stars. In the optically thinmit, under the assumption
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Table 2.3. Observed Properties of Continuum Detections

Source Position Pk. Bright. Total S Ang. Size P.A. Decon. Size Decon. P.A. Lin. Size Mass
Name (h:m:s, d: %99 (mJy beam 1)  (mJy) (%9 () %9 () (AU) (M)
@ @ (©) 4) ©®) (6) @) ®) C) (10

Bl-c 03:33:17.91, +31:09:32.8 230 18 526 4.2107 107 -33 87 71 -1 2040 1670 1.04 0.08
B1-b South 03:33:21.37, +31:07:26.4 291 23 421 33 98 74 -79 59 36 -65 1390 850 0.84 0.07
B1-b North 03:33:21.23, +31:07:43.7 275 22 430 33 101 7.7 89 6.2 45 87 1460 1060 0.85 0.07
Per-emb 30 03:33:27.35, +31:07:10.0 6.9 038 89 10 97 66 79 55 1.7 69 1290 400 0.18 0.02
w1 03:33:14.8, +31:07:13 41 1.3 a40.08 0.03
w2 03:33:16.7, +31:06:53 44 13 40.09 0.03

Note. | (3) Peak brightness, (4) Total ux density, (5) Major an
minor axes (FHWM), (8) Deconvolved position angle, (9) Linear

assumptions in the text (

d minor axes (FHWM), (6) Position angle (east of north), (7) Dec

size computed from deconvolved size assuming a distance of 23

2 lower-limit mass for weak detections that uses the peak brigh

tness instead of the total ux density).

onvolved major and
5 pc, (10) Mass calculated using



Declination (J2000)

48" [
42" b
36" F
30" F
24" F
18" |

03"33M19°  18°
RA (J2000)

54" |
48" |
42" b
36" |-
30"/
24" [

24" |
18" |
12" |
06" |
107000 |

03"33M23s

208 218 20°
RA (J2000)

03"33M2gs  27° 26°

RA (J2000)

Figure 2.2: The four continuum detections above 5- in our eld. The synthesized

beam is 8.§°

6.2°% and the 1- sensitivity is

1.3 mJy beam !. B1-c and B1-b

were previously found to have compact continuum emission a®ciated with young
stars. The contour levels in those maps are ()2, 4, 6, 8, 10, 12, 14, 16, 18 times
1- . The compact emission within Per-emb 30 is a new detection tat peaks at
5.8- . Contour levels in that map are ( )2, 3, 4, 5 times 1-. The negative
contours are represented by dashed lines.

of a single temperature, core mass is related to the total ugensity as

whereM, F , D,

M =

F D2

B (Tqg)'

(2.1)

, and B (Ty), are respectively the total mass, total observed

ux density, distance, mass opacity including dust and gasagsuming a gas-to-dust

ratio of 100), and blackbody intensity at dust temperature,Ty. We assumeTy =

20

K. To estimate

, We assumed a power law opacity curve,

o = o),

where ,=1000 GHz and ,=0.1 cm? g ! (Beckwith et al.|1990). For a of 1.5,

is 0.0028 crig ! at 92.79 GHz. The core masses under these assumptions aredist

in Table [2.3; statistical errors are reported using the unceinty in the total ux

density. The B1-c mass estimate is about three times lowerah the mass reported

in Matthews et al. (2006), primarily due to di erences in theobserved total ux

density near 3.3 mm. The B1-b mass estimates are several tsriarger than results

fromHuang & Hirano (2013), who observed the sources at 1 mm witigher angular

resolution; the disparity increases when adopting their aamed and T4 values.

Since they derived deconvolved sizes of300{500 AU, it is most likely that their
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mass estimates are not including extended emission in theopostellar envelope.

In addition to these relatively strong detections, we detéed two continuum
peaks greater than 3- (labeled W1-2 in TableZZ.B) that are coincident with a source
in at least one Spitzer or Herschel band. The positions, peak brightnesses, and
lower-limit masses for these sources are listed in Talhle]2\®e determined position
usingimfit with an elliptical Gaussian approximation. Peak brightnes was de ned
as the maximum pixel value within the 3- contour of the source, with error equal
to the 1- sensitivity of the continuum map. The lower-limit mass was aculated
from the peak brightness. W1 is coincident with SSTc2d J0388.3+310710 (Per-
emb 6), and W2 is coincident with SSTc2d J033316.4+310652¢Pemb 10). Deeper,
follow-up observations are needed to con rm these detectis and calculate physical

properties of the sources.

2.4 Morphology of Dense Molecular Gas

Figure [Z3 shows our BH*, HCN, and HCO" (J =1 ! 0) integrated intensity
maps, along with aHerschel250 m view of Barnard 1 for a qualitative gas-dust
comparison. The angular resolution of the dust map is 18%n comparison to our
7resolution. To facilitate the discussion later in this sedvn, we identify three
zones of emission: the main core zone, the ridge zone, and 8 clumps zone.
Figure[2.4 shows example spectra from each zone at the looas marked by crosses
in Figure [Z.3, and the next three sections discuss the threeres in detail.
The NL,H* map was integrated over all seven hyper ne components oveeloc-
ity ranges from 14.044 to 10.745 km 3, 8.860 to 4.775 km st, and 0.951 to
2.766 km s!. The HCN map was integrated over all three hyper ne compo-

nents, excluding channels with out ows, from 12.117 to 1069 km s, 7.326 to
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6.005 km s?, and 0.057 to 1.264 km s!. The HCO' map was integrated from
7.161 to 5.849 km s!, again excluding out ow channels. We integrated bH* over
a wider range of velocities compared to the other moleculesihclude a narrow, red-
shifted lament, which can be seen along the southeastern el of the thicker NH*
lament in the ridge zone. This redshifted lament, discused later in this section,
is also detected in HCN and HCO, but overlaps in velocity space with HCN and
HCO" out ow channels that were excluded from these integrated iansity maps.
The rms of the NNH*, HCN, and HCO" integrated intensity maps in Figure 2.8 are
0.17, 0.10, and 0.06 Jy beant km s 1, respectively.

The peak brightness temperature for a single channel (incling channels with
out ows) in the entire eld occurs towards the B1l-c continuun core; it is 9.5 K,
9.7 K, and 7.1 K in our synthesized beam for M* (2.85 Jy beam ! to K conversion
factor), HCN (2.91 Jy beam ! to K conversion factor), and HCO (2.91 Jy beam?

to K conversion factor), respectively.

2.4.1 Main Core Zone

The main core zone, shown in Figurie2.5, is the area of strosgedust emission seen
by Herschel it contains the largest cluster of young protostellar obs, and is the

only region where we have detected compact continuum sowcgsee Section 213)
and out ows (see Figure[Z.6). The NH* emission in this zone follows the overall
structure of the dust, although our improved angular resolion reveals more detail

than ever before. The HCN and HCO emission not associated with out ows is
much weaker compared to BH*, and it does not follow the morphological structure
of the N,H* or the dust. Figure[Z.5 shows the locations @pitzer YSO candidates
(Jrgensen et al.12006), Bolocam 1 mm clumps (Enoch et el. 26000 and SCUBA

850 m clumps (Hatchell et al. 2005).

42



, ‘Herschel 250 /,Lfn |
12| I

/ Main Core Zone 4

T T T

+

NZH |

/ Main Core Zone | .

08 | +
= B = : 4
=~ | /Ridge Zone | /Ridge Zone |
o i
S o4 | -+
X 2
© | Narrow Filament >y —|—

31700 +
TSW Clumps Zone/y 7 TSW Clumps Zone/ 7

3056

Integrated Intensity (Jy beam™! km s %)
Integrated Intensity (Jy beam™ ')

03P33™45°5 30°  15° 33™00° 45° 305  15° 03"33™45°5 30°  15° 33M00° 45° 30°  15°
a (2000) « (2000)
T T T T T T I T
— H —
_ HCN T HCO T
12 | i ” i 06 “
£ £
/ Main Core Zone { | _ ~ / Main Core Zone - ~
| |
s 1 g 1 g
08 < <
0.4
| + Il + | g
= Ridge Zone iy Ridge Zone iy
2 o e g 1 ~ s g 1 =
S o4 + o B + | 2
~ o ©w 02 @
= + +  IBE
o = =
31700 | . .
3 3
I 7 b P 7 7 o g
SW Clumps Zone o o SW Clumps Zone 5
3056 | ] é | | é
| L | L | L | L | L | L | L | L | L | L —02
03"33™45%  30° 15° 33™00° 45° 30° 15% 03"33™45°  30° 15% 33™00° 45° 30° 15°
a (2000) a (2000)

Figure 2.3: Integrated intensity maps of N,H*, HCN, and HCO* (J =1 ! 0)
emission towards Barnard 1, with aHerschel 250 m map. Channels containing
out ow emission are excluded from these maps, which is why th narrow lament
(see Section"Z.4]2) appears only in pH*. The rms values of the NH*, HCN,
and HCO' maps are 0.17, 0.10, and 0.06 Jy beant km s 1, respectively. We
break the region into three zones based on qualitative feates in the dense gas
maps. Crosses in the maps represent the locations of spectshiown in Figure[Z.4.
FITS cubes of the PPV data used to make this gure are availabk in the online
journal version of this chapter.

The spectra from this zone are the most complex in the Barnard eld|
Figure [Z4 shows a sample " spectrum from near the B1-b core that exhibits
broad lines, while the HCN and HCO spectra from the same location show evidence
of red-wing out ow emission overlapping with B1-b. The NH* emission towards

B1-b shows two resolved peaks. There are emission peaks in Hai HCO" to-
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Figure 2.4: Example spectra for all three molecules from edc zone. The
spectra are averaged over one synthesized beam, and the pamis are: =
03'33"21.633, = 31 07%38.068%for the Main Core Zone, = 03"33"01.482,

= 31 04905.09%or the Ridge Zone, and = 03"32"27.312, =31 0205.36or
the SW Clumps Zone. We t the spectra and present maps of centoid velocity
and velocity dispersion in Section 2.5. The ts to the main cae zone spectra are
shown with solid black lines. The NbH* has seven resolvable hyper ne compo-
nents in narrow-line regions, and HCN has three resolvableyper ne components.
The hyper ne structure of N ,H* is shown with vertical bars set within the main
core zone spectrum|the relative brightnesses are represetative of the hyper ne
structure, but the absolute values were picked for ease of sualization. As de-
scribed in Section 2.5, we exclude out ow emission from HCN ad HCO* when
doing these ts.

wards B1-b South, but not B1-b North (see Figure 2.5). This ages with ndings
from Huang & Hirano (2013) and supports the idea that carbon-laging species are
depleted around B1-b North, suggesting it is the younger saue of the two.

The N,H™ gas emission is very strong at the location of B1-c, while HCOis

only detected in out ows; this agrees with observations fra Matthews et al. (2006).
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HCN gas does exist at the location of B1-c, but is not a strong pk relative to the
rest of the main core, like we see with M*. HCN is also detected in out ow
emission.

There are sevenSpitzer Class 0/l YSOs in this zone. Two are known to be
associated with the B1-c and Per-emb 30 compact continuumres, which are sites
of strong Nb,H™ emission. There are four nearby the larger scale Bl-a, B1l4md
B1-d dust clumps, which are also areas of strong;N* emission. The seventh YSO,
which lies west of the strongest dense gas in this zone, onlgshweak dust and gas
emission associated with it. Several of these YSOs are drigiout ows, which are
discussed later in this section, and identi ed in Figure 2.@nd Table 2.4.

There are ve Bolocam 1.1 mm cores and six SCUBA 850m cores in this
region. All of these lower resolution dust cores are neanN" emission peaks, but
not necessarily near HCN or HCO peaks. There are several peaks of HCN and
HCO™" that are not associated with strong dust emission.

Figure 2.6 shows HCO and HCN dense gas out ows, which are only detected
in this zone. In the HCO" map, SSTc2d J033317.9+31092 (B1-c) is clearly driving
a bipolar out ow. We detect another bipolar HCO™ out ow, likely associated with
the IRAS 03301+3057 YSO based on a similar detection in CO by Hma et al.
(1997). There is a red out ow just to the west of SSTc2d J033314+310711, another
to the north SSTc2d J033320.3+310721, and a third to the sduast of SSTc2d
J033327.3+310710.

In the HCN map, we again see the bipolar out ow from SSTc2d J0337.9+31092
(B1-c), although the HCN additionally traces an extension othe red part of the
out ow to the west, and an associated knot of emission to theast. The western
extension ares out into two separate, high-velocity out avs that extend beyond

the edge of our spectral window. The eastern knot is likely aright bow shock
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Figure 2.5: Integrated intensity maps of N,H*, HCN, and HCO* (J =1 ! 0)
emission toward the main core zone, along withHerschel 250 m. Channels
containing out ow emission are excluded from the integratel intensity maps. The
angular resolution of each map is marked with a beam in the loer right corner|
the CARMA synthesized beam is 7°° The Herschel map shows the location
of Spitzer YSOs (stars), Bolocam 1.1 mm cores (squares), and SCUBA 850m
cores (circles); all YSOs in this region are Class 0/l. Majordust clumps mentioned
in the text are labeled in the Herschel map. The black boxes in the integrated
intensity maps show the locations of the compact continuum surces that were
discussed in Section 2.3. The rms of the pH™, HCN, and HCO* integrated
intensity maps are 0.17, 0.10, and 0.06 Jy beam' km s 1, respectively.

from the edge of the out ow interacting with cloud material. We con rmed the
association of these extended features with the main out owsing Spitzer images

that trace the shocked gas. The out ows from IRAS 03301+3057nd SSTc2d
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J033320.3+310721 are also detected in HCN, while those from33314.4+310711
and J033327.3+310710 are not.

L I A L B S I I B B
o | HCO' Outflows o | HCN Outflows
L SSTc2d J033317.9+31092 | L
r 1 r SSTe2d J033317.9+31092 -
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Figure 2.6: HCO" and HCN out ows overlaid on NoH* integrated intensity emis-
sion. Each out ow was integrated over its own range of velodies to minimize noise
introduced from emission-free channels. We are plotting astours of 0.3, 0.4, 0.5,
0.6, 0.7, 0.8, 0.9 times the peak integrated intensity of theout ow, except for the

HCN bipolar out ow from SSTc2d J033317.9+31092 where we ex@énd down to 0.1
and 0.2 times the peak. See Table 2.4 for the velocity rangesd peak integrated
intensity of each out ow|the out ows are identi ed in the ta  ble by the nearest
infrared source plotted in this gure. Spitzer YSO positions are indicated with
black stars; all YSOs are Class 0/l in this region.

2.4.2 Ridge Zone

The ridge zone, shown in Figure 2.7, lies southwest of the magore. The most
striking feature is the backbone of the B1 Ridge that appeases a structure (\Ridge"
in the gure) that measures approximately 266Plong by 8(°wide in the N,H* map.
This corresponds to about 0.30 pc long by 0.09 pc wide at a disice of 235 pc. This
structure has several Bolocam and SCUBA cores running alortg spine, which are
strongly clustered in the northeast half where gas emissidrom all molecules is
the strongest. A single Class 0/1 YSO sits at the northeast edgof the structure|

none of the dust cores along the structure have associatedofmstars, and they
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Table 2.4. Out ow ldenti cation

Source Identi er2

Color

Integrated Velocity Range

Peak Integrated Intensity

(Red or Blue) (kms 1) (Jy beam ' kms 1)

HCO*
SSTc2d J033317.9+310932 (B1-c, Per-emb 29) Red 9.62{7.98 .01
SSTc2d J033317.9+310932 (B1-c, Per-emb 29) Blue 5.36{3.72 1.9
IRAS 03301+3057 (Bl-a, Per-emb 40) Red 7.66-7.49 0.5
IRAS 03301+3057 (Bl-a, Per-emb 40) Blue 5.36{1.26 2.4
SSTc2d J033327.3+310710 (Per-emb 30) Red 7.82{7.32 0.8
SSTc2d J033320.3+310721 (Per-emb 41) Red 9.95{7.33 1.8
SSTc2d J033314.4+310711 (Per-emb 6) Red 13.73{7.82 4.4

HCN
SSTc2d J033317.9+310932 (B1-c, Per-emb 29) Red 18.89{18,710.13{7.66 12.0
SSTc2d J033317.9+310932 (B1-c, Per-emb 29) Blue 10.63{B65.67{1.54, ( )1:26{( )3:08 10.1
SSTc2d J033317.9+310932 (B1-c, Per-emb 29) Blte ( )1:26{( )5:72 3.3
IRAS 03301+3057 (B1-a, Per-emb 40) Blue 10.30{9.64, 5.34{49 2.1
SSTc2d J033320.3+310721 (Per-emb 41) Red 12.61{12.28, 8{%.33, 0.72{0.22 15

Note. | (a) Outows identi ed by the location of the nearest in

frared source. Supplemental Per-emb source identi ers are fr
(b) This emission corresponds to the blue knot seen in the HCN map of Figure 2.6, east of the main part of the SSTc2d J0333317.

om Enoch et al. (2009).
9+310932 out ow.



are considered pre-stellar. There is a single Bolocam cottetlae southwestern end
of the structure, where theHerschel map peaks in an area with little molecular
emission; multi-wavelengthHerschel images show that this region is brighter at
shorter wavelengths compared to the northeastern sectior the structure. This

means it could be a region of slightly higher temperature, idh would explain a
lower abundance of dense molecular gas. Figure 2.4 shows @anspectra from
along this structure.

A second molecular feature in this zone is a newly discoverdaiment that runs
parallel to the main ridge (\Narrow Fil" in Figure 2.7). This lament is extremely
narrow and is o set from the rest of the gas in velocity spaceybabout 1.5 km s 1.
Figure 2.8 shows molecular line contours overlaid onHerschel250 m map. The
lament is about 20°wide and 2.8long, with a small kink half-way along its length.
At a distance of 235 pc, this corresponds to 0.022 pc wide by @.pc long. The peak
integrated intensity of the lamentis 1.2 Jy beam*kms !, 1.4 Jy beam! km s 1,
and 0.9 Jy beam! km s %, for N,H*, HCN, and HCO", respectively. It is not
possible to identify the lament in Herschel maps because it is extremely narrow
and lies along the same line of sight as the western edge of A& Ridge. We
brie y discuss the kinematics and possible formation mech&ms of the lament in
Section 2.5.

The third molecular feature is gas in the northern part of thezone that provides
a tenuous link between the main ridge structure and the mainoce zone. A Class
0/1 YSO is located o the southwestern edge of this feature, uthere are no dust

condensations directly associated with it.
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Figure 2.7: Integrated intensity maps as in Figure 2.5, but br the ridge zone.
Since the ridge zone does not have out ows, we included extrahannels that
were excluded from Figure 2.5 to capture the narrow lament that is red-
shifted by 1.5 km s ! from the rest of the Barnard 1 gas. The rms values
of these NNH*, HCN, and HCO™ integrated intensity maps are 0.17, 0.12, and
0.08 Jy beam ! km s 1, respectively.

2.4.3 SW Clumps Zone

The SW clumps zone lies southwest of the B1 Ridge, and is shownFigure 2.9.
There are ve distinct clumps of b H* emission, with a sixth clump only detected
in HCN and HCO" . There are three Class Il YSOs in this zone that do not correlat
with any gas or dust peaks, which is expected for more evolvedotostars. There

is one Class 0/l YSO in this zone that lies at the northeast tip bthe western-
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Figure 2.8: We discovered a narrow lament that is o set by 1.5 km s 1 from
the rest of the gas in Barnard 1. The three gures show the lament detected
in NoH*, HCN, and HCO™, overlaid on the Herschel 250 m dust image. The
contours represent integrated intensity emission at 0.3, (b, 0.7, and 0.9 times the
peak integrated intensity of the HCN lament, which is 1.36 Jy beam ' km s 1.

most clump. The strongest integrated HCO emission across the entire Barnard 1
eld is located in this clump|Figure 2.4 shows sample specta from it. The gas

morphology of this zone is very di erent from the main core ahridge zones. Those
zones have dense gas peaks embedded within lower-intendéyger-scale dense gas
structures, while the dense gas peaks in this zone are noned at weaker emission

levels.

2.5 Kinematics of Dense Molecular Gas

We modeled the spectra in our position-position-velocityRPV) cubes to derive the
centroid velocity and velocity dispersion for the emissioffrom each molecule along
every line of sight.

The N;H"(J =1 ! 0) line is made up of seven resolvable hyper ne components.
We model all components simultaneously and assume they araussians with the

same dispersion and excitation conditions. The line opagias a function of velocity,
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Figure 2.9: Same as Figure 2.5, but for the SW clumps zone. Thmost western
YSO in this zone is a Class 0/l source, while the others are Cks |l sources (colored
blue). Like Figure 2.7, since this zone does not have out owswe included extra
channels to capture the southwestern edge of the narrow larment (best seen in
the HCO* map) that is redshifted by 1.5 km's ! from the rest of the Barnard 1
gas. The rms values of these pH*, HCN, and HCO™" integrated intensity maps
are 0.17, 0.12, and 0.08 Jy beam! km s 1, respectively.

(v), is modeled as:
X7 2 2
(V) = Cle (v Visr vi)e=2 : (22)
i=0
where is the total opacity of the emission,C; is the weighted strength of the

i™ hyper ne component such that the sum of component strengtrsiunity, Vg, is
the centroid velocity of the observed emissiony; is the rest velocity of thei" hy-

per ne component, and is the velocity dispersion of each hyper ne component.
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We assignedC; and v; according to the CDMS catalog listings on the Splatalogue
webpagé { v; was calculated from the listed ; using the rest frequency of our ob-
servations and the radio Doppler formula. A full observed ggtrum is then modeled

as
2k 2( v)

Fv) = =

Tex(l & V), (2.3)

wherek is Boltzmann's constant, is the synthesized beam areay is the velocity
of the observations, andl, is the excitation temperature.

The four free parameters for the t are: Vs, , , and Te. We focus on
the two kinematic parameters in the following sections. Wealnot address and
Tex because they are semi-degenerate, and breaking the degaogicomes from an
accurate understanding of the optical depth, which is beyaithe scope of this initial
analysis.

In the line tting procedure, a model spectrum is rst created from Equations 2.2
and 2.3 with ten times the velocity resolution of our obsereedata. We then bin
this high-velocity-resolution model spectrum accordingotour observations' velocity
resolution, and compare that channelized model spectrum tn observed line. The
tting is done in IDL with the MPFIT package (Markwardt 2009) , which performs
non-linear least-squares minimization of the model t to arobserved spectrum|the
outputs are the best-t values and errors of the four free pameters. Figure 2.10
(top) shows the best-t centroid velocity (Vi) and velocity dispersion () maps
for N,H*. The pixels that have data values in these maps represent spa that
pass two robustness criteria: peak signal-to-noise greathan ve, and integrated
intensity greater than four times the rms of the NH* integrated intensity map.

The vast majority of the eld only contains one resolved velcty component

along each line-of-sight, and can be adequately t with the n@cedure described

2http://splatalogue.net
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above. However, we manually inspected the eld and identi edour locations with

strong evidence for having two resolved velocity component Three of those loca-
tions are marked with white rectangles in Figure 2.10, and arexcluded from the
analysis later in the chapter. The fourth location is the ndheastern part of the

narrow lament in the ridge zone; we manually inspected thisegion and removed
the small number of pixels with confused spectra from the JN* maps.

The HCN and HCO' emission was t in a similar way; the HCN line is made
up of three resolvable hyper ne components, and HCOhas no hyper ne structure.
Complications arose from out ows in the main core zone. Foinles of sight com-
plicated by out ows, we masked channels with out ow emissio before tting the
spectral line representing the non-out ow gas. This was opldone if the out ow
emission was clearly de ned in velocity space|we did not t lines where out ow
emission blended with emission nearest to the centroid velty of the cloud. For
HCN lines complicated by out ows, we only t the highest freqency hyper ne
component as it is more isolated in frequency/velocity spacfrom the other two
hyper ne components.

The middle and bottom rows of Figure 2.10 show the best- t ceroid velocity
and velocity dispersion maps for HCN and HCO, respectively. The integrated
intensity criterion is the same as above. However, the pealgeal-to-noise criterion
is eight for HCN, and ten for HCO', to account for increased uncertainty in t values
with decreasing number of hyper ne components. It is cleardm the sparseness of
the maps that there are far fewer HCN and HCO regions strong enough to get
reliable kinematic measurements compared too,N*. The HCO* and HCN data
also show evidence for two velocity components in the sameins as NH* .

Analyzing all the details of these kinematic maps is beyond éhscope of this

analysis. However, some features to point out are as follows:
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1. The most kinematic complexity exists in the main core zofiehas velocity
gradients up to 10 km s ! pc ! (see Figure 2.11, left), and velocity disper-
sions ranging from 0.05 km s all the way up to 0.5 km s . In comparison,
the gas structures in the ridge and SW clump zones show smal@riations
in centroid velocity and velocity dispersion, and the veloty dispersions are

consistently narrower than those found in the main core zone

2. The narrow lament in the ridge zone, which can be seen in éhall three
kinematic maps, is redshifted by 1.5 km ¢ relative to the rest of the Barnard 1
emission. The mean velocity dispersion along the lament i8.12 km s?,
0.16 km s, and 0.20 km s?, for N,H*, HCN, and HCO", respectively.
At an assumed kinetic temperature of 11 K based on Green Banlel€scope
(GBT) data (Rosolowsky et al. 2008a), NH* and HCN are detecting subsonic
gas motions and HCO is approaching the sonic speed. The 1.5 km’sradial
velocity of the lament gas relative to the bulk Barnard 1 gassuggests that
it did not simply fragment from the main reservoir of gas in tle region. It is
possible that a nearby ow of material piled onto the larger lament and owed
around its western edge; this would cause a column densitciease along that
edge, thereby strengthening the molecular emission and sag redshift. One
problem with this scenario is that we might expect more turblent linewidths
for gas involved in a colliding ow. However, this type of ow &ent could have
happened long enough ago that gravity had time to collect thgas into the
lament we now see. Another possibility is that we are viewing sheet-like

structure edge on.

3. The largest structure in the ridge zone has a velocity graht perpendicular

to its major axis (see Figure 2.11, right), which is a featureommon in nu-
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merical simulations of lament formation from planar conveging, turbulent
ows (Chen & Ostriker 2014). This type of velocity gradient s seen in sev-
eral CLASSy laments across our ve regions; Serpens South amples are
highlighted in Ferrandez-lopez et al. (2014), and we are ©@paring a paper
linking these observations with the numerical simulationgMundy et al., in

preparation).

. Upon close inspection, several regions of the cloud havdlweganized NNH*
centroid velocity elds|for example, the dense gas around B.-c shows clear
signatures of envelope rotation that was previously repatl in Matthews et al.
(2006). We show other examples of orderly velocity elds inigure 2.12,
coming from dense gas peaks that are spatially separatedrfrother structures
at low emission levels. One of the examples is the dense gasanding the
newly detected compact continuum core within Per-emb 30, wa the other
two have no detected protostars at their center. This highghts the ability
of CLASSy data to probe the small-scale velocity structure aund cores in

addition to the large-scale velocity structure across thenére region.

. The best- t values of the centroid velocity and velocity éspersion toward the
B1-c core are consistent with the results published by Matgws et al. (2006).
We detect the same evidence of a rotating JM* envelope in the centroid
velocity map, and detect the same increased velocity disgen along the
HCO™ and HCN out ow axis. Also, the N,H* centroid velocities and velocity
dispersions across the eld match well with GBT NH observations toward

select dust cores (Rosolowsky et al. 2008a).
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Figure 2.10: Left: Centroid velocity maps of N;H*, HCN, and HCO* (J =1 ! 0)
emission, from top to bottom. Right: velocity dispersion maps of NH*, HCN, and
HCO*" (J =1 ! 0) emission, from top to bottom. We masked these maps at di eent
levels (see Section 2.5 text) to visualize only statisticdy robust kinematic results. The
color scales are the same across molecules. Th&® synthesized beam is plotted as a
very small white circle in the lower right corner of the NoH* centroid velocity map. The
small, white rectangles in the NNH* maps identify regions that likely contain two velocity
components along the-of-sight and are excluded from analys later in the chapter.
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Figure 2.11: Left: Zoom-in of the main core zone centroid velocities presenteth
Figure 2.10, showing the complex velocity structure seen aoss this large area.
The two solid lines enclose a region where we calculated theelocity gradient
along the direction indicated by the arrow; we found a peak véocity gradient

10 km s ! pc ! along this direction. Right: Zoom-in of the ridge zone centroid
velocities. Between the solid white bars, we measured an akege velocity di er-
ence 0.3 kms ! perpendicular to the major axis of the lament. The synthesized
beam is shown in the bottom right corner of each image.
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Figure 2.12: Zoom-in on three small-scale regions with ordé/ centroid velocity

elds, highlighting CLASSY's ability to resolve small-scale kinematic features, in
addition to the large-scale structures seen in Figures 2.1@nd 2.11. The color
intensity is centroid velocity, and the contours are integrated intensity (contour

levels in intervals of 10% of the image peak intensity). The ¢ft image shows the
dense gas around the compact continuum core toward Per-emb03(the continuum

core is identi ed with a single contour, colored blue). The @nter image is of gas
south of Per-emb 30 in the main core zone, and the right imagesi of gas in the
SW clumps zone. The synthesized beam is shown in the lowergtit corner of each
image, and a 0.02 pc scale bar is shown in the left image.
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2.6 Dendrogram Analysis of N ,H™

The previous two sections highlighted the dense gas morpbgly and kinematics
across Barnard 1. Here we quantitatively analyze the JM* position-position-

velocity cube to create a census of dense gas structures. Wmwse NH* over

HCN and HCO" because it is our best tracer of the dense gas that is activeigr-

ticipating in star formationl|it closely mimics the dust emi ssion and is less a ected
by absorption from lower density foreground gas than HCN and HTO" .

Several methods exist for identifying structures in an imagor cube, and the
most appropriate method depends on the data and science goaln Appendix A,
we compare a widely used clump- nding algorithm to the denadrgram method, and
conclude that a dendrogram analysis is more suitable for ikdying resolved, dense
gas structures in nearby molecular clouds. A dendrogram ths emission structure
as a function of isocontour level intensity, and representke structure as a tree hi-
erarchy made up of leaves and branches (Houlahan & Scalo 19R@solowsky et al.
2008b; Goodman et al. 2009). Leaves are smaller-scale, lteg objects at the top
of the emission hierarchy that do not break-up into further gbstructure, while
branches are the larger-scale, fainter objects lower in tierarchy that do break-up
into substructure. The major bene t of a dendrogram analys over a clump- nding
analysis rests in this ability to represent all of the spatiascales in a dataset, as
opposed to forcing all emission into distinct clumps assatéd with a local peak.
See Appendix A and Goodman et al. (2009) for more discussion.

In Appendix B, we describe our modi cations to the standard dedrogram al-
gorithm that enable non-binary hierarchies, and we argue #t non-binary dendro-
grams provide a more statistically meaningful way to represit hierarchical emission

in the presence of noise. The important modi cations incluet 1) restricting branch-
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ing to discrete steps, typically to integer values of the 1-sensitivity of the data
when only analyzing a single map or data cube, instead of allmg branching at
in nitely small intensity steps, and 2) using an algorithm that can cluster more than
two objects into a single group instead of being restrictedtclustering two objects
at a time. These changes create an observable emission higmg within the noise
limits of the data, and allow the quanti cation of the hierarchical complexity of a
dendrogram using tree statistics. The rest of this sectiomfuses on our non-binary

dendrogram analysis of the PBH* gas in Barnard 1.

2.6.1 The Non-binary Dendrogram

We used our new non-binary dendrogram code to identify gassttures traced by
the isolated hyper ne component of NH*. We chose to use the isolated hyper ne
component of NH* since it is su ciently separated from other components in ve
locity space to prevent contaminating our object identi cdion along the velocity
axis. Before running the data through the dendrogram code,enbinned the cube by
two velocity channels to improve the signal-to-noise. No ity information was
lost since there are no lines of sight that contain two or moredependent structures
within 1.0 km s ! of each other. We found that binning by two channels provides
the most improvement to signal-to-noise without biasing te maps towards wide-line
regions. The 1- sensitivity of the binned data cube is 0.094 Jy beam.

Our non-binary dendrogram code takes the same input paranegts as the stan-
dard IDL implementation discussed in Rosolowsky et al. (280). We ran it with
the following critical inputs and parameters: (1) a maskedube containing all pixels
greater than or equal to 4- intensity, along with adjacent pixels of at least 2.5-
intensity, (2) a set of local maxima greater than or equal tolatheir neighbors in 1¢°

by 10°%y three channel (0.94 km s?) spatial-velocity pixels, (3) a requirement that
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a local maximum must peak 2- above the intensity where it rst merges with an-
other local maximum for it to be considered a leaf (referredbtas the \minheight "
parameter in later sections), and (4) a requirement of at lsh three synthesized
beams of spatial-velocity pixels for a leaf to be consideredal (referred to as the
\ minpixel " parameter in later sections). Theminheight and minpixel parame-
ters act to prevent noise features from being identi ed as tre dendrogram leaves.
An additional input is used in the non-binary algorithm: brarching steps restricted
to integer values of the 1- sensitivity of the data (referred to as the ‘stepsize "
parameter in later sections). Thestepsize parameter sets the minimum branching
step allowed in a non-binary dendrogram.

The non-binary dendrogram shown in Figure 2.13 contains 4&dves and 13
branches. The vertical axis of the dendrogram representsehntensity range of the
pixels belonging to a leaf or branch. The horizontal axis deenot normally carry
physical meaning, but in this case we arranged the leaves aoinches according to
zone. Figure 2.14 shows two-dimensional representatiorisath leaves overlaid on the
N,H* integrated intensity map; these representations were criea by integrating
over the velocity axis of the leaves and contouring the maxish RA-DEC extent of
the integrated emission. The leaves that peak at least 64n intensity above their
rst branch are colored green (leaves 10, 25, and 39). Leaf B&5the strongest, with
a peak intensity of 1.91 Jy beam! (in the binned data cube), and represents the
gas around B1-b. Leaf 39 is the next strongest at 1.77 Jy beah and represents
gas around B1-c. Leaf 10 peaks at 1.04 Jy beatn and represents gas around the
newly detected compact continuum source within Per-emb 3@s a reminder that
the identi cation of leaves and branches was done in threerdensions, Figure 2.15
shows ve N,H* velocity channels near the B1-b cores with the isocontour§ leaves

24, 25, and 40, and branch 41, identi ed with distinct colors
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Figure 2.13: The non-binary dendrogram for Barnard 1 is show; it represents
the hierarchical structure of the NoH™ gas. There are 41 leaves (numbered 0
through 40), and 13 branches (numbered 41 through 53) on theehdrogram. The
vertical axis represents the Jy beam?! intensity for a given location within the
gas hierarchy. Branching occurs in integer multiples of thel- sensitivity of the
binned data cube used in this analysis. The horizontal axiss ordered according
to zone, though the order within a given zone has no physical maning. Leaves
10, 25, and 39 (colored green) peak at least 6-above their rst merge level.

We are using the 6- contrast criteria to highlight the strongest leaves before
we are able to con dently discuss the virial boundedness ottaal \cores" and
\clumps"|de ning bound cores requires accurate measuremats of mass to go along
with our high-resolution kinematic information, which is eyond the scope of this
inital analysis. We chose a 6- contrast to highlight the gas in Barnard 1 that is
located near existing compact continuum objects|this gas $ likely bound. We will
apply the same contrast cut to other CLASSy regions. While weaonot discuss
boundedness of individual gas cores at this stage, we cancdiss the properties of
the strongest, highest-column density, dendrogram feates and compare them to
weaker features in the eld. Leaves with 6- or greater contrast will be referred to
as high-contrast leaves later in the chapter, and the rest tifie leaves will be called
low-contrast leaves.

The tree structure presented here captures the qualitativieierarchical nature of

the dense gas in Barnard 1, but it does not give quantitativenformation about the

62



NZHJr integrated intensity map

with dendrogram leaves identified| =

37 8 «
08’ + 25

o4 +

& (2000)

w
[
-
i%
@\'—‘
. .
2
Integrated Intensity (Jy beam™* km s~ %)

28
3100 - 12— ;g g .
3 ¢ %31
0

3056

| |
03"33™45° 30° 15° 33™00° 45° 30° 15°
« (2000)

Figure 2.14: The NpH* integrated intensity map (Jy beam ! km s 1) is shown
in greyscale. The overplotted contours (green and blue) aréwo-dimensional rep-
resentations of the three-dimensional (PPV) leaf structures found in Barnard 1.
Green contours represent leaves with contrast greater tharé- . Each leaf is la-
beled with its number that can be referenced to Figure 2.13 ad Table 2.5.

hierarchy or physical properties of the leaves and branche®oing science with a
dendrogram requires extracting tree statistics and physat properties of the leaves
and branches, such as size, axis ratio, linewidth, mass, lunosity, etc. We present
three simple tree statistics and the spatial and kinematic roperties of leaves and
branches in this chapter. In future papers, we will perform ore detailed compar-

isons between dendrogram properties across multiple CLAS&gions.

2.6.2 Dendrogram Tree Statistics

Computation of tree statistics from a non-binary dendrogna is one method of
guantifying a tree structure. Houlahan & Scalo (1992) were th rst to develop

tree statistics for the astronomy community in order to quatify the hierarchical
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Figure 2.15: NbH* emission surrounding the B1-b double core, viewed across
ve binned velocity channels used in the dendrogram analys, and across the
moment zero map. For the channel maps, the greyscale reprass the intensity
of emission (Jy beam 1), and the colored contours (individually colored in the
online version) represent the spatial extent of the dendrogam leaves and branches
in that given channel. The single white contours in all maps epresent the 4-
detection level of the B1-b continuum sources. In the onlineversion, leaf 25 is
green, 40 is red, and 24 is blue, while branch 41 is cyan. For hmoment zero map,
the greyscale represents the integrated intensity of emissn (Jy beam * kms 1),
and the colored contours represent two-dimensional represitations of the three-
dimensional dendrogram structures seen in the channel maps

nature of molecular cloud structure (see their discussiorf imerged trees," which

are analogous to our non-binary trees). They describe seakstatistics that can be
computed from non-binary trees; we describe three of the gitest statistics here.

The maximum branching levels the integer number of branching steps needed

to reach the leaves at the top of the hierarchy. A region that & undergone a
lot of hierarchical fragmentation will have more levels tha a region that has not
fragmented, or that has fragmented in a single step into saat pieces with similar
properties. Branching levels are de ned upward from the basof the tree; the

base (0 Jy beam? intensity) is considered level 0. An isolated leaf that spras
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directly from the base is at level 0, while a leaf that grows dm a branch one level
above the base is at level 1. The maximum branching level inoBarnard 1 N,H*
dendrogram is level 4, where leaves 24, 25, and 40 merge tbgeinto branch 41 (see
Figure 2.13). These leaves are in the main core zone, whiclthe only zone with
detections of 3 mm compact continuum cores and Class 0/l YSOH.is reasonable
that the largest amount of fragmentation has occurred in theegion with the most
young star formation activity. That being said, the ridge zae and SW clumps zone
have maximum branching levels of three and one, respectiyeso we are dealing
with small variations of this statistic within Barnard 1.

A related tree statistic is themean path lengthof all segments in a dendrogram.
The path length of a segment is de ned as the number of braneig steps required
to go from a leaf to the bottom of the tree (there are as many phtlengths in a
dendrogram as there are leaves). For example, the path lehgof leaf 25 is four,
while the path length of leaf 37 is three|the path length of leaf 30 is zero because
it directly sprouts from the bottom of the tree. The mean pathlength in the whole
Barnard 1 N,H* dendrogram is 1.2 levels, while it is 2.0, 1.2, and 0.5 for tmeain
core zone, ridge zone, and SW clumps zone, respectively. Agai is logical that
the main core zone, which is actively fragmenting into youngtars, has the largest
mean path length.

It is important to point out that these statistics would be di erent if we used
the standard dendrogram algorithm instead of our non-bingrone. The standard
algorithm forces binary branching by introducing extra braching steps to ensure
that only two objects merge at a time. For example, leaves 225, and 40 would not
all be allowed to merge into branch 41 even though that is whalhe data suggest is
happening|leaves 24 and 25 would be merged into one branch,hich would then

be merged with leaf 40 into a second branch. This in ates thegph length of leaves
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24 and 25, and increases the maximum branching level of the#&:. See Appendix B
for more details about di erences between the standard dermbram algorithm and
the new non-binary algorithm.

The third simple tree statistic is the mean branching ratioof all branches in a
tree. The branching ratio for a single branch is de ned as theumber of substruc-
tures into which it fragments directly above it in the hierachy. For example, the
branching ratio of branch 41 is three, because it has threalees directly above it. A
very hierarchical region, where every object fragments imttwo nested objects, will
have a mean branching ratio of 2, while a region that has fraginted in a single step
into several pieces with similar properties will have a muctarger mean branching
ratio. The mean branching ratio in our Barnard 1 NH* dendrogram is 3.9. We
include the branching ratio for the base of the tree in this deulation, even though it
is not explicitly de ned with a branch number|this ensures t hat leaves that sprout
directly from the base are factored in. (Note that the brancimg ratio above the tree
base is always xed at 2 for the standard dendrogram algorith that forces binary
branching.)

These simple statistics provide measures of the amount ange of fragmentation
a given region has undergone; a region with a lot of hierarchi fragmentation will
have more levels, a larger mean path length, and a smaller hching ratio, compared
to a region that is just beginning to form strong overdensiés. A caveat is that the
absolute values of the branch statistics depend on algorithparameters and choice
of allowed branching steps (reminder that we restrict braftng to intensity steps
equal to integer values of the 1- sensitivity of the data instead of allowing branching
at in nitely small intensity steps). However, the statistics can be compared across
trees as a di erential measurement if the same algorithm pameters and allowed

branching steps are used; as pointed out by Houlahan & Scal®@pR), the power
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of tree statistics is strongest when comparing regions witdhi erent star formation
properties. We will compare the Barnard 1 tree statistics wh the tree statistics of
NGC 1333 and L1451 in Chapter 4 to explore whether the hierariclal complexity of
dense gas represented by tree statistics correlates witretdiversity of star formation
activity in the western half of Perseus.

Another caveat arises from linking dendrogram hierarchicalomplexity to cloud
fragmentation|tree statistics can be aected by projection e ects. All observa-
tions su er from projection e ects when transforming the true position-position-
position information of a molecular cloud to observable p@®n-position-velocity
information (for an in-depth discussion of projection e ets in spectral line data,
see Beaumont et al. 2013). Projection e ects distort optidly thick, space- lling
emission more than optically thin emission concentrated ione part of the cloud.
These e ects are not overly concerning in our data becauseethsolated hyper ne
component of NH* is optically thin, and the N,H* emission is arising only from the
densest parts of the cloud. If our data do su er from projectin e ects, we assume
that our large mapping areas create a big enough sample of demgram structures

so that equal numbers of projection e ects occur in each remi we will compare.

2.6.3 Dendrogram Spatial Properties

The size of an object is one of its most fundamental properigbut de ning the sizes
of irregularly shaped objects in a uniform way is not trivial This is one challenge
of high-angular-resolution surveys of nearby molecularatlds|CLASSy resolves a
rich morphology of structures with a range of irregular shags.

When tting for the size of a leaf or branch, we consider all piels in its plane-
of-sky footprint (as opposed to only considering the \oniohayer" emission of each

individual branch, which is used to derive kinematic propgies in the next section|
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see Figures 2.16 and 2.17 for examples). We use tlegionprops program in
MATLAB to t an ellipse to the integrated intensity footprint of each dendrogram
object. All pixels are given equal weight so that the ellipsesipreferentially t to
the largest scale of the object|this prevents strong emissin at the center of an
object from driving the t towards a smaller scale. The tis de ned with an RA
centroid, DEC centroid, major axis, minor axis, and positio angle. The location,
major axis, minor axis, and position angle are directly detenined by the t, and are
listed in Columns 2{6 in Table 2.5. We do not report formal unertainties on these
values since the spatial properties of irregularly shapedjects are dependent on
the chosen method, and we do not want to mislead the reader asthe \certainty"
of these values.

To quantify the shape of an object, we use the axis ratio andlihg factor of
the t (Columns 7 and 8 of Table 2.5). The axis ratio is de ned & the ratio of
the minor-to-major axis; a circular t will have an axis ratio of one, and a highly
elongated t will have an axis ratio approaching zero. The ling factor is de ned as
the area of emission within the tted ellipse divided by the aea of the tted ellipse;
a circular object and an elliptical object will both have a ling factor near one, but
an irregular object will likely have a lling factor much les than one, regardless
of the axis ratio of the tted ellipse. We lastly de ne an object size (Column 9
of Table 2.5) as the geometric mean of the major and minor axesThe values
reported in Table 2.5 have been converted to parsecs, assnga distance of 235 pc.
Figure 2.16 shows example spatial property tting resultsdr leaves 26 and 39 and
branch 42.

Histograms of the size, lling factor, and axis ratio for all €aves and branches
are plotted in the top row of Figure 2.18. The trend in size ishwious|branches

represent larger structures than the leaves that peak withithem. Leaf sizes range
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Leaves 26 & 39 Branch 42
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Figure 2.16: Example ts for the spatial properties of leaves and branches. The
left panel shows the NH* integrated intensity (Jy beam * km s 1) within the
two-dimensional footprints of leaves 26 and 39. We estimatd the shape of these
leaves with regionprops in MATLAB; the ts are shown with the solid black
ellipses, and the t parameters are listed. The axis ratio (AR) is the ratio of minor-
to-major axis, and the lling factor (FF) is the number of gre yscale pixels within
the tted ellipse divided by the total number of pixels withi n the ellipse. The
right panel shows the NbH* integrated intensity within the footprint of branch
42, with its ellipse t shown in black, and the ellipse ts of t he leaves in grey.
When tting for the size of a branch, we include emission fromthe branch itself
and all objects above it in the dendrogram|this results in a lled-in integrated
intensity map for the tting process, whereas using the emision from a single
branch would give an \onion-layer"-like structure.

from about 0.01 pc to 0.07 pc, while branch sizes range fromaat 0.08 pc to 0.34 pc.
The high-contrast leaves are larger than the majority of loveontrast leaves. Nearly
25% of leaves have lling factors greater than 0.8, while abranches have lling
factors less than 0.8. This shows that leaves are better t asgular shapes compared
to branches, but there is still a large population of irregarly-shaped leaves that
are far from round or lamentary. The objects with the maximum axis ratios (leaf
14 and branch 46) are paired with lling factors below 0.8, idicating that they are
not regularly shaped spheroids as the axis ratio alone mighe interpreted. There
are no obvious distinctions between high-contrast and loeentrast leaves in lling

factor or axis ratio.
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2.6.4 Dendrogram Kinematic Properties

One strength of CLASSy data is the kinematic information aciss a wide range of
spatial scales. We can use the integrated intensity footpts of the dendrogram
objects (leaf footprints shown in Figure 2.14) in combinatin with the centroid
velocity and velocity dispersion maps in Figure 2.10 to dataine the kinematic
properties of leaves and branches. The four properties in dle 2.5 that we focus
on are: the mean and rms centroid velocityh/ ;i and V |, respectively), and the
mean and rms velocity dispersioni(i and , respectively).

We illustrate how we derive these properties for leaves anddmches in Fig-
ure 2.17. For leaves, we mask the full " Vs, and maps with the integrated
intensity footprint of each leaf, and calculate the error wighted mean and stan-
dard deviation of the masked pixels within the masked footpits. For branches, we
mask the full NH™ Vi, and  maps with the integrated intensity footprint of each
branch, excluding pixels associated with any leaves or brres inside the branch
footprint. We calculate the error weighted mean and standdrdeviation of the re-
maining pixels belonging exclusively to the branch. By exatling leaf pixels, we
are calculating the kinematic properties of branches onlyt ¢he larger spatial scales
that are not captured by the leaves within them|this method allows us to parse
kinematics across di erent spatial scales, which enabless&e-linewidth analysis in
the next section. We only report kinematic properties of leges and branches in
Table 2.5 that have three or more synthesized beams worth oihkmatic pixels; a
low signal-to-noise feature may be strong enough to be sééebas a dendrogram
object, but still too weak to have enough kinematic data pots based on our line

tting criteria discussed in Section 2.5.

70



6.8 6.8

10'00"

=
=
=
=

40"

5 (2000)

0
=}
o
IS
o o
w IS c
Centroid Velocity (km/s)

09'00"
6.2

40"

6 6
31°068°20
o03h33™e2s  20° 18° 16° 14° 03h33™22s  20° 18° 16° 14°
« (2000) « (2000)
10'00"
0.4 0.4
40" @
E
S
=~
g R0 03 03§
& 4
“09'00" 3,
0900 $D 2
o
o
" =
40 0.2 02
31°0820"
o3h3z@e2s  20° 18° 16° 14° 03"33™22%  20° 18° 16° 14°
a (2000) a (2000)

Figure 2.17: Examples of how we calculate the kinematic properties of leas and
branches, using the leaf emission towards B1-c, and the brah emission directly sur-
rounding it. Upper left: The integrated intensity footprint of leaf 39 is represented by the

contour (colored red). The best t centroid velocities (V sr) from Figure 2.10 are shown
within that contour; to nd the mean centroid velocity ( hV i) for leaf 39, we calculate
the weighted mean of those pixels (weighing according to t eror at each pixel), and

to nd the rms centroid velocity (V ) for leaf 39, we calculate the weighted standard
deviation of those pixels. Lower left: We show the best t velocity dispersions ( , not

FWHM) from Figure 2.10 within the contour, and calculate the weighted mean velocity
dispersion (h i) and rms velocity dispersion () as we did for the Vs, values in the

upper left. Upper right: The integrated intensity footprint of branch 42 is represerted by

the outer contour (colored white), while those of leaf 39 andeaf 26 are represented by the
inner contours (colored red). The best t Vs, from Figure 2.10 are shown only between
the outer and inner contours. We are using information only d the branch spatial scales
to calculate the kinematic properties of the branch|we exclu de the kinematic properties

of the leaves within the branch. As for the upper left gure, to nd hVi for branch 42,

we calculate the weighted mean of the shown pixels, and to ndV |, we calculate the

weighted standard deviation of the shown pixels.Lower right: The best t  for branch

42 are shown between the outer and inner contours.
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Histograms ofhV\i;i, V s, andh i are plotted in the bottom row of Figure 2.18.
The distribution of hVsi shows that most of the gas in Barnard 1 is near 6.5 km
while the gas from leaves 0 and 1 and branch 50 (representirdgetnarrow lament
in the ridge zone) is strongly redshifted.

There is a clear o set in the distribution of V |, between leaves and branches:
the majority of branches, which represent the largest objex; have larger V
than the smaller leaves. There are two e ects that are likelgausing this trend.
The rst e ect is from organized velocity eld motions (e.g., indicative of rotation
or feedback from out ows) that exist towards a leaf and its swounding branch. For
example, the Vf;; eld for the B1-c leaf and parent branch can be seen in FigureX?.
The branch that directly surrounds B1-c has a larger V,;; compared to the B1-c
leaf due to larger di erences between the redshifted and k#shifted velocities in
the rotating branch. However, the majority of leaf-branch pas do not exhibit
matching, well-ordered velocity elds. Therefore, turbutnce is the second likely
explanation for this trend. Turbulence has the property of ausing scale-dependent
spatial correlations within a velocity eld|points separa ted by larger distances will
have larger rms velocity di erences between them than will gnts that are closer
together (McKee & Ostriker 2007), meaning that branches wihave larger V g
values than leaves.

The high-contrast leaves are preferentially shifted to lger V | relative to the
low-contrast leaves. The high-contrast leaves all have kwa protostellar objects
within them, so their gas motions are most likely dominated yp infall, rotation,
or feedback from out ows, all of which increase the variatio in the velocity eld.
The low-contrast leaves with the largest Vs tend to have more organized centroid
velocity patterns (manifested as gradients) than the lowantrast leaves with the

smallest V |, indicating that they may represent gas around pre-stellatores that
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are more likely to form stars in the future.

The distribution of h i di ers from the distribution of V . The high-contrast
leaves representing the gas around B1-b and B1-c have theglesth i in the entire
eld, and the majority of branches haveh i that are similar to those of the majority
of leaves. We would naively expect that if the branches rement the largest objects
projected on the plane of the sky, then they should also reent the most extended
objects along our lines of sight, and should therefore haveet largest velocity disper-
sions (assuming velocity dispersion scales proportionalith length-scale, which is
the case for a turbulent cloud; McKee & Ostriker 2007). We exXpre these results in
more detail in Section 2.7, where we compare the sizes of stiwres to their V g

and h i in order to probe the physical and turbulent nature of Barnad 1.

73



V.

Table 2.5. NH* Dendrogram Leaf and Branch Properties

No. RA DEC Maj. Axis Min. Axis PA Axis Filing Size hV g i V er hi Pk. Int. Contrast Level
(h:m:s) ( :%99 (%9 (%9 () Ratio Factor (pc) (kms 1) (kms 1) (kms 1) (kms 1) (Jy beam 1)
(1) (2 (3) (4) (5) ® @ ® (10) (11) (12) (13) (14) (15) (16)
Leaves
0 03:32:49.1 +31:02:31.9 49.6 12.4 61.8 025 0.60 0.028 7.991) 0.02(0) 0.08(2) 0.04(1) 0.61 2.9 1
1 03:32:52.1 +31:03:09.3 22.9 8.3 41.1 0.36 0.84 0.016 7.981) 0.03(1) 0.08(1) 0.01(1) 0.62 3.0 1
2 03:32:43.4 +30:58:02.4 37.6 221 18.1 0.59 0.61 0.033 7.061) 0.02(1) 0.08(1) 0.01(0) 0.51 2.9 0
3 03:32:42.1 +30.58:24.3 19.9 9.1 36.7 0.46 0.82 0.015 . 0.42 2.0 0
4 03:32:43.9 +31:00:02.4 54.7 23.9 48 044 0.76 0.041 6.861) 0.03(0) 0.14(0) 0.02(0) 0.80 4.0 1
5 03:32:25.1 +31:01:36.9 48.5 20.0 55.1 041 0.68 0.035 6.991) 0.03(1) 0.12(1) 0.02(1) 0.70 4.0 1
6 03:32:54.9 +31:02:06.7 27.9 9.1 68.5 0.33 0.72 0.018 . 0.47 2.5 0
7 03:33:25.1 +31:05:36.7 66.7 27.8 30.7 042 0.67 0.049 6.881) 0.05(1) 0.07(0) 0.01(0) 0.82 5.3 1
8 03:33:10.3 +31:05:34.2 23.6 19.6 174 0.83 0.75 0.025 . 0.62 3.5 1
9 03:33:21.7 +31:06:07.8 22.9 8.9 118.2 0.39 0.82 0.016 . 0.46 2.4 0
10 03:33:27.1 +31:06:58.5 55.3 27.1 174.6 0.49 0.71 0.044 @7(2) 0.10(1) 0.12(1) 0.03(0) 1.04 7.7 1
11  03:33:29.3 +31:07:26.1 325 13.4 101.7 0.41 0.68 0.024 72(1) 0.03(2) 0.10(1) 0.01(0) 0.68 3.8 1
12 03:32:46.2 +31:00:04.5 31.3 115 144.7 0.37 0.65 0.022 671(1) 0.03(1) 0.09(0) 0.01(0) 0.64 2.3 1
13 03:32:28.2 +31:02:13.1 53.1 27.7 37.2 052 0.74 0.044 6.6(2) 0.10(1) 0.10(1) 0.02(0) 0.70 4.0 1
14 03:32:53.1 +31:02:26.4 36.5 35.5 48.3 0.97 0.60 0.041 0.59 3.8 0
15 03:32:53.3 +31:02:55.7 16.6 11.4 55.9 0.69 0.83 0.016 0.48 2.1 1
16  03:32:57.3 +31:03:35.4 72.4 36.0 89.5 050 0.67 0.058 6.6(1) 0.04(0) 0.09(1) 0.03(0) 1.03 5.9 2
17 03:33:02.0 +31:04:18.4 49.0 26.2 55.7 0.53 0.72 0.041 6.6(1) 0.03(0) 0.15(0) 0.02(0) 0.92 3.8 3
18 03:33:03.0 +31:04:45.0 171 13.9 139 081 0.86 0.018 6.8(1) 0.02(2) 0.14(1) 0.01(0) 0.79 2.3 3
19 03:33:06.4 +31:05:02.2 80.3 40.1 88.8 050 0.67 0.065 6.4(1) 0.04(1) 0.13(1) 0.04(0) 1.03 4.9 3
20 03:33:00.3 +31:05:43.4 19.3 13.2 23.7 0.68 0.82 0.018 0.56 3.4 0
21 03:33:02.4 +31:06:15.5 25.8 17.0 38.6 0.66 0.68 0.024 6.6(1) 0.03(1) 0.13(1) 0.03(1) 0.83 4.5 2
22 03:33:25.9 +31:06:13.5 17.7 145 33.4 0.82 0.73 0.018 6.38(1) 0.02(1) 0.08(1) 0.01(1) 0.62 3.2 1
23  03:33:05.3 +31:06:38.3 51.4 33.5 69.5 0.65 0.60 0.047 6.6(1) 0.03(0) 0.11(0) 0.02(0) 0.92 5.4 2
24 03:33:15.7 +31:06:56.4 45.2 26.9 142.3 0.60 0.71 0.040 &7(2) 0.10(2) 0.19(1) 0.03(0) 1.44 49 4
25 03:33:20.8 +31:07:33.0 72.7 38.7 114 0.53 0.58 0.060 6.8(2) 0.11(2) 0.29(1) 0.05(1) 1.91 9.9 4
26 03:33:18.0 +31:08:57.9 22.0 10.7 99.1 0.49 0.70 0.017 6.6(2) 0.03(1) 0.18(1) 0.02(1) 0.96 2.8 3
27 03:33:13.4 +31:09:10.2 61.2 32.8 731 054 066 0.051 6.5(1) 0.07(2) 0.17(1) 0.03(0) 0.73 4.4 1
28 03:32:37.1 +30.59:10.1 69.4 27.3 3.8 0.39 0.61 0.050 6.471) 0.04(1) 0.11(0) 0.02(0) 0.48 2.6 0
29 03:32:27.7 +30:59:18.2 101.8 34.5 5908 0.34 059 0.068 644(1) 0.08(1) 0.16(0) 0.03(0) 0.84 5.0 1
30 03:32:36.4 +30:59:51.1 29.1 18.9 13.2 0.65 0.67 0.027 0.52 3.0 0
31 03:32:33.6 +30:59:59.1 32.0 15.4 151.7 0.48 0.58 0.025 0.47 2.5 0
32 03:32:30.8 +31:00:07.1 39.6 18.7 38.9 047 0.73 0.031 6.4(1) 0.04(1) 0.11(1) 0.03(0) 0.75 4.0 1
33 03:33:12.2 +31:04:59.9 154 10.3 1445 0.67 0.87 0.014 0.46 2.3 0
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Table 2.5 (cont'd)

No. RA DEC Maj. Axis Min. Axis PA Axis Filling Size hV g i V' osr hi Pk. Int. Contrast Level
(h:m:s) ( %99 (%9 °9 () Ratio Factor (pc) (kms 1) (kms 1) (kms 1) (kms 1) (Jy beam 1)

(1) 2 3 (C)] (5) ® @ ® (10) (11) (12) (13) (14) (15) (16)

34 03:33:13.4 +31:04:59.9 17.2 11.7 102.1 0.68 0.90 0.016 0.47 25 0

35 03:33:03.6 +31:05:46.4 25.6 14.7 75.3 0.57 0.72 0.022 6.2(2) 0.03(1) 0.13(1) 0.03(1) 0.53 2.2 1

36 03:33:07.7 +31:06:05.4 24.4 16.5 39.8 0.68 0.75 0.023 0.48 2.6 0

37 03:33:22.0 +31:08:53.6 16.5 13.2 139.6 0.80 0.87 0.017 &32(2) 0.03(2) 0.14(1) 0.01(0) 0.77 2.8 3

38 03:33:09.2 +31:08:53.3 34.7 19.7 525 0.57 0.75 0.030 6.8(1) 0.03(1) 0.13(2) 0.04(1) 0.56 3.5 0

39 03:33:18.2 +31:09:32.2 52.1 34.0 164.4 0.65 0.72 0.048 &4(3) 0.15(2) 0.26(1) 0.04(1) 1.77 115 3

40 03:33:16.7 +31:07:17.3  29.1 13.7 79.2 047 087 0023 6.1(1) 0.04(1) 0.151) 0.02(0) 1.46 5.2 4

Branches

41 03:33:18.2 +31:07:20.6  178.0 1031 706 058 066 0.154 65(2) 0.24(1) 0.21(0)  0.06(0) 0.97 3

42  03:33:17.9 +31:09:21.3 96.6 56.0 178.0 0.58 0.63 0.084 ©&7(4) 0.26(3) 0.21(1) 0.06(1) 0.69 2

43  03:33:04.6 +31:04:455 1535 55.3 60.5 0.36 059 0.105 664(1) 0.04(0) 0.14(1)  0.04(0) 0.57 2

44  03:33:18.1 +31:07:23.5 197.6 116.9 67.0 0.59 0.68 0.173 61(2) 0.17(1) 0.17(2) 0.05(0) 0.51 2

45 03:33:01.9 +31:04:23.6  249.6 84.1 556 0.34 0.69 0.165 63(1) 0.06(0) 0.12(0)  0.04(0) 0.47 1

46  03:32:44.5 +31:00:00.4 79.2 75.1 81.4 0.95 0.76 0.088 6.8(1) 0.07(2) 0.12(0) 0.03(0) 0.43 0

47 03:33:04.9 +31:06:38.4  107.1 38.1 50.3 0.36 0.63 0.073 69(1) 0.06(1) 0.12(1) 0.03(1) 0.41 1

48 03:33:17.9 +31:07:47.8 237.1 177.5 175 0.75 0.64 0.234 64(2) 0.24(2) 0.16(1) 0.06(0) 0.41 1

49 03:32:28.3 +30:59:29.1  148.3 47.8 451 0.32 0.69 0.096 64(1) 0.07(1) 0.14(1)  0.04(0) 0.37 0

50 03:32:46.4 +31:02:455  103.4 18.9 478 018 056 0.050 7M9(2) 0.07(1) 0.12(4) 0.13(3) 0.34 0

51 03:32:27.0 +31:01:58.4 115.7 38.2 47.6 0.33 0.63 0.076 670(5) 0.17(4) 0.11(1) 0.03(1) 0.33 0

52  03:33:17.1 +31:07:34.2 324.8 267.3 731 0.82 050 0.336 67(2) 0.23(1) 0.12(0) 0.05(0) 0.32 0

53 03:33:01.8 +31:04:21.9 274.0 90.2 544 0.33 0.72 0.179 63(2) 0.10(2) 0.12(1) 0.04(0) 0.29 0
Note. | (2){(6) The position, major axis, minor axis, and posi tion angle were determined from regionprops in MATLAB. We do not report formal uncertainties of these value s since

the spatial properties of irregularly shaped objects is depe ndent on the chosen method.

(7) Axis ratio, de ned as the ratio of the minor axis to the majo r axis.

(8) Filling factor, de ned as the area of the leaf or branch insc ribed within the tted ellipse, divided by the area of the tt ed ellipse.

(9) Size, de ned as the geometric mean of the major and minor ax es, for an assumed distance of 235 pc.

(10) The weighted mean V sr of all tted values within a leaf or branch. Weights are deter mined from the statistical uncertainties reportedpby the IDL MPFIT program. The error in

the mean is reported in parentheses as the uncertainty in the last digit. It was computed as the standard error of the mean, V sr= N, where V | is the value in Column 11 and N

is the number of beams' worth of pixels within a given object. W e report kinematic properties only for objects that have at lea st three synthe5|zed beams' worth of kinematic plxq{s

(11) The weighted standard deviation of all tted V sr Values within a leaf or branch. The error was computed as the s tandard error of the standard deviation, V st = 2(N 1),

assuming the sample of beams was drawn from a larger sample wit h a Gaussian velocity distribution. p o

(12) The weighted mean velocity dispersion of all tted valu es within a leaf or branch. The error was computed as the stand ard error of the mean,

(13) Ehe weighted standard deviation of all tted velocity d ispersion values within a leaf or branch. The error was compu ted as the standard error of the standard deviation,

2(N 1).

(14) For a leaf, this is the peak intensity measured in a single channel of our 2-channel binned dataset used in the dendrogr am analysis. For a branch, this is the intensity level where

the structures above it merge together.

(15) \Contrast" is de ned as the di erence between the peak i ntensity of a leaf and the height of its closest branch in the d endrogram, divided by the 1- sensitivity of the data.

(16) The branching level in the dendrogram. For example, the base of the tree is level 0, so an isolated leaf that grows dire ctly from the base is considered to be at level 0. A leaf that

grows from a branch one level above the base will be at level 1, e tc.
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Figure 2.18: Histograms of dendrogram leaf and branch propées. High-contrast
(HC) leaves, above 6- contrast, are represented by green; low-contrast (LC)
leaves, below 6- contrast, are represented by blue; branches are represemtdy
white. See the text in Sections 2.6.3 and 2.6.4 for a discussi of trends seen in
these histograms.

2.7 A Connection Between Size-Linewidth Rela-

tions and Cloud Structure

This chapter presented the morphology and kinematics of thieense gas in Barnard 1,

along with a dendrogram analysis of the pH* emission. We conclude with an

analysis of the spatial and kinematic properties of dendragm structures and what

they can tell us about the turbulent and physical nature of tle Barnard 1 region.

A turbulent cloud will have scale-dependent spatial corrations of its veloc-

ity eld that take on power law forms over a wide enough rangefcspatial scales
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(McKee & Ostriker 2007). Size-linewidth relations are comanly used to probe
turbulence; there have been numerous studies of observed aimulated molecu-
lar clouds using a wide array of observational and statisét techniques, such as
correlation plots (Larson 1981; Solomon et al. 1987), struce function and auto-
correlation analysis (Miesch & Bally 1994; Ossenkopf & Macow 2002), principal
component analysis (Brunt & Mac Low 2004; Heyer & Brunt 2004)and dendro-
grams (Rosolowsky et al. 2008b), to name a few. The overallstdt is that most
galactic molecular clouds exhibit power-law scaling reli@ins consistent with turbu-
lence in a compressible medium, where supersonic motions averlapping shocks
are important (so-called \Burgers turbulence"). It is wellaccepted from these anal-
yses that molecular clouds are turbulent, but there are newsights that can be
gained by using size-linewidth relations derived from higangular resolution obser-

vations.

2.7.1 Total Linewidth of Dendrogram Structures

Our dendrogram analysis identi ed NH* structures in the Barnard 1 hierarchy as
either leaves or branches, and we evaluated the size and kiraic properties of those
objects in Section 2.6. Since the spatial scales of dendraxgrstructures in Barnard 1

range from 0.01{0.3 pc, we can utilize these structures to investigatbe turbulent

properties of the cloud. Before discussing size-linewidtklations that use the full

angular resolution of our observations, it is useful to coiter a relation that uses the
\total" linewidth of each dendrogram structure|this relat ion can be compared with
classical size-linewidth relations from Larson (1981) anSlolomon et al. (1987), in
which the detailed kinematic variation within individual clouds was not resolved. We
calculated a total linewidth for each structure by summing lhthe spectra assigned

to it and tting the velocity dispersion of the resulting spectrum (the , not FWHM,

1



of the line); for a visualization, see Figure 2.17, which stvs the kinematic maps of
an example leaf and branch. In that gure, all the spectra witin the red contour
of leaf 39, and all the spectra within the white contours of lanch 42 (including
the leaf emission), are summed to calculate the total linedths of those respective
structures.

Figure 2.19 shows plots of projected size versus total linielth for all dendrogram
structures that have kinematic values listed in Table 2.5, xeluding the objects
associated with the peculiar narrow lament in the ridge zoe (leaves 0 and 1,
branch 50). We separate structures in the main core zone (MC#om structures in
the ridge and SW clumps zones (RSWZ) because the main core edras a cluster of
protostars driving out ows. Keeping the zones separate allvs us to see whether or
not they have di erent turbulent or physical properties. Wealso separately identify
the few structures surrounding compact continuum cores,rmsie their non-thermal
gas motions are likely in uenced by their central source.

The data in Figure 2.19 are scattered and could be t by severdunctions.
However, there does appear to be variation of total linewidttvith size in both zones,
with the linewidth varying more strongly with size in the MCZ If we use a single
power-law t, the MCZ correlation is best t with a slope of 0.37 0.08, and the
RSWZ correlation slope is 0.16 0.06. The steeper slope in the MCZ could be due
to out ows adding energy to the turbulence at these scales.hE best- t slope from
the MCZ is consistent with the result (Larson 1981) that clods ranging in size from
0.1 to 100 pc have a power-law slope of 0.38. However, we arebprg the scaling
relation across much smaller spatial scales than has typilgabeen done, and unlike
previous studies, we are using high-density molecular trexs that are sensitive to
non-thermal motions near the sonic scale of the cloud. Thdoee, directly comparing

our results to studies that used larger scales and lower-gally gas tracers, such as
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12C0O, should be considered with caution.
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Figure 2.19: Scaling relations between projected structur size and total linewidth

for the main core zone and the combined ridge and SW clumps zas. The
projected size for each dendrogram structure is de ned as th geometric mean of
its best-t major and minor axes. The majority of structures are labeled with

squares, while the three leaves toward the three strongestompact continuum

detections in main core zone are marked with triangles, alog with the branch

directly surrounding the B1-c leaf. The solid line represets a single power-law t

to the square points. The horizontal line represents the typcal thermal speed for
H, at gas kinetic temperatures near 11 K. The vertical line repesents our spatial
resolution of 0.008 pc.

2.7.2 Resolved Linewidths of Dendrogram Structures

We have two kinematic measurements of leaves and branchesTable 2.5 that use
the full angular resolution of our dataset|they complement the total linewidth and
enable a di erent type of size-linewidth analysis. The rstmeasurement is the
variation, V . For a leaf or branch of size L, V(L) is computed by measuring
the rms variation of the (beam-scale) centroid velocity ovethe whole structure.
The second measurement is the mean non-thermal velocity jpession, h i. To
calculate h i from h i in Table 2.5, we remove the thermal velocity dispersion,

h, of 11 K N,H™ gas, which is the typical gas kinetic temperature across ttemtire
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Barnard 1 region (Rosolowsky et al. 2008a) i, = P hiz 2. Recall that h i
for a structure is de ned by averaging all the individual vebcity dispersions over
the structure; each individual pointing captures the velaty dispersion along the
line-of-sight for a given beam-width.
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Figure 2.20: Left: Scaling relations between projected structure size and
variation (V g) for the main core zone and the combined ridge and SW clumps
zones. Right: Scaling relations between projected structure size and na non-
thermal velocity dispersion (h i) for the main core zone and the combined ridge
and SW clumps zones. The solid line represents a single powkw t to the
square points. The horizontal line represents the typical hermal speed for B
at gas kinetic temperatures near 11 K. The vertical line repesents our spatial
resolution of 0.008 pc.

We compare the dependences of \ and h i, on projected structure size
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in Figure 2.20. Size versus Vg for the dendrogram structures in both zones is
plotted on the left; the data appears to follow a power-law tation. There is a steep
correlation in both regions, with power-law slopes of 0.80 0.08 in the MCZ and
0.69 0.17 in the RSWZ. The value of V| is very low for the smallest objects in
all zones, and rises to the sound speed for the largest obgeitt the MCZ. Size versus
h i is plotted on the right side Figure 2.20. There is a much atte correlation
between size andh i, in both zones, with a power-law slope of 0.12 0.11 in the
MCZ and 0.04 0.07 in the RSWZ. The mean non-thermal velocity dispersions
are all sub-sonic to trans-sonic in the MCZ (though still suprthermal). The two
structures with largesth i, are surrounding B1-b and B1-c; it is likely that the
non-thermal motions of the gas around them is boosted by rdtan and/or out ows
and is not purely turbulent. The h i, are all sub-sonic in the RSWZ.

Why are the dependences df i, and V i on projected structure size so dif-
ferent? In the following section, we set up a theoretical fraework that can explain
this disparity in terms of di erences between a structure'rojected size and its

depth into the plane of the sky.

2.7.3 Inferring Cloud Depth from Resolved Size-Linewidth
Relations

In this section, we assume that the observed non-thermal gasotions in our den-
drogram structures are generated by isotropic, three-dimsional turbulence. In the
previous section, we noted a few structures surrounding cpact continuum cores
that likely have non-thermal gas motions due to the in uencef their central source;
we exclude them from this analysis.

The total turbulent linewidth of a structure is most strongly in uenced by the

largest scale an observation encompasses, under the asdionp that the gas we
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observe is isotropically turbulent, and optically thin with uniform excitation condi-
tions. If the structure is wider across the plane of the sky #mn it is deep into the sky,
then its turbulent linewidth will be most strongly in uenced by its projected size.
But if the structure is deeper into the sky than in either of tke projected directions,
then its turbulent linewidth will be most strongly in uenced by its depth.

For a structure that is many resolution elements across (thease for all of our
dendrogram structures), V|, and h i, probe turbulence in di erent ways from
the total linewidth. The value of Vi, on any given line-of-sight is a measure of the
mean motion of gas along that line-of-sight, which variesdm one line-of-sight to
another line-of-sight as a consequence of turbulence. Theg,Wariation, V |, is
expected to increase with the projected scale of a structuifeturbulence increases
with scale, as is the case for the observed and simulated tutent power spectra in
molecular clouds. For any given line-of-sight, the turbulg contribution to h i will
be set by the larger of the beam size and the structure depthinSe our beam size is
very small ( 0.008 pc), we expect that the linewidth along individual lies-of-sight
will be dominated by structure depth, and thush i, for a structure will depend
primarily on the mean (unseen) depth of that structure into he sky. Statistically,
along many lines-of-sight for a resolved structure, the cqrarison of linewidths set
by the projected size of the structure (V) to linewidths set by the depth of the
structure (h i) should allow an estimation of the structure depth.

We can use a mathematical framework to explain how we can coarp V s to
h i, to learn about the typical depth of gas structures. In the fulthree dimensional

turbulence, line-of-sight turbulent velocities ¥,.. ) can be written as

X
Vzun (XY 2) = Vp(Kx; Ky; Kz) expli(kyx + kyy + K,2)]; (2.4)
kx;ky;kz

wherev,(Ky; Ky; k;) is the turbulent velocity power spectrum,ky, = (2 =L y)ny, ky =

(2=Ly)ny, and k, = (2 =L ;)n,. L is the size of an observed structure in the
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direction, and ny is the number of full waves of a given turbulent velocity comgnent
that tin the x-direction (the same is true for they and z components in these
equations). If the turbulent motions are Gaussian and isotipic, then vp(Ky; Ky; k;)
is drawn from a normal distribution whose standard deviatio depends only on
the magnitude of thek-vector, jkj = P kZ+ kZ+ k2. We assign thez direction as
the line-of-sight, so that in Equation 2.4,v,..m (X;Y; Z) is the z-component of the
turbulence, and there are other independent components ihé x and y directions.

In this framework, the total linewidth of a structure is the sim of components
with non-zeroky, ky, or k,. The resolved linewidths (V s, and h i) are explained
below with the aid of Figure 2.21.

The observed centroid velocity at a resolved projected ptisn in the structure,
Visr(X;y), is the sum of components in Equation 2.4 that havi,=0. The Vs de-
pendence on spatial scale vigy,(Ky; ky; k, = 0) is assumed to depend statistically
only onjkj if the turbulence is isotropic. Therefore, ¥ (X,y) has the same statistical
dependence onkj = P kZ + k2 (which we can measure) that the underlying turbu-
lent velocity, V,.wb (X;Y; 2), has onjkj = P kZ + kZ + k2 (which we cannot measure).
The Vi, (X,y) variation, V g, which is the standard deviation of \g(x;y) over all
resolved positions in a structure, will scale with thex;y)-size of the structure ac-
cording to the turbulent scaling relation of the cloud (see RBkman & Kleiner (1985)
for a discussion of spatial correlation properties of cemtid velocity elds). To vi-
sualize this, we consider the structure on the left-side ofigure 2.21. We call the
full 4-cell structure, structure A, and any contiguous 2-célsubstructure within it,
structure B. Structure A is wider than structure B in the (x;y) directions on the sky,
so the minimum, non-zerdk, and k, must be smaller in structure A than structure
B. AssumingVv, has a (statistical) inverse power-law dependence @, this implies

higher power in structure A, with a greater contribution to the Vs, variation across
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the (x;y) face of structure A compared to structure B.

The non-thermal velocity dispersion at each resolved posih in a structure,
nt (X;y), is obtained from the sum of turbulent components with all pssiblek, and
ky, and non-zerdk,, along each line-of-sight. For a giverx(y), the total line-of-sight
velocity is a sum:Vv;(z) = V. (2) + Vin (2), wherevy, is the thermal component of

the velocity. The mean value ofx, (z) is zero, and the mean value of,.yymb (2) IS Vigr.
Thus, assuming thatv,..m (z) and vy, (z) are uncorrelated, for a given line-of-sight,

the square of the total velocity dispersion, ?(x;y), is:

206y) = 2 V2 = hWigpi VE + DA+ 20mihvini:  (2.5)

Isr Isr

The last term in Equation 2.5 is zero because the mean value\gf(z) is zero.
The second-to-last term in Equation 2.5 is equivalent to thequare of the thermal
velocity dispersion, #; 2 2 is equal to the non-thermal component of the
velocity variance, 2, which means that the rst two terms Equation 2.5 contribute

to the non-thermal velocity dispersion. The combination ofhe rst two terms is

X
hj Vp(Ky; Ky; kz) expik  x)j; (2.6)
kx ;ky ;kz 60

where the summation includes combinations with aky, ky, and with all k, except
k, = 0; k is the wavenumber vector, anc is the spatial vector. This shows that the
mean non-thermal velocity dispersion for our structures) i, de ned as the mean
of n(X;y) at each resolved position, will scale with the-depth of the structure
according to the turbulent scaling relation of the cloud. Alag any given line-of-
sight, a largerL , implies that the minimum nonzerok, = 2 =L , is smaller, such that
the contribution to Equation 2.6 would be larger (under the asumption that v,(k)
statistically increases with decreasingkj). To visualize this, we can consider the
structure on the right-side of Figure 2.21. We call the full €ell structure, structure

A, and any contiguous 2-cell substructure within it, structuwe B. Structure A extends
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deeper into the sky than structure B, so the minimum, non-zerk, in structure A
is smaller than the minimum, non-zerd; in structure B. This implies higher power
in structure A, with a larger contribution to (X;y) in structure A compared to
structure B.

Based on the arguments above, the scaling relation between, Wariation and
projected size,l, (V & / 19) should have the same power-law dependence as the
scaling relation between mean non-thermal velocity dispgon and depth,d, into
the sky (h i / d9) if the turbulence is isotropic and we are observing all theas
along each line-of-sight. But we saw in Figure 2.20 that theegpendences of Vi
and | on projected structure size are very di erent. The simpleséxplanation of
this di erence is that the projected size of an object need nde the same as its
line-of-sight depth into the sky. The size axis in Figure 2@ (right) is an estimate
based on the geometric mean of the projected size. If everyj@ti, no matter its
projected size, has the same depth, then we should measureanailar non-thermal
velocity dispersion for those objects. Therefore, we injaret the shallow dependence
of h i with size as an indication that our collection of dendrogramstructures have

similar depths.
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Figure 2.21: One-dimensional cartoons explaining our interpretation d the kinematics
of spatially resolved dendrogram structures in the framewek of isotropic turbulence. The
spatial dimension of each structure is represented by fourquare cells, each one unit by one
unit in area. The colored vectors in each gure represent tubulent velocity components
along the line-of-sight (blue = blue-shifted velocity component, red = red-shifted velocity
component). The length of the velocity vectors are not to scée, but are simply used to
show that there is larger velocity power on the larger scalgsand vice-versa. (a): We
are looking across the resolved major axisx(-direction) of this lament, and down the
minor axis (z-direction; line-of-sight). The Vs of the lament at each resolved L=1 cell
is determined by the velocity of all vectors in uencing the gas in that cell with k, = 0.
Since all vectors havek, = 0, for example, the left-most cell has Vs, contributions from
a small red vector, a medium blue vector, and a large red vectp while the right-most
cell has Visr contributions from a small blue vector, a medium red vector,and a large red
vector. The Vi variation (V sr) across the four resolved cells is the standard deviation
of the V|5, in each L=1 cell. If this structure were half as wide, then V |5 would
decrease because each cell would only have contributionsofn a small and a medium
vector. The non-thermal velocity dispersion along each redved line-of-sight ( ) is zero
because there are nd, 6 0 vectors along the line of sight of each cell. The total velaity
dispersion is a combination of vector components withk 6 O, which is determined by
small and medium vectors acrossc-direction. (b): We are looking down the major axis
of this lament ( z-direction; line-of-sight), through the single resolved patial element in
the x-direction. The V|, of the lament is determined by the velocity of the large vector
because it is the only vector with k; = 0; oscillations of the small and medium vectors
average each other out along the line-of-sight, and they doat contribute to the V ;. The
Vg Variation (V g) is zero because there is only one resolved,y value for this object.
The non-thermal velocity dispersion ( ;) along the single line-of-sight is determined by
the small and medium vectors, since both havek, 6 0. If this structure were half as
deep, then ,; would decrease because it would be determined by the small stors alone.
The total velocity dispersion is a combination of vector conponents with k 6 0, which is
determined by small and medium vectors along thez-direction in this case; it equals
since there is only one resolved line-of-sight.
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To illustrate these e ects, we created a numerical realizain of a three-dimensional,
isotropic turbulent power spectrum, with power spectrum saling v/ k 4. Using
an arbitrary length scale, L, the position-position-posibn box had x;y;z dimen-
sionsof L L 2L, where L corresponds to 512 pixels. We used this realizatialong
with three sub-boxes with di erent L, to demonstrate howh i, and V s, depend
on structure depth for a single turbulent realization. The dginal box had dimen-
sionsof L L 2L (the \double depth" box), the rst sub-box was L L L (the \full
depth" box), the second was L L L/2 (the \half depth" box), and the third was
L L L/4 (the \quarter depth” box). For each of these sub-boxes (Wwth uniform
density), we created PPV cubes and then processed them sy to the observa-
tions. The end products were centroid velocity and velocitgispersion maps across
the L L x;y surface of each numerical box. We segmented eachlL surface into
equally sized square regions with side L, L/2, L/4, L/8, and alculated V s, and
h i, within each segment to show how they scale with size. The rédtsufor each box
are shown in Figure 2.22. Evidentlyh i, has no dependence on size, while
increases with size, similar to the behavior seen in the olbgations in Figure 2.20.
The size where Vg crossesh i corresponds well with the depth of the numerical
cube.

If turbulence in the observed region has similar behavior tilnat in the isotropic
turbulent realization, then we can use the correlation of \} variation with size to
estimate the depths of the Barnard 1 structures. For this coelation, we know the
projected size is directly related to Vg, SO there is no size ambiguity as there is in
the correlation between projected size and i .. To estimate the typical depth of the
cloud, we can nd the size scale at which the best- t line for Vs versus projected
size is equal to the best-t line forh i, versus projected size. This corresponds to

0.11 pc for the MCZ, and 0.18 pc for the RSWZ. Under the assumption that
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Figure 2.22: Size-linewidth relations from a numerical refization of an isotropic
turbulent power spectrum. The four plots represent resultsfrom four di erent
boxes taken from the realization: the \double depth" box is twice as deep as
it is wide (L L 2L), the \full depth" box is cubic (L L L), the \half depth”
box is half as deep as it is wide (L L L/2), etc. The vertical axis represents
the two linewidths we discussed in text: h iy and V g (in arbitrary units).
The horizontal axis represents the size-scale we sampled rass the face of the
box when calculating the linewidths: a size-scale of 1 repsents sampling across
the full L L scale, a size-scale of 0.5 represents sampling across derascale
L/2 L/2 segments, etc. There are several things to notice in thes panels: 1)
h i is independent of size, and its magnitude decreases by2 as the box depth
is halved from panel to panel, 2) V |5, increases with increasing size, 3) The
magnitude of h i and V |5 cross near the size that represents the depth of the
box.

turbulence is isotropic, this implies that Barnard 1 is on tke order of 0.1{0.2 pc deep,

comparable to the largest projected width ( 0.2{0.3 pc) of individual structures.

Since the largest-scale dust structure in Barnard 1 extenaser 1 pc on the sky,

the overall region may be more attened than spherical at théargest scales. Nu-

merical simulations over the past 15 years have consistgngdhown that high-density
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sheets and laments are a generic result of strongly superso turbulence with pa-
rameters comparable to those in observed clouds (e.g., ®wvs by EImegreen & Scalo
2004; Mac Low & Klessen 2004; McKee & Ostriker 2007). But measg the depth
of an individual structure in a molecular cloud is a dicult task. Comparison to
realizations of turbulence suggests that the high angulaesolution, large area ob-
servations from CLASSy allow us to estimate the physical deps of individual
structures in molecular clouds, thus providing new obsertranal insight into the
true nature of those cloud® Our observational result suggests that Barnard 1 is
an over-dense region within the larger Perseus Molecularddd that could have
formed a sheet-like geometry from supersonic turbulenceeé et al. (2014) present
the same size-linewidth relations using CLASSy observati®mof Serpens Main, and
nd similar behavior. We will compare the results from all ou CLASSy regions in

an upcoming cross-comparison paper.

2.8 Summary of Barnard 1 Results

We presented the CLASSYy project overview with a focus on Barrthl. CLASSy
spectrally imaged over 800 total square arcminutes of the Reus and Serpens

Molecular Clouds at ?%angular resolution.

1. We spectrally imaged MH*, HCN, and HCO" (J =1 ! 0) emission across
150 square arcminutes of Barnard 1. The nal data products arposition-

position-velocity cubes with full line emission recoverylained through joint

3We emphasize, however, that it is important to con rm the behavior seen in simple, isotropic
turbulent realizations with fully-realistic turbulent si mulations of clouds. For best comparison to
observations, it will be valuable to create synthetic PPV daa cubes via radiative transfer modeling,

rather than assuming uniform excitation and optically thin conditions.
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deconvolution with single-dish observations. The velogitresolution of the

datais 0.16 km s 1.

. Four compact continuum sources were detected at5- at 3 mm, all in the
main core zone. Bl-c, B1-b South, and B1-b North were previdu&nown; we
report a new detection of compact emission towards the Pemb 30 continuum

source.

. The NbH* (3 = 1 ! 0) gas morphology closely matches dust continuum
observations ofHersche)] while HCN and HCO"™ (J =1 ! 0) emissions are
weaker throughout most of the eld and show less correlatiowith the long
wavelength dust emission. HCN and HCO also well-trace out ows in the

main core zone.

. Spectral line tting of the molecular line data shows thatthe Barnard 1 main
core is much more kinematically complex than the laments ahclumps that
extend to its southeast; these laments and clumps are charterized by more

uniform centroid velocities and lower velocity dispersian

. We used dendrograms to identify PbH* gas structures in Barnard 1. The
motivation for using dendrograms instead of a more traditizal clump nding
algorithm was the need to analyze the morphological and kingtic structure
of dense gas across the wide range of spatial scales captunedur CLASSy
data. We found that dendrograms are better able to quantifyhat range of
spatial scales. We created a new, non-binary adaptation tdhé standard,
binary dendrogram algorithm to ensure that the dendrogramsepresent the
true hierarchy of the emission within the noise limits of rdadata, and that

tree statistics can be used to quantify that hierarchy.
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6. The non-binary dendrogram of Barnard 1 contains 41 leavasd 13 branches.
We calculated three simple tree statistics using the dendgcam: the maximum
branching level, the mean path length, and the mean branchgnratio. The
tree structure representing the dense gas around the mainreas the most
complex, with four hierarchy levels and the highest contraseaves. The tree
statistics give insight into the type and amount of fragmerdtion a region has
undergone, and will be used to compare the hierarchical colagity of the

di erent CLASSYy regions.

7. We characterized the spatial properties of the dendrograstructures and de-
rived structure sizes ranging from 0.01 to 0.34 pc. The high angular resolu-
tion data reveal a variety of irregular shapes, showing thattar-forming gas is
not composed of well ordered spheroids and laments on the allest scales.
We also characterized the kinematic properties of the struges and found
that, in general, branches have larger ¥ variation, but similar mean velocity
dispersion, compared to the leaves. The gas surrounding theost massive
compact continuum cores have the largest velocity dispeosis in the entire

region.

8. Using the spatial and kinematic properties of the dendrogm leaves and
branches, we estimated the depth of the Barnard 1 cloud to be0.1{0.2 pc.
This estimate was made by comparing two size-linewidth relans: one using
the mean non-thermal velocity dispersion of the dendrograobjects, which is
sensitive to the depth of the cloud, and the other using the ¥ variation of the
objects, which is sensitive to the projected size of the cldu The mean non-
thermal velocity dispersion varied very little with structure size, while the V4,

variation varied steeply with size. We interpreted this as @ indication that
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Barnard 1 is more attened than spherical on the largest sca$. This method
is a powerful tool for observationally probing the structue of molecular clouds

into the plane of the sky.
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Chapter 3

Analysis of the Young L1451

Region Within Perseus

Abstract

We present spectral line images of HCQ HCN, and NbHT (J =1 ! 0), and a con-
tinuum image at 3 mm, toward the L1451 region in the Perseus Nezular Cloud.
These observations are part of the CARMA Large Area Star Formain Survey,
which also imaged the Barnard 1 and NGC 1333 regions in Perseud 451 is the
region of the survey with the lowest level of star formation @ivity; it contains no
con rmed protostars, only a rst hydrostatic core candidae source. All three dense
gas tracer molecules are detected throughout the 150 squareminute region, with
HCO™ the most spatially widespread. We detect molecular emissidoward 90% of
the area above N(H) column densities of 1.9 10?* cm 2, where column densities are
derived from Herschel observations. Our non-binary dendrogram algorithm revesl
complex hierarchical structure in all three molecular ling with similar trends of
hierarchical fragmentation based on a comparison of treeasistics. Gas surround-

ing the candidate rst hydrostatic core, L1451-mm, and othepreviously detected
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single-dish continuum clumps show similar tree statisticproviding evidence that
di erent sub-regions of L1451 are fragmenting on the pathwato forming young
stars. Spectral line tting reveals that HCO* has the broadest velocity dispersion,
near 0.3 km s?! on average, compared to 0.15 km s for the other molecules. A
virial analysis usingHerschelderived column densities and CLASSy-derived kine-
matics shows that the most centrally-condensed dust struates are likely in virial
equilibrium when considering e ects including density stti cation within a core,
external con ning pressure, and the systematic underestiation of column densities
from tting Herschel SEDs with a single-temperature component model. An anal-
ysis of NH* emission from L1451-mm and a newly identi ed centrally corehsed
feature, called L1451-west, shows that L1451-west is yownghan L1451-mm, but
more centrally condensed than a typical prestellar core, ggesting it could be an-
other rst hydrostatic core candidate. We determined the tpical depth of molecular
emission from L1451 structures to be 0.4 pc and 0.1 pc for HCO, and HCN and
N,H*, respectively; the comparison of these typical depths to ¢hprojected size of
the largest dense gas features suggests that the dense gathe L1451 region is
not signi cantly attened at the parsec-scales, and that the main features are more
ellipsoidal than lamentary. These overall results point b L1451 being a young

region that is forming its rst generation of stars.

3.1 Introduction

The star formation process in a molecular cloud starts welldfore protostars are
detectable at infrared wavelengths. In general, it beginsith the formation of the
molecular cloud that may span tens of parsecs (Evans 1999;ntelgreen & Scalo

2004; McKee & Ostriker 2007); it continues as structure andessity enhancements
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are created by the interaction of turbulence, gravity, and ragnetic elds at parsec
scales (McKee & Ostriker 2007; Crutcher 2012), and it progsses until prestellar
core collapse occurs at 0.01{0.1 pc scales (di Francescolef@07; Bergin & Tafalla
2007). Once a rst generation of protostars is formed withirthose dense cores,
the young stars can feed energy back into the cloud and impastibsequent star
formation that may occur (Nakamura & Li 2007; Carroll et al. 209; Nakamura & Li
2014). A full understanding of how turbulence, gravity, andnagnetic elds control
the star formation process requires observations that spatoud to core spatial scales
at these distinct evolutionary stages.

An individual molecular cloud can be a great testbed for studyg the star for-
mation process across space and time if it is su ciently clesto get better than
0.1 pc resolution, and if it contains regions with distinct eolutionary stages. The
Perseus Molecular Cloud is a nearby example of such a cloudt &distance of
235 pc (Hirota et al. 2008, 2011), Perseus has several regiohglustered star for-
mation that have been observed as part of largépitzer, Hersche] and JCMT sur-
veys. The regions with infrared detections of young stellaobjects (YSOs) span a
range of evolutionary epochs based on YSO statistics from tles@d Legacy project
(J rgensen et al. 2008; Evans et al. 2009). The IC 348 regiora$ 121 YSOs, with
9.1% being Class | or younger; the NGC 1333 region has 102 YSOih\84% being
Class | or younger; the Barnard 1 region had 9 YSOs, with 89% Ibgi Class | or
younger; and, the L1448 region has ve YSOs, with 100% beingask | or younger.
Regions without current protostellar activity also exist within Perseus. The B1-E
region may be forming a rst generation of dense cores (Sadgvet al. 2012), and
the L1451 region has a single detection of a compact contimaucore, which is a
candidate rst hydrostatic core (FHSC) (Pineda et al. 2011).

The CARMA Large Area Star Formation Survey (CLASSy) observed th dense
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gas in three evolutionary distinct regions within PerseusStorm et al. 2014) and
two regions within Serpens (Lee et al. 2014; Ferrandez-pez et al. 2014) with high

angular and velocity resolution. From early to late stagesf@volution (based on the
ratio of Class Il and older to Class | and younger YSOs), the Psgus regions are:
L1451, Barnard 1, and NGC 1333. The observations enable a higdsolution study

of the structure and kinematics of star forming material at derent epochs. The

youngest region, L1451, probes conditions during the onigof clumps and stars; the
more evolved Barnard 1 region probes conditions when a relaly small number

of protostars are formed, and the active NGC 1333 region prabeonditions when
dozens of clustered protostars are driving out ows back intthe cloud. Details of
CLASSYy, along with an analysis of Barnard 1, can be found in Cheger 2.

This chapter focuses on the L1451 region. L1451 is locate8.5 pc to the south-
west of NGC 1333 (see Figure 1.3). The region has been survegé@d number of
wavelengths. It contains noSpitzer-identi ed YSOs at IRAC or MIPS wavelengths
(J rgensen et al. 2008). Hatchell et al. (2005) and Kirk et al(2006) did not identify
any cores in their JCMT SCUBA 850 m survey. There are four 1.1 mm sources
identi ed in the Bolocam Survey (Enoch et al. 2006) that are lassi ed as \starless"
cores in Enoch et al. (2008): PerBolo 1, 2, 4, and 6. Pineda dt £011) showed
that PerBolo 2 is not a starless core, but likely a core with aembedded YSO or a
FHSC.

The Bolocam cores within L1451 are colder and less dense thidue average
Bolocam cores within Perseus. The visual extinction (A of the four Bolocam
sources ranges from 8 to 11 magnitudes, while the mean and maedA, for all
Perseus sources are 24.6 and 12, respectively (Enoch et @06). The mean particle
density of the L1451 Bolocam sources ranges from 0B0° to 1.5 1° cm 3, which

is lower than the mean density for all Perseus sources of 3P (Enoch et al. 2008).
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The kinetic temperature of gas within the L1451 cores rangdésom 9.1 to 10.3 K,
which is lower than the mean for all Perseus cores of 11.0 (Rbtmsvsky et al. 2008a).

These statistics indicate that the dense cores forming with L1451 are, on av-
erage, a little colder and less dense than other star formimggions within Perseus,
supporting the YSO statistics suggesting it is at an earlierwlutionary epoch than
Barnard 1 and NGC 1333. The main science goals of our largearkigh-resolution,
spectral line observations of this young region are: 1) to tmine whether com-
plex, hierarchical structure formation exists before therset of star formation, as
predicted by theories of turbulence-driven star formation2) to better understand
how natal cloud material fragments on the pathway to star fanation, by quan-
tifying the hierarchical similarities and di erences betveen di erent sub-regions of
L1451, 3) to estimate the boundedness of the dense structsiia young star forming
regions, and 4) to potentially discover new young cores.

The chapter is organized as follows. Section 3.2 provides@rerview of CLASSy
observations of L1451. Properties of the L1451-mm continoudetection are in
Section 3.3. Section 3.4 presents the dense gas morphologipgiintegrated intensity
and channel maps, and Section 3.5 presents the dense gas rkiawec results from
spectral line tting. A dendrogram analysis of the HCO, HCN, and N,H* data
cubes is in Section 3.6. Section 3.7 shows how we calculatkimm density, dust
temperature, and extinction maps usingHerschel data, along with a dendrogram
analysis of the extinction map. Section 3.8 uses the spedtliae data in combination
with the continuum data to assess the properties of structes in L1451, along with
the typical depth of molecular emission from the region. Weusmarize our key

ndings in Section 3.9.
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Table 3.1. Observation Summary

Array Dates Total Hours Flux Cal. Gain Cal. Mean Flux (Jy)
Dz October 2012 25 Uranus 3C84/3C111 18.6/2.6
February - June 2013 50 Uranus 3C84/3C111 19.5/3.5

EZ August - September 2012 25 Uranus 3C84/3C111 18.0/2.8
July - August 2013 50 Uranus 3C84/3C111 17.5/4.2

3.2 Observations

The details of CLASSy observations, calibration, and mappgare found in Chap-
ter 2 (Section 2.2); speci cs related to L1451 are summarizéere. We mosaicked a
total area of 150 square arcminutes in CARMA23 mode. The mosaic was made up
of two adjacent rectangles, containing a total of 673 indidual pointings with 31%°
spacing in a hexagonal grid (see Figure 3.1). The referencesftion of the mosaic
is at the center of the eastern rectangle: =03"25M175, =30 2123°J2000). The
L1451-mm core (Pineda et al. 2011) is within the eastern rexigle. The region was
observed for 150 total hours, evenly split between the DZ anflZ con gurations,
which provide projected baselines from about 1{40 kand 1{30 k , respectively. See
Table 3.1 for a summary of observing dates, and calibratorslThe mapped region
covers roughly 1.1 pc by 0.6 pc with about 1700 AU (0.008 pc)ayal resolution.
The correlator setup is summarized in Table 3.2. M*, HCO*, and HCN J =
1! 0 were simultaneously observed in 8 MHz bands, providing a welty resolution
of 0.16 km s!. We also used a 500 MHz band for continuum observations and
calibration. Data were inspected and calibrated using MIRAD (Multichannel Image
Reconstruction, Image Analysis and Display; Sault et al. 189. 3C84 was observed
every 16 minutes for gain calibration; 3C111 was used for gatalibration when
3C84 transited above 80 degrees elevation. Uranus was obedrfor absolute ux

calibration. The ux of 3C84 varied between 16 and 21 Jy overhe observing
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Figure 3.1: A Herschelimage of the 250 m emission (yellow is brighter emission,
red is fainter emission) from L1451 with the CLASSy mosaic pting centers over-
laid as white points. The spacing of the pointing centers is 3° and our total area
coverage is 150 square arcminutes. The locations of 1.1 mm Bolocam sows
(Enoch et al. 2006) and the L1451-mm compact continuum core Rineda et al.
2011) are marked with black squares and a black star, respegtly.

Table 3.2. Correlator Setup Summary

Line Rest Freq. No. Chan. Chan. Width Vel. Coverage Vel. Reso luton  Chan. RMS  Synth. Beam a
(GHz) (MHz) (km's D) kms 1) (Jy beam 1)
NoH?* 93.173704 ° 159 0.049 24.82 0.157 0.14 86 90 g%
Continuum  92.7947 47 10.4 1547 33.6 0.0013 9.2 00 6600
Hco * 89.188518 159 0.049 25.92 0.164 0.12 gg 00 7,00
HCN 88.631847 °© 159 0.049 26.10 0.165 0.12 89 00 700
Note. | 2n principle, the synthesized beam is slightly dierent for e ach pointing center. Miriad calculates a
synthesized beam for the full mosaic based on all of the pointin gs. PThe rest frequency of the band was set to the
weighted mean frequency of the center three hyper ne compone nts. CThe rest frequency of the band was set to
the frequency of the center hyper ne component. See http://s platalogue.net for frequencies of the HCN and N SHY

hyper ne components.

period, while 3C111 varied between 2.6 and 4.5 Jy. The uncairity in absolute ux

calibration is about 10%. We will only report statistical urcertainties when quoting

errors in measured values throughout the chapter.

To create spectral-line images which fully recover emisgi@t all spatial scales,

CARMA observed in single-dish mode during tracks with stablatmospheric opac-
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ity. The OFF position for L1451 was 3.8west and 13.7south of the mosaic reference
position. The single-dish data from the 10.4-m dishes waslitaated in MIRIAD
using the sinbad, sinpoly , varmaps and imstack commands. The antenna tem-
perature rms in the nal single-dish cubes was 0.02 K for all three molecules.
The spectral-line interferometric and single-dish data we combined withmosmem
a maximum entropy joint deconvolution algorithm in MIRIAD. T he noise levels and
synthesized beams for the nal data cubes are given in TableZ3 The rms noise in
these lines correspond to brightness temperature rms of 8. for N,H™ and 0.30 K
for HCO* and HCN.

We created a 3 mm continuum map with the interferometric datafrom the
500 MHz window. The rms in the continuum map is 1.3 mJy beam?! with a
synthesized beam of 9% 6.6 Single-dish continuum data can not be acquired

at CARMA.

3.3 Continuum Results

We detected no compact continuum sources above the Sevel. One source was
detected above 3- that could be con rmed with other observations; L1451-mm
(Pineda et al. 2011) is detected at 4- with 5.2 mJy beam !. Figure 3.2 shows
the 3 mm continuum image toward L1451-mm. The position, peabrightness, and
lower-limit mass for our detection were calculated followg the prescription de-
scribed in Section 2.3 and are listed in Table 3.3. The positi and peak brightness
agree with 3 mm measurements from Pineda et al. (2011). Our age shows a pos-
sible secondary peak to the north of the brightest emissioowever, this secondary
peak is only within the 2{3 contours, and does not appear in the higher sensitiv-

ity observations of Pineda et al. (2011). Pineda et al. (20} tletected a low-velocity
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Table 3.3. Observed Properties of Continuum Detections

Source Position Pk. Bright. Mass
Name (h:m:s, d%% (mJy beam 1) (M)
@) ) ®) (4)
L1451-mm 03:25:10.38, +30:23:55.9 5.2 13 0.10 0.03
Note. | (3) Peak brightness, (4) Lower-limit mass using the p eak brightness and

assumptions outlined in Section 2.3.

CO (J=2"! 1)outow in this area; we do not detect any HCN or HCO out ow

emission near this source.

~ L1451—mm

N
[ 3' o
> =) &,

Declination (J2000)

3:

42"+

03"25™12° 1® 10° 09®
RA (J2000)

Figure 3.2: The single continuum detection in our eld. The synthesized beam is
9.9 6.6 and the 1- sensitivity is 1.3 mJy beam . The contour levels are 2,
3 times 1- ; no negative contours are present.

3.4 Morphology of Dense Molecular Gas

3.4.1 Integrated Intensity Emission

Figure 3.3 shows integrated intensity maps for HCQ HCN, and N,HT J =11 0
( 7.8%angular resolution), along with aHerschel250 m image (18.2°angular res-
olution) for a visual comparison between the dense gas andstiemission. The line

maps were integrated over all channels with identi able erasion. HCO emission
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was integrated from 5.316 to 3.018 km $. HCN emission was integrated over all
three hyper ne components from 9.945 to 7.962 km &, 5.154 to 2.841 km s,
and 2.115to 3.932 km s!. N,H* emission was integrated over all seven hy-
per ne components over velocity ranges from 11.542 to 8.7kn s !, 5.729 to
2.744 km s, and 3.383to 4.639 km s!. The rms of the maps are 0.08, 0.13,
and 0.16 Jy beam?! km s ! for HCO*, HCN, and N,H*, respectively.

The locations of the four Bolocam 1.1 mm sources (Enoch et &006) and the
one compact continuum core in L1451 are marked on each imadgé&igure 3.3. Four
of the ve sources are located near peaks of dense gas and damstssion. Kirk et al.
(2006) showed possible evidence for dense cores being prtrally o set from the
peak of their parent core due to the B0.5 V star, 40 Per, triggmg star formation
and sculpting Perseus material (Walawender et al. 2004; Kiret al. 2006); we do
not see evidence for this with our high-resolution observans.

While the molecules and dust are tracing similar features aund those sources,
the exact morphological details vary. Below, we describe éhqualitative emission
features, and refer to the colored rectangles in Figure 3.@rfreference.

All tracers show a curved structure surrounding L1451-mm antthe two nearby
Bolocam sources (see red rectangle in Figure 3.3), with a jed integrated emission
at the location of L1451-mm. The southwestern edge of the aed structure has a
stream of emission that extends further to the southwest (sedark blue rectangle in
upper left panel of Figure 3.3), which can be seen in all the s, though it extends
furthest in the HCO*, HCN, and dust maps. The two other Bolocam sources to
the far east of L1451-mm are surrounded by signi cant moletar gas structure (see
green rectangle in lower left panel). The HCO emission has the largest extent of
strong emission in this region.

The integrated emission in the three lines is less similar rass the western half
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of L1451 compared to the eastern half. There is a strong, cambsed NH* source
(see orange rectangle in lower right panel) that does not apar in the HCN or
HCO™ maps, but that does correspond to a peak of emission in the dusap (see
Section 3.8.3 for more details on this source). The strongd$CO* feature in the
western half of the map has a weaker counterpart in the HCN masde purple
rectangle), which appears even weaker inpbN* . Finally, there is HCO* emission to
the northwest of the curved structure (see cyan rectanglehat closely mimics dust

emission in that region; this emission is weakly detected HCN, but not in N,H".

Figure 3.3: Integrated intensity maps of HCO", HCN, and NoH*, (J =1 ! 0)
emission toward L1451, along with aHerschel 250 m map of the region. The
four Bolocam 1.1 mm sources in this region are marked with \x"symbols, and
the L1451-mm compact continuum core is marked with an astegk. Colored
rectangles show the locations of qualitative features diagssed in Section 3.4.1.
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3.4.2 Channel Emission

Figures 3.4, 3.5, and 3.6 show channel maps of HCCHCN, and N,H" respectively,
highlighting the bulk of the emissiort, which occurs from 4.9 to 3.5 km s?. In
general, it is clear from the maps that strong HCO emission is more widespread
compared to HCN emission, and particularly BH* emission (as was also evident
in Figure 3.3). We labeled qualitative features in the HCO channel maps, from
A through [, in the order that they appear in velocity space (Wh eastern sources
being labeled before western sources). We then placed thesene labels on the
HCN and N,H* maps to aid a qualitative comparison of dense gas featuresvem
below?.

We detect no HCN or HCO out ow emission in any channels, which suggests
that L1451 is a young region with little to no protostellar ativity. The strongest
emission in the eld is near the L1451-mm core; the peak brigiess temperature for
a single channel in a single synthesized beam is: 6.9 K, 6.3af0d 3.9 K for HCO
(2.47 Jy beam?! to K conversion factor), HCN (2.46 Jy beam! to K conversion

factor), and N,H* (2.42 Jy beam! to K conversion factor), respectively.

Features A and C

Features A and C in the eastern half of the map are traced withllamolecules,
with varying strength. Feature A appears strongly in the r¢ HCO* channel in
Figure 3.4, faintly in the rst HCN channel in Figure 3.5, and rot until the third

N,H* channel in Figure 3.6. Even when it nally appears in the BH* channel, the

1These gures do not show some of the highest and lowest veldyi channels with emission;
those channels can be viewed by downloading the publicallywailable data cubes.
2The condensed structure labeled J in Figure 3.6 only appears the N,H* maps, so the J

label is excluded from the HCO and HCN maps.
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emission is much more concentrated than what we observe in HC@nd HCN. This
concentration is likely because the PpH™ (J = 1 ! 0) line traces higher-density,
colder material compared to HCO and HCN (J =1 ! 0)lines. A 1.1 mm Bolocam
core is located within Feature A, and corresponds with a peak the N,H* emission.
Feature A moves from northeast to southwest as the rst few @nnels progress from
higher to lower velocity, and Feature C then appears to its shwest. Features A
and C are possibly part of the same larger-scale structurehigh will be explored
in the next section when we analyze the kinematics of this neg. Like Feature A,
Feature C is more concentrated in BH*, and contains a 1.1 mm Bolocam source at
an NoH* peak of emission.

Figure 3.7 shows HCO and HCN spectra from three locations across Feature
A, along with an integrated intensity view of HCO . The purpose of this gure is to
demonstrate the complexity of HCO and HCN emission in many parts of L1451.
Location 1 shows a 6- dip between two peaks of HCO emission. This could be a
detection of a two component system, a signature of self-alpption, or a signature
of infall. The HCN spectrum at this location shows a similar gi in the two higher-
velocity hyper ne components, but no dip in the lowest-veloity component|this
makes a two-component system unlikely. This feature is likenot due to infall,
which predicts a stronger blue peak (Evans 1999), since thedr peak is stronger.
Double-peaked spectra from self-absorption can be due torseal e ects including:
a foreground screen of lower-density HCQ infall of material onto a dense core, and
the spherical expansion of material (Zhou et al. 1993). Theotted line in each panel
of Figure 3.7 indicates the NH* centroid velocity from our spectral line tting in
Section 3.5. The NH* spectra at these locations do not show evidence of double
peaks. The best-t centroid velocity of NH* at location 1 is 4.57 km s?, which

is between the two HCO and HCN peaks, thereby adding support to the case for
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self-absorption at this location. Observations of opticaf thin tracers of HCO* and
HCN species are needed to more de nitively understand the ession.

The HCN spectrum at location 2 has all hyper ne components at aimilar
intensity|this is either a sign that part of the two higher op acity hyper ne com-
ponents have been absorbed away, thereby matching the inggty of the lowest
opacity hyper ne component, or that the line is optically thick and all components
are saturated to the same intensity. The HCO spectrum at location 2 has a weak,
single-channel dip between two peaks of emission, which tsiat self-absorption be-
ing the more likely cause of the matching HCN intensities at ik location. Location
3 has a single-component HCOspectrum, and a single-component HCN spectrum
with hyper ne intensity ratios closer to the expected locathermodynamic equilib-
rium values, showing that spectra can vary on the scale of30°°when observations

have high angular and velocity resolution.

Feature B

Feature B contains the L1451-mm compact continuum sourcet dppears strongly
in all molecules, though it contains a prominent ridge of emssion in the 4.82 km st
channel of HCO and HCN that does not appear in the closest NM* channel.
Figure 3.8 shows an integrated intensity map of HCOwith HCO* and HCN
spectra from a location in the eastern and western half of thifeature. The HCO
spectrum from location 1 shows a double-peaked spectrum v single-channel dip.
The center hyper ne component of the HCN spectrum shows a remably similar
shape to the HCO spectrum, with a single-channel dip between two channels of
signi cant emission. The full HCN spectrum shows a single-annel dip in the two
higher-velocity hyper ne components, but not the lower-viecity component. It also

shows similar component strengths for all three hyper neries. The NH™ spectrum
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at location 1 has no evidence of a second component along thee{of-sight. The
N,H* centroid velocity is 4.12 km s? (plotted as dotted line in Figure 3.8), closer to
the HCO" dip near 4.0 km s*! than the HCO* peaks at 3.87 and 4.30 km g. All
of this suggests that the dip in the HCO and HCN spectra is from self-absorption.
The HCO" and HCN spectra from location 2 show a two-peak structure, whe
the bluer component is signi cantly stronger than the reddecomponent. This fea-
ture appears in all HCN hyper ne components, unlike all the dter spectra we looked
at above. The NH™ spectrum at location 2 does not show two components. The
N,H* centroid velocity is 4.32 km s?, closer to the HCO' dip near 4.45 km s? than
the HCO' peaks at 4.14 and 4.75 km $. These results are consistent with infall
models, and suggest that the gas in this region may be undeny® collapse. This
would require that the HCO" line and all three HCN hyper ne lines are optically
thick. Similar spectra are seen at and around the peak of irgeated emission nearest
to location 2, as well as at the other two peaks of integratedression to the north-
east of location 2, suggesting that these could be young cemendergoing infall. As
mentioned above, observations with optically thin tracersoward these sub-regions

of L1451 are needed for a more complete understanding of tresglynamics.

Features D Through J

Features D, E, F, G, H, and | are all identi ed based on the HCO channel emission.
N,H* only shows faint emission in two channels for Feature G, whiHCN emission
appears weakly toward all features seen with HCO The descriptions below are
based on HCO.

Feature D appears to the west of Features A and C, and to the sthuof Feature
B, in the 4.66 and 4.50 km s! channels as an elliptical feature not connected to

larger-scale structure. Feature E appears as a prominenpund emission feature
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in the 4.50 km s ! channel, with more extended emission in channels surroundi
the 4.50 km s! peak of emission. Feature F is emission that starts just to ¢h
northwest of Feature B in the 4.17 km s* channel, peaks in the 4.0 and 3.83 km %
channels, and then appears to get fainter while extending tbe southwest in chan-
nel 3.67 km s, while then brightening at the extended southwestern edge ithe
3.51 km s*! channel. Feature G emission peaks in the 3.83 kmschannel, and
appears as a stream of emission to the east of Feature D. Fe&tiH is a streamer to
the southwest of Feature B and the south of Feature F, which st appears in the
3.83 km s ! channel. It persists in both the 3.67 and 3.51 km $ channels shown
in Figure 3.4, and more faintly extends into two bluer chanrie not shown in the
gure. Feature | rst appears in the 3.51 km s ! channel, brightens in the two bluer
channels not shown in the gure, and is not detectable at vetities lower than that.
Feature J, referred to as L1451-west in the rest of the chaptes relatively round

emission that only appears in the BH* data. It rst appears in the 4.79 km s !
channel of Figure 3.6, and extends across a total of four chrals per hyper ne
component (the structure can be seen repeating for anotheyger ne component,
starting in the 3.84 km s ! channel). We discuss details of the structure and kine-

matics of L1451-west in Section 3.8.3.

108



25'30" |-
r400" A
22'30" |
21'00" |-
19'30" -
1800" |-

30°16'30" |-

0.5 pc

4.99 km/s

4.82 km/s

25'30" |
2400" A
22'30" |
21'00" |
19'30" |
1800"

3016'30" |-

E

4.66 km/s

4.50 km/s

2530" |
2400 | A
22'30" |
21'00" |
19'30" |-
1800" -

30°16'30" |-

E

4.33 km/s

25'30" |
2400" | A
22'30" |
21'00" |
19'30" |-
1800" |-

3016'30" -

2530" |
400" A
22'30" |
21'00" |
19'30" -
1800" -

3016'30" |-

3.67 km/s

3.51 km/s

1
03"25™40°
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the locations of the L1451-mm compact continuum core and théBolocam sources.

Features discussed in the text are identi ed with a letter in the rst channel they

appear.
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Figure 3.5: Similar to Figure 3.4, but for HCN. The rms in each channel is
0.12 Jy beam 1, and the color intensity ranges from 0.12{0.9 Jy beam!. Feature
labels from Figure 3.4 are overplotted in the same location$or aid in comparing
the emission across molecules.
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Figure 3.6: Similar to Figure 3.4, but for NoH* . The rms in each channel map is
0.14 Jy beam 1, and the color intensity ranges from 0.14{0.9 Jy beam!. Feature
labels from Figure 3.4 are overplotted in the same locationgor aid in comparing
the emission across molecules. Feature J (also referred tes d.1451-west) only

appears in bH™, so it is only labeled in this gure.
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Figure 3.7: Example HCO" and HCN spectra from three locations within Fea-
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seen in CLASSy data toward L1451. Spectra are averaged ovene synthesized
beam at each location, and the HCO spectra are shifted by 1 Jy beam? for
visualization. The dashed line represents the centroid velcity of NoH* emission
at each location.
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Figure 3.8: Example HCO" and HCN spectra from two locations within Fea-
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spectra are shifted by 1 Jy beam? for visualization. The dashed line represents
the centroid velocity of NoH* emission at each location.
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3.5 Kinematics of Dense Molecular Gas

We tted the molecular line emission with gaussians as desieed in Chapter 2
(Section 2.5), and present the centroid velocity and linefsight velocity dispersion
maps here. The NH* line was simple to t relative to the other lines; there is
only one velocity component along each line-of-sight and é¢he is no sign of self-
absorption. Examples of HCN and HCO spectra with double peaks, which could
be interpreted as self-absorption or two components alondpe line-of-sight, were
shown in Figures 3.7 and 3.8. Since we cannot determine whafithese scenarios is
correct without H*CN and H*CO" observations at each cloud location, and since
the available evidence points towards self-absorption Iogj the dominant factor,
we t the HCN and HCO™ lines with a single component across the entire eld.
Modeling the self-absorption across so many spectra is bagothe scope of this
chapter. About 3% of HCO spectra could be t with two peaks separated by
three or more channels, while about 0.2% could be t with two @aks separated by
ve or more channels. By extrapolating self-absorbed speatto a single peak, and
measuring the full width at half of that peak, we estimate thathe velocity dispersion
is overestimated by 10% toward these locations. Therefore, double-peaks have a
relatively small overall impact on the results presented ithis chapter.

There are no out ows a ecting the line proles. A low-velocty out ow from
L1451-mm was previously detected in COJ(= 2 ! 1) by Pineda et al. (2011),
but we do not detect any out ow signature in our HCN or HCO (J =1 ! 0)
observations.

In Figure 3.9, we plot the tted centroid velocity and velocty dispersion where:
1) the integrated intensity is greater than or equal to four imes the rms of the

integrated intensity map, and 2) the peak signal-to-noisef éthe spectrum is greater
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than ve. We will use these kinematic maps in the following sion in order to
interpret the hierarchical and turbulent nature of the clow. Here we list some

broad features of interest pertaining to the maps:

1. HCO" has systematically larger line-of-sight velocity dispeien compared to
HCN and N,H™, even if we account for an overestimation of velocity disper
sion due to tting self-absorbed spectra. Mean velocity dpersions across
the maps are 0.290.10, 0.16 0.07, 0.12 0.04 km s !, for HCO", HCN, and
N,H", respectively. If we assume that the typical temperature ithis region
is 10 K based on ammonia observations of Bolocam cores (Rosaky et al.
2008a), then the isothermal sound speed of the gas would b@®km s *.
The N,H* velocity dispersions are subsonic everywhere, the HCN arebsu
sonic most places, and the HCO are transsonic to supersonic most places.
Note that even though NH* and HCN are subsonic in many areas of L1451,
they are not exhibiting purely thermal velocity dispersios, which would be

0.05 km s for 10 K gas.

TheJ =1! O0line of HCO trace densities about an order of magnitude lower
than that of HCN and N,H* (see Shirley 2015, and Chapter 1). Therefore,
we are likely observing the trend from supersonic to subsengas motions as
gas goes from the larger, less-dense scales traced by HQO the smaller,
more-dense scales traced by HCN and,N*. This is expected in a turbulent
medium, where velocity dispersion scales proportionallyitiv size (as is the
case for observations of an optically-thin turbulent gas; ®BKee & Ostriker

2007).

2. All three molecules are tracing gas with centroid velocds ranging from 3.8{

4.7 km s 1. However, the HCO gas extends to lower velocities, due to the gas
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in the feature H streamer, which appears in the HCN maps, but isot strong
enough to provide reliable kinematic measurements. HCGQalso extends to
higher velocities, due to gas from the northeast part of feate A, which is

noticeable in the rst channel of Figure 3.4.

. The HCO" centroid velocities for features A and C show a clear gradiginom

northeast to southwest. It is possible that this is a large,atating piece of
dense gas, which is fragmenting into denser components (eitpe Bolocam
1 mm sources). It is also possible that the redshifted northst section and
the blueshifted southwest section represent independenbraponents in the
turbulent medium, or that they are merely projected along tle same line of
sight. Observations of optically thin tracers, and tracersof lower-density,

larger-scale material are needed to help distinguish betarethese scenarios.

. The gas in the eastern half of feature B shows an axial veliycgradient.

It is most blueshifted at the southeastern end near the L145fim core, and
becomes increasingly redshifted further away to the norttest. The gas im-
mediately surrounding the L1451-mm compact continuum cofgas a centroid
velocity pattern that is consistent with rotation (Pineda & al. 2011), and has
velocity dispersions that increase toward the core centet.1451-west shows
similar N,H* kinematic features, and we compare these two sources in deta

in Section 3.8.3.

. Our measurements of BH* centroid velocity and velocity dispersion towards
L1451-mm agree well with the results in Pineda et al. (2011)n terms of

absolute values measured and gradients across the source.
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Figure 3.9: Kinematics of dense gas in L1451l eft: Centroid velocity maps of
HCO®*, HCN, and N,H* (J =1 ! 0) emission, from top to bottom. Right:
Line-of-sight velocity dispersion maps of HCO , HCN, and NoH* (J =1 ! 0)
emission, from top to bottom. We masked these maps to visuatie only statistically
robust kinematic results (see Section 3.5 text). The color sales are the same
across molecules.

3.6 Dendrogram Analysis of Molecular Emission

3.6.1 The Non-binary Dendrograms

We qualitatively described the dense gas morphology of L4 Section 3.4. Here
we quantitatively identify dense gas structures in all thre molecular tracers, and
study the hierarchical nature of L1451 with the non-binary dndrogram algorithm

described in Chapter 2 and Appendix B.
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A dendrogram algorithm identi es emission peaks in a dataseand keeps track of
how those peaks merge together at lower emission levels. Shiethod of identifying
and tracking emission structures is advantageous comparema watershed object-
identi cation algorithm, such as CLUMPFIND (Williams et al. 1994), when the
science goals include understanding how the morphology akohematics of star-
forming gas connects from large to small scales. A full dission of the most widely
used dendrogram algorithm can be found in Rosolowsky et akQ08b); details of
dendrograms and our non-binary version of the dendrogramgalrithm are found in
the Appendix A and B, along with a comparison with the resultsrbm using a more
standard clump- nding algorithm on our CLASSYy data.

We ran our non-binary dendrogram algorithm on the HCO emission, the emis-
sion from the strongest HCN hyper ne line, and the emission dm the strongest
N,H* hyper ne line. For other CLASSYy regions, we limited our analgis to N,H*
emission because the HCOand HCN lines were complicated by protostellar out-
ows and severe self-absorption e ects. We also ran the alginm on the isolated
N,H* hyper ne component in the other CLASSy regions because thershger hy-
per ne components come in clusters of three and were not régd in every location.
The N,H* hyper ne components in L1451 are resolved in all locationggtting us
use the strongest component for our dendrogram analysis. Aveat is that some
bluer emission from the higher-velocity, adjacent hyper @8 component, and some
redder emission from the lower-velocity, adjacent hyper@ component appear in
the channels of the strongest component. Since there was rlerting of hyper ne
emission at the same location within the cloud, we masked themission from the
adjacent hyper ne components in the individual channels ofhe strongest hyper-
ne component in which they appeared. As an example, L1451-ste(Feature J)

appears in much bluer channels compared to Feature A, so L14kést from the
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higher-velocity, adjacent hyper ne component also appesarin the reddest channel
of the strongest hyper ne component that shows Feature A. Fothis example, we
simply masked out L1451-west from this red channel of the singest component.

We ran the algorithm with similar parameters used for the Barard 1 analysis
described in Chapter 2, while following the prescription focomparing data cubes
with di erent noise levels presented in Appendix C. As in Chagr 2 (Section 2.6.1),
we masked the channel emission of each PPV cube, only keeppixgls 4- along
with adjacent pixels of at least 2.5-, where is the rms level of the data cube. For
the minpixel noise-suppression parameter, we again required at leastel synthe-
sized beam areas of pixels for a leaf to be considered real. Apgix C shows that
using uniform minheight and stepsize allows a proper comparison of dendrogram
properties that is independent of noise-level di erencesebween data cubes. There-
fore, the minheight noise-suppression parameter required a local maximum togke
at least 2- ,, above the intensity where it merges with another local maxiom for
it to be considered a leaf, where,, is the rms level of the noisiest data cube (NH*
at 0.14 Jy beam?, in this case). Thestepsize parameter allowed branching at
integer values of 1-,,.

Figures 3.10, 3.11, and 3.12 show HCQHCN, and N,H* non-binary dendro-
grams for L1451, respectively. The vertical axis of the dermmjrams represents the
intensity range of the pixels belonging to a leaf or branch. e horizontal axis is
arranged with the major features identi ed in Figures 3.4{36 progressing from east-
to-west; we label certain branches that are associated withajor features, and we
provide the numeric label for structures referred to in the pcoming discussion. The
isolated leaves are presented in numerical order. The haital dotted line in each
dendrogram represents an intensity cut at 2.5 that aids in cross-comparison of

dendrogram statistics (see Appendix C), and is discussed ie@ion 3.6.3.
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The HCO* dendrogram contains the largest number of structures, witB6 leaves
and 27 branches. The HCN dendrogram contains 33 leaves and &nches, while
the N,H* dendrogram only contains 16 leaves and 6 branches. Leaveattheak
at least 6- , in intensity above the branch they merge directly into are dored
green in Figures 3.13{3.15, and referred to as high-conttdsaves. The strongest
leaf for every molecule is at or near the location of L1451-mm Feature B: Leaf
66 is the strongest structure in the HCO dendrogram, with a peak intensity of
2.78 Jy beam?, leaf 30 is the strongest structure in the HCN dendrogram, wita
peak intensity of 2.58 Jy beam?, and leaf 10 is the strongest structure in the pH*

dendrogram, with a peak intensity of 1.62 Jy beant.

3.6.2 Dendrogram Spatial and Kinematics Properties

The leaves and branches of each dendrogram represent madkcstructures. We
t for the spatial properties of each structure, as we did in Gapter 2, using the
regionprops program in MATLAB. This program ts an ellipse to the integrated
intensity footprint of each dendrogram structure to deternme its RA centroid, DEC
centroid, major axis, minor axis, and position angle. Coluns 2{6 in Tables 3.4{3.6
list the spatial properties of each structure. To quantify he shape of each structure,
we use the axis ratio and lling factor of the t (Columns 7 and8 of Tables 3.4{3.6).
We lastly de ne the structure size (Column 9 of Tables 3.4{®) as the geometric
mean of the major and minor axes, assuming a distance of 235vgten converting
to parsec units.

Histograms of the size, lling factor, and axis ratio for all €aves and branches

are plotted in the top rows of Figures 3.13{3.15. All HCO and HCN leaves are

SWe will use the de nition of high-contrast leaves, rst intr oduced in Chapter 2, as a way of

comparing the properties of strong leaves across CLASSy alds in future papers.
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Figure 3.10: The HCO' non-binary dendrogram for L1451. The vertical axis rep-
resents the Jy beam ! intensity for a given location within the gas hierarchy. The
horizontal axis is ordered so that features identi ed in Se¢ion 3.4 are generally
ordered from east to west. Leaves and branches discussed ihet text are labeled
with their numerical identi er, and branches associated with major features from
Section 3.4 are marked with the feature letter. The leaves dored green peak
at least 6- , above their rst merge level. The horizontal dotted line represents
the 2.5- ,, intensity cut above which we calculate tree statistics whencomparing
di erent dendrograms.

smaller than 0.11 pc, while all NH* leaves are smaller than 0.06 pc. HCObranches
are the largest of all molecules, peaking at 0.46 pc, while HONanches peak at
0.24 pc, and NH™ branches peak at 0.17 pc. This is expected since HCGhows
the most widespread emission in the channel and integratechssion maps. The
lling factor for all molecular structures is between 0.45 ad 0.95. The structures
with lling factor closest to one are leaves, indicating thaleaves are more likely
to be elliptically shaped objects while branches are morekdly to be irregularly
shaped objects. The axis ratio for all structures is betwedh19 and 0.95, showing
that there is a distribution from elongated to round structues, without di erences

between leaves and branches. There are no obvious di eresdeetween the high-
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Figure 3.11: Same as Figure 3.10, but for the HCN non-binary dndrogram.

Figure 3.12: Same as Figure 3.10, but for the BH* non-binary dendrogram.

contrast leaves and the rest of the leaves.

We use the integrated intensity footprints of the dendrogna structures in com-
bination with the centroid velocity and velocity dispersim maps to determine kine-
matic properties of leaves and branches. The four propersigpresent in Tables 3.4{
3.6 are: mean and rms centroid velocityh{/s,i and Vi, respectively), and mean

and rms velocity dispersionff i and , respectively). We illustrated how to derive

121



these properties for leaves and branches in Chapter 2 (Seati2.6 and Figure 2.17).

Histograms of hVi¢i, Vi, and h i are plotted in the bottom rows of Fig-
ures 3.13{3.15. HCO traces larger variation inhVi;;i compared to HCN and NH™.
We attribute this to HCO* being sensitive to more widespread emission away from
the densest regions of L1451, and therefore tracing more eggpread centroid ve-
locities relative to the systemic velocity of the most spadilly compact gas. For all
molecules, Vi of the leaves generally extends from low to moderate veldes,
while it is distributed from moderate to high velocities forthe branches. This indi-
cates a trend where Vg, is generally lower for smaller structures than larger struc
tures. This trend was also seen for Barnard 1 gas structuremnd we discussed ex-
planations in Chapter 2 (Section 2.6.4); the primary reasowas the scale-dependent
nature of turbulence, which causes gas parcels separated dmgaller distances to
have smaller rms velocity di erences between them (McKee & Siriker 2007).

The distribution of h i is similar for leaves and branches, with neither distri-
bution showing a preference to peak at high or low velocitie§his trend was also
seen in Chapter 2 for Barnard 1, indicating thath i does not strongly depend on
the projected size of a structure. The peak i for HCO" is higher compared to
HCN and N,H*: 0.42 km s, 0.18, and 0.13 km s!, respectively. Since HCO
traces e ective excitation densities of an order of magnitae lower than HCN and
NoH* (Shirley 2015), we are likely observing emission from lowdensity gas that is
more extended along the line-of-sight. This could increaslee line-of-sight velocity
dispersions, which are expected to scale with cloud depth aturbulent medium
(McKee & Ostriker 2007). We note that although the HCO velocity dispersion
measurements are likely in ated by 10% in regions with double-peaked spectra,
this is not a large enough e ect to produce the di erence beteen HCO and the

other molecules. There are no obvious di erences in thesenkmatic properties
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between the high-contrast leaves and the rest of the leaves.

3.6.3 Tree Statistics

The dendrograms in Figures 3.10{3.12 show an apparently vedariety of hierarchi-
cal complexity between molecular tracers, and between subgions of L1451. In this
section, we quantify the hierarchical nature of the gas witkree statistics that were
introduced and explained in Chapter 2 so that the complexitpetween molecules
and sub-regions can be quantitatively compared. Speci dgl we calculate the max-
imum branching level, mean path length, and mean branchingtio of the entire
L1451 region for each molecule in a uniform way that accountsr di erences in
the noise-level of each data cube (see Appendix C). We then @dhte those same
statistics for individual features within each dendrogram

The path length, de ned only for leaves, is the number of brarhing levels it
takes to go from a leaf to the tree base. The branching ratio,eched only for
branches, is the number of structures a branch splits into imediately above it in
the dendrogram. We will be linking these tree statistics toloud fragmentation in the
discussion to follow. A more evolved region with a lot of hiarchical fragmentation
will have a higher maximum branching level and larger mean palength than a
young region that is starting to form overdensities and fragent. The branching
ratio of a very hierarchical region will be smaller than a regn fragmenting into
many substructures in a single step. This is likely an overlgimplistic view, since
the molecular emission, and in turn, the dendrograms and teestatistics, can also
be a ected by projection e ects and line opacity. We brie y dscussed these e ects
in Chapter 2; since they are extremely di cult to accuratelymodel over such a large

area, we use the simple view that hierarchy comes from fragntation®.

4Although a few regions within L1451 show double-peaked HCO spectra, which we attribute
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The PPV cubes of all three molecules have slightly di erentaise levels, and we
created the dendrograms by following the Appendix C discussi of how dendrogram
structure and statistics depend on noise. Based on Appendix © compare the tree
statistics of dendrograms derived from maps with di erent nise levels, we only count
leaves and branches above a 2.5-intensity cut, where , is the rms of the noisiest
data cube. The NH* PPV cube has the highest noise level, at0.14 Jy beam?,
so the cut for each dendrogram is at 0.35 Jy beam?, and is represented as the
horizontal dotted line in Figures 3.10{3.12. Only leaves tit peak at least 2-,
above the cut are still considered in these statistics|all dher leaves are marked
with an \x" in the dendrogram. A branch below the cut is discoumted, but if the
leaf directly above it is more than 2-, above the cut, then the leaf is counted as a
leaf with a branching level of zero (e.g., leaf 64 in FigureI®). This comparison of
tree statistics ensures that we can analyze the fragmentati of molecular emission
independent of noise-level di erences.

The tree statistics for the entire L1451 region are reporteth the rst section of
Table 3.7. The mean branching ratios are 3.8, 3.3, and 3.0 fllCO*, HCN, and
N,H*, respectively. We interpret this to mean that each moleculis tracing physical
structures that are fragmenting in a hierarchically similaway (e.g., a structure is
most likely to fragment into about three to four sub-structues). The mean path
length of HCO" is 1.0 level longer than that of HCN and NH*, and the maximum

branching level of HCO is two more than that of HCN and three more than that

primarily to self-absorption, the dendrogram algorithm rarely splits structures containing such
spectral features in two. We searched the dendrogram structre cube and data cube by eye, and
determined that only leaves 15 and 47 are likely split due to self-absorption. This has the e ect
of reducing the branching ratio of branch 93 from three to twg has no e ect on the maximum
branching level, and minimally impacts the other average tee statistics. Therefore, we do not

consider the HCO" dendrogram to be contaminated by self-absorption.
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of N,H*. This trend in fragmentation levels is likely due to the abity of each
tracer to detect material at di erent spatial scales and phgical densities. As the
e ective excitation density of the tracer goes down from pbH* to HCN to HCO™, our
observations are more sensitive to more widespread emissiohich means we are
sensitive to more levels of fragmentation extending from éhigher-density leaves
(detectable with all tracers) to the lowest detectable braches (most detectable
with HCO*). Therefore, even though the dendrograms in Figures 3.1042 look
very di erent, a comparison of their tree statistics using auniform noise-level cut,
along with an understanding of what each molecule is tracingroduces a consistent
picture of how L1451 is hierarchically fragmenting from pa&ec-scales into much
smaller-scale structures.

Features A, B, and C are the only features with any hierarchitaomplexity in
the N,H* dendrogram, and are the ones with the most branching stepstime HCN
and HCO" dendrograms. They are also the most likely sites for curreand future
star formation, since they account for emission surroundinthe only continuum
source detections in the eld: Feature B surrounds L1451-mnand Features A and
C surround Bolocam 1 mm sources. Because of this, we next cargthe tree
statistics of these sub-regions in Table 3.7, along with a mparison to any other
sub-region with hierarchical complexity (labeled as \othes" in Table 3.7), using
the original dendrograms of each molecular tracer. We do nase a noise-level cut
because we are comparing di erent sub-regions of the samdalaube. The sections
of the dendrograms corresponding to individual features@amarked in Figures 3.10{
3.12 with letter identi ers, and we only consider structure above those identi ers
in this comparison. For example, in the HCO dendrogram, Feature A and C
merge together at the branch labeled \A+C," but we consider tle statistics of the

individual features only above labels \A" and \C".
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There is a trend of decreasing maximum branching level and are path length
from Feature B to A to C and then to the other remaining featurs. Feature A and
B are more similar to one another than either is to the remaing other features,
indicating that the gas in both features has fragmented a sitar amount relative
to the rest of the complex structure in the L1451 eld. The mea path length
and maximum branching level of Feature C bridge the gap betwa the maximum
fragmentation amount seen in Feature A and B and the minimumréagmentation
amount seen in the remaining other features.

We interpret the similarity in hierarchical branching levds between Features A
and B to mean that these subregions have progressed to a sanistage along the
evolutionary track of cloud fragmentation. We know a youngtar or rst core
(L1451-mm) is forming within Feature B at or near the locatio of the maximum
intensity (leaf 66, 30, and 10 for HCO, HCN, and N,H*, respectively). For Feature
A, PerBolo 6 is at or near the location of maximum intensity in Eature A (leaf 15,
7, and 6 for HCO , HCN, and N,H*, respectively). We argue that with Feature A
and B showing very similar tree statistics, Feature B havin@ con rmed compact
continuum detection at its hierarchical peak, and Feature Aaving a single-dish
continuum detection at its hierarchical peak, that a star islikely to form within
Feature A. This argument can be extended to Feature C being theext most likely
place for current or future star formation, followed by the een less fragmented
features. Follow-up observations of the single-dish coraad other column density
enhancements in these features will be useful for testinggtexpectation. The mean
branching ratios between all features are similar for all nhecules, indicating that all
structures are fragmenting into a similar number of sub-stictures at each branching

step, regardless how far a feature is along its evolution tewd forming stars.
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LCT

Table 3.4. HCO Dendrogram Leaf and Branch Properties

No. RA DEC Maj. Axis Min. Axis PA  Axis Filing Size hVig i Visr h i Pk. Int. Contrast Level
(h:m:s) ( :D:OO) (00) (00) ( ) Ratio Factor (pc) (kms 1) (km s 1) (km s 1) (km s 1) (Jy beam l)
() (@) (3) 4) (5) ® O ®) (9) (10) (11 (12) (13) (14) (15) (16)
Leaves

0 03:24:41.3 +30:26:06.4 33.0 6.4 98.3 0.19 0.67 0.017 0.88 24 1
1 03:24:39.5 +30:26:02.9 19.7 11.7 99.1 0.60 0.73  0.017 . . 1.10 4.0 1
2 03:25:31.2 +30:22:13.1 33.1 19.8 138.7 0.60 0.86 0.029 5.03 (2) 0.07(1) 0.16(2) 0.07(1) 1.39 3.9 3

3 03:25:19.6 +30:23:38.3 36.0 17.8 62.1 0.49 0.58 0.029 . . 0.61 21 0
4 03:24:49.5 +30:26:05.1 31.2 20.4 109.1 0.65 0.50 0.029 . . 0.72 29 0
5 03:24:28.7 +30:26:13.6 94.0 235 86.7 0.25 0.86 0.054 . . 1.28 6.8 0
6 03:24:48.5 +30:26:22.2 20.6 8.1 103.8 0.39 0.81 0.015 . . 0.85 3.8 0
7 03:24:35.5 +30:21:47.8 30.7 15.7 160.2 0.51 0.78 0.025 4.08 (6) 0.13(5) 0.26(7) 0.16(6) 0.81 2.4 2

8 03:25:15.7 +30:22:34.7 31.9 14.7 923 0.46 0.71 0.025 4.77( 1) 0.04(1) 0.24(1) 0.04(1) 1.17 2.4 3

9 03:24:52.7 +30:23:59.2 33.1 229 951 0.69 0.81 0.031 4.77( 4) 0.10(3) 0.22(4) 0.12(3) 0.99 2.6 3
10 03:24:54.4 +30:24:13.2 40.1 10.8 1304 0.27 0.75 0.024 0.96 2.4 3
11 03:24:36.7 +30:25:25.5 26.8 10.9 159.7 0.41 0.64 0.019 0.74 2.1 1
12 03:25:35.5 +30:20:44.9 47.6 273 134.2 0.57 0.48 0.041 0.62 2.2 0
13 03:25:31.6 +30:21:34.6 18.1 14.7 1055 081 0.86 0019 47 2(2) 0.04(2) 0.21(2) 0.04(2) 1.29 2.2 4
14  03:25:01.2 +30:21:13.7 140.5 65.4 139.4 047 0.62 0.109 4. 63(2) 0.09(2) 0.21(2) 0.07(1) 0.99 4.8 0
15  03:25:26.1 +30:21:54.4 56.7 42.0 1346 0.74 0.71 0.056 45 5(1) 0.05(1) 0.30(1) 0.05(1) 2.12 6.0 5
16  03:25:31.1 +30:22:56.5 117.4 53.9 121.4 0.46 0.75 0.091 4. 76(1) 0.06(0) 0.17(0) 0.04(0) 1.74 7.4 2
17  03:24:55.8 +30:24:31.8 228 13.1 81.8 0.57 0.86 0.020 4.46 3) 0.06(2) 0.41(1) 0.03(1) 1.09 33 3
18  03:24:33.9 +30:25:25.8 83.2 41.1 783 0.49 052 0.067 . . 1.30 6.0 1
19  03:24:23.9 +30:26:05.6 19.9 13.0 67.9 0.65 0.64 0.018 . . 0.79 34 0
20  03:24:25.3 +30:26:11.1 223 16.5 426 0.74 0.57 0.022 . . 0.85 3.8 0
21  03:25:24.8 +30:20:47.6 37.9 26.3 609 0.70 0.85 0.036 4.45 (1) 0.06(1) 0.28(1) 0.03(1) 1.98 3.1 6
22 03:25:23.3 +30:21:16.3 61.8 28.6 829 0.46 0.76 0.048 4.52 (1) 0.05(1) 0.28(0) 0.03(0) 2.05 35 6
23 03:24:33.4 +30:21:51.4 16.5 11.8 771 071 0.95 0.016 . . 0.91 2.0 3
24 03:25:33.2 +30:22:00.4 16.7 10.0 129 0.60 0.79 0.015 . . 1.01 23 2
25 03:24:32.9 +30:22:23.2 45.8 40.6 107.3 0.89 0.80 0.049 45 5(2) 0.08(1) 0.24(2) 0.08(1) 151 6.2 3
26 03:24:28.1 +30:22:23.4 214 14.5 122.1 0.68 0.70 0.020 0.80 23 2
27 03:24:55.0 +30:22:45.3 16.4 13.5 1747 0.82 0.87 0.017 0.78 2.2 2
28 03:24:47.4 +30:23:56.4 25.1 12.6 83.8 0.50 0.81 0.020 . . 0.92 2.2 3
29  03:25:04.3 +30:25:07.5 246 18.8 104.6 0.77 0.78 0.025 44 0(2) 0.06(2) 0.33(2) 0.05(1) 1.83 4.5 4
30 03:25:16.3 +30:18:43.7 30.0 9.1 107.0 0.30 0.83 0.019 4.30 (1) 0.03(1) 0.28(2) 0.04(1) 1.85 21 5
31  03:25:25.2 +30:18:48.8 26.6 135 1619 051 0.68 0.022 0.71 2.8 0
32  03:25:11.4 +30:18:58.2 32.8 11.4 101.8 0.35 0.73 0.022 43 5(3) 0.07(2) 0.24(3) 0.07(2) 1.44 2.3 4
33  03:25:10.9 +30:19:44.6 29.0 17.5 525 0.60 0.66 0.026 4.19 (2) 0.07(2) 0.35(1) 0.04(1) 1.26 2.0 3
34 03:25:16.4 +30:19:45.1 259 23.8 4.4 0.92 0.92 0.028 4.28( 1) 0.05(1) 0.27(1) 0.05(1) 1.64 3.6 4
35  03:25:07.6 +30:21:15.2 55.4 40.0 589 0.72 0.65 0.054 . . 0.63 23 0
36  03:24:13.5 +30:21:11.5 29.7 9.4 418 0.32 0.64 0.019 . . 0.71 2.8 0
37  03:24:22.8 +30:21:53.0 98.6 42.2 858 0.43 0.64 0.074 432 (2) 0.06(1) 0.30(3) 0.07(2) 1.00 3.7 2
38  03:25:12.9 +30:22:16.9 46.8 18.8 67.8  0.40 0.81 0.034 455 (2) 0.08(1) 0.24(1) 0.04(1) 1.38 3.9 3
39  03:24:34.1 +30:23:38.8 52.1 17.6 79.0 0.34 0.60 0.034 . . 0.63 21 1
40  03:24:58.9 +30:24:29.8 20.8 14.7 100.0 0.70 0.87 0.020 44 4(1) 0.02(1) 0.25(1) 0.03(1) 151 2.2 4
41 03:25:22.3 +30:16:09.9 26.5 18.8 116.1 0.71 0.69 0.025 0.72 29 0
42 03:25:18.2 +30:18:47.6 216 12.1 83.3 0.56 0.74 0.018 4.21 3) 0.07(3) 0.32(1) 0.02(1) 1.84 2.0 5
43 03:24:51.8 +30:19:51.7 17.2 9.4 1295 0.55 0.89 0.014 . . 0.65 2.4 0
44 03:24:20.8 +30:21:04.1 17.2 8.8 345 051 0.84 0.014 . . 0.67 2.4 1
45 03:24:36.6 +30:21:25.7 273 11.5 828 042 0.78 0.020 4.18 1) 0.03(1) 0.15(2) 0.04(1) 1.33 2.9 4
46 03:25:15.9 +30:21:50.6 71.0 42.4 69.2 060 066 0063 4.34 @) 0.10(1) 0.25(1) 0.05(1) 1.24 3.9 2
47  03:25:25.2 +30:21:50.4 60.2 19.5 66.7 0.32 0.74 0.039 4.46 (1) 0.05(1) 0.34(1) 0.03(0) 1.96 4.9 5
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Table 3.4 (cont'd)

No. RA DEC Maj. Axis Min. Axis PA  Axis Filing Size hVig i Visr Pk. Int. Contrast Level
(h:m:s) [ (99 (%9 () Ratio Factor (pc) (kms 1) «ms (km s (kms 1) (Jybeam 1)
(1) () 3) 4 (5) ® @ (8) 9 (10) (11) (14) (15) (16)
48 03:24:30.1 +30:23:20.9 86.6 20.9 1122 024 047 0048 4.1 5(5) 0.14(4) 0.28(5) 0.13(3) 0.96 2.4 3
49 03:24:26.7 +30:23:51.0 13.7 11.3 769 082 083 0014 . . 0.81 23 2
50  03:25:00.5 +30:23:55.9 37.4 30.2 420 081 088 0038 420 (1) 0.05(1) 0.17(1) 0.06(1) 2.58 5.6 6
51  03:25:06.7 +30:24:19.6 19.2 13.2 1152 069 091 0018 4.1 2(1) 0.02(1) 0.25(1) 0.03(1) 2.02 2.7 5
52 03:25:04.3 +30:24:43.1 285 17.2 156.4 060 078 0025 4.2 8(2) 0.05(1) 0.27(1) 0.04(1) 2.33 2.9 7
53  03:25:08.9 +30:24:35.9 429 19.9 147.7 046 065 0033 4.1 4(1) 0.04(1) 0.19(1) 0.02(1) 2.40 4.4 6
54  03:25:02.5 +30:24:36.9 17.2 16.0 1781 093 089 0019 43 9(2) 0.04(1) 0.30(1) 0.03(1) 2.22 2.2 7
55  03:24:40.4 +30:25:00.0 28.1 18.3 357 065 072 0.026 . 0.71 238 0
56  03:24:25.1 +30:25:03.9 245 18.4 745 075 070 0.024 0.65 2.4 0
57  03:24:22.0 +30:22:20.8 34.6 16.8 76.4 048  0.68 0.027 . . 0.77 21 2
58  03:25:03.9 +30:24:08.4 39.9 22.9 742 057 062 0034 414 (1) 0.03(1) 0.24(1) 0.02(0) 2.22 3.1 6
59  03:24:32.1 +30:24:11.2 242 126 1472 052 076 0.020 0.65 2.4 0
60  03:24:53.2 +30:24:48.7 82.0 60.1 1178 073 073 0.080 3.9 9(1) 0.08(1) 0.19(1) 0.07(1) 1.61 6.9 3
61  03:24:47.2 +30:25:28.6 19.9 10.6 509 053 076 0.017 . 0.66 2.4 0
62  03:25:05.8 +30:16:38.0 16.4 13.4 421 081 081 0.017 0.61 21 0
63  03:25:05.7 +30:19:44.2 34.0 14.0 1351 041 062 0.025 0.75 25 1
64  03:24:43.5 +30:21:38.6 63.3 235 791 037 052 0.044 . 0.66 23 1
65  03:24:36.6 +30:22:06.6 925 37.6 1568 0.41 062 0.067 3.8 6(1) 0.09(1) 0.19(1) 0.06(1) 1.87 6.7 4
66  03:25:10.3 +30:23:49.1 19.1 13.1 1764 069 079 0018 3.8 4(1) 0.02(1) 0.18(1) 0.03(1) 2.78 3.0 7
67  03:24:38.4 +30:23:55.8 19.6 18.3 257 093 086 0.022 .. 0.90 3.0 2
68  03:25:09.7 +30:24:04.5 25.9 115 1004 045 071 002 38 8(1) 0.02(1) 0.17(2) 0.02(1) 2.77 2.9 7
69  03:24:50.6 +30:25:32.0 21.1 12.2 1346 058 085 0.018 1.06 3.1 3
70 03:25:24.7 +30:16:00.1 355 143 1080 040 083 0.026 0.87 3.9 0
71 03:24:56.9 +30:16:09.8 313 19.5 1731 062 045 0.028 0.73 2.9 0
72 03:25:23.9 +30:16:33.6 495 317 7.7 064 058 0.045 . 0.63 23 0
73 03:24:50.5 +30:22:48.1 42,9 26.0 785 061 060 0038 371 ) 0.06(1) 0.16(1) 0.05(1) 1.51 42 4
74 03:24:18.4 +30:26:02.3 18.8 12.9 179.1 069 0.66 0.018 0.80 3.4 0
75 03:25:09.0 +30:17:32.7 26.7 185 843 069 065 0.025 0.83 21 2
76  03:25:05.4 +30:17:42.7 26.4 17.5 518 066 072 0.025 0.86 22 2
77 03:25:05.1 +30:18:31.4 94.4 417 763 044 066 0.071 0.78 2.7 1
78 03:25:05.3 +30:19:04.0 37.8 29.0 1358 0.77 056 0.038 0.60 2.1 0
79 03:24:47.3 +30:22:48.2 32.1 226 1364 070 084 0031 3.6 1(1) 0.03(1) 0.17(1) 0.03(1) 1.51 42 4
80  03:24:45.6 +30:23:51.5 74.6 62.8 1047 084 076 0078 35 3(2) 0.11(1) 0.18(1) 0.09(1) 1.30 5.8 2
81  03:25:14.7 +30:17:32.2 21.8 13.8 76 063 077 0.020 . 0.67 25 0
82  03:24:26.3 +30:23:26.4 17.6 13.7 1224 078 0.80 0.018 0.62 22 0
83  03:24:31.9 +30:23:38.8 39.6 16.6 1444 042 072 0029 34 1(2) 0.07(1) 0.19(2) 0.06(1) 1.21 3.1 3
84  03:25:16.2 +30:17:51.8 18.0 10.4 1030 058 0.89 0.016 0.61 21 0
85  03:24:32.9 +30:23:15.7 19.0 10.1 80.2 053 085 0016 3.34 (®) 0.16(6) 0.22(9) 0.17(7) 1.09 23 3
Branches

86  03:25:09.8 +30:23:52.9 47.6 42.9 1183 090 073 0051 3.8 9(1) 0.06(1) 0.19(1) 0.03(0) 2.35 6
87  03:25:03.4 +30:24:39.6 50.3 38.0 544 075 065 0050 4.32 %)) 0.07(1) 0.29(1) 0.04(1) 1.91 6
88  03:25:02.7 +30:24:17.9  110.8 59.8 499 054 068 0093 42 0(2) 0.10(1) 0.26(1) 0.05(1) 1.77 5
89  03:25:09.3 +30:24:03.8 89.4 53.3 1614 060 065 0079 4.0 3(2) 0.11(2) 0.21(1) 0.03(1) 1.77 5
90  03:25:05.0 +30:24:13.9  186.3 102.2 931 055 075 0157 4. 18(1) 0.16(1) 0.24(0) 0.04(0) 1.62 4
91  03:25:23.9 +30:21:03.6 90.0 64.9 1129 072 080 0087 4.4 8(1) 0.07(1) 0.29(1) 0.04(0) 1.54 5
92  03:25:16.4 +30:19:02.3  119.7 48.7 1121 041 076 0087 4. 23(1) 0.10(1) 0.28(1) 0.07(1) 1.54 4
93  03:25:24.1 +30:21:21.4 1516 111.6 577 074 081 0148 4. 48(1) 0.15(1) 0.29(0) 0.06(0) 1.26 4
94  03:25:04.4 +30:24:09.9 2158 132.0 971 061 080 0192 4. 27(2) 0.21(1) 0.24(0) 0.06(0) 1.19 3
95  03:25:15.9 +30:19:06.8  134.7 81.6 1048 061 068 0119 4. 18(2) 0.12(1) 0.30(1) 0.08(1) 1.11 3
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Table 3.4 (cont'd)

No. RA DEC Maj. Axis Min. Axis PA  Axis Filing Size hVig i Visr h i Pk. Int. Contrast Level
(h:m:s) ( %0 (%9 (%9 () Ratio Factor (pc) (km s Ly kms 1) &ms 1) ms ) @Qybeam 1)

(€] )] (3) 4 (5) (6) (7 (8) (9) (10) (11) (12) (13) (14 (15) (16)

96 03:25:24.5 +30:21:22.5 182.1 120.7 70.4 0.66 0.82 0.169 4. 57(2) 0.19(1) 0.29(1) 0.07(1) 0.97 3

97 03:25:14.6 +30:19:17.8 192.1 105.2 116.2 0.55 0.77 0162 4 .12(1) 0.11(1) 0.34(1) 0.08(0) 0.97 2

98  03:24:50.0 +30:22:51.2 137.1 46.5 80.4 034 059 0.091 3.7 6(2) 0.12(1) 0.21(1) 0.09(1) 0.90 3

99  03:24:36.5 +30:21:57.1 110.9 58.5 165.0 0.53 0.76  0.092 4. 07(2) 0.13(2) 0.24(2) 0.10(1) 0.90 3

100 03:25:24.8 +30:21:24.4  210.0 136.1 684 065 078 0193 4 .58(2) 0.22(2) 0.29(1) 0.09(1) 0.82 2

101 03:25:14.4 +30:22:24.0 100.0 30.1 709 0.30 0.74 0.063 4. 70(3) 0.11(2) 0.22(2) 0.08(1) 0.82 2

102 03:24:32.2 +30:23:34.1 67.4 29.3 147.4 043 0.79 0.051 . 0.76 2

103 03:25:21.1 +30:20:58.9 451.6 252.0 51.7 0.56 079 0384 4 .60(6) 0.25(4) 0.24(2) 0.10(2) 0.68 1

104 03:24:59.0 +30:23:59.2 387.5 181.2 80.4 047 0.62 0302 3 79(7) 0.25(5) 0.23(4) 0.14(3) 0.61 2

105 03:24:34.3 +30:22:19.7 199.4 78.4 1352 0.39 0.71 0.142 . . 0.61 2

106 03:25:07.7 +30:17:42.2 107.0 48.3 91.2 045 0.58 0.082 . . 0.53 1

107 03:24:40.2 +30:26:01.8 67.0 29.9 589 0.45 0.59 0.051 0.53 0

108 03:24:30.5 +30:22:29.5 321.6 195.3 843 0.61 0.60 0.286 . . 0.47 1

109 03:24:56.7 +30:23:50.0 422.3 208.9 80.5 0.49 0.74 0.338 . . 0.47 1

110 03:24:34.7 +30:25:24.6 103.5 54.5 91.0 0.53 0.49 0.086 . . 0.43 0

111 03:25:19.3 +30:20:38.4 528.3 268.5 504 051 0.81 0.429 . . 0.39 0

112 03:24:46.8 +30:23:17.4 775.1 211.0 778 0.27 0.66 0.461 . . 0.32 0
Note. | (2){(6) The position, major axis, minor axis, and posi tion angle were determined from regionprops in MATLAB. We do not report formal uncertainties

of these values since the spatial properties of irregularly shaped objects is dependent on the chosen method.

(7) Axis ratio, de ned as the ratio of the minor axis to the majo r axis.

(8) Filling factor, de ned as the area of the leaf or branch insc ribed within the tted ellipse, divided by the area of the tt ed ellipse.

(9) Size, de ned as the geometric mean of the major and minor ax es, for an assumed distance of 235 pc.

(10) The weighted mean Vigr of all tted values within a leaf or branch. Weights are deter mined from the statistical uncertainties reported by the IDL MPEIT

program. The error in the mean is reported in parentheses as t he uncertainty in the last digit. It was computed as the stand ard error of the mean, Visr = N,

where Visr is the value in column 11 and N is the number of beams' worth of pixels within a given object. W e report kinematic properties only for objects that

have at least three synthesized beams' worth of kinematic pi xels.

(11) The, weighted standard deviation of all tted V|sr values within a leaf or branch. The error was computed as the s tandard error of the standard deviation,
Visr = 2(N 1), assuming the sample of beams was drawn from a larger sample with a Gaussian velocity distribution. p

(12) The weighted mean velocity dispersion of all tted valu es within a leaf or branch. The error was computed as the stand ard error of the mean, = N.

(13) The weightedpstandard deviation of all tted velocity d ispersion values within a leaf or branch. The error was compu ted as the standard error of the standard

deviation, = 2(N 1)

(14) For a leaf, this is the peak intensity measured in a single channel of our 2-channel binned dataset used in the dendrogr am analysis. For a branch, this is the

intensity level where the leaves above it merge together.

(15) \Contrast" is de ned as the dierence between the peak i ntensity of a leaf and the height of its closest branch in the d endrogram, divided by the 1-

sensitivity of the data.

(16) The branching level in the dendrogram. For example, the base of the tree is level 0, so an isolated leaf that grows dire ctly from the base is considered to be

at level 0. A leaf that grows from a branch one level above the ba se will be at level 1, etc.
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Table 3.5. HCN Dendrogram Leaf and Branch Properties

No. RA DEC Maj. Axis Min. Axis PA  Axis Filing Size hVig i Visr h i Pk. Int. Contrast Level
(h:m:s) ( 9% (%9 (%9 () Ratio Factor (pc) (kms 1 ms ') kms ') «kms 1) (Qybeam 1)
1) 2 (©)] 4) (5) (6) (] ®) 9) (10) (11) (12) (13) (14) (15) (16)
Leaves

0 03:25:31.1 +30:22:16.0 39.5 20.1 149.3 0.51 0.71  0.032 0.70 2.5 1
1 03:25:02.2 +30:21:05.5 17.1 14.1 110.1 0.83 0.90 0.018 . . 0.63 2.3 0
2 03:25:02.8 +30:24:49.4 25.0 17.2 135.3 0.69 0.70 0.024 431 4) 0.10(3) 0.12(2) 0.06(2) 0.86 2.1 1

3 03:24:32.3 +30:25:16.6 26.6 17.3 956 0.65 0.73 0.024 . 0.69 2.7 0
4 03:24:27.2 +30:26:21.3 20.3 10.6 137.4 0.52 0.83 0.017 . . 0.91 4.3 0
5  03:25:24.1 +30:21:03.2 71.4 417 1623 058 059 0.062 4.49 (1) 0.05(1) 0.13(1) 0.03(0) 1.29 35 4

6  03:25:25.4 +30:21:45.4 27.1 19.7 827 073 086 0026 4.56( 2) 0.06(1) 0.15(1) 0.04(1) 1.30 36 4

7 03:25:26.3 +30:22:10.6 37.0 20.7 112.3 0.56 0.80 0.031 4.60 ) 0.06(1) 0.13(1) 0.06(1) 1.51 6.0 3

8 03:25:31.6 +30:22:59.0 53.1 29.1 101.8 0.55 0.72 0.045 4.73 1) 0.04(1) 0.11(1) 0.04(1) 0.89 2.7 2

9 03:25:28.4 +30:23:09.9 46.9 26.4 189 0.56 0.57 0.040 . 0.68 2.3 1
10 03:25:11.8 +30:19:01.5 457 24.1 36.6 0.53 0.65 0.038 4.42 ) 0.08(2) 0.10(2) 0.07(1) 0.86 21 2
11 03:25:15.0 +30:22:22.2 1259 4.1 854 035 068 0085 4.6 8(3) 0.07(2) 0.13(1) 0.04(1) 0.87 4.0 0
12 03:25:32.5 +30:22:25.3 30.0 17.4 1435 0.58 0.67 0.026 0.87 2.6 2
13 03:25:04.3 +30:25:10.1 35.0 13.0 935 037 086 0024 431 [®) 0.05(1) 0.13(1) 0.03(1) 0.99 3.0 1
14 03:25:16.7 +30:19:48.3 45.9 35.9 102.7 078  0.77 0046 43 3(1) 0.05(1) 0.13(1) 0.04(1) 1.14 5.0 1
15 03:25:06.8 +30:24:24.7 27.7 19.7 1121 0.71 0.83 0.027 4.1 5(2) 0.06(1) 0.12(1) 0.02(0) 1.31 3.2 2
16 03:25:17.9 +30:18:54.4 90.7 41.7 101.4 0.46 0.65 0.070 4.0 6(2) 0.12(1) 0.12(1) 0.07(1) 1.12 3.9 2
17 03:25:27.2 +30:21:27.7 29.4 15.1 83.2 051 0.80 0.024 4.42 1) 0.03(1) 0.07(2) 0.05(2) 0.81 2.2 2
18 03:24:29.3 +30:23:27.6 112.3 29.2 119.0 0.26 0.60 0.065 . . 0.74 3.1 0
19 03:25:00.9 +30:23:59.9 25.5 25.2 62.7 0.99 085 0.029 4.17 1) 0.04(1) 0.12(1) 0.03(1) 1.57 4.0 3
20 03:25:02.5 +30:24:43.2 56.3 23.7 139 042 0.65 0.042 4.24 1) 0.05(1) 0.10(1) 0.04(1) 1.80 4.6 4
21 03:25:04.4 +30:24:42.6 19.7 17.6 0.2 0.90 0.81 0.021 4.21( 2) 0.06(2) 0.13(2) 0.04(1) 1.46 2.2 4
22 03:24:40.8 +30:25:03.4 29.0 17.6 876 0.61 0.58 0.026 . 0.60 21 0
23 03:25:11.3 +30:19:47.2 32.0 14.0 59.3 044 0.80 0.024 . 0.74 2.2 1
24 03:25:08.9 +30:24:40.1 31.6 12.7 128.3 0.40 093 0.023 4.0 8(1) 0.03(1) 0.10(1) 0.03(1) 2.12 6.8 3
25 03:24:53.6 +30:24:49.0 69.6 37.0 839 0.53 0.69 0.058 . 0.71 2.9 0
26 03:24:38.3 +30:23:54.9 37.6 22.7 226 0.60 0.71 0.033 0.66 2.6 0
27 03:24:50.8 +30:22:51.8 77.4 29.7 711 038 0.54 0.055 . 0.80 3.0 1
28 03:24:34.9 +30:22:10.8 1225 88.2 136.7 072 0.66 0118 3. 97(7) 0.18(5) 0.18(4) 0.09(3) 0.75 3.2 0
29 03:24:46.4 +30:22:47.3 64.3 33.9 958 0.53 0.52 0.053 . 0.69 2.3 1
30 03:25:09.9 +30:23:57.1 53.6 355 1375 066 081 0050 3.8 3(1) 0.07(1) 0.09(0) 0.02(0) 258 10.0 3
31 03:24:46.2 +30:23:58.9 23.4 9.5 110.0 0.41 0.85 0.017 . 0.69 2.7 0
32 03:24:32.3 +30:23:33.2 68.2 30.8 142.8 0.45 0.72 0.052 0.70 2.8 0

Branches

33 03:25:03.0 +30:24:41.8 58.4 46.1 379 079 067 0059 4.30 0] 0.08(2) 0.15(1) 0.05(1) 1.14 3
34 03:25:09.5 +30:24:03.4 92.4 47.2 158.3 051 0.78 0075 4.0 0(2) 0.10(1) 0.11(0) 0.03(0) 1.14 2
35 03:25:02.7 +30:24:32.7 1121 4.4 374 040 068 0.080 4.2 8(2) 0.11(2) 0.15(1) 0.05(1) 0.99 2
36 03:25:05.6 +30:24:16.7  180.1 100.9 1034 056 075 0154 4 17(1) 0.14(1) 0.12(1) 0.06(0) 0.85 1
37 03:25:24.6 +30:21:11.0 98.8 64.4 214 0.65 0.65 0.091 4.50 1) 0.06(1) 0.14(1) 0.04(0) 0.78 3
38 03:25:24.5 +30:21:22.5 139.4 85.0 26.9 0.61 0.70 0.124 45 6(2) 0.15(2) 0.09(1) 0.07(1) 0.64 2
39 03:25:16.0 +30:18:58.4 163.4 65.0 95.7 0.40 0.64 0117 4.1 2(4) 0.15(3) 0.10(2) 0.07(1) 0.56 1
40 03:25:04.9 +30:24:08.9 201.4 141.8 101.7 0.70 0.77 0193 4 .31(5) 0.17(4) 0.13(2) 0.05(1) 0.56 0
41 03:25:31.9 +30:22:47.4 86.1 60.1 117.7 0.70 0.62 0.082 0.50 1
42 03:25:24.2 +30:21:22.2 168.6 120.2 447 071 0.66 0.162 0.50 1
43 03:25:15.3 +30:19:14.6 187.4 113.6 110.7 0.61 0.72 0.166 0.42 0
44 03:24:48.4 +30:22:50.0 150.6 55.3 86.5 0.37 0.57 0.104 0.36 0
45 03:25:25.3 +30:21:43.3 278.2 156.8 58.0 0.56 0.62 0.238 0.35 0

Note. | Same at Table 3.4.
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Table 3.6. NH* Dendrogram Leaf and Branch Properties

No. RA DEC Maj. Axis Min. Axis PA  Axis Filing Size hVg i Visr h i Pk. Int. Contrast Level
(h:m:s) ( :0:00) (00) (00) ( ) Ratio Factor (pc) (kms 1) (km s 1) (km s 1) (km s 1) (Jy beam 1)
(1) () (©) (4) (5) ® @ (8) (9) (10) (11) (12) (13) (14) (15) (16)
Leaves

0 03:25:30.8 +30:21:27.9 38.2 25.2 97.4 0.66 0.58 0.035 0.69 21 1
1 03:25:32.9 +30:21:59.9 18.0 12.1 73.7 0.67 0.83 0.017 0.97 3.0 2
2 03:25:30.9 +30:22:12.7 40.2 231 58.8 0.57 0.61 0.035 1.02 3.4 2
3 03:25:14.7 +30:22:28.0 33.1 21.0 89.9 0.64 0.84 0.030 0.83 3.2 0
4 03:25:31.3 +30:22:53.2 28.1 13.1 88.0 047 0.83 0.022 . . 0.83 21 2
5 03:25:23.5 +30:21:12.8 33.8 185 519 0.55 0.68 0.028  4.54( 1) 0.03(1) 0.10(1) 0.01(0) 1.01 23 3

6 03:25:26.0 +30:21:44.0 51.1 36.0 30.7 0.70 0.66 0.049 4.57( 1) 0.04(1) 0.13(1) 0.03(1) 1.25 4.0 3

7 03:25:03.9 +30:25:00.3 36.8 19.6 89.7 0.53 0.68 0.031 4.45( 1) 0.03(1) 0.09(1) 0.02(0) 1.40 3.5 1

8 03:25:16.1 +30:19:47.4 35.7 28.9 548 0.81 0.68 0.037 . 0.89 3.7 0
9 03:24:55.8 +30:23:23.3 19.3 11.6 61.8 0.60 0.77 0.017 . 0.66 21 0
10 03:25:07.3 +30:24:32.1 38.5 211 96.6 0.55 0.71 0.032 4.24 ) 0.03(1) 0.08(0) 0.01(0) 1.62 3.0 2
11 03:25:18.3 +30:19:00.4 16.7 10.9 62.7 0.65 0.68 0.015 . 1.00 21 1
12 03:24:36.7 +30:22:42.4 36.4 28.9 1142 0.79 0.67 0.037 0.75 2.7 0
13 03:25:09.3 +30:23:53.3 59.5 17.0 1131 0.29 0.66 0.036 4.0 3(2) 0.08(1) 0.10(1) 0.03(0) 1.55 25 2
14 03:25:20.1 +30:18:51.6 36.6 18.0 1237 049 081 0029 39 3(1) 0.04(1) 0.12(0) 0.01(0) 113 3.0 1
15  03:24:26.3 +30:23:33.7 60.4 446 121 0.74 0.78 0.059 3.86 1) 0.06(1) 0.11(0) 0.03(0) 151 7.9 0

Branches

16  03:25:08.5 +30:24:11.8  101.3 38.3 136.7 038 071 0071 4. 11(2) 0.12(1) 0.10(0) 0.02(0) 1.18 1
17  03:25:04.8 +30:24:18.4 196.1 108.9 95.0 0.56 062 0.166 4. 26(2) 0.17(1) 0.11(0) 0.03(0) 0.90 0
18  03:25:17.7 +30:18:54.8 141.7 42.6 101.8 0.30 0.65 0.088 4. 08(2) 0.07(2) 0.13(1) 0.04(1) 0.69 0
19  03:25:25.6 +30:21:34.2 96.5 65.4 411 0.68 0.62 0.091 458 1) 0.04(1) 0.10(1) 0.02(0) 0.67 2
20  03:25:27.2 +30:21:45.9 200.6 100.1 53.0 0.50 056 0.161 . . 0.53 1
21  03:25:27.2 +30:21:44.0 204.3 105.2 546 051 0.58 0.167 0.38 0

Note. | Same as Table 3.4.



Table 3.7. Tree Statistics

Line (Sub-region) Total No.? Max Level® Mean PL® Mean BR

Comparison Across Tracers ¢

HCO* 113 6 23 3.8
HCN 46 4 1.3 3.3
NoH* 22 3 1.3 3.0
Comparison of Sub-Regions
HCO* (A) 10 6 4.8 2.3
HCO* (B) 16 7 5.9 25
HCO™* (C) 8 5 4.2 2.3
HCO™* (others) 9 4 3.7 2.0
HCN (A) 13 4 2.4 2.4
HCN (B) 13 4 2.6 24
HCN (C) 6 2 15 25
HCN (others) 6 1 1.0 2.0
NoH* (A) 9 3 2.2 2.7
NoH* (B) 5 2 1.7 2.0
NoH* (C) 3 1 1.0 2.0
N,H* (others) NA NA NA NA
Note. | 2 Total number of leaves and branches. P Maximum

branching level. ¢ Mean path length. “Mean branching ratio. ¢ Using
method to compare dendrograms from data with di erent noiselevels.
f Using original dendrograms.
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Figure 3.13: Histograms of HCO dendrogram leaf and branch properties. High-
contrast (HC) leaves, above 6-, contrast, are represented by green; low-contrast
(LC) leaves, below 6- , contrast, are represented by blue; branches are repre-
sented by white. See the text in Section 3.6.2 for a discusgioof trends seen in
these histograms.
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Figure 3.14: Same as Figure 3.13, but for HCN.
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Figure 3.15: Same as Figure 3.13, but for BH* .

3.7 Dustin L1451

The CLASSy observations provide excellent measurements afsgstructure and kine-
matics, but are less reliable for column density or mass imfoation due to large
uncertainties in relative abundance and opacity of the matellar emission. For this,

we turned to Herschel observations.

3.7.1 L1451 Column Density and Temperature

We usedHerschel160, 250, 350, and 500m observations of L1451 to derive the col-
umn density and temperature of the dust. TheHerschelimages were corrected for
the zero-level o set based on a comparison witPlanck and DIRBE/IRAS data
(Meisner & Finkbeiner 2015). The images were convolved to géhangular reso-
lution of the Herschel 500 m band ( 36% using the convolution kernels from
Aniano et al. (2011), and were regridded to a common pixel sioé 1% The t-

ting was performed on a pixel-by-pixel basis with a modi ed lackbody spectrum
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ofl = B(;T), where is the dust mass opacity coe cient at frequency ,
B(;T) is the Planck function at temperature T, and = m (N (H;) is the gas
mass column density for a mean molecular weight of= 2:8 (e.g. Kau mann et al.
2008) assuming a gas-to-dust ratio of 100:1. We assume= 0:1 ( =102 Hz)
cm? g ! (Beckwith & Sargent 1991), and =1:7.

The resulting column density and temperature maps are shown Figures 3.16
and 3.17, respectively. We validated our SED tting procedrte by comparing our de-
rived optical depth to that of the Planck Collaboration et al (2014) model. Specif-
ically, we re-ran our SED ts after smoothing theHerschel input maps to match
the Planck Collaboration et al. (2014) resolution of % and found that our derived
300 m optical depth agrees with that of thePlanck-based model to within 5% on av-
erage. The mean column density of L1451 that is enclosed withthe 2.0 10?* cm 2
contour in Figure 3.16 (the white contour that encircles albf the high column den-
sity regions) is 3.7 10?* cm 2 with a standard deviation of 1.7 10?* cm 2. The peak
column density of 1.2 10?2 cm 2 occurs at the location of the Bolocam source, Per-
Bolo 4. The mean temperature within the 15.0 K contour of Figte 3.17 is 14.0 K,
with a standard deviation of 0.7 K. A minimum temperature of 1.9 K occurs at
the location of L1451-mm.

We have independent temperature measurements toward thaifolocam sources
in the eld from Rosolowsky et al. (2008a) ammonia observains. Those tempera-
tures are 2{3.5 K lower than we nd by tting the Herschel SEDs. Our results,
and those from Planck Collaboration et al. (2014) that we copared to, assume
emission from a single cloud layer. However, there will alwaype a warmer layer of
foreground and background material surrounding a dense,ldctar-forming region.
This warmer cloud component can drive the tted temperaturaup and tted column

density down when only doing a single component t. To estinta the systematic
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Figure 3.16: Column density map of L1451 derived fromHerschel 160, 250, 350,
and 500 m data. The white contours corresponds to N(H)=[0.8, 2.0, 4.0, 6.0,
8.0, 10.0] 10°* cm 2. The measured column densities toward the densest regions
are likely systematically underestimated by half from the true values; see the
discussion in the text.
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Figure 3.17: Temperature map of L1451 derived fromHerschel 160, 250, 350,
and 500 m data. The black contours represent 12 to 15 K, in 0.5 K increnents.
The red contour represents a column density of 2.010?* cm 2, for comparison to
Figure 3.16. The temperatures toward the densest regions arlikely overestimated
by a few Kelvin; see text for discussion.

overestimation of temperatures and underestimation of aahn densities toward the
densest regions of clouds, we created a simple radiativertsdéer model with a cold
layer at 9 K (representing L1451) between two warmer layerg 47 K (representing
foreground and background cloud material). If the warm lays have A,, of 0.4,

then the temperature in cold layer regions withA, & 2 is overestimated by 2.5{

5.5 K when using a single component t (e.g., 12 K instead of 9)KThis matches
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the di erences between our temperatures and the temperates from the ammonia
data. Furthermore, measured column density values of a coldense region are pre-
dicted to be half of the true values in regions where the warnayers haveAy of
0.4 and the cold layer hasAy & 2. If the lower-resolution Herschel beam is not
lled in regions of cold, dense gas, then this could furtherids temperatures to be
too warm, and column densities to be too low. In Section 3.8,emwill discuss how
these systematic uncertainties can a ect our energy balaaaesults. An upcoming
paper will present a detailed comparison of single-layer @rtiwo-layer SED tting
across Perseus, showing the improvement that is achieved tmwld, dense regions
when considering the hot, di use component along the linefsight (Lee et al., in

preparation).

3.7.2 Dendrogram Analysis of Dust

The column density results in the previous section are angul resolution limited
compared to our CLASSy maps, so it is not possible to estimatbd mass within
the smallest molecular structures we identi ed using the delrogram analysis in
Section 3.6. Therefore, we take the approach of rst de ningtructures based on
the dust data, and then using the kinematic information witlin those structures to
explore energy balance. A virial analysis is presented inc@ien 3.8.

We converted the N;, column density map to an extinction map using a con-
version factor of Ni,/Ay = (1/2) 1.87 10 cm 2 mag ! (Draine 2003). We
then ran our non-binary dendrogram algorithm on the extinagbn map to de ne dust
structures in the eld. We used an rms and branching step of B.A,, and required
that local maxima peak at least 0.4 A above the merge level to be considered a
real leaf. The algorithm identi ed 8 leaves and 6 branches ithe region where we

have molecular line data.
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Table 3.8. Dust Structure Properties

No. RA DEC Size hTi Ny, i M ot tot :HCN tot ;NoH*
(h:m:s) ( :0:00) (pc) (K) (10 2l ¢m 2) (solar) (km s 1) (km s 1)
(1) () 3) [OINE) (6) @) (8) 9)
Leaves
0 03:25:13.3 +30:19:05.8 0.23 13.6 5.1 5.1 0.39 0.34
1 03:25:00.2 +30:21:22.1 0.08 14.4 2.8 0.2 0.41
2 03:25:27.2 +30:21:43.6 0.17 13.2 5.0 3.1 0.29 0.27
3 03:24:35.5 +30:22:09.5 0.07 13.6 4.4 0.4 0.34 0.37
4 03:24:47.0 +30:23:11.2 0.14 13.9 4.0 1.4 0.54
5 03:24:26.8 +30:22:47.7 0.17 13.9 4.6 2.0 0.44 0.28
62 03:25:08.7 +30:24:09.5 0.07 12.2 7.2 0.5 0.25 0.25
7 03:25:01.5 +30:24:27.9 0.07 12.7 6.4 0.5 0.28 0.26
Branches

8 03:25:01.5 +30:24:12.9 0.21 13.7 4.1 3.0 0.33 0.33
9 03:25:17.8 +30:20:07.0 0.41 14.2 3.1 13.1 0.47 0.44
10 03:24:29.2 +30:22:26.8 027 14.2 3.6 45 0.45 0.35
11 03:24:54.2 +30:23:38.9 0.33 14.1 3.3 6.2 0.39 0.34
12 03:24:43.1 +30:23:04.4 046 143 3.1 124 0.43 0.39
13 03:25:17.1 +30:19:52.8 051 14.3 3.0 14.9 0.50 0.47

Note. | (4) Geometric mean of major and minor axis t to structur e (used as diameter
of structure). (5) Weighted mean temperature within struct ure. (6) Weighted mean column
density of H 2 within structure. (7) Total mass within structure. (8) HCN v elocity disper-
sion calculated from integrated spectrum across structure. (9) N oH* velocity dispersion
calculated from integrated spectrum across structure. @ L1451-mm is located within this
structure.

The extinction map, with dendrogram-identi ed structures is shown in Fig-
ure 3.18. Properties of the dendrogram structures are listen Table 3.8, including
their coordinate, size, weighted mean temperature and cofun density, and total
mass. The mean temperature and column density, and total masf each structure
considers all of the emission interior to the structure (e.gbranch 9 includes emis-
sion from branch 9 and leaves 0 and 2). To calculate the totalass within each
structure, we rst converted the column density at each pixketo a solar mass unit
as:

M(! ): HzmHNHz(; )A1 (31)

where 4, is the molecular weight per hydrogen molecule (2.8 is the mass of
a hydrogen atom,Ny,(; ) is the column density at a pixel location, andA is the
pixel area. As before, the assumed distance is 235 pc. We thetated the mass
enclosed within each structure. The mass of leaves rangesnfir0.2 to 5.1M , and
the mass enclosed within branches ranges from 3.0 to 1M9. The mass interior to

the yellow and purple contour in Figure 3.18 is 14.M and 12.4M |, respectively.
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Figure 3.18: Visual extinction map of L1451 (greyscale), agderived from the
column density map in Figure 3.16. The solid black contour r@resents A,=2,
and the mean extinction within that contour is 3.8 mag with a 1.8 mag standard
deviation. Dendrogram-derived dust structure boundariesare shown with colored
contours. The peak extinction is 13 mag within structure 0.
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3.8 Understanding Star Formation in L1451

We selected L1451 as a CLASSYy region because of its very low §tamation activ-
ity. There are no con rmed protostar detections, and only oa con rmed compact
continuum core. This is very di erent from the other CLASSy rgions, which have
many protostars and out ows. We wanted to use L1451 to studyleud structure
and kinematics in the densest regions of clouds before starrhation activity feeds
back into the cloud.

We now explore the following questions. What column densitfhreshold are we
capturing with our spectral line observations, and do dendgram-identi ed struc-
tures trace actual column density features that can informtsicture formation in
a young cloud? If so, will any structures go on to form stars? &/address these
guestions in this section by exploring the correspondencetiveen molecular line and
continuum emission, with a virial analysis of L1451 structtes, and by describing
the similarities and di erences between L1451-mm and L14&test. We conclude

with an analysis of the three-dimensional morphology of LB4 on the largest scales.

3.8.1 Connecting molecular structures to physical cloud struc-
tures

L1451 is the one CLASSYy region with strong, widespread HCGand HCN that
is not a ected by out ows and severe self-absorption. Thisrebled a dendrogram
analysis of all three molecules, instead of justJd™, and lets us compare the iden-
ti ed molecular structures to the column density structureof L1451. Figures 3.19
and 3.20 have the dendrogram footprints of the lowest-levblanches, and all the
leaves, respectively, overplotted on column density dedd from Herscheldata. We

combined the footprints of all the contoured emission in Figes 3.19 and 3.20 to
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create a mask for the column density map for determining howelN the molecular

emission captures material at di erent column densities.

Figure 3.19: Dendrogram lowest-level branch footprints fo all molecules, over-
plotted on the column density from Figure 3.16 that was regridded to match the
CLASSY pixel scale (beams for column density (3% and molecular (7°§ maps are
in the lower right). Red = HCO *, blue = HCN, and orange = N,H*. We label
each branch with its number corresponding to most Tables 3.{8.6.

Figure 3.20: Dendrogram leaf footprints for all molecules,overplotted on the

column density from Figure 3.16 that was regridded to match the CLASSYy pixel

scale (beams for column density (3% and molecular (7°Y maps are in the lower
right). Red =HCO *, blue = HCN, and orange = N,H*. We label a few examples
where leaves where emission from all tracers coincides witiumbers corresponding
to Tables 3.4{3.6.

A threshold for star formation above A 8, or an H, column density of 7.5 10?1 cm 2,

has been postulated based on the distribution of prestellavores and protostars
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within the densest regions of molecular clouds (Ande et al2014, and references
therein). Figure 3.21 shows cumulative distribution fungbns for column density
where we detect dense gas and where we do not detect dense dasly 0.002%
of dust regions without a molecular gas detection are abovkd threshold column
density if we take our derived column densities as correct.f dur measured col-
umn densities are uniformly underestimated by half from therue values, as was
discussed in Section 3.7.1, still only 1% of dust regions hitut a molecular gas
detection are above the threshold column density. 90% of tliegions where we de-
tect molecules are at column densities above 1.910?* cm 2, with a maximum of
1.3 10?2 cm 2, and minimum of 8.9 10°° cm 2. 90% of the regions where we do
not detect molecules are below 2.4 16?* cm 2, with a maximum of 7.8 1% cm 2,
and minimum of 3.6  10?° cm 2. This shows that spectral line observations using
our suite of dense-gas tracer molecules is a great probe o# wtar forming mate-
rial in young regions above the threshold for star formatiomnd down to column
densities of a few 10%* cm 2.

We demonstrated that the branches in Figure 3.19 are fragmiamg to form the
leaves in Figure 3.20 in a similar hierarchical fashion foraeh molecule (see Sec-
tion 3.6.3). This consistent fragmentation story between piecules, combined with
the result of molecular emission capturing most of the cloudhaterial near and
above threshold of star formation, shows that the dendrogna-identi ed molecular
fragmentation is tracing physical structure, accountingdr some biases due to chem-
istry and extinction. This provides observational evidene that structure formation
precedes star formation in molecular clouds, which suppsrturbulence-driven star
formation theories that predict the turbulence cascade fro large-scale ows leads
to the formation of complex morphological structure in clods before the onset of

star formation (Klessen & Hennebelle 2010, and reference tem). Other theories
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Figure 3.21: Cumulative distribution functions for the areas of the L1451 column
density map where we have detected molecular emission (sdlicurve), and the
areas where we have not detected molecular emission (dashedrve). The solid
vertical line marks the column density threshold for star formation (Ande et al.
2014, and references therein), while the dashed-dotted vical line represents that
threshold if our measured column densities are underestimead by half from the
true column densities.

for the production of cloud structure consider internallydriven turbulence from pro-
tostellar feedback; protostars can inject energy and momtaim back into molecular
clouds to impact cloud structure and dynamics (Carroll et al2009; Federrath et al.
2014; Nakamura & Li 2014). Our result helps to disentangle extnally and inter-
nally driven structure, which it is important for demonstrating an observational
case of complex, hierarchical cloud structure existing ataepoch before internal

feedback can impact the natal cloud environment.

3.8.2 Energy balance of structures

We next use a virial analysis to assess whether structureslii451 are gravitation-
ally bound and on the pathway to star formation. We know one sir is currently
forming in L1451, based on the detection of compact 3 mm emas at L1451-

mm. Showing that other gas and dust structures in the eld argyravitationally
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bound would add support to L1451 being a region at the onset efar formation.
For the virial analysis, we use the dust results in combinain with the molecular
data. In Section 3.7, we derived column densities and tempgures across L1451
at the angular resolution of the longest wavelengtiierschel band (36"y. We also
found dendrogram-identi ed dust structures in the extincton map. In this section,
we use that information for dust leaves, along with CLASSy kematic data from
Section 3.5, to assess the energy balance of structures ib1.

The virial theorem is useful for describing the energy balae of structures. There
are several approaches for applying the virial theorem to rezular cloud observa-
tions in the literature (e.g., Larson 1981; Bertoldi & McKeel992; McKee & Zweibel
1992; Ballesteros-Paredes 2006; Kau mann et al. 2013). Walldw the formalism
of McKee & Zweibel (1992), who derive a time-averaged Eulan form of the virial
theorem that contains surface pressure terms for both theahand turbulent pres-
sure. Equation (4.15) of McKee & Zweibel (1992) writes the nal theorem as

1
ércl =3(Pag CyPic)Va+ M + W (3.2)

wherefl is the second-derivative of the moment of inertia of the clalof interest, P,
is the mean total pressure in the cloud (including thermal ahturbulent pressure),
Pic is the total pressure in the intercloud medium (intercloud radium being the
gas and dust between discrete cloudsg,, is a dimensionless factor of order unity
(expected to be 0.5. ¢, . 1.0) that accounts for the surface pressure of the
intercloud medium on the cloud being at lower pressure thamé average intercloud
pressure,V is the total cloud volume,M is the net magnetic energy of the cloud,
and W is the gravitational potential energy of the cloud.

A steady-state cloud in virial equilibrium will have P, = 0. We ignore M since
there are not adequate magnetic eld data to assess its magmde. What remains is

a balance of two con ning terms and one dispersive term, allhich can be estimated
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using our observational data. The con ning terms are the gkatational potential
energy of the cloud and the pressure term from the intercloudedium on the surface
of the cloud. The dispersive term is the mean total pressure ithe cloud. A
structure is said to satisfy the virial theorem if the con nng and dispersive terms
are equal. The virial expression in Equation 3.2 can techmilty be satis ed for a
source without any self-gravity if it is contained only by eternal pressure balancing
internal pressure. Thus, it is important to note that satisying the virial theorem in
Equation 3.2 does not automatically mean a structure is gréationally bound.

The con ning term of surface pressure is often ignored in thigerature. In this
case, the widely used virial parameter, , is de ned for a spherical source by only
considering gravitational potential energy and internal inetic energy:

1 %Ry 2
=5 —p2 ¢ 3.3
1 % GMgy (3.3)

where Ry and M, are the cloud radius and total cloud mass, respectively;
is the one-dimension velocity dispersion of cloud gas, akdis the exponent of
the density distribution within the cloud. For a source with a uniform density
distribution ( (r) / r ¥, with k = 0), the virial parameter becomes the widely
used: Ry 3=GM,. A cloud is said to satisfy the virial theorem if = 1, and is
bound if . 2 (Kaumann et al. 2013). McKee & Zweibel (1992) discuss howhe
e ects of external con ning-pressure, non-uniform cloud ensity, and magnetic elds
all tend to compensate each other, making this balance of grational potential
energy and total internal pressure most important.

Although the external con ning-pressure term is traditiondly ignored, it can
be important for young star forming regions (Lada et al. 2008Seo et al. 2015).
Therefore, we will discuss the magnitude of this extra enerderm to determine if
L1451 structures satisfy the virial theorem with the additbn of external con ning

pressure. Finally, it should be noted that this approach assnes an isolated spherical
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cloud with no tidal gravitational eld from sources of gravty other than the cloud.
Since all of the identi ed structures are nearby other strutires and embedded
within larger structures, the tidal forces may be non-negjible. One approach which
includes these e ects is to compute the total gravitationapotential from the column
density map (e.g., using the GRID-core algorithm from Gong &striker 2011); that
analysis is beyond the scope of this work and will be exploréd the future.

For the traditional virial parameter in Equation 3.3, R, is half of the size
reported in Column 4 of Table 3.8, andV, is reported in Column 7 of Table 3.8.
The  of each structure includes thermal and non-thermal suppoégainst collapse.

The thermal component of the velocity dispersion was calated as:
s

KT
= : 4
th H ' (3 )

where T is the mean temperature of the dust within the structure, is the mean
molecular weight (2.33), andmy is the hydrogen atomic mass. The non-thermal
component of the velocity dispersion was calculated for gamolecular tracer sepa-

rately, as:

q
2 2

nth;tracer = obs;tracer th:tracer (3 . 5)

where is the observed velocity dispersion of the molecular emigsiwithin

2
obs;tracer

the structure, and .vacer 1S the thermal velocity dispersion of the molecule at the

mean temperature found within the structure:

S
KT
: = — 3.6
th;tracer wacer M ( )
We determined 3. acer Dy masking the CLASSy data cubes of M* and HCN

using the boundaries of each dust structure, generating antégrated spectrum for
each molecule, and tting for the velocity dispersion of thaintegrated spectrum.

The nal (oarracer Value was then calculated as:

q 2
clitracer — nt

(3.7)

2
nth;tracer
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Table 3.9. Virial Parameters

NoH* HCN
k=0 k=2 k=0 k=2
NO. | NO Pext Pext | NO Pext  Pext | NO Pext  Pext | NO Pext  Pext

2 6 4 O © @ (8) ©)
30 14| 18 08| 40 21| 24 1.3
.. | 285 200 171 120
23 09| 14 05| 28 12| 17 0.7
153 120/ 92 72| 130 75| 78 45
.. | 175 135/ 105 81
38 05| 22 03| 93 37| 56 2.2
44 29| 26 17| 45 30| 27 1.8
62 35| 37 21| 68 41| 41 2.5

m ~
~NQRuswnE okE

Note. | (1) No. from Table 3.8. (2) Virial parameter calculat ed using Equa-
tion 3.3 with the N,H* velocity dispersion andk = 0. (3) Virial parameter
calculated using Equation 3.8 with the N,H* velocity dispersion andk = 0. (4)
Virial parameter calculated using Equation 3.3 with the N,H* velocity dispersion
and k = 2. (5) Virial parameter calculated using Equation 3.8 with the NoH*
velocity dispersion andk = 2. (6-9) Same as Columns 2{5, but using HCN for
the velocity dispersion. 2 L1451-mm is located within this structure.

and is reported in Columns 8 and 9 of Table 3.8 for HCN and,M*, respectively. We
do not analyze the HCO in this analysis because it has signi cantly larger velogjt
dispersion than the other molecules, likely because it isaiting more extended,
lower-density emission compared to HCN and JM* (see Section 3.5).

Columns 2 and 6 of Table 3.9 list the virial parameters of dudkeaves when
using Nb,H™ and HCN to determine the velocity dispersion, respectivelynder the
assumption of uniform density and ignoring surface pressur Structures 1, 3, and
4 have > 10 when considering the BH* or HCN velocity dispersion. These
structures have the weakest dense gas emission from HCN angHN of leaves in
the eld, so it is sensible that they appear to be the least bawd. Considering the
N,H* velocity dispersion, the other structures have virial pamaeters between 2.3

and 6.2. This range of virial parameters suggests that noné the structures are
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bound. But does this mean that L1451 will not form stars? Simcwe know a star
is forming at L1451-mm, and since there are centrally condsed structures in the
dust and molecular line maps (in Features A, B, C, and J), it isikely that some of
the structures are at least marginally bound.

The coe cient in the virial theorem used in Equation 3.3 assmes a density
prole of (r)/ r X, with k = 0, representing a constant density structure. If a
structure is centrally condensed, an exponent ¢f = 2 leads to a lower coe cient
that produces a factor of 1.67 decrease in the virial paranet(MacLaren et al.
1988): R 3=GM. Columns 4 and 8 of Table 3.9 report values fok = 2 to
highlight this point. Now considering the NH* velocity dispersion, the structures
discussed above have virial parameters dropping from 23< 6.2t01.4< < 3.7.
Structures 0 and 2 are at least marginally gravitationally bund with < 2; they
appear in theHerschelmaps as centrally condensed dust structures with Bolocam
cores within them.

Two major sources of systematic uncertainty in the measuredrial parame-
ters, regardless of density pro le, are the column densitynal temperature values
derived from the Herschel SED tting in Section 3.7.1. We discussed how using a
single temperature model (ignoring the warmer foregroundnd background com-
ponent surrounding the colder L1451 region) for tting theHerschel SEDs leads
to estimated column densities that are about half of the trueolumn densities and
estimated temperatures that are 2.5{5 K higher than true temperatures. If the
measured column densities are half of the true column denetg, this directly leads
to an overestimate by a factor of 2. The temperature overestimatg/stematically
increases the thermal component of the internal velocity sibersion of each structure,
thereby increasing the dispersive term used to calculate The temperature error

is less signi cant than the column density error, but still ontributes a 7% system-
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atic increase in the virial parameter if the temperature iserestimated by 2.5 K.
Work has been done on the galactic scale to estimate dust magssderestimation
due to spatial resolution and temperature mixing irHerscheldata; Galliano et al.
(2011) found that Herschelderived dust masses can be 30% underestimated in
the Large Magellanic Cloud (LMC). Our observations have minchigher spatial res-
olution than observations of the LMC, but the warm-cold temgrature contrast in
local clouds like L1451 may be more extreme than on galacticages, explaining our
larger correction factor. If the values in Table 3.9 are reded by a factor of two,
then more dust leaves would appear to be in virial equilibria.

The virial analysis from Equation 3.3 ignores the surface essure term of Equa-
tion 3.2, 3¢, PicVe, which can be important for young star forming regions. If a
structure is not bound according to the balance of gravitatinal potential energy
and internal kinetic energy, it may still satisfy the virial theorem if the surface pres-
sure is enough to con ne the structure in the presence of itaternal energy. As we
noted above, con nement by surface pressure can satisfy thigial theorem, but it
does not mean a structure is gravitationally bound|the structure may form a star
in the future if it collapses, it may remain a persistent strature, or it may disperse
if the external pressure decreases.

We calculated the energy from surface pressure that is exedton each dendro-
gram structure from the dendrogram structure immediately wrounding it (e.g.,
branch 9 adding con ning pressure to leaves 0 and 2). Thg, term is considered
unity to assess the maximum possible con ning pressure. Tl term is calculated
aS pranch gmh, where pranch IS the density of the con ning structure (measured
from the mean column density and size of the con ning structe), and pranch IS

the quadrature sum of thermal and non-thermal velocity disgrsion of the gas in the
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con ning structure. The modi ed virial parameter is then:

2k 2 2
1 T RC|(M cl ¢l branch pranch VC') .

1% GMJ

=5

(3.8)

Columns 3, 5, 7, and 9 in Table 3.9 consider external con ningressure for the
di erent molecular tracers and density pro les. As an examp, the virial parameter
of structure O is reduced by about a factor of two when consideg external con n-
ing pressure. This means that the external con ning energydm the surrounding
branch on the dust leaf is about 50% the internal energy of théust leaf. Since
the gravitational potential energy of the dust leaf is compable to the energy from
external con ning pressure, this structure is likely con red by a combination of
self-gravity and external pressure. Overall, with the adtion of this con ning term,
for a k = 2 density pro le, the majority of the sources have virial paameters of

2. If we then consider the column density underestimation situssed above, the
values would be reduced even further. We will explore thesesults in more detalil
in upcoming work.

Considering external pressure, the uncertainties in the dsity pro le, and the
uncertainties in column density of the structures, most oftte dust structures in
L1451 appear on the threshold of satisfying the virial theem, and at least two
structures (0, 2) appear to be gravitationally bound as longs their density pro le
is not uniform.

It is clear that even with the improved data from telescopeskde CARMA and
Hersche) uncertainties still make it di cult to nd a de nite result  with this type of
analysis. Therefore, we conclude that although the tradibnal virial analysis, which
only considers the balance of internal kinetic energy to grdiational potential energy,
suggests that most L1451 leaves are not bound, consideragoof surface pressure,
density pro les, and column density underestimation suggethat several of the dust

structures satisfy the virial theorem and may be at the prepice of star formation. In
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particular, structures 0, 2, 5, 6, and 7 are all candidatesifdeing bound. All of these
structures appear centrally condensed: structure O contes Per Bolo 4, structure 2
contains Per Bolo 6, structure 5 contains L1451-west, striwze 6 contains L1451-
mm, and structure 7 is a leaf adjacent to L1451-mm. This supps these structures
(or at least the central parts of these structures) being bawl.

We will extend this type of virial analysis in upcoming work ad will compare
virial parameters across CLASSYy regions. This way, even ifdhe are systematic
and statistical uncertainties, all structures will have ben observed and analyzed in
the same way, making a relative comparison of virial paramets across clouds at

di erent stages of evolution possible.

3.8.3 Closer Look at L1451-mm and L1451-west

In this section, we explore the properties of the two centrigl condensed, roughly
spherical cores in L1451. One is L1451-mm, which we know is @mpact object
containing a YSO or a FHSC (Pineda et al. 2011). The other is L145wvest, which
has been discovered with these observations. We summaribe tmorphology and
kinematics of L1451-mm below, and then describe the propms of L1451-west and
how they compare to L1451-mm.

The top row of Figure 3.22 shows molecular and continuum faats of L1451-
mm. L1451-mm is the only con rmed compact continuum core in 1451, and all
molecules trace strong emission near, and surrounding itschtion. NoH™ shows a
peak of integrated emission at the location of L1451-mm, whiHCN and HCO'
show peaks that are slightly o set. The surrounding emissibis more concentrated
for N,H™, and more widespread for HCN and HCO. The N,H* centroid velocity
eld shows a gradient across the core, which Pineda et al. (B0) modeled as a

rotating and infalling envelope using slightly higher angar resolution data (y; we
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measure a gradient of about 6 km ¢ pc ! through the peak of integrated emission
at a position angle of 120 deg east of north (see white line ihd top row panels of
Figure 3.22). The velocity dispersion eld is narrowest annd the edges of the core
with minima  0.07 km s !, and it shows an increase toward the core location, with
apeak 0.2 km sl See Pineda et al. (2011) for detailed discussion and modgli
of the possibility that L1451-mm is a dense core with a centr&¥ SO and disk, or a

dense core with a central FHSC.
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Figure 3.22: The top and bottom rows show properties of L145dmm and L1451-
west, respectively. From left-to-right, the panels are: NH*, HCN, and HCO™
integrated intensity (Jy beam ! km s 1), NoH* centroid velocity (km s 1), and
NoH* velocity dispersion (km s 1). The kinematic maps of each source are
on the same color scale. The velocity dispersion is expresbeas Gaussian
(FWHM/2.355 in km s 1). The green 0.0039 mJy beam?! contour represents
our L1451-mm compact continuum detection. The red contoursare used to ac-
centuate speci c features in the greyscale maps. The whiteithes represent the
direction of the measured velocity gradient through each sorce.

The bottom row of Figure 3.22 shows molecular and continuureditures of L1451-
west. The NbH* integrated intensity map does not have a single peak of integed
emission at the center of the structure. Instead, there arevb peaks in the southern
half of the source 2.5 Jy beam?! km s 1, and one peak in the northern half of the
source 2.4 Jy beam?! km s ! (the red contours in the bottom-left panel of Fig-

ure 3.22 represent 1.1{2.5 Jy beant km s ! in 0.2 Jy beam ! km s ! increments).
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The source is considerably weaker in HCN, and not detected in HCO This is
an indication that this might be a very cold, dense region of 1451, where CO is
depleted. If CO is frozen out onto dust grains, then it is notlale to destroy NbH™,
leading to an increased abundance of,N*. Likewise, if CO is frozen out, it is not
available to create HCO through collisions with Hs* (Prasad & Huntress 1980).
Our temperature map in Figure 3.17 does not suggest that duatound L1451-west
is signi cantly colder than L1451-mm, but the systematic ugertainties in that tem-
perature map discussed in Section 3.7.1 leave room for lowemperatures than we
derived.

The N,H™ centroid velocity eld of L1451-west shows a relatively copiex struc-
ture compared with L1451-mm, with higher velocity emissiom the southern and
northeastern sections of the core, and lower velocity emiss toward the center and
west of the core. Since the higher velocity emission at botimas of the source is
bridged with intermediate velocity emission along the eastn edge, we consider the
simplest case to be the source rotating in a northwest-sowhst direction, marked
by the white line in the bottom row panels. We measure a veldgigradient of

2.5 km s ! pc ! along that direction.

The velocity dispersion eld of L1451-west is narrowest aumd the edges of the
core with minima 0.07 km s?, and it peaks near 0.2 km s at the location
of lowest velocity emission in the central part of the sourceThe axis of rotation
that we chose intersects this peak of velocity dispersion @muns between the three
peaks of NH* integrated emission, as seen in the bottom-left panel. It igossible
that infall is producing the increased velocity dispersianinfall would broaden the
molecular emission toward the core center, with the blue dted emission being
brighter than the redshifted emission if the NH* emission is optically thick. This

could explain why the peak of velocity dispersion is at the tation with the bluest
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centroid velocity. The signal-to-noise of the detectable HT spectra are too low
to look for evidence of infall motions, so this needs to be lmlved up with deeper
observations of optically thick and thin lines.

There is no compact continuum emission detected in data towhL1451-west.
The 3- ux density limit for a point source (. 3°°= 700 AU) in our observations
is 3.9 mJy, corresponding to a mass limit of 0.0B1 for the conversion from mJy
to M discussed in Chapter 2 (Section 2.3). We use the location ofgk velocity
dispersion as a proxy for the location of a compact continuuwore, if it exists; this
peak is o set from the peak in theHerschelderived column density map by about
16%

We estimated the size, physical density, total mass, and &t mass of L1451-mm
and L1451-west for a more detailed comparison. To determitiee size, we used the
MIRIAD imfit routine to t a two-dimensional gaussian to the NH* integrated
intensity map. The geometric mean of the major and minor axemre 37°and 32°
for L1451-mm and L1451-west, respectively. To determine @hmaximum physical
density, we took the peak column density of each source withihe tted gaussian,
and assumed their depth was the same extent as their geometmean across the
plane of the sky. For both sources, the physical density is §{ 10* cm 3 in the 7°°
beam. This density is sensible, considering that we obseNgH* , HCN (J =1 ! 0)
in L1451, which are molecular transitions with e ective exitation densities on the
order of 1 cm 3,

To estimate the total mass associated with each source, warsued theHerschel
determined mass within the two-dimensional gaussian. L1%%nm and L1451-west
have a total mass of 0.25 and 0.16 M , respectively. To estimate the virial
mass from the sizes measured above and the masses listed,heeecalculated the

velocity dispersion of NH* within each two-dimensional gaussian as described in
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Section 3.8.2, and used Equation 3.3 witk = 2 to account for these objects be-
ing approximated as centrally condensed spheres insteaduofform-density spheres.
L1451-mm and L1451-west have a virial mass of0.70 and 0.59M , respectively.
Although this would imply that the material in these sourcess not gravitationally
bound, we know that a young star is forming in L1451-mm. Corgéring the sys-
tematic uncertainties discussed in the previous sectionloag with uncertainties in
and our choice of = 1:7, the mass of these sources could be double what we

measure herelin that case, the ratio of virial mass to total mass comes closer to
one, indicating structures that are consistent with being r@vitationally bound.

We also compared the mass within 4200 AU ($&t d=235 pc) to the intrinsic
radius at 70% of peak intensity, following the analysis of atless cores presented in
Kau mann et al. (2008). We measured the mass using thiderschel data, and got
0.22 and 0.23 for L1451-mm and L1451-west, respectively. Vieasured the radius
using the NbH™ integrated intensity, since the dust data is not as well rebeed
to derive accurate radius measurements. L1451-mm measui@f and L1451-west
measured 1Pat 70% of the peak intensity. Compared to the sample of stads
cores in Kau mann et al. (2008), L1451-mm is more compact timastarless, while
L1451-west is at the upper limit of compactness seen in stask objects.

All of these observational results point to L1451-west beingimilar to, but
slightly less evolved than, L1451-mm, yet more evolved thanprestellar core. Deep
continuum and spectral line observations will be needed t@termine the true nature
of these sources. But these two cores are the best evidencatthl451 is a region
that is just starting to form its rst stars. L1451-mm was the target of an ALMA
Cycle 1 project that was observing a sample of ve FHSC canditks, and we put
in an ALMA Cycle 3 proposal to observe L1451-west. These newsabvations will

build on the results presented here and in Pineda et al. (2011
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3.8.4 Depth of L1451 Structures: A Non-Filamentary Re-
gion

Comparing the projected size of cloud structure to its deptlalong the line-of-sight
gives a better understanding of the three-dimensional geetny of a region where
stars are forming (e.g., a region that is primarily planar/beet-like versus one that
is more spherical). We described a statistical method to estate the typical line-
of-sight depth of cloud structures in Chapter 2 (Sections 2.2 and 2.7.3). The
method uses the spatial and kinematic properties of dendn@gn objects presented in
Tables 3.4{3.6. It assumes that the \ variation (V s; Column 11) of a structure
scales with its projected size (Column 9) in a turbulent medm. It also assumes that
the mean non-thermal velocity dispersionH i) of a dendrogram structure scales
with its depth along the line-of-sight in a turbulent medium We calculateh i
for each structure in all three molecular tracers by subtrding the thermal velocity
dispersion of 10 K gas of the given tracer from the value reged in Column 12
of Tables 3.4{3.6: h iy = P hi2 2. With those assumptions, we create two
size-linewidth relations using all the dendrogram structes (one with projected
size versush i, and the other with projected size versus Vs ), and take the
spatial scale where they cross as the typical depth of the reg. See Chapter 2
(Section 2.7.3) for the theoretical framework and numeritaesults that justify this
method.

We used the method in previous papers to argue that the typitaepth of the
N,H* emission in the CLASSy Barnard 1 and Serpens Main regions wa%{0.2 pc
(see Section 2.7.3 and Lee et al. (2014)). Figure 3.23 shoWws size-linewidth rela-
tions for each molecule. As in the analysis of Barnard 1 in Chegy 2 and Serpens

Main in (Lee et al. 2014), the projected size- Vs, for each molecule has a positive
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slope (which is expected for a turbulent medium), while the rpjected sizeh i

relationship has a atter slope (which is expected if all stictures have a similar
depth along the line-of-sight, independent of their projded size). The best-t lines
to the relations cross at a size-scale 0.11 and 0.10 pc fagHN and HCN, respec-
tively, indicating that those molecules are tracing struatres 0.1 pc in depth. The
HCO" ts cross near 0.40 pc, indicating that it is tracing structues with larger
line-of-sight depths compared to the other molecules. This consistent with HCO'

detecting larger-scale, lower density gas than the other heaules.
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Figure 3.23: Scaling relations between projected structug size and Vs, variation
(V sr; solid squares), and projected structure size and mean nothrermal veloc-
ity dispersion (h i, ; open diamonds), for each molecule. The solid lines represe
single power-law ts to the data points. The horizontal line represents the typ-
ical thermal speed for B at gas kinetic temperatures near 11 K. The vertical
dashed line represents our spatial resolution of 0.008 pc. The vertical solid line
represents the spatial scale where the power-law ts intersct.

These results show that the BH* emission in L1451 has similar depth as it does
in Barnard 1 and Serpens Main. However, there are di erencegtween L1451 and
the other regions that lead us to di erent conclusions abouhe large-scale structure
of L1451. In Chapter 2 (Section 2.7.3), we said that the deptbf Barnard 1 (0.1{
0.2 pc) is comparable to the largest size of individual JM* dendrogram structures
identi ed from the isolated N,H*™ hyper ne component (0.2{0.3 pc). But we followed

up by discussing how the Barnard 1 has contiguous,N* structure at parsec-scales
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when considering the full NH* emission instead of just the isolated hyper ne com-
ponent. We used the estimated 0.1{0.2 pc depth and observedrpec projected size
of Barnard 1 to conclude that the region is attened at the lagest scales with la-
mentary substructure (such as the B1 Ridge) forming withinhie large-scale sheet.
A similar argument was made for Serpens Main in (Lee et al. 201

In projection, the full N;H™ emission, sub-millimeter continuum emission, and
other molecular emission from L1451 region does not appear lhave contiguous
structure across parsec scales like the other CLASSYy regioisstead, the emission
is concentrated in a few major features, sub-parsec in sizbat were identi ed in
Section 3.4. Because of this, we argue that the L1451 is not attened, sheet-like
region of dense gas and dust at parsec-scales with connectgiolstructure. It appears
more like a loose collection of dense concentrations thatear 0.2 pc projected on
the sky and 0.1 pc deep.

The physical density of the regions of L1451 with M* emission can be es-
timated from the cloud depth and column density. For a 0.1 pc epth of N,H*
emission and a mean N(k) of 6 10°* cm 2 measured from theHerscheldata, the
derived physical density is 2 10* cm 2 in the regions of L1451 with NH* emission.
This is lower than the 10 cm 2 estimate for the physical density needed to excite
NoH® (J=1! 0)to 1K, which was discussed in Chapter 1. This is not an in-
consistency, since it is possible to excite,N* at a range of physical densities, where
the range depends on the molecular column density (and thuslative abundance
of N,H* to H,), the gas kinetic temperature, and the linewidth of emissio Using
the RADEX program (van der Tak et al. 2007), we nd that NoH® (J =1 ! 0)
can reach 1 K brightness temperatures with a physical dengibf 2.7 10* cm 3
if the gas kinetic temperature is 12 K, the molecular columnaeahsity of NbH* is

6 102 cm 2, and the linewidth of emission is 0.3 km . This physical density is
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essentially the same as derived from our depth and column c#ly measurements.

We can compare the typical depth of the molecular emission the projected
size of the largest-scale structures of each molecule in trig 3.19 to infer the three-
dimensional morphology of the individual molecular struetres. The projected size
of NoH™ structure 21 (lowest level branch of Features A) is 0.17 pc, structure 18
(lowest level branch of Features C) is 0.09 pc, and structure 17 (lowest level branch
of Features B) is 0.17 pc. For a typical NH* depth of 0.11 pc, these structures
have axis ratios of 1.5:1 and 0.8:1, with a mean of 1.3:1. Theopected size of HCN
structure 45 (lowest level branch of Feature A) is 0.24 pc, structure 43 (lowest
level branch of Feature C) is 0.17 pc, and structure 40 (lowest level branch of
Feature B) is 0.19 pc. For a typical HCN depth of 0.10 pc, these structures Y&
axis ratios between 2.4:1 and 1.7:1, with a mean axis ratio #f0:1. The projected
size of HCO structure 111 (lowest level branch connecting Features A drC) is

0.43 pc, and structure 112 (lowest level branch connecting#&tures B, H, F, G, E,
and ) is 0.46 pc. For our derived typical HCO depth of 0.40 pc, these structures
have axis ratios of 1.1:1 and 1.2:1.

With axis ratios between 0.8:1 and 2.4:1 for individual stretures that do not
connect at larger scales, these results support the L1453ien being composed of
discrete, high-density structures that are approximatedsaellipsoids. In addition to
not having contiguous, attened structure at parsec scalelke the other CLASSy
regions, none of the large-scale structures of L1451 appéarhave clear lamen-
tary substructure like was the case in the other CLASSy regisn These results
di erentiate L1451 in a way beyond the lack of protostars anaut ows.

We take these results as an indication that not everything ia molecular cloud is
lamentary, or required to be lamentary, for star formation to begin. This pushes

against the universality of lamentary cloud structure that has taken a hold in
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the past few years (Ande et al. 2014). TheHerschel Gould Belt Survey team has
suggested a paradigm for star formation where complex netiks of laments, with
laments lengths from 1 pc up to tens of parsecs, are formed within clouds, followed
by prestellar core formation that occurs due to fragmentabin of the highest column
density laments (Ande et al. 2010). However, the L1451 regin within Perseus is
markedly not lamentary in Herscheland CLASSy data, with relatively ellipsoidal
dust and gas structures a few tenths of parsecs across fourithim the parsec-scale
region, and yet it is still beginning to form stars. Where dog L1451 stand in the
paradigm mentioned above and why are we drawing a di erent aglusion from the
Herschel Gould Belt team?

The major di erences between CLASSYy and thélerschelGould Belt Survey are
with spatial area coverage, angular resolution, and dengisensitivity. The Herschel
survey has covered approximately 145 square degrees spagma dozen molecu-
lar clouds, compared to the smaller CLASSy area coverage ofoalb 800 square
arcminutes (0.22 square degrees) encompassing ve regiovithin two molecular
clouds. TheHerschelsurvey can map cloud column density and temperature struc-
ture with 36°°angular resolution, compared to CLASSy that can map the dense
gas > 10 cm 2 and N(H,) > few 10*' cm ?2) structure and kinematics with
7%angular resolution.

Overall, the di erences mentioned above mean that thelerschelGould Belt Sur-
vey has captured a relatively macroscopic view of star forrti@n across molecular
cloud complex scales throughout the Gould Belt, while CLASSyas captured a rel-
atively in-depth view of the dense gas in ve parsec-scalegiens of star formation.
The Herschelview of the entire Perseus Molecular Cloud is undoubtedly dmentary
on the macroscopic scale of several parsecs, with many lantebeing well-traced by

Herschelcontinuum images. In the western half of Perseus, NGC 1333, rBard 1,
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and L1448 are the most active sites of star formation and havyamentary structure
that appears strong in theHerschelbands; there are also weaker emission lamen-
tary regions detected byHerschelbetween these active sites. However, we have seen
that some parts of Perseus, such as L1451, are not lamentagnd those exceptions
need to be accounted for in any global picture of star formann.

The morphology ofHerschelcontinuum structure and CLASSy NH* structure
are remarkably similar where both have detectable emissicend L1451 appears non-
lamentary in both datasets. It is highly likely that many ot her non- lamentary
regions within \macroscopically lamentary” clouds can badenti ed and studied as
interesting sights of star formation. L1451 was chosen to lo@e of the ve CLASSy
regions because it appeared to have di erent properties frothe more well-studied
regions within Perseus and Serpens, and it is important thahese parts of clouds
do not get ignored.

If L1451 is not a attened, sheet-like region at parsec-sad (unlike other CLASSy
regions), if it does not have lamentary structure (unlike aher CLASSYy regions),
and if it has less active star formation than other CLASSy regns, then it is natu-
ral to question what caused these di erences. A cloud complelike Perseus, that
spans tens of parsecs will have di erent turbulent energies di erent parts of the
cloud. Simulations of turbulence-driven star formation wh supersonic turbulence
(e.g., Federrath & Klessen 2012) show that star formation wiin several-parsec scale
clouds is clustered in regions where material has been coegsed to high densities,
leaving voids of star formation in other parts of the cloud. Te L1451 region of
Perseus may not have been as compressed as strongly by supeecsturbulence to
form an overdense sheet-like structure at parsec-scalé®lmay have happened sev-
eral parsecs away near the cloud regions that became Barnardand NGC 1333.

Without a comparable push to high-density that other more attve regions of Perseus
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got, the L1451 region could have been predisposed to formifeyver stars.

3.9 Summary of L1451 Results

We presented observations and analysis of the L1451 regidnttte CARMA Large

Area Star Formation Survey. We summarize the key ndings beo.

1. Only one compact continuum source is detected at 3 mm, dowma 3- limit
of 3.9 mJy beam? (0.08M limit)ina 9.2°° 6.6"%eam. The detected source

is L1451-mm, which has previously been identi ed as a FHSC adidate.

2. We detect widespread HCO, HCN, and NbH™ (J = 1 ! 0) emission in
L1451. The HCO emission covers the largest area of the cloud, which we
attribute to HCO * tracing lower-density material than the other molecules.
HCN emission morphology is nearly identical to HCO, although it is weaker
and less spatially extended in most regions. The,N* emission has the small-
est spatial extent, with morphology that di ers from the other molecules at the
smallest scales; bH* traces denser, colder material than the other molecules,

as supported by comparison tdderschel

3. We derived column density and temperature maps froiderschelobservations
at 160, 250, 350, and 500m. The values were derived using modi ed black-
body spectrum ts to the data, and column densities agree to whin 5% of
Planck results when compared at the same angular resolution. Thenpera-
tures toward the densest regions are2{3 K warmer than kinetic temperatures
derived from single-pointing ammonia observations towardense cores. We
attribute this di erence to a limitation of using a single-coomponent t when
modeling SEDs from cold, dense regions of molecular clouds.simple two-

layer model shows that having warm, 17 K foreground emissian front of
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cold, 9 K cloud emission, can cause temperatures to be ovéreated by a
few K, and column densities to be underestimated by half frothe true value.
We use the single-component values in the analysis of thisagiter, and discuss
how the uncertainties e ect the subsequent virial analysisWe will present a
detailed comparison of single- and double-component ts g all CLASSy

regions in a future paper.

. The structure of the star-forming material in L1451 that $ traced by the sum
of all our molecular emission is very similar to column dertgistructure that
we derived fromHerschel observations. All of the cloud locations that are
above the A, 8 threshold for star formation are detected, and 90% of the
molecular emission is at column densities above 1.910** cm 2. This shows
that high-resolution observations of this suite of specttdines over large areas
of molecular clouds are an excellent probe of the structureé kinematics of

star forming material in young regions.

. We use our non-binary dendrogram algorithm to identify dese gas structures
in the HCO*, HCN, and N,H* data cubes. Slight di erences in the noise-
level of each data cube are accounted for to ensure a unifor@ngarison of
tree statistics. The HCO dendrogram has the largest number of leaves and
branches. A comparison of tree statistics shows that all tcars are identifying
structures that are fragmenting in a similar way, even thoug we detect more
HCO™ branching levels compared to than HCN or pH™ ; the increase in levels
is likely due to HCO" being more sensitive to widespread emission from lower-
density regions of the cloud. We show that tree statistics dhe gas structure
surrounding L1451-mm (a con rmed young protostar or FHSC) isery similar

to that of the gas surrounding Per Bolo 6 (a single-dish comiium detection),
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and argue this is an indication that star formation is procesing in a similar

fashion in both regions, with Per Bolo 6 a likely site of futug star formation.

. All molecules trace gas at similar systemic velocities, bthe velocity disper-
sion of the HCO emission is signi cantly larger than that of HCN or NH™:
mean dispersions are 0.29, 0.16, and 0.12 km'srespectively. This is likely
due to HCO' tracing lower-density gas at larger scales than the other tw
molecules; in a turbulent medium, there is more power on laggscales, which

will produce larger velocity dispersions.

. A traditional virial analysis, comparing the kinetic andgravitational potential
energy of dense structures assuming uniform density proderesulted in virial
parameters of all structures being near or above two. We disgsed how the
virial parameter can be overestimated by about a factor of @from the sys-
tematic underestimation of column densities from ouHerschel SED tting,
by assuming uniform density instead of strati ed density po les for the dust
structures, or by neglecting the e ects of external con nig pressure. Sev-
eral structures in L1451 satisfy the virial theorem when camdering one, or a
combination of these e ects. We will explore these e ects imore detail in
upcoming works that do a uniform comparison of structures iall CLASSy

regions.

. We detect two strong, centrally condensed * structures: L1451-mm, and a
newly identi ed source that we label L1451-west. L1451-mmasg characterized
by Pineda et al. (2011) as a FHSC candidate or young protostalOur data

shows that L1451-west is similar to, but likely younger thah1451-mm. It has
strong emission from NH* but is depleted in HCO', unlike L1451-mm which

has strong emission from both molecules; this could indiethat L1451-west
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10.

is colder than L1451-mm. It is less centrally condensed thdari451-mm, but
more centrally condensed that the typical prestellar corehis indicates that
L1451-west is at an evolutionary state between the prestetl core phase and
the FHSC or early protostellar phase of L1451-mm. Follow-upbservations

will determine if L1451-west is a viable FHSC candidate.

We used our size-linewidth analysis presented in Chapt2rto show that the
dense gas in L1451 is not attened at the largest scales likeet Barnard 1 and
Serpens Main CLASSYy regions studied in previous chapters apédpers, and
that its dense gas structures are more ellipsoidal than lasntary. Typical
inferred line-of-sight depths for HCO structures are 0.40 pc with projected
sizes 0.45 pc, and typical HCN and NH* line-of-sight depths are 0.10 pc
with projected sizes of 0.20 to 0.14 pc, respectively. This suggests that
sheet-like geometry at parsec-scales with lamentary sutbacture is not a
prerequisite for star formation, but that the lack of a sheetike geometry
may be an explanation for why L1451 has formed fewer stars thahe other

CLASSYy regions.

Overall, these observations support turbulent star fomation theories that ar-
gue that externally driven turbulence can create complex,iérarchical struc-
ture in molecular clouds (regardless of whether that struate is lamentary),
without internal feedback from protostars. The molecularmission from L1451
shows a lot of complex structure, even though there is verytle existing star
formation in the region. We cannot say that individual strut¢ures within
L1451 are de nitively gravitationally bound based on our vial analysis, but
that several structures are consistent with satisfying theirial theorem within

the uncertainties in the data; we also know at least one stas forming in the
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region. This supports external supersonic turbulence begrthe driver of the
rst structure within the densest regions of molecular clod complexes; those
structures then become the dense, fertile grounds for thetfwe formation of

stars.
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Chapter 4

Comparing CLASSy Regions to
Understand Pathways to Star

Formation

Abstract

We present a comparison of the dense gas emission, hierarahicomplexity, and
young stellar content of all ve regions from the CARMA Large Aea Star Forma-
tion Survey. The goals are to compare fragmentation propees of dense gas at
di erent stages of evolution, and how, if at all, the young sllar content of those
regions is linked to that fragmentation. We construct a norinary dendrogram
from the integrated intensity map of each region, using a uftrm set of algorithm
parameters to ensure a proper cross-comparison of regioroperties. The more
evolved regions, including Serpens Main, Serpens SouthdawGC 1333, show more
levels of fragmentation in their dendrograms relative to Baard 1, while the least

evolved L1451 region shows little hierarchical complexityr this uniform compari-
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son. Despite the di erences in hierarchical depth betweerhé¢ regions, all regions
have a similar mean branching ratio; this shows that fragmégtion is similar across
all stages of star formation. We nd that the Class 0 sourceshieach region are
primarily located within dendrogram leaves, which represg the peaks of the dense
gas hierarchy in each region. This shows that the youngestqtostars tend to form

where gas has become the most hierarchically complex. Themevolved Class Il
sources are preferentially found further from leaves. Th&hows that more evolved
protostars migrate away from their natal core as they accretcloud material, or that

they may consume or disperse their natal core.

4.1 Introduction

A branching hierarchy is a general term for a system that coains objects with at
least two direct subordinates. One example of a branchingdnarchy is in academia,
where a professor may have two postdoctoral subordinatesydaeach postdoctoral
scientist may have three graduate and undergraduate studesubordinates. Obser-
vations have shown that the structure of the molecular ISM ia branching hierarchy,
which begins on the largest scale with molecular clouds, exids down in scale to
many clumps (overdensities within clouds), then to multigé cores (regions within
clumps where individual or multiple protostars may form), ad then nally to pro-

tostars (Williams et al. 2000). This is a conceptual view oftie hierarchical nature
of star formation, illustrated in Figure 4.1, which highlidits the fact that smaller,

denser structures are born within larger, less dense struces. This is predicated
on an ordered relationship between clouds, cores, clumpsdastars, as is generally
accepted in the scientic community. However, observatioddimitations of clouds

(poor angular resolution, limited area coverage, limitedypes of dust and gas trac-
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ers) have not allowed a detailed assessment of the linkageahgh molecular cloud

branching hierarchies to stars that are born with the clouds

Figure 4.1: Left: A cartoon molecular cloud, where the blue emission is from th
large-scale cloud, the orange emission is from clumps formg within the cloud,

the red emission is from cores that fragmented from the clumg, and the yellow
star represents a protostar forming within a core. Right: A cartoon dendrogram
representation of the cloud on the left. The cloud represert the parent structure
that all substructures higher in the tree form from. The cloud fragments into

three clumps, and one clump fragments further into two cores One core forms a
protostar, which sits at the top of the cartoon hierarchy.

In this chapter, we use our CLASSy data and catalogs of stellaontent in each
region to assess the importance of ne-scale hierarchicahgmentation in the star
formation process. We do not classify structures in terms alouds, clumps, and
cores|we instead map the full hierarchical nature of the regons from cloud-to-core
scales, quantify the hierarchies using tree statistics, drmuantify the relationship
between the hierarchy and stellar content by comparing thepatial distribution
of stars and cloud structures. It is possible that parsecale regions of dense gas
fragment in a similar hierarchical fashion in most regionsf@lustered star formation,
with youngest stars always being found at hierarchical pealof volume and column
density. Alternatively, clouds may fragment in a hierarchially similar way, but with
young stars forming in relatively random locations relatig to hierarchical peaks.
Another possibility is that fragmentation and young star loation di ers from cloud-

to-cloud.
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CLASSy data are able to address the relationship between haechical dense
gas structure and current star formation. We observed M*™ (J =1 ! 0) with
high angular resolution ( 7°Y across ve large regions with diverse star formation
properties. By having this sample of diverse regions withithe Perseus and Serpens
clouds, we can explore the similarities and di erences of bge gas fragmentation at
di erent evolutionary stages and environments. We can alsexplore whether the
stellar content is closely associated with pealsloes star formation care about
the ne-scale hierarchical structure of dense gas? As a rerdar, we discussed in
Chapter 1 (Section 1.5) how NH* is a tracer of high density, cold gas, which means
we are tracing cloud regions that are viable locations for &t formation. In the
discussions that follow, we will assume that high (low) infgrated intensity means
high (low) dense gas column density.

The following is a breakdown of this chapter. In Section 4.2ye present the
N,H* integrated intensity maps of each region, and demonstratbat relative N,H*
integrated intensity is a good proxy for relative dense gasolumn density. The
young stellar content of each region is summarized in Secti@l.3, using Spitzer
catalogs andHerschel observations for YSO identi cation. We use our non-binary
dendrogram algorithm in Section 4.4 to assess the hierarcbfyeach NH* integrated
intensity map in a uniform way, accounting for di erences inregion distance and
noise-level. Section 4.5 compares the tree statistics ofckaregion to determine
the relative hierarchical complexity and fragmentation poperties of each CLASSy
region. Section 4.6 connects YSOs to dendrogram-identi etrgctures to determine
if hierarchical structure formation is linked to the formaion of young stars. We

summarize key ndings in Section 4.7.

lWe are tracing gas denser than 10° cm 2 with observations of NoH* (J =1 ! 0), but we

are not able to distinguish between column density and dengy peaks with just one observed line.
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4.2 Integrated Intensity Maps Across Regions

Figure 4.2 shows all CLASSYy regions with the same,N™ (J =1 ! 0)integrated in-
tensity color-scale. Serpens Main, Serpens South, and NGQG33have the strongest
emission, peaking at 22, 21, and 16 Jy beam' km s !, respectively. Barnard 1
has weaker emission peaking at 11 Jy beam?! km s 1. L1451 has the weakest
emission, peaking at 3 Jy beam?! km s . This trend of integrated intensity
shows that the two Serpens regions and NGC 1333 have the latgamncentration of
relatively high dense gas column density amongst the CLASSggions, with L1451

having the lowest dense gas column density.

Figure 4.2: NoH* integrated intensity maps (Jy beam ' km s 1) for all ve
CLASSYy regions on the same intensity scale.

To support the view of relative integrated intensity as a pry for relative dense

gas column density, we can rst compare thélerschetbased column density map of
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L1451 presented in Chapter 3 and that of Barnard 1 seen in Figu4.3 (provided by
K. Lee, priv. communication) to the NbH™ emission;Herscheltbased maps for the
other CLASSYy regions have not been made yet. We know from Chapt3 that 90%
of our detected molecular emission in L1451 is at NgHabove a few 1C°* cm 2,
peaking at 1.3 10?2 cm 2. With the so-called threshold for star formation at
7.5 10?' cm ? (Ande et al. 2014, and references therein), these column misities
show that L1451 has some sub-regions with gas above the timalsl. The column
density map for Barnard 1 peaks at around 8 10?2 cm 2, with nearly the entire
ridge structure having column densities above the L1451 maxum, and above the
threshold for star formation. This shows that Barnard 1 has nonch higher column
density than L1451, which agrees with what we were inferrinigom the comparison
of NoH" integrated intensity between the regions. Note that the areweighted
surface density (as de ned in Leroy et al. 2013) of Barnard 1nd L1451 are about
105 and 65M pc 2, respectively, above N(H) ' 1.4 10* cm 2. Heiderman et al.
(2010) report the mean surface gas density of the entire Pets Molecular Cloud
as 90 33M pc ?, indicating that Barnard 1 and L1451 are above and below the
mean surface density of the cloud, respectively.

For a quantitative comparison of integrated intensity and énse gas column den-
sity maps, we convolved the integrated intensity of Barnard and L1451 to the
Herschelangular resolution (36 and matched the pixel scale of the two maps. Fig-
ure 4.4 shows a general trend of increasingiN"™ integrated intensity with increasing
column density (for Hersche) in both regions. The lack of a perfect correlation is
not concerning since measured continuum column density ahH"* integrated in-
tensity respond di erently to changes in density and tempeture|regions with the
same column density but di erent density or temperature carhave di erent NoH*

emission properties (see discussion in Chapter 1, SectiaB)1 Also, di erent N,H"*
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Figure 4.3: Column density maps for Barnard 1 (left) and L1458l (right) derived
from Herschel SED tting (see Chapter 3 for discussion of method). The maps
are on the same color scale, from 1.0 10?°° cm 2t0 4.0 10?2 cm 2. The inner
contour represents the threshold for star formation at 7.5 10?1 cm 2, and the
outer contour represents half that value. In Chapter 3, we dscussed how our
measured column densities are likely half of the true valuesowards lines of sight
with Ay > 2.

abundances across a single region can lead to di erences yHN emission strength

within that region that are independent of H, column density.
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Figure 4.4: Pixel-by-pixel comparison of NH* integrated intensity and Herschel
derived column density for Barnard 1 and L1451. The originalintegrated intensity
maps were convolved to match the angular resolution of the damn density maps,
and then regridded to the same pixel scale. Each point represits one beam.
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4.3 YSO Statistics Across Regions

Table 4.1 summarizes the YSO statistics in each CLASSYy regiolisting Class I,
Flat, and Class | YSOs from theSpitzer c2d Legacy Project (Evans et al. 2009, and
references therein). The classi cations are based on the BEpectral indices, .
The spectral index classi cation from c2d follows the conwvéion from Greene et al.
1994, where Class Ilis-1.6 < -0.3,Flatis-0.3 < 0.3,andClasslis 0.3.
Class Il sources commonly have weak infrared excesses. réfere, the Class il
numbers fromSpitzer surveys are extremely incomplete, which has been con rmed
by X-ray surveys of molecular clouds (Winston et al. 2010). Weill not consider
Class Ill sources in our analysis. The lifetime of the Classahd Flat phases is about
0.5 Myr each, while the Class Il phase is observed to last for2 Myr (Evans et al.
2009).

The Class 0 stage was not recognized by c2d as a separate Clsisse it requires
a proper understanding of longer wavelength emission andewing angle to help
determine whether a source is Class 0 or Class |. For our argil; we complemented
the c2d sample in each region with sources visible terschel 70 or 100 m images
that were not classi ed as YSOs by c2d. We classify any souragenti able at 70
and/or 100 m, butnotat24 m or shorter wavelengths, as a Class 0 source. Sources
identi ed at 70 and/or 100 m, and also detected at 24 m or shorter wavelengths
are added to the Class | category; these sources may not haeeb classi ed as YSOs
by c2d due to saturation, or incomplete SEDs. Appendix D conias a complete
listing of new YSOs for each CLASSYy regiorHerschetidenti ed Class | sources not
classi ed by Spitzer are arbitrarily given 3> > 4 to distinguish them from the
highest- Spitzer Class | YSOs. Herschelidenti ed Class O sources are arbitrarily

given > 5 to distinguish them from the other YSOs.
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Our mapped regions of Serpens Main, Serpens South, and NGC 3 8@ve the
largest number of YSOs within them (between 69 and 89 sourcesdllowed by
Barnard 1 (with 16 sources), and then L1451 with no con rmed YS detections
from Spitzer or Herschel We classify L1451-mm as a Class 0O-like YSO for the
purposes of this analysis since we know it has a slow CO € 2 ! 1) outow
(Pineda et al. 2011) that must be driven by a protostellar sage or rst hydrostatic
core. Even though we do not use a similar criteria for nding mre Class 0-like YSOs
in the other CLASSYy regions, such a criteria would have a relgely minor impact
on the YSO statistics of those other regions, while it is the dirence between zero
and one YSO for L1451.

The ratio of (Class 0 + I)-to-(Flat + Class Il) sources in Table 4.1 is 0.57, 0.60,
0.85, 2.2, and 1-to-0 for NGC 1333, Serpens Main, Serpens Sowarnard 1, and
L1451, respectively. Evans et al. (2009) utilizes a similaatio as a youth indicator
for star forming regions: higher values are younger. Thistsehe order of evolution
in the discussion in the following sections, with NGC 1333 arSlerpens Main being

the most evolved regions, followed by Serpens South, Bardal, and nally L1451.

4.4 N,H™ Dendrograms Across Regions

A goal of this chapter is to compare the hierarchical compléy, and its link to

star formation, across the ve regions. To uniformly compar the dendrograms
of di erent regions, it is important to de ne the algorithm parameters used for
dendrogram creation so they account for di erences in distae and the noise-level
of each region. Appendix C has details and examples for eachhefse considerations,
and we already had an example of comparing dendrograms froratal cubes with

di erent noise levels in Chapter 3 (Section 3.6.1).
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Table 4.1. YSO Statistics in CLASSy Regions

Region Class Il Flat Class| Class | Class 0
(c2d) (c2d) (c2d) (Herschel) (Herschel

Serpens Main 30 13 21 1 4
Serpens South 33 15 20 20 1
NGC 1333 40 14 23 8 0
Barnard 1 4 1 8 1 2
L1451 0 0 0 0 ki

Note. | Source statistics are only counting sources in our
mapped region. The Class I, Flat, and | (c2d) sources are basl
on the Spitzer c2d catalogs (Evans et al. 2009). Class |Her-
schel) sources are those identi ed by eye inHerschel 70 or 100 m
maps that have a correspondingSpitzer 24 m detection. Class
0 (Herschel) sources are those identi ed by eye inHerschel 70 or
100 m maps that do not have a correspondingSpitzer 24 m
detection. 2This represents L1451-mm, which is not detected by
either Spitzer or Herschel but which has a CO 0 =2 ! 1)
out ow detection (Pineda et al. 2011).

We ran our non-binary dendrogram algorithm on the BH* integrated intensity
maps of all CLASSy regions shown in Figure 4.2. The emissioneafch input map is
masked down to the 2.5- level, where is the rms of each individual map. We ac-
count for di erences in distance by contouring the data in uits of Jy beam *km s !
(conserved with distance), and ensuring that theninpixel parameter for each re-
gion corresponds to the samspatial area instead of the same angular area. The
squared ratio of distances between Serpens and Perseus i23so we require a
minimum of 4 and 12.5 beams worth of pixels for Serpens and Beus structures
to be considered leaves, respectively. We account for diences in noise level by
setting the minheight parameter to be 2-,, where , is the rms of the noisiest
integrated intensity map, by setting the stepsize parameter to be 1-,, and by
calculating tree statistics of each dendrogram above a cut a.5- ,. The Serpens
Main map has the largest integrated intensity rms, at 0.30 Jgeam * kms 1. There-

fore, the absolute values of parameters areninheight of 0.60 Jy beam?! km s 1,
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stepsize of 0.30 Jy beam?! km s !, and a cut for calculating tree statistics at
0.75 Jy beam! km s 1.

By contouring the data and de ning noise-suppression paragters in absolute
units of integrated intensity units, the hierarchical stricture derived for every region
is based on a uniform set of physical properties that can benkied to star forma-
tion; integrated intensity units are a proxy for dense gas damn density, which we
demonstrated in Section 4.2. This is instead of contouringhé data and setting
noise-suppression parameters in terms of the noise-levéleach individual map.
That would lead to regions branching at di erent step sizesral having di erent
requirements for what it takes to be considered a true leafnd it would make a
uniform comparison between regions impractical (demonsitied in Appendix C).

Figures 4.5{4.9 show the resulting non-binary dendrogranier each region. The
vertical axis of all the dendrograms represents integratadtensity and the relative
heights of the axes are to scale. Serpens South has the mostiures (75), which
is about 60% more than the region with the next most structure This is likely due
to a combination of Serpens South having the largest mappedea of all CLASSy
regions, and having signi cant amount of dense gas at high lon densities. We
observed all of the strongest emitting areas in each selettegion (guided by existing
lower-resolution maps of cool dust or other molecular tracs), so it is not the case
that we merely missed parts of Serpens Main or NGC 1333, but redr that Serpens
South has dense gas that covers the largest area on the sky4b1 has the fewest
structures, all branching from the tree base with no hierahical complexity, with a
mapping area that matches Barnard 1 and Serpens Main. Thisditates that there
is not as much high-density material to form many identi abé structures in this
young region when contouring the data in a uniform way betweeregions. Note

from Chapter 3 that L1451 does have hierarchical structure lven analyzed with
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di erent branching step and leaf requirements|this is discussed in more detail in
the next section, where we use tree statistics for a companis of the dense gas

hierarchies in each region.

Figure 4.5: Non-binary dendrogram of NH* integrated intensity in Serpens Main.
The vertical axis represents the Jy beam* km s ! integrated intensity for a given
location within the gas hierarchy. The horizontal axis has ro physical meaning.
The horizontal dotted line represents the noise limit for enission used in the
dendrogram analysis (2.5-,,, where ,=0.30 Jy beam ! km s 1).

4.5 Statistical Comparison of Hierarchies

Table 4.2 lists region-averaged tree statistics for all vaon-binary dendrograms. All
statistics are calculated only using structures above theohizontal dotted line in Fig-
ures 4.5{4.9. The dotted line represents the noise limit f@mission used in the anal-

ysis of Serpens Main, which is our noisiest map (2.5-= 0.75 Jy beam ! km s 1).
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Figure 4.6: Same as Figure 4.5, but for Serpens South. The dtd line represents
the noise limit used for Serpens Main, since Serpens Main hatlhe largest noise
limit of all ve regions. Leaves that do not peak at least 0.60Jy beam ! km s 1
above the dotted line are marked with an \x" and not included in the calculation
of tree statistics.

Figure 4.7: Same as Figure 4.6, but for NGC 1333.

179



Figure 4.8: Same as Figure 4.6, but for Barnard 1. Branch 22 i®elow the noise
limit of the noisiest map, and is not included in the calculation of tree statistics.
Leaves 1 and 2 become leaves at branch level O instead of brémievel 1.

Figure 4.9: Same as Figure 4.5, but for L1451.

For regions less noisy than Serpens Main, we do not want to dyze any structures
that would not be identi able in Serpens Main. Therefore, dlleaves must peak at
least 0.60 Jy beam! km s ! above the dotted line to be counted, and any branch
that is below the dotted line is discounted, with its leaveshten considered to be
sprouting directly from the tree base.

The two Serpens regions have the highest maximum branchingvél of 11, fol-
lowed by NGC 1333 at 8, Barnard 1 at 4, and L1451 at 0. The mean patength
shows a similar trend, with the two Serpens regions on top,lfeved by NGC 1333
at about a half level lower on average, then Barnard 1 at abouhree levels lower
on average, and L1451 with a O level average. This indicatdsat the dense gas in
the two Serpens regions has fragmented to the most levelsfwNGC 1333 not far
behind. NGC 1333 and the two Serpens regions were classi edtlas most evolved

regions in Section 4.3 based on their YSO statistics|the ratdo of young-to-old pro-
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Table 4.2. Tree Statistics

Region Total No.2 Max Level° Mean PL® Mean BRY

Serpens Main 46 11 45 3.1
Serpens South 75 11 4.3 3.6
NGC 1333 37 8 3.8 2.6
Barnard 1 18 4 15 2.8
L1451 4 0 0 NA
Note. | 2 Total number of leaves and branches.? Maximum

branching level. ¢ Mean path length. YMean branching ratio.

tostars are from 0.57 to 0.85 for the three regions. Barnardi& a much younger
region, with a ratio of young-to-old protostars of 2.2. The mximum branching level
and mean path length of Barnard 1 are much lower than the morev@ved regions.
This suggests that the number of branching levels is corrédal with the evolution
and range of dense gas column density in a region. This makease|if all regions
start with a base-level of weak emission early in their evdion, the regions that have
evolved to have the stronger emission on top of that base whlave likely fragmented
in more steps along their evolution to reach those strong ession peaks. L1451,
which has the weakest emission of all regions, and only onea€d 0-like source, has
yet to fragment in appreciable amounts relative to the otheregions.

Even though the regions show a large diversity in levels ofaymentation, the
mean branching ratios for each region are similar. All regisnexcept for L1451, have
a mean branching ratio between 2.6 and 3.6, meaning that eabhanch structure
fragments into 3 sub-structures as the hierarchy is built. This similarityis inter-
esting, since the regions di er in their integrated intensgy and protostellar out ow
properties. In terms of protostellar out ows, the NH* emission from NGC 1333
and Serpens Main regions is overlapping with numerous outas that we detect in

HCO*™ and HCN. However, Serpens South has out ows primarily conceatted in
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its central \nub" region, and Barnard 1 has a few out ows in is main core zone.
This shows that the average dense gas fragmentation proped of a region is not
strongly correlated with the stellar feedback in a region;agions that are dominated
by out ows (e.g., NGC 1333 and Serpens Main) have similar fragentation to re-
gions where out ows are limited to a small percentage of theedse gas area (e.g.,
Barnard 1 and Serpens South). We cannot distinguish betweetructure formed
from protostellar feedback induced fragmentation or origal cloud fragmentation,
but if some fragmentation near out ows was triggered by the qotostellar feedback,
then this could mean the initial fragmentation of dense gasia region before the rst
generation of star formation is similar to subsequent fragemtation that is triggered
from protostellar feedback.

What about L1451? We do not present a mean branching ratio far1451, since
it only has leaves sprouting from the tree base, and lacks haechical structure.
Although L1451 appears simple in this comparison of integrad intensity maps
contoured at the same levels, that does not mean L1451 is fragnting with no
hierarchically complexity. Star formation is set by physial processes, and is linked
to high volume and column density regions of clouds. L1451 sisower amount of
high density gas compared to other CLASSy regions, so it is hast yet evolved
to the point where it can e ciently form stars. Even so, we knev from Chapter 3
that there is detectable hierarchical structure in the HCO, HCN, and N,HY PPV
cubes, and we calculated mean branching ratios for all moldes 3{4. This means
that cloud fragmentation starts before a region has reachddgh enough densities
to e ciently forms stars. This fragmentation is likely seeded from initial supersonic
turbulence present in the cloud. Since the L1451 analysis {Dhapter 3 revealed
mean branching ratios similar to those found in this chaptefor the more evolved

regions, it shows that the hierarchical nature of the initiacloud fragmentation from
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the cascade of large-scale turbulence is similar to the fragntation that occurs once
material has enough time to reach higher densities to collsg to form stars.
Putting this all together, it appears that dense gas fragmés in a similar hi-

erarchical fashion from the rst stage of fragmentation thawe see in the L1451
PPV cubes, to the second stage of fragmentation that occurshen densities are
high enough to start forming stars, to the potential third shge of fragmentation
that may occurs when protostellar feedback injects additi@l energy into the cloud.
The main di erence between a region like L1451 and a regiorkéi NGC 1333 is not
how the gas is fragmenting, but how much high density mateiidas formed, and

how many distinct fragmentation levels have formed.

4.6 Linking Stellar Content to Hierarchies

The previous section showed how the dense gas in all ve CLAS8gions is frag-
menting in a hierarchically similar way, even though each gion is at a di erent
evolutionary stage in terms of amount of dense gas, type of YSQOand number of
branching levels. Here we explore the connection betweepH\ hierarchy and the
young stars in the four CLASSy regions witlSpitzer and Herschel YSO detections
to determine if star formation is correlated with the ne-sale hierarchical structure
of dense gas.

Figures 4.10{4.13 show the location of YSOs, color-coded lpestral index, over-
plotted on a greyscale representation of the JM* dendrogram-identi ed structures
for Serpens Main, Serpens South, NGC 1333, and Barnard 1, respively. The
darker grey structures are leaves, while the surroundingghter grey structures are
the branches.

The dendrogram leaves represent peaks of the emission hielng, and can be
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considered the regions with highest dense gas column depngit the region. A few
things are apparent by eye. First, it appears that many YSOs doot reside within
the boundaries of leaves, and many leaves have no associat&Ds. We quantify
those statements in Tables 4.3 and 4.4, respectively. Bamndal has 50% of its YSOs
within leaves, with 88% of those sources being Class | or 0. &more evolved
regions have between 25 and 31% of their YSOs overlapping lealundaries, and
about 75% of those sources being Class | or 0. This shows thaaiYSO is found
to be within a leaf, it is likely to be a younger YSO. It also show that the less
evolved Barnard 1 region is the most likely to have a YSOs founslithin a leaves;
this makes sense since it has the largest percentage of Cladssd | sources.

Looking at the leaf-YSO connection the other way, all regionisave a relatively
similar percentage of leaves containing YSOs, with the Sergeregions at 28{29%,
and the Perseus regions at 35{40%. Barnard 1 does not have agkx percentage
of leaves with YSOs relative to the other regions, while it dichave the largest
percentage of YSOs found within leaves relative to other regis by about 50%.
This is not contradictory, since a region can have many demgipeaks with no
stars forming in them|those peaks can either be on the vergefostar formation, or
density enhancements that will never form stars. The fact @it two Serpens regions
and the two Perseus regions have nearly identical percenesgof leaves with YSOs
could indicate an inherent \leaf e ciency” for a cloud, where leaves have certain
e ciency-to-date for turning mass into stars; Serpens regns may be producing stars
from density enhancements at a leaf e ciency of about 38%, vile Perseus regions
are doing so at a leaf e ciency of about 29%. The rest of the lgas might form
stars later in the life of the cloud, or fail to produce stars éfore getting disrupted
and dispersed.

The second apparent property of Figures 4.10{4.13 is that &8s |l sources are
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Table 4.3. YSOs Found Within Leaves

Region YSOs in Leaves(% of Total) Class 11(LO) Flat(LO) Class I(LO) Class 0(LO)
1) 2 3) 4) (LS) (6)

Serpens Main 22(31%) 4(1) 1(2) 14(0) 3(0)
Serpens South 22(25%) 3(2) 3(0) 15(0) 1(0)
NGC 1333 24(29%) 4(0) 2(2) 18(2) 0(0)
Barnard 1 8(50%) 1(1) 0(0) 5(2) 2(0)

Note. | (2) Number of YSOs that are found within the boundary o f a leaf, and the percentage
of the total number of YSOs this represents in parenthesis. 3{6) Number of the YSOs that
around found within the boundary of a leaf that are of this Class. The number in parentheses
is the number of YSOs of this Class that are at branching leveD.

Table 4.4. Leaves With YSOs

Region Leaves with YSOs(% of Total) No. Leaves at LO (Class o¥SOs)
(1) () (3)

Serpens Main 9(28%) 1 (F/)
Serpens South 16(29%) 2 (I, 11)
NGC 1333 10(40%) 2 (FN, 1)
Barnard 1 6(35%) 2,1

Note. | (2) Number of leaves that have a YSO within their bound aries, and
the percentage of the total number of leaves this representi parenthesis. (3) The
number of leaves that have a YSO that are at branching level Oalong with the Class
of YSOs that are found within those leaves.

less preferentially found near dendrogram leaves, compar@ith younger sources.
To quantify this relationship between YSO location and dendigram leaves, we
calculate the distance between each YSO and the centroid posn of the nearest
dendrogram leaf, and plot the results as a function of clagsation in Figure 4.14. A

zero arcsecond separation means a YSO resides within a leafittary. All regions

have Class Il sources distributed near and far from leaves. Wever, about 75%
of the Class Il sources are separated from their nearest ldaf more than 10,000
AU ( 43%or Perseus and 2%for Serpens) in all regions: 3/4 in Barnard 1, 30/40

in NGC 1333, 24/33 in Serpens South, and 22/30 in Serpens Mairor Serpens
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Main, no Flat or Class | sources are found more than %%rom a leaf, while about a
dozen Class Il sources are found at 50 and 2@€eparation. Above zero separation,
Barnard 1 shows the most consistent trend of decreasing YS€&rf separation with
increasing . Serpens South and NGC 1333 are di erent from the other regisn
with many Class | and Flat sources found at larger separatisnthan seen in other
regions.

What might these trends mean? Having Class Il YSOs generally stiiibuted
further from hierarchy peaks than less evolved sources colle an indication that
some protostars are migrating away from their natal core, atispersing/consuming
their natal core. The Class | and Flat phases last about 0.5 NMyeach, and the
Class Il lifetime is 2 Myr (Evans et al. 2009). Protostars can move with velocitge
upto 0.1 km s !relative to their natal core (Walsh et al. 2004; Ayli e et al. 207),
SO we can make a conservative estimate for how far a new Clalssdurce may have
moved from its natal core in 1 Myr, if we ignore the Class O stag If a star is
formed with a 0.1 km s?! velocity relative to its natal core, it can move 0.1 pc
per 1 Myr, which would put it about 50°°and 8CF°from its original position in
Serpens and Perseus, respectively. This could explain thele distribution of Class
Il separations with hierarchy peaks|some protostars may renain within their natal
core, while others might have small relative velocities thdake them outside of the
core by the time they reach the Class Il stage, and others s$tihight have depleted
or dispersed their natal core.

One interesting cluster of YSOs that may have dispersed or deted the dense
gas from a natal core is found in the southeastern part of Senps South. This cluster
rivals the cluster in the Serpens South \hub" region, with far Class I, three Flat,
and ve Class Il YSOs. However, unlike the hub, this region is wo of signi cant

N,H*, HCO", or HCN emission. Since we are not seeing HCN or HCOwhich
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would remain in gas phase if this region were too warm fo,N* emission, it is likely
that the dense gas has been dispersed or consumed. It is daesihat the Class |
sources are actually Flat or Class Il sources viewed at an daagausing their SEDs
to have larger spectral indices indicative of younger sows. This uncertainty in
YSO classi cation could explain why there are Class | and Flasources distributed
as much as Class Il sources in Serpens South and NGC 1333.

In Figure 4.14, all regions show a wide distribution of clags at zero arcsecond
separation from leaves, from Class Il to Class 0. However, & always the case that
the majority of the sources at zero separation are less evetly as we saw in Table 4.3
and the discussion above. This relates to the discussion ofgmation above|the
younger sources with zero separation were likely born withithose leaves, and the
more evolved sources with zero separation may have been barith zero relative
velocity to the core. It appears that Class 0 YSOs are only fodnnear N,H*
hierarchical peaks. The one Class 0 source in Serpens Sotlik,two Class 0 sources
in Barnard 1, and three of the four Class 0 sources in SerpensiM are found at
zero separation. The only Class 0 source not within a leaf badary is in Serpens
Main, and it is less than 10,000 AU from the nearest leaf cenlid. We interpret
this trend to mean that regions form their rst generation ofprotostars embedded
in dense gas hierarchical peaks.

It is apparent from Figures 4.10{4.13 that even the YSOs thatié within leaf
boundaries are not always located at the leaf center. We cded any YSO within
leaf boundaries as having \zero" separation from the leaf iRigure 4.14, but if we
calculate the distance of those YSOs from the centroid positi of the leaves, only

30% of YSOs are within 18 of the leaf centroid. What could this mean? A
gravitationally collapsing spheroid or ellipsoid would ntrally form a star at its

center, not o to one side. We saw in Chapters 2 and 3 that dendgram structures
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are not perfectly uniform spheroids or ellipsoids, so thisuggests that irregularly-

shaped leaves containing YSOs could be fragmenting at evenadinscales and higher
densities to form one or multiple stars at positions o -cerdr from the N,H* leaf

centroid.

In addition to analyzing the separation of YSOs from leaves, evclassi ed the
branching level at each YSO location, and plot the spectral dex as a function of
branching level in Figure 4.15. In these plots, level \-1" fers to YSOs that are
located at a position with no dense gas. To complement Figueel5, Tables 4.3
and 4.4 show how many YSOs in leaves are at level zero, and howngnieaves with
YSOs are at level zero, respectively.

The Class |l sources are distributed across branching lesdbr the two Serpens
regions and NGC 1333, similar to how they were distributed ove wide range of
separations in Figure 4.14. Serpens Main shows a weak treridnereasing hierarchy
level with decreasing evolutionary stage, with all Classédxeing represented at high
levels, but only evolved sources being represented at lowdés. Serpens South and
NGC 1333 show the full range of Classes across all levels of lirerarchy. However,
Barnard 1 has all Class Il sources at level zero or \-1" and sk a trend of increasing
hierarchy level with decreasing evolutionary stage.

It appears that Class 0 YSOs are only found in hierarchicallyomplex regions;
no sources are found at level 0 or \-1". A small number of Classources are found
at level O (one out of ve in Barnard 1, two out of 18 in NGC 1333)while the wide
majority are found at higher levels. This means that in the rgions of clustered star
formation, hierarchically fragmented dense gas is more dily to the birthplace of a
young YSO, compared to isolated clumps of dense gas.

The overall results from this analysis, including all regius, is that: 1) not all

hierarchical peaks of dense gas are associated with younellat content, and not
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all young stellar content is found in hierarchical peaks, 2nost Class 0 YSOs are
forming at the location of hierarchical peaks, while more ewed YSOs can be
distributed anywhere in a cloud, and 3) star formation is mdse cient in locations

of rich hierarchy.
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Figure 4.10: Serpens Main dendrogram structures (greysca) with overplotted lo-
cations of YSOs. The di erent greyscale levels corresponda the distinct numeric
identi er associated with each dendrogram leaf and branch;leaves have lower
numbers and appear as darker grey structures and branches e higher numbers
and appear as lighter grey structures. YSOs are colored by eltionary state,
with Class Il, Flat, and Class | sources fromSpitzer c2d being blue, green, and
magenta crosses, respectively. Sources not identi ed by c¢Ras YSOs, but with
Spitzer 24 m and either Herschel 70 or 100 m detections, are classi ed as Class
| sources and marked with red crosses. Sources not identi elly c2d as YSOs, and
with no Spitzer 24 m and either Herschel 70 or 100 m detections, are classi ed
as Class 0 sources and marked with red Xs. Class Ill sourcesedti ed by c2d
are no shown here, for reasons explained in the text.
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Figure 4.11: Same as Figure 4.10, but for Serpens South.
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Figure 4.12: Same as Figure 4.10, but for NGC 1333.
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Figure 4.13: Same as Figure 4.10, but for Barnard 1.
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Figure 4.14: YSO classi cation (represented by the spectraindex, ), as a func-
tion of minimum separation between a YSO and its nearest leaflf a YSO overlaps
with any portion of a leaf, the separation is considered zerpotherwise, the sep-
aration is the minimum distance between a YSO and the central position of
the nearest leaf. The horizontal lines mark the separation ktween Classes dis-
cussed in the text. L1451 is not represented because it contess no Spitzer or
Herschelidenti ed YSOs.

4.7 Summary

We presented a uniform comparison of M* integrated intensity maps using our
non-binary dendrogram algorithm, and compared dendrograidenti ed structures

to the young stellar content in each region. We summarize kegdings below.

1. Molecular clouds are known to have hierarchical structar The high angular-

resolution and large-area of CLASSy observations allow a sty of the ne-
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Figure 4.15: YSO classi cation (represented by the spectraindex, ), as a func-

tion of dendrogram branching level. The branching level of a¥YSO is the branch-

ing level of the leaf or branch at the position of the YSO. A \-1" level means

the YSO is located at a position that does not overlap with any dense gas den-
drogram structure. The horizontal lines mark the separation between Classes
discussed in the text. L1451 is not represented because it otains no Spitzer or

Herschelidenti ed YSOs.

scale hierarchical structure of dense gas in clouds from tlparsec to the
0.01 pc scale. We use JM* integrated intensity as a proxy for dense gas
column density in CLASSYy regions, and use our non-binary deratjram algo-

rithm to determine the hierarchical structure of each regioin a uniform way

to allow us to compare regions.

2. Serpens Main and Serpens South have the largest peak ingdgd intensities,
followed by NGC 1333, Barnard 1, and nally L1451. The non-biary dendro-

grams of all regions, except for L1451, show complex struotuwhen analyzed
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uniformly. Serpens South has the most leaves and branchesgdo having the

largest area of high-density gas.

. A comparison of tree statistics across regions show thate more evolved
regions with higher integrated intensity are fragmentingd more levels than
the less evolved regions. However, the mean branching raticati dendrograms
is similar, meaning that the dense gas is fragmenting in a siar way in each
region; each parent fragments into 3 sub-structures on average. Even though
L1451 shows no hierarchical structure in this uniform compigon of integrated
intensity maps, we know from Chapter 3 that the HCO, HCN, and N,H"*
emission shows hierarchical structure, with a mean brancig ratio 3. This
shows that fragmentation is similar during all stages of staformation, from
the initial fragmentation in a region like L1451 that is justbeginning to form
density enhancements, to the later fragmentation in a regmolike NGC 1333
that has gathered gas and dust to high densities and is e cigly forming

stars.

. We compare the dense gas hierarchy to the young stellar temt of Serpens
Main, Serpens South, NGC 1333, and Barnard 1, ignoring L145ihee it has
only one Class 0-like source (L1451-mm). We nd that most Cés O sources
are forming within leaves, and at branching levels high in tndendrogram, sug-
gesting that the youngest stars preferentially form withirhierarchical peaks of
dense gas within clouds. Class Il sources are distributedttughout the region,
mostly away from hierarchical peaks. This trend could be du® migration if
a YSO is born with a non-negligible velocity relative to its n&al core, or due
to the YSO consuming or dispersing its natal core. Not all dendgram leaves

have a YSO forming within them, and not all YSOs are found withinden-
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drogram leaves. The two Serpens regions have embedded YSQOkiwi 29%
of leaves, and the two Perseus regions have embedded YSOs with38% of

leaves, suggesting a distinct e ciency-to-date for leaveis each cloud.

197



Chapter 5

Key Findings, Summary, and

Future Work

5.1 Key Findings of Thesis

| highlight six important outcomes of this thesis below. A mpe complete summary

of the thesis is given in Section 5.2.

1. | developed a non-binary dendrogram algorithm that caldates the hierarchi-
cal structure of an emission map or position-position-vetdy cube within the
noise limits of the data. The non-binary algorithm is an impovement over
the standard dendrogram algorithm, which forces binary braching structure,
because it permits a quantitative and more physically meamgful assessment

of the hierarchical properties of molecular clouds usingde statistics.

2. | showed that a proper comparison of dendrograms for stéorming regions
that are observed with di erent noise-levels and that are atli erent distances
requires using algorithm parameters that are based on abstd, physical units,

rather than based on the sensitivity or angular resolution foan individual
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dataset.

. The non-binary dendrograms of all CLASSy regions revealéenarchical frag-
mentation. The mean branching ratio tree statistic is 3 for all regions, mean-
ing that, on average, larger structures fragment into abouthree smaller sub-
structures during the earlier stages of star formation beffe protostars have
formed, as well as during the later stages of star formationhen regions con-
tain feedback from protostars. The identi ed structures ted to be irregularly

shaped, implying that forming cores grow in non-sphericgllsymmetric envi-

ronments.

. The areas within Barnard 1 and L1451 with the strongest ession and the
most hierarchical levels contain the majority of embeddedl&ss 0/1 YSOs and
prestellar sources in those regions. A uniform comparisofi d;H™ emission
and tree statistics across all CLASSy regions shows a similaend, with the
more evolved regions having fragmented to the most hieraichl levels and
having the strongest NH* integrated intensity (proxy for dense gas column
density). A spatial analysis of the dendrogram structuresral young stellar
content shows that the youngest protostars are preferentig found near hi-
erarchical peaks of dense gas emission located at high biang levels in the
dendrogram. This shows that regions with large clusters offas-forming cores
must have rst accumulated enough dense gas column density fragment to

many distinct hierarchy levels.

. Our high-angular resolution, large-area spectral linebservations allowed us
to create two size-linewidth relations sensitive to two digct spatial proper-
ties of CLASSy regions: the depth of the gas structures in theegion, and

the projected size of the gas structures in the region. We ddgped a frame-
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work to estimate the typical line-of-sight depth of the dens gas using these
relations. We found that the more evolved CLASSYy regions ardeet-like at
parsec scales, with BH* depths 0.15 pc, and with lamentary substructure
within the sheet that is commonly found in numerical simulabns of super-
sonic turbulence. We found that the dense gas in the L1451 reqg is better
characterized as a collection of distinct ellipsoidal statures than a contigu-
ous region of attened gas and dust. It is possible that L1450k the least
evolutionary advanced region in terms of star formation bacise it was not
compressed to high enough densities to e ciently fragmennto many bound

cores.

. There is an extraordinary correspondence in L1451 betwethe observed cu-
mulative emission from the HCO, HCN, and N,H* (J =1 ! 0) transitions
and the H, column density derived fromHerschel continuum observations.
The dierences in the observed emission structure and kineatics between
individual molecules can be understood based on their chexali and excita-
tion properties, and the combination of molecules capturgbe kinematics of
star-forming material that could not be traced with continlum observations.
The HCO"™ and HCN (J =1 ! 0) emission in the more evolved CLASSy
regions su ered from self-absorption e ects and were bettat tracing dense
gas out ows from protostars than the global structure and kiematics of cloud
material. Future studies of these more evolved star formain regions should
use di erent molecular transitions to complement NH* (J =1 ! 0) to build

a more complete picture of the dense gas in these regions.
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5.2 Summary of Thesis

This thesis presented the methodology and results from CLAgSvhich used CARMA
to spectrally image dense gas in nearby molecular clouds wian unprecedented
combination of area coverage, angular resolution, and velty resolution. CLASSy
observed NH*, HCO*", and HCN (J = 1 ! 0) emission across ve evolutionar-
ily distinct regions within the Perseus and Serpens Molear Clouds: NGC 1333,
Barnard 1, L1451, Serpens Main, and Serpens South. Theseealations capture
the structure and kinematics of star-forming regions fromlgud-to-core scales. When
combined with catalogs of young stellar content and maps obutinuum emission,
they provide the most complete picture to-date of how densagin nearby molecular

clouds fragments on the pathway to core and star formation.

5.2.1 CLASSy Observations

We presented details of CLASSy observations and mapping in &@bter 2. Obser-
vations were done in compact CARMA array con gurations usinghe 23-element
mode, providing a synthesized beam 7-8°and improved sensitivity to larger struc-
tures compared to the standard 15-element observing mode. hd largest-scale
structure|up to 1{2 pc|of each region was captured with larg e-area mosaics uti-
lizing the combination of interferometric and single-disidata from CARMA. We
used a newly developed \continuous integration" techniqué improve on-source
e ciency for large mosaics; for example, the Barnard 1 mosaiwas composed of
743 individual pointings, and on-source e ciency reachedlout 48%. The nal
molecular line data cubes were made by jointly deconvolvinipe interferometric
and single-dish data cubes. The typical rms was0.13 Jy beam? per 0.16 km s*

channel. We also obtained interferometric-only =3 mm continuum observations of
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each cloud region down to a sensitivity of 1.3 mJy beam*.

5.2.2 The Barnard 1 and L1451 Regions

The two younger CLASSYy regions in Perseus, Barnard 1 and L145¢ere analyzed
in Chapters 2 and 3, respectively. These regions provide aloat cloud conditions
before feedback from existing star formation has a chance s@ni cantly in uence
cloud structure, such as what is happening in the more evotdedNGC 1333 and
Serpens Main regions, and to a lesser extent the Serpens ®otggion. Serpens
Main was analyzed in detail in Lee et al. (2014), and an anaigsof Serpens South
laments is in Ferrandez-lopez et al. (2014).

Barnard 1 is more evolved than L1451, based on the identi c&in of over a dozen
YSOs by Spitzer and Herschelin Barnard 1 compared to only one Class 0-like pro-
tostar identi ed in L1451 based on millimeter detections oftompact continuum
emission and a slow molecular out ow (Pineda et al. 2011). T$ was supported
by the CLASSy =3 mm continuum observations that detected four compact con
tinuum sources in Barnard 1 above 5- compared to no sources in L1451 above
that limit. Three of the Barnard 1 detections were from the kown B1-c, B1-bN,
and B1-bS sources, while one was a new detection toward thefenb 30 =1 mm
continuum source (Enoch et al. 2009). In L1451, we did detesteak emission above
3- (0.08 M Iimit) towards L1451-mm, which is a candidate rst hydrostdic core
(Pineda et al. 2011).

All three molecules were detected in each region, with the,N* morphology
most closely matching the morphology of cold dust observed erschelin both
cases. In Barnard 1, the strongest HCOand HCN emission was associated with
protostellar out ows in the main core, while the non-out ow emission was relatively

weak compared to NH* (possibly due to self-absorption from low-density gas algn
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the line-of-sight). In L1451, no HCO or HCN out ows were detected, but the bulk
emission from those lines was stronger than was seen in Baxhd. An orderly
progression of NH™ to HCN to HCO™ emission was seen from the most compact to
the most widespread spatial scales. This progression is egfed since HCO traces
about an order of magnitude lower densities than HCN and /", and the N,H*
abundance should be highest in the coldest, densest regiafthe cloud.

We developed a new non-binary dendrogram algorithm to quatdtively analyze
the dense gas structure in each cloud region. We discusseéd thene ts of dendro-
gram over clump- nding algorithms in Chapter 2 and Appendix A| dendrograms
trace cloud structure from large-to-small scales instead forcing emission into dis-
tinct clumps that may not have physical meaning. The bene tf our non-binary
algorithm were also discussed in Chapter 2 and Appendix Blalbwing dendrogram
structure to branch into more than two sub-structures allow for the quanti ca-
tion of hierarchical complexity with tree statistics, and éts us present the actual
observable emission hierarchy within the noise limits of thdata.

The non-binary dendrogram algorithm was applied to the pH* position-position-
velocity (PPV) cube of Barnard 1. Tree statistics showed thathe main core of
Barnard 1 is the most hierarchically complex, with the larg&t maximum branch-
ing level and mean path length. Since the main core is the Idmmn of current
star formation in Barnard 1, this suggested that star formabn is correlated with
hierarchical complexity of the dense gas.

For L1451, we created non-binary dendrograms for all threeatlecules in PPV
space since the HCO and HCN emission was not impacted by out ows or signi cant
self-absorption features as they were in the more evolved £8Sy regions. This al-
lowed us to compare tree statistics between subregions adhas between molecules.

All three dendrograms showed hierarchical complexity, witlthe gas the most hier-
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archically complex around L1451-mm. This is an indicationas seen in Barnard 1,
that star formation occurs in regions that have achieved highierarchical complex-
ity. L1451-mm is the only detected source of current star foration in the region.

Other continuum condensations were detected at=1 mm by Enoch et al. (2006).

The tree statistics of the gas surrounding these condengats is very similar to the
gas surrounding L1451-mm, which we argue means that the ce@msations are likely
sites of very early stages of star formation.

The dendrogram of each molecule observed in L1451 showed railar mean
branching ratio, which tracks how many substructures eachrscture breaks into,
indicating that each molecule is tracing physical structws fragmenting in a hier-
archically similar way. The HCO" dendrogram had the largest mean path length
and maximum branching level, followed by HCN, and then by M*. Since all
molecules peak near the same high-intensity structures @e.near the gas surround-
ing the bright L1451-mm core), the di erence in branching teel was attributed to
the varying sensitivity to low-intensity levels of fragmetation|HCO ~ is able to
detect low-density, more extended emission than the otheratecules, so we are able
to identify additional low-intensity branching levels notseen in the other molecules.
We interpreted the complex hierarchical nature of L1451 asigportive of turbulent
star formation theories that argue that externally driven tirbulence can create the
rst complex, hierarchical structure in molecular cloud rgions. Those early struc-
tures are the seeds that form the over-dense, fertile groundor the formations of
the rst generation of stars.

In addition to quantifying the structure of the cloud emissbn, we t the spectral
lines in each region to determine the kinematic propertiesf éhe dense gas. In
L1451, the mean velocity dispersion of HCQ HCN, and N,H™ was 0.29, 0.16,

and 0.12 km s?, respectively, meaning that the HCO was tracing trans-sonic to
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supersonic gas in most areas, while the other molecules weseing mostly sonic-
to-subsonic motions. The NH* emission in Barnard 1 subregions with no young
stars had subsonic velocity dispersions, while the gas inethmain core reached up
to 0.5 km s 1.

We measured the spatial and kinematic properties of each déngram struc-
ture to understand how larger branches may di er from smalleleaves. The spatial
measurements revealed that leaves and branches are irregiyl shaped structures,
showing that star-forming gas does not fragment into orderispheroidal or ellip-
soidal structures on the pathway to star formation. The kinmatic measurements
showed that branches (larger structures) tend to have largems variation of their
velocity compared to leaves (smaller structures)|this canbe understood based on
the scale-dependent nature of turbulence, where gas sepadaby larger distances
will have larger rms velocity di erences between them. Howey, we found that
the distribution of mean line-of-sight velocity dispersio was similar for branches
and leaves. Since the line-of-sight velocity dispersionssnsitive to the line-of-sight
depth of emission in a turbulent medium, we interpreted thiso mean that the depth
of emission was not closely linked to the projected size of ardirogram structure.

We constructed two size-linewidth relations using the sp&tl and kinematic prop-
erties of dendrogram-identi ed structures discussed abeyand used them to esti-
mate the typical depth of molecular emission from each regio The assumption for
this analysis was that observed non-thermal gas motions agenerated by isotropic,
three-dimensional turbulence in the cloud. For each regipand each molecule, the
rst relation showed that rms variation in centroid velocity increased with projected
structure size. The second relation showed that non-therrhine-of-sight velocity
dispersion varied weakly with projected structure size. Weshowed, using a theo-

retical framework and support from numerical realization®f turbulence, that the
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projected structure size where the two size-linewidth retians cross gives an estimate
for the typical line-of-sight depth of emission.

We determined that the typical depth of Barnard 1 NH* structures are 0.15 pc.
Compared to the parsec-scale size of Barnard 1 projected dretsky, this indicated
that the parsec-scale region is attened at largest scaleand that the attened gas
is fragmenting hierarchically as it forms stars in the Barna 1 main core. A similar
result was found in an analysis of the Serpens Main region @get al. 2014). These
results are consistent with numerical simulations that shw high-density sheets and
laments being generic results of supersonic turbulence.

Using this method, all three molecules for L1451 appear to beating line-of-
sight depths that are similar to the projected sizes of indidual molecular features
that are not contiguous across the parsec-scale of the emtiregion. This suggests
that the dense gas in L1451 is more ellipsoidal than attenedt largest scales.
Since L1451 does not appear to have lamentary structure inrpjection, this shows
that not every star-forming region in a molecular cloud needto be attened and
lamentary for star formation to proceed. However, it is posible that L1451's status
as the least-active CLASSYy region is linked to the fact that iis the only one without
attened, large-scale, high-density structure and lametary substructure. A lack
of attened, high-density structure could indicate that this region of Perseus has
not been strongly compressed by turbulent ows to create a sbt-like geometry and
strong density enhancement needed to bring gas to high enbudensity and column

density to e ciently form stars.
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5.2.3 A Closer Look At L1451

L1451 was the rst CLASSy region where we uséderscheldata to construct column
density and temperature maps, which allowed us to quantifydw well our dense
gas observations captured material above the threshold fstar formation, and to
estimate the gravitational boundedness of structures in th young region. Katherine
Lee and Aaron Meisner led the construction of the column demhgsiand temperature
maps by tting modi ed blackbody curves to Herschel SEDs, and found that our
derived column densities matchedPlanck results to within 5% when smoothed to
matching angular resolutions. One major systematic unceinty came from using a
single-temperature t for modeling the SEDs from cold, deresregions|comparing
our results to a simple two-layer model with a warm and cold coponent showed
that single-component ts can underestimate column densés in cold regions by
a factor of two. This result will be presented in detail in futre work, and the
remainder of the thesis analysis took the uncertainty into@ount.

We found that 90% of the total molecular emission detected in1451 overlapped
with regions above H column densities of 1.910°* cm 2. With the threshold
for star formation near densities of 7.510°* cm 2, this shows that the suite of
molecular lines observed by CLASSy captures the gas structuand kinematics of
young regions within clouds.

The non-binary dendrogram algorithm was applied to the colan density map to
identify dust structures. A virial analysis of those structires, using the column den-
sity information from Herscheland the CLASSy kinematic data, showed that many
structures are near the critical value for satisfying the vial theorem. However, sev-
eral uncertainties of a factor of two limit conclusive intgpretations of gravitational

boundedness.
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Although the conclusiveness of the virial results was limitkg it is known that
a star is currently forming within L1451-mm. L1451-mm is a cadidate FHSC
Pineda et al. (2011) and appeared in the molecular maps as aastgly centrally
condensed feature. We detected another strong, centrallgrcdensed MH* structure
in the west of L1451, and we named this new source L1451-wdst451-west is likely
colder than L1451-mm, because it hasJNM* emission but lacks detectable HCO
emission. We estimated that L1451-west is less centrallyramensed than L1451-mm,
but more so than the typical prestellar core, making it anotar potential candidate

FHSC.

5.2.4 Comparing All CLASSy Regions

In Chapter 4, we compared the BH* emission, hierarchical structure, and young
stellar content of all ve CLASSYy regions to understand how gais fragmenting at
di erent evolutionary stages in clouds, and if the protostes are connected to that
fragmentation.

We applied our non-binary dendrogram algorithm to each M* integrated in-
tensity map in a uniform way across regions, accounting for drences in map noise
and cloud distance that are further explored in Appendix C. Alkregions, except for
L1451, showed complex hierarchical structure with the urmfm comparison. Tree
statistics showed that the more evolved regions with stroeg integrated intensity
fragmented to more branching levels than the less evolvedyiens with weaker inte-
grated intensity. This simply means that as a region evolvde higher intensities (or
dense gas column densities), the gas fragments along theletronary path to form
more distinct hierarchy levels. All regions, except for L145 had a mean branching
ratio 3 in this uniform comparison, which showed that even though one evolved

regions may fragment to more levels, the type of fragmentam at each stage of
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evolution is similar. Although L1451 lacked hierarchical gaplexity in the uniform
comparison between regions, we noted that the region did rehierarchical struc-
ture in Chapter 3, with mean branching ratios 3 for each molecular dendrogram,
supporting this idea of similar fragmentation from early toate stages of evolution.
Finally, we compared the hierarchical structures to the YSOslenti ed in each
region from Spitzer and Herschel observations|this analysis excluded L1451 since
its one candidate YSO was identi ed only at millimeter wavelegths. Not all hier-
archical gas peaks contained a YSO, and not all YSOs were foundhgerarchical
peaks. We showed that the youngest YSOs are preferentiallyckted within leaves
high in the emission hierarchy, while the most evolved ClasisY SOs are more evenly
distributed throughout regions. This indicates that star brmation in these dense
regions is most likely to occur once a very dense, hierarchily complex subregion

has been created.

5.3 Looking Forward

CLASSy made an important step toward mapping large areas ofastformation with
high angular and velocity resolution. There are many pathtcontinue moving this
type of mapping forward. We highlight a few here.

The new W-band ( 85{115 GHz) receiver, ARGUS, on the GBT will provide
an exciting opportunity for studying dense gas across a lag sample of clouds
than was feasible with CARMA. GBT and ARGUS will open the door to e ciently
mapping molecular gas in nearby clouds with sub-core angulasolution ( 7%°an-
gular resolution, which corresponds to 0.004, 0.008, and 0.02 pc at the distances
of Taurus, Perseus, and Orion, respectively). CLASSy demdreged the potential

use of mapping large areas of molecular clouds with enoughgalar resolution to
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see below core scales and with enough velocity resolutionrésolve below the sonic
scale of the dense gas. We discovered complex hierarchitalcsure, and evidence
that many overall regions are sheet-like at parsec scales.hé&se discoveries war-
rant follow-up observations of NH* (J =1 ! 0) in other nearby clouds to create
a statistical study of the properties of their densest regis and cores; this large,
sensitive observational dataset can then be used to consirdheoretical models of
lament, core, and star formation in turbulent molecular cbuds. GBT and ARGUS
will achieve similar spectral line sensitivity to our CLASSydata with a factor of 30
less integration time, and it can be used to build on CLASSYy raks.

One limitation of CLASSY is that we are only sensitive to denes 10* ¢ cm 2
with No,H", HCO*, and HCNJ =1 ! 0. A more complete analysis of clouds will
include high-resolution maps of di erent CO isotopologueto probe the structure
and kinematics of the lower-density gas that contains the ltkiof the cloud mass and
large-scale turbulent energy. The CarmaOrion project (Pdohn Carpenter) started
this work, using CARMA to map one square degree of the Orion Matular Cloud.

We also need to extend to even higher densities and smallealss to understand
if the identied N ,H* leaves are fragmenting further. ALMA can be used for very
high angular resolution observations of the densest gas addst within dense cores,
which can then be connected to the larger scales detected bARMA and GBT.
With this combination of data, we will be able to investigatethe in uence of the
host cluster on properties of the gas and dust at smaller sealand higher physical
densities, by tracing mass ow from the large-scale clustento the cores, and then
mass accretion from cores onto protostars. With ALMA's abilit to resolve disks,
we can also study how larger-scale dense gas relates to digkntation, velocity

eld, and angular momentum.
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Appendix A

Di erences Between
Clump- nding and Dendrograms

for CLASSy Data

We use the Cloudprops algorithm (Rosolowsky & Leroy 2006) dran IDL dendro-
gram algorithm (Rosolowsky et al. 2008b) to identify BH* emission structures in
our CLASSy data cubes. The goal is to compare clump- nding andendrogram
object identi cation methods when applied to nearby star faning regions observed
with high angular resolution. Both algorithms analyze the mission in position-
position-velocity cube to segment the emission into strugtes. Figure A.1 shows
Cloudprops (top) and dendrogram (bottom) contours for idethed structures, over-
plotted on two N,H" velocity channels around the B1l-b continuum cores. The
common color contours represent the same structures in theftl and right pan-
els. There are clearly major di erences in the number and shas of the identi ed
structures between the two methods.

We nd that the Cloudprops algorithm forces emission into srall-scale clumps,
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Figure A.1: Two N,H* channel maps of the B1-b region for a comparison of Cloudprap

(top) and dendrogram (bottom) object identi cation result s. Each Cloudprops and den-

drogram object is contoured with a unique color|this particu lar region is broken up into

nine distinct Cloudprops objects, and three dendrogram obgcts. Cloudprops tends to put

all emission into smaller-scale, independent clumps, whél dendrograms identi es peaks

of emission as leaves (green and blue contours in the onlinersion), and then identi es

lower intensity contour(s) that surround them as branches yan contour in the online

version). We argue that the dendrogram approach is the more ppropriate one for high

angular resolution studies of nearby molecular clouds, site it captures the hierarchical

nature of the gas emission across the wide range of spatial aes that exists in those

regions.
even when the data does not show clear regions with strongenisity enhancements.
When visually inspecting the emission channels in Figure A.there is no physical
reason to think that the plateau of emission west of the B1-botes is made up on
several, independent clumps of dense gas that are separatéth orderly borders.
The technical reason for the clumpy breakdown is that Cloudpps rst locates the
highest level, local closed isocontours. Next, the algorith steps down in intensity
dividing the lower intensity emission between the strongepeaks according to a
nearest-neighbor algorithm. This division of lower intenty emission across a fairly
uniform emission plateau leads to the arbitrary borders seein the top row of

Figure A.1. Cloudprops and other clump- nding algorithms weok best for sparse

212



elds that have resolved separations between objects|idefifying giant molecular
clouds in an extragalactic source is one example of where yheork well. But
attempting to decompose nearby, well-resolved, moleculgas emission into many
small clumps with fairly straight borders does not have googhysical motivation.
Similar conclusions were found in Goodman et al. (2009), wieethe authors showed
that CLUMPFIND (Williams et al. 1994) makes arti cial attempt s to Il in the
structure between meaningful clumps.

Instead of partitioning all of the emission into individual clumps according to
a nearest-neighbor scheme, it makes more physical sensenierpret it as lower
intensity structure surrounding the peaks within it. For example, the peaks could
represent gas that fragmented from the lower intensity enggn surrounding them.
This scenario considers that small-scale features can fofram existing large-scales
features, and is a hierarchical way of thinking about the dat If we accept that
molecular clouds are hierarchical, then this is a more physil way to interpret the
emission, and it requires an algorithm that can track the emsion structure as a
function of contour level intensity|a dendrogram algorith m does just that.

How does a dendrogram algorithm work? We quickly review the big dendro-
gram procedure using a one-dimensional emission pro le see Figure A.2 (from
Rosolowsky et al. 2008b). (See that paper for more discussiof this example and
the extension to two- and three-dimensions.) A one-dimersial, horizontal contour
can be started at the absolute maximum of the emission pro land stepped down-
ward to the base of emission. During this process, the peaksdamerge levels of
the three local maxima are identi ed and represented in a delnogram (seen inset
within the emission pro le and repeated on the right with lakels).

A dendrogram is composed of leaves and branches. In our exd&mphe three

leaves of the dendrogram correspond to the three local maxanm the emission pro le
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Figure A.2: This gure is taken from Rosolowsky et al. (2008b). The left image shows

a one-dimensional, three-peak emission pro le with the dedrogram representation as an

inset. The dendrogram is reproduced on the right with the tree features labeled (the labels

di er slightly from Rosolowsky et al. (2008b) to accommodate the naming conventions

used in this thesis). The dendrogram is formed by keeping trek of the emission structure

as a function of intensity level. For example, contouring the emission pro le at the I, level

produces a single object, while contouring at 4 produces two objects|the | i contour

represents the level where the two strongest peaks in the ession pro le merge together.

In the dendrogram, this contour level is represented by a hdrontal line connecting the

two strongest leaves into the branch. Readers should see thagiginal paper for a detailed

discussion on dendrograms in all three dimensions.
that do not break up into any substructure. The peak intensi of a leaf represents
the peak intensity of its corresponding local maximum, whal the lowest intensity of
a leaf represents the intensity where the corresponding Edanaximum merges with
another local maximum. The two branches of the dendrogram wespond to lower-
intensity emission that breaks up into substructure at highr intensities. The upper
branch represents the lower-intensity emission that seetise two strongest leaves,
and the lower branch represents even lower-intensity emi@s that encompasses
all of the emission peaks. The peak intensity of a branch regsents the intensity
where the leaves above it merge together, while the lowestansity of a branch
represents the intensity where it merges with another leaf dranch (the case of the
left branch) or where it reaches the lowest measured intetys{the case of the lower
branch). This algorithm can be extended from one-dimensiam two- and three-

dimensions to operate on position-position or position-gdion-velocity datasets.
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All of our object identi cation for CLASSy clouds was done in tlee-dimensions,
even if we occasionally represent the identi ed objects awo-dimensional contours
for visualization simplicity.

Going back to our example in Figure A.1, the dendrogram iden&id objects in
the two N,H* channels are shown on the bottom row of the gure. Two peaks of
emission (leaves) are identi ed with isolated contours (g@en and blue contours),
and then get joined at a lower intensity level within a largescale contour (a branch
shown as the cyan contour).

To summarize, the dendrogram identi cation method is more @propriate for
our data and science goals. Our data capture small-scale dergas structures due
to the high-angular resolution of the interferometer, andhey capture large-scale
dense gas features because of the large-area mosaicing atlemission reconstruc-
tion with single-dish data. Our science goals involve studyg how small-scale gas
features connect to the large-scale cloud features. The deogram approach lets us
investigate the physical and kinematic properties of the dese gas across the wide
range of spatial scales probed by our CLASSy data in a way thatpely small-scale,

clump nd-like segmentation would not allow.
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Appendix B

A New Non-binary Dendrogram

Procedure

The standard dendrogram algorithm forms a purely binary tre { thinking about a

tree growing from the base upward, every branch terminates either two leaves, a
leaf and a branch, or two branches. A single branch is not alled to directly sprout

three leaves, even if the leaves merge into the branch at ettpthe same level. In this
three leaf example, two of the leaves would get merged into aabch, and then that

branch would merge with the remaining leaf into another brach. We refer to this
as \phantom branching" because an arti cial branch was intoduced only to enforce
a binary merger requirement, as opposed to being motivated Ithe true nature of

the data being modeled. This makes interpreting the true hiarchical nature of
the data di cult, and makes a quantitative assessment of thedendrogram using
tree statistics impossible (see Houlahan & Scalo (1992) fdret use of tree statistics
to interpret the hierarchical nature of emission). Going bek to our example, we
set out to allow all three leaves to merge into a single branjete set out to allow

non-binary mergers.
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Non-binary dendrograms are useful for two reasons: 1) theygwide a collection
of branches that respect the noise inherent in real data, ar) they allow the user
to quantitatively compare the hierarchical complexity of derent emission regions,
and correlate that complexity with properties of those regins (e.g., star formation
e ciency, column density, etc.).

The three-leaf example we used to motivate non-binary dermlyrams is arti cial,
it is extremely unlikely for a real dataset to have three leas merging at exactly the
same intensity. Typical behavior seen in real data sets mayave two leaves merge
into a branch at the 1.0 Jy beam? level, and then merge with a third leaf into
another branch at the 0.98 Jy beam' level. Our key argument is that these three
leaves should merge into a single brancif, the sensitivity of the dataset is lower
than the branching di erence. For example, the sensitivityof our Barnard 1 dataset
is 0.13 Jy beam?, and the standard dendrogram algorithm produces branchinig
increments less than 0.13 Jy beam to ensure binary mergersjthis produces a
collection of branches that is not meaningful within the nae limits of the data, and
limits the quantitative interpretation of the hierarchy. Our new method alleviates
the binary merger requirement and allows branches to sproah unrestricted amount
of leaves and/or branches.

The key technical di erences between our new non-binary medd and the stan-
dard method are: 1) we restrict branching to intensity stepgqual to integer values
of at least the 1- sensitivity of the data, instead of allowing branching at imitely
small intensity steps, 2) we have an algorithm that can clust more than two ob-
jects into a single group, instead of being restricted to citering two objects at a
time. Another way to think about the di erence is that the standard dendrogram
code yields the one emission hierarchy that represents theeorealization of the

noise applied to the true emission being observed. Our modd dendrogram code
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instead represents an observable emission hierarchy withthe noise limits of the

data.

Figure B.1: Cartoon example of the di erence between the standard dendvgram al-
gorithm, and our new non-binary algorithm. The standard algorithm (red tree in the
online version) forces binary mergers of dendrogram leavesnd branches|the left and
center peaks are rst merged into a branch at the L., contour level, and that branch is
then merged with the right peak at the I . contour level. Since the two merger levels
are separated by less than the 1-sigma sensitivity of the da, we argue that the branch
between L .1 and lgit -2 is not motivated by the data, but by the requirement of binary
mergers. Our new non-binary algorithm (cyan in the online vesion) merges all three
peaks at the highest merger level, and assigns the remainingmission between 4 ., and
lerit -2 to @ single branch. This represents an observable emissionidnarchy within the
noise limits of the data.

A cartoon example of the di erence is shown in Figure B.1. Theartoon shows
a one-dimensional intensity pro le, where the intensity ais is quoted in terms of
the sigma sensitivity units of the data. Under the standard gorithm (red tree),
the two leftmost peaks merge together at the level of the rssaddle point (lyit .1,
which represents an intensity level of 5-sigma) into a brahc The algorithm then
merges that rst branch with the rightmost peak at the level ¢ the second saddle
point (I ot -2, Which is less than 1-sigma lower than.;) into a second branch. Our
algorithm (cyan tree) merges all three peaks into a single d&mch at the 5-sigma level
since the two saddle points are separated by less than thei@rsa sensitivity of the

data.
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Our algorithm comes with one obvious caveat. The resultingethdrogram de-
pends on the discrete contouring of the data (which occurs ibh- steps in the
example above and in Chapter 2); if branching levels are dieil slightly higher or
lower, then the dendrogram can change. For example, considedataset in Kelvin
units (for visual simplicity), with 0.10 K sensitivity, two leaves that peak at 4.00 K
and merge together at 1.00 K, and a third leaf that peaks at 300K and merges
with the other leaves at 0.98 K. If the data is being contouredh 1- steps, our
algorithm would set 1- branching levels in 0.10 K steps starting from the 4.00 K
peak, which means that 1.00 K is an available merge level. Alree leaves would
be merged into a single branch at 1.00 K using our non-binarygarithm. But if the
peak intensity is 3.98 K instead of 4.00 K, then 1.00 K is not aavailable branching
level anymore|but 1.08 K and 0.98 K are. For that case, the twostrongest leaves
would merge at 1.08 K, and then merge with the third leaf at 0® K. This simple
example shows how our dendrograms, and the tree statisticsroved from them, can
be slightly altered by shifts in the discrete contouring oflie data. We went from a
dendrogram with one branching level, a branching ratio of tiee, and a mean path
length of one, to a dendrogram with to two branching levels, mean branching ratio
of two, and a mean path length of 1.66.

This caveat produces only small changes in the dendrogramdatree statistics
when tested on the actual Barnard 1 data presented in Chapt&, Section 2.6. We
shifted the 1- branching levels by 0.33-; compared to the results presented in
Section 2.6.2, the mean branching ratio changed from 3.9 t@B3and the mean path
length and maximum branching level were unchanged. We argtieat the bene ts
of this new non-binary algorithm outweigh this caveat, paitularly when science
goals include: 1) correlating the physical properties of weral star forming regions

with di erences in dendrogram structure (by comparing treestatistics of di erent
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regions, which is not possible with the standard algorithm)and 2) comparing the
structure and kinematics of large-scale and small-scalergttures within a single
region (by comparing the spatial and kinematic propertiesfdeaves and branches,
which is more di cult for the end-user if the branch list is cantaminated by phantom

branching from the standard algorithm).
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Appendix C

How to Compare Non-Binary

Dendrograms of Di erent Regions

We need to be able to compare the dendrograms of di erent clds that were ob-
served with di erent noise levels and that are at di erent dstances. In Chapter 2, we
analyzed a single non-binary dendrogram for the PPV cube dié isolated hyper ne
component of NH* in Barnard 1, which is the simplest case of one cloud distance
and one noise level. In Chapter 3, we analyzed the non-binasgndrograms for the
PPV cubes of the strongest hyper ne components of JM* and HCN, and the single
component of HCO in L1451, there was a noise di erence of 15% between those
cubes, so this was a slightly more complex scenario. In Chapt4, we analyzed
the non-binary dendrograms for integrated intensity mapsfeeach CLASSYy region,
which have di erent distances (Serpens at 415 pc, and Perseat 235 pc), and dif-
ferent noise levels (e.g., Serpens Main at 0.30 Jy beahkm s ! and Barnard 1 at
0.17 Jy beam?! km s 1); this is the most complex scenario.

The goal of this section is to establish how we can compare deogram structure

and statistics between clouds that have signi cantly di eent observational noise-

221



levels and that are located at di erent distances. We will ague in this appendix
that the key is to construct the dendrograms using physicallmeaningful units for
the algorithm parameters rst introduced in Chapter 2 (Sedbn 2.6.1), including
the parameters for: 1) the minimum height for a local maximunto peak above
the level where it merges with adjacent local maxima to be ceidered a real leaf
(minheight ), 2) the minimum area covered by a leaf for it to be considerecal
(minpixel ), and 3) the minimum allowed branching step height betweendgacent

levels in the dendrogram gtepsize ).

C.1 Noise Dependence of Dendrogram Structure
and Statistics

The goal of this section is to demonstrate a method for compag regions with
di erent noise levels. We want to ensure that lowering the niee-level of a map will
not signi cantly change the dendrogram structure or tree stistics derived from the
emission.

To illustrate the problem, we start by imagining a scenario Wwere we observe a
cloud for one hour, and make a map. We then observe it again foine hours, and
make a second map that has the noise reduced by a factor of tareompared to the
rst map. We would then run our dendrogram algorithm on thesewo maps and
see if and how the structure and statistics change.

Although we do not have maps of the same cloud with di erent nse, an easy
way to mimic this scenario with existing data is to use the hygr ne components
in the N,H* PPV cube. The NH* (J = 1 ! 0) transition is split into seven
resolvable hyper ne components, which have the same veltyalispersion and exci-

tation condition but di erent peak intensity. We can integrate over di erent com-
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binations of hyper ne components to create moment maps withi erent signal-to-
noise ratio (SNR). Signal is proportional to the number of chanels with emission,
N, and is dependent on the strength of the emission in each clmh Integrat-
ing over only the lowest-velocity component will give lowesignal than integrat-
ing over all velocity components. Integrating over the lovat-velocity component
will give slightly lower noise (v ) in emission-free regions compared to integrat-
ing over all of the velocity components, since noise scalespaﬁ , Where N is the
number of channels, and is the noise in a single channel. For a real example,
the noise levels of the Barnard 1 lowest-velocity and fullelocity component maps
are 0.09 and 0.15 Jy beant km s !, respectively, with peak signals of 1.8 and
11.4 Jy beam?! km s 1, respectively|the peak SNR are then 20 and 76, respec-
tively.

The questions we want to answer hinge on what happens to dendram struc-
ture and statistics when wereduce the noisein a map while keeping the signal the
same. In the paragraph above, we created two maps with di eme SNR, but the
di erence came from di erent noise levels and even more dismate peak signals. To
turn these into maps with similar peak signal and di erent ndse, we rst normalize
the full-velocity component map to the low-velocity compoent map at locations
where the low-velocity component map has emission greatdran 6- .\ ; this en-
sures that the regions with strong emission have matchinggsial (e.g., a pixel at
11.4 Jy beam?! km s ! in the full-velocity component map with a corresponding
pixel at 1.8 Jy beam ! km s ! in the low-velocity component map will be reduced
by a factor of 6.3 in the normalized map). In weaker regionseg$s than 6-,y in the
low-velocity component map), we scale the full-velocity coponent map down by a
factor of 7, which is the mean normalization factor in regiaof strong signal. We

then calculate the rms of the normalized full-velocity comgnent map, nrv , Which
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is 0.03 Jy beam! km s ! compared to v = 0.09 Jy beam ! km s 1. The result
is a new map with similar signal to the low-velocity componémap but with three
times lower noise; this is the scenario we want to test our dérogram algorithm on.

We ran our non-binary dendrogram algorithm on the Barnard lersions of these
two maps in two dierent ways. First, we allowed each dendragm to have a
stepsize and minheight based on the rms of each mapstepsize = 1- \rv
and minheight = 2- gy for the normalized full-velocity component map, and
stepsize =1- |y andminheight =2- | for the lowest-velocity component map.
Second, we forced each dendrogram to have the sastepsize and minheight
based on the noisier mapstepsize =1- [, andminheight =2- ,, for both maps.
Using absolute units across maps as in this second case cowddolene cial because
absolute units are linked with physical properties of a clalj while noise units are
linked with the properties of the observations. For examplef a study wants to
link fragmentation properties of column density structuren di erent clouds to the
properties of star formation in those clouds, it would be mersensible to de ne an
absolute unit, such as a minimum mass or column density thas ialways the same
across clouds, for branching and leaf identi cation, rathrethan a noise unit, such
as 1- , which can be di erent for di erent clouds.

For the rst case, where we allowed thestepsize and minheight parameters
to be based on the noise-level of the individual map, the rddng dendrogram-
identi ed structures for the two Barnard 1 maps are shown in igure C.1, and the
dendrograms are shown in Figures C.2. Two of the strongestgks in the region are
similarly identi ed in both maps (structures 9 and 11 in the bw-velocity component
map are 27 and 31 in the full-velocity component map). Howevyesome leaves break
up into multiple structures when lowering the noise of the naand also lowering the

absolute threshold for creating a leaf and a branching stegtfucture 6 in the low-
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velocity component map becomes structures 22, 23, 25, andi@8&he full-velocity

component map).

Figure C.1: Structures identi ed by our non-binary dendrogram algorithm from
the integrated intensity map made from the lowest-velocity hyper ne component
(left) and a scaled-down map made using all velocity compors (right). The
dendrogram algorithm parameters are listed in the gure, ard are based on the
noise level of the individual maps. Structures are labeled ith numbers that
correspond to leaves and branches in Figure C.2.

This shows that the hierarchical structure of two maps of thsame region that
have di erent noise can signi cantly change ifminheight and stepsize are kept in
terms of the sensitivity of each individual map. This makesemse if we consider an
extreme limit of very low noise maps that may soon be producdry ALMA. If the
noise in a map is extremely reduced, structures peaking Zabove a merger level with
other structures would likely not represent physically ra@vant features, but small-
scale variations on top of physical meaningful features. Ithis case of extremely
low noise, it would make more sense to de ne a physically rggt minimum unit
for studying structure, such as a minimum mass.

For the second case, we used the values of the noisier map Stepsize and
minheight for the construction of both dendrograms. That meant that eeh dendro-

gram could branch in 0.09 Jy beam' steps, and leaves needed to be 0.18 Jy bedm
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Figure C.2: Non-binary dendrograms from the integrated intensity map made
from the lowest-velocity hyper ne component (left) and a scaled-down map made
from using all velocity components (right) using the dendragram algorithm pa-
rameters listed in the gure.

above their merge level to be considered real|these were ouninimum physically
relevant units to study structure across these two maps witlli erent noise. The
resulting dendrogram-identi ed structures for the two Banard 1 maps are shown
in Figure C.3, and the dendrograms are shown in Figure C.4. €hmain take-
away from these gures is that lowering the noise but keepinthe same absolute
units for studying structure results in very similar dendrgrams. A large-scale, low-
intensity branch (structure 16 in the full-velocity comporent map) is added around
smaller-scale, higher-intensity structures found in theaisier map, and some leaves
that branched directly from the tree base in the low-velocit component map now
branch from one level up due to the addition of the large-s&llow-intensity branch
(e.g., leaf 8 becomes leaf 7). The strongest peaks in the cagare similarly identi-
ed in both maps (structures 6, 9, and 11 in the low-velocity amponent map are
6, 8, 10 in the full-velocity component map); lowering the nee did not cause these

structures to break up. This provides evidence that if the nse in a map is lowered,
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and the stepsize and minheight parameters are kept constant, the hierarchical
structure will not signi cantly change|you mainly add lowe r-intensity branching

structure to connect parts of the emission hierarchy not pwously connected.

Figure C.3: Structures identi ed by our non-binary dendrogram algorithm from

the integrated intensity map made from the lowest-velocity hyper ne component

(left) and a scaled-down map made from using all velocity corponents (right).

The dendrogram algorithm parameters are listed in the gure, and are the same
for each map. Structures are labeled with numbers that correpond to leaves and
branches in Figure C.4.

Another important test is how the tree statistics change beteen the dendro-
grams. We calculate the tree statistics of the low-velocitgomponent map in both
cases as described in Chapter 2, and list the statistics ass@ts of Figures C.2
and Figure C.4. To properly compare statistics between thevo maps, we need
to only consider the dendrogram structures in the full-veloty component map
above the mask level applied to the low-velocity componentap. The dendro-
gram of the lowest-velocity component map has a minimum ingeated intensity of
0.21 Jy beam?! km s ! (set by the 2.5- y mask limit to the data input to the
dendrogram algorithm). Since the full-velocity componentnap extends to lower
emission levels set by a 2.5yry mask limit, we calculate the statistics for that

dendrogram above a cut corresponding to the same 2.5; limit of the low-velocity
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Figure C.4: Non-binary dendrograms from the integrated intensity map made
from the lowest-velocity hyper ne component (left) and a scaled-down map made
from using all velocity components (right) using uniform dendrogram algorithm
parameters listed in the gure for each map.

component map (the cut is represented in Figures C.2 and C.4 Ithe horizontal
dashed line). This means that leaves from the full-velocitgomponent map must
peak 2- yrpy Or 2- |y above the noisier mask level to be considered real, for the
rst and second case, respectively. The leaves that do not etethis requirement are
marked with an \x" in Figures C.2 and C.4. Any branch below thisnoisier mask
level is removed, and structures above it are lowered one éév

For the rst case, where we sesstepsize and minheight based on the noise-
level of the individual map, the lower-noise dendrogram hasmaximum branching
level three levels higher than the higher-noise dendrogramla mean path length
about half a level larger than the higher-noise dendrograrand a mean branching
ratio 0.6 higher than the higher-noise dendrogram. The diences in maximum
branching level and mean path length can be explained by thewer-noise map
having a lower absolute threshold for what can be consideradeaf compared to the

higher-noise map hinheight of 0.06 Jy beam?! km's ! vs. 0.18 Jy beam! km s 1),
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and allowing branching steps at smaller absolute units coraped to the higher-noise
map (stepsize of 0.03 Jy beam! km s ! vs. 0.09 Jy beam?! km s 1); when it is
easier to break emission into leaves and to de ne new branogilevels, there will be
more hierarchical structure in the dendrogram.

For the second case, where we sdepsize and minheight based on a minimum
relevant Jy beam ! km s ! amount, the mean path lengths agree to a tenth of a
level, the mean branching ratios are identical, and the maxium branching levels
di er by only one level. This demonstrates how tree structug can be de ned so that
lowering the noise of a map will not alter the calculated trestatistics signi cantly.
When comparing di erent clouds with di erent noise-levels it will be important to
use a minimum relevant amount so that the emission in each d@ has the same
absolute threshold for what can be considered a leaf and whzdn be considered a
signi cant branching step.

In conclusion, the dendrograms of clouds observed with drent noise can be
uniformly compared if the comparison uses absolute unitsrfthe dendrogram con-
touring and leaf requirements instead of units based on theise-level of each indi-
vidual map, and if the comparison of tree statistics only argzes structures above

the intensity level set by the noisiest map.

C.2 Comparing Regions at Di erent Distances

In comparing clouds at di erent distances, there are two e ets to consider: 1) a
xed angular resolution covers a di erent spatial scale at derent distances, and 2)
the emission measurement unit could depend on distance.

CLASSYy can resolve slightly smaller spatial structures in Pgeus (=235 pc)

than it can in Serpens =415 pc) with its uniform angular resolution, but doing
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so would create an imbalance in the comparison of tree stdits across clouds.
To account for this, we ensure that we match the minimunspatial size that a
dendrogram leaf can be in each region using tmainpixel parameter.

To account for the second e ect, if a physical measurement e&ch cloud, such as
mass, is not available, then using a measured value consérwath distance, such as
speci ¢ intensity, is a good option. Speci ¢ intensity,l , is a fundamental property
of radiation that describes how much energy is passing thrgh a detector of some
area, per time interval, per frequency interval, per obseed solid angle on a source.

It is written as
_de |
" dAdtdd

(C.1)
with units ofergs *cm 2Hz * Sr 1. | is conserved for non-cosmological distances
where the frequency of radiation is not changing. This is baase if you move a
source to a greater distanced, its ux density (ergs ' cm 2 Hz 1) will decrease by
1/d?, while its solid angle as perceived by the observer will alsecrease by a factor
of 1/d?. For a xed telescope beam and a uniform, extended source,aher way
of thinking about this conservation is that as the source m@s twice as far away,
the collected ux density decreases by a factor of four, buthe telescope beam is
covering four times more physical area of emission.

Interferometric data are in units of Jy beam?, which are analogous td , and
which are conserved with distance for a uniform, extendedsce. The ux density
(in units of Janskys) at a given position in a uniform, extendd cloud will decrease
with the square of the distance, while a xed beam area will #er a spatial area
that increases by the square of the distance.

In summary, we ensure a proper comparison of hierarchicakstture for cloud

regions at di erent distances by using a matching minimum sgtial area requirement

for leaves and constructing our dendrograms in Jy bearhor Jy beam ! km s !
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units.

C.3 Summary

In astronomy, we are constantly comparing objects at di enat distances that have
been observed with di erent noise properties. To understahthe state of star for-
mation in each cloud, it is most insightful to analyze cloudtsucture using physical
and spatial units, such as mass or column density and parsessice star formation
is controlled by physical processes that act on collection$ mass at di erent spatial
scales. At a certain scale, very small pieces of cloud mass,very low columns
of material, will have no e ect on the global star formation jcture of a cloud, so
getting more sensitive and high-resolution observationsilwhave no impact on the
overall picture of fragmentation. If future observations Bcome sensitive to such
small variations in a cloud, an analysis using a uniform seff ghysical units can
restrict dendrogram branching to meaningful quantities omass or column density
that can be related to the physics controlling the star form@on and compared across
clouds.

Since we do not have access to reliable, high-resolution sap physical units
such as column density, we contour the data in the conservedits of Jy beam ! (for
PPV cubes) or Jy beam?! km s ! (for integrated intensity maps) in this thesis. We
then use a uniform set of physical units for dendrogram algtrm parameters when
comparing the hierarchical structure of cubes or maps withi @érent noise levels or

distances so that the resulting hierarchies can be propertpmpared.

IWe discuss how intensity measurements of dense gas tracerarcbe used as a proxy for dense

gas column density in Chapter 1.
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Appendix D

Herschel -identi ed YSOs
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Table D.1. Non-c2d YSOs ldenti ed with Herschel

Region RA DEC Detections
1) 2) 3) 4)
NGC 1333 52.2313 31.2432 24, 70, 100n
NGC 1333 52.2525 31.1996 24, 70, 100n
NGC 1333 52.2553 31.2595 24, 70, 100n
NGC 1333 52.2561 31.3392 24, 70, 100n
NGC 1333 52.2653 31.2673 24, 70, 100n
NGC 1333 52.2831 31.3641 24, 70, 100n
NGC 1333 52.2951 31.3658 24, 70, 100n
NGC 1333 52.3065 31.2323 24, 70, 100n
Barnard 1 53.3187 31.1136 24, 70, 100m
Barnard 1 53.3381 31.1282 100m
Barnard 1 53.3391 31.1230 100m
Serpens Main 277.4534 1.2822 70, 100n
Serpens Main 277.4899 1.2346 24, 70, 106n
Serpens Main 277.4956 1.2221 70, 100n
Serpens Main 277.5017 1.1955 100m
Serpens Main 277.5078 1.2525 100m

Serpens South 277.5056
Serpens South 277.5727
Serpens South 277.5657
Serpens South 277.5517
Serpens South 277.5521
Serpens South 277.5026
Serpens South 277.4861
Serpens South 277.5121
Serpens South 277.5051
Serpens South 277.5026
Serpens South 277.4981
Serpens South 277.4961
Serpens South 277.4936
Serpens South 277.4711
Serpens South 277.4680
Serpens South 277.4668
Serpens South 277.4248
Serpens South 277.4243
Serpens South 277.4032
Serpens South 277.5151
Serpens South 277.5151

-2.1741 24, 70, 10t
-2.1671 24, 70, 10t
-2.1221 24, 70, 10t
-2.1150 24, 70, 10t
-2.1075 106n
-2.1171 24, 70, 10t
-2.0975 24, 70, 10t
-2.0700 24, 70, 10t
-2.0297 24, 70, 10t
-2.0140 24, 70, 10t
-2.0195 24, 70, 10M
-2.0240 24, 70, 10t
-1.9614 24, 70, 10t
-1.9684 24, 70, 10t
-1.9629 24, 70, 10t
-1.9599 24, 70, 10t
-1.8331 24, 70, 10t
-1.8376 24, 70, 10t
-1.8606 24, 70, 10t
-2.0751 24, 70, 10t
-2.0832 24, 70, 10t

Note. | (1) CLASSy

region. (2,3) J2000

RA and DEC position of source, determined by
eye. (4) Bands in which the source was detected,
amongSpitzer 24 m and Herschel 70 and 100 m
bands.
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